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Abstract!

There!are!over!one!million!deaths! from! road! traffic! collisions.! In!Afghanistan,! there!

have!been!2005!UK!battle!injuries!over!10!years.!!Advances!in!military!trauma!care!

have! improved! survival,! resulting! in! more! severely! injured! individuals! entering! the!

trauma!care!pathway.! ! Improved!understanding!of! immunoendocrine!changes!after!

severe! trauma! may! facilitate! novel! interventions! to! improve! outcomes.! We!

prospectively! recruited! 102! severely! injured! patients! at! the! QEH! BirminghamQ! 52!

military!and!50!civilian!patients!with!a!mean!Injury!Severity!Score!of!27.2±13.9.!!Blood!

and!24Whr!urine!were!collected!at!baseline!(injury<24h)!and!at!regular!intervals!from!

while!in!hospital!and!at!3,4,!and!6!months.!Results!demonstrated!a!reduced!neutrophil!

function! following! a! surge! of! DAMPs! and! cytokines! that! were! released! into! the!

circulation.! Both! DHEA! and! DHEAS! were! significantly! downWregulated! (p<0.0001).!

Serum! testosterone!was! initially! completely! suppressed! (p<0.0001)! but! normalised!

after!week!4.!Protein!and!muscle!loss!followed!a!UWshaped!curveQ!catabolism!began!

to! recovery!4W6!weeks! following! injury.! In!conclusion,! the!acute! response! to!severe!

injury!comprises! increased!glucocorticoid!activation!and!downWregulation!of!adrenal!

and!gonadal!androgens.!Delineation!of!whether!the!endocrine!changes!are!beneficial!

or!adverse!will!determine!the!potential!for!future!intervention!studies.!
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1.0! Trauma!–!the!size!of!the!Problem.!

Trauma! is! the! leading! cause!of! the! death! in! the! first! four! decades! of! life! (1),!with!!

approximately!20,000!severely!injured!people!each!year!in!England!alone,!resulting!in!

5400!deaths.!!Another!28,000!injuries!not!classed!as!severe!should!be!treated!in!the!

same!way!(2).!!In!2011,!worldwide!there!were!1.21!million!deaths!from!Road!Traffic!

Accidents!(3).!In!addition!and!of!relevance!to!this!thesis,!in!Afghanistan!between!Jan!

2001!to!Jan!2014!there!were!447!deaths!of!UK!military!personnel.!!Of!the!2173!battle!

injuries!there!were!610!seriously!or!very!seriously!injured!(4).!!

1.1! Military!Trauma!Care!System!

Lorne!Blackborne!summarises!in!three!papers!the!approach!that!the!UK/US!military!

medical! services! have! adopted! in! the! treatment! of! injured! personnel! (5W7).! In! the!

Defence!Medical!Services!(DMS),!improvement!to!First!Aid!and!Field!Medic!Training!

and!the!introduction!of!the!Medical!Emergency!Response!Team!(MERT)!have!meant!

timely!delivery!of!an!alive!patient!to!the!Field!Hospital!in!Camp!Bastion.!!Improvements!

in! early! survival! from! military! major! trauma! have! been! achieved! using! blood!

component! therapy! (8,9)! for! resuscitation! at! the! scene! and! during! transfer! by! the!

MERT,!and!the!early!implementation!of!CRASHW2!(10)!evidence.!!Reducing!time!to!

definitive! injury! diagnosis! and! treatment! has! been! achieved! through! improved!

collective! training! and! availability! of! Focused! Assessment! with! Sonography! for!

Trauma!(FAST),!CT!scanner!and!an!onWsite!Radiologist.!Following!accurate!diagnosis,!

Damage! Control! Resuscitation! and! Surgery! (DCR! &! DCS)! is! performed,! and! the!

casualty!is!then!betterWprepared!to!return!to!the!Birmingham!Level!1!Trauma!Centre!

using! Critical! Care! Air! Support! Team! (CCAST)(11)! within! 24W48h! of! injury.!
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Appreciating!the!value!of!high!performance!teams!in!delivering!health!care,!the!DMS!

provides!highWfidelity!simulation!training!before!deployment!to!conflict!areas!on!military!

Hospital!Exercise!(HOSPEX)!(12)!and!!Military!Operational!Surgical!Training!(MOST)!

course(13).!!!

Improvements!in!care!have!resulted!in!more!survivors!with!an!Injury!Severity!Score!

(ISS)!which!would!previously!have!predicted!death!(14).!This!means!that!a!greater!

proportion!of!traumatised!patients!are!surviving!severe!catastrophic!injuries(8,9),!but!

must!endure!a!protracted!time!to!healing(10),!long!intensive!care!unit!(ICU)!admission,!

MultiWOrgan!Dysfunction/Failure(12),!and!repeated!episodes!of!infection(13)!that!may!

compromise!their! immune!system!long!term!(15).!However,! the!majority!of!patients!

recover! and! leave! ICU! to! be! nursed! on! a! military! themed! ward! before! care! is!

transferred!to! the!Defence!Medical!Rehabilitation!Centre!(DMRC)!Headley!Court! in!

Surrey.!

1.2! NHS!Trauma!Care!System.!

The! NCEPOD! document,! ‘Trauma:! Who! Cares’! drove! the! development! and!

implementation!of!Level!1!Trauma!Centres!in!the!UK!(11).!!It!highlighted!that!in!60%!

of!cases!patients! received!a!standard!of! care! that!was! less! than!good!because!of!

clinical! and! organisational! failings.! ! The! solution! was! to! bypass! District! General!

Hospitals! and! establish! highWvolume! consultantWled! centres! which! had! all! the!

necessary!specialties!to!treat!the!severely!injured!‘under!one!roof’.!!The!subsequent!

establishment!of!22!UK!Trauma!Centres!in!2012!(14)!was!estimated!to!save!600!lives!

a!year!in!England!through!better!organised!services!and!timely!transfer!of!patients!to!
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a!centre!that!can!deal!with!severe!injuries.!!NHS!England!reported!audit!work!carried!

out! by! Manchester! University! looking! at! how! the! Trauma! Networks! have! been!

performing! since! their! inception! (16).! ! They! found! 20%! improvement! in! odds! of!

surviving!and!quicker!transfer!of!patients!in!to!the!MTCs.!!

1.3! Injury!Severity!Scoring!

Outcomes!of!trauma!since!Imhotep,!around!the!27th!century!BC(572).!Homer,!around!

850BC,!was!able! to!determine! the! risk!of!mortality! from!a! casualties! injuries(573).!!

Modern!trauma!injury!scoring!was!done!by!De!Haven’s! in!an!attempt!to!objectively!

measure!injury!following!light!aircraft!crashes(574)!but!most!modern!systems!use!the!

Abbreviated! Injury!Scale! (AIS)!which!was! developed! to! analyse! fatalities! following!

RTC.!!

Scoring!systems!can!be!separated!into!3!groups:!!

1.!!!!Anatomical.!

2.!!!!Physiological.!

3.!!!!Combination!of!Anatomical!and!Physiological.!

The!Anatomical!group!can!also!be!subdivided!into!consensus!or!data!derived(575).!

The!consensus!derived!scores!are!based!on!AIS!codes!(such!as!ISS/NISS),!whereas!

the!dataWderived!are!survival!probabilities!calculated!for!each!injury!code!from!a!large!

trauma!database!(such!as!ICISS).!!Alternative!categorisations!can!be!done!by!their!

application:!scoring!of!injury!severity!for!outcome!prediction!(such!as!ISS),!scoring!of!

injury!distribution!(AIS),!or!following!a!clinical!course!(APACHE)(574).!!
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1.3.1! Abbreviated!Injury!Scale!(AIS)!

The! Committee! on! Medical! Aspects! of! Automotive! Safety! developed! a! tool! first!

published!in!1971!to!rank!injury!severity!in!Road!Traffic!Collisions.!!The!score!is!used!

to!indicate!the!relative!risk!of!threat!to!life!in!an!average!person!who!sustains!the!coded!

injury!as!his!or!her!only!injury.!!The!AIS!injuries!are!ranked!on!a!scale!of!1!to!6Q!minor,!

moderate,!serious,!severe,!critical,!and!fatal(576).!!

Initially!only!for!blunt!injuries!but!now!including!all!injurues,!the!AIS!2005!Update!2008!

is!the!latest.!!AIS!on!its!own!only!retrospectively!describes!a!‘relative’!risk!to!life!and!it!

is! unable! to!predict!mortality,! complications!or! direct! aid! treatment(577).! !AIS!only!

describes!one!injury!in!each!body!region,!requires!coders!to!be!trained!to!apply!AIS!

codes,!it!is!resource!intensive,!an!unfortunate!‘sideWeffect’!is!that!the!updates!have!led!

to!discrepancies!in!codes!across!different!versions(578W9).!!

1.3.2! Injury!Severity!Score!(ISS)!

Soon!after! the!AIS!was!published,!Baker!et#al.# (580)!developed! the! Injury!Severity!

Score!(ISS)!in!order!to!improve!on!the!AIS!by!accounting!for!multiple!injuries!in!a!single!

patient.!The!ISS!uses!the!AIS!1W6!score!from!three!different!body!regions!out!of!six!

(which!can!be!head!&!neck,!face,!chest,!abdomen,!extremity,!external).!!These!three!

scores!are!squared!and!then!added!together!to!give!the!ISS!which!can!be!between!1!

W75! (ISS! =! a2! +! b2! +! c2).! ! ISS! scores! above! 15! are! considered! to! be!

major/polytrauma(581)The! ISS! was! reported! by! its! own! developers! to! be! a! good!

predictor! of! mortality! in! a! group! of! 2128! people! involved! in! Road! Traffic!
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Collisions(580).!Still!used!regularly!to!assess!trauma!it!failed!to!account!for!another!

AIS!in!the!same!region!that!may!well!represent!the!injury!severity!more!closely.!!!

1.3.3! New!Injury!Severity!Score!(NISS)!

In!1995,!Professor!Baker!proposed!a!modification! to! the!protocol!of!calculating! the!

ISS(581).!The!altered!protocol!allowed!the!use!of!the!three!worst!injuries!regardless!

of!body!region!and!a!New!Injury!Severity!Score!was!created.!!Comparisons!across!

two!independent!trauma!populations!of!3,136!and!3,449!patients!indicated!that!NISS!

had!improved!predictive!power!over!ISS!as!NISS!was!able!to!better!separate!survivors!

from!nonWsurvivors.!NISS!was!also!better!at!the!classification!of!penetrating!injuries.!

However,!at! the!time!of! the!NISS!publication!the!authors!were!already!mindful! that!

NISS!was!still!limited!by!the!dependence!upon!on!AIS!derived!anatomical!information!

and!excluding!the!possibilities!of!physiological!information(582).!!!

Comparisons!between!ISS!and!NISS!by!Tohira!et#al.#have!indicated!that!including!the!

mechanism!of! injury! influenced! the!outcome!prediction.!They!confirmed! that! ISS! is!

better! at! predicting! outcomes! of! blunt! trauma! patients! whereas! NISS! is! better! at!

predicting!outcomes!of!penetrating!trauma!patients(583).!!

The!contemporary! role!of! trauma!scoring! systems! is!now!multifaceted.!From!early!

beginning! predicting! outcome! from! trauma,! they! have! evolved! to! measure! the!

performance! of! trauma! systems,! aid! in! comparing! other! parallel! trauma! systems,!

guiding!research!and!directing!clinical!governance(584).!Trauma!scoring!systems!are!

used!to!compare!therapeutic!methods,!and!as!a!preW!or!interW!hospital!triage!tool(574).!

Are!they!accurate,!reliable!and!specific?!
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1.3.4! Triage!Index!and!Revised!Trauma!Score!(RTS)!

!The!Trauma!Score!was!developed!in!1980!as!a!result!of!consensus!physician!peer!

review(585).!The!Trauma!Score!evolved!from!the!Triage!Index,!which!consists!of!5!

variables.!The!variables!are!respiratory!expansion,!capillary!refill,!eye!opening,!verbal!

response,!and!motor!response(15).!

The!trauma!score!added!in!physiological!factors!of!systolic!blood!pressure,!respiratory!

rate!and!the!Glasgow!Coma!Scale!to!make!a!useful!predictor!of!outcome!for!patients!

with!blunt!or!penetrating!injuries!(585).!!The!Trauma!Score!was!later!modified!as!only!

the!variables!of!systolic!blood!pressure,!respiratory!rate!and!the!Glasgow!Coma!Scale!

had!any!predictive!value(577)! to!become! the!Revised!Trauma!Score! (RTS)! (587)It!

was!found!that!the!capillary!refill!and!respiratory!expansion!were!difficult!to!assess,!

especially!at!night,!and! that! retractive! respiratory!expansion!was!always!difficult! to!

observe.! !RTS! is! a!more! reliable! predictor! of! survival! and! death! than! the!Trauma!

Score(585)! and! can!account! for! the! severe! isolated!head! injuries!due! to! the!GCS!

weighting.!When! scoringQ! the! greater! the! degree! of! physiological! abnormality,! the!

lower!the!score.!

Revised!Trauma!Score!=!(0.7326!x!SBP)!+!(0.2908!x!RR)!+!(0.9368!GCS)!

The!revised!trauma!score!gives!a!total!score!of!0W7.8408,!which!is!then!rounded!to!the!

nearest!whole!number!and!referenced!to!a!graph!which!plots!the!survival!probability!

against!the!score.!!RTS!is!limited!because!it!is!not!easy!to!calculate!in!the!preWhospital!

setting!and! the! inherent! bias! for! the! intubated!and! ventilated!patient.! !As!a!purely!

physiological!score!it!is!unable!to!integrate!severe!injuries!with!optimal!resuscitation.!!
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1.3.5! TRISS!

TRISS!was!developed!in!the!1980’s(586)!in!order!to!compare!trauma!outcomes(6)!by!

combining!physiological!and!anatomical!variables.!TRISS!has!also!been!used!for!other!

purposes!which! include!quantifying! the!severity!of! injury!of!a!particular!population,!

identifying!cases!for!peer!review!and!comparing!the!death/survival!rates!of!different!

hospitals(588).!Calculating!the!TRISS!probability!of!survival!requires!knowledge!of!the!

patient’s!age,!mechanism!of!injury,!ISS,!and!the!Revised!Trauma!Score!(RTS).!!The!

regression!coefficients!are!derived!from!the!Major!Trauma!Outcome!Study!(MTOS)!

database!and!differ!depending!on!whether!the!mechanism!is!blunt!or!penetrating(585).!

TRISS! is! the!main! tool! from!which! interWhospital! trauma!care! is!compared! i.e.!The!

Trauma!Audit!&!Research!Network!(TARN)!in!the!United!Kingdom!(UK).!

There!have!been!criticisms!of!TRISS!that!the!values!derived!from!the!RTS!are!very!

dependent!upon!pre!hospital!care!given.!!Gabbe!et#al.#is!critical!of!the!reliance!upon!

physiological! values(588).! ! However,! Champion! observed! that! anatomical! scoring!

alone! has! a! lower! correlation! with! outcome! than! in! combination! with! physiologic!

states(585).!Supported!by!Chadwa!et#al.#who!argues!that!outcomes!based!purely!on!

anatomical! injury! description! alone! is! incomplete! and! not! enough! to! help! predict!

outcome(574).!!!

Other!limitations!of!TRISS!include!the!knowledge!that!it!misclassifies!severely!injured!

patients! with! an! ISS! >20,! those! with! severe! head! injuries(26)! and! it! inherits! the!

limitations!of!ISSQ!namely!that!it!is!unable!to!account!for!multiple!severe!injuries!in!one!

body!region.!



!

!

Page!|!29!

!

1.3.6! The!American!College!of!Surgeons!Committee!of!Trauma!(ASCOT).!!

In!an!attempt!to!take!into!account!the!influence!that!observed!physiology!had!upon!

patients’!outcome!the!American!College!of!Surgeons!Committee!of!Trauma!created!a!

predictive! measure! of! outcome! ASCOT.! ! Intended! as! a! refinement! of! TRISS(6),!

ASCOT!!incorporates!AIS!injury!descriptions,!age,!and!particularly!physiological!data!

into!a!single!score!that!is!a!predictive!measure!of!outcome.!ASCOT!is!perceived!as!

having!better! outcome!prediction! than!TRISS(589),! and!particularly! for! penetrating!

trauma.! ! It! involves! complex! calculations! for! small! improvements! in! predictive!

power(577,! 585).! There! is! also! evidence! to! indicate! that! the! ASCOT! and! TRISS!

scoring!systems!have!no!significant!difference!in!predictive!power(582).!

1.3.7! The!International!Classification!of!Disease\9!based!Injury!Severity!Score!

(ICISS)!

Osler!et#al.# in!1996(582)looked!at!alternatives!to!the!AIS!consensus!driven!scoring.!

They!had!access!to!a!database!of!which!scored!the!same!patients!using!both!the!AIS!

and! ICD9! criteria.! This! served! as! an! environment! ripe! for! comparison! of! the! two!

methods!of!injury!scoring.!All!ICD!9!injuries!were!allocated!a!survival!probability!from!

a! database! of! 300,000! patients! spanning! 5! years! which! served! to! produce! the!

probability!of! survival! from!particular! injuries!which!were!described!as!survival! risk!

ratios!(SRRs).!This!new!protocol!was!called!ICISS.!It!is!essentially!the!product!of!all!

the!injuries!sustained!

CISS!=!(SRR)injury1!x!(SRR)injury2!x!(SRR)injury3!x!(SRR)injury4!.!.!.!.!!
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The! ICISS! was! judged! to! be! an! improvement! because! all! injuries! are! taken! into!

account,!and!all!injuries!are!more!accurately!modelled.!The!authors!were,!however,!

mindful!that!there!were!limitations!in!the!application!of!the!ICISS!model.!Many!of!the!

limitations!are!actually!related!to!the!calculation!of!‘survival!probabilities’.!The!‘survival!

probabilities! ’! according! to! each! injury! are! dependent! upon! the! location.! Another!

limitation! is! that! the! ‘survival!probability’!of! trivial! injuries! is!over!estimated! in!some!

cases!as!the!trivial!injury!may!occur!in!patient!who!has!sustained!other!more!severe!

injuries!and!then!die.!The!reality!of!multiple! injuries! is!complex,!and!they!can!have!

synergistic!effects.!By!modelling!multiple!injuries!as!having!an!independent!effect!is!

simplistic.!A!final!limitation!is!that!the!‘survival!probabilities’!require!an!extremely!large!

database!to!draw!upon!their!calculated!value!as!it!was!observed!that!at!least!half!of!

the!ICD9!Codes!occurred!less!than!30!times!in!a!database!of!over!half!a!million!injuries!

in!300,00!patients.!!For!the!ICISS!to!be!truly!representative,!it!requires!modelling!of!

the!multitude!of!different!interactions!that!multiWtrauma!creates.!It!has!been!confirmed!

that!ICISS!is!‘unstable’!partly!due!to!its!dependence!upon!data!sources!from!which!the!

relevant!SRRs!are!derived.!As!much!as! the! ICISS!sought! to!move!away! from! the!

‘subjective!determinations’!that!form!the!AIS!codes,!the!ICISS!performed!much!worse!

when!the!ICD10!descriptors!were!used!instead!of!those!from!ICD9(583).!Due!to!these!

differences!it!is!unlikely!that!ICISS!would!be!implemented!as!the!injury!severity!score!

of!choice(588).!

1.3.8! Other!non\trauma!scoring!systems!

With!a!pateints!being!admitted!to!ICU!a!significant!proportion!of!trauma!patients!will!

have!an!ICU!based!scoring!systems!applied!to!them.!But!the!scoring!systems!used!in!
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conventional!ICU!do!not!necessary!fully!embrace!the!nature!of!the!trauma!patient!and!

this!is!particularly!true!of!the!military!ICU(577).!There!is!however!the!Sequential!Organ!

Failure!Assessment!(SOFA)!which!has!shown!reliability!in!trauma!patients!and!will!be!

discussed!later.!

Physiological!values! form! the!basis! for!outcome!scoring!systems! in! Intensive!Care!

Units!(ICU).!Examples!include!the!Acute!Physiology!and!Chronic!Health!Evaluation!

(APACHE)(590),! the! simplified! acute! physiology! score! (SAPS)(591)! and! the!

Sequential!Organ!Failure!Assessment!(SOFA)!score!(592).!

1.3.9! The!Acute!Physiology!and!Chronic!Health!Evaluation!(APACHE)!Scoring!

Systems!

!!!!The! Acute! Physiology! and! Chronic! Health! Evaluation! (APACHE)! system! was!

developed!on!the!postulation!that!the!severity!of!illness!in!groups!of!patients!could!be!

measured! by! quantifying! the! degree! of! abnormality! in! the! physiology! of! ITU!

patients(593).! ! The! APACHE! score! is! composed! of! two! components:! the! Chronic!

Health!Evaluation! (CHE),!which! describes! a! patients! coWmorbidities! and! the!Acute!

Physiology!Score!(APS),!describing!the!physiological!values!in!the!initial!hours!after!

ITU!admission.!The!allocation!of!scoring!values!was!through!consensus!review!rather!

than!through!databases.!

The! APACHE!was! then! revised! in! 1985,! by! reducing! the! number! of! physiological!

variables! from! 32! to! 12,! to! become! the! APACHE! II.! The! physiological! variables!

recorded! the! worst! value! during! the! first! 24! hours! of! a! patient's! admission! to! the!

ICU(590).!!!
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The!APACHE!II!score!is!calculated!from!the!sum!of!the:!!!

Acute!Physiology!Score!+!Age!Points!+!Chronic!Health!Points!

The!APACHE! II! score!can!give!values! from!0! W71!with!higher!scores! indicating!an!

increased!risk!of!hospital!death.!

The! Acute! Physiology! Score! is! calculated! by! taking! the! sum! of! the! 12! variables,!

including!a!Chronic!Health!Score.!!!

APACHE!II!has!since!become!the!most!frequently!used!predictor!of!general!mortality!

on!ITU.!The!APACHE!II!scoring!system!is!known!to!have!been!validated!as!a!predictor!

of!mortality(594)!in!diverse!patient!groups(6).!But!only!5%!of!study!population!in!the!

APACHE! II! score! were! multiWtrauma! patients! with! a! mortality! of! only! 8%(590).!

Therefore! the! applicability! of! APACHE! II! for! trauma! patients! on! ITU! has! been!

questioned.!APACHE!III!was!created!in!1991!to!try!and!address!the!issues!of!scoring!

for! trauma! but! there! are! still! doubts! about! its! scoring! as! it! hasn’t! be! convincingly!

validated!in!trauma!patients(574).!!

1.3.10!The!implementation!of!scoring!systems!

The!scoring!systems!most!frequently!encountered!within!the!injury!literature!are!ISS,!

NISS,!TRISS!and!ICISS,!rather!than!ASCOT!or!the!anatomic!profile!score(APS)(583).!

Part!of!the!reasons!ISS!has!remained!‘the!standard’!is!because!of!their!ease!of!useQ!

validation!in!multiple!populations,!high!correlation!with!mortality,! length!of!stay,!and!

cost(595).!
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The!Scoring!system!used!in!the!UK!by!The!Trauma!Audit!&!Research!Network!(TARN)!

is!the!TRISS!model.!It!uses!the!data!captured!to!provide!a!means!of!systematically!

auditing! the! standards! of! care! for! the! severely! injured(596).! It! is! also! the! most!

commonly! used! scoring! system! tool! to! compare!hospital! performance,! despite! the!

significant!amount!of!criticism!detailing!the!limitations!of!TRISS(588).!!

Trauma!scoring!have!relied!upon!adjustments!to!anatomy!weighting,!physiology!and!

statistical!modelling!but!with!very!little!adoption.!

There! is!a!move! to! revise!of! the! ICD! to!address! issues!associated!with!describing!

multiple!pathologies!and!scoring!the!severity!of!injury!(48).!However,!even!with!this!

progress!the!revision!of!the!ICD!to!improve!scoring!of!injury!severity.!Current!scoring!

systems!will!be!limited!at!its!source!as!an!anatomical!scoring!system!which!is!unable!

to!differentiate!between!the!responses!of!theoretically!two!individuals!with!exactly!the!

same!anatomical!injury.!

A! system! is! needed! that! captures! in! the! injury,! how! the! tissues! have! responded!

immediately!and!over!time!and!the!capacity!is!for!regeneration.!!Ageing,!genetic!makeW

up!are!an!important!coWfactors,!these!will!be!realised!in!the!production!and!reponse!to!

DAMPsQ!cellular!and!cytokine!response!may!anticipate!how!patients!respond.!!When!

investigating!the!role!of!inflammatory!mediators!in!relation!to!outcome!prediction!It!has!

been!noted!that!the!level!of!circulating!IlW6!and!ILW8!are!not!dependant!to!the!ISS!score!

(597).! By! factoring! in! age,! biochemical!markers,! coWmorbidities! and!mechanism!of!

injury!variables!it!may!be!easier!predict!outcome.!!
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With! the! mechanism! of! injury! Russell! et! stressed! that! one! has! to! take! into!

consideration!blast!as!a!new!mechanism!which!combines!both!blunt!and!penetrative!

injuries(584).!The!mechanism!of! injury!has!also!been!shown! to!predict!outcome! in!

paediatric!patients(595)and!after!blunt!trauma!in!adults(598).!Haider!et#al.#predicted!

outcome! in! paediatric! patients! from!mechanism! of! injury! is! particular! strong! as! it!

covers!a!group!of!35,097!patients.!They!were!explicit!in!stating!that!force!and!energy!

transfer!were!major!factors!affecting!patient!outcomes!and!may!be!major!contributors!

to!observed!differences!in!outcome.!!

Combining! the! anatomy,! physiology,! age! and! coWmorbidities! are! important! in! the!

general! classification!of! injury!severity!against!survival!probability(585).! ! ! !There! is!

evidence!that!the!addition!of!age!and!physiological!variables!to!Injury!Scoring!systems!

improves!the!predictive!accuracy!in!all!injury!severity!scores.!What!the!addition!of!age!

and!physiology!does!do!is!to!reduce!the!variation!in!discrimination!between!different!

scoring!systems(598).!These!suggested!variables!are!relatively!simple!to!obtain!and!

will! better! help! demarcate! the! outcome! of! those! with! the! same! ISS! and! similar!

physiological!values!but!different!endogenous!reaction!to!trauma.!!!

Current! trauma! scoring! systems! have! not! been! able! to! adjust! to! the! advances! in!

medical!care!that!are!now!unable!to!to!acurately!predict!outcomes!as!demonstrated!

by!PennWBarwell!et#al.# in!a!study!of!survival!during!the!advances! in!military! trauma!

care!over!the!last!10!years(599).!The!importance!of!how!a!patient!responds!to!medical!

treatment!over!time!may!also!be!relevant.!A!single!scoring!system!has!not!become!

acceptable! to! all! users! or! applicable! to! all! trauma! populations.! ! The! ‘holy! grail’! in!



!

!

Page!|!35!

!

trauma!scoring! is! to!develope!a!system!that! is!prospective,!pragmatic,! reliable!and!

reproducible!for!all!groups!of!patients!and!all!injuries.!

1.4! Clinical!Course!following!Severe!Trauma!

These!improvements!in!military!and!civilian!trauma!outcomes!achieved!through!early!

resuscitation! in! the! field,! and! better! integrated! specialist! care! (17)! are!!

counterbalanced! over! the! following! few!weeks! by! an! acute! systemic! inflammatory!

response! syndrome! (SIRS)! with! immunoWincompetence! leading! to! infection,! multiW

organ!dysfunction/failure!(MOD/MOF)!and!late!deaths!(18).!!Cytokine!production!and!

cellWderived! responses! include! neutrophil! priming! and! changes! in! the! innate! and!

adaptive!cellular!responses!that!are!linked!to!outcomes!(19).!The!mechanisms!driving!

the! nonWinfective! inflammatory! response! were! poorly! understood! until! relatively!

recently!when!pioneering!work!by!Carl!Hauser!revealed!that!the!release!of!Damage!

Associated! Molecular! Patterns! (DAMPs)! by! injured! cells! precipitates! systemic!

inflammation!(20).! !Mitochondrial!DNA!has!recently!emerged!as!a!potential! initiator!

from!necrosed!and!damaged!cells!(21).!!Importantly,!if!this!is!proportional!to!the!extent!

of! injury! then! this! may! provide! a! more! accurate! measure! of! tissue! damage! and!

severity.!!!Infection,!poor!wound!healing!and!the!inability!to!tolerate!long!procedures!

restrict! surgical! reconstruction! following! severe! injury(22,23).! ! A! catabolic! state!

predominates!and!patients!lose!lean!muscle(24,25).!Eventual!survival! is!associated!

with!emergence!from!this!state!of!chronic!inflammation,!the!patient!gains!lean!mass,!

organ!systems!recover!and!their!wounds!heal(26W29).!!Trauma!patients!will!continue!

to!gain!weight!after! leaving!hospital! to!continue!their!prolonged!rehabilitation!as!an!

outpatient!(30).!!
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Injury!has!mental!as!well!as!physical!consequences.! !At! least!a!quarter!of!patients!

have!psychological!morbidity!at!one!year!after!injury!(31).!!The!effects!of!anxiety!and!

depression!on!the!effectiveness!of!rehabilitation!has!not!been!demonstrated!in!severe!

trauma!but!the!early!identification!and!management!of!depression!in!a!geriatric!group!

improves!rehabilitation!outcomes!following!hip!fracture!(32).!!Psychological!stress!has!

been!shown!to!slow!wound!healing!(33).!

The!complexity!of!the!trauma!pathway!is!reflected!in!the!variety!of!outcome!measures!

in!addition!to!the!key!outcome!of!survival.!!Secondary!measures,!such!as!‘Ventilatory!

Days’! and! ‘Length! of! Stay’! (LOS)! are! often! also! reported.! ! These! measures! are!

unfortunately!influenced!by!organisational!variables!such!as!bed!availability,!discharge!

destination,!and!the!individual!clinician!treating!the!patient.!!They!are!also!affected!by!

the!nature!of!their!injuries:!where!loss!of!tissue!involves!a!functional!deficit!this!may!

disproportionately! affect! how! long! they! stay.! ! A! chest! injury! may! keep! a! patient!

ventilated! longer! than! one!with! a! limb! amputation! and! a! hand! injury!may! prevent!

discharge!until!devices!that!need!to!be!fitted!at!home!to!aid!‘activities!of!daily!living’!

are!done.!!!

This!introductory!chapter!will!outline!important!components!of!the!immuneWendocrine!

response! to! trauma,! the! main! focus! of! the! thesis.! ! In! reviewing! the! literature! the!

narrative!will!outline!previous!attempts!to!ameliorate!the!inflammatory!and!endocrine!

response!and!highlight!areas!which!have!still!to!translate!to!the!bedWside.!The!review!

will! also! consider! variables! impacting! upon! the! response! to! injury! and! patient!

outcomes,!most!notably!the!role!of!age!and!to!a!lesser!extent!gender.!
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1.5! The!Acute!Inflammatory!Response!to!Injury!

Wound!healing!has!been!recognised!as!important!to!wellbeing!from!around!the!time!

of!Hammurabi!(‘The!Healer’)!in!2150BC.!!Advances!in!knowledge!and!practice!have!

developed! into! the! surgical! and! medical! art! of! caring! for! the! injured! patient.!!

Hippocrates!recognised!that!“Healing!was!a!matter!of!time,!but!it!is!also!sometimes!a!

matter!of!opportunity.”!!!

The!aim!of!repair!is!to!regain!tissue!integrity!and!homeostasis!and!this!is!achieved!by!

three! broad! phases! after! injuryQ! haemostasis! and! inflammation,! proliferation,! and!

remodelling! (34,35).! ! It! is! by! no! accident! that! haemostasis! and! inflammation! are!

considered! together.! !At! the! time!of! tissue! injury!exposure!and!presence!of! tissue!

factor!initiates!coagulation!(36,37).!!The!expression!of!tissue!factor!(TF)!on!mural!and!

subWendothelial!cells!complexes!with!factor!VII/VIIa!initiating!factors!IX!and!X.!!Factor!

Xa!converts!prothrombin!to!thrombin!enough!to!activate!VIIa!and!Va!cofactors!which!

activate!IX!and!X!to!mediate!the!conversion!of!prothrombin!to!thrombin.!!!Concurrently!

platelets,!activated!by!TF,!!adhere!to!the!damaged!tissue!and!release!mediators!(e.g.!

serotonin,!adenosine!diphosphate!and! thromboxane!A2).! !The! release!of!adhesive!

proteins!(fibrinogen,!fibronectin!and!von!Willebrand!factor)!generate!thrombin!inducing!

further!platelet!aggregation!and!so!a!blood!clot!is!formed!and!bleeding!stops!(38).!!The!

production!of!thrombin!is!regulated!to!keep!the!clot!localised!with!key!factors!involved!

being!Protein!CWthrombomodulin,!heparin!antiWthrombin!and!the!tissue!factor!pathway!

inhibitor!(39).!

Most!theories!on!inflammation!focus!on!a!system!of!reactions!between!host!and!nonW

host,! immediate!and! later! responses!and! the! innate!and!adaptive! immunity.! In! the!
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case!of!inflammation!in!response!to!injury,!sterile!inflammation,!the!question!is!how!do!

pathogenic!and!sterile!tissue!damage!result!in!such!a!similar!response?!

In! its! simplest! form,! inflammation! is! the! response! to! the! interruption! of! tissue!

homeostasis.!!The!damaged!tissue!initiates!a!process!that!recruits!plasma!proteins,!

antibodies!and!leukocytes!from!the!blood!to!the!site!of!injury!facilitated!by!increased!

vascular! permeability! and! blood! flow! (40).! ! Bacterial! infections! have! provided! the!

earliest! insights! into! triggering! the! innate! immune! inflammatory! response! through!

receptors! like! TollWLike! Receptors! and! NOD! (nucleotideWbinding! oligomerizationW

domain!protein)Wlike! receptors! expressed!on! innate! immune! cells,!which! recognise!

nonWself!molecules!on!pathogens,! termed!Pathogen!Associated!Molecular!Patterns!

(PAMPs)!(41).!!PAMPs!include!cell!wall!components!such!as!lipopolysaccharide!and!

peptidoglycans! as!well! as! nucleic! acids! to! detect! viruses! (42).! The! initial! infection!

stimulates! local!macrophages! and!mast! cells! to! produce! a! variety! of! inflammatory!

mediators! such! as! chemokines,! cytokines,! vasoWactive! amines,! eicosanoids! and!

proteolytic! cascade! products! (43).! ! Recruited! neutrophils! are! able! to! extravasate!

between! activated! endothelial! cells! in! response! to! chemokines! such! as! ILW8.! ! On!

reaching!the!infected!or!damaged!area!neutrophils!become!activated!on!contact!with!

microbes!or!through!cytokines!and!other!molecules!released!from!damaged!tissues.!!

The!neutrophil’s!main!function!is!to!kill!pathogens!through!the!generation!of!reactive!

oxygen! species! (ROS)!and! release!of! cytotoxic! granules!after! phagocytosis! of! the!

microbe,!a!process!which!can!also!cause!bystander!damage!to!local!tissues!(44,45).!!

More!recently!it!has!been!shown!that!neutrophils!can!kill!extracellularly!by!releasing!

their!nuclear!material!to!generate!a!net!of!DNA!also!containing!proteases!to!trap!and!

kill!bacteria,!a!process!termed!netosis!!(46).!!



!

!

Page!|!39!

!

The!complement!system!also!aids!removal!of!foreign!material!by!opsonising!microbes!

or!tissue!fragments!to!aid!recognition!by!phagocytic!cells.!!Comprising!more!than!30!

soluble!and!bound!proteins!it!can!be!activated!by!three!cascade!pathwaysQ!‘classical’,!

‘lectin’! and! ‘alternative’! (47).! ! Activation! causes! the! ! generation! of! anaphylotoxin,!

opsonisation,! lytic! membrane! attack! and! amplification! of! the! presence! of! foreign!

material!as!part!of!the!innate!immune!system!(48).!!Complement!Receptor!1!(CD35)!

is!found!on!leucocytes!and!has!been!found!to!be!upregulated!in!sepsis!and!trauma!

(49).!!!

The!innate!immune!system!not!only!recognises!PAMPs!but!also!signals!that!injury!has!

occurred!by!recognising!‘Alarmins’!or!DAMPS.!!

Apoptosis! is! the! process! of! programmed! cell! death.! ! The! sequence! leads! to!

characteristic! cell! shrinkage! and! nuclear! fragmentation! that! releases! characteristic!

cytokines(50).!!It!can!occur!in!response!to!a!stress!signal!from!glucocorticoids,!heat,!

radiation,!viral!or!hypoxia! to!mention!a! few(51).! !Traumatic! injury! to! the!cell!on! the!

other!hand!is!in!response!to!acute!cellular!injury!is!chaotic!and!cell!contents!are!spilt!

with!out!being!packaged!for!recycling!like!they!are!in!apoptosis.!!The!release!of!cell!

contents!triggers!an!inflammatory!response(52).!

1.5.1! Damage!Associated!Molecular!Patterns!(DAMPs)!

DAMPs! are! described! as!molecules! released! from! damaged! cells! that! initiate! the!

sterile! inflammatory! pathways! (53).! ! This! concept! was! born! out! of! work! done!

identifying!PAMPs,!a!group!of!molecules!that!are!recognised!by!the!host!as!nonWself!
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and!whose!actions!are!initiated!through!Pattern!Recognition!Receptors!(PRRs)(54).!

An!attempt!to!classify!DAMPs!to!fulfil!4!criteria!was!suggested!by!Kono!and!Rock!(55):!!

1.! A!DAMP!should!be!active!as!a!highly!purified!molecule.!!

2.! The!biological!effect!should!not!be!due!to!contamination!with!microbial!

molecules.! Caution! is! particularly! warranted! if! the! putative! DAMP! is!

found!to!work!through!receptors!for!PAMPs!such!as!tollWlike!receptors!

(TLRs).!!

3.! The! DAMP! should! be! active! at! concentrations! present! in!

pathophysiological!situations.!!

4.! Selective!elimination!or! inactivation!of! the!DAMP!should! ideally! inhibit!

the!biological!activity!of!dead!cells!in!inWvitro!or!inWvivo!assays.!

Important!molecules!that!act!as!DAMPS!(Figure!1)!are!mitochondrial!DNA!(mtDNA),!

NWformyl! peptides,! HMGB1,! Heat! Shock! Protein,! uric! acid,! galectins,! thioredoxin,!

adenosine!and!many!more!(56).!

!

Figure!1.1.! !Damage!Associated!Molecular!Patterns!(DAMPS)!and!Pathogen!

Associated!Molecular!Patterns!(PAMPs)!from!a!review!by!Lord!et#al(48).!
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1.5.1.1! Mitochondrial!DAMPS.!

Mitochondria!have! recently!emerged!as!a! source!of!DAMPs! involved! in! the!sterile!

inflammatory! response.! ! Initiation! may! come! from! the! release! of! organelles! and!

molecules!from!the!cytoplasm!of!damaged!cells,!namely!molecules!associated!with!

the!mitochondria,!such!as!mtDNA!and!mitochondrial!formyl!peptides!(57).!!Collectively!

this!source!of!DAMPS!is!known!as!mitochondrial!DAMPs!(MTDs).!!The!‘endosymbiont!

theory’! of! the! origin! of! the! mitochondrion,! states! that! both! chloroplasts! and!

mitochondria!came!from!the!inclusion!of!alphaproteobacteria!more!than!1!billion!years!

ago.! An! alternative! explanation! is! presented! in! a! review! by!Michael!Gray! that! the!

organelle!may!have!appeared!simultaneously!at!the!beginning!of!the!eukaryotic!cell!

containing! it! (58).! !Mitochondria! retain!many!of! the!biochemical!and!morphological!

features! of! bacteria:! a! double! membraneQ! unique! membrane! lipidsQ! no! histonesQ!

replication!independent!of!the!nucleusQ!circular!DNA!and!the!ability!to!form!NWformyl!

peptides.!!!Either!way!the!striking!similarities!between!the!initiation!of!the!inflammatory!

response!by!bacteria!and!by!mitochondrial!DAMPs!is!difficult!to!ignore.!!!

Elevated!plasma!DNA!levels!were!reported!by!Lo!et#al.#in!trauma!patients!without!the!

ability!to!explain!its!origin!(59).!!Investigators!have!attempted!to!quantify!the!amount!

of!mtDNA!and!mitochondrial!DAMPs!(MTDs)!in!relation!to!the!inflammatory!response.!!

Zhang!et#al.#measured!the!mtDNA!in!15!trauma!patients!before!resuscitation!with!no!

open!wounds!or!gastrointestinal! injuries,! and!demonstrated! increased!activation!of!

neutrophils!with!increasing!concentrations!of!mtDNA!(60).!!The!levels!peak!on!day!1!

after!trauma!but!are!sustained!after!severe!sepsis!(52).!!Acting!through!formyl!peptide!

receptors!and!TLR9,!NWFormyl!peptides!and!mtDNA!respectively!have!been!shown!to!
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have! a! direct! effect! on! arteries! to! cause! shock! seen! in! sepsis! and! severe!

trauma(59,61).!!Up!to!now!there!has!been!no!evidence!to!link!the!severity!of! injury!

with!the!level!of!MTDs.!

1.5.1.2! High!Mobility!Protein!Group!Box!1!(HMGB1).!

The! HighWMobility! Group! (HMG)! is! a! group! of! nonWhistone! chromosomal! proteins,!

present!in!almost!all!cells!with!a!nucleus,!that!are!involved!in!the!regulation!of!DNAW

dependent! processes! including! transcription,! replication,! recombination! and! DNA!

repair.!Divided!into!three!large!families!(A,!B!and!C),!HMGB1!is!the!most!important!in!

the! context! of! inflammation! (31).! In! 2001,!Wang!et# al.# (62)! showed! how! !HMGB1!

stimulates!an!inflammatory!response!when!released!from!necrotic!cells!but!not!after!

apoptosis(63).! ! HMGB1! is! also! secreted! from! dendritic! cells,! macrophages! and!

monocytes! in! response! to! IL1b,! TNFa! and! LPS! (31).! ! This! appears! to! encourage!

migration!from!the!nucleus!and!the!acetylation!of!HMGB1!before!being!transferred!into!

secretory!vesicles!and!thus!secreted!during!the!inflammatory!response.!!When!cells!

become!necrotic!the!HMGB1!loosely!bound!to!chromatin!diffuses!out!of!the!cell.!!This!

does!not!occur!in!granulocytes(64).!

Whether!actively!secreted!or!diffused!out!of!necrotic!cells,!HMGB1!is!able!to!activate!

Pattern! Recognition! Receptors! (PRRs)! to! alert! immune! cells! to! the! presence! of!

damage!or!microbes.!!It!is!known!to!bind!with!the!surface!cell!receptor!for!advanced!

glycation! end! products! (RAGE)!when! released! into! the! circulation! (65).! ! RAGE! is!

present!at! low! levels!but! is!upregulated!when! there! is!an!accumulation!of! ligands,!

where!it!activates!NFWkB!and!MAPK!(66).!TLR2!and!TLR4!are!also!implicated!in!the!
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mediation! of! various! cellular! responses! including! the! release! of! proinflammatory!

cytokines!TNFWα,!ILW1β,!ILW1α,!ILW6!and!MIP!(67).!

As! a! cytokine,! HMGB1! may! well! be! dependent! on! the! environment! as! hypoxic!

surroundings!during!acute!inflammation!results!in!structural!changes!due!to!sulphide!

bonds!forming!during!redox!modulation.!!The!amount!of!oxidation!is!also!significant,!

as!the!production!ROS!is!a!common!event!and!where!HMBG1!is!oxidised!appears!to!

be!significant!in!its!ability!to!signal!a!response(68).!!A!regulated!change!in!the!intra!

and!extra!cellular!redox!reactions!plays!a!vital!role.!!When!released!by!necrotic!cells!

it!appears! to!be!oxidised!although!the!exact!mechanism!is!not!elucidated.! !For! the!

activation!of!TLR4,!HMGB1!needs!a!cysteine!at!position!106,!which!if!oxidised!by!ROS!

during! apoptosis,! renders! it! unable! to! stimulate! the! immediate! proWinflammatory!

response!from!macrophages!(69).!

1.5.1.3! Other!DAMPS!

Molecules! implicated! in! acting! as! DAMPs! or! Alarmins! can! be! differentiated! as!

endogenous!or!exogenous,!protein!or!nonWprotein!or! those! released!by!necrotic!or!

apoptotic!cells.!!For!example!uric!acid!and!ATP!are!nonWprotein!DAMPS!released!from!

apoptotic!cells!(70).!!A!newly!emerging!DAMP!is!S100B!whose!level!is!raised!in!severe!

injury! and! is! seen! as! a! marker! of! endothelial! dysfunction! associated! with! the! up!

regulation!of!ILW6!and!ILW8!(71). !
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1.5.2! Pattern!Recognition!Receptors!(PRRs).!!

Early!understanding!of!PRRs!came! from!plants! (72).! In!1979,! the! first!PRRs! to!be!

recognised! were! transWmembrane! scavenger! receptors! that! bind! the!

lipopolysaccharide! (LPS)! of! endotoxins,! Low! Density! Lipids! (LDLs),! and! other!

polynucleotides! (73).! ! In! 1985! in! a! completely! different! field,! Christiane! NussleinW

Volhard!(74)!observed!‘weird’! looking!Drosophila!fruit!flies!developing!as!a!result!of!

‘Toll’!genes,!in!her!embryogenesis!work.!!It!would!be!ten!years!later!in!another!lab,!

that! Toll! genes! were! also! found! to! encode! for! immune! peptides! (74,75).! A!

breakthrough! in! the! search! for! human! analogues! came! in! a! report! by! Charles!

Janeway’s!group,!this!would!eventually!be!recognised!as!TLRW4!which!binds!LPS!(76).!!

Other! examples! of! PRRs! are! CWtype! lectin! Receptors! (CLR)! that! are! membrane!

bound,!NodeWLike!Receptors!(NLR)!in!the!cytoplasm!of!immune!cells!and!MannoseW

binding!Lectins!(MBL)!that!do!not!remain!in!the!cells!that!produce!them!(77).!!

‘Danger!Theories’! first!coined!by!Matzinger!present!a!model!of! immune!recognition!

that! indicates! danger! to! cells! but! without! necessarily! being! foreign! in! origin! (78).!!

Proponents!believe!that!the!initiation!of!the!immune!system!depends!on!the!way!the!

cells!die.! !Endogenous!signalling!molecules,!also!called!alarmins,!are!produced!by!

damaged! cells,! whereas! PAMPs! are! exogenous! molecules,! but! both! have!

hydrophobic! portions! that! are! able! to! engage! PPRs.! ! Grouped! together! these!

molecular! patterns! demonstrate! the! close! relationship! between! trauma! and! a!

pathogenWinduced!response(79).!!
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1.5.3! Toll\Like!Receptors!

The!TLR!group!are!one!of!the!most!ancient,!conserved!parts!of!the!immune!system.!!

Located!both! internally! and!on! the! cell! surface,!TLRs!appear! on!a!wide! variety! of!

immune!and!nonWimmune!cells!((80)).!!Many!TLRs!have!a!wide!range!of!ligands!that!

initiate! and! inflammatory! response! (81)! in! response! to! PAMPs,! DAMPs! and!

environmental! stress.! !Further! to! link!coagulation!and! innate! immunity,!TLRs!have!

been! demonstrated! on! platelets! and! can! initiate! an! inflammatory! response! in! this!

context!(82).!TLRs!can!be!separated!into!two!main!groupsQ!those!that!appear!on!the!

cell!surface!and!interact!with!membrane!components!of!microbes!such!as!LPS,!Lipids!

and! Lipoproteins,! and! those! located! internally! and! expressed! on! the! surface! of!

vesicles!such!as!endosomes,!endoplasmic!reticulum!and!endolysosomes!where!they!

recognise!microbial!nucleic!acids.!TLR2,!TLR4!and!TLR9!are!particularly!important!in!

trauma,!haemorrhage,!reperfusion!injury!(83,84)!and!sepsis(85).!
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Receptor( Ligand(s)( Source( Types(of(Cell(
TLR!1( Multiple!triacyl!lipopeptides( Bacteria( Monocytes/macrophages(
TLR(2( Multiple! glycolipids,! ! Lipopeptides,!

lipoproteins(
Bacteria( Some!dendritic!cells(

B!lymphocytes(
Monocytes/macrophages(
Mast!cells(

lipoteichoic!acid( GramApositive!bacteria(
HSP70( Host!cells(
BetaAglucan( Fungi(

TLR!3( DoubleAstranded!RNA( viruses( (
TLR(4(
(

Lipopolysaccharide( GramAnegative!bacteria( (
Dendritic!cells(
B!lymphocytes(
monocytes/macrophages(
Myeloid!dendritic!cells[28](

Several!heat!shock!proteins( Bacteria!and!host!cells(
Fibrinogen,!heparin!sulfate!&!hyaluronic!
acid!fragments(

Host!cells(

Nickel( (
Opioid!drugs( (

TLR!5( Flagellin( Bacteria( Mast!cells(
TLR!6( Multiple!diacyl!lipopeptides( Mycoplasma( B!lymphocytes!(
TLR!7(
(

Imidazoquinoline,!loxoribine!( Small!synthetic!compounds( Intestinal!epithelium(
(

singleAstranded!RNA( RNA!viruses(
TLR!8( small!syntheticY!singleAstranded!RNA( ( (
TLR(9( Unmethylated! CpG!

Oligodeoxynucleotide!DNA(
Bacteria,!DNA!viruses,!Host!cells( (

TLR!10( unknown( ( (
TLR!11( Profilin( Toxoplasma!gondii( monocyte/macrophages(
TLR!12( Profilin( Toxoplasma!gondii( a!subset!of!dendritic!cells(
TLR!13!( bacterial!ribosomal!RNA( Virus,!bacteria( Intestinal!epithelium(

Table(1.1:(Toll@Like(Receptor(Ligand(Source(and(Type(of(Cell.((Adapted!from!various!sources!(86A88)(

!



!

!

Page!|!47!
!

Abundantly! expressed! in! peripheral! blood! leucocytes,! TLR2! recognises! foreign!

materials!such!as!LPS,!Heat!Shock!Protein!and!various!other!ligands!that!are!mainly!

bacterial!in!origin.!!Although!much!work!has!focused!on!its!role!in!sepsis!recent!work!

has! identified! its! function!as!a!DAMP.! ! ! Injury!appears! to!enhance! the! response!of!

TLR2!to!stimuli!independent!of!TLR4!and!without!an!increasing!surface!expression!of!

this!PRR!(54,89).!While!the!production!of!cytokines!and!the!attraction!of!immune!cells!

dominates!in!the!early!inflammatory!response,!TLR2!and!TLR4!are!also!implicated!in!

a!later!suppression!of!cytokine!production!through!stimulation!of!TPregs!who!have!also!

been! shown! to! have! TLR2! receptors(90).! This!may! be! important! in! the! resolution!

phase!of!the!inflammatory!response.!

Found!on!the!cell!surface,!TLR4!has!often!been!linked!to!the!prolonged!inflammatory!

response!and!the!soPcalled!second!hit!phenomenon!responsible!for!late!infections!and!

multiPorgan! failure! in! trauma!patients! (86).! !TLR4!stimulation! induces!production!of!

proinflammatory!cytokines!such!as!ILP6,!TNFa!and!IL1Pb(91,92).!!Like!TLR2!it!has!been!

implicated! in!adaptive! immunity.! !There! is! functional!expression!of!TLR4!on!T!cells!

(93).!!After!injury!an!exaggerated!response!to!stimulation!is!maintained!after!injury!as!

seen! through! late! splenocyte! dysfunction! mediated! through! TLR4! but! not! through!

TLR2!(94).!

As!a!member!of!the!TLR!family,!TLR9!has!a!fundamental!role!in!recognising!PAMPs!

and!activation!the!innate!immune!response.!!The!differences!here!are!that!it!recognises!

mitochondrial!associated!molecules!specifically,!which!are!thought!to!be!bacterial! in!

origin.! !The!receptor! is!expressed! internally!on!endoplasmic!reticulum,!endosomes,!

lysosomes! and! endolysosomes! that! are! involved! in! bacterial! killing! but! can! be!
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stimulated! on! contact! with! foreign! DNA.! ! TLR9! recognises! unmethylated! 2P

deoxyribo(cytidinePphosphateguanosine)!(CpG)!DNA!molecules!that!occur!frequently!

in!bacteria!and!viruses!but!are!rare!in!mammals!(95).!!It!is!likely!that!activation!also!

occurs!after!stimulation!with!mitochondrial!DAMPs!from!injured!cells!during!the!initial!

response!to!trauma.!!TLR9!related!stimulation!on!DCs!appears!to!induce!activation!of!

parts!of!the!adaptive!response(90).!!

The!emergence!of!mitochondrial!derived!DAMPs!as!key!to!the!inflammatory!response!

after!injury!will!focus!attention!on!the!potential!role!of!TLR!antagonists!in!dampening!

the!inflammatory!response.!!

1.6$ Genomic$response$

The!individuals!response!to!severe!injury!results!in!a!change!to!many!systems.!!The!

genomic!response!reveals!how!cells!adjust!to!their!environment!and!the!alerted!threat.!!

A!study!by!Xiao!et!al.(600)!directly!contradicts!the!models!proposed!for!!a!counter!antiP

inflammatory! response! syndrome(CARS)! that! follows! a! proPinflammatory! response!

syndrome.!!Xiao!et!al.!highlight!that!they!were!unable!to!find!a!single!gene!or!cluster!

that! changed! uniquely! but! a! common! inflammatory! response! that! revealed! the!

activation!of!a!vast!number!of!genes!that!encode!for!inflammatory!mediators.!!They!

also!were!able!to!observe!the!simultaneous!suppression!of!genes!involved!in!antigen!

presentations,!apoptosis!and!T!cell!receptor!function!and!NK!cell!function.!

Cuenca!et!al.!report!the!development!of!a!genomic!score!that!can!predict!outcome!in!

trauma!patients.!!Predicting!a!complicated!outcome!with!more!MOD/F!and!inflections!

based!on!the!microParray!determination!of!circulating!leukocyte!transcriptome!
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(601).! !Desai!et!al.!showed!a!downPregulation!of!MHCPII!genes!are!associated!with!

poorer!outcomes!after!injury,!highlighting!the!NKPkB!pathway!known!to!be!downstream!

of!TLR(602).!!

Other! gene! pathways!may! also! be! important,! such! as! the! lipid!mediator! pathways!

described! by! Orr! et! al.! In! their! study! of! 96! trauma! patients! they! showed! that!

complicated!recoveries!had!a!dysregulation!in!lipid!mediator!signaling(603).!!They!also!

highlight!the!use!of!resolvins!in!animal!studies!of!burn!injury!demonstrating!!improved!

neutrophil!function!and!survival(604).!

Suggestions! that!age! influences!outcome! following!severe! injury! is!not!questioned.!!

This!is!reflected!in!a!study!by!Vanzant!et!al.!comparing!the!over!and!under!55years!of!

age.! ! They! showed! a! higher! slightly! later! genomic! response! from! the! neutrophil!

transcriptome!in!those!with!a!complicated!recovery!in!trauma!patients!over!55!years!of!

age(605).!!!!!!!!!!!!!!!!!!!!!!
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Figure'1.2.'A'genomic'storm:'Refining'the'immune,' inflammatory'paradigm'in'trauma.' (A)'The!current!
paradigm!explains!complications!of!severe! injury!as!a!result!of!excessive!proinflammatory!responses!(SIRS)!followed!

temporally!by!compensatory!antiinflammatory!responses!(CARS)!and!suppression!of!adaptive! immunity.!A!secondFhit!

phenomenon!results!from!sequential!insults,!which!leads!to!more!severe,!recurrent!SIRS!and!organ!dysfunction.!(B)!The!

proposed!new!paradigm!involves!simultaneous!and!rapid!induction!of!innate!(both!proand!antiinflammatory!genes)!and!

suppression!of!adaptive! immunity!genes.!Complicated! recoveries!are!delayed,! resulting! in!a!prolonged,!dysregulated!

immune–inflammatory!state.!!Taken!directly!from!a!paper!by!Xiao!et!al(600).'
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1.6.1$ The$Early$Cellular$Inflammatory$response$

1.6.1.1$ Neutrophils$

Neutrophils! are! a! lead! effector! of! innate! immunity,! targeting! foreign!microbes! and!

cellular!debris,!they!are!released!into!the!blood!in!large!numbers!where!they!remain!

for!over!5!days!(96).!!Chemotaxis!and!activation!can!be!induced!by!chemokines!and!

NEformyl!peptides!via!G!protein!coupled!receptors!on!the!cell!surface.!!

Chemokines,! cytokines! and! immune! mediators! signal! the! site! of! danger! to! both!

monocytes!and!neutrophils!that!marginate!to!the!area!of!inflammation.!!On!adhering!

to!the!endothelial!wall,!selectins,!a!group!of!adhesion!molecules,!slow!the!cell!allowing!

the!neutrophil!to!leave!the!circulation!and!migrate!towards!the!site!of!infection!or!tissue!

injury! (82,97).! ! This! margination! can! be! achieved! either! through! or! between! the!

endothelial!cells(98).!

Neutrophils! express! a! large! number! of! PRRsN! TLRs,! NLR! and! CEtype! Lectins.!!

Numerous!cytokines,! chemokines!and!angiogenic! factors! can!be!expressed!by! the!

neutrophil!and!its!role!as!a!central!mediator!of! inflammation!is!well!established.!!As!

well!as!producing!cytokines,!neutrophils!can!directly!crossEtalk!with!DCs,!NK!Cells!and!

T!and!B!Lymphocytes’!described!eloquently!in!a!review!by!Mantovani!et#al#(94).!

1.6.1.2$ Neutrophil$response$to$Injury.$

!Neutrophils!play!an!important!role!in!the!early!response!following!injury.!!It!is!likely!that!

mitochondrial!derived!and!other!DAMPS!recruit!neutrophils,!activate!them,!and!along!
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with!other!stimuli!generate!ROS!(99).!!Within!10!minutes!neutrophils!migrate!to!the!site!

of!injury!and!reach!peak!levels!in!the!peripheral!circulation!within!24!hours.!!Neutrophils!

are! sequestered! in! to! the! injured! tissue,! ‘primed’,! immediately! phagocytosing! and!

killing!any!microbes!present!and!promoting!inflammation!to!effect!wound!healing!(100).!

Neutrophils!thus!coEordinate!the!inflammatory!response!directed!at!sterilising!injured!

tissue!and!directing!macrophages!towards!the!site.!!Apoptotic!neutrophils!are!engulfed!

by!macrophages,! termed!efferocytosis! (101).!The!maintenance!of! the! inflammatory!

response!is!controlled!through!ILE23!which!induces!ILE17!production!from!Th17!cells,!

which!in!turn!induces!chemokine!production!to!attract!further!neutrophils!(102,103).!GE

CSF! is! also! increased! during! infection! or! after! trauma! and! acts! on! bone! marrow!

progenitor! cells! to! cause! increased! differentiation! of! progenitor! cells! to! neutrophils!

(104)!

Expression!of!CD11b!has!been!proposed!as!being!directly!related!to!base!deficit!and!

subsequent!multiEorgan!failure!with!neutrophils!as!the!cause!(105,106).! !Decreased!

phagocytosis!has!been!shown!in!sepsis!and!trauma!possibly!related!to!reduced!CD16!

(FcyRIII)!expression,!which!is!required!for!phagocytosis!mediated!by!antibody!bound!

to!microbes!or!damaged!tissue!(107E109).!!

1.6.1.3$ Phagocytosis$and$microbial$killing.$

Phagocytosis! is! a! combination! of! repulsive! protrusion! between! cytoskeleton! and!

plasma!membrane,!and!the!active!membrane!flattening!using!myosin!units!(110).!!!This!

process!can! internalise!opsonised!and!nonEopsonised!material,! though! the! latter! is!

very!inefficient.!!In!neutrophils!the!principle!receptors!for!opsonisation!are!Fc!receptors!

and!a!group!of!β2!integrins!(CD11b/CD18)!that!bind!complement!C3b!and!C3bi(111).!!
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FcγRIIA!(CD32)!and!FcγβRIIIb!(CD16)!are!the!main!Fc!receptors!(112).!!Granulocytes!

contain!many!different!types!of!granules!which!vary!depending!on!the! location,!age!

and!role!of!the!neutrophil!(113)!and!a!large!array!of!secretory!vesicles!are!present!to!

support! an! ongoing! inflammatory! reaction! by! producing! cytokines! and! chemokines!

such!as!ILE8!(114).!!Granules!can!be!primary,!secondary!or!tertiary!and!contain!antiE

microbial! molecules.! The! granules! are! membrane! boundN! primary! (azurophilic)!

granules!are!associated!with!CD63,!secondary!(specific)!granules!are!associated!with!

CD66b!and! tertiary!granules!with! vesicleEassociated!membrane!proteinE2(115,116).!!

Antigens!within!the!membrane!of!the!granules!can!be!detected!when!the!granule!fuses!

with!the!cell!membrane!as!exocytosis!occurs(117,118).!!!!!

!

$

$

$

$

$

$

$

$

$

Figure$ 1.3.$ Oxidant$ generation$ and$ ionic$ homeostasis$ of$ the$ phagosome.$ (I)!
Production!of!superoxide!anions!results!in!consumption!of!protons!during!dismutation,!
leading!to!formation!of!other!reactive!oxygen!species!via!superoxide!dismutase!(SOD)!
and!myeloperoxidase!(MPO).!(II)!The!NADPH!oxidase!has!been!postulated!to!function!
as!a!proton!channel.!(III)!The!oxidation!of!NADPH!and!transport!of!electrons!into!the!
phagosome! generates! a! membrane! potential! across! the! phagosomal! membrane,!
which! promotes! proton! influx,! counteracting! cytosolic! acidification.! (IV)! Cations!
translocated! in! response! to! the!electrical!potential!change! (H+!and/or!K+)!enhance!
granule!secretion!by!increasing!the!ionic!strength!of!the!phagosomal!lumen.!!Taken!
directly!from!a!review!by!Lee!et#al(56).!
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ROS!are!produced!by!the!NADPH!oxidase,!a!multiEprotein!enzyme!complex,!which!is!

inactive!in!the!resting!neutrophil(!(28,106).!!Interaction!of!the!neutrophil!with!pathogens!

and! their! subsequent! envelopment! of! the! phagosome! will! cause! activation! of! the!

NADPH!complex!to!produce!ROS!(119E121).!!

Recently!neutrophils!have!been! found! to!use! their!DNA! to! tackle!pathogens!by! the!

release!of!neutrophil!extracellular!traps!(NETs)(122).!Fibres!of!neutrophil!DNA!bind!to!

bacteria!and!kill!them!using!cytotoxic!mediators!on!the!DNA!(111).!!The!production!of!

NETs!appears!to!be!part!of!an!apoptotic!process!that!is!more!readily!stimulated!by!ILE

8,!LPS,!bacteria,!fungi!or!activated!platelets!than!single!DAMPs!(Figure!1.4)(123).!

Figure$ 1.4.$ Neutrophil$ Extracellular$ Traps.$ $ Adapted! from! a! review! by!

Mantovani!et!al(104).!

$

The! key! role! for! neutrophils! in! wound! healing! is! sterilisation! and! the! attraction! of!

macrophages!to!help!clear!debris!and!remove!apoptotic!cells!(124).!!If!activated!tissue!

neutrophils! do! not! encounter! any! pathogens,! as!would! occur! at! a! sterile! site,! they!

release! their! cytotoxic! granules(125)! which! can! cause! damage! to! healthy! tissues.!!

CD11b,! part! of! the! MembraneEactivated! complex! 1! (MacE1N! CD11b/CD18)! is! a! β2!

integrin!implicated!in!neutrophilEmediated!tissue!injury(126).!!!This!is!seen!as!harmful!
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but!in!the!early!stages!the!breakdown!of!collagen!can!aid!neutrophilEpathogen!contact!

and!may!help! to!collapse! lymphatic!structures,!so!slowing! the!spread!of!a!bacteria!

attack(56).!Ultimately!it!is!important!to!slow!and!stop!neutrophil!recruitment!to!resolve!

the!inflammation!and!ensure!wound!healing!is!complete.!

The! neutrophil’s! other! main! contribution! to! wound! healing! is! the! attraction! of!

macrophages! at! 24E48! hours! post! injury.! ! Neutrophils! orchestrate! events,! which!

include!minimising! their!accumulation,!activation,!and!promote! their!own!apoptosis.!

(46).! The! neutrophil! is! thus! replaced! by! macrophages! as! the! dominant! cell! type.!!

Production!of!proEinflammatory!cytokines!continues!from!macrophages!along!with!the!

release! of! PlateletEDerived! Growth! Factor! (PDGF)! which! attracts! fibroblasts! as!

inflammation!resolves!and!epidermal!cell!proliferation!begins(127).!

1.6.1.4$ Neutrophil$Phenotype$

The!circulating!neutrophil!phenotype!was!originally!thought!not!to!vary,!however!it!is!

now!clear!that!there!can!be!different!types!of!neutrophil!in!health!and!during!injury!or!

disease(128E130).!!!

Subsets!are!emerging!whose!primary!role!may!not!be!pathogen!killing!and!may!be!

more! immune! regulatory! in! nature.! ! Unique! populations! of! apparently! immature!

neutrophils! that! only! express!a! limited!amount! of!CD16!on! their! surface,! so! called!

CD16!dim!cells,!are!seen!in!sepsis!and!trauma!(106).!!They!appear!to!have!a!reduced!

ability!to!phagocytose!and!generate!ROS.!!These!cells!have!a!longer!lifespan!which!

may!have!an!advantage!with!heavily!contaminated!wounds!or!septic!episodes(131).!!It!

may!be!that!these!neutrophils!have!other!primary!functions!other!than!bacterial!killing.!!!
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CD35! is! upregulated! during! degranulation! on! most! circulating! cells! including!

neutrophils(132).!!CD35!binds!C3b(133).!!It!has!also!been!found!that!the!cleavage!of!

CD35!occurs!when!neutrophils!come!into!contact!with!strong!chemotactic!agents!such!

as!fMLP!(134).! !Activation!of! the!cell!when!in!contact!with!complement! in!particular!

C3b/C4b! that! is! involved! in!opsonising!bacteria!and!erthyrocytes!(135)! that!has! led!

some! to! using!CD35! to! attempt! differential! bacterial! from! viral! infection!with! some!

success(136).!!CD35!or!Complement!Receptor!1!(CR1)!is!a!known!potent!inhibitor!of!

complement.(137).!!!

Another! phenotype! has! been! described,! that! of! MyeloidEDerived! Suppressor! cells!

(MDSC)! and! there! is! still! substantial! debate! as! to! whether! these! are! the! same! or!

distinct!from!immature!neutrophils!(Figure!4)!(125).!!!

1.6.1.5$ MyeloidHDerived$Suppressor$cells$(MDSC).$$$

A!new!subtype!of!granulocytes/neutrophils!and!monocytes!known!as!MyeloidEDerived!

Suppressor!Cells!(gMDSC!or!mMDSC)!has!now!been!described!which!dampen!the!

proEinflammatory! response.! ! MDSC! are! upregulated! during! exaggerated! immune!

responses!when!they!migrate!to!the!lymphoid!tissue!such!as!lymph!nodes!and!spleen.!

There!are!studies!showing!increased!populations!of!MDSC!in!the!spleens!of!murine!

trauma!and!burns!models!that!are!CD11b�/GrE1�(138).!!These!appear!to!be!a!subset!

of! ‘left! shifted’! immature!neutrophils! that!are! released! in! response! to!onEgoing!proE

inflammatory!stimulus.!!There!is!some!debate!about!whether!MDSC!consistently!have!

an! immature! morphology(139).! ! Neutrophil! derived! gMDSC! in! humans! are!

CD11b�/CD33+/CD14E/HLADRE/CD15+.!!There!is!variability!in!receptor!expression!and!

morphology!for!gMDSC!in!the! literature,!which!probably!represents!the!presence!of!
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multiple!subsets!(140).!!What!is!undisputed!is!that!MDSC!are!immunosuppressive!and!

also!contribute!to!the!suppression!of!the!adaptive!immune!response!(128E130).!!!

!

Figure$1.5.$Overview$of$neutrophil$subtypes.$$Figure!taken!from!a!review!article!by!

Pillay!et#al(141).!gMDSC!are!thought!to!arise!from!mature!(1)!or!immature!neutrophils!

in!the!tissues!in!response!to!cytokines.!!The!is!also!thought!to!be!those!that!arise!in!

the!marrowN!a!granulopoiesis!that!only!produces!gMDSC!that!can!either!be!mature(3m)!

or! immature(3i).! ! Also,! it! appears! that! they!may! be! a! subset! that! undergoes! extra!

medullary!granulopoiesis!to!produce!MDSCs.$$$
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1.7$ Cytokine$response$in$Trauma.$

The!cytokine!response!to!trauma!is!complex!with!distinct!proE!and!antiEinflammatory!

components!that!change!over!time.!!After!injury!there!is!an!initial!rise!in!both!pro!and!

antiEinflammatory! cytokines,! modified! by! resuscitation,! DCS! and! definitive!

reconstruction!(142,143).!!In!contrast!as!ischaemia!is!corrected,!sedation!and!effective!

analgesia!will! dampen! the!production!of! cytokines! (144,145).! !There!are!additional!

peaks!to!the!inflammatory!course!outlined!in!(146).!!Infection,!MOD/F,!poor!analgesia!

(147)!and!the!multiple!surgical!insults!of!debridement!and!definitive!reconstruction!give!

additional! stimulus! to! an!already!overburden! immune! system! (148).! ! The! temporal!

influences!on! the! inflammatory! response!can!be! represented!by!some!of! the!major!

cytokines!involved!in!the!immune!response!to!injury!and!these!are!now!discussed.!

Interleukin!1β!(ILE1β)!

!

!

Figure$ 1.6.$ The$ proH$ and$ anti$ inflammatory$ response$ to$ accidental$ trauma$

modified$from$a$review$by$Brøchner$et#al.#(149).$$
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ILE1β!is!a!lymphocyte!attracting!cytokine!that!is!produced!by!activated!macrophages.!!

As!a!proprotein,! ILE1β! is!converted!and!activated!by!caspase1!(33,150).! ! ILE1β! is!a!

mediator!of!the!inflammatory!response!that!is!involved!in!proliferation,!differentiation!

and!apoptosis!of!cells!(151).!!It!has!also!been!found!to!induce!pain!hypersensitivity!in!

the! central! nervous! system! by! the! induction! of! cyclooxygenaseE2! (PTGS2/COX2)!

(152).!

Interleukin!4!(ILE4)!

ILE4! has!many! roles,! including! proliferation! of! activated! BEcell! and! TEcells! and! the!

differentiation! of! B! cells! into! plasma! cells! (153).! ILE4! influences! the! nature! of! the!

immune!response!by!the!production!of!Th1!cells,!macrophages,!IFNEγ,!and!dendritic!

cell!derived!ILE12!and!increasing!MHC!class!II!production!(154)!as!well!as!inducing!BE

cell!class!switching!to!produce!IgE(15).!!!!

InterleukinE6!(ILE6)!

ILE6!is!a!proEinflammatory!cytokine!that!is!present!in!the!circulation!very!early!in!any!

inflammatory!response!(155).!!Released!from!T!cells,!neutrophils!and!macrophages,!

ILE6!can!cross!the!bloodEbrain!barrier!and!is!known!to!change!the!temperature!set!point!

in!the!hypothalamus!inducing!fever!(151).!!ILE6!also!!promotes!B!cell!production!and!

suppresses! T! Regs! differentiation! (156).! ILE6! is! interesting! as! it! can! also! be! antiE

inflammatory,! inducing! macrophages! to! release! the! powerful! endogenous!

immunosuppressant!prostaglandin!E2(157).!!Later!in!the!response!ILE6!also!attenuate!

TNFEα!and! ILE1b!activity!by!promoting! release!of! ILE1b! receptor!antagonist! (IL1RA)!

and!soluble!TNF!receptors!(154).!!
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InterleukinE8!(ILE8)!

ILE8!is!a!potent!chemokine!produced!by!macrophages!and!epithelial!cells!it!selectively!

attracts!neutrophils!to!the!site!of!injury!(158).!!All!cells!with!TLRs!can!secrete!ILE8.!!It!

also!induces!the!synthesis!of!neutrophil!derived!platelet!activating!factor!and!its!levels!

rise!dramatically!in!acute!inflammatory!conditions!particularly!sepsis!and!trauma!(159).!

InterleukinE10!(ILE10)!

ILE10!is!an!antiEinflammatory!cytokine!that!has!multiple!immunomodulatory!functions!

and! is! produced! by! several! regulatory! immune! cells! including! T! regs! and! B! regs!

(160,161).!!It!downregulates!the!expression!of!Th1!cytokines,!MHC!antigens!and!coE

stimulatory!molecules!on!macrophages!and!can!inhibit!the!proliferation!of!activated!T!

cells!(162)ILE10!also!promotes!BEcell!survival!and!enhances!their!proliferation!as!well!

as! antibody! production.! ! Early! ILE10! has! been! shown! to! correlate! with! severity! of!

injury(163).!!It!has!been!linked!to!multiEorgan!failure!in!trauma!(164),!though!this!may!

be!indirect!through!its!immune!suppressive!actions(165,166).!!.!!!

InterleukinE13!(ILE13)!!

Closely! related! to! ILE4,! ILE13! is! a!mediator! of! the! Th2! response! and! physiological!

aspects!of! the!allergic!response!(167).! !Like!ILE4! it! induces!IgE!class!switching!and!

secretion!from!B!cells!(168).!

InterleukinE17!(ILE17)!!

ILE17! is! produced! by! TEhelper! cells! in! response! to! IlE23! and! has! a! strong! role! in!

adaptive!immunity!and!maintenance!of!the!inflammatory!response(169).!!For!example,!
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it! has! been! associated! with! Type! 2! allergic! response! and! is! implicated! in! the!

development!of!asthma!and!cystic!fibrosis(170).!!As!stated!earlier!it!is!involved!in!the!

activation!and!recruitment!of!neutrophils!through!inducing!cytokines!and!chemokines!

such!as!ILE6,!ILE8,!GMECSF,!ILE1β!and!TNFα!(171).!!!

GranulocyteEmacrophage!colonyEstimulating!factor!(GMECSF)!

GMECSF!is!produced!by!macrophages,!T!cells,!mast!cells,!fibroblasts!and!endothelial!

cells!and!stimulates!stem!cells! to!produce!granulocytes!and!monocytes(172).! !GME

CSF!can!also!act! to!prolong! the!active! lifespan!of!neutrophils!and!macrophages!at!

sites! of! inflammation(173).! ! Neutrophil! MHCEII! expression! is! also! upregulated!

increasing!the!activation!of!T!cells!in!response!to!antigens!(174).!

1.8$ Inflammaging.$

The!reduced!ability!of!the!older!adult!to!recover!from!injury!or!fight!infection!is!multiE

factorialN! reduced!mucosal! barriers,! changes! in! the!mechanics!of! the!GU! tract,! coE

morbidities,! ageErelated! changes! in! immunity,! nutrition,! medication! and! genetic!

differences!to!list!a!few(175,176).!!The!changes!in!immune!system!with!age!have!been!

coined! inflammagingN! slightly! elevated! levels! of! proEinflammatory! cytokines,! acute!

phase!proteins!and!a!reduction!in!antiEinflammatory!cytokines!are!common(177).!!The!

inflammatory! response! that! is! mounted! by! older! adults! to! alarmins,! PAMPs! and!

DAMPS!appears!subdued(178E180).!!Differences!are!seen!in!both!the!innate!and!the!

adaptive!response.!!The!innate!cellular!response!of!neutrophil!function!demonstrate!

reduced! chemotaxis,! phagocytosis(181),! ROS! production(182)! and! NET! formation!

(183).!!Differences!in!monocytes!and!macrophages!are!not!demonstrated!by!a!fall!in!



!Page!|!!62!

numbers!but!in!their!reduced!ability!to!produce!ROS!and!phagocytose!(184).!!Dendritic!

cells!show!reduced!migration!and!impaired!cytokine!production!(185).!!There!are!also!

reductions! in! the!effectiveness!of!natural!killers!cells.! !The!age!–related!changes! in!

innate!cellular!immunity!are!summarised!in!Table!1.2.!!!

Studies!have!shown!increases! in!TNFa,!CRP!and!ILE6! in!older!adults! that!could!be!

described!as!a!chronic!inflammation(186,187).!!!Immunescenscence!has!been!used!to!

describe! the! older! persons! increased! susceptibility! to! a!mired! of! infections! in! later!

life(188).!!Longitudinal!studies!are!now!attempting!to!explain!how!these!defects!in!the!

immune!system!in!older!adults!may!be!repaired!(189).!
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Table$1.2.$Changes$in$innate$ageHrelated$immunity.$$Taken!directly!from!a!review!

by!hazeldine!et#al#(190).!

!
!

!!
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1.9$ Endocrine$and$metabolic$response$to$Injury$

Early!enlightenment!into!the!metabolic!response!to!surgery!and!injury!was!made!by!

Cuthbertson!in!1932!and!then!built!on!by!Moore!who!described!classical!‘ebb!and!flow’!

physiology! relating!muscle! loss!and!altered!nitrogen!balance! (191).! !A!decrease! in!

tissue! perfusion! after! injury! causes! a! reduction! in! metabolism,! that! is! followed! by!

increases!in!metabolic!rate!and!a!hyperdynamic!circulation!after!3E5!days.!Their!work!

highlighted!the!need!for!adequate!nutritional!support!and!rehabilitation!(192).!!Although!

much! of! the! evidence! extrapolated! from! animal!models! and! observations! appears!

exaggerated(193),!the!pattern!of!recovery!is!seen!in!the!modern!survivor!from!severe!

injury.!!

In!practice,!the!so!called!‘ebb’!phase!is!short!and!within!a!few!hours!the!flow!phase!is!

seen.!!Increased!metabolic!turnover!and!activation!of!the!innate!immune!system!over!

whelms!the!victim!of!trauma.!

The! endocrine,!metabolic! and! inflammatory! response! to! tissue! injury! is! coined! the!

‘stress!response.’!!Historically!this!has!been!easiest!to!study!this!after!elective!surgery!

where!a!controlled!traumatic!injury!is!inflicted!at!a!set!time!and!the!response!thereafter!

can!be!studied! (194,195).!However,! the!stress! response! from!surgery!has!become!

more!difficult!to!study!as!modern!regional!and!general!anaesthetic!techniques!dampen!

the!neuroendocrine!response!to!tissue!damage.!!!

1.9.1$ The$Initial$Endocrine$Response.$

The! major! endocrine! response! to! injury! is! to! produce! catecholamines! and!

corticosteroids.!!These!groups!of!molecules!produce!a!shortEterm!and!longEterm!stress!
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response!that!has!evolved!to!protect! the! individual! from!life! threatening! injury.! !The!

ability! to! enhance! the! fight! or! flight! reaction! is! realised! through! a! number! of!

physiological!changes.!!!

Afferent! somatic! and! autonomic! nerves! from! the! area! of! injury! stimulate! the!

sympathetic!nervous!system!and!the!hypothalamicEpituitary!axis!!(196).!The!modes!of!

stimuli! are! diverseN! pain,! fear,! hypovolaemia,! tissue! damage! and/or! immunological!

activation! (197).! ! The! hypothalamus! responds! by! firing! sympathetic! fibres! to! the!

adrenal! medulla! causing! catecholamines! to! be! immediately! released! into! the!

circulation.!!The!hypothalamus!also!releases!corticotropinEreleasing!hormone!(CRH)!

which!acts!on!the!anterior!pituitary!to!release!adrenocorticotropic!hormone!(ACTH)!that!

stimulates!the!Adrenal!cortex!to!produce!mineralocorticoids!and!glucocorticoids.!!The!

pathway!and!actions!of!these!hormones!is!described!in!Figure!1.6(198,199).!

The!dominant!catecholamines,!adrenaline!and!noradrenaline,!are!released!from!the!

adrenal!medulla!by!the!action!of!ACTH!from!presynaptic!nerve!terminals!as!a!result!of!

hypothalamic! stimulation.! ! The! resulting! adrenergic! response! yields! a! marked!

tachycardia!and!hypertension.!Hepatic,!pancreatic!and!renal!organ!systems!respond.!!

An!early!survival!response!is!to!‘retain!water’!as!renin!is!converted!from!angiotensin!I!

to! angiotensin! II! stimulating! aldosterone! from! the! adrenal! cortex! to! reabsorb!more!

sodium.! ! The! pancreas! releases! glucagon! that! stimulates! the! liver! to! breakdown!

glycogen! releasing! glucose! and! lactate! into! the! circulation.! ! Free! fatty! acids! are!

mobilised!from!lipid!stores!and!insulin!acts!on!fat!and!carbohydrate!metabolism!(200E

202)!
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The!immune!system!is!also!affected!and!neutrophils!are!mobilised!from!the!marrow!in!

response!to!increased!catecholamines!and!cortisol!(203),!though!systemically!cortisol!

suppresses! neutrophil! function! but! also! keeps! numbers! high! by! inhibiting! their!

apoptosis.! The! immune! system! also! stimulates! an! adrenergic! response! and! proE

inflammatory!cytokines!act!directly!on!the!hypothalamus!and!there!is!thus!extensive!

crossEtalk!between! the! immune!and!endocrine!systems!during! the!stress! response!

(196).!!Cytokines!stimulate!the!production!of!prostaglandin!E2!directly!to!stimulate!the!

hypothalamic–pituitary–adrenal!(HPA)!axis!or!the!HPA!axis!detects!lower!levels!in!the!

periphery! via! sensory! vagal! afferent! fibres! to! inform! the! CNS! of! local!

inflammation(197).!! !

!

!

Figure$1.7.$ The$HPA$axis$ is$under$ the$excitatory$ control$of$ the$amygdala$ and$

inhibitory$ control$ of$ the$ hippocampus.$ $ Modified! from! an! article! by! Steve!

Hyman(198).!!

$

Metabolic$effects$of$Cortisol$

Gluconeogenesis!in!liver!
Mobilisation!of!amino!acids!
Lipolysis!
Proteolysis!
!
!

!
Immune$effects$of$Cortisol$

UpEregulations!of!antiEinflammatory!proteins!
Down!regulation!of!proEinflammatory!proteins!
Apoptosis!of!lymphocytes!
Inhibition!of!neutrophil!function!
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Figure$ 1.8:$ Examples$ of$ efferent$ nerve$ pathways$ that$ modulate$ immune$

function$modified$from$a$review$by$Blalock#et#al#(204).#
(1)!Vagal!acetylcholine!acts!on!macrophages!to!blunt!proinflammatory!cytokine!synthesis.!!
(2)!Hormones!from!the!hypothalamic-pituitary!adrenal!axis!modulate! lymphocyte!function.!!
(3)!Sympathetic!outflow!can!regulate!the!function!of!immune!tissues!and!their!cells.!

!

The!HPA!axis! is!classically!hormonally!controlled!with!stimulation!and! the! levels!of!

hormones!being!controlled!by!a!negative!feedback!loop.!!Managed!by!hypothalamic!

and!inhibiting!factors,!the!anterior!pituitary!receives!its!control!from!the!hypothalamicE

$
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hypophyseal! portal! systemN! whereas! the! posterior! pituitary! receives! direct! neural!

control!from!the!hypothalamus.!!The!anterior!pituitary!hormones!(ACTH)!and!growth!

hormone! (GH)! are! released! in! response! to! hypothalamic! releasing! factors,!

corticotrophin! releasing! hormone! (CRF)! and! somatotropin.! ! When! injured,! ACTH!

stimulates!cortisol!production!within!a!few!minutes!(205).!!Thyroid!function!also!surges!

initially!(206)!but!is!quickly!supressed!with!48!hours!of!injury!(207).!!Other!hormones!

such! as! luteinizing! hormone! (LH)! and! follicle! stimulating! hormone! (FSH)! are! not!

thought!to!significantly!change!in!response!to!injury(203).!!

1.9.2$ Cortisol$and$the$Cortisol:Cortisone$Ratio.$

Cortisol!baseline!levels!are!400!nmol/l!which!can!increase!to!>1500!nmol/l!within!4E6!

hours! of! injury! and! feedback! mechanisms! fail! to! lower! ACTH! and! cortisol!

concentrations!in!trauma(202).!!The!magnitude!of!the!cortisol!response!is!thought!to!

be! proportionate! to! the! size! of! insult! and! it! is! unresponsive! to! cortical! steroid!

administration(203),!!although!Offner!et#al.#found!that!cortisol!levels!did!not!correlate!

with!the!ISS!(208).!!Other!commentators!have!found!it!difficult!to!agree!on!absolute!

values!and!what!constitutes!a!normal!cortisol! response!during!critical! illness! (209).!

Cortisol! enhances! muscle! breakdown! to! provide! substrates! for! repair! (207),! with!

gluconeogenic!precursors!and!amino!acids!mobilised!for!protein!synthesis!in!the!liver!

and!from!lipolysis.!!!Cortisol!also!has!a!mineralocorticoid!effect!to!retain!sodium!and!

water! and! lose! potassium.! ! In! contrast,! cortisol’s! antiEinflammatory! effects! are! to!

decrease!cytokines,!leukotrienes!and!prostaglandins!(203).!!!

Some!cortisol!is!bound!to!cortisolEbinding!globulin!(CBG)!and!albumin!and!when!these!

are! low! in! trauma!and!critical! illness! this!might! lead! to!under!estimation!of! the! free!
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cortisol! available.! ! Molenaar! et# al.# examined! this! in! a! critical! care! population! and!

concluded!that!as!previously!reported!25%!of!the!total!cortisol!is!protein!bound!(202).!!

Others!dispute!this!and!argue!that!CBG!should!be!used!to!calculate!free!cortisol!when!

estimations!of!adrenal!function!are!being!made!(210).!!!

The!concentration!of!active!cortisol! in! the! target! tissues! is! important.! !This!balance!

between!metabolism!and!production!of!cortisol! is!regulated!by!the!action!of!various!

enzymes!the!most!important!of!which!is!11βEhydroxysteroid!dehydrogenase(11βEHSD)!

as! shown! in! Figure! 8.! ! The! activity! of! this! enzyme! is! represented! by! the!

Cortisol:Cortisone!ratio!(F:E)!(211).!

!
Figure$1.9.$$Cortisol$is$stored$as$Cortisone$and$mobilised$through$11βHHSD1.$

Taken!from!a!patent(212).$

1.9.3$ Other$hormones.$

Increases!in!growth!hormone!after!trauma!have!metabolic!and!anabolic!effects.!!The!

metabolic!effects!are!mild!including!glycogenolysis!and!lipolysis.!!There!is!an!inhibition!

of!glucose!uptake!and!utilisation!by!cells!(213).!!Growth!hormone!appears!to!slow!the!

catabolic!effects!of!the!glucocorticoids.!!The!related!InsulinElike!Growth!Factor!1(IGF1)!
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stimulates! growth!and!proliferation!of! cells! and! slows!protein! catabolism,! but! there!

appears!to!be!a!paradoxical!reduction!in!IGF1!in!relation!to!growth!hormone!in!trauma!

and!sepsis! (214).! ! !Prolactin! is! increased!with! injury! in!proportion! to! the!severity!of!

injury!(215).!!The!posterior!pituitary!hormone!ADH!is!another!important!hormone!that!

acts! as! a! vasopressor! and! enhances! release! of! ACTH! important! after! injury! and!

haemorrhage!(216,217).!

Insulin! is!secreted! in! response! to!hyperglycaemia!promoting!glucose!utilisation!and!

glycogen!synthesis.!!This!reduces!lipolysis!and!muscle!protein!breakdown.!!Trauma!

causes!inhibition!of!betaEcells!in!the!pancreas!by!the!α2Eadrenergic!inhibitory!effects!

of!catecholamines! (218).! !The! initial! response! is! followed!by! insulin! resistance,! the!

development! of! which! increases! mortality! and! the! control! of! which! has! improved!

survival!in!trauma!and!sepsis!(212).!!!

Thyroxine! (T4)! and! triEiodthyronine! (T3)! are! secreted!by! the! thyroid! in! response! to!

thyroid!stimulationg!hormone!(TSH).!!T3!is!more!active!that!T4!and!they!are!both!highly!

bound!to!albumin,!thyroxine!preEalbumin!and!thyroidEbinding!globulin.!!They!increase!

metabolic! rate! and! heat! production! in! many! organ! systems! resulting! in! increased!

oxygen! consumption.! ! In! trauma! concentrations! of! thyroid! hormones! appear! to! be!

inversely!proportional!to!catecholamine!concentrations!which!return!to!normal.!!Initially!

levels!are!low!after!injury!and!rise!over!the!next!two!weeks!the!exact!kinetics!of!this!

are!poorly!understood!and!more!research!is!needed!with!longer!followEup(219).!
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1.9.4$ Metabolic$response$to$injury$

The!metabolic! response! appears! to! prime! the! immune! system!as!well! as!mobilise!

building!blocks!for!repair!from!carbohydrate,!lipid!and!protein!sources.!

Carbohydrate! metabolism! is! driven! by! catecholamines! and! cortisol! to! promote!

glycogenolysis! and! gluconeogenesis.! ! Insulin! secretion! is! initially! inhibited! and!

subsequently! insulin! resistance!can!develop.! !Prolonged!high! levels!of!glucose!are!

associated! with! increases! in! mortality! (220),! impairing! wound! healing,! increasing!

infections!and!ischaemic!damage!to!nervous!and!myocardial!tissue.!

Inhibition!of!protein!anabolism!and!promotion!of!catabolism!is!driven!by!cortisol!and!

cytokine!production(221).!!The!amount!of!protein!lost!is!proportional!to!the!amount!of!

surgical! stress(222).! ! Skeletal!muscle! is!mainly! utilised! but! there! is! some! visceral!

muscle! protein!which! is! catabolised! to! release! essential! amino! acids(223).! ! Newly!

formed!proteins!in!the!liver!are!acute!phase!proteins!and!albumin!production!is!reduced!

which!will!affect!the!oncotic!pressure!of!the!blood!and!the!extracellular!volume(224).!!

This! protein! loss! can! be! estimated! by! measuring! nitrogen! excretion! in! 24! hour!

urine(225,226).!!Attempts!at!overcoming!catabolism!by!providing!additional!substrate!

have!been!disappointing!and!will!be!discussed!later!(see!section1.10.1.5).!

Lipolysis! and! ketone! production! is! driven! by! catecholamine,! cortisol! and! glucagon!

secretion! in! combination!with! insulin! deficiency(227).! Triglycerides! are!metabolised!

into!free!fatty!acid!and!glycerol(228).!!High!glucagon!and!low!insulin!promote!oxidation!

of! FFAs! to! acyl! CoA! that! is! converted! in! ketones! by! the! liver(229).! ! The! common!

ketones!!βEhydroxybutyrate,!acetoacetate!and!acetone!are!water!soluble!and!are!used!

as! fuels(230).! ! The! ability! to! predict! the! duration! and! severity! of! catabolism! is! a!
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desirable!outcome!measure! that!will! allow!patients! to!be!stratified!as!well! as!allow!

investigators!opportunity!to!try!and!reduce!it.!!One!strategy!is!to!analyse!the!pattern!of!

metabolic!products!commonly!known!as!metabolomics.!

1.9.5$ Metabolomics$

The!physiological!changes!following!severe!injury!yield!a!pattern!of!metabolic!products!

that!are!likely!to!have!a!unique!signature.!!Metabolomics!is!the!study!of!the!pattern!of!

metabolic!products!using!massEspectrometry!or!Nuclear!Magnetic!Resonance!(NMR)!

to!analyse!the!spectra!and!quantities!of!specific!metabolites(231).!!Complex!statistics!

such!as!partial!least!squares!discriminant!analysis!(PLSEDA)!can!be!used!to!separate!

individuals!even!within!a!specific!disease!states!and!has!been!used!to!predict! their!

likely!response!to!therapies!for!example!Rheumatoid!Arthritis!or!Type!II!diabetes(232).!!

This!approach!has!also!been!used!to!study!metabolic!profiles!in!the!critical!ill!and!of!

particular!relevance!is!the!differentiation!of!septic!and!sterile!SIRS(227).!!!

1.9.6$ Androgens$and$the$response$to$injury$

The!role!of! testosterone!and!oestrogen! in! injury! is!not!clear.! !NinetyEfive!percent!of!

testosterone!is!produced!by!the!Leydig!Cell!of!the!gonad!in!males,!it!is!responsible!for!

anabolism! and! secondary! sexual! characteristics.! ! In! women! small! amounts! are!

synthesised!by! the! thecal! cells!of! the!ovaries!as!well!as! the!zona! reticularis!of! the!

adrenal! cortex! in!both! sexes.! !Most! testosterone! is! bound! to! sex!hormone!binding!

globulin!and!regulated!by!the!HPA!axis.!!When!low,!gonadoprohinEreleasing!hormone!

(GnRH)!is!released!by!the!hypothalamus!to!stimulate!the!pituitary!to!produce!LH!and!

FSH! controlled! through! a! negative! feedback! loop! (228).! ! Primary! and! secondary!
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hypogonadism!are!reported!with!changes!in!LH!and!FSH!in!critically!ill!patients!(229).!!

Testosterone! levels!were! found! to! be! reduced!by!half! in!men!who!had!myocardial!

infarction,!traumatic!brain!injury,!or!elective!surgery!within!24!hours!(230).!FSH!and!LH!

levels!were!lower!or!unchanged.!!Central!hypogonadism!occurs!with!acute!illness!in!

both! genders.! ! Hypogonadism! has! been! shown! after! traumatic! brain! injury! (TBI),!

critical!illness!and!burns!(231).!!The!mechanisms!of!hypogonadism!are!unclearN!low!

FSH!and!changes!in!the!pulsatile!nature!of!LH!are!thought!to!contribute!(232).!!A!direct!

action!on!the!Leydig!cells!by!TNFα!and!ILE1!as!well!as!their!proposed!inhibition!of!the!

hypothalamus!and!pituitary!also!contribute!(233).!

While! the! ovaries! and! the! adrenal! glands! (in! both! sexes)! produce! very! little!

testosterone,! they!secrete!weaker!androgensN! in!particular,!dehydroepiandrosterone!

(DHEA)!and!androstenedione.!!These!are!known!to!be!important! in!women!as!they!

undergo!peripheral!conversion! to! the!more!potent!androgens,! testosterone!and!5aE

dihydrotestosterone!(DHT).!!Androstenediol!is!a!weaker!steroid!that!binds!to!oestrogen!

receptors!(234).!!Dehydroepiandrosterone!(DHEA)!is!a!C19!steroid!that!is!synthesised!

in!the!zona!reticularis!of!the!adrenal!gland.!!It! is!secreted!in!response!to!ACTH!and!

circulates! predominantly! in! its! sulphated! form! DHEAS.! ! This! abundant! early! sex!

hormone!serves!as!a!metabolic!intermediate!in!the!production!of!androgens!namely!

testosterone! and! oestrogen.! ! The! role! of! DHEA! metabolites! and! intermediates! in!

stimulating!androgen!receptors!is!now!being!better!understood!(235),!though!the!role!

of!this!steroid!after!severe!injury!is!still!to!be!evaluated.!The!production!and!metabolism!

of!the!androgens!is!shown!in!Figure!1.10.
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Figure! 1.10.! The! steroidogenesis! pathway.!CYP11A1,! Cytochrome! P450scc.! ! HSD3B,! 3>hydroxysteroid! dehydrogenase! isoenzymes.!
CYB11B,!11!beta>hydroxylase.!CYP21A2,!Cytochrome!P450!21!hydroxylase.!!CYB11B2!Cytochrome!P450!17!hydroxylase.!HSD11B,!11β>

hydroxysteroid! dehydrogenase.! CYP17A1,! Cytochrome! P450! 17! hydroxylase.! HSD3B,! 3β>hydroxysteroid! dehydrogenase! isoenzymes.!

SRD5A,!5α!>reductase!isoenzymes.!STS,!steroid!sulfatase.!SULT2A1,!sulfo>transferase.!CYP19A1,!P450!aromatase!dehydrogenase!HSD17B,!
17!β>hydroxysteroid!dehydrogenase!isoenzymes.!!
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1.10$ Ameliorating$the$immune2endocrine$response$to$severe$injury.$

1.10.1$Implications$of$current$treatment$regimes.$

Modifying!the!clinical!course!of!prolonged!SIRS,!MOD/F,!multiple!infections!and!the!

severe!catabolic!state!that!results!in!significant!morbidity!may!not!be!possible!with!a!

single!modality.!!This!review!will!now!turn!to!look!at!treatments!that!modify!the!immuneG

endocrine!response!following!injury!before!examining!novel!treatment!ideas.!

1.10.1.1$ Haemostasis$

The!doctrinal!shift!in!the!early!use!of!tourniquets!by!the!military!has!led!to!this!practice!

being!more!frequently!adopted!by!the!NHS!(236).!!The!use!of!novel!haemostatic!agents!

has!been!met!with!mixed! reviews(237).! !The!Medical!Emergency!Response!Team!

(MERT)!was!based!out!of!a!Chinook!helicopter!in!Afghanistan!and!had!a!preGhospital!

care!doctor!on!board!(238).!!Blood!products!could!be!given!in!transit!to!the!hospital!

and!the!administration!of!tranexamic!acid!(TXA)!was!routinely!given.!!Early!adoption!

of!the!evidence!from!the!CRASH2!study!of!the!benefits!of!early!TXA!will!have!saved!

lives!(239),!particularly!when!the!study!showed!that!TXA!was!best!given!within!1!hour!

when!a!reduction! in!mortality!of!over!30%!was!seen!(OR!0.68)! for!bleeding!deaths!

(240,241).! TXA! inhibits! plasmin! and! reduces! clot! breakdown.! ! No! increase! in!

thrombosis!was!seen!in!CRASH2!and!in!a!subsequent!retrospective!cohort!study!the!

increases! in! thrombosis!observed!were!not!associated!with!an! increase! in!mortality!

(242).!
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1.10.1.2$ Massive$Transfusion.$

The!changes!in!practice!have!seen!a!much!greater!use!in!blood!component!therapy.!!

Previous! resuscitation!protocols! advocated! large! volumes!of! crystalloid! born!out! of!

ATLS!guidelines.!!Fluid!overloaded!coagulopathic!patients!resulted!from!this!iatrogenic!

practice!that!has!had!a!significant!effect!of!mortality!and!morbidity!(243).!!In!2005!the!

use!of!component!therapy!based!on!the!needs!of!the!patient!were!advocated!(244).!!

Warnings!came! from! the! literature!about! the!use!of!RBCs!and! the!development!of!

MOF,! infections! and! transfusion! related! lung! injury! (245).! ! The! literature! has!

consistently!shown!the!adverse!effects!of!transfusion!(246).!!A!paradigm!shift!occurred!

to!use!blood!components!to!maintain!perfusion!without!the!use!of!crystalloid!or!colloid!

as!a!plasma!expander! (10).! In!a! ‘best!evidence!review’!despite!a!survivor!bias,! the!

authors!suggest!a!clear!survival!advantage!for!the!early!use!of!fresh!frozen!plasma,!

packed! red! blood! cells! and! platelets! in! the! ratio! of! 1:1:1(247).! ! The! practice! of!

component!therapy!was!adopted!despite!the!appreciation!of!the!immunosuppressive!

effects! that!appear! to!come! from!donor! leukocytes,! stored!cytokines!and!other!cell!

debris!acting!as!DAMPS!(248).!!

1.10.1.3$ Damage$Control$Resuscitation$and$Surgery.$

The!term!‘Damage!Control’,!coined!by!Stone(249)!came!from!the!Navy!and!can!be!

traced!back!to!Navy!doctrine!where!sacrifices!are!made!to!keep!the!ship!afloat!(250G

252).!!The!concept!in!surgery!was!to!do!enough!to!save!the!patient’s!life!but!not!try!to!

attempt!a!definitive!procedure!at! the! risk! to! the! trauma!patient’s! life!and!should!be!

carried! out! after! the! correction! of! clotting! and! other! metabolic! disturbances! i.e.!

acidosis.!!Damage!control!orthopaedics!was!performed!in!selected!patients!and!their!
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then! fractures! were! treated! with! external! fixators! and! the! definitive! fixation! was!

performed! 24G48! hours! (253G255).! ! Not! everyone! benefits! from! a! damage! control!

approach!(256).! !Although!commonly!practiced! in!battlefield!conditions!and! in!other!

areas!of! trauma,!delayed!primary!closure! is!not! strongly! supported! in! the! literature!

(257).!

Damage!control!resuscitation!is!carried!out!concurrently!as!surgeons!work!to!‘turn!off!

the! tap!(258).’! !The!proactive!correction!of!acidosis,!coagulopathy!and!hypothermia!

with! component! therapy! (259)! can! negate! the! need! to! carry! out! a! limited! surgical!

procedure! in! a! wellGresuscitated! patient.! ! Decisions! can! then! be! made! to! the!

subsequent!pathway!of!damage!control!or!definitive!surgery!depending!on!the!status!

of!the!patient.!!Damage!control!resuscitation!may!well!decrease!inflammation!as!well!

as! correcting! coagulopathy! (260).! ! Evidence! from! controlled! surgical! studies!

demonstrates!that!maximum!stress!response!occurs!at!the!end!of!surgery!with!good!

intraoperative!anaesthesia!(261).!!!

1.10.1.4$ Wound$Closure.$$$

Good!evidence!on!reduction!of!the!metabolic!demands!following!wound!closure!came!

from!the!burns!field.!Janzekovic’s!landmark!paper!(262)!took!some!time!to!be!adopted.!!

Herndon!et#al.#and!Wolf!et#al.#have!driven!a!wealth!of!literature!supporting!the!practice!

(263,264).! ! Their! work! showed! a! 40%! reduction! in! metabolic! rate! in! large! burns!

compared!to!those!not!grafted!for!a!week.!!Less!bacterial!colonisation,!sepsis!and!pain!

left!the!authors!in!not!doubt!(8,265).!!While!burn!wounds!are!different!to!trauma,!once!

the!burn!eschar!has!been!removed,! the!burn!patient!shows!many!similarities!to!the!

trauma!patient.!



!Page!|!!78!

Current! practice! is! to! serially! debride!wounds! and! apply! topical! negative! pressure!

(TNP)!dressings!until!wounds!look!ready!to!close.!!Low!levels!of!evidence!support!the!

use!of!TNP!in!a!traumatic!setting!(266)!and!there!are!no!RCTs.!!Whether!the!clinicians!

can!extrapolate!the!improved!healing!times!into!reduced!metabolic!load!over!time!is!

controversial.! !Moreover!TNP!and!early!wound!closure! treatment!benefits!only! lend!

themselves!to!severe!injuries!that!have!large!open!wounds.!

1.10.1.5$ Immunonutrition.$$

Malnutrition! involves! all! aspects! of! the! immune! system.! ! Changes! in! lymphocyte!

subsets!(decreased!CD3+,!CD4+!and!CD8+)!in!malnutrition!and!increases!in!cortisol!

and!a!Th1!to!Th2!cytokine!shift!are!observed!(267).!!Enteral!nutrition!has!consistently!

shown! superiority! over! parenteral! nutrition! as! a!means! of! providing! calories! to! the!

critically!ill!(268).!!The!timing!of!feeding!is!also!important.!!A!metaGanalysis!by!Diog!et#

al,! identified! 6! RCTs! which! while! small! and! poorly! powered! showed! a! significant!

reduction! in!mortality!and!pneumonia! (OR=0.34,!p=0.02)!when!enteral! feeding!was!

started!within!24hours!(269).!!Most!commentators!believe!a!translocation!of!gut!flora!

is! increased!by!overgrowth,! immuneGfunction!and/or! changes! in!permeability!of! the!

gastrointestinal! mucosa! (270G272).! ! Another! consideration! to! gut! integrity! and! the!

immunological!consequences!of!critical! illness!is!gut!ischaemia!and!any!reperfusion!

injury.! !Feeding!may!well!promote!perfusion!and!minimise! this! immunological! insult!

(273).!!!

While!early!enteral!feeding!does!limit!some!of!the!proteolysis!seen!after!severe!trauma,!

it!doesn’t!reverse!it.!!Glutamine!as!a!supplement!has!received!notoriety!in!improving!

outcomes!when!used!in!feeds.!!An!RCT!by!Hall!et#al.#did!not!show!improved!mortality!
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and!only! trends! towards! less! ICU!stay!and!hospital! stay! (274).!Other! studies!have!

shown!lower!infection!rates!or!less!deaths!attributed!to!infection!(275).!!LGarginine!as!

a!supplement!has!also!been!shown!to!improve!wound!healing!in!a!trauma!and!chronic!

wound!models!(276,277).!!As!a!substrate!for!NO!production!LGarginine!restores!blood!

flow!and!reduces!proGinflammatory!cytokines!(278).!Micronutrient!supplementation!in!

the! critical! ill! adult! was! reviewed! in! a! metaGanalysis! by! Visser! et# ali! significant!

reductions!in!infections,!LOS!in!ICU!or!otherwise!were!not!seen.!!Subgroup!analysis!

did!show!reductions!in!mortality!but!they!reported!that!timing,!duration!and!dosing!are!

key! factors! (279G281).! ! PreGoperatively! giving! nutritional! immuneGenhancing!

supplements!was!demonstrated!in!an!RCT!by!Tepaske!et#al.!showing!less!infections,!

reduction!in!sensitivity!reaction!and!lower!ILG6!compared!with!controls(282).!A!metaG

analysis!and!review!of!immunonutrition!!for!high!risk!surgical!patients!by!Marik!et#al.!

showed!a!reduction!in!the!risk!of!infection!(OR!0.40),!wound!complications!(OR!0.60)!

and! a! reduction! of! length! of! stay! by! over! 3! days(283).! ! A! review! of! the! field! was!

conducted! by!Reddell!et# al,! they! highlight! the! use! of! antiGoxidants! and/or! their! coG

factors!that!should!be!optimised!in!the!trauma!patient!in!ICU!(284,285).!

1.10.1.6$ Intensive$care.$

The!search!for!a!magic!bullet!in!treating!critically!ill!patients!has!largely!focused!on!the!

treatment!of!sepsis.!!Early,!goalGdirected!therapy!and!protective!lungGventilation!saw!

early!wins!with!Rivers!et#al.#(286)!and!the!ARDS!clinical! trials!network!(CTN)!(287)!

reporting!benefits.!!!There!was!early!adoption!of!the!use!of!Activated!protein!C!following!

the! PROWESS! trial! (288),! but! questions! were! asked! about! the! methodology! and!

subsequent! trials!have! failed! to! show!benefits!with! significant! bleeding!seen! in! the!
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treatment!group! (289)! .! !Glucocorticoids!have!been!used! in!sepsis,!with!or!without!

evidence!of!adrenal!dysfunction.!!Of!the!22!RCTs,!there!are!two!large!trials!in!the!use!

of!glucocorticoids!in!the!treatment!of!sepsis!with!conflicting!resultsi!Annane!et#al.#(290)!

showed!a!reduced!28Gday!mortality!(n=300,!55!vs!61%)!where!as!The!Corticosteroid!

Therapy!of!Septic!Shock! (CORTICUS)!Trial! showed!no!benefit! at! 28!day!mortality!

(n=500,! 35! vs! 32%)! with! an! increase! in! new! sepsis! and! septic! shock! in! the!

corticosteroid! group.! ! Two! metaGanalysis! of! 12! trials! supported! treatment! with!

corticosteroids!as!decreasing!mortality!(38vs44%)!(291).!!Further!analysis!shows!no!

difference!in!mortality,!no!harm!and!an!earlier!reversal!of!shock!(292).!The!surviving!

sepsis!campaign!provided!a!large!observational!database!that!also!showed!no!benefit!

(293).!!Despite!numerous!trials!the!treatment!of!sepsis!has!not!seen!any!significant!

novel!drug!treatment! that!has!changed!outcomes!above!the!use!of!broadGspectrum!

antibiotics.!!However,!a!recent!examination!of!the!impact!of!betaGblockade!in!lateGstage!

sepsis!has!suggested!a!potential!survival!advantage!which!needs!to!be!confirmed!in!a!

large!scale!study(294).!!!

1.11$ Novel$ Treatments$ to$ ameliorate$ of$ the$ immune2endocrine$ response$ to$

trauma.$

Head!injuries!were!treated!with!corticosteroids!for!30!years!before!a!large!multicentre!

trial!involving!10,000!patients!proved!that!the!chance!of!dying!was!increased!by!3%!if!

you!were!given!corticosteroids!(295).! !This!highlights!the!difficulty! in! trying!to!target!

elements!of!the!immune!system!that!often!have!more!than!one!downstream!effect.!!
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1.11.1$Corticosteroids$

Adrenal!deficient!or!adrenal!suppressed!patients!fail!to!respond!to!the!stress!response!

and!often!need!supplementation!during/after! surgery.! !The!exact!optimal! regime! to!

mimic! the!stress! response! following!surgery! is!still! to!be!evaluated! (296,297).! !The!

diagnosis!of!adrenal!suppression!is!much!debated.!!In!the!management!of!sepsis!and!

trauma!it!is!clear!that!single!morning!cortisol!levels!are!not!helpful!and!even!the!use!of!

the!short!or!long!syncathin!tests!at!times!are!misleading!(298).!!There!are!limited!data!

for!corticosteroid!use!in!trauma!patients.!!!In!an!observational!study!α1Gadrenoceptor!

stimulation! was! shown! to! be! more! responsive! after! corticosteroid! administration!

(299,300).!!While!not!supported!by!ARDS!Clinical!Trials!Network!for!ARDS!(301),!the!

use! of! corticosteroids! in! trauma! has! been! shown! to! reduce! hospital! acquired!

pneumonia! with! shorter! ventilatory! days! in! one! study! but! failed! to! demonstrate!

differences!in!overall!mortality!(302).!

The!translation!of!animal!modelled!treatments!into!the!clinical!setting!has!had!many!

failures! as! exemplified! by! the! antiGTNF! treatment! in! septic! shock! trial! (303).! ! AntiG

inflammatory!cytokine!targeting!such!as!transforming!growth!factor!(TGFGβ)!or!ILG10!to!

reduce!the! inflammatory!response!haven’t!seen!their!way!to!clinical! trials!yet! (304).!

Gene!therapy!using!adenoviral!vectors!has! the!potential! to! treat! trauma!and!sepsis!

victimsi!potential!targets!such!as!the!transcription!factors!NFGkB,!APG1!and!ILG10!due!

to!their!role!in!the!regulation!of!proGinflammatory!genes!may!be!an!option!(218,305).!!

Limiting! the!bystander!damage!caused!by! the! inflammatory! response! in! the! lung! in!

acute!lung!injury!using!a!RNA!interference!technique!is!also!being!explored!(306).!
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Oxidative!stress!during!the!initial!phases!of!injury!has!been!implicated!in!causing!tissue!

damage!and!increasing!tissue!leak.!!In!a!burn!model!antiGoxidants!have!been!used!to!

counter!this!phenomenon.!!NGacetylGcysteine$is!one!treatment!that!has!experimentally!

reduced!apoptosis!in!many!clinical!scenarios!such!as!burns!and!nerve!damage!(307).!!

Vitamin!C!or!ascorbic!acid!reduces!the!fluid!resuscitation!by!mopping!up!freeGradicals,!

reducing! vascular! permeability! and! lowering! concomitant! respiratory! complications!

(308).!!Although!there!are!studies!examining!the!beneficial!effects!of!vitamin!C!in!other!

inflammatory!conditions!such!as!pneumonia,!the!strength!of!the!evidence!to!date!is!not!

sufficient!to!recommend!its!use!in!trauma!(309).! 

1.11.2$Beta2adrenergic$receptors.$

In!a!landmark!study!by!Poldermans!et#al.!a!91%!relative!risk!reduction!was!seen!in!a!

RCT!involving!112!nonGcardiac!surgery!patients!that!was!stopped!early!(310).!In!2011!

Dr!Poldermans!was!dismissed!when!the!integrity!of!his!data!was!found!to!be!lacking!

(314,315).! ! A! later! metaGanalysis! which! excluded! the! discredited! Poldermans!

DECEASE!trials!has!raised!new!questions!about!the!risk!benefit!ratios!that!have!been!

established! to! guide! the! use! of! periGoperative! betaGblockade! (316,317).! ! This! new!

analysis!established!a!27%!increase!in!allGcause!mortality.!!!

The! use! of! betaGagonists! to! control! the! development! of! acute! respiratory! distress!

syndrome!was!trialled!by!Perkins!et#al.!!Animal!and!human!studies!showed!reduced!

neutrophil! sequestration!and! resolution!of! pulmonary!oedema! (318).! !The!use!of! a!

systemic!betaGagonist!was!stopped!early!due!to!deaths!in!the!treatment!armi!the!study!

was!not!going!to!show!efficacy!(319).!
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BetaGblockade!has!been!advocated! in! trauma! (320).! !A!number!of!studies! in!burns!

have! supported! blocking! the! action! of! the! 10Gfold! increase! in! circulating!

catecholamines! to! reduce! obligatory! thermogenesis,! tachycardia,! cardiac! load! and!

resting!energy!expenditure!(321).!!BetaGadrenergic!antagonists!particularly!propranolol!

have!been!shown!to!reduce!muscle!wasting!and!decrease!healing!times!(322)(323).!!

Friese!et#al.#(324,325)!in!2008!during!a!pseudoGrandomised!trial!of!trauma!victims!over!

55!years!of!age! found! lower! levels!of! ILG6! in! their!patients! receiving!betaGblockers.!

They! found!decreased!healing! times!and!shorter!hospital!stay! in! the!betaGblockade!

group! and! this! was! particularly! significant! in! the! group! taking! betaGblockers! preG

hospitalisation.!!The!only!other!significant!study!found!a!significant!increased!survival!

in!patients!with!head!injury!and!a!trend!towards!those!without(326).!

1.11.3$Anabolic$Hormones.$

1.11.3.1$ Insulin.$

Hyperglycaemia!is!associated!with!poor!outcome!in!critical!care.!!An!RCT!from!a!single!

centre!published!data!on!intensive!glucose!control!by!insulin! infusion!with!a!relative!

reduction!in!mortality!of!42%!(330).!!The!trial!was!stopped!early!and!the!results!became!

the! basis! of! practice! guidelines! to! keep! glucose! below! 8.4mmol/L.! !Many! found! it!

difficult!to!replicate!these!results!as!the!risk!of!hypoglycaemia!in!this!vulnerable!group!

was!high!and!this!was!later!confirmed!by!a!metaGanalysis!(331).!!Supported!by!later!

reviews! some! commentators’! believe! tighter! glucose! control! may! be! possible! with!

improved! technology.! !When!David!Klonoff! reviewed! the!5!metaGanalyses! involving!
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tight!glucose!control,!the!benefits!to!mortality!and!morbidity!are!not!consistent!and!is!

often!blurred!due!to!the!heterogeneity!of!the!patient!groups!(327).!

When!attention!is!turned!to!insulin’s!role!as!an!anabolic!hormone!the!benefits!of!using!

insulin!to!control!catabolism!may!be!important.!!Insulin!is!thought!to!inhibit!proteolysis!

and!this!was!confirmed!in!a!study!by!Whyte!et#al#(332).!!In!this!small!study!involving!

25!treated!patients!plus!controls,!the!authors!showed!that!modest!glucose!control!with!

insulin!infusion!between!7G9!mmol/L!was!enough!to!reduce!proteolysis!compared!with!

matched!controls.!!Reduction!in!proteolysis!did!not!appear!to!be!dose!dependent!and!

lower!cortisol!levels!were!observed!in!the!treatment!group.!!In!a!severe!injury!group!

the!use!of!low!levels!of!insulin!infusion!may!be!valuable.!

1.11.3.2$ Growth$Hormone$

Utilising! the! anabolic! actions! of! growth! hormone! (GH)! was! an! attractive! proposal!

particularly! to! slow! proteolysis! in! hypercatabolism! (333).! Trials! revealed! a! positive!

nitrogen!balance!and!better!utilisation!of!nutrition!(334,335)!!GH!was!used!safely! in!

burns!adults!and!children,!where! it! improved!survival,!as!well!as! increased!muscle!

growth!and!decreased!wound!healing!time!(336).!!The!results!of!two!RCTs!in!critical!ill!

patients!contradicted!this!and!not!only!showed!increases!in!mortality!but!also!showed!

prolonged! ventilator! times,! and! hospital! stay! (337).! ! The! observed! increase! in!

hyperglycaemia!in!the!GH!infusion!group!and!the!subsequent!increases!in!MOF!and!

sepsis!have!been!attributed!to!the!worse!outcomes.!!The!mechanisms!are!complex!

and!changes!in!the!pulsatile!nature!of!GH!secretion!and!GH!resistance!are!blamed.!!!
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InsulinGlike!growth!factor!1!(IGFG1)!has!been!shown!to!produce!less!hyperglycaemia,!

but! when! IGFG1! combined!with! a! binding! protein! G3! (IGFBPG3)! it! has! shown!more!

promise!in!experimental!work!(338).!!IGFBPG3!has!a!much!longer!halfGlife!and!avoids!

renal!clearance!from!the!circulation.#

1.11.3.3$ Oxandrolone$–$a$testosterone$analogue.$

Anabolic!androgenic!steroids! (AAS)!act! via!a!single!androgenic! receptor! in!various!

tissues.!!The!potency!of!AAS!relates!to!their!binding!affinity!to!the!androgenic!receptor.!!

Anabolic!steroids!have!both!androgenic!and!anabolic!effects.!!They!can!act!directly!or!

indirectly.!!AAS!stimulate!protein!synthesis!in!skeletal!muscle.!!Testosterone!has!been!

shown! to! reduce!muscle! catabolism! in! thermal! injury! (339).! ! The! androgenic! side!

effects! of! testosterone! as! well! as! potential! liver! toxicity! drove! the! development! of!

testosterone!analogues.!!

Oxandrolone! is!a!C17αGalkylated!steroid!but! it!has!6.6! times!the!anabolic!effects!of!

methyltestosterone!but!a!tenth!of!the!androgenic!properties.!!Oxandrolone!is!readily!

metabolised!by!5αGreductase!in!androgenic!tissue,!it’s!metabolite!then!has!little!effects!

on!the!androgenic!receptor!(340).!!Oxandrolone!has!been!shown!to!be!very!effective!

at! halving!protein!breakdown!and!doubling!protein! synthesis.!Evidence! from!seven!

prospective!randomised!studies,!2!of!which!were!double!blinded,!all!showed!improved!

outcomes!based!on!decreased!healing!times,!shorter!hospital!stay!and!less!muscle!

wasting!in!burn!injury!(341).!There!have!been!2!studies!testing!oxandrolone!in!a!trauma!

population.! ! Gervasio! et# al.# (342,343)! in! 2000! showed! no! improvement! in! a!

prospective,! randomised,!doubleGblind,!placeboGcontrolled!study.! !SixtyGtwo!patients!

were!given!20!mg!OD!of!oxandrolone!for!28!days.!!!!Their!main!positive!finding!was!
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increased!muscle!protein!but!they!failed!to!reach!any!other!conclusions.!!In!another!

prospective,!randomised,!doubleGblind,!placeboGcontrolled!trial!by!Bulger!et#al.#(344)!in!

2004!studied!a!more!selective!group!of!intensive!care!patients!that!remained!on!ICU!

for!more!than!7!days.!!The!forty!patients!involved!showed!no!difference!in!outcomes!

but!more!ventilatory!days!and!a!greater!reGintubation!rate!in!the!oxandrolone!group.!!

Five!patients!in!the!control!group!died!compared!to!one!patient!in!the!treatment!group!

and! when! the! mortalities! were! removed! and! the! analysis! repeated! this! was! not!

significant.!!The!number!of!ICU!days,!length!of!hospital!stay!and!incidence!of!ARDS!

was!also!not!significant.!!!

Oxandrolone!has!the!potential!to!produce!the!unwanted!effects!of!androgenic!steroid!

hormones.!!Transient!elevations!of!transaminase!levels,!as!well!as!reductions!in!highG

density!lipoprotein!levels!have!been!the!most!common!effects!seen!in!trials!(345G347).!!

Other!sideGeffects!noted!are!raised!liver!enzymes!and!cholestatic!jaundice,!the!more!

severe! complications! of! hyperplasia,! adenomas! and! hepatocellular! carcinoma! are!

rare.!These!have!occurred! in!high!doses,!with!prolonged!use,!when!other!anabolic!

agents!have!also!been!used!and/or!in!the!treatment!of!aplastic!anaemia!and!Fanconi’s!

anaemia!(348).!!The!adenomas!and!carcinomas!have!regressed!on!withdrawal!of!the!

drug.!!These!effects!have!not!been!seen!in!any!of!the!studies!involving!burn!patients!

(349).!!In!nearly!1000!patients!androgenic!effects!were!seen!in!14!patientsi!facial!hair!

growth,!acne,!alopecia,!increased!libido!and!clitoromegaly!(346,350G355).!

Oxandrolone! is! the! standard! of! care! in! most! burns! centres! for! patients! with! over!

30%TBSA.! ! !Burn! injury!produces!an!extreme! inflammatory! response! that! reduces!

after! the! burn! excision! (356).! ! This! has! driven! targeted! approaches! using! betaG
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blockade!and!anabolic!steroids!to!ameliorate!hypermetabolism!and!catabolism!which!

is!now!in!common!use!for!severe!burns!(357).!!However,!it!is!not!known!whether!the!

perceived!benefits!of!oxandrolone!and!propranolol!in!burns!patients!can!be!replicated!

in!trauma!(358,359).!!The!difficulties!of!researching!this!area!are!the!heterogeneous!

nature!of!the!patients!and!their!injuries!which!hampers!the!interpretation!of!trials!in!this!

area.!

1.12$ Severe$Injury$in$Older$Adults$

The!way!older!people!respond!to!burns!and!trauma!and!their!subsequent!inflammatory!

response! affects! their! survival! and! LOS(360).! These! differences! are! relative!

unexplored! following! severe! trauma! but! evidence! is! emerging! in! some! settings.!!

Investigators! consistently! describe! poor! survival! and! increased! morbidity! following!

injury(361).!!

There!are!anatomical!and!physiological!differences!that!reflect!worse!outcomes!in!the!

older! trauma!patient.! !These!are!pulmonary,!cardiac,! renal!hepatic,!gastrointestinal,!

musculoskeletal! and! neurological! as!well! as! the! immunological! differences! already!

discussed!(362).!!Examples!such!as!reduced!chest!wall!compliance!and!lung!volumes!

that! impedes! ventilation! or! the! reduced! muscle! bulk! that! slows! rehabilitation!

demonstrate!how!vulnerability!the!older!individual!is!to!severe!injury.!At!all!stages!of!

the!clinical!pathway,!geriatric!trauma!patients!show!differences!in!their!response!(363).!!!!!

The!response!to!trauma!in!the!elderly!follows!an!expected!dampening!of!the!immune!

response!that!is!seen!in!other!inflammatory!conditions!and!is!linked!to!poorer!outcomes!

with!late!infections!and!more!MOD/F!(364).!!Vester!et#al.#showed!how!proGinflammatory!
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cytokines!such!as! ILG6!were!and! IFNGγ!concentrations!were! lower! in!older!patients!

compared! to! young! after! orthopaedic! trauma(365).! ! With! altered! coagulation,! for!

example,! older! patients! are! often! more! severely! injured! than! their! mechanism!

suggests(366).! !The!elderly! trauma!patient! is! typically!under! triagedi! tachycardia! is!

reduced!or!absent!despite!significant!bleeding!(367,368).!!Age!is!an!independent!risk!

factor!for!mortality!in!head!traumai!dura!is!more!adherent!and!intracranial!vessels!are!

easily! damaged! (369,370).! ! Even! a! seemingly! mild! traumatic! injury! can! cause!

devastating!injury!to!brittle!bones!and!poorly!supported!soft!tissues!and!demonstrated!

by!preGtibial!lacerations!and!hipGfracture!(371G373).!

The!combination!of!complex!coGmorbidities,!lack!of!physiological!reserve!and!the!poor!

expectation!among! treating!surgeons!has! lead! to!poor!outcomes.! ! It! is!unclear! that!

claims! of! reluctance! to! manage! elderly! trauma! are! manifested! in! poor! outcomes!

(374,375).!!What!has!been!demonstrated!though,!is!that!an!aggressive!approach!to!

diagnosis!and!treatment!of!elderly!trauma!can!improve!mortality!(363,375).!

1.13$ Sexual$Differences$in$Immunity$–$Implications$for$Trauma$

Animal!studies!have!consistently!shown!a!survival!advantage!for!proestreus!females!

in!trauma!(376).!!!The!evidence!demonstrates!the!wide!effects!of!sex!hormones!on!the!

recovering! injured! female! (377).! ! Studies! involving! a! murine! traumaGhaemorrhage!

model,!ovariectomised! female! rats!had! improved!cardiac!and!hepatobiliary! function!

when! given! 17$β! –estradiol! at! the! beginning! of! resuscitation! compared! to! controls!

(273,378,379).!!Others!have!shown!that!proestrus!females!are!protected!against!lung!

injury!by!maintenance!of!lung!myeloperoxidase!and!also!hepatic!function!that!is!likely!
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to!be!mediated!through!a!haem!oxygenaseG1!pathway!(380G382).!!These!effects!are!

most!apparent!at!maximal!levels!of!oestrogen!(383).!!

In!humans!a!survival!advantage!for!females!is!generally!seen!in!trauma!but!this!has!

not!been!universal!as!the!studies!have!mainly!been!retrospective.!!Offner!et#al.!in!1999!

prospectively! looked!at!545!trauma!patients!and!found!males!suffer!more!infections!

and! greater! MOF! but! LOS! and!mortality! were! not! affected(384).! ! ! Magnotti! et# al.#

conducted! a! retrospective! review! of! 36,000! blunt! trauma! patients! and! showed! an!

increase!morbidity,!ventilator!associated!pneumonia!and!bacteraemia!but!no!survival!

advantage!for!women!(385).!!In!fact!the!evidence!from!numerous!studies!has!shown!

either!no!difference!or!a!survival!advantage!for!females!with!most!also!demonstrating!

less!morbidity!for!younger!females(386G389).!In!addition,!the!type!of!injury!may!also!

influence!the!gender!differences!following!injury!as!some!studies!have!shown!better!

survival!in!males!for!those!sustaining!thermal!injury(389).!

1.14$ Resolution$and$Recovery$

As! the! injured! patient! survives! and! progresses! to! recovery! there! is! reduction! in!

inflammation,!catabolism!and!a!reparative!phase!predominates.!!!The!hypermetabolic!

state!under!neural,!hormonal!and!immunological!control!via!catecholamines,!glucagon!

and!cortisol!stimulates!glucose!production!in!the!liver,!induces!muscle!to!release!amino!

acids!and!production!of!glycerol!and!free!fatty!acids!from!fatty!tissue.!

It! is!unknown!why! the!production!of!substrates! for! repair! is!not!better!utilised,! lean!

muscle! loss! is! as! much! as! 30G40%! after! trauma! and! this! directly! impedes!

rehabilitation(390).! ! Much! of! the! protein! is! lost! as! nitrogen! in! the! urine! and!
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intake/absorption!is!never!able!to!keep!up.!!The!time!at!which!this!occurs!is!thought!to!

be!related!to!the!size!of!the!injury,!the!host!response!and!affected!by!complications!

such!as!infection!and!surgical!reconstruction(202).!!

!The!hypermetabolic!state!eases!and!catabolism!is!replaced!by!anabolism(37).!!The!

exact!nature!of!this!switch!is!still!to!be!fully!understood.!!The!adrenergic!response!of!

stress! hormones!wanes! and! a! recovery! of! anabolic! hormones! dominate.! ! !Wound!

closure,!recovery!of!organ!dysfunction!and!physiotherapy!resistive!exercise!strategies!

all!contribute!to!a!reduction!in!the!metabolic!response!(388)!

The!strategies!to!improve!recovery!have!lagged!behind!efforts!to!improve!survival!in!

severe!trauma.!!Most!of!the!work!comes!from!either!burn!injury,!TBI!or!post!intensive!

care! illnesses! (391).! !The!strategies! to!ameliorate! the!endocrine! response! in!burns!

have! been! multifactorial! and! already! discussed.! ! It! appears! that! these! may! be!

applicable!to!our!severe!injury!population.!!Most!practitioners!are!attempting!to!start!

rehabilitation!much!earlier!in!the!patient!pathway!following!injury!(392).!!Research!in!

this!area!is!lacking.!!The!NHS!through!NICE!has!acknowledged!the!lack!or!resource!

in!this!area!(393,394).!!Rehabilitation!has!consistently!been!evaluated!as!lacking!for!

major!trauma!(395).!!Part!of!the!problem!is!the!lack!of!robust!outcome!measures!to!

test!the!benefits!of!interventions.!!The!most!popular!Patient!Reported!Health!Outcome!

Measures!in!Trauma!in!a!review!by!Hoffman!et#al.#reports!that!the!most!cited!measure!

SFG36!only!covers!6%!of!The! International!Classification!of!Function,!Disability!and!

Health!(ICF)!domains!(202).!
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With!difficulties!in!stratifying!the!trauma!population!and!measuring!robust!outcomes!it!

is!no!wonder! that! randomised!controlled! trials! in! trauma!are! lacking!and!difficult! to!

setup.
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1.15$ Summary,$hypothesis$and$Thesis$Aims$

The!improvements! in!survival!after!major!trauma!have!been!affected!by!changes!in!

early!management.!!The!positive!effect!of!these!interventions!is!likely!to!have!modified!

the!inflammatory,!endocrine!and!metabolic!response.!!The!usual!survivors!will!have!

had! a! less! severe! response! but!we!will! also! see! a! cohort! of! nonGsurvivors!whose!

immuneGendocrine! response!will! be!more! severe.! !Our! attention!must! now! turn! to!

therapeutic!options!in!the!days!following!injury.!!

To!implement!any!treatments!we!need!robust!systems!to!characterise!our!patients!both!

clinically!and!experimentally.!!Recording!outcomes!will!be!more!difficult!as!mortality!as!

an!outcome!becomes!less!valid!as!many!more!individuals!who!reach!hospital!survive.!!

Ameliorating! the! immuneGendocrine! response,! speeding! up! recovery! and! anabolic!

responses!and!improving!the!functional!outcome!for!the!injured!will!see!more!patients!

return!to!work!and!independent!living.!!!

The!main!aim!of! this! thesis! is! the!characterisation!of! the! inflammatory! response! to!

severe!injury.!!A!cohort!study!is!used!identify!targets!that!may!ameliorate!the!immuneG

endocrine!response!to!trauma.!!

The!main!hypothesis!of!the!thesis!is!that!the!kinetics,!characteristics!and!amplitude!of!

the! immune! and! endocrine! response! to! trauma! will! relate! to! patient! outcomes,!

including!loss!of!muscle,!sepsis!and!infection!incidence.!Moreover,!that!these!will!differ!

with!the!age!of!the!patient.!!

!

!
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The!hypothesis!will!be!tested!by!the!following!aims:!

To!characterise!the!immuneGendocrine!response!following!severe!injury!over!time!and!

with!respect!to!age.!

To! interpret! the! data! in! order! to! identify! possible! treatment(s)! to! ameliorate! the!

immuneGendocrine!response!to!injury.!

To!identify!parameters!to!improve!patient!stratification!and!identify!outcome!measures!

for!use!in!future!trauma!RCTs.!

! !
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2.10$ Clinical$Environment$$

Military!and!Civilian!trauma!patients!were!and!are!still!being!admitted!to!the!new!QE!

Hospital!in!Birmingham!(QEHB).!!Soldiers!returning!from!Afghanistan!arrived!between!

18!and!72!hours!after!injuryi!civilian!patients!were!normally!admitted!directly!from!the!

scene!of!the!injury,!a!practice!reGenforced!by!the!setting!up!of!regional!trauma!centres.!!

The!patients!were!all!resuscitated!in!a!standardised!manner,!fluids!and!transfusion!and!

an!initial!debridement!within!hours!of!their!injury!either!in!QEHB!or!in!Camp!Bastion!

before! transfer! to! Birmingham.! ! Once! wounds! are! healed! military! patients! are!

discharged! to! DMRC! Headley! Court! where! physiotherapy,! prosthetic! fitting! and!

rehabilitation!takes!place.!!The!civilian!patients!are!generally!admitted!directly!through!

the!Emergency!Department!(ED),!they!are!treated!in!a!standardised!way.!!When!the!

civilian!patients!are!discharged,!they!undertake!their!rehabilitation!locally.!

2.11$ Collaboration$with$the$Surgeon$General’s$Casualty$Nutrition$Study$

2.1.1$ Background$

When!planning! the!Steroid! and! Immune!Response! to! Injury! (SIR)! study,! a!military!

study!was!already!running!that!was! investigating!nutrition! in!military!personneli!The!

Surgeon!General’s!Casualty!Nutrition!Study!(SGCNS).!!Led!by!Dr!Joanne!Fallowfield!

the!study!had!3!phases.!!The!first!two!phases!were!concerned!with!looking!at!soldiers!

before!and!during!an!operational!deployment!to!Afghanistan!in!terms!of!nutrition,!body!

habitus!and!strength.!!The!final!phase!was!looking!at!military!personal!that!had!had!

early!measurements!in!phase!1!or!2!but!following!them!to!see!what!happened!when!

they!were!injured.!!This!yielded!very!few!study!participants,!as!casualty!numbers!were!
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thankfully!low!at!this!stage!of!the!conflict!in!Afghanistan.!!!The!SGCNS!changed!their!

approach!and!began! to! recruit! any!military! injured! individual.!Recruitment! in! to! the!

SGCNS! still! remained! low! due! to! limited! local! resources.! ! This! presented! an!

opportunity!for!collaboration.!!!

It! quickly! became! evident! that! the! SGCNS! had! had! aspirations! to! measure! the!

inflammatory!response!and!adrenal!endocrine!response!to!trauma!but!did!not!have!the!

resources!to!do!so.!!Another!area!that!the!CNS!Team!had!had!difficulty!with!was!the!

timing! of! recruitment! into! their! study.! ! ICU! staff! had! guided! the! SGCNS! team! to!

approach!the!relatives!and!patients!at!least!24!hours!after!arriving!in!the!new!QE,!more!

than!48!hours!after!injury.!!ICU!staff!had!reasoned!that!patient’s!relatives!would!be!too!

distressed!to!be!approached!earlier.!!It!was!difficult!for!the!SGCNS!to!reconcile!this!

while! relying!on! local!staff! to! recruit!and!sample!patients! into! their!study.! !Two!key!

events!changed!the!timing!of!recruitmenti!the!deployment!of!a!research!dietician!into!

the!UHB!to!support!the!SGCNS!and!the!collaboration!that!formed!with!the!current!SIR!

study!that!forms!the!bulk!of!this!thesis.!!!!

2.1.2$ Recruitment$into$the$combined$study.$

The!SIR!study!was!determined!to!collect!samples!as!soon!as!possible!to!measure!the!

initial!inflammatory!response!to!injury!with!an!initial!target!of!100!patients.!!The!Mental!

Capacity! Act! 2005! provides! for! nonGClinical! Trial! of! an! Investigational! Medicinal!

Product! (CTIMP)! research! using! a! ‘Consultee! Advice’! process(396).! Outlining! this!

provision,!ICU!research!and!nursing!staff!reluctantly!agreed!when!the!combined!study!

took!the!lead!on!identifying!and!recruiting!patients.!!The!SIR!study!would!add!an!equal!

number!of!civilian!patients!to!the!combined!study.!!At!times!clinical!and!nursing!staff!
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still!attempted!to!dissuade!the!research!team!from!approaching!relatives!and!patients!

immediately!on!arrival!in!to!the!hospital.!!They!deemed!it!was!inappropriate!to!approach!

relatives! who! appeared! too! ‘distressed.’! ! While! this! was! handled! sensitively,!

researchers!explained!to!reluctant!staff!that!this!would!be!handled!carefully!and!if!the!

relatives!did!not!want!to!speak!to!research!staff!they!would!quickly!withdraw!from!any!

consultation.!!This!did!not!happen!and!many!saw!the!approach!by!research!staff!as!a!

positive!way!relatives!could!participate!in!the!onGgoing!care!of!their!lovedGone.!!During!

the!course!of!the!recruited!patients!hospital!stay,!research!staff!would!often!be!able!to!

fill!in!gaps!in!knowledge!that!relatives!had!when!they!had!had!time!to!assimilate!all!the!

information!they!had!been!given!by!clinical!staff.!!!!

All!military!and!civilian!trauma!patients!treated!at!QEHB!were!assessed!for!eligibility!

for!entry!in!to!the!study.!!Those!who!met!the!following!criteria!were!approached:!!adults!

(Age>=16!years!old)!with!an!ISS>15!or!a!thermal!injury!with!>=20%!TBSA.!Traumatic!

Brain!Injury!(TBI)!alone,!or!as!the!major!component!of!an!injury!profile,!was!excluded.!!!

Patients!with! chronic! inflammatory! conditions! such! as!Rheumatoid!Arthritis,! or! lifeG

limiting!conditions!such!as!Neoplasia!were!also!excluded.!

2.12$ Ethical$Considerations$

Obtaining!informed!consent!from!patients!was!difficult.!!By!the!nature!of!their!severe!

injury,!patients!often!lacked!capacity!to!consent!under!Mental!Health!Act!(MCA)!2005.!!

When!an!injured!patient!lacked!capacity!under!section!3,!the!study!team!would!gain!

advice!from!a!‘consultee’,!personal!or!otherwise!before!entry!into!the!study!(under!the!

terms! of! Section! 32! and! Section! 33! of! the!Mental! Capacity! Act! 2005).! !When! an!
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individual! regained!capacity,! full!consent!was!obtained! from!the!patient!before! they!

continued!in!the!study.!

The!study!was!conducted!according! to!Good!Clinic!Practice!and!complied!with! the!

Declaration!of!Helsinki,!as!adopted!at!the!52nd!WMA!General!Assembly,!Edinburgh,!

October! 2000,! and! with! the! Draft! Additional! Protocol! to! the! Council! of! Europe!

Convention!on!Human!Rights!and!Biomedicine!on!Biomedical!Research! (CDBI/INF!

(2001)!5!dated!18!July!2001).!!

2.13$ The$Consent$Process.$

For!military!patients!early!notification!was! received! from!Camp!Bastion! to!warn! the!

clinicians!at!the!QEHB!of!their!potential!arrival.!!Relatives!were!notified!early!by!military!

liaison!officers!and!were!normally!waiting!for!the!patient!to!arrive!in!Birmingham.!!A!

rough!assessment!of!eligibility!was!made!and!the!study!team!were!available!on!the!

arrival!of!the!eligible!patient!from!Afghanistan.!!Relatives!were!updated!on!the!patient’s!

condition!by!clinical!staff!and!immediately!afterwards!the!study!team!would!approach!

the!relatives!for!‘consultee’!advice.!!!

The!civilian!patients!were!generally!recruited!earlier!into!the!study,!‘relatives’!at!times!

could!not!be!found!or!were!unavailable!and!a!professional!‘consultee’!was!used!to!take!

initial!samples!until!relatives!arrived!and!were!able!to!be!consulted.!!!

Briefing!clinical!staff!to!mention!the!study!and!introduce!the!team!was!a!useful!tactic.!!

When! this!wasn’t!done! it!was!noticeably!more!difficult! to! introduce! the!study! to! the!

relatives.!!A!Patient!Information!Sheet!for!consultees!was!given!and!after!they!had!had!

time!to!read!and!discuss!the!study!if!agreeable,!a!form!to!record!the!consultation!was!
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completed.!!The!consultee!advice!to!enter!the!study!was!documented!in!the!patient!

notes.!!!

Only!two!sets!of!relatives!described!their!injured!relative!as!someone!who!would!not!

want! to! be! part! of! any! research,! one!military! and! one! civilian,! and! they! were! not!

recruited!into!the!study.!!

2.14$ Regaining$Capacity$to$Consent$

The! introduction!of! the!study!to!recruited!patients! that! regained!consciousness!was!

handled!carefully.!!Initially!although!patients!were!awake!they!still!lacked!capacity!due!

to!medications,!head!injury!or!other!medical!conditions.!!Verbal!consent!was!sought!to!

take!samples!or!urine!while!patients!had!time!to!read!the!Patient!Information!Sheet!

(PIS)! and! ask!more! questions! about! the! study.! !Only!when! the! investigators!were!

content! that! the! patient! had! been! correctly! informed! and! had! capacity! did! injured!

patients!sign!a!consent!form!to!formally!continue!in!the!study.!

At!times!there!was!an!opportunity!to!talk!to!patients!immediately!after!injury!before!their!

condition!worsened.!!A!verbal!consent!was!initially!given!and!noted.!!Few!were!able!to!

formally!consent!at!this!time.!!Even!with!verbal!agreement!from!the!patient,!‘consultee’!

advice!was!sought!before!they!were!formally!entered!into!the!study.!!On!one!occasion!

a! patient! who! had! not! been! recruited! into! the! study! due! to! a! relatives! perception!

approached!the!team.!!The!patient!expressed!disappointment!that!he!had!not!been!

able!to!take!part!but!at!that!time!it!was!too!late!to!recruit!him.!
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2.15$ Sampling$Schedule$

Blood,!24!hour!urine!collection!and!ultrasound!thickness!of!muscle!were!asked!of!the!

volunteers!the!schedule!for!which!is!shown!in!Figure!2.1.!Samples!were!taken!as!soon!

after!injury!as!possible!and!at!regular!intervals!to!capture!the!inflammatory!response!

to! injury! through! to! the! rehabilitation! phase! of! care.! ! Due! to! the! practicalities! of!

neutrophil!functional!analysis,!measures!of!phagocytosis!were!only!performed!as!an!

inpatient.!

!



!Page!|!!102!

!

Figure'2.1.'Blood'and'Urine'collection'and'Measurement'Schedule'for'the'SIR'Study.''Day!1!is!the!first!24!hours!following!injury.!!!
The!first!sample!was!taken!immediately!after!recruitment.!!Subsequent!samples!were!taken!between!0700D1000hrs!on!the!day!of!sampling.'
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2.16% Patient%characteristics.%

Demographics!of! individual!and! injury!were! recorded!at! the! time!of! injury.! ! Initial!

debridement!and!later!reconstruction!were!also!recorded.!!Attempts!to!capture!the!

clinical! course! were! taken! from! ICU! using! physiological! scoring! systemsC! daily!

Sequential!Organ!Failure!Assessment!(SOFA),!Acute!physiology!and!chronic!health!

evaluation! II! (APACHE2)! and! Simplified! Acute! Physiology! Score! II! (SAPSII).!!

Ventilatory!days,!length!of!ICU!stay!and!hospital!stay!were!also!noted.!

2.17% Routine%Haematology,%Biochemistry%and%Microbiology.%

Normal! laboratory!results! that!were!part!of!clinical! treatment!were!extracted!from!

the!hospital!informatics!system.!!These!included!extra!requests!for!CRP!and!Urinary!

Urea!Excretion!that!was!used!to!estimate!Urinary!Nitrogen!Excretion.!

2.18% Samples%

Samples! of! whole! blood! were! taken! between! 0700T0900hrs! on! the! schedule! in!

Figure!2.1.!Serum!and!plasma!were!separated!as!soon!as!possible!but!always!within!

one!hour!of!being!drawn.!!Neutrophil!analysis!and!PBMC!separation!was!done!within!

4!hours.!!Blood!was!collected!as!follows:!

Whole% Blood:! 2! x! 8ml! Lithium! heparinised! whole! blood! tubes! (Green! Top!

Vacutainer™)! were! collected! and! used! for:! neutrophil! function! assays!

(phagocytosis,!superoxide!generation)C! isolation!of!Peripheral!Blood!Mononuclear!

Cells!(PBMCs)!and!spun!plasma!to!be!stored!at!T80oC!for!further!analysis!outside!

the!scope!of!the!current!work.!
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Serum:!8ml!whole!blood!(Red!Top)!was!centrifuged!at!3000rpm!(5804!Eppendorf!

centrifuge,!Eppendorf!UK!Ltd.,!Stevenage,!UK)!for!15min!and!the!serum!separated,!

aliquotted!and!stored!at!T80oC:!

450µl!serum!aliquotted!in!to!wells!of!3!microtitre!plates!for!later!estimation!of!mtDNA!

and!cytokine!analysis.!

2!x!500µl!serum!for!Steroid!analysis!by!LC/MS.!

500µl!serum!for!NMR!metabolomics.!

2.19% Urine%Samples.%

24!hour!urine!sample!collection!was!started!on!the!day!of!blood!sample!collection!

at!0800hrs.!!If!the!first!blood!sample!was!taken!after!1200hrs,!the!24hour!urine!was!

started!on!the!next!day.! !The!urine!was!emptied!from!a!patient’s!catheter!bag!or!

patients!would!pass!urine!into!a!bottle!that!was!then!transferred!to!the!5!litre!urine!

container.!!The!containers!were!collected,!volumes!measured!and!then!separated!

into!smaller!aliquots!to!be!sent!to!the!routine!clinical!laboratory.!!Urinary!urea!was!

measured!in!the!routine!laboratory!and!nitrogen!excretion!estimated!from!it.!!

2.20% Neutrophil%Function%

2.20.1%Phagocytosis%G%PhagoTestTM%%

Using!100µl!of!heparinised!whole!blood!phagocytosis!was!measured.!!Opsonised!

fluorescein!isothiocyanate!(FITC)!labelled!Esch.&coli!were!used!as!the!target!in!the!

commercial!PhagoTestTM!Kit!(Orpegen!Pharma!GmbH,!Heidelberg,!Germany).!!The!

assay! was! performed! in! line! with! the! manufacturers! instructions! (397).! ! In! this!
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quantitative!test,!heparinised!whole!blood!is!incubated!with!the!FITC!labelled!Esch.&

coli!at!0°C!(control)!or!37oC!(test)!for!10!min.!!After!10!minutes,!100μl!of!‘quenching!

solution’!was!added!to!stop!the!reaction.!!After!washing!the!cells!twice!by!addition!

of!3ml!of!wash!buffer!and!centrifugation!at!250g!for!10!minutes!at!4ºC,!the!red!blood!

cells!(RBC)!are!lysed.!!A!DNA!solution!is!then!added!after!another!wash!to!allow!

exclusion!of!artefacts!during!flow!cytometric!analysis.!!During!flow!cytometry,!10,000!

neutrophils! were! counted.! The! leukocytes! were! separated! using! the! red!

fluorescence!histogram!and!gating!in!FL2!(Figure!2.2).!!The!forward!scatter!(FSC)!

and!side!scatter!(SSC)!plot!was!used!to!identify!neutrophils!based!on!their!size!and!

granularity!(Figure!2.3),!the!doublets!or!triplets!were!excluded!on!width.!!Finally!the!

percentage! of! neutrophils! containing! fluorescent! bacteria! and! their! mean!

fluorescence! intensity!was!noted!(Figure!2.4).! !Values! for! the!control!kept!on! ice!

were!subtracted!from!the!test!sample.!

!

!

!

!
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Figure%2.2:%The%Red%Fluorescence%Histogram%for%Phagotest.%%Gating!on!
channel!FL2!allows!debris!and!bacteria!to!be!excluded.%
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Figure%2.3:%Granulocyte%gating%for%PhagotestTM.%%The!forward!scatter!and!side!
scatter! histogram! is! used! to! isolate! the! neutrophils! based! on! their! size! and!

granularity.%

!

!

!
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%

%
Figure%2.4.%The%green%fluorescence%histogram%(FL1).%%F1!selects!the!neutrophils!
that!have!under!gone!phagocytosis!and!is!able!to!calculate!the!percentage!and!the!

mean!fluorescence.!

%
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To! assess! the! phagocytic! ability! of! neutrophils! the! number! of! cells! that! have!

ingested! bacteria! as! a! percentage! were! multiplied! by! the! mean! fluorescence!

intensity!(MFI)!divided!by!100,!known!as!the!Phagocytic!Index!(PI).!

Phagocytic!Index!=!%!cells!ingested!bacteria!x!MFI!

100!

2.21% Superoxide%Production%G%PhagoBURSTTM.%

The! PhagoBURSTTM! Kit! (Orpegen! Pharma! GmbH,)! was! used! to! measure!

superoxide!generation! from!neutrophil!oxidative!burst.! !The!method!relies!on! the!

conversion! of! dihydrorhodamineT123! (nonTfluorescent)! to! its! oxidized! form,!

rhodamineT123!(fluorescent)!by!superoxide!that!can!be!quantified!by!flow!cytometry.!!!!

The!assay!was!performed!as!per!the!manufacturers!instructions!(398).!!100!μL!of!

heparinised!whole!blood!was!incubated!for!10min!at!37°C!with!20!μL!opsonized!E.&

coli,!phosphate!buffered!saline!PBS!(blank!control)!20!μL!NTformylmethionylTleucylT

phenylalanine!(fMLP),!or!20!μL!phorbolT12TmyristateT13Tacetate!(PMA).!!The!fMLP!

is!the!low,!biological!positive!control!and!the!PMA!the!high!pharmacological!positive!

control.!!20!μL!of!substrate!(dihyrdorodamineT123!is!converted!to!rodamineT123!by!

superoxide)!was!added!and!incubated!for!a!further!10!mins!at!37oC.!The!reaction!

was!stopped!after!10min!by!!the!addition!!of!2mls!of!a!lysing!and!fixing!solution!of!

paraformaldyde.!!The!samples!were!centrifuged!at!250g!for!5!minutes!at!4oC!and!

washed!with!PBS!twice.!!Finally!200!μL!of!a!DNA!staining!solution!was!added!and!

the!samples!were!protected!from!the!light!and!analysed!using!BD!Accuri™!C6!flow!

cytometer!(BD!Bioscinces).!!The!gating!of!cells!was!the!same!as!for!PhagoTEST™,!

and!the!MFI!in!channel!F1!was!used!to!indicate!the!amount!of!superoxide!production!

with!opsonized!bacteria!after!the!blank!MFI!was!subtracted!as!shown!in!Figure!2.5.!!!
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Figure%2.5.% %The%production%of%Superoxide%is%captured%by%MFI%on%channel%FL1.%The!
conversion!of!dihydrorhodamineT123!(nonTfluroescent)!to!its!oxidized!form,!rhodamineT123!

(fluorescent)!is!caused!by!the!ROS!generated!by!NADPH!oxidase.!

2.22% Determination%of%the%phenotype%of%the%neutrophil%dual%population%%

In!order!to!identify!the!nature!of!a!second!population!of!neutrophils!that!appeared!

during!Phagotest!and!Phagoburst!in!some!injured!patients!the!phenotype!under!light!

microscopy! and! presence! of! the! following! surface! antigens! were! investigated:,!

CD11b,!CD11b(active),!CD14,!CD15,!CD35,!CD33,!CD63!and!CD66b.!!

2.23% Neutrophil%differential%count%

A!blood!film!was!prepared!by!adding!a!3T4mm!drop!of!blood!to!a!glass!slide!and!

backing!a!second!slide!held!at!45o!into!the!drop!and!smearing!the!blood!to!make!a!

uniform!cell! layer.! !The!smears!were! then!air!dried.! !The!slide!was! then!stained!

using! the! ! REASTAIN! QUICKTDIFF! Kit! (Gentaur! Molecular! Products,! Belgium).!!

Briefly,!the!stock!supplied!solutions!were!poured!into!separated!staining!chambers.!!

The!slides!were!dipped!into!QuickTDiff!FIX!solution!for!1!second!5!times.!Then!the!

slide!was!dipped!in!to!QuickTDiff!RED!solution!for!1!second!10!times.!!Then!the!slide!

was!dipped!into!the!QuickTDiff!BLUE!solution!for!1!second!10!times.!!The!slide!was!
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then! rinsed!with! the!buffered!water!solution! (Stock!Phospahe!Buffer!diluted!1:20!

with! deionised! water)! and! airTdried.! The! slide! was! then! examined! under! the!

microscope!and!a!modified!differential!count!performed!where!100!neutrophils!were!

counted!and!the!number!of!band!cells!and!any!early!myeloid!cells!recorded.!!

2.24% Neutrophil%cell%surface%antigen%testing%

These!cell!surface!antibodies!(Table!2.1),!or!their!isotypeTmatched!controls,!were!

added!to!100µl!whole!blood!in!polypropylene!tubes!at!dilutions!recommended!by!

the! supplier.! ! Following! incubation! for! 30mins! on! ice,! BD! FACS! lysing! solution!

(prepared!from!10x!stock!from!BD!Biosciences)!was!added!and!samples!incubated!

in!the!dark!at!room!temperature(RT)!for!20min.!!The!lysate!was!then!centrifuged!at!

250! x! g! at! 4oC! and! then!washed! once! in!PBS! (250! x! g,! 5!min! at! 4oC)! and! reT

suspended!in!PBS.!!!

The!proportions!of!antigen!surface!expression!was!determined!by!flow!cytometry!

using!the!BD!Accuri™!C6!flow!cytometer.!!Granulocytes!were!gated!on!FS/SS!as!

described!earlier.!!The!isotype!control!was!used!to!set!the!zero!gate!and!then!the!

subjects! cells! were! gated! on! the! whole! neutrophil! population! and! then! the!

subpopulations! separately! so! that! the! percentage! of! cells! and! MFIs! could! be!

compared!for!each!population.!

!
!
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Table%2.1:%%Details%of%human%antibodies%used%in%immunostaining.%

Antigen% Label% Source% Isotype!
Control%

Concentration!
(µg/ml)%

CD11b! PE% eBioscience% Mouse!IgG1% 1.25!
CD11b!(active)% FITC% eBioscience% Mouse!IgG1% 1%
CD14% PB% Biolegend!UK% Mouse!IgG2a% 4%
CD15% FITC% Biolegend!UK% Mouse!IgM% 0.31%
CD33% PE% Dako% Mouse!IgG1% 0.3%
CD35% PE% R&D!Systems% Mouse!IgG1% 1.25%
CD63% FITC% AbD!serotec% Mouse!IgG1% 0.1%
CD66b% FITC% Biolegend!UK% Mouse!IgM! 2.5%

2.25% Soluble%CD16%

Soluble!CD16!was!measured!using!a!sandwich!ELISA.! !96Twell!microtitre!plates!

were!preTcoated!with!100µl!of!10µg/ml!antiTCD16! (clone!3G8!Serotec)!diluted! in!

PBS!and! incubated!overnight! at! 4oC.! !Plates!were!washed!with!PBS!containing!

0.05%!Tween!T20!and!blocked!with!300µl!PBS!containing!2%!bovine!serum!albumin!

(BSA)!at!37oC!for!1!hour.!!After!washing,!100µl!of!sample!and!recombinant!human!

CD16!(R&D!systems)!as!a!standard!were!added!and!incubated!at!RT!for!2!hours.!!

Plates! were! then! washed! and! 100µl! of! 0.5µg/ml! biotinylated! antiTCD16! (clone!

DJ130cCAbD!Serotec)!was! added! and! incubated! for! 1! hour! at!RT.! ! Plates!were!

washed!and!100µl!of!a!1:1500!dilution!of!streptavidinThorseadish!peroxidase!(HRPC!

Biolegend)!was!added!and! incubated!at!RT! for!1!hour! in! the!dark.! !Plates!were!

washed! and! 100µl! tetramethyl! benzidine! (TMB)(concentration! defined! by!

manufacturer)! was! added! followed! by! 50ul! H2SO4(2M)! to! stop! the! reaction.!!

Absorbance!was!read!using!a!spectrophotometer!with!a!primary!wavelength!of!450!

nm! and! a! corrected! reading! using! 570! nm! (BioTek®! Synergy! HT,! Northstar!

Scientific! Limited,! Leeds,! UK).! ! Soluble! CD16! concentrations! were! extrapolated!

from! the! standard! curve! that! was! calculated! from! the! known! concentration!

standards!using!GraphPad!Prism®!software!(GraphPad!Software!Limited,!USA).!
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2.26% %Serum%DAMPS%and%Cytokines.%

2.27% Mitochondrial%DNA%(mtDNA)%–%Polymerase%Chain%Reaction.%

Mitochondrial!DNA!(mtDNA)!was! isolated! from!serum!using!commercial!QIAamp!

blood!DNA!isolation!mini!kit!(QIAGEN,!Germany).!150µl!of!serum!was!removed!from!

the!storage!plate!after!a!slow!thawing!overnight!at!4oC!and!placed!in!an!eppendorf.!!

The! serum!was! then! spun! at! 3000xg! for! 10!min! at! 4oC.! ! 20µl! of! protease!was!

aliquotted!into!a!separate!1.5ml!eppendorf!tube.!50µl!of!serum!was!placed!in!to!the!

eppendorf! tube! containing! the! protease! and! 150µl! of! Buffer! AL!was! added! and!

mixed!by!pulseTvortexing!for!15s.!!The!eppendorf!was!then!incubated!at!56°C!for!10!

min.! ! 150µl! of! ethanol! (100%)! was! added! to! the! sample! and! mixed! by! pulseT

vortexing!for!15s.!The!mixture!was!then!added!to!the!QIAamp!Mini!spin!column!(in!

a!2ml!collection!tube).!After!centrifuging!at!8000!rpm!(5804!Eppendorf!centrifuge)!for!

1!minute!the!QIAamp!Mini!spin!column!was!placed!in!a!clean!2ml!collection!tube!

and! ! 500µl! of! Buffer! AW1! was! added.! ! After! centrifuging! at! 8000! rpm! (5804!

Eppendorf!centrifuge)!!for!1!minute,!the!QIAamp!spin!column!was!placed!into!a!clean!

2ml!collection!tube.!The!QIAamp!Mini!spin!column!was!carefully!opened!and!after!

adding!500µl!of!Buffer!AW2!was!centrifuged!at!13,000!rpm!for!3!min.!The!QIAamp!

Mini!spin!column!was!then!placed! into!a!clean!collection! tube!and!centrifuged!at!

13,000!rpm!for!1!minute!to!dry!the!column.!Finally!the!QIAamp!Mini!spin!column!

was!placed! into!a!1.5ml!eppendorf! tube!and!50µl!of!Buffer!AE!was!added!to! the!

column.!After!incubating!at!room!temperature!for!5!min,!the!column!was!centrifuged!

at!8,000!rpm!for!1!min!(5804!Eppendorf!centrifuge).!The!remaining!liquid!contained!

the!DNA!isolate.!!!
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The!amount!of!mtDNA!was!measured!by!realTtime!quantitative!polymerase!chain!

reaction! (PCR)! using! a! LightCycler! 480! (Roche).! Primers! for! the!Cytochrome!B!

gene,!which! is!present! specifically! in! the!mitochondrial! genome,!were!used!at! a!

concentration!of!0.5µM.! ! !The!primers!were!supplied!by!Eurofin!Genomics.! !The!

sequences!of!the!primers!targeting!cytochrome!B!(CytB)!wereC!!

Forward:! 5’TATGACCCCAATACGCAAAATT3’! and! Reverse:! 5’T

CGAAGTTTCATCATGCGGAGT3’.! ! 5µl! of! isolated!DNA!was! amplified! using! the!

LightCycler!480!SYBR!Green!Master!kit!(Roche).!The!thermal!profile!was!set!up!as!

follows:!a!first!denaturation!step!at!95°C!for!5!min!followed!by!45!cycles!at!95°C!for!

10!seconds,!60°C! for!20!seconds!and!72°C! for!20!seconds.!A!mtDNA!standard!

curve!was!calculated!using!purified!mtDNA,!which!was!extracted!from!mitochondria!

isolated!from!peripheral!blood!mononuclear!cells!and!quantified!using!a!Nanodrop!!!

spectrophotometer.! !mtDNA! concentrations! in! patient! plasma!were! quantified! in!

ng/ml.!!

2.28% HighGMobility%Group%Protein%Box%1%(HMGB1).%

HMGB1! was! measured! using! a! commercial! sandwich! ELISA! according! to!

manufacturers! instructions!(IBLTInternational,!Hamburg).! !100!µL!of!diluent!buffer!

was!added!into!the!respective!wells!of!the!microtitre!plate.10!µL!of!diluent!buffer!for!

blank,!standard!provided!in!the!kit,!or!each!serum!sample!was!then!added!into!the!

respective!wells!and!shaken!for!350!rpm!for!30s!on!plate!shaker.! !After!covering!

with!an!adhesive!foil!the!plate!was!incubated!for!24!hours!at!37!°C.!!The!adhesive!

foil!was!then!removed!and!the!incubation!solution!discarded.!The!plate!was!then!

washed!with!an!automated!plate!washer!5!times!with!400!µL!of!diluted!Wash!buffer.!

The!excess!solution!was! then!removed!by! tapping! the! inverted!plate!on!a!paper!
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towel.! 100! µL! enzyme! conjugate! was! then! added! into! each! well! and! the! plate!

covered!with!foil!to!protect!from!light!and!incubated!for!2!hours!at!25!°C.!!As!before,!

the!adhesive!foil!was!removed!and!the!incubation!solution!discarded.!The!plate!was!

then!washed!5!times!with!400!µL!of!diluted!wash!buffer!and!the!excess!solution!was!

removed.!!100!µL!colour!solution(TMB)!was!add!into!each!well!and!incubated!for!30!

min!at!RT!(18T25°C).!The!colour!reaction!was!stopped!by!adding!100!µL!of!Stop!

solution!into!each!well!and!the!well!contents!gently!mixed!by!shaking!the!plate.!!The!

optical! density! (OD)! was! measured! with! ! a! ! spectrophotometer! at! 450! nm.! ! A!

standard!curved!was!constructed!and!the!ODs!of!the!samples!used!to!calculate!the!

concentration! of!HMGB1! in! the! sample! using!PRISM! (GraphPad!Software,! Inc.,!

California).!

2.29% Cytokine%assays%–%multiplex.%

The!9Tplex!assay!for!ILT1β,!ILT4,!ILT6,!ILT8,!ILT10,!ILT17,!TNFα!and!GMTCSF!using!

luminex!technology!was!used!(BioTRad!Laboratories,!Germany).!!Calibration!of!the!

BioTPlex®!200! reader!was! carried!out! using! the!BioTPlex™!Calibration!Kit! (171T

203060)!prior! to! running! the!assay.! !FourTfold!dilutions!were!used! to!generate!a!

standard!curve!of!the!‘standards’!supplied!in!the!kit.!Coupled!beads!were!prepared!

by!diluting!stock!beads!1:10!with!assay!buffer!and!placing!in!a!falcon!tube!(Becton!

Dickinson,!UK)!and!keeping! in! the!dark.! !After!50μl!of! the!prepared!beads!were!

added!to!the!supplied!96!well!black!plate,!two!washes!were!performed!with!100μl!of!

wash!solution!using!a!magnetic!plate!washer!(BioTek®!Synergy!HT,!UK).!50!μl!of!

standards,!blanks!and!serum!was!added!to!each!well!and!the!plate!was!covered!

with!an!adhesive!strip!and!kept!in!the!dark!using!foil.!!The!plate!was!gently!shaken!

at!1100!rpm!for!30!seconds!then!left!for!30!min!on!the!shaker!set!at!300rpm.!After!

incubation,! the!supernatant!was! removed!and! the!plate!was!washed! three! times!
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with!100μl!wash!buffer.! !Detection!antibody!was!prepared!as!per!manufacturer’s!

instructions!and!25μl!of!diluted!detection!antibody!was!added!to!each!well!of! the!

plate.!The!plate!was!again!covered!with!an!adhesive!strip!and!foil!and!left!on!the!

plate!shaker!at!300!rpm!for!30!minutes.!The!supernatant!was!again!aspirated!and!

plate!was!washed!with!100μl!wash!buffer!three!times!using!a!magnetic!plate!washer.!

50μl! of! streptavidinTPE!was! added! to! each!well! and! the! plate!was! covered! and!

shaken!as!previous!described.!In!the!last!step,!the!plate!was!washed!three!times!

with!100μl!of!wash!buffer!and!125μl!of!assay!buffer!was!added!to!each!well!and!the!

plate!was!sealed!and!shaken!at!850rpm!for!30s!on!plate!shaker!before!being!read.!!

Standard!values!were!entered!into!the!reader!so!that!the!BioTPlex!Manager!software!

version!6.0.!(BioTRad!Laboratories,!Germany)!could!plot!the!standard!curves!and!

calculate!the!concentration!of!cytokines.!

2.30% Adrenal%Steroids%LC/MS%

The! Adrenal! Steroids! were!measured! using! LCTMS! by! Dr! Angela! Taylor! in! the!

Centre! for! Endocrinology,! Diabetes! and! Metabolism! at! the! University! of!

Birmingham.! ! Cortisol,! cortisone,! testosterone,! Androstenedione,! DHEA! and!

DHEAS!were! purchased! from!Sigma!Aldrich,!UK.! Internal! standards! cortisolTd4,!

testosteroneTd3,!DHEATd6!and!DHEASTd2!were!used!in!the!steroid!measurements.!

The! steroids! were! extracted! from! 200µL! of! serum! (after! addition! of! an! internal!

standard! solution)! via! liquid/liquid! extraction! with! 1mL! of! tartTbutylTmethylTether!

(MTBE).! The! MTBE! layer! was! evaporated! to! dryness,! the! samples! were! then!

reconstituted!and!analysed!by!LCTMS/MS! initially! for! the!quantification!of!cortisol!

and!cortisone!as!previously!described!(399).!!Following!this!first!assay!the!samples!

were!again!dried!and!derivatised!to!form!oxime!derivatives,!which!increases!mass!
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spectrometry!sensitivity! to! the!deltaT5!steroids!such!as!DHEA.!Serum!androgens!

(testosterone,! androstenedione! and! DHEA)! were! measured! following! oxime!

derivatisation!as!described!previously(400,401).!DHEAS!was!measured!from!20µL!

of!serum!following!protein!precipitation!as!described!previously!(402,403).!

For!each!of!these!methods!a!Waters!Xevo!mass!spectrometer!with!Acquity!uPLC!

system! was! used,! fitted! with! a! HSS! T3,! 1.8µm,! 1.2x50mm! column.! Cortisol,!

cortisone!and!steroidToxime!analysis!was!carried!out!in!positive!mode!and!DHEAS!

analysis!in!negative!mode.!!A!gradient!system!of!(A)!water!with!0.1%!formic!acid!

and!(B)!methanol!with!0.1%!formic!acid!was!optimised!for!resolution!of!the!steroids!

in!each!experiment.!!!

All! steroids!were!quantified!with! respect! to!a! linear!calibration!series! (calibrators!

were!prepared!in!PBS!with!0.1%BSA)!with!appropriate!internal!standards,!ranging!

from! 0.1! to! 250ng/mL! for! steroid! and! steroidToxime! analysis! and! 250! to!

10,000ng/mL! for! DHEAS! analysis.! ! Each! steroid! was! identified! by! a! matching!

retention!time!and!2!mass!transitions!in!comparison!to!a!reference!compound.!Each!

steroid! was! quantified! relative! to! its! deuterated! analogue! with! the! following!

exceptions! androstenedione! was! quantified! to! testosteroneTd3! and! cortisone! to!

cortisolTd4.!!

2.31% Lutenising%Hormone%(LH)%and%Sex%Hormone%Binding%Globulin%(SHBG)%

As!part!of!the!SGCN!Study,!a!serum!sample!was!aliquoted!from!the!military!injured!

patients! and! sent! to! Newcastle! University! Hospital! where! the! routine! laboratory!

measured! LH! and! SHBG.! Dr! David! Woods! made! the! data! available! to! allow!

interpretation!of!measurements!made!by!the!SIRStudy.! !
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2.32% Muscle%Thickness%(Ultrasound)%%%

Ultrasound!analysis! of!muscle! thickness!was!used! to!estimate!muscle! loss!over!

time.! ! Measurements! were! taken! from! 4! different! sitesC! Biceps! Brachii,! Radial!

Forearm! Rectus! Femoris! and! Rectus! Abdominis! using! a! portable! ultrasound!

machine! (SonoSite!M!Turbo!Ultrasound!machine!with! a!HFL!38!High! frequency!

linear!transducer).!!The!measurements!were!attempted!weekly!while!in!hospital!and!

then!at!the!same!time!as!the!blood!sampling!schedule!as!an!outpatient.!!

Muscle!thickness!has!been!measured!by!portable!ultrasound!to!assess!lean!body!

mass!in!a!method!previously!described!by!Campbell!et&al(404,405).!!In!the!severely!

injured!military!patient,!the!degree!of!injury!to!limbs!(including!amputation),!and/or!

bandaging!of!injuries!results!in!difficulty!taking!of!measures!at!the!midTupper!arm,!

forearm! and! thigh! and! so! Rectus! Abdominis! was! added.! ! The! thickness! of! the!

muscle!was!measured!on!a! frozen! frame!of! the!ultrasound! image!of! the!muscle!

group.!!This!was!repeated!twice!to!give!an!average!of!3!and!a!forth!measurement!

was! taken! if! any! of! the! previous! measures! differed! by! more! that! 10%.! Muscle!

thickness!was!taken!weekly!during!admission!and!then!at!the!blood!measurement!

time!intervals!following!discharge.!

2.33% 24Ghour%Nitrogen%Excretion%

Urinary! Urea! Excretion! (UUE)! was! measured! by! the! routine! laboratory! and! is!

expressed!in!mmol/24hrs.!!Urinary!Nitrogen!excretion!was!chosen!as!faecal!looses!

are!unpredictable!(226,406).!!The!following!calculation!was!used!to!estimate!Urinary!

Nitrogen!Excretion:!!
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Urinary!Urea!Excretion!(mmol/l)!x!0.0281!x.2522!=!Total!Urinary!Nitrogen!excretion!

(g/l)!!

Urinary! Nitrogen! Excretion! was! used! to! estimate! protein! breakdown! during!

catabolism.! ! Other! measures! such! as! 3Tmethylhistidine! have! been! used! as!

measures!of! protein! breakdown! in! sepsis! and! trauma(408).! ! ! In! this! longitudinal!

study! initial! values! would! have! been! confounded! by! dietary! meat! intake! which!

should!be!not!be!part!of!the!diet!3!days!prior!to!measurement!(409).!

2.34% Data%management%and%Statistics.%

The! complexities! of! sample! scheduling! and! the! large! amount! of! data! recorded!

required!a!database! to!manage! this.! !A!database!was!designed! in!Filemaker,! a!

crossTplatform!solution!that!can!be!used!on!Mac!and!Windows.!!This!was!double!

password!protected!and!patient! identifiers!held! in!a!separate! link! file.! !A!sample!

schedule!automatically!reminded!researchers!when!to!take!samples!and!complete!

measurements.!

Analysis!of!variance!(ANOVA),!and!Student!tTtests!were!used!for!normal!data,!and!

MannTWhitney!tests!were!used!for!nonTnormal!data.!Categorical!data!is!expressed!

in! frequencies! and! proportions! and! continuous! data! in! means! and! standard!

deviations.!Statistical!significance!was!accepted!at!the!p<0.05!level.!!Generalised!

linear!mixedTeffects!models!were! used! to! examine! the! change! in! variables! over!

time.! !Patients!were! included! in! the!models!as!random!effects! to!account! for! the!

possible!correlation!in!serial!measurements!made!on!the!same!individuals.!!Time!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!
1!{Molecular!Weight!T!!N2!=!28!(mol)}.!!
2!Constant!to!account!for!urinary!sources!of!nitrogen!other!than!urea!e.g.!porphyrins,!creatinine!and!
other!nonTurea!sources(407).!
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was! modelled! using! restricted! cubic! splines! to! allow! for! flexible! nonTlinear!

relationships.!The!distribution!of!each!variable!of! interest!was!examined!and! logT

transformed!to!normalise!the!distribution!if!necessary.!!SOFA!and!SAPSII!scores!

were!modelled!as!Poisson!distributions!due! to! their! skewness!and!nonTnegative!

ranges.!!Plots!of!predicted!average!fixed!effects!with!95%!confidence!intervals!were!

produced!for!the!first!6!months!and!first!4!weeks!after!injury!as!required.!!!

For!the!multivariable!regression!models!that!included!Age,!ICU!Length!of!Stay,!and!

NISS!as!explanatory!variables,!the!strength!of!association!with!the!outcome!being!

modelled!was!assessed!using!FTstatistics!and!associated!pTvalues.! !The!pTvalue!

cutToffs!associated!with!the!strength!of!evidence!in!the!data!are!as!follows:!strong!

evidence! (p≤0.01),!moderate! evidence! (0.01<p≤0.2),!weak! evidence! (0.2<p≤0.5)!

and!no!evidence!(p>0.5).!

Predicted!fixed!effects!were!then!treated!as!univariate!time!series'!and!pairs!of!these!

time! series!were! then! compared!by!evaluating! their! crossTcorrelation.! ! This!was!

examined! to! identify! the! lagged! times! at! which! maximum! autocorrelation! was!

obtained.!!Model!selection!was!performed!using!AIC!to!determine!the!order!of!the!

spline!used!to!model!time.!!Analysis!was!conducted!in!R!using!libraries!lme4,!effects,!

rms,!ggplot2,!and!SPSS.! !Median!values!are!presented!with! interquartile! ranges!

unless!otherwise!stated.!!

! !
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3.0% Introduction%

Most! of! the! trauma! studies! with! significant! patient! numbers! have! focused! on!

mortality!and!length!of!stay!as!a!primary!outcomes(410).!!Work!has!been!focussed!

on!the!early!measures!of!inflammation(411,412)!and!the!endocrine!response(413).!!

Only!studies!in!burn!injury!have!characterised!the!longer!term!pathophysiological!

changes!after!severe!injury(414,415).!!The!progress!in!the!management!of!severe!

trauma(416)!highlighted!the!need!for!longitudinal!studies!with!detailed!sampling!and!

measures! to! capture! the! clinical,! immune! and! endocrine! temporal! changes! that!

occur!following!injury.!!The!inclusion!of!enough!older!injured!patients!would!allow!

comparisons! with! younger! severely! injured! patients! to! examine! any! significant!

differences!in!mortality!and!morbidity(362).!

3.1% Patient%population%–%Military%and%civilian%severely%injured%patients%

Military!and!civilian!patients!recruited!into!the!SIR!Study!were!followed!from!injury!

or!as!soon!as!possible!on!return!from!Afghanistan.!This!chapter!summarises!the!

demographics! and! the! clinical! journey! of! these! patients.! ! It! will! outline! how! the!

patients! were! selected,! their! recruitment! and! their! progress! within! the! study.!!

Various!clinical!measurements,!routine!and!study!specific,!were!made!to!help!the!

understanding!of!how!the!management!of!these!severely!injured!patients!goes!far!

beyond!the!initial!24!hours!of!resuscitation!that!has!had!so!much!emphasis!in!the!

past.!

3.2% Eligibility%

Life! threatening! injury! produces! a! systemic! inflammatory! response.! ! The!

anatomically!based!Injury!Severity!Score!(ISS)!has!been!a!long!established!method!
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for! describing! severe! injury(417).! ! An! ISS! >15! is! considered! a! severe! injury! in!

polytrauma!that!evokes!a!SIRS!response!(418).!!It!has!been!modified!to!take!into!

account!multiple!injuries!over!one!body!site!and!called!the!New!Injury!Severity!Score!

(NISS)!(419).!

While!ISS!and!NISS!can!be!calculated!in!thermal!injury,!they!were!not!designed!to!

compare!burns!and!trauma!and!their!use!in!this!way!is!flawed!(420,421).!!The!size!

of!the!burn!in!terms!of!depth!and!%TBSA!predicts!outcome!(422,423)!and!a!thermal!

injury!of!over!20%!produces!a!hypermetabolic!and!systemic!inflammatory!response!

(424).! ! ISS>15! and/or! burn! injury! with!%TBSA>=! 20! were! therefore! chosen! as!

inclusion!criteria!in!the!SIR!study.!(425)!

Traumatic!brain!injury!(TBI)!can!leave!patients!in!a!permanent!neurological!deficit!

that!hampers!rehabilitation.!The!primary!shearing!effect!on!midTline!structures!as!

well!as!the!secondary!local!inflammatory!reaction!interferes!with!hypothalamic!and!

pituitary! function! following! traumatic! brain! injury! (425).! ! Including! patients! with!

severe!TBI!into!the!study!would!add!many!confounding!factors!with!the!potentially!

long!sedation!periods!and!the!unique!management!protocols!that!can!conflict!with!

the! resuscitation! goals! used! for! injuries! in! other! anatomic! regions.!Patients!with!

primary! TBI! or! where! TBI! was! a! major! contribution! to! their! injury! burden! were!

excluded.!

3.3% The%SIR%Study%population%

3.4% Recruitment%

Recruitment! for! the! study! took! place! between!May! 2011! and! July! 2012! and! is!

detailed!in!Figure!3.1.!!There!were!995!patients!screened!and!106!patients!were!
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eligible.!Of!the!106!patients!approached,!4!patient!family!groups!refused!(2!military!

and!2!civilian).!102!severely!injured!patients!estimated!to!have!an!ISS>=16!at!the!

time!of!admission!were!entered! into! the!study.! !Two!patients!were!subsequently!

withdrawn!from!the!study,!one!sustained!an!iatrogenic!injury!in!Camp!Bastion!and!

the!other!patient!had!an!undiagnosed!carcinoma.!!Once!a!detailed!examination!of!

all!the!injuries!was!performed,!many!of!the!severely!injured!had!extremity!trauma!

that! was! not! fully! appreciated! by! ISS.! ! NISS! was! therefore! used! to! stratify! the!

severely!injured!trauma!patients.!Five!patients!had!a!NISS!<16!on!later!review!and!

were!excluded!from!any!further!analysis.!!All!patients!except!the!fatalities!completed!

their! inThospital! measurements,! 35! patients! failed! to% have! their! final! 6! month!

measurements.!

Three!patients!withdrew!from!the!study!but!agreed!to!allow!data!already!collected!

to!be!usedC!one!found!the!measurements!as!an!outpatient!too!cumbersome!and!the!

others!were!civilians!who!had!large!distances!to!travel!for!follow!up.!!The!cohort!has!

been!divided!by!age:!young!<=49!and!old!>49!years.!!A!cut!off!of!49!years!of!age!

was!used!to!separate!young!and!old!as!age!related!differences!in!immune!response!

are!present!by!the!6th!decade!(426).!!The!young!patients!were!also!separated!into!

military! and! civilian! to! determine! if! the!possible! differences! in! health! and! fitness!

status!of!these!groups!may!influence!response!to!injury.!

Data!will!be!presented!as!medians!with! Interquartile!Ranges!(IQR)!unless!stated!

otherwise.!

! !
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!
Figure%3.1.%Consort%Diagram%of%SIR%Study%recruitment.%%%

Assessed for Eligibility
n=995

(355 military, 640 civilians)

Approached 
n=106

(54 military, 52 civilians)

`Did Not meet 
inclusion criteria

n= 889

Recruited 
n=102

(52 military, 50 civilians)

Refused

n=4

Study population
n=100

(51 military, 49 civilians)

Withdrawn

n=2

NISS>15
n=95

(49 military, 46 civilians)

NISS<16 

n=5

Did not have 6M measurements
(8 fatalities, 3 withdrew after 

discharge, 
24 lost to follow up)            

                                            n=35
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3.5% Demographics%

A!summary!of!the!cohort!demographics!and!clinical!course!are!shown!in!Table!3.1.!

Mortality! was! 8.4%! (8! of! 95)! in! those! patients! arriving! at! the! Queen! Elizabeth!

Hospital!(QEH).!The!deaths!all!occurred!later!than!48!hoursC!median!time!22!days!

(13T47)!from!injury.!Total!median!ISS!and!NISS!values!were!26!(18T34)!and!34!(29T

44)! respectively.! The! physiological! and! organ! dysfunction! scores! of! APACHEII,!

SAPS2!and!SOFA!after!injury!were!23!(16T28),!51!(36T57)!and!9!(6T11)!respectively.!

The! patients! who! survived! remained! ventilated! for! a!median! of! 10! (6T17)! days,!

remaining!on!ICU!for!a!further!day,!(11,!5T18),!and!their!median!length!of!stay!in!

hospital!was!38!days!(23T59).!!23!patients!had!a!septic!episode!in!the!first!48Thours!

following! injury.! ! 59! (62%)! patients! had! at! least! one! septic! episode! and! most!

occurred!during!the!second!week!following!injury.!!

3.6% Young%versus%old%severely%injured%patients.%

Mortality!rate!was!slightly!lower!in!the!young!compared!to!the!old!patients,!5%!vs.!

19%!(4!of!74!and!4!of!21C!p=0.047).!!Differences!in!the!young!and!old!patients!who!

survived!were! compared.! ! The! young! patients! had! a! higher!NISS! (p=0.003) and!

received!more!RBCs!(p=0.01)!and!FFP!(p=0.001)!in!the!first!24hrs!than!the!older!

cohort.!!The!younger!patient!cohort!also!received!less!crystalloid!(p<0.001).!There!

were!no!significant!differences!in!ISS,!number!of!infections,!number!of!operations,!

ICU!scores!(APACHEII,!SOFA!and!SAPS)!or!ICU!and!total!Length!of!Stay!(LOS)!

between!the!young!and!old!cohorts.! !
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!
Table!3.1:!!Summary!of!demographics!and!clinical!course!(median,!IQR).!Young!and!Old!are!<=49!or!>49!respectively.!(*!p=<0.05,!

**p=<0.01)!

**!

**!

**!
**! **!
**! **!

**!
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3.7$ Mechanism$of$Injury$

The!mechanism!of!injury!for!all!patients!is!shown!in!Figure!3.2.!!An!explosion,!primarily!

the!Improvised!Explosive!Device!(IED)!(40,!42%)!and!Road!Traffic!Collision!(RTC)!(27,!

28%)!were!the!most!common!causes!of!injury.!!Patients!injured!by!explosion!or!gunshot!

wound!(GSW)!were!predominantly!young,!whereas!patients!injured!by!RTC!were!split!

between!young!(14,!15%)!and!old!(13,!14%)!as!would!be!expected!in!civilian!life.!!8!(8%)!

of!patients!had!a!primary!burn!injury.!

The! age! distribution! of! patients! is! shown! in! Figure! 3.3.! ! The!military! patients! were!

younger!(26!years,!22T28)!and!more!commonly!injured!by!IED!(39,!41%).!The!civilian!

casualties!were!older! (48!years,!33T60)!and!more!commonly! injured!by!Road!Traffic!

Collision!(27,!28%)!(p<0.00001).!!!!!!!!!!!!!!!!!!!!!

!

! $
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!
!
Figure$3.2.$Mechanism$of$Injury$for$the$severely$injured$patients$(NISS>15)$separated$
into$young$and$old$(n=95).$$$

$
!
$
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!

!

$

Figure$3.3.$Age$distribution$at$the$time$of$injury$for$severely$injured$patients$
(NISS>15)$separated$into$military$and$civilians$(n=95).$
! $
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3.8$ Young$military$versus$civilian$casualties$

The! young! patients! were! separated! into! military! and! civilian! cohorts! and! the!

demographics!are!shown!in!Table!3.2.!!When!comparing!young!military!and!civilians,!

there!was!again!no!difference! in! ISS!scores!but!using!NISS,!military!patients!were!

more!severely! injured!41!vs.!34! (p=0.007).!Military!patients!did! receive!more!blood!

products!during!their!resuscitation!in!the!first!24!hoursZ!RBCs!14!vs.!0!(p<0.001)!and!

FFP!14!vs.!0!(p<0.001).!Conversely,!civilian!patients!received!more!crystalloid! than!

military!patients!0!vs.!3!litres!(p<0.001).The!military!patients!required!more!operative!

procedures!than!civilians,!7!vs.!3!operations!(p<0.001)!and!stayed!in!hospital!longer!

50!vs.!24!days!(p=0.007).!!Military!patients!demonstrated!more!organ!dysfunction!in!

the! first! 24! hours! than! civilian! patients! as! described! by! SOFA! score! of! 10! vs.! 7!

(p=0.018).!!No!differences!were!seen!between!the!young!military!and!civilian!patients!

with!respect!to!the!number!infectious!episodes,!ventilatory!days!and!ICU!length!of!stay.!!

There!were!also!no!differences!in!the!physiological!scores!of!APACHEII!and!SAPSII!

that!were!calculated!in!the!first!24!hours.!!
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!

Table$ 3.2.$ Demographics$ of$ young$ patients$ (<=49$ years$ old)$ separated$ in$ to$
military$and$civilian$casualties.$$Median!values!are!shown!with!IQRs,!significance!
levels!*!<0.05,!**!<=0.001.!

! !

*!

**!
**!
**!

*!

**!
*!
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3.9$ Intensive$care$scores$

3.9.1$ Sequential$Organ$Failure$Assessment$(SOFA)$

SOFA!score!is!used!to!assess!the!degree!of!organ!failure/dysfunction!on!ICU(427).!!

The! score! totals! each organ! system.! ! The! respiratory,! cardiovascular,! hepatic,!

coagulation,! renal! and! neurological! systems are! scored! from! 0! T! 4! based! on!

physiological!parameters!and!then!totalled.!!Individual!organ!scores!range!from!0!for!

no!dysfunction!and!4!for!severe!organ!dysfunction/failure.!

SOFA! scores! are! summarised! for! the! severely! injured! patients! (NISS>15)! who!

survived.!!The!daily!SOFA!scores!are!shown!in!Figure!3.4.!!Most!injured!patients!had!

left!ICU!by!9!days!but!a!small!number!had!a!prolonged!ICU!stay.!!SOFA!score!peaked!

at!48!hours!after!injury!(10,!8T13).!!

3.1.1.1$ Simplified$Acute$Physiology$Score$(SAPS)$II$$

SAPSII! is! made! up! from! 12 physiological measurements! and! 3! disease! related 

scores(428). The!physiological!measures!used!are!the!worst!in!each!24hours!period!

and!started!in!the first!24!hours!of admission!to!ICU.!!These!can!be!followed!daily!and!

used!to!stratify!the!patients!in!terms!of!their!clinical!course!later.!

Modelled!data!(Figure!3.5)!separated!into!young!and!old!patients!did!not!demonstrate!

a!significant!difference!in!scores.!!When!the!young!patients!were!separated!into!military!

and!civilian!patients!there!was!a!significant!difference:!!military!patients!had!a!higher!

SOFA!on!admission!but!also!the!rate!of!improving!SOFA!and!SAPS!was!faster!for!the!

military!patients!as!represented!by!the!steeper!slope.!
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!
!
!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure$3.4.$Daily$(A)$SOFA$and$(B)$SAPSII$values$for$injured$trauma$patients$on$
ICU$that$survived.$$Median!values!with!IQR!are!shown.!!%!Mortality!bands!are!shown!
as!shaded!bars.!

Days$

A!

B!
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!
Figure$3.5.$Modelled$data$of$(A)$SOFA$and$(B)$SAPSII$Scores$in$Severely$injured$
patients$ on$ ICU$with$NISS>15$who$ survived.$Young! and! old! (C)!SOFA!and! (D)!
SAPSII!scores.!!Young!patients!were!also!divided!into!military!and!civilian!(E)!SOFA!

and! (F)! SAPS! II.! Data! was! modelled! using! a! nonTlinearmixed! effects! techniqueZ!

modelling! time! with! a! 4Tknot! cubic! spline! provided! the! best! fit.! ! Means! and! 95%!

confidence!intervals!of!predicted!fixed!effects!of!time!are!shown.!

$

$
$
$
$
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3.10$ Nitrogen$Excretion$

Catabolism!is!typified!by!muscle!loss!and!a!negative!nitrogen!balance.!!Nitrogen!loss!

was! estimated! from! total! urea! excretion! as! described! earlier! (Section! 2.13).! ! The!

changes!in!nitrogen!excretion!over!time!are!summarised!in!Figure!3.6.!!Injured!patients!

reached!a!median!maximum!excretion!of!24.0!g/day!(17.8!–!38.0)!and!this!occurred!in!

the!second!week!following!injury.!The!data!was!modelled!using!a!mixed!effects!model!

including!time!as!a!7Tknot!restricted!cubic!spline.!!The!model!confirms!that!the!peak!

nitrogen!excretion!occurred!in!week!2!and!the!lowest!nitrogen!excretion!occurred!after!

6!weeks.!Past!6!weeks!post! injury!nitrogen!excretion! increased!again!slowly!before!

levelling!off,!as!the!number!of!observations!drop!the!confidence!intervals!widen.!!Young!

patients! had! a! higher!median!maximum! nitrogen! excretion! than! old! patients,! 33.8!

(18.5T41.4)! vs.! 22.9! (14.4T23.8)! p=0.021.! ! The! military! patients! did! not! differ!

significantly!in!their!peak!nitrogen!excretion!compared!to!the!young!civilians.!

From! the! model! (Figure! 3.7)! it! can! be! inferred! that! there! is! strong! evidence! that!

nitrogen!excretion!values! initially! increase,!peak! in! the!second!week!before! rapidly!

decreasing!to!a!minimum!between!6T8!weeks!before!rising!and!reaching!a!steady!state!

by!3!months.!!After!3!months!the!confidence!intervals!widen!and!the!strength!of!the!

relationship!weakens!significantly.!!There!is!moderate!evidence!that!nitrogen!excretion!

decreases!with!age!(Figure!3.7!B)!but!increases!with!ICU!length!of!stay!(Figure!3.7!D).!

There!is!only!weak!evidence!of!a!positive!effect!from!injury!severity!(NISS)!(Figure!3.7!

C).!The!time!taken!to!reach!maximum!nitrogen!excretion!was!positively!influenced!by!

age!(Figure!3.8)!with!older!patients!taking!longer!to!reach!maximum!nitrogen!excretion!

compared!to!younger!patients.! !
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!
Figure$3.6.$$Nitrogen$excretion$of$severely$injured$personal$NISS>15$who$survived.$$
(A)!Raw!data!displayed!as!median!values!with!IQRs.!!(B)Modelled!data!displayed!as!

means! and! 95%!CI.! ! Modelled! data! was! separated! into! (C)! young! and! old.! Young!

patients!were!then!separated!into!(D)!military!and!civilian.!Data!was!modelled!using!a!

mixed!effects!techniqueZ!modelling!time!as!a!7Tknot!restricted!cubic!spline!provided!the!

best! fit.! !Means!and!95%!confidence! intervals! for! predicted! fixed!effects! of! time!are!

represented.!

$
$
$
$

$
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!
Figure$3.7.$$Nitrogen$excretion$levels$after$severe$injury$(NISS$>15)$were$modeled$
against$the$covariatesY$Time,$Age$at$Injury,$NISS$and$ICU$Length$of$Stay.$$Each!
have!separate!plots!of!their!model!predicted!fixed!effectsZ!(A)!Time,!(B)!Age!at!Injury,!

(C)!NISS!and!(D)!ICU!Length!of!Stay.!These!predicted!effects!are!calculated!for!each!

covariate!assuming!all!other!covariates!remain!fixed.!!!

$

$

$
$
$
!

!

!
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$
Figure$3.8.$$Time$to$reach$maximum$nitrogen$excretion$by$age.!

$
$
$
$
$
!

! !
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3.11$ Muscle$thickness$

Muscle!thickness!was!also!used!as!a!measure!of!catabolism!and!was!estimated!using!

a!portable!sonosite!machine.! ! Initially! the!measurements!of!4!muscle!areas/groups!

were!takenZ!Biceps!brachii,!Rectus!abdominis,!forearm!and!quadriceps!muscle!groups.!!

The!results!of!the!4!areas!assessed!are!shown!in!Figure!3.9.!!!Different!areas!were!

chosen! in! an!attempt! to! overcome! the!difficulties! in! using!ultrasound! in! areas!with!

extensive! dressings! and/or! amputations.! ! However! the! number! of! measurements!

achievable!was!found!to!be!greatest!for!the!Biceps!brachii!muscle!site!and!the!data!

followed!a!U!shaped!curve.!!This!was!consistent!for!the!other!sites!but!due!to!the!lower!

measurement!numbers!the!Biceps!brachii!muscle!was!used!analysis!in!this!study.!!

Biceps! muscle! thickness! reduced! after! injury! and! reached! a! minimum! thickness!

around!6!weeks.!!The!median!maximum!loss!was!26%!(21T34%).!!6!weeks!after!injury!

muscle!thickness!increased!and!returned!to!values!measured!at!the!time!of!injury!by!6!

months.! !The! temporal!changes!are!best!seen! in! the!modelled!data! in!Figure$3.10!

where!patients!switch!from!muscle! loss!to!muscle!growth!at!an!average!of!47!days!

(95%!CI,!40T54).!!Patients!experienced!the!greatest!%!loss!at!day!20,!at!an!average!

loss!of!6.2%:!95%!CI!(3.8%,!8.5%).!

Differences! in! muscle! thickness! were! observed! between! the! young! and! old! and!

between!the!young!military!and!young!civilians!(!

Figure!3.11).!!The!rate!of!decrease!in!muscle!thickness!was!similar!when!comparing!

young!and!old!and!young!military!and!young!civilians.!!There!was!a!slower!muscle!gain!

after!the!minimum!was!reached!when!comparing!the!young!and!the!old!modelled!data.!!

There!was!also!a!slightly!quicker!muscle!gain!in!the!young!military!compared!to!the!

young!civilians.!!!
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!
Figure$ 3.9.$ $Muscle$ thickness$ as$measured$by$portable$Ultrasound$machine$ in$
severely$injured$(NISS$>15)$patients$who$survived.$$Measurements!were!made!of!(A)!
Biceps!brachii!muscle,!(B)!Quadriceps!muscle,!(C)!Rectus!abdominis!muscle!and!(D)!

Forearm!muscle.!!Box!and!whisker!plots!describe!median!thickness!(mm)!with!IQR.!

$

!
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Figure$ 3.10.! !Modelling$ of$ biceps$ brachii$ muscle$ (A)$ thickness$ and$ (B)$ %$

change$over$time$in$patients$with$severe$injury$(NISS>16)$that$survived.!!Data!

was! modelled! with! a! mixed! effects! techniqueZ! time! was! modelled! using! 6Tknot$

restricted! cubic! spline.! ! Means! and! 95%! confidence! intervals! for! modelTbased!

predicted!fixed!effects!of!time!are!shown.!
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!

$

Figure$ 3.11.$ $ Modelled$ biceps$ brachii$ muscle$ thickness$ in$ patients$ with$ a$
NISS>15$that$survived.$Biceps!brachii!muscle!thickness!in!mm!was!separated!in!to!
(A)!young!and!old,!and!(C)!young!military!and!civilian!severely!injured!patients.!The!

percentage!change!over! time!was!modelled! for! (B)!young!and!old!and!(D)!young!

military! and! civilian! severely! injured! patients.! ! Data! was! modelled! with! a! mixed!

effects!techniqueZ!time!was!modelled!using!a!6Tknot!restricted!cubic!spline.!!Means!

and!95%!confidence!intervals!for!predicted!fixed!effects!of!time!are!shown.!

$
!
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3.12$ $Injury$Severity$and$Muscle$Loss.$

The!relationship!of!muscle!loss!to!injury!severity!is!shown!in!Figure!3.12.!!ISS!shows!

a! linear! positive! relationship! to! loss! of! biceps! thickness.! ! A! U! shaped! curve! was!

observed!for!NISS!and!muscle!loss,!reaching!the!lowest!levels!at!under!5!%!at!a!NISS!

of!33.!A!similar!picture!was!seen!for!daily!%muscle!loss!and!time!to!reach!the!minimum!

thickness!of!biceps!brachii!muscle.!

When!the!modelled!data!of!biceps!thickness!and!nitrogen!excretion!were!compared!

(Figure!3.13),!during!the!steep!rise!and!peak!of!nitrogen!excretion!in!the!first!two!weeks!

there!was!a!rapid!decline!(50%!of!total!loss)!in!muscle!thickness.!!As!nitrogen!excretion!

starting!decreasing!after!2!weeks,!the!rate!of!muscle!loss!slowed,!the!remaining!50%!

of!total!muscle!loss!was!lost!over!the!next!4!weeks.!!Muscle!thickness!then!stabilised!

before!increasing!again,!muscle!thickness!was!still!increasing!at!6!months.!

!

! !
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$
Figure$3.12.$ $Relationship$between$ Injury$Severity$and$muscle$ thickness$as$
measured$by$ultrasound$of$Biceps$brachii$muscle$ in$patients$with$NISS>15$
that$survived.$$Total!muscle!loss!as!%!of!initial!thickness!against!(A)!ISS!and!(B)!
NISS.!!Daily!%!muscle!loss!against!(C)!ISS!and!(D)!NISS.!!Time!to!reach!minimum!

muscle!thickness!against!(E)!ISS!and!(F)!NISS.!
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!
Figure$3.13.$$Comparison$of$nitrogen$excretion$and$biceps$muscle$thickness$
in$severely$injured$(NISS>15)$patients$who$survived.$$$

!

!

!

!

!

!

!

!

$
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3.13$ Inflammation$and$infection.$$$

A!more!detailed!examination!of! inflammatory!response! is!reported! in!chapter!4!and!

only!an!overview!of!inflammation!and!septic!episodes!are!described!here.!!

The!acute!phase!protein!CTReactive!Protein!(CRP)!is!a!general!nonTspecific!measure!

in! inflammation.!The!diagnosis!of!sepsis! is!challenging!in!the!severe!trauma!patient!

with!a!background!of!onTgoing!inflammation!that!may!be!sterile!or!nonTsterile.!!A!SIRS!

response!with!a!positive!culture!is!considered!to!be!diagnostic!(429)!!but!this!approach!

has!been!criticised!(430).!!

CRP! increased! immediately! after! injury! and! on! day! 3! peaked! at! 240! mg/L! (159T

302mg/L),! shown! in!Figure!3.14.! !CRP! levels! then! slowly! reduced!but! took!over! 2!

months!to!fall!below!50!mg/l!and!were!still!elevated!at!6!months.!!!

A!SIRS!response!and!a!positive!culture!revealed!that!ten!patients!had!an!early!septic!

episode! in! the! first! 48! hours! following! injury.! ! Septic! episodes! peaked! during! the!

second!week!with!19!(22%)!patients!with!severe!injury!suffering!from!sepsis!(Figure!

3.15).!!The!timing!of!infection!and!the!‘probability!of!sepsis!model’!against!time!showed!

that!patients!had!a!6.2%!chance!of!sepsis!after!injury!and!this!decreased!each!day.!!

The!organisms!that!were!cultured!at!the!time!of!a!septic!episode!are!listed!in!Table!

3.3.!!!

While!the!septic!episodes!that!occurred!in!the!first!48!hours!met!the!diagnostic!criteria!

these!results!should!be!interpreted!with!caution.!!Many!of!the!patients!with!blast!injury!

are! likely! to!have!had!positive! tissue!cultures!as!a! result!of!contamination! from! the!

initial!blast.!! !



!Page!|!146!

!
Figure$ 3.14.$ C_Reactive$ Protein$ of$ severely$ injured$ personal$ (NISS>15)$ who$
survived.$$(A)!CRP!levels!daily!over!first!60!days!displayed!as!median!values!with!IQRs.!!!
(B)!CRP!modelled!over!time!data!displayed!as!means!and!95%!CI.!!Data!was!modelled!

with! a!mixed! effects! technique! using! a! 6Tknot! restricted! cubic! spline! to!model! time.!!

Means!and!95%!confidence!intervals!for!predicted!fixed!effects!of!time!are!shown.!



! !
!

Page!|!147!
!

!

!
$

$
$
Figure$3.15.$ $Septic$Episodes$ following$severe$ injury$ (NISS>15)$ in$patients$ that$
survived$over$ time.$ (A)!Raw!data!of! timing!and!number!of!episodes!of! sepsis.! ! (B)!
Probability!of!sepsis!modelled!over!time.!!Modelled!data!are!displayed!as!means!and!

95%!CI.!

A!

!

B!

!
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$

$
Organism) Gram)Stain)

Number) of) septic)
episodes))

Number) times)
organism)cultured)

Acinetobacter)baumanni) Neg)Bacilli) 52) 189)
Pseudomonas)species) Neg)Bacilli) 30) 57)
Mixed)coliforms) Neg)Bacilli) 28) 120)
Candida)species) Fungi) 25) 26)
Staphylococcus)aureus) Pos)Cocci) 20) 135)
Bacillus)species) Pos)Bacilli) 15) 72)
Escherichia)coli) Neg)Bacilli) 12) 69)
Pseudomonas)aeruginosa) Neg)Bacilli) 10) 221)
Stenotrophomonas)maltophilia) Neg)Bacilli) 10) 116)
Klebsiella)pneumoniae) Neg)Bacilli) 9) 49)
Enterobacter)cloacae) Neg)Bacilli) 8) 78)
Enterococcus)species) Neg)Bacilli) 8) 39)
Coag)negative)Staphylococcus) Pos)Cocci) 6) 14)
Aspergillus)terreus) Fungi) 5) 11)
Aspergillus)flavus) Fungi) 4) 8)
Chry.)indologenes) Neg)Bacilli) 4) 10)
Haemophilus)influenzae) Neg)Bacilli) 4) 8)
Morganella)morganii) Neg)Bacilli) 4) 20)
Pseudomonas)putida) Neg)Bacilli) 4) 9)
Mixed)anaerobic)bacteria) Pos)&)Neg) 5) 6)
Moraxella)catarrhalis) Neg)Bacilli) 3) 5)
Proteus)mirabilis) Neg)Bacilli) 3) 8)
Acinetobacter)lwoffi) Neg)Bacilli) 2) 4)
Aeromonas)sp.) Neg)Bacilli) 2) 18)
Aspergillus)fumigatus) Fungi) 2) 5)
Candida)albicans) Fungi) 2) 50)
Enterobacter)aerogenes) Neg)Bacilli))) 2) 8)
MRSA) Pos)Cocci) 2) 2)
!
Table$3.3.$List$of$primary$culture$organisms,$ranked$according$to$the$number$of$
septic$episodes$the$organism$was$cultured.!!The!total!number!of!times!that!organism!
was!cultured!from!study!patients!irrespective!of!whether!a!diagnosis!of!infection!or!sepsis!

was!made.$$

!
! !
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3.14$ Discussion!!

A! large!cohort!of!severely! injured!patients!young!and!old! is!described!whose! initial!

differences!on!appear!to!be!injury!severity!as!measure!by!NISS!and!the!way!they!were!

resuscitated.! ! The! younger! population! were! given! more! blood! products! and! less!

crystalloid.!!Further!examination!revealed!that!it!was!young!military!patients!who!had!

a!higher!NISS!and!a!more!blood!products.!!It!has!been!difficult!to!make!any!significant!

conclusions!as!to!whether!this!technique!was!beneficial!to!the!patients!in!the!longer!

term!in!this!study!but!short!term!success!could!be!extrapolated!from!PennTBarwell!JG!

et# al.#work!who! showed! a! year! on! year! improvements!with! changing! resuscitation!

techniques!being!cited!as!a!possible! factor(431).! !This! technique!was!adopted!well!

ahead!of!civilian!practice!and!so!is!a!significant!factor!in!the!military!young!patients.!!!

The!young!military!had!higher!early!organ!failure!scores!as!measured!by!SOFA!but!

interestingly!the!rate!at!which!organ!failure!improved!(i.e.!the!slope!of!change!in!SOFA)!

was! significantly! better! in! the!military! group! compared! to! the! young! civilians.! ! The!

reason!organ! failure!scores! improved!quicker! is!multifactorial!and!may! include!preT

injury!fitness,!early!use!of!tourniquet!and!consultant!delivered!timely!care.!!Whether!

resuscitation!with!blood!products!had!a!direct!impact!of!speed!of!recovery!is!difficult!to!

say!but!although!SOFA!improved!quicker,! ICU!length!of!stay!was!not!different.!The!

military! also! had! a! different! rehabilitation! regime! with! earlier! resourced! military!

physiotherapy!in!hospital!and!a!discharge!pathway!directly!to!a!rehabilitation!centre!

specialising! in! muscular! skeletal! rehabilitation.! ! The! military! injured! had! more!

procedures!and!a!longer!length!of!stay!than!the!young!civilians!that!may!be!explained!

by! the! fact! that! there!were!more!military! limb! injuries! from!blast! that! required!more!

reconstructive!procedures.!!!
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Early!enlightenment!into!the!metabolic!response!to!surgery!and!injury!was!made!by!

Cuthbertson!in!1932!and!then!built!on!by!Moore!who!described!classical!‘ebb!and!flow’!

physiology! relating!muscle! loss!and!altered!nitrogen!balance! (198,199).! !The!study!

demonstrates!the!high!nitrogen!excretion!that!correlates!with!muscle!loss.!!Differences!

between!young!and!old!and!military!and!civilian!cohorts!are!difficult!to!make!apart!from!

the!obviously!fact!that!young!and!particularly!young!military!have!thicker!biceps!muscle!

than!their!older!civilian!or!younger!civilian!counterparts.!!!

Attempting!to!relate!timing!and!amount!of!muscle!loss!to!the!severity!of!injury!has!met!

with!mixed! success!as! although! ISS! can! correlate!with! time! to!maximum! loss! and!

amount!of!loss!it!doesn’t!take!into!account!the!extremity!trauma.!!The!relationship!of!

NISS!to!muscle!loss!and!timing!is!difficult!to!explain!as!the!extremity!trauma!appears!

to!have!less!of!an!effect!of!muscle!loss.!!This!maybe!due!to!early!use!of!tourniquets!

and!the!military!effect! in!this!cohort,!where!if!blood!loss!is!kept!to!a!minimum!those!

with!a!relatively!major!injury!are!less!catabolic!and!loss!less!muscle.!

The!wellTdocumented!timing!of!sepsis!following!injury!is!again!described!in!this!study!

as!the!majority!of!infections!happen!in!the!second!week!providing!early!contamination!

of!tissues!is!excluded.!!Rising!CRP!and!the!growth!of!pathogenic!bacteria!support!this.!!

The!shortTterm!and!longTterm!stress!response!that!has!evolved!to!protect!an!individual!

from!life!threatening!injury!has!consequences!to!the!recovery!individual!who!survived!

their!injury.!!Catabolism!and!infection!along!with!the!recovering!anabolism!appear!the!

natural!clinical!course!of!patients.!!What!is!about!the!immune!response!affecting!this!

cohort! that! leads! to! more! infections! and! does! the! underlying! endocrine! profile!

contribute!to!this?!!
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Chapter$4:$ The$Inflammatory$Response$to$Severe$
Trauma$
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4.0$ Introduction$

The! inflammatory! response! to! injury! is! initiated! through! the! release!of! nuclear! and!

mitochondrialTderived!DAMPs!from!damaged!or!necrotic!tissue.!Of!these,!HMGB1!and!

mtDNA!have!been!heavily! implicated! in! initiating! this! sterile! inflammatory! response!

(31).!Measuring!cytokines!and!acute!phase!proteins!allows!for!the!assessment!of!the!

local! and! systemic! response! to! DAMPs.! To! date,! the! temporal! changes! in! these!

molecules!have!been!studied! in! the! immediate!post! injury!period!but!not!during!the!

later! catabolic! and! anabolic! phases! of! recovery! (432)! and! age! differences! in! this!

response!have!not!been!reported.!

The!neutrophil,!once!considered!a!simple!phagocyte!of!homogenous!phenotype,!now!

boasts!an!array!of!sophisticated!mechanisms!that!allows!this!innate!immune!cell!to!not!

only! deal! directly! with! foreign! material! but! communicate! with! other! immune! cells!

including!those!of!the!adaptive!immune!system!(111).!In!addition!it!is!now!clear!that!

these!cells!display!more!then!one!phenotype!in!the!circulation!(433).!These!include!

immature!granulocytes!with!reduced!bactericidal!function(434)!and!a!newly!emerging!

neutrophil! phenotype! is! one! of! suppressionZ! a! granulocytic!MDSC(146).! The! exact!

function!of!MDSC!or!immature!granulocytes!have!not!been!fully!characterised!in!the!

setting! of! trauma! thus! consequences! of! their! increased! frequency! for! the! clinical!

course!of!the!trauma!patient!is!not!fully!understood.!

This!chapter!studied!the!inflammatory!response!to!severe!traumatic!injury!across!a!sixT

month!time!period,!in!the!SIR!cohort,!by!measuring!the!circulating!concentrations!of!

the!DAMPS,!mtDNA!and!HMBG1,!pro!and!antiTinflammatory! cytokines!and! via! the!

assessment!of!neutrophil!phenotype!and!function.!
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The!small!number!of!deaths!(8!of!95)!in!the!study!prevented!the!use!of!mortality!as!an!

outcome! measure.! Thus,! the! results! presented! in! this! chapter! are! based! on! the!

responses! of! surviving! patients! with! a! NISS>15! and! attempts! to! differentiate!

inflammation! with! respect! to! age! (Figure! 4.1).! A! cut! off! of! 49! years! was! used! to!

separate!young!and!old!patients!as!age!related!differences!in!immune!response!are!

present!by! the!6th! decade! (426).!The!main!differences!between! the!young!and!old!

population!were! injury!severity!as!described!by!NISS! (p=0.003)!and! the!amount!of!

fluids! received! in! the! first! 24!hoursZ!RBC! (p=0.012),!FFP! (p=0.001)! and! crystalloid!

(p<0.001).!These!results!are!summarised!in!Table!3.1.!

!

!

!

!

!

!

!

!

Figure!4.1.!Cohort!selection!to!examine!the!inflammatory!response!after!severe!injury.!

70! young! and! 17! old! injured! adults! were! used! for! the! subsequent! analysis! in! this!

chapter!unless!otherwise!stated.!

Recruited
n=95

Survived
n=87

Fatalities   n=8
3 x Burns, 5 x Trauma

(7 M, 1 F)
NISS - 41 (31-57)

NISS (16-75)

Young
NISS 36 (29-48)

(65 M, 5 F)
n=70

> 49 year old<=49 year old

Old
NISS 27 (22-34)

(13 M, 4 F)
n=17

NISS 34 (27-43)
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4.1$ Results$$

4.2$ Mitochondrial$DNA$(mtDNA)$

Mitochondrial!DNA!released!from!damaged!cells!is!thought!to!be!an!early!initiator!of!

the! inflammatory! response.!MtDNA! levels! are! also! thought! to! be! related! to! clinical!

outcome(64,435).!In!the!SIR!cohort!immediately!after!injury,!mtDNA!rose!and!peaked!

in!the!second!week!with!a!median!concentration!of!31!ng/ml!(IQR,!8T109Z!Figure$4.2).!

Levels!approached!control!values!after!two!months.!When!comparing!young!and!old!

patients,!mtDNA!levels!were!lower!in!young!patients!immediately!after!injury!(p<0.001).!

In!older!patients,!mtDNA!levels!peaked!at!a!higher!level!in!week!2!(p=0.001)!after!injury!

compared!to!the!young.!!

From! the!model!of! coTvariants! (Figure!4.3),! it! can!be! inferred! that! following!severe!

traumatic!injury,!mtDNA!values!initially!increase!and!peak!in!the!second!week!prior!to!

returning!to!baseline!levels!over!time!(Figure!4.3A).!There!is!moderate!evidence!that!

mtDNA!increases!with!age!(Figure!4.3B),!but!mtDNA!does!not!appear!to!influence!ICU!

length! of! stay! (Figure! 4.3D)! and! was! not! significantly! affected! by! injury! severity!

assessed!by!NISS!(Figure!4.3C).!

!

!
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Figure$ 4.2.$ Mitochondrial$ DNA$ concentration$ over$ time$ in$ severely$ injured$

patients$with$a$NISS>15.!(A)!MtDNA!concentration!(ng/ml)!over!time!in!days,!weeks!

(Wk)!and!months!(M).!(B)!Log!mtDNA!concentration!(ng/ml)!modelled!over! time! in!

days! to! help! normalise! the! extremely! skewed! data.! (C)! Raw! mtDNA! data!

differentiated!by!age.!(D)!Modelled!Log!mtDNA!differentiated!by!age.!Raw!data!box!

and! whisker! plots! show! median! and! interquartile! ranges! (A! and! C).! Data! was!

modelled! using! a! nonTlinear! mixed! effects! model! that! accounts! for! unbalanced!

repeated! measures! using! a! 4Tknot! cubic! spine! (B! and! D).! Modelled! data! is!

represented!by!means!and!95%!confidence!intervals.!

! !
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!
Figure$4.3.$Plasma$MtDNA$concentration$(ng/ml)$following$severe$traumatic$injury$
(NISS$>15)$were$modeled$against$the$co_variantsY$Time,$Age$at$Injury,$ICU$Length$
of$Stay$and$NISS.$Each!have!separate!plots!of!their!model!predicted!fixed!effectsZ!(A)!
Time,!(B)!Age!at!Injury,!(C)!NISS!and!(D)!ICU!Length!of!Stay.!These!predicted!effects!

are! calculated! for! each! covariate! assuming! all! other! covariates! remain! fixed.! ! Short!

vertical!lines!on!the!xTaxis!represent!distribution!of!occurrences!to!make!up!the!model.!

$

$
!

!
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4.3$ HMGB1$

HMGB1!is!also!released!from!damaged!cells!in!response!to!trauma!and!is!thought!to!

have!a!pivotal!role! in!the! initiation!and!propagation!of! the! inflammatory!response!to!

injury!(436).!HMGB1!results!are!displayed!in!Figure!4.4Z!values!are!given!as!medians!

with! IQR!unless! otherwise! stated.! !HMGB1!was! elevated! at! the! time! of! injury! and!

peaked!in!the!second!week!at!6.7!ng/ml!(range!3.9T10.1!ng/ml). Levels!decreased!over!

the! next! 6! months! but! did! not! return! to! the! normal! range! (<1.4ng/ml).! ! HMGB1!

concentrations!peaked! later! in!older! injured!patients! (day!14)!compared! to!younger!

subjects!(day!10).!Like!mtDNA,!the!median!peak!levels!of!HMGB1!were!higher!in!the!

older!patients!at!9.7!ng/ml!(5.1T12.4!ng/ml)!compared!to!the!young!at!6.7!ng/ml!(3.9T

9.9!ng/ml)!but!this!did!not!reach!significance!(p=0.13).!

From!the!model!output!(Figure!4.5!A),!we!can!infer!that!there!is!strong!evidence!that!

HMGB1!values!initially!increase!over!the!first!7!days!post!injury!before!decreasing!over!

the!next!50!days!and!then!remain!stable.!There!is!strong!evidence!that!log!HMGB1!

concentrations! influence! ICU! length!of!stay! (Figure!4.5!D),!moderate!evidence! that!

HMBG1! increases! with! age! (Figure! 4.5! B),! but! only! weak! evidence! that! HMGB1!

decreases!with!injury!severity!NISS!(Figure!4.5!C).!

!

!
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Figure$4.4.$HMGB1$concentrations$(ng/ml)$in$severely$injured$patients$(NISS>15)$
over$ time.$ (A)! HMBG1! concentrations! (ng/ml)! over! time! in! days,! weeks! (Wk)! and!
months! (M).! (B)! HMBG1! concentrations! (ng/ml)! modelled! over! time! in! days! to! help!

normalise!the!extremely!skewed!data.!(C)!HMBG1!concentrations!(ng/ml)!differentiated!

by!age.!(D)!Modelled!HMBG1concentrations!(ng/ml)!differentiated!by!age.!Raw!data!box!

and!whisker!plots!show!median!and!interquartile!ranges!(A!and!C).!Data!were!modelled!

using!a!mixed!effects!model!that!accounted!for!unbalanced!repeated!measures.!Time!

was! modelledusing! a! 8Tknot! restricted! cubic! spline! (B! and! D).! Modelled! data! are!

represented!by!means!and!95%!confidence!intervals!for!predicted!fixed!effects!of!time.$
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Figure$4.5.$HMBG1$concentration$(ng/ml)$in$injured$adults$over$time$was$modelled$
against$the$covariatesY$Time,$Age$at$Injury,$ICU$Length$of$Stay$and$NISS.$Each!coT
variant!has!separate!plots!of!their!model!against!predicted!fixed!effectsZ!(A)!Time,!(B)!

Age! at! Injury,! (C)! ICU! Length! of! Stay! and! (D)! NISS.! These! predicted! effects! were!

calculated!for!each!covariate!assuming!all!other!covariates!remain!fixed.!!Short!vertical!

lines!on!the!xTaxis!represent!distribution!of!occurrences!to!make!up!the!model.$

!

!

!
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4.4$ Cytokines$ $

The!9Tplex!luminex!assay!gave!results!for!IL1Tβ,!ILT4,!ILT6,!ILT8,!ILT10,!ILT13,!ILT17,!

TNFTα!and!GMTCSF.!The!data!are!presented!in!Figure!4.6.!Only!ILT6,!ILT8!and!ILT10!

showed!uniformly!significant!results,!these!were!modelled!as!described!earlier!and!are!

shown! in!Figure!4.7.! ILT6,! ILT8!and! ILT10!all! show!an! immediately! raised! level! that!

rapidly!falls!after!injury.!The!young!patients!showed!higher!cytokine!levels!compared!

to! the! older! patients! but! due! to!wide! confidence! intervals! failed! to! reach! statistical!

significance.!Older!patients!also!exhibited!a!slightly!increased!level!of!ILT6,!ILT8!and!ILT

10!later!in!their!recovery,!with!ILT6!increasing!slightly!after!4!weeks,!ILT8!from!6!weeks!

until!after!6!months!and!ILT10!between!12T16!weeks.!!

The!data!for!IL1β,!IL4,!IL17,!TNFα!and!GMTCSF!could!not!be!interpreted!further!due!

to!a!large!number!of!undetectable!values!for!cytokine!levels.!!

The!modeled!data!allowed!the!examination!of!ILT6,!ILT8!and!ILT10!with!respect!to!the!

coTvariants!of!Time,!Age!at!Injury,!ICU!LOS!and!NISS!(Figure!4.8,!Figure!4.9!and!!

Figure!4.10).!There!is!strong!evidence!that!ILT6,!ILT8!and!ILT10!values!initially!decrease!

over!time!before!leveling!off!(Figure!4.8)!and!that!ILT6,!ILT8!and!ILT10!levels!decrease!

with!age!(Figure!4.9).!Log!ILT6,!log!ILT8!and!ILT10!had!a!positive!effect!on!ICU!length!

of!stay!(Figure!4.10).!There!was!only!weak!evidence!that!NISS!has!a!positive!influence!

ILT6!and!ILT8.!There!was!no!evidence!to!support!the!effect!of!NISS!on!ILT10!production.!

NISS!correlated!slightly!better!than!ISS!with!early!(<48hours)!ILT6,!R=0.351!(p=0.001)!

and!R=0.339!(p=0.002)!respectively.!With!respect! to! ILT8,! ISS!was!slightly!better!at!

predicting! than! NISS! in! early! levels! of! ILT8,! R=0.330,! (p=0.003)! and! R=0.304!

(p=0.006).!NISS!and!ISS!failed!to!significantly!correlate!with!early!ILT10!levels.!

!



!
!

Page!|!161!
!

$

Figure$4.6:$Temporal$changes$ in$serum$cytokine$concentrations$ in$severely$
injured$ trauma$patients$ (NISS>15).$Log! values! are! displayed! for! ILT6! and! ILT8.!
Where!box!and!whisker!plots!with!median!values!and!IQR!were!not!possible!mean!

values!with!95%!confidence!intervals!are!shown!as!labelled.!

$

!
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Figure$4.7.$Temporal$changes$in$serum$IL_6,$IL_8$and$IL_10$concentrations.$
(A)!Modelled!Log!values!for!ILT6!ILT8!and!ILT10.!!(B)!Modelled!ILT6,!ILT8!and!ILT10!

comparing!young!and!old!patients.!Data!was!modelled!using!a!mixed!effects!model!

that!accounts!for!unbalanced!repeated!measures.!Time!was!modelled!using!a!4T

knot!cubic!spline.!The!predicted!fixed!effects!of!time!are!represented!by!means!and!

95%!confidence!intervals.!

B!A!
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Figure$4.8.$Serum$IL_6$concentrations$modeled$against$the$co_variants:$Time,$
Age$at$Injury,$ICU$Length$of$Stay$and$NISS.$Each!coTvariant!has!separate!plots!
of!their!model!predicted!fixed!effects.!These!predicted!effects!are!calculated!for!each!

covariate!assuming!all!other!covariates!remain!fixed.!Short!vertical! lines!on!the!xT

axis!represent!occurrences!to!make!up!the!model.!

!
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$
Figure$4.9.$Serum$IL_8$modeled$against$the$covariates:$Time,$Age$at$Injury,$ICU$
Length$of$Stay$and$NISS.$Each!coTvariant!has!separate!plots!of!their!model!predicted!
fixed!effects.!These!predicted!effects!were!calculated!for!each!covariate!assuming!all!

other!covariates!remain!fixed.!!Short!vertical!lines!on!the!xTaxis!represent!occurrences!

to!make!up!the!model.$$



!
!

Page!|!165!
!

! !

$

Figure$4.10.$Serum$IL_10$modeled$against$the$covariates:$Time,$Age$at$Injury,$ICU$
Length$of$Stay$and$NISS.$Each!coTvariant!has!separate!plots!of!their!model!predicted!
fixed!effects.!These!predicted!effects!were!calculated!for!each!covariate!assuming!all!

other!covariates!remain!fixed.!Short!vertical!lines!on!the!xTaxis!represent!occurrences!

to!make!up!the!model.!

$

!

!

$



!Page!|!166!

4.5$ Neutrophils$

As!the!most!abundant!leukocyte!in!blood!and!the!first!immune!cell!to!arrive!at!a!site!of!

infection!or!injury,!neutrophils!are!a!key!initial!defence!against!invading!organisms.!The!

ability!of!the!injured!patient!to!fight!infection!can!be!represented!in!part!by!the!ability!of!

their!neutrophils!to!phagocytose!bacteria!and!produce!ROS.!!

4.5.1$ Neutrophil$Count$

The!mean!neutrophil! count! on!Day1!was!10.3! x10T9/l! (+/T5.7)! and!was! significantly!

higher! than! normal! values! (5.0! x10T9/l,! +/T2.5),! (p<0.000001).! The! initial! increased!

counts!were!followed!by!return!to!normal!counts!for!the!rest!of!the!first!week!before!

increasing!again!during!the!second!week.!Neutrophil!counts!returned!to!normal!over!

the!next!6!weeks! (Figure!4.11).!Younger!patients!had!significantly! lower!neutrophil!

counts!on!Day!3!(5.4!x10T9/l,!+/T!2.9),!2!Months!(5.4!x10T9/l,!+/T!2.9)!and!3!Months!(4.3!

x10T9/l,! +/T1.5)! following! injury! compared! to! older! patients! (p<! 0.000001).! ! Normal!

values!are!taken!from!UHB!laboratory!reference!ranges.!

Neutrophil!Superoxide!Production!Superoxide!production!was!measured!in!neutrophils!

while!in!hospital.!The!production!of!superoxide!by!the!neutrophils!of!injured!patients!is!

described!by!a!UTshaped!curve!(Figure!4.12).!Initial!values!were!reduced,!reached!a!

minimum!during! the!second!week!after! injury!and!returned!to!control!values!after!2!

months.! There! were! no! differences! in! the! amount! of! superoxide! produced! (MFI)!

between! younger! and! older! patients! despite! there! being! a! significant! difference!

between!the!young!and!controls!(p<0.0001).!!19!uninjured!adults!(13!young!and!6!old)!

were!sampled!and!analysed!to!act!as!controls.!

!
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$Figure$ 4.11.$ Neutrophil$ count$ from$ injury$ through$ to$ 6$ months$ following$
severe$injury$(NISS>15).$(A)!Raw!data!of!neutrophil!counts.!(B)!Modelled!data!of!
neutrophil!counts.!(C)!Raw!data!of!neutrophil!counts!separated!into!young!and!old!

patients.! (D)! Modelled! data! separated! into! young! and! old! injured! patients.! UHB!

laboratory!normal!ranges!are!shown.!!Median!values!with!IQR!are!represented!by!

box! and! whisker! plots.! Modelled! data! are! represented! by! means! and! 95%!

confidence!intervals.!Data!was!modelled!using!a!nonTlinear!mixed!effects!model!that!

accounts!for!unbalanced!repeated!measures!using!a!5Tknot!cubic!spine.!!

$

!
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Figure$ 4.12.$ Neutrophil$ production$ of$ superoxide$ following$ severe$ injury$ as$
measured$by$PHAGOBURSTTM.$(A)!Neutrophil!superoxide!production!in!patients!that!
survived!with!NISS!>15.!(B)!Neutrophil!superoxide!modelled!using!a!nonTlinear!mixed!

effects!model.!(C)!Neutrophil!superoxide!production!(raw!data)!separated!into!young!

and!old.!(D)!Neutrophil!superoxide!production!modelled!for!young!and!old.!19!adults!

controls! were! measured,! 13! young! and! 6! old.! ! Median! values! with! IQRs! are!

represented!by!box!and!whisker!plots.!ModelTbased!predicted!fixed!effects!of!time!are!

represented! by! means! and! 95%! confidence! intervals.! Data! was! modelled! using! a!

mixed! effects! model! that! accounts! for! unbalanced! repeated! measures.! Time! was!

modelled!using!a!4Tknot!restricted!cubic!spline.!!

!
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4.5.2$ Neutrophil$Phagocytosis$

The!ability!of!neutrophils! to!phagocytose! is! represented!by! the!phagocytic! index,!a!

calculation!of!the!percentage!of!cells!involved!in!phagocytosis!and!the!proportion!of!

bacteria! (Esch.#coli)# that!have!been!engulfed! (Figure!4.13).!The! temporal!profile!of!

neutrophil!phagocytosis!for!injured!patients!followed!a!fluctuating!course.!Initially!the!

levels!were!low!compared!to!data!for!healthy!controls,!improved!over!the!first!week,!

and! decreased! to! reach! the! lowest! level! in! the! second! week! before! increasing! to!

normal! levels!by!4!months.!The! increase! in!phagocytic! index! from! the! lowest!point!

slowed!between!3T4!weeks!before!increasing!again.!

When!phagocytic!index!data!was!separated!in!to!young!and!old!patients,!phagocytic!

index!at!2!weeks!post!injury!was!significantly!lower!in!the!younger!cohort!(p<0.001).!

The!older!patients!results!were!much!more!variable,!with!wider!confidence!intervals!

and!they!did!not!follow!a!consistent!pattern!(Figure!4.13).!!

To!examine!which!parts!of!the!phagocytic!index!were!responsible!for!the!variability!in!

the!older!injured!patients,!the!percentage!of!cells!that!underwent!phagocytosis!and!the!

number!of!bacteria!ingested!per!cell!are!shown!in!Figure!4.14.!The!data!suggest!that!

the! older! injured! person! has! more! variability! in! the! number! of! bacteria! that! their!

neutrophils! can! ingest! but! that! the! pattern! of! the! percentage! of! cells! involved! in!

phagocytosis!is!similar!to!younger!injured!patients.!At!two!weeks,!the!younger!cohort!

had!significantly!lower!%!of!cells!involved!in!phagocytosis!(p=0.006)!and!lower!number!

of!bacteria!ingested!per!cells!(MFIZ!p<0.001).!!
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Figure$ 4.13.$ Phagocytic$ Index$ in$ severely$ injured$ patients$ (NISS>15)$ that$

survived$as$measured$by$PHAGOTESTTM.!Phagocytic!index!in!trauma!patients!that!

survived! with! NISS! >15,! (A)! raw! data! and! (B)! modelled! data.! Phagocytic! Index!

separated!into!young!and!old,!(C)!raw!data!and!(D)!modelled!data.!Median!values!with!

IQRs!are!represented!by!box!and!whisker!plots.!ModelTbased!predicted!fixed!effects!

of!time!are!represented!by!means!and!95%!confidence!intervals.!Data!was!modelled!

using!a!mixed!effects!model!that!accounts!for!unbalanced!repeated!measures.!!Time!

was!modelled!using!a!9Tknot!restricted!cubic!spline.!!
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Figure$ 4.14.$Components$ of$ phagocytic$ index$ separated$ in$ to$ young$ and$old$
cohorts.$PHAGOTESTTM!%!of!cells!ingesting!bacteria!shown!as!(A)!raw!data!and!(B)!
modelled!data.!PHAGOTESTTM!MFI!for!amount!of!bacteria!ingested!shown!as!(C)!raw!

data!and! (D)!modelled!data.!Median!values!with! IQRs!are! represented!by!box!and!

whisker!plots.!ModelTbased!predicted!fixed!effects!of!time!are!represented!by!means!

and!95%!confidence!intervals.!Data!was!modelled!using!a!mixed!effects!model!that!

accounts! for!unbalanced! repeated!measures.!Time!was!modelled!using!an!11Tknot!

cubic!spline.!

$
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4.5.3$ Dual$population$of$Neutrophils$

During! flow!cytometry! analysis! of!PHAGOBURSTTM!and!PHAGOTESTTM!data,! two!

distinct!populations!of!neutrophils!were!noted!in!some!patients!at!some!time!points.!

Flow!cytometry!revealed!a!slightly!larger!and!less!granular!population!of!cells!on!the!

forward!scatter!and!side!scatter!plots!(Figure!4.15).!There!was!a!reduced!ability! for!

these! neutrophils! to! produce! superoxide! as! detected! by! PHAGOBURSTTM! (Figure!

4.16).! This! second! neutrophil! population! also! demonstrated! a! reduced! phagocytic!

ability.!In!one!example!only!29%!of!neutrophils!in!the!second!population!were!able!to!

phagocytose!(reduced!PHAGOTESTTM!%!of!cells)!and!those!that!did!engulfed!a!lower!

number!of!bacteria!(reduced!MFI)!shown!in!Figure!4.17.!!

The!timing!of!the!appearance!of!the!second!population!is!shown!in!Figure!4.18.!Most!

commonly! a! second! population! was! seen! in! the! second! week! after! injury.! The!

presence!of!a!second!population!of!neutrophils!was!seen!in!fortyTsix!(48%)!of!patients.!

The!demographics!of!patients!who!had!a!second!population!are!collated!in!Table!4.1.!

A!predictive!model!was!created!using!logistic!regression!in!SPSS!using!SOFA!(Day1),!

NISS,! ICU!LOS,! infectious!episodes!and!number!of!operations!and! the!strength!of!

prediction!ranked.!In!order!of!significance,!the!number!of!operative!procedures,!SOFA!

score! (Day1)!and! ICU!LOS!were! the! largest! independent!predictors! that!an! injured!

patient! would! demonstrate! a! second! population! of! neutrophils.! Other! significant!

differences!were! that! those!with!a!second!population!were!younger,!more!severely!

injured,!had!more!blood!products!(RBCs!and!FFP)!in!the!first!24!hours!after!injury,!had!

more!infections!and!longer!LOS.!!

!
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$

Figure$4.15.$A$second$population$of$neutrophils$was$observed$in$some$patients$
during$the$neutrophil$analysis.$Forward!Scatter!(FSC)!and!Side!Scatter!(SSC)!reveal!
a!slightly!larger!and!less!granular!population!of!cells.!

$

$

Normal!
Neutrophil!
Population$

Second!
Neutrophil!
Population$
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$
Figure$ 4.16.$ PHAGOBURSTTM$ analysis$ of$ neutrophil$ populations:$ FSC$ and$
SSC$demonstrated$a$second$population$of$cells$that$have$reduced$ability$to$
produce$of$superoxide.!
!
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Figure$ 4.17.$PHAGOTESTTM$ analysis$ demonstrating$ a$ second$population$of$
neutrophils$ with$ a$ reduced$ ability$ to$ phagocytose.$ (A)! Gating! on! the! usual!
population!of!neutrophils!reveals!the!vast!majority!of!cells!were!able!to!phagocytose!

(B).!(C)!When!gating!on!the!second!population,!the!FS!and!SS!plot!reveal!a!slightly!

larger!and!slightly! less!granular!population!of!neutrophils!where!most!of! the!cells!

(71%)!do!not!phagocytose!bacteria!and!those!that!do,!engulf!less!bacteria!(D).$$
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Figure$4.18.$Timing$of$the$appearance$of$a$second$population$of$neutrophils$in$
severely$injured$patients$(NISS>15).$

!

!

! !
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Table$ 4.1.$ Demographics$ of$ severely$ injured$ patients$ in$ whom$ a$ second$
population$was$observed.$$
a! Predictors! used! in! Logistical! Regression! analysis! to! rank! the! independent! strength! of!
association.!

!

To!examine!the!neutrophil!phenotype!by!differential!staining!and!light!microscopy,!a!

whole! blood! smear! was! prepared! and! Giemsa! stained.! The! white! cell! differential!

revealed!a!slightly!increased!number!of!band!cells!(10T20%)!and!metamyelocytes!(1T

2%)!within! the!neutrophil!population.! !Examples!of!blood! films!are!shown! in!Figure!

4.19.!These!proportions!did!not!explain! the! large!number!of!cells!within! the!second!

population.! Further! characterisation! of! the! second! population! of! neutrophils! was!

performed!by!staining!for!cell!surface!antigens.!

! !
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Figure$4.19.$$Examples$of$stained$blood$smears$from$severely$injured$patients$
showing$ (A)$ normal$ neutrophils$ and$ (B)$ band$ neutrophils$ (left$ shifted)$ and$ a$
precursor$granulocyte$(metamyelocyte).$

!!
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4.5.4$ Neutrophil$Surface$Antigens$

CD11b! is! involved! in!numerous!neutrophil! processes! including!adhesion,!migration!

and!phagocytosis!(437)!as!well!as!neutrophil!recognition!of!opsonised!pathogens!and!

complement! activation! (438).! CD14! is! a! coTreceptor! with! TLRT4! that! is! strongly!

expressed!on!monocytes!and!much!more!weakly!on!neutrophils,!a!characteristic!used!

to!differentiate!between!these!cell!types!(331).!CD15!is!involved!in!phagocytosis!and!

chemotaxis!and!is!used!to!identify!neutrophils!(439).!CD33!is!a!myeloid!marker!that!is!

slowly! shed! as! cells! mature.! CD35! is! a! complement! receptor! that! initiates!

degranulation.! CD63! and! CD66b! are! vesicle! membrane! receptors! of! primary! and!

secondary!granules!respectively!that!are!increased!on!the!cell!surface!as!neutrophils!

degranulate.!These!markers!can!also!be!used!to!help!identify!granulocytic!MDSCs!that!

are!CD11b�/CD33+/CD14T/HLADRT/CD15+.!MDSC,!as!mentioned!earlier,!are!variable!

in!their!antigen!expression!and!the!only!strong!identifying!factor!is!their!ability!to!cause!

immune!suppression!in!other!cells!such!as!T!cells!(147).!

A!summary!of!the!antigen!profile!used!to!identify!the!two!neutrophil!populations!seen!

in! trauma! patients! is! shown! in! Table! 4.2.! Examples! of! staining! for! each! of! the!

antibodies! for!CD11b,!CD11b! (active),!CD15,!CD33,!CD63,!CD66b! and!CD35! are!

shown! in! Figures! 4.19T4.22.! Although! the! staining! for! MDSC!was! positive! in! both!

populations,!further!work!in!our! laboratory!found!that!an!increase!in!MDSC!was!not!

seen! in! the!neutrophil!populations!but!was!seen! in! the!monocyte!area!on!FSC!and!

SSC!(J!Hazeldine,!personal!communication).!The!significant!finding!from!the!surface!

antigen!staining!was!that!the!second!population!of!neutrophils!demonstrated!a!reduced!

expression!of!CD11b!and!CD35.!!
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Table$4.2.$Summary$of$antibody$staining$of$severely$ injured$patients$neutrophil$
population.$ Incubation!of!patient!neutrophils!with!antibodies!and!an! isotypeTmatched!
control!to!surface!antigens!was!performed!on!neutrophils!in!an!attempt!to!characterise!

them.!!‘Normal’!represents!the!usual!population!of!neutrophils!and!‘Second’!represents!

the!additional!population!of!neutrophils!seen!on! forward!scatter!and!side!scatter! flow!

cytometry.!!The!results!in!red!show!where!there!are!large!differences!in!the!normal!and!

second!population!of!neutrophils!seen!in!the!surface!staining.!

!

Antigen) Population) MFI) %)of)Stained)Cells) Phenotype)

CD11b) Normal' 3722.68) 68.4) CD11b++)
) Second' 1727.53! 23.9! CD11b+!
CD11b)(active)) Normal' 156852.89' 97.0) CD11b'(active)++)
) Second' 59250.22) 89.0) CD11b'(active)++)
CD15)) Normal' 12033.69) 95.8) CD15++)
) Second' 7774.86) 69.5) CD15++)
CD33) Normal' 1407.19) 79.0) CD33+)
) Second' 2009.54) 89.2) CD33+)
CD63) Normal' 3693.16) 49.4) CD63+)
) Second' 3406.79) 62.1) CD63+)
CD66b) Normal' 124184.19) 99.5) CD66b++)
) Second' 102478.92) 98.3) CD66b++)
CD35) Normal' 59213.26) 99.5) CD35++)
) Second' 17035.7! 38.3! CD35+!

!
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Figure$4.20.$Surface$antigen$staining$for$CD11b$gated$on$the$normal$and$second$
neutrophil$ populations.$ (A)! Neutrophil! gating! on! the! normal! (red)! and! second!
population!(blue)!for!CD11b!(nonTactive).!(B)!CD11b!expression!(MFI)!for!the!normal!

and!second!population!of!the!nonTactive!form.!(C)!Neutrophil!gating!on!the!normal!(red)!

and! second! (blue)! population! for! staining! with! CD11b! (active).! (D)! CD11b! (active)!

expression!(MFI)!for!the!normal!and!second!population!of!the!active!form.!!

!
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Figure$ 4.21.$Surface$ antigen$ staining$ for$CD63$ (azurophilic$ granules)$CD66b$
(specific$ secondary$ granules)$ gated$ on$ the$ normal$ and$ second$ neutrophil$
population.!(A)!Neutrophil!gating!on!the!normal!(red)!and!second!population!(blue)!
for! CD63.! (B)! CD63! expression! (MFI)! for! the! normal! and! second! population! of!

neutrophils.!(C)!Neutrophil!gating!on!the!normal!(red)!and!second!(blue)!population!

for! staining! with! CD66b.! (D)! CD66b! expression! (MFI)! for! the! normal! and! second!

population!of!neutrophils.!!

$

!
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Figure$4.22.$Surface$antigen$staining$for$CD35$gated$on$the$normal$and$second$
neutrophil$ population.$ (A)! Neutrophil! gating! on! the! normal! (red)! and! second!
population! (blue)! for! CD35.! (B)! CD35! expression! (MFI)! for! the! normal! and! second!

population!of!neutrophils.!!

!
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Figure$4.23$Surface$antigen$staining$for$CD15$and$CD33$gated$on$the$normal$
and$second$neutrophil$population.$(A)!Neutrophil!gating!on!the!normal!(red)!and!
second!population!(blue)! for!CD15.!(B)!CD15!expression!(MFI)! for! the!normal!and!

second! population! of! neutrophils.! (C)! Neutrophil! gating! on! the! normal! (red)! and!

second!(blue)!population!for!staining!with!CD33.!(D)!CD33!expression!(MFI)!for!the!

normal!and!second!population!of!neutrophils.$$
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4.6$ Sepsis$and$the$second$neutrophil$population$

One! explanation! for! the! presence! of! a! different! phenotype! of! neutrophils! could! be!

exposure!to!complement!and!bacterial!infection.!Support!for!this!could!be!made!by!the!

timing!of!the!appearance!of!this!phenotype!and!detection!of!infection!in!the!patients.!

The!probability!of!developing!a!second!population!of!neutrophils!peaked!in!the!second!

week! following! injury! in! a! similar!way! to! the!number! of! septic! episodes.!When! the!

cohort!was! separated! into! those!who!had!a! septic! episode!and! those!who!did! not!

during! their! admission,! there! was! an! increased! chance! of! them! having! a! second!

population!of!neutrophils!(Figure!4.24).!

To!investigate!whether!there!was!a!relationship!between!the!diagnosis!of!sepsis!and!

the!appearance!of!a! second!population!of!neutrophils!an!autocorrelation! technique!

was!used.!Time!was!used!as!a!factor!to!see!whether!any!significant!correlation!was!

present.!An!autoTcorrelation!factor!(ACF)!of!0.76!was!found!at!day!8.!In!other!words,!8!

days!after!the!diagnosis!of!sepsis!a!second!population!of!neutrophils!appeared!in!the!

blood!of!severely!injured!patients!(NISS>15)!that!had!survived.!This!was!performed!for!

sepsis! and! the! appearance! of! a! second! population! of! neutrophils! and! is! shown! in!

Figure!4.25.!!

The!diagnosis!of!true!sepsis!appearing!earlier!than!48!hours!after!injury!in!the!study!

could!be!doubted!despite!meeting!diagnosis.!To!examine!this,!the!autocorrelation!was!

repeated!after!removing!the!septic!episodes!that!occurred!in!the!first!48!hours!following!

injury.!An!ACR!of!0.56!was!found!at!day!4,!that!is!when!a!septic!episode!occurred!a!

second!population!of!neutrophils!was!found!4!days!later.!
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Figure$ 4.24.$ (A)$ The$ probability$ of$ a$ severely$ injury$ patient$ (NISS>15)$ that$
survived$demonstrating$a$second$population$of$neutrophils$over$time.$(B)!The!
probability!of!a!second!population!of!neutrophils!separated!into!whether!the!patient!

had!an!episode!of!sepsis!or!not.$
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Figure$4.25.$Autocorrelation$using$Time$with$Septic$episode$and$the$timing$
of$the$appearance$of$a$second$population$of$neutrophils.$(A)!For!all!data!the!
maximum!correlation!occurred!8!days!following!sepsis.!(B)!When!septic!episodes!

from!the!first!48hours!were!removed!the!maximum!correlation!occurred!at!4!days!

following!the!septic!episode.$
! !
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4.7$ Discussion.$

The!ability!to!quantify!DAMPS!and!relate!absolute!levels!to!the!amount!of!cells!damage!

is!an!attractive!concept.!!Xiaoling!Gu!et#al.#was!able!to!show!how!mtDNA!was!related!

to!an!increase!in!post!injury!SIRS!but!could!only!crudely!demonstrate!the!differences!

in!mtDNA! levels! between! the! severely! injured! (ISS>=16)! and! not! severely! injured!

(ISS<16)(440).! ! Others! have! also! positively! correlated! mtDNA! levels! with! injury!

severity! but! only! by! separating! patients! into! mild,! moderate! and! severe! injury!

cohorts(441).!Yamanouchi!and!colleagues!on! the!other!hand!did!correlated!mtDNA!

levels!with!ISS!(R2=0.362)!in!a!study!comparing!infections!in!trauma!and!nonTtrauma!

with!37!trauma!patients!(64).!!Our!study!has!allowed!levels!to!be!followed!over!time!

but! has! only! shown! a! weak! association! with! injury! severity.! ! The! lack! of! strong!

correlation!with! injury! severity! could! be! attributed! to! a!weakness! in! the!way! injury!

severity!scores!characterise!patients!or!a!failure!in!the!detection!of!early!DAMPS!to!

give!the!full!picture!of!tissue!damage.!!Other!factors!that!should!be!considered!are!that!

blood!measurements!after!trauma!can!be!confounded!by!the!halfTlife!of!DAMPS,!blood!

loss,!dilution!and!the!timing!of!samples!not!capturing!the!temporal!changes!in!analytes.!

It!is!interesting!that!the!levels!of!DAMPS!after!trauma!differ!with!age.!!!Itagaki!et#al.!

found!similar!significant!differences!in!mtDNA!levels!between!young!and!old!patients!

that!were!severely!injuredZ!mtDNA!levels!were!higher!in!the!elderly!but!in!their!study!

their! ability! to! produce! NETs! when! stimulated! was! reduced(442).! ! It! is! generally!

accepted!that!the!mitochondrial!DAMPS!initiate!the!inflammatory!response!locally(31)!

and! that! it! is! probably! formyl! peptides! associated! with! the! break! up! of! the!

mitochondrion!that!are!the!initiator!and!that!detection!of!mtDNA!itself! is!a!surrogate!

marker!of!the!quantity!of!mitochondrial!derived!DAMPS!present(432).!



!
!

Page!|!189!
!

The!halfTlife!of!the!various!DAMPS!differs!but!is!generally!longer!than!the!short!acting!

cytokines(443).!!HMGB1!halfTlife!can!range!from!the!17!minutes!to!30!hours!in!serum!

but! the! literature! is!at!odds!as!HMGB1!can!bind!to!other!proinflammatory!cytokines!

and!increase!its!duration!of!action,!as!well!as!the!fact!that!there!are!various!isoforms!

that!may!also!interfere!with!detection!(444).!!To!complicate!matters!further,!while!still!

present! in! the! serum! HMGB1! action! can! be! degraded! by! thrombomodulin! more!

evidence! of! the! link! between! immunity! and! coagulation! (445).! ! Circulating!DNA! in!

young!healthy!volunteers!has!a!halfTlife!of!10T15!minutes!in!the!circulation!it!is!unlikely!

that!mtDNA!would!be!handled!any!differently!in!the!elderly!when!it!is!cleared!by!the!

liver(446,447)!!

The! increased! release! of! DAMPS! in! contrast! to! the! immunesenscense(190)! that!

occurs!with!increasing!age!is!difficult!to!explain.!A!review!of!the!role!of!senescent!cells!

in! ageing! by! van!Deursen! highlights! the! presence! of! ‘aberrant! tissue! architecture’,!

impaired! tissue! regeneration! as! well! as! the! reduced! numbers! of! stem! and! other!

mitotically! active! cells! that! contribute! to! older! diseases! (448).! The! role! of! cellular!

senescence!can!be!advantageous!as!they!help!to!limit!excessive!scaring!during!wound!

repair(449).!There!may!be!a!difference!in!clearance!of!DAMPs!in!the!elderly!but!there!

is!no!evidence! to!suggest! this.! !Another!possibility! is! that!older! injured!cells!do!not!

recover! from! injury! when! cells! are! ischaemic! or! mechanically! injured! as! well! as!

younger!ones.!!The!mechanisms!are!not!clear!but!the!role!of!Nitric!Oxide!(NO)!may!

contribute! as! there! is! a! reduced! bioavailability! and! a! build! up! of!Reactive!Oxygen!

Species(ROS)!during!hypoxia!that!is!increased!in!the!elderly(450,451).!!

The!response!to!injury!can!be!monitored!through!cytokine!production.!!The!classical!

production! of! the! proinflammatory! cytokines! IL6! and! IL8! seen! in! this! study! are!
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consistent!with!the!literature!(452T454).!Contrast!then!the!increase!release!in!DAMPs!

(mtDNA! and! HMGB1)! with! the! reduced! cytokine! production! seen! in! the! elderly!

compared! to! the! young! following! injury.! ! One! might! expect! a! more! exaggerated!

cytokine!response!with!the!significantly!increased!presences!of!DAMPS!observed.!It!

is!likely!is!that!the!immuneTsenescence!seen!in!other!diseases!affecting!old!age!are!

also!seen!here!in!major!trauma(455).!

The! neutrophil! numbers! and! their! response! decrease!with! age! after! injury.! ! In! the!

young,!neutrophil!function!recovered!to!normal!levels!after!4!weeks!during!the!study!

but! the! older! patients! took! much! longerZ! supporting! the! opinion! that! there! is! a!

decreased!ability!for!older!adults!to!fight!infection(456,457).!The!reduced!function!of!

neutrophils!from!older!adults!has!been!also!shown!by!Vanzant!and!colleagues!(458)!

who! describe! the! immuneTsenescence! contributing! to! a! diminished! response! and!

possibly!worse!outcomes.!!In!our!own!laboratory,!older!neutrophils!and!macrophages!

have!been!shown!to!produce!less!superoxide!and!have!reduced!phagocytic!ability!in!

an! elderly! uninjured! population(181)! as! well! as! in! a! elderly! hipTfracture! study!

(412,459,460)! !The! immunesenescence!described! is! in!contrast! to! the!chronic!proT

inflammatory!state!that!is!seen!in!the!elderly!and!contributes!to!many!diseases!such!

and!diabetes!and!cardiovascular!disease!seen!in!old!age(461).!

The! curious! appearance! of! a! second! population! of! neutrophils! with! a! different!

phenotype!during! the! first! 6!weeks! following! severe! injury! lead! to! investigations! to!

ascertain!the!role!of!these!cells.!!In!response!to!infection!or!trauma!a!neutrophillia!is!

often! seen! as! the! marrow! responds! to! the! onTgoing! threat(462).! ! Indeed! when!

observed!macroscopically!an! increase! in!banded!(leftTshifted)!neutrophils!was!seen!

but!this!was!not!to!the!proportions!seen!in!the!second!population!of!neutrophils!and!

did!not!fit!with!a!population!of!cells!that!failed!to!undertake!any!phagocytosis.!!Another!
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idea!was!that!these!neutrophils!were!MDSCs.!!The!MDSC!role!was!first!investigated!

in!its!role!in!tumour!growth!but!a!different!phenotype!was!being!observed!in!trauma!

and! sepsis(463).This! concept!was! initial! encouraging,! the! role! of!MDSCs,! adapted!

granulocytes!and!monocytes!was!being!highlighted!in!the!literature.!Koendermans!et#

al’s! work! in! demonstrating! a! population! of! neutrophils! which! actively! suppress! the!

immune! system! would! fit! with! the! clinical! picture! of! an! exaggerated! inflammatory!

response!seen! in!our!patient!group!(464).! !Attempting!to! identify! these!cells!stills! is!

debated,!the!only!sure!way!is!to!test!their!suppressive!nature!in!vitro(147).!!The!surface!

staining!(CD11b�/CD33+/CD14T/!CD15+)!was!consistent!but!their!proportion!to!standard!

neutrophils!did!not!fit!with!our!findings(146).!!The!location!on!the!forward!scatter!and!

side!scatter!plot!of!the!second!population!of!neutrophils!also!did!not!fit!this!hypothesis!

as!MDSC!appear!within!the!monocyte!area(130).!!!

Further!surface!antigen!testing!of! the!neutrophils!using! labelled!antibodies!and!flow!

cytometry!was!used!to!try!and!identify!their!phenotype.!!CD63!and!CD66b!are!useful!

in!identifying!the!loss!of!granules!for!neutrophils!as!the!antigen!becomes!incorporated!

into!the!surface!cell!membrane(465).!The!second!population!of!neutrophils!did!reveal!

a!strong!expression!of!CD63!and!CD66b!with!the!surface!membrane!but!no!difference!

was!seen!between!the!usual!and!the!second!population!of!neutrophils.!!Similarly!the!

cells! in!the!second!population!of!neutrophils!had!normal!CXCR1!levels!so!were!not!

reverse!migrated! from! tissues(466)! or! activated! neutrophils! (CD11b! active)! distinct!

from!the!normal!neutrophil!population(467).!!Interestingly!though,!surface!staining!did!

revealed!two!markers,!CD11b!and!CD35!that!are!thought!to!be!involved!in!activation!

and!bacterial!opsonisation,!were!downTregulated.!!!Studies!have!shown!up!regulation!

of!CD35!and!CD11b!in!response!to!bacterial!infection.!!!In!a!study!of!135!patients!with!

either! viral! or! bacterial! infection! by! Lilius! et# al.# used! CD64,! CD35! and! CD11b! to!
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differential! bacterial! form! viral! infections! where! a! CRP/CD11b! ratio! was! able! 76%!

sensitivity! and! 80%! specificity! for! the! diagnosis! of! bacterial! over! viral! infection.!!

Conversely! other! groups! have! found! lower! levels! of! neutrophil! surface! markers.!!

Babcock!et#al.#demonstrated! lower!CD16!and!CD11b! in!34!severely!burnt!patients!

related!to!infection!and!lower!CD35!expression!but!not!related!to!infection(468).!!!In!a!

study!from!Finland,!Nuutila!et#al.#used!CRP!and!CD11b!ratio!as!a!predictor!of!sepsis!

and!in!particular!gram!positive!bacterial!infection(469).!!Nuutila!et#al.#go!on!to!suggest!

mechanisms!behind!the!reduced!detection!of!CD11b!is!due!to!binding!of!fibrinogen,!

intercellular! adhesion!molecule! 1,! complement! component!C3bi,!Candida# albicans,!

and!neutrophil! inhibitory! factor.! !Other! suggestions!by!Nuutila!et# al’s! group!of!why!

CD11b!was!low!are!due!to!a!failure!of!degranulation!that!would!also!be!consistent!with!

the!lower!CD35!expression.!!Against!this!is!that!other!markers!of!degranulation!such!

as!CD66! should! also! be! affected.! ! Finally! the! idea! that! the! complement! receptors!

(CD11b!and!CD35)!are!shed!from!the!neutrophil!cell!surface!sometime!after!they!are!

incorporated! in! to! the! cell! surface!membrane!post! degranulation!or! after! activation!

would!explain!the!loss!of!phagocytic!activity!but!loss!of!CD11b!and!CD35!has!not!been!

proved!in!sepsis!before.!!Other!complement!receptors!such!has!C5a!have!been!were!

shown!by!Xu!et#al.#in!a!study!of!34!patients!with!sepsis!via!rapid!internalisation!of!the!

receptor!following!exposure!to!C5a!in!patients!with!infection.!!The!presence!of!different!

neutrophil!receptors!has!been!explored!in!an!attempt!to!differentiate!gram!positive!and!

negative!infections!from!fungi!and!viruses!to!some!extent!but!this!has!not!reached!the!

clinical!environment(136).!

There! is! some!support! for! the! idea! that! the! second!population!of! neutrophils! seen!

during!neutrophil!function!testing!(PhagoTEST!and!PhagoBURST)!may!be!a!surrogate!

marker!of!neutrophil!contact!with!bacteria!or!indeed!exposure!to!sepsis.!!The!patients!
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who!demonstrated!a!second!population!of!neutrophils!were!sicker!with!higher!SOFA!

scores! and! spent! more! time! of! ICU! and! more! operative! procedures.! ! Significant!

differences!are!also!seen!in!the!severity!of!injury!(NISS),!infection,!blood!transfusion!

rates!and!age!that!will!all!have!some!relationship!with!how!severe!the!initial!injury!was,!

where!it!was!and!how!the!patient!responded.!!Previous!exposure!to!infection!would!

explain!why!the!neutrophils!poorly!phagocytose!when!they!were!tested!in!vivo.!!The!

appearance! of! the! second! population! of! neutrophils! in! the! sicker! patients! and!

commonly! during! the! second! week! following! injury! also! supports! this! hypothesis.!!

When!modelling!the!probability!of!the!appearance!of!a!dual!population!and!sepsis!and!

strong!relationship!was!seen.!By!using!an!autocorrelation!technique!an!attempt!was!

made!to!look!at!the!diagnostic!value!of!this!second!population,!suggesting!there!may!

be!a!delay!between!the!start!of!any!infection!and!the!first!appearance!of!the!second!

population!of!neutrophils.! !Exposure! to!complement!particularly!C3b!may!represent!

previous!exposure!of! opsonised!bacteria! and! this! second!population!of! neutrophils!

represent!an!activated!or!primed!neutrophil!that!has!already!functioned.!

The!diagnosis!of!infection!in!the!presence!of!an!onTgoing!SIRS!response!remains!a!

challenge.! In! our! population,! diagnosing! infection!was! confounded! further! because!

many!of!the!injuries!were!accompanied!by!severe!contamination!or! impregnation!of!

material!in!to!the!tissues!from!blast.!!Animal!and!human!excreta!are!used!as!fertiliser!

in!areas!of!Afghanistan!where!IEDs!were!placed!that!produced!severe!blast!injuries!in!

the!military!cohort.!!The!timing!and!presence!of!a!reduced!expression!of!complement!

receptors!that!are!involved!in!phagocytosis!does!hint!at!a!link!with!infection!but!this!is!

unproven!by!this!work.!

! !
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Chapter$5:$ The$Endocrine$Response$to$Severe$
Trauma$
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5.10$ Introduction$

Afferent!somatic!and!autonomic!stimulation!from!the!area!of!injury!has!an!immediate!

affect!on!the!sympathetic!nervous!system!that!in!turn!will! influence!the!immune!and!

endocrine!systems!(223).!!The!immediate!stimulation!of!‘flight!or!fight’!is!followed!by!a!

longer!coTordinated!response!that!not!only!deals!with!immediate!threats!such!as!blood!

loss!but!also!prepares!the!injured!individual!to!repel!foreign!material!and!begins!the!

repair!process!(17).!!The!role!of!the!endocrine!system!specifically!during!this!time!can!

have! profound! effects! for! the! severely! injured! patient,! with! hypermetabolism,!

catabolism,!immune!dysfunction!and!organ!dysfunction!leading!to!critical!illness!and!

even!death!(229,470).!

Adrenaline! and! norTadrenaline! are! released! in! to! the! circulation! but! as! the! stress!

response! continues! cortisol! become!more! important! (471).! The! dominant! catabolic!

drive!allows!substrates!to!be!mobilised!for!repair.!!After!some!time!catabolism!subsides!

and!anabolic!hormones!dominate.!!The!repair!of!injured!tissues!moves!into!stages!of!

remodelling!and!then!maturation.!!The!lost!muscle!and!tissue!is!slowly!replaced!(472).!!!

The!immediate!response!to!injury!has!been!studied!in!detail!but!less!is!known!about!

the!response!in!the!days!and!weeks!that!follow.!!Much!of!the!evidence!comes!from!

elective!surgical!studies!and!also!from!burn!injuries!(473T475).!!This!chapter!focuses!

on!the!adrenal!cortexTderived!hormones!and!their!temporal!changes!that!occur!from!

injury!to!6!months!following!injury.!!The!relationship!of!these!adrenal!hormones!to!the!

immune!system!and!other!outcome!measures!will!then!be!explored.!!!!
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5.1$ Results$

A!cohort!of!young!(age!<50!years!old),!severely!injured!(NISS>15)!males!who!survived!

but! were! not! given! steroids! were! selected! in! an! attempt! to! remove! the! bias! from!

females!and!older! adults!with! coTmorbidities! (Figure!5.1.).! !Sixty! patients,! a!mix!of!

young!military!and!civilian!patients,!with!no!coTmorbidities!that!were!treated!at!the!new!

QE!hospital!from!2011T2012!were!analysed.!!

A!summary!of!the!cohort!demographics,!the!mechanism!of!injury!and!the!distribution!

of!septic!episodes!are!shown!in!(Figure!5.2.)!Median!age!was!27!(24T31),!median!NISS!

was!34!(29T44)!and!their!Day!1!APACHE!was!21!(14T25).!Patients!remained!ventilated!

and!stayed!on!ICU!for!a!median!of!9!days.!Median!length!of!stay!was!36!days!(19T56).!

Improvised!Explosive!Device!(IED)!and!Road!Traffic!Collision!(RTC)!were! the!most!

common!causes!of!injury.!Ten!patients!(17%)!had!an!apparent!septic!episode!in!the!

first!48Thours! following! injury.!TwentyTfive! (42%)!of!patients!had!at! least!one!septic!

episode!and!most!occurred!in!the!2nd!week!following!injury.!

Data!are!displayed!as!medians!with!IQR!unless!stated!otherwise.!!Control!data!were!

generated!from!normal!age!match!volunteersZ!16!were!recruited!for!the!current!study!

and!the!data!from!another!21!was!included!from!a!previous!study!that!was!analysed!

by!Angela!Taylor.!!
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$
!
Figure$ 5.1.$ Subgroup$ Selection$ for$ Analysis.$ $ Sixty! male! survivors! of!
severe! injury! (NISS>15)! under! 50! years! of! age,! who! had! not! been! given!

exogenous!steroids.!

!
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!!

!
Figure$5.2.$Patient$Characteristics:$$Demographics$(A),$Mechanism$of$Injury$(B)$
and$the$distribution$of$Septic$episodes$(C)$for$60$male$survivors$from$severe$
injury$ (NISS>15)$under$50$years$of$age,$who$had$not$been$given$exogenous$
steroids.$
!

! !
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5.2$ Glucocorticoids$

The!glucocorticoid!data!along!with! the! respective!modeling! is! shown! in!Figure!5.3.!

Serum!concentrations!of! the!major!active!glucocorticoid! cortisol! (F)! increased!after!

injury!peaking!at!369!(261.7T521.1)!nmol/l!by!week!4.!There!was!a!difference!between!

the! cortisol! levels! immediately! after! injury! (208,! 132.1T331.8! nmol/l)! and! week! 4!

(p=0.001),!but!no!significant!differences!between!age!matched!controls!and!changes!

in!cortisol!level!1T4!weeks!after!injury.!Serum!concentrations!of!the!inactive!metabolite!

cortisone! (E)! levels!were! lower!after! injury!and! increased! slowly!over! time!but! this!

difference!was!not!significant!(p=0.08).!!The!Cortisol/Cortisone!ratio!(F/E)!peaked!after!

2!weeks!(6.8,!5.5!T!8.2)!and!was!significantly!raised!compared!to!controls!(p<0.0001).!

The!F/E!ratio!returned!to!normal!at!around!6!weeks.!
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Figure$ 5.3.$ Serum$ glucocorticoids$ in$ 60$ male$ survivors$ from$ severe$ injury$
(NISS>15)$under$50$years$of$age,$who$had$not$been$given$exogenous$steroids.$
Serum!cortisol!levels!over!time!–!(A)!raw!data!and!(B)!modelled!data.!!Serum!cortisone!

over!time!–!(C)!raw!data!and!(D)!modelled!data.!!Cortisol/Cortisone!ratio!(F/E)!over!time!

–!(E)!raw!data!and!(F)!modelled!data.!!Raw!data!are!represented!by!box!and!whisker!

plots!showing!median!and!interquartile!ranges.!Data!were!modelled!using!a!nonTlinear!

mixed!effects!model!that!accounts!for!unbalanced!repeated!measures!using!a!4Tknot!

cubic!spine.!Modelled!data!are!reported!as!means!and!95%!confidence!intervals.$
!
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5.3$ Adrenal$Androgen$Precursors$$

The!adrenal!androgen!precursor!results!along!with!the!respective!modeling!are!shown!

in!Figure!5.4.!Dehydroepiandrosterone!(DHEA)!was!very!low!after!injury!(4.9,!2.1T6.6!

nmol/lZ!p<0.0001)!compared! to!controls!but! recovered!3!months!after! injury.!Serum!

dehydroepiandrosterone! sulphate! (DHEAS)! concentrations! were! significantly! lower!

compared! to! controls! at! the! time! of! injury! and! continued! to! decrease! during! the!

following!2!weeks.!DHEAS!levels!were!at!their!lowest!at!week!2!(2.6,!1.5T3.9!μmol/l)!

and! had! not! returned! to! control! values! by! 6! months! (p<0.00001).! Serum!

androstenedione!was! below! the! reference! range! at! the! time! of! injury! (2.8,! 1.8T6.0!

nmol/l)!and!significantly!increased!back!to!the!mid!reference!range!at!2!weeks!after!

injury!(4.2,!2.8T7.7!nmol/lZ!p<0.05!compared!to!baseline!after!injury),!exhibiting!a!much!

faster!recovery!than!serum!DHEA!and!DHEAS.!

The!catabolic/anabolic!ratio!can!be!represented!by!the!proportion!of!adrenal!catabolic!

hormones!to!the!adrenal!anabolic!hormones!as!exemplified!by!the!cortisol!to!DHEA!or!

DHEAS!ratio!or!also!the!ratio!of!active!androgenic!DHEA!over!inactive!DHEA!sulphate!

(DHEA/DHEAS)!that!is!shown!in!Figure!5.5.!The!Cortisol/DHEA!ratio!peaked!in!week!

1! (113,! 41.3T184.3Z! p<0.000001),! plateaued! and! then! decreased! after! week! 4.! No!

difference!was!seen!in!Cortisol/DHEA!ratio!between!the!severely!injured!and!controls!

by! 4!months.! Cortisol/DHEAS! ratio! increased! after! injury! and! peaked! at! 2! weeks!
compared! to! controls! (0.13,! 0.09T0.22Z! p<0.01).! The! Cortisol/DHEAS! ratio! then!

declined!slowly!over!the!study!period!but!did!not!returned!to!the!controls!values!by!6!

months! (0.05,! 0.03T0.08Z! p=0.003).! The! DHEA/DHEAS! ratio! increased! to! 0.0025!

(0.0015T0.0037Z!p=0.001)!by!week!2!compared!to!controls!but!failed!to!return!to!normal!

during!the!study!period.!!!
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Figure$5.4.$$Serum$DHEA,$DHEAS$and$Androstenedione$in$60$male$survivors$
from$severe$injury$(NISS>15)$under$50$years$of$age,$who$had$not$been$given$
exogenous$steroids.$$DHEA!against!time!raw!data!(A)!modelled!data!(B),!DHEAS!
against!time!raw!data!(C)!and!modelled!data!(D),!Androstenedione!raw!data!(E)!and!

modelled!data!(F).!Data!were!modelled!using!a!nonTlinear!mixed!effects!model!that!

accounts!for!unbalanced!repeated!measures!using!a!4Tknot!cubic!spine.!Modelled!

data! is!reported!as!means!and!95%!confidence! intervals.!The!grey!shaded!areas!

represent!the!sexTspecific!reference!ranges.$



!Page!|!204!

!
! !
Figure$ 5.5.$ Serum$ Cortisol:$ DHEA$ ratio,$ Cortisol$ DHEAS$ ratio$ and$
DHEA/DHEAS$ratio$in$60$male$survivors$from$severe$injury$(NISS>15)$under$50$
years$of$age,$who$had$not$been$given$exogenous$steroids.$$Cortisol:!DHEA!ratio!
against!Time!raw!data!(A)!modelled!data!(B),!Cortisol!DHEAS!Ratio!against!Time!

raw!data!(C)!and!modelled!data!(D).!DHEA/DHEAS!ratio!raw!data!(E)!and!modelled!

data!(F).!Data!were!modelled!using!a!nonTlinear!mixed!effects!model!that!accounts!

for! unbalanced! repeated!measures! using! a! 4Tknot! cubic! spine.!Modelled! data! is!

reported!as!means!and!95%!confidence!intervals.$!
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5.4$ Active$Androgens$

The!serum!androgen!testosterone!from!injury!through!to!6!months!is!shown!in!Figure!

5.6.!Testosterone!was!low,!undetectable!in!some!cases,!following!injury!(0.7,!0.2T1.4!

nmol/lZ!p=0.0001).!Testosterone!quickly!increased!after!the!first!week!following!injury!

to!reach!the!aged!matched!reference!range!by!4!weeks.!!Testosterone!remained!within!

aged!matched!reference!range!from!4!weeks!to!6!months!following!injury.!

The!gonadotrophic!response!to!traumatic!injury!was!assessed!through!measuring!the!

luteinising!hormone!(LH)!and!sex!hormoneTbinding!globulin!(SHBG)!is!shown!in!Figure!

5.7!with!serum!testosterone!shown!again!for!comparison.!!!

Serum!LH!was!acutely!suppressed!immediately!after!injury!and!increased!back!to!the!

normal! reference! range! between! injury! (1.2,! 0.5T2.2! U/l)! and! Day! 7! (2.8,! 1.3T5.9,!

p=0.046),!and!between!Day!7!and!Day!14!(7.9,!4.6T12.7,!p=0.002).!!Concentrations!

continued!to!increase!by!Day!28!relative!to!Day!7!(10.3,!6.6T14.1,!p=0.001).!Normal!

range!=1.8T8.2.!!!

Serum! SHBG! concentrations! were! subnormal! immediately! after! injury! (thereby!

increasing!the!fraction!free!testosterone)!and!increased!back!to!the!normal!reference!

range! between! Injury! and! Day! 7! (20.0,! 17.0T24.0,! p=0.001),! and! then! attained! a!

plateau!between!Day!7!and!Day!28.!!Normal!Range!=!15!–!48!nmol/LT!

!
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Figure$5.6.$$Serum$testosterone$concentrations$in$60$male$survivors$after$severe$
injury$(NISS>15)$who$were$not$given$exogenous$steroids.$$Testosterone!levels!over!
time!T!(A)!raw!data!and!(B)!modelled!data.!!Data!were!modelled!using!a!nonTlinear!mixed!

effects!model! that!accounts! for!unbalanced! repeated!measures!using!a!4Tknot! cubic!

spine.!Modelled!data!is!reported!as!means!and!95%!confidence!intervals.!

!



!
!

Page!|!207!
!

!

Figure$ 5.7.$ $ Serum$ testosterone,$ luteinising$ hormone$ (LH)$ and$ Sex$ hormone$
binding$globulin$ (SHBG)$ levels$ in$male,$survivors$after$severe$ injury$ (NISS>15)$
who$were$not$given$steroids.$ $Testosterone!concentration!over! time!–!(A)!raw!data!
and!!(B)!modelled!data.!!LH!–!(C)!raw!data!and!(D)!modelled!data.!!SHBG!over!time!–!

(E)!raw!data!and!(F)!modelled!data.!!LH!and!SHBG!were!only!measured!in!the!military!

cohort.! ! Raw! data! is! represented! by! box! and! whisker! plots! shows! median! and!

interquartile! ranges.!Data!were!modelled!using!a!nonTlinear!mixed!effects!model! that!

accounts!for!unbalanced!repeated!measures!using!a!4Tknot!cubic!spine.$$
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5.5$ In!vivo$catabolic$response$_$Nitrogen$excretion$and$muscle$thickness$

The!effect!of!injury!on!protein!metabolism!was!captured!using!24Thours!urinary!urea!

excretion!and!ultrasound!assessment!of!muscle!thickness!and!is!shown!in!Figure!5.8.!

Mean!urinary!nitrogen!excretion! increased!during!the!first!week!to!peak!at!25.0!(+/T!

16.1)!g/day!after!the!first!week!and!returned!to!below!15!g/day!by!week!4.!The!mean!

maximum!nitrogen!excretion!measured!was!33.0(+/T21.3)!g/day.!!

The!thickness!of!biceps!brachii!muscle!was!found!to!be!the!most!reliable!measureZ!

dressings,! amputations! and! other! wounds! hampered! the! measurements! in! other!

areas.!!Changes!in!biceps!brachii!muscle!thickness!followed!a!UTshaped!curve!from!

injury!that!flattened!after!4!weeks!following!injury!(p=0.001).!The!mean!maximum!loss!

was! 22.7%! (+/T12.5).! During! recovery! from! injury! biceps! brachii! muscle! thickness!

slowly! returned! to! their! first! recorded! values,! no! significant! differences! could! be!

detected!any!more!after!3!months.!!

!

! !

!

!

! !
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Figure$5.8.$Urinary$nitrogen$excretion$and$biceps$brachii$muscle$thickness$in$60$
male$survivors$from$severe$ injury$(NISS>15),$under$50$years$old$who$had$not$
been$given$exogenous$steroids.$$Urinary!Nitrogen!Excretion!(A)!raw!data!and!(B)!
modelled!data.!Ultrasound!thickness!of!biceps!brachii!muscle!thickness!(C)!raw!data!

and!(D)!modelled!data.!Box!and!whisker!plots!are!displayed!as!median!values!with!

IQR.!!Data!were!modelled!using!a!nonTlinear!mixed!effects!model! that!accounts!for!

unbalanced!repeated!measures!using!a!4Tknot!cubic!spine.!Modelled!data!is!reported!

as!means!and!95%!confidence!intervals.!

$
!
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5.6$ Adrenal$steroid$in$relation$to$sepsis$and$organ$failure$

The! relationship! between! sepsis! and! changes! in! the! endocrine! system! are!

summarised!in!Figure!5.9.!!An!autocorrelation!technique!was!used!to!test!whether!time!

influenced! the! correlations! between! variables.! The! cortisol/cortisone! ratio! (F/E)!

showed!a!correlation!with!the!probability!of!sepsis!that!was!the!strongest!at!a!lag!time!

of!6!days!(ACF=!T0.929).!DHEA!and!DHEAS,!and!testosterone!levels!all!showed!strong!

autoTcorrelations!with!the!probability!of!sepsis!at!lag!time!0Z!ACF=T0.852,!0.852!and!

0.969!respectively.!

This!approach!was!also!used!to!interpret!the!SOFA!and!SAPSII!scores!over!4!weeks!

for!patients!admitted!to!ICU!and!they!showed!similar!correlations.!The!probability!of!

SOFA!scaled!data!with!adrenal!steroids!response!are!shown!in!Figure!5.10.!Moderate!

correlation!is!seen!with!SOFA!score!and!F/E!ratio!(ACF=0.566)!at!a!lag!time!of!7!days.!

SOFA!score!strongly!negatively!correlated!with!DHEA!(ACF=!T0.848)!and!testosterone!

(ACF=!T0.786).!Positive!correlations!were!seen!with!SOFA!score!and!DHEAS!(0.901).!!!

The!SAPSII!data!is!not!shown.!

!

!

!
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$

Figure$ 5.9:$ The$ probability$ of$ sepsis$ in$ relation$ to$ endocrine$ response.$ $ The!
probability!of!sepsis!compared!to!serum!(A)!cortisol/cortisone!ratio!(F/E),! (B)!DHEA,!

(C)!DHEAS!and!(D)!testosterone.!Data!were!modelled!using!a!nonTlinear!mixed!effects!

model! that!accounts! for!unbalanced!repeated!measures!using!a!4Tknot!cubic!spine.!

Modelled!data!are!reported!as!means!and!95%!confidence!intervals.!

$
!
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Figure$5.10.$The$relationship$between$probability$of$organ$failure$(SOFA)$
and$endocrine$response.!!The!probability!of!SOFA!compared!to!serum!(A)!
cortisol/cortisone!ratio!(F/E),!(B)!DHEA,!(C)!DHEAS!and!(D)!testosterone.!Data!

were! modelled! using! a! nonTlinear! mixed! effects! model! that! accounts! for!

unbalanced!repeated!measures!using!a!4Tknot!cubic!spine.!Modelled!data!is!

reported!as!means!and!95%!confidence!intervals.!
!

!

!

!
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5.7$ Correlation$of$in!vivo$catabolic$response$and$serum$androgens$

Serum!DHEA!levels,!urinary!nitrogen!excretion!and!biceps!brachii!muscle!thickness!

were!compared!and!the!results!plotted!in!Figure!5.11.!!An!autocorrelation!technique!

revealed!a!maximum!correlation!at!T2!days!although!similar!values!were!observed!to!

+20!days.!!!

As!DHEA!levels!start!to!increase!nitrogen!excretion!peaks!and!then!rapidly!decreases.!!

Biceps!muscle!thickness!decreases!to!reach! its! lowest! level!at!6!weeks!after!which!

DHEA!increases!further!and!muscle!thickness!increases!again.!!DHEA!continues!to!

rise! throughout! the! study! period! in! line!with!muscle! gain.! !Maximum! correlation! of!

Biceps!thickness!to!DHEA!level!was!seen!at!T14!days!with!an!ACF!=!0.79.!

Serum! testosterone! levels,! urinary! nitrogen! excretion! and! biceps! brachii! muscle!

thickness!were!compared!and!the!results!plotted!in!Figure!5.12.!!An!autocorrelation!

technique!revealed!a!maximum!correlation!at!T3!days.!

As! testosterone! levels! start! to! increase! nitrogen! excretion! peaks! and! then! rapidly!

decreases.!!Biceps!muscle!thickness!decreases!to!reach!its!lowest!level!at!6!weeks.!

Testosterone!starts!to!increases!faster!than!DHEA,!a!head!of!increases!biceps!muscle!

thickness.! ! Testosterone! continues! to! rise! throughout! the! study! period! in! line! with!

muscle!gain.!!Maximum!correlation!of!biceps!thickness!to!testosterone!level!was!seen!

at!T20!days!with!an!ACF!=!0.84.!

!

! !
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!
Figure$ 5.11.$ $ The$ relationship$ between$DHEA,$ urinary$ nitrogen$ excretion$ and$
biceps$muscle$thickness$over$time$for$young$(<50),$severely$injured$(NISS>15)$
males$who$had$survived$and$not$been$given$anabolic$steroids.$$Modelled!data!is!
displayed!on!a!scaled!xTaxis!for!(A)!urinary!nitrogen!excretion!and!(C)!biceps!brachii!

muscle!thickness.!!Autocorrelation!date!is!shown!highlighting!the!autocorrelation!factor!

(B)! urinary! nitrogen! excretion! and! (D)! biceps! brachii! thickness.! ! The! data! were!

modelled! using! a! nonTlinear! mixed! effects! model! that! accounts! for! unbalanced!

repeated!measures!using!a!4Tknot!cubic!spine.!Modelled!data!is!reported!as!means!

and!95%!confidence!intervals.!!!

!

!

!

!
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Figure$5.12.$$The$relationship$between$testosterone,$urinary$nitrogen$excretion$
and$ biceps$ muscle$ thickness$ over$ time$ for$ young$ (<50),$ severely$ injured$
(NISS>15)$ males$ who$ had$ survived$ and$ not$ been$ given$ anabolic$ steroids.$$
Modelled!data!is!displayed!on!a!scaled!xTaxis!for!(A)!urinary!nitrogen!excretion!and!

(C)!biceps!brachii!muscle!thickness.!!Autocorrelation!date!is!shown!highlighting!the!

autocorrelation!factor!(B)!urinary!nitrogen!excretion!and!(D)!biceps!brachii!thickness.!!

The!data!were!modelled!using!a!nonTlinear!mixed!effects!model!that!accounts!for!

unbalanced! repeated! measures! using! a! 4Tknot! cubic! spine.! Modelled! data! is!

reported!as!means!and!95%!confidence!intervals.$$$

!
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5.8$ Discussion$

Early!enlightenment!into!the!metabolic!response!to!surgery!and!injury!was!made!by!

Cuthbertson!in!1932!and!then!built!on!by!Moore!who!described!classical!‘ebb!and!flow’!

physiology! relating!muscle! loss! and!altered! nitrogen!balance! (198,199).! The!major!

endocrine!response!to!injury!is!to!produce!catecholamines!and!corticosteroids.!These!

groups! of!molecules! produce! a! shortTterm! and! longTterm! stress! response! that! has!

evolved! to! protect! an! individual! from! life! threatening! injury.! ! As! glycogenolysis,!

gluconeogenesis,!proteolysis!and!lipolysis!dominate!and!protein!anabolism!is!inhibited,!

a!profound!muscle!loss!occurs.!!

Cortisol!is!released!during!the!stress!response!and!can!be!associated!with!the!degree!

of!surgical! insult(229).!!Cortisol! levels!can!vary!indicated!by!the!wide!normal!range,!

diurnal! fluctuations,! protein! binding! and! the! difficulties! in! diagnosing! adrenal!

insufficiency(476).!A!more! consistent!measure! of! stress! response! is! reportedly! the!

Cortisol/Cortisone!ratio!(F/E)!(477)!that!represents!the!activity!of!11�Thydroxysteroid!

dehydrogenase! (11�THSD)! (218).! 11�THSD! type! 1,! the!major! enzyme! activating!

cortisone! to!cortisol,! has!been!shown! to!be!upregulated!systemically!and! locally! in!

response!to!inflammation!in!sepsis!and!trauma!to!dampen!the!inflammatory!response!

and!regulate!excessive!glucocorticoids!(478,479).!!11�THSD!type!1!activity!as!well!as!

its!expression!has!been!shown!to!act!to!increase!intracellular!cortisol!in!immune!cells!

such!as!monocytes!and!macrophages!to!dampen!inflammation(480).!ProTinflammatory!

cytokines!can!also!up!regulate!11�THSD!type!1!activity!in!human!epithelial!cells(481).!

There! is!not!much! in! literature!with! relation! to!11�THSD!activity!and!severe! injury.!!!

There!some!evidence! in! its! role! in! regulating! immune! function! in!burns! (482).! !The!

widespread!use!of!corticosteroids! to!dampen!excessive! inflammation! in!sepsis!and!
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critical!illness!has!fallen!out!of!favour.!Two!metaTanalyses!were!only!able!to!confirm!

reversal!of!shock!but!not!outcomes(300,483).!!The!surviving!sepsis!campaign!looked!

at! over! 17K! patients! in! an! observational! study! and! showed! that! shock! could! be!

reversed!with!corticosteroids!but!that!this!did!not!improve!mortality(302).!

The!glucocorticoids!are!produced!at!the!expense!of!the!sex!steroid!precursor!DHEA!

that!is!low!after!injury.!The!sulphated!form!of!DHEA,!DHEAS!is!initially!maintained!and!

attempts!to!recover!DHEA!levels!via!hydroxysteroid!sulfotransferase!(SULT2A1).!!This!

idea! that! there! is! up! regulation! of! SULT2A1! is! supported! by! the! increased!

DHEA/DHEAS!ratio!that!rises!in!the!first!2!weeks!following!injury!and!remains!above!

controls!for!beyond!the!duration!of!the!study.!!Cortisol/DHEAS!is!increased!in!septic!

shock!and!trauma.!!Arlt!et#al.#found!DHEA!to!be!increased!in!septic!shock,!in!a!study!

of!181!patients!with!septic!shock!and!31!trauma!patients,!while!DHEAS!concurrently!

was! low,! resulting! in!an! increased!serum!DHEA/DHEAS! ratio.! !DHEA!and!DHEAS!

levels!were!found!to!be!low!in!the!trauma!cohort!(484).!!

As!the!F/E!ratio!recovers!to!control!values,!DHEA!levels!increase!and!the!clinical!effect!

is!a!reduction!in!nitrogen!excretion!and!an!increase!in!biceps!brachii!thickness.!This!

reversal!of!catabolism/anabolism!is!represented!by!the!Cortisol/DHEA!ratio!and!mirrors!

the!time!course.!This!change!to!anabolism!is!an!important!outcome!measure!as!it!then!

determines!time!to!recovery.!In!this!study!the!severity!of!injury,!as!presented!by!ISS!

and!NISS!did!not!significantly!change!the!duration!of!catabolism!and!hence!the!timing!

of!the!switch!from!catabolism!to!anabolism.!!

A!correlation!of!DHEA!and!F/E!ratio!to!infection!rate!has!been!shown!in!this!study!but!

the! data! is! unable! to! definitively! prove! a! cause! and! effect! relationship.! Increased!

infection!rate!and!mortality!has!been!previously!associated!with!high!cortisol!and!low!
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DHEA!levels!in!trauma!studies!(459,485T487).!Could!DHEA!be!beneficial!as!an!antiT

glucocorticoid!during!the!inflammation!seen!following!severe!injury?!!As!well!as!having!

anabolic!properties,!DHEA!and!DHEAS!also!have!been!shown!to!be! immunogenic,!

probably! through! direct! and! indirect! action! on! oestrogen! receptors(241,488).!

Hazeldine!et#al.#reviewed!the!role!of!DHEA!and!highlighted!the!mechanism!through!a!

NFTĸB! pathway! in! some! studies(488).! ! Interestingly,! Radford! et# al.#described! how!

DHEAS!can!enhance!the!activity!of!neutrophils!to!increase!superoxide!production!and!

so! enhance! immunity! by! via! a! protein! Kinase!CTβ(489).! ! This! ability! for! DHEA! to!

overcome! the! suppressive! nature! of! cortisol,! that!may! be! detrimental! in! prolonged!

inflammation,!was!shown! in!an!elderly!hipTfracture!study! that!highlights! its!possible!

uses!in!all!traumatic!injuries(459).!DHEA!administration!in!animal!models!has!already!

been!shown!to!be!beneficial!in!trauma!and/or!sepsis.!As!a!prophylactic!agent,!or!during!

treatment,!DHEA!has!been!shown!to!enhance!recovery!and!improve!survival!in!animal!

studies!(490,491).!!!

The!effect!of!severe!injury!on!the!gonadotrophic!axis!has!been!studied!in!the!literature.!

In! traumatic!brain! injury! (TBI),! a! significant!proportion!of!patients!go!on! to!develop!

anterior!pituitary!dysfunction(492).!Another!study!reported!testosterone!suppression!in!

all!of! the!males!patients!within!10!days!of!head!injury(493).! ! In!patients!admitted!to!

critical!care!with!acute!illness!graded!according!to!APACHE!II!score!mean!testosterone!

concentrations! were! lower! on! admission! than! in! controls,! with! testosterone!

concentrations! being! lower! in! those! patients! with! more! severe! illness(235).! More!

recently!Gang!et#al.#reported!low!testosterone!immediately!after!injury!in!a!study!with!

95!patients!who!had!suffered!severe!injury(494).!!While!burns!and!critical!care!studies!

have! shown! a! central! pattern! hypogonadism(235,495)! there! is! not! a! great! deal! of!

evidence.! ! The! current! study! clear! shows! a! central! cause! of! suppression! to! the!
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gonadotrophic!axis.!!!The!most!likely!cause!would!be!a!reduction!in!luteinizingThormone!

releasing!hormone!(LHRH).!!This!is!supported!from!head!injury!data(425).!Other!cause!

could! be! opiates! used! on! ICU! which! are! known! to! induce! a! degree! of! central!

hypogonadism(496).!

Testosterone!may! be! a! biomarker! of! severity! of! injury(221)! although! this! was! not!

supported! by! the! current! study.! ! Androgens! have! important! roles! in! healing,!

erythrocytosis,!maintenance! of! bone! density! and!muscle!mass(346).! The! catabolic!

state!that!occurs!following!trauma!presents!a!significant!challenge,!and!the!uses!of!the!

synthetic!testosterone!analogue,!oxandrolone,!has!already!been!discussed.!

The!chance! to! reduce! the! catabolic!effects!of! the!glucocorticoids!and!enhance! the!

immune!responses!particularly!to!sepsis!using!DHEA!is!attractive.!!Analysing!a!young!

severely! injured! population! has! reduced! the! confounding! effects! that! occur! with!

reducing!levels!of!adrenal!steroids!in!older!age.!!Being!able!to!measure!the!catabolic!

effects!of!severe!injury!and!to!a!lesser!extent!the!incidence!of!infection!could!shape!

the!design!of!a!study!that!would!ameliorate!the!inflammatory!response,!reduce!muscle!

loss!and!enhance!the!ability!to!fight!infection!for!severely!injured!patients!in!the!future.!

! !
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Chapter$6:$ Discussion$_$The$Response$to$Severe$
Injury$
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6.0$ Overview$of$the$SIR$Study$

The!Steroids!and!Immunity!from!Injury!through!to!Rehabilitation!(SIR)!study!examined!

the!immunoendocrine!response!to!severe!injury.!!Young!military!and!young!and!old!

civilian! patients! were! followed! from! the! initial! release! of! DAMPS! following! injury,!

through!the!subsequent!cytokine!storm!and!changes!in!immune!function!and!endocrine!

parameters.! The! temporal! changes! in! immune! function! were! interpreted! against! a!

background! of! onTgoing! inflammation! and! a! profound! stress! response! and! further!

related! to! the! physical! consequences! for! the! patient.! ! More! specifically,! by!

prospectively!following!patients,!the!SIR!Study!was!able!to!monitor!the!development!

of!critical!illness!during!the!catabolic!and!immunocompromised!phases!of!recovery!and!

identify!the!endocrine!changes!that!occurred!during!the!transition!from!catabolism!to!

anabolism.!

6.1$ Stratification$of$patients$and$utility$of$the$injury$severity$score$(ISS)$

Stratifying!the!SIR!study!patients!was!difficult!using!anatomical!based!scoring!systems!

such! as! ISS,!NISS!and! even!TRISS,!which! does! include! physiological! parameters!

(497).!!Despite!the!mechanism!of!injury!in!the!study!patients!ranging!from!a!fall!from!

height!to!the!explosive!power!of!an!IED,!their!ISS!was!similar.!It!was!the!NISS!that!

detected!a!difference!between!injuries!in!young!and!old!patients!and!thus!gave!a!more!

accurate!stratification!of!patients!related!to!injury!severity!and!ultimate!outcome.!The!

military!also!had!a!higher!NISS!than!their!civilian!ageTmatched!counterparts,!due!to!

the!military!sustaining!a!higher!proportion!of!extremity!trauma.!!!

The!time!injured!patients!spent!on!ICU!was!similar!in!all!groups!highlighting!that!the!

older,!less!severely!injured!patients!required!more!time!on!ICU!relative!to!their!injury!

severity!and!that!post!ICU,!the!younger!patients!remained!in!hospital!longer!when!more!
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reconstruction! and! inThospital! rehabilitation! was! needed.! These! variations! are!

confounded!by!the!geographical!location!of!the!patient’s!home!and!the!availability!of!

rehabilitation!services.!The!difficulties!in!patient!stratification!using!the!existing!scoring!

systems! may! also! explain! why! the! correlation! of! injury! severity! with! duration! and!

magnitude! of! catabolism! is! weak.! The! study! did! show! that! on! average! a! severely!

injured!patient!is!catabolic,!and!lost!muscle!for!6!weeks.!That!said,!injury!severity!did!

affect!daily!muscle!loss.!Thus,!across!the!range!of!ISS!(16T75)!muscle!was!lost!at!a!

rate!varying!from!0.2!to!0.8%!muscle!lost!per!day,!however!importantly!the!maximal!

total!loss!was!achieved!between!4!and!6!weeks!irrespective!of!injury!severity!(ISS!16T

75).!!Therefore,!using!catabolism!as!an!outcome!measure!may!be!more!useful!in!the!

development!of!future!scoring!systems.!!The!traditional!outcome!measures!of!using!

MOD/F!and!particularly!mortality,!that!was!low!in!this!study!(8!patients),!are!less!useful.!

Other!studies!have!been!able!to!separate!patients!when!broadly!characterised!under!

mild,! moderate! and! severely! injured! but! direct! correlations! with! outcome! are! not!

strong(170,498).!!New!possibilities!to!predict!mortality!and!MODS!with!combinations!

of!integrins!have!recently!been!investigated!by!Furmaga!et#al.#in!a!trauma!study!of!17!

patients!with!hemorrhagic!shock! (499),!but! these!stratifiers!need!broader! testing! in!

large! patient! cohorts! to! establish! validity.! The! analysis! of! genomics,! via! highT

throughput!microarray!systems,!is!the!latest!stratification!tool.!mRNA!analysis!can!be!

used! to! determine! patterns! of! change! in! gene! expression! following! ! severe! injury,!

termed!the!“genomic!storm”!(500).!Interestingly,!the!problems!being!encountered!with!

genomics!are!similar! to! those!encountered! in! the!current!study,! in! that!using! injury!

severity!scores!to!stratify!patients!is!inadequate.!That!said,!this!approach!can!use!the!

genomic!score!to!predict!worse!outcomes!(501).!
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6.2$ Immunoendocrine$response$to$severe$injury$

The!initial!release!of!DAMPS!as!measured!by!mtDNA!and!HMGB1!appeared!to!occur!

at! the! same! time! as! the! release! of! early! cytokines,! potentially! confirming! current!

thinking!that!they!initiate!the!sterile!inflammatory!response.!!However,!this!study!was!

unable!to!capture!the!pattern!of!DAMP!and!cytokine!release!in!the!minutes!and!hours!

immediately! following! injury.! !By! the! time! the! first!samples!of! the!study!were! taken!

cytokine!levels!and!DAMPs!were!already!increased.!Interestingly!the!antiTinflammatory!

cytokine! ILT10!was! also! raised! in! the! first! samples! after! injury,!which! supports! the!

changing!literature!that!describes!the!release!of!pro!and!antiTinflammatory!mediators!

occurring!simultaneously!after!injury!(170,502).!A!model!encapsulating!the!kinetics!of!

DAMPS!and!cytokine!release,!developed!from!the!SIR!study!data,!is!shown!in!Figure!

6.1.!!By!24!hours!following!injury,!DAMPS!and!cytokines!follow!a!similar!kinetic!pattern.!!

What! is! surprising! is! the! continued! rise! of!mtDNA! and!HMGB1! levels! in! the! days!

following!injury.! !This!may!represent!delayed!clearance!of!DAMPs!or!continued!cell!

necrosis!in!the!injured!tissues,!possibly!due!to!poor!tissue!perfusion!and!hypoxia,!which!

continues!for!days!and!weeks!following!injury.!!!

The! supposition! that! a! SIRS! response! is! followed! directly! by! a! ! CARS! response!

originates!!from!studies!that!have!followed!the!clinical!course!of!sepsis(503),!where!a!

later!immune!suppression!can!hamper!recovery.!!In!trauma!uncomplicated!by!sepsis,!

inflammation!is!not!usually!prolonged!and!recovery!is!shorter.!A!concept!proposed!by!

Gentile! et# al,! characterised! a! ‘Persistent! inflammation,! immunosuppression! and!

catabolism!syndrome!(PICS)’!that!complicates!some!severely!injured!patients!(153).!!

Their!PICS!criteria!cites!ICU>10!days,!high!CRP,!low!lymphocyte!count!and!excessive!

signs! of! catabolism.! The! conundrum! is! how! to! predict!which! patients!will! go! on! to!

develop!sepsis!and!MOD/S.! !The!severity!of! injury!was!used! in! the!past!but! these!
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anatomical! methods! are! now! poor! predictors! of! survival! (431).! ! Another! factor! to!

consider,!as!suggested!by!the!SIR!data,!is!the!magnitude!of!DAMPS!and/or!cytokines!

as! another! potential! predictor! of! outcome(25,504,505),! together! with! degree! of!

catabolic!response!as!discussed!above.!!One!very!recent!paper!suggests!that!the!while!

there!is!an!association!between!outcome!and!mtDNA!level!in!critically!ill!patients!this!

strengthened!by!an!increased!expression!of!TLRT9(506).!!

One!of!the!major!interests!of!the!thesis!was!to!try!and!understand!the!poor!outcomes!

of! the! older! trauma! patient.! The! ageTrelated! differences! in! DAMPs! and! cytokine!

release!seen!in!the!study,!namely!lower!cytokine!levels!and!higher!DAMPs!compared!

with!young!patients,!are!modelled!in!Figure!6.2.!!The!increased!DAMPS!from!the!older!

cohort! may! represent! a! delayed! clearance! of! dead! and! damaged! cells,! it! is! well!

established!that!macrophages!from!older!subjects!do!not!phagocytose!dead!cells!and!

debris!as!efficiently!as!those!from!young!adults(507).!Another!explanation!is!that!cells!

and!tissue!in!the!older!adults!are!less!stress!resistant!and!more!fragile!and!there!is!

certainly!support!for!this!notion!in!the!biogerontology!literature!(508T510).!In!addition,!

the!normal!response!to!DAMPs!is!the!release!of!cytokines!from!macrophages,!dendritic!

and! other! immune! cells! as! well! as! the! endothelial! cells! when! alerted! to! onTgoing!

necrosis.! ! The! reduced! cytokine! release! seen! in! the! older! patients! in! response! to!

increased!DAMPS!may!be!another!consequence!of!the!ageTrelated!decline!in!immune!

responses,! immunosenescence,! also! discussed! earlier.! Certainly! the! ability! of!

macrophages!and!DCs!to!respond!to!TLR!ligands,!many!of!which!also!bind!DAMPs,!is!

reduced!with!age(457).!A!recent!study!from!the!Glue!Grant!project!team!also!found!

lower!cytokine!levels!in!the!elderly.!!Their!large!cohort!study!young!(age!<55,!nv=v1395)!

and!old!(age!≥55,!nv=v533)!revealed!a!unique!‘genomic!storm’!that!was!associated!with!

worse!outcomes!in!the!elderly(458).!Importantly,!differences!in!release!of!DAMPS!and!
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cytokines!observed!with!age!highlights!that!any!model!using!biomarkers!should!include!

age!within!the!algorithm!(442).!!!

Looking!forward!then,!attempts!to!improve!outcomes!for!the!older!trauma!patient!will!

need!to!encompass!approaches!to!enhance!immune!responses.!This!is!now!a!definite!

possibility!as! the! immunosenescence! field! is!now!reporting!pharmacological!agents!

able!to!combat!ageTrelated!immune!decline,!including!inhibitors!of!the!p38!MAP!Kinase!

and!PI3!kinase!pathways!(426,511).!

! !
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Figure$ 6.1.$ $ Pattern$of$DAMPs$and$ cytokine$generation$ following$ injury.$ $The!
model!shows!that!pro!and!antiTinflammatory!cytokines!are!released!at!the!same!time!

and!are!concomitant!with!the!release!of!the!DAMPs!HMGB1!and!mtDNA.!This!model!

is!based!on!the!totality!of!the!SIR!data!for!young!and!older!patients.!

! !
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Figure$6.2.$DAMPs$and$Cytokine$release$with$age.$The!model!depicts!ageTrelated!
differences!in!the!response!to!injury,!showing!reduced!cytokine!generation!per!unit!

DAMP!production!with!age.#

!

!

!!

!

!

!
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Alongside! the! initial! immune! response,!neuronal!and!endocrine!signalling!produces!

catecholamines! and! corticosteroids! in! response! to! tissue! damage! through! direct!

activation! of! efferent! pathways,! as! well! as! early! central! detection! of! inflammatory!

cytokines.! These! groups! of! molecules! produce! a! shortTterm! and! longTterm! stress!

response! that! has!evolved! to!protect! the! individual! from! life! threatening! injury.! !As!

glycogenolysis,! gluconeogenesis,! proteolysis! and! lipolysis! dominate! and! protein!

anabolism! is! inhibited,! a! profound! muscle! loss! occurs.! The! increased! F/E! ratio!

continues!for!several!weeks!until!anabolic!hormones!begin!to!dominate!and!the!stress!

response!subsides.!!Later,!adrenal!based!sex!hormones!and!other!anabolic!hormones!

increase!as!catabolism!is!reversed.!!!

In!the!SIR!study,!it!was!shown!that!injury!severity!has!a!relationship!with!the!magnitude!

and!duration!of!catabolism!(as!measured!by!muscle!and!nitrogen!losses)!as!well!as!

other!factors!such!as!age.!!The!contribution!of!other!coTvariants!such!as!genetics!and!

preTmorbid!condition!were!not!addressed! in! this!study.!As!mentioned!above,! rather!

surprisingly!the!switch!from!catabolism!to!anabolism!seemed!to!occur!after!4T6!weeks,!

irrespective!of!the!degree!of!muscle!loss.!Interventional!paradigms!to!reduce!muscle!

loss!after!injury!may!thus!need!to!aim!to!address!the!rate!of!muscle!loss!rather!than!

the!timing!of!the!return!to!anabolism!as!that!latter!may!turn!out!to!be!harder!to!influence.!

A! model! to! summarise! the! complex! relationship! that! the! immune! and! endocrine!

response! has! on! the! injured! host! is! shown! in! Figure! 6.3.! ! In! the! background! of!

inflammation,!a!reduction!in!immunity!renders!the!host!more!susceptible!to!sepsis!and!

the!consequences!MOD/F.!The!SIR!Study!has!captured!the!high!proportion!of!injured!

patients! that!go!on! to!develop!a!septic!episode.! !The! reduction! in! immune! function!

does!appear!to!correspond!with!the!appearance!of!sepsis.!!It!is!still!to!be!proved!that!
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the! different! phenotype! of! neutrophils,! observed! in! this! study,! which! also! peaked!

around!two!weeks!following!injury!is!related!to!the!onset!of!MOD/F!and/or!sepsis,!or!is!

a! consequence! of! these! outcomes.!An! excess! of! poorly! functioning! or! proTactively!

immune!suppressive!neutrophils!would!certainly!predispose!to!infection.!Alternatively,!

onset!of!sepsis!could!put!increased!pressure!on!the!haemopoietic!system!leading!to!

the!release!of!immature!neutrophils!from!the!bone!marrow!with!compromised!function.!!

Also!relevant!is!the!question!of!whether!sepsis!is!a!consequence!of!MOD/F!or!could!it!

be!that!MOD/F!is!caused!by!the!inflammation!generated!by!the!septic!patient!and/or!

the!activity!of!the!pathogen?!!Hampering!the!investigation!in!to!this!is!the!diagnosis!of!

sepsis!that!still!relies!too!much!on!clinical!suspicion!or!rather!nonTspecific!parameters.!

Improved!biomarkers!for!sepsis!would!make!diagnosis!more!objective.!In!this!respect,!

if! the! frequency!of! immature!neutrophils! is!shown! to!be!associated!with!sepsis! this!

would!provide!a!readily!measured!method!of!diagnosis(512).!This!was!suggested!in!a!

recent!paper!by!Mare!et#al(512,513).!There!are!also!molecular!methods!emerging!that!

have!promising!predictive!power,!in!this!realm!I!would!specifically!list!metabolomics.!

Several! studies! have! analysed! the! metabolic! response! to! injury! and! metabolomic!

analysis!has!been!shown! to!be!able! to!differentiate!between!sterile!and!nonTsterile!

inflammation(233,514).! Although! not! currently! available! for! routine! diagnostics,! the!

method!is!being!adapted!for!bedside!use.!!

!
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Figure$6.3.$$Immunoendocrine$response$following$severe$injury.$$In!combining!the!
immune!and!endocrine!response!the!overall!response!is!shownZ!as!the!immune!function!

improves,!sepsis!and!MOD/F!resolve!and!the!androgenic!drive!dominates!with!improve!

immune!function.!
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6.3$ Therapeutic$options.$

6.3.1$ DAMPS$and$cytokines.$

There!have!been!many!attempts!to!create!an!antiTinflammatory!effect!by!blocking!early!

cytokine!responses!since!the!discovery!of!antiTinflammatory!cytokines.!Many!years!of!

sepsis! trials! have! failed! to! appreciate! the! fine! balance! between! a! pro! and! antiT

inflammatory! responses! and! it! is! thus! not! surprising! that! suppression! of! the!

inflammatory!response!has!not!yet!been!successful!in!turning!promising!animal!work!

into! successful! clinical! treatments(515).! ! DAMPS! operate! through! TLRs! and! so!

logically! blocking! the! relevant! TLRs! and/or! preventing! accumulation! of! the! DAMP!

would!be!efficacious(516).!Mitochondrial! derived!DAMPS!such!at!mtDNA!but!more!

importantly! other! associated! molecules! may! also! be! important! in! initiating!

inflammation(517).! !Piccinini!et# al.# reviewed! this! approach!and! found!a! contrasting!

ability!of!monoTclonal!antibodies!to!HMGB1!to!reduce!inflammation!in!vivo(518,519).!!

Another!study!by!Runkuan!Yang!et#al,!demonstrates!the!value!of!blocking!antiHMGB1!

in!an!animal!model!following!haemorrhage(520)(Runkuan!Yang).The!use!of!blocking!

histones!another!DAMP!has!been!successful! in! the!animal!model! but! yet! to! reach!

clinical! trials! (521).! Lord! et# al.# reviewed! some! of! the! suggested! strategies! for!

ameliorating! the! inflammatory! response(48)! and! highlights! experimental! treatments!

such!as!using!IFNTγ!or! immunoglobulin!has!not!shown!any!benefit!when!evaluating!

infection!rate!or!pneumonia.!!!!Lulong!Bo and!colleagues!in!a!metaTanalysis!reviewed!

GTCSF!and!GMTCSF!for!the!treatment!of!sepsis!and!couldn’t!recommend!it’s!use(522).!!

In!a!review!of!the!proT!and!antiTinflammatory!properties!of!ILT6,!care!was!suggested!

before!attempting!to!block!ILT6!due!to!complex!modes!of!action.!With!all!this!in!mind!if!

one!considers!that!these!processes!may!be!beneficial!to!the!host,!blocking!a!pathway!

in!‘danger!signalling’!may!have!nonTimmune!consequences.!!This!is!exampled!by!an!



!
!

Page!|!233!
!

interesting!paper!by!Yasunori!Shintani!et#al,!who!discovered!that!activation!of!TLRT9!

was!beneficial!to!neurons!and!cardiac!myocytes!as!protective!pathways!allowed!the!

cells!to!operate!in!more!hypoxic!challenging!environments!(523)!.!

That!said,!strategies!that!are!likely!to!be!more!successful!are!using!these!treatments!

in!a!more!stratified!way!in!selected!patients!who!have!been!predicted!to!go!on!to!sepsis!

and!MOD/F.!!This!may!for!example!take!age!in!to!account!and!would!in!this!case!rather!

try! to! promote! a! more! robust! inflammatory! response! rather! than! reducing! it.!

Appreciating!the!whole!system!and!the!vital!role!of!the!neuroTendocrine!system!in!the!

generation!and!maintenance!of!the!inflammatory!response!will!hopefully!anticipate!any!

deleterious!downstream!consequences!of!therapeutic!strategies.!

6.3.2$ Endocrine$balance$$

Reducing!the!physiological!effects!of!inflammation!particularly!the!adrenergic!drive!has!

yielded! success! in! burns! particularly!with! the! use!of! betaTblockade! in! children! and!

adults!(524).With!the!failure!of!trials!like!BALTIT2!(326)!to!show!improved!outcomes!

using!beta!agonist!in!sepsis,!the!focus!has!now!turned!to!see!if!betaTblockade!(525)!

can!ameliorate!the!response!following!sepsis!and!eventually!trauma.!

There!are!limited!data!describing!the!effect!of!major!trauma!on!the!gonadotrophic!axis.!!

Studies! from! traumatic! brain! injury! (TBI)! are! variable! reporting! 9T100%! of! central!

depression(493).! !Testosterone! levels,!be! it!after!surgery! (486),!burns! (236)!or!acute!

severe!illness!fall!within!24!hours.!!The!recovery!of!testosterone!appears!to!relate!to!

the!severity!of! illness!or! injury! (221,494).! !Although! the!current!study!does!show!a!

dramatic!reduction!in!testosterone,!there!was!not!a!strong!relationship!with!severity!of!

injury.!!!!
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The!underlying!mechanism!for!the!pattern!of!central!hypogonadism!observed!in!the!

present!study!is!not!completely!understood.!In!keeping!with!the!evidence!from!head!

injury,!it!would!seem!possible!that!a!reduction!in!hypothalamic!gonadotropinTreleasing!

hormone!(GnRH),!is!the!most!likely!explanation!(526).!However!attempts!to!prove!this!

in!patients!with!prolonged!critical! illness!have!been!unconvincing! (527).!The!use!of!

opiate!analgesia!has!also!been!shown!to! induce!a!degree!of!central!hypogonadism!

(496,528)! although! this! is! unlikely! in! the! current! study! with! opiate! analgesia!

requirements!remaining!high!and!testosterone!returning!to!normal.!

6.3.3$ Androgens.$$$

6.3.3.1$ Testosterone.$

The!implications!of!the!reduction!in!testosterone!concentrations!reported!in!the!present!

study! are! potentially! farTreaching.! Testosterone!may! have! potential! as! a! biological!

marker! of! trauma! severity! and! the! response! to! treatment.! Low! testosterone!

concentrations!may!also!offer!a!therapeutic!target.!Not!only!does!testosterone!have!

important!roles!in!erythrocytosis,!conservation!of!bone!density!and!lean!muscle!mass!

(with! a! direct! anabolic! effect! on! skeletal! muscle),! there! is! some! evidence! that!

androgens!mediate! immune!suppression! following!major! trauma! (529).!Trials!using!

testosterone!antagonists! have! shown! some!benefit! (530,531).! The!advantages!are!

attributed!to!the!blocking!of!androgen!receptors!but!an!indirect!action!of!these!agents!

may!be!to!increase!upTstream!steroids!and!oestradiol!that!in!the!tissues!may!enhance!

immune! response! and! improve! outcomes.! The! synthetic! testosterone! analogue! –!

oxandrolone! –! has! already! been! used!with! a! degree! of! success! in! combating! the!

reduction!in!lean!body!mass!that!occurs!in!severe!burn!injuries!(532).!!Supporting!the!

anabolic!drive!has!yielded!success!in!burns!which!has!now!resulted!in!Oxandrolone,!
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the! testosterone! analogue,! being! considered! ‘Standard! of! Care’! in! severe! burns!

(>30%TBSA)(533).! !Oxandrolone!has!also!been!used! in! two! trauma!studies!whose!

methodology! and! conclusions! were! not! helpful! and! have! already! been! discussed!

(356,357,534).!

6.3.3.2$ DHEA.$$

DHEA! is! the! most! abundant! circulating! steroid! hormone,! a! natural! hormone! of!

downstream!metabolism!and!the!major!secretory!product!of!the!adrenal!gland!(535).!

As!a!sex!hormone!precursor,!DHEA!modulates!many!physiologic!processes!including!

metabolism!and!cardiovascular!function.!!

To!date!there!are!no!clinical!trials!for!the!use!of!DHEA!in!humans!trauma!or!sepsis,!

despite!very!encouraging!results!in!rodent!models!of!sepsis!and!traumatic!injury.!For!

example,! in! mice! after! haemorrhage,! DHEA! supplementation! enhances! immune!

responses!and!reduces!mortality!and!sepsis!(536,537),reduces!hepatic!damage!(538),!

restores!cardiac!dysfunction!(539)and!improves!splenocyte!function!via!direct!T!cell!

stimulation! (540).! In! the! presence! of! bilateral! femoral! fractures! in! mice,! DHEA!

administration!was!associated!with!a!reduced!systemic!inflammatory!response!(541),!

and!reduced!mortality!(542).!There!is!a!suggestion!that!DHEA!is!organ!specific!in!some!

of!it!is!actions!that!was!suggested!by!Litche!et#al.#(541)!and!supported!in!trauma!sepsis!

models!(542).!!DHEA!administration!has!been!found!to!accelerate!wound!healing!in!

hypogonadal!mice! (543).!DHEA!can!also!be!protective! in! soft! tissue! ischaemia! reT

perfusion!injury,!reducing!leucocyte!activation!and!improving!capillary!perfusion!(544).!

When!administered!in!thermal!injury!models!DHEA!has!been!shown!to!exhibit!similar!

properties! to! that! of! the! haemorrhage/ischaemiaZ! normalising! hepatocellular!
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metabolism! (545),! preserving! immune! function,! resisting! infective! episodes! and!

preventing!tissue!destruction!(546T548).!!

There!have!been!a!small!number!of!studies!that!examined!the!use!of!DHEA!for!immune!

function!in!humans.!!In!vaccination,!DHEA!has!been!used!to!augment!seroconversion.!!

Studies!are!conflicting!with!Danenberg!et#al.#and!others!were!unable!to!demonstrate!

any! improvement! in! influenza! vaccine! antibody! titre!when!DHEA!was! given! to! the!

elderly! (549,550).! In! contrast! DHEA! supplementation! in! the! elderly! did! increase!

influenza!vaccine!titres(551).!!A!finding!also!supported!by!Degelau!at!al,!they!attributed!

higher!influenza!titres!to!lower!circulating!DHEAS!(552).!!Human!studies!in!both!sexes!

during! middle! age! have! shown! enhanced! NK! cell! function,! increased! numbers! of!

monocytes! and! stimulate! response! enhanced! response! in! T! and! B! cells(553,554).!!

That!said,!a!study!of!middle!age!men! failed! to!show!any! improvements! in! immune!

function!after!4!weeks(555).!

The!potential!utility!of! !DHEA! to!enhance! immune! function!has!been!suggested!by!

work! in! our! group.!For! example,!we!have!highlighted! that! the!adrenal! response! to!

stress! is! linked! to! reduced! neutrophil! bactericidal! function,! specifically! superoxide!

production!with!the!cortisol:DHEAS!ratio!higher!in!hip!fracture!patients!who!went!on!to!

develop!serious! infections!(459).!Moreover,! treatment!of!neutrophils!with!DHEAS!at!

physiological!levels!was!able!to!enhance!neutrophil!superoxide!generation,!suggesting!

that!it!could!improve!immunity!in!these!patients!(489).!That!DHEA!and!DHEAS!levels!

decline!with!age,!adrenopause,!may!well!contribute!to!poor!outcomes!in!older!patients!

after!injury.!!

The!protective!effects!of!oestrogens!on!immune!cells!and!organ!function!also!highlights!

the! potential! role! of! sex! hormones! in! modulating! trauma! related! immune!
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dysfunction(393T395,556T559).! The! relationship! between! low! DHEA! levels! and!

probability!of!sepsis!supports!the!proposition!that!DHEA!supplementation!might!reduce!

the! incidence!of! infection.!As!an! intervention!DHEA!supplementation!would!support!

early!anabolic!drive!as!well!as!help!the!immune!system!at!a!time!when!it!is!suppressed.!

The!DHEA!sideTeffect!profile! is! low!and! it! is!well! tolerated,!but! its!efficacy! is!much!

debated(560,561).!!

The!early!treatment!with!an!early!sex!steroid!such!as!DHEA!will!have!immunogenic!

properties!as!well!as!supporting!anabolism!with!fewer!sideTeffects!than!pure!anabolic!

agents! such! as! oxandrolone! (378).! The! ratio! of! catabolic! and! anabolic! hormones!

appear!to!contribute!to!muscle!loss!and!increased!risks!of!infection.!Whether!the!direct!

anabolic!effects!of!DHEA!act!to!reduce!muscle!loss!or!the!resultant!reduction!in!the!

inflammation!results!in!less!sepsis/MOD!and!that!that!itself!causes!the!trauma!patient!

to!lose!less!lean!muscle!mass!is!not!known.!However,!it!is!hard!to!avoid!the!possible!

benefits! that! DHEA! supplementation! may! offer! the! severely! injuredZ! reducing!

catabolism,! enhanced! immune! function,! improved! anabolism! that! would! result! in!

shorter!hospital!stays,!quicker!recovery!and!potentially!a!higher!proportion!of!return!to!

independent!living!and!work.!!The!population!that!are!likely!to!yield!the!greatest!benefit!

are!the!older!injuredZ!even!moderate!injuries!are!known!to!have!poorer!outcomes(368).!!

Normal!DHEA!levels!are!in!decline!with!older!adults!and!supplementation!with!DHEA!

in!a!trauma!context!may!prove!extremely!important.!

6.4$ Strengths$and$Limitations$

The! strengths! of! the! study! are! the! good! number! of! young!male! patients! with! noT

comorbidities.!The!inclusion!of!civilian!trauma!patients!allowed!some!translation!across!

the!patient!groups.!The!6!month!follow!up!with!a!reasonable!number!completing!the!
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study! has! allowed! the! temporal! changes! to! be! recorded! with! confidence.! ! The!

additional!sampling! to! that! for!clinical!need!has!allowed! the!study!of! the!endocrine!

profile!over!six!months.!!

The! limitations! of! this! observational! study! are! not! unique,! particularly! the! missing!

values! of! potentially! important! covariates! and! other! unmeasured! but! potentially!

important!confounders!and!effect!modifiers.!!The!population!studied!is!diverseZ!with!a!

wide!variation! in! the!mechanism!of! injury,!age,!occupation!and! the! injured!patient's!

potential! function! reserve.! ! It! is! particularly! important! to! draw!attention! to! the!wide!

distribution!of!age!in!the!civilian!cohort!compared!to!the!young!military!cohort.! !The!

military!patients!also!had!more!rehabilitation!than!their!civilian!counterparts.!!

The! collection! of! 24Thours! urines! relies! heavily! on! the! clinical! staff! and! patients!

accurately!recording!and!including!all!samples!in!the!collection!particularly!later!in!the!

study.!The!measurement!of!muscle!thickness!is!difficult!in!the!clinical!environment!with!

wounds!and!dressings!hampering!measurements.!The!frequency!of!measuring!muscle!

thickness!may!not!have!been!sensitive!enough!to!capture!the!timing!of!protein! loss!

accurately.!

The!study!has!demonstrated!the!current!limitations!in!scoring!methods!used!to!stratify!

the!severely! injured! that!are! largely!designed!to!predict!mortality.! !The!mechanism,!

age!and!coTmorbidities,!all!have!the!potential!to!change!the!response!to!trauma!that!is!

also!complicated!by!a!genetic!response!that! is!partly!hardTwire!and!partly!adaptive.!!

Where!possible!subTgroup!analysis!was!undertaken!to!remove!some!of!the!variability!

to!study!the!ongoing!changes! in!response!over! time.! !The!study!was! limited!by!the!

inability! to!diagnose!accurately! infection! in!patients!with!ongoing!SIRS,!but! current!

clinical!criteria!were!used.!!!!



!
!

Page!|!239!
!

There!were!significant!funding!and!resource!limitations.!!Measures!of!genomic!patterns!

of!change!in!trauma!would!have!added!to!the!scientific!value!but!were!not!possible!due!

to!sample!and!resource!constraints.!!The!metabolomic!pattern!of!change!not!presented!

in!the!thesis!is!still!to!be!analysed.!

6.5$ Future$work.$

6.5.1$ DHEA$Supplementation.$

The!use!of!a!sex!steroid!to!correct!the!balance!of!catabolic/anabolic!drive!and!support!

the!immune!system!is!attractive.!!DHEA!has!been!explored!!in!other!patients!groups!

such! as! rheumatoid! arthritis! (562),! sarcopenia! (563)! and! others(564)! but! not! in! a!

clinical! trauma! studies.! Much! of! the! recent! studies! involving! the! administration! of!

DHEA!have!been!in!the!setting!of!adrenal!insufficiency!that!has!either!been!associated!

with!nonTtrauma!disease!states!or!advancing!age!(565T568).!!The!next!phase!of!work!

would!be!a!pharmokinetic!study!in!a!trauma!cohort!to!establish!the!dosage!of!DHEA!

required! to! restore! serum! levels! of! DHEA,! DHEAS! and! downstream! androgens! in!

severely!injured!patients!back!to!those!observed!in!healthy!ageTmatched!population.!

We!envisage!a!crossTsectional,!open,!single!dose!pharmacokinetic!approach!and!are!

currently!planning!such!a!study.!!

6.5.2$ Diagnosis$of$infection$

The!diagnosis!of!infection!is!still!hampering!researchers!and!clinicians!alike.!We!have!

chosen!to!apply!Bone’s!criteria!of!a!SIRS!response!with!positive!culture.!In!our!cohort!

we!have!a!number!of!blast! injuries!from!Afghanistan.! !Here,!contaminated!debris! is!

driven!deep!into!tissue!and!body!cavities.!It!is!difficult!to!decide!whether!the!positive!
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cultures!from!deep!tissues!and!blood!are!contributing!to!the!SIRS!response.!!We!found!

a! strong! correlation! between! the! adrenal! hormone! temporal! changes! and! the!

probability! of! sepsis.! This! does! not! imply! causality! but! represents! an! endocrine!

environment!that!is!present!when!there!is!an!increased!probability!of!infection.!!!

Metabolomics,!discussed!earlier,! is! the!study!of! the!pattern!of!change!of!metabolic!

products! that! has! been! successful! as! a! prognostic! tool! in! identifying! patients! who!

respond! well! to! treatments! in! inflammatory! conditions! such! as! Rheumatoid!

arthritis(569).!!One!area!of!future!interest!is!using!metabolomics!to!identify!products!of!

metabolism!from!bacteria!and!the!host!response!to!infection!that!may!help!distinguish!

between!sterile!and!nonTsterile!inflammation,!namely!SIRS!and!infection.!This!will!aid!

the!rational!provision!of!antibiotics!and!aid!in!selection!of!patients!for!intervention!trials.!

It!will!also!complement!any!mechanistic!work!that!will!be!needed!in!demonstrating!the!

immune!enhancing!effects!of!DHEA!supplementation!in!severely!injured!patients.!

6.5.3$ Reversal$of$Catabolism$

As!stated!above,!DHEA!supplementation!will!be!an!early!interventional!follow!up!to!this!

study,!with!the!aim!of!not!only!reducing!the!nadir!of!muscle!breakdown!but!perhaps!

also!reducing!the!time!taken!to!return!to!anabolism.!Again!thinking!of!the!older!patient,!

this!approach!may!be!especially!beneficial!but!we!need!to!be!prepared!for!the!need!to!

take!additional!measures.!In!particular!research!in!the!metabolic!physiology!field!has!

shown!that!older!adults!are!more!resistant!to!anabolic!stimuli!from!protein!and!exercise,!

termed! anabolic! resistance! (570).! Thus,! we! may! need! to! combine! DHEA!

supplementation!with!amino!acids!such!as!leucine,!perhaps!via!nutritional!supplements!

already!in!use!in!ICU,!or!exercise.!The!latter!may!need!to!be!through!techniques!such!

as! Electrical! Muscle! Stimulation! as! exercise! is! not! practical! for! many! injured!
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patients(571).!Metabolomics!may!also!be!useful!in!stratifying!trauma!patients!through!

the!use!of!early!identification!of!metabolic!products!that!can!predict!the!clinical!course,!

for! example! catabolism! vs.! anabolism.! Understanding! the! point! where! anabolism!

dominates! will! be! useful! as! an! outcome! measure! in! RCTs! and! as! a! target! of!

intervention.!!

!

! !



!Page!|!242!

References.$
1.! Tauma!ANC,!workshop!T.! Implementing! trauma!systems:!key! issues!for! the!

NHS![Internet].!The!NHS!ConfederationZ!2010!Aug!pp.!1–28.!Available!from:!
http://www.nhsconfed.org/Publications/reports/Pages/ImplementingTtraumaT
systems.aspx!

2.! Office!GBNA.!Major!Trauma!Care!in!England.!The!Stationery!OfficeZ!2010.!1!p.!!

3.! The!top!10!causes!of!death![Internet].!World!Health!Organization.!2011!Jul!pp.!
1–2.!Available!from:!http://who.int/mediacentre/factsheets/fs310/en/index.html!

4.! Op!Herrick!Casualty!Tables!for!Mod!and!DASA!Web.!2014!Feb!14Z:1–1.!!

5.! Blackbourne!LH,!Baer!DG,!Eastridge!BJ,!Butler!FK,!Wenke!JC,!Hale!RG,!et!al.!
Military! medical! revolution:! Military! trauma! system.! Journal! of! Trauma! and!
Acute!Care!Surgery.!2012!DecZ73:S388–94.!!

6.! Blackbourne!LH,!Baer!DG,!Eastridge!BJ,!Kheirabadi!B,!Kragh!JF!Jr.,!Cap!AP,!
et!al.!Military!medical!revolution:!Prehospital!combat!casualty!care.!Journal!of!
Trauma!and!Acute!Care!Surgery.!2012!DecZ73:S372–7.!!

7.! Blackbourne!LH,!Baer!DG,!Eastridge!BJ,!Renz!EM,!Chung!KK,!DuBose!J,!et!
al.!Military!medical!revolution:!Deployed!hospital!and!en!route!care.!Journal!of!
Trauma!and!Acute!Care!Surgery.!2012!DecZ73:S378–87.!!

8.! Zink!KA,!Sambasivan!CN,!Holcomb!JB,!Chisholm!G,!Schreiber!MA.!A!high!ratio!
of!plasma!and!platelets!to!packed!red!blood!cells!in!the!first!6!hours!of!massive!
transfusion! improves! outcomes! in! a! large! multicenter! study.! Am! J! Surg!
[Internet].! Elsevier! IncZ! 2009! May! 1Z197(5):565–70.! Available! from:!
http://www.sciencedirect.com/science/article/pii/S0002961009000750!

9.! Borgman!MA,!Spinella!PC,!Perkins!JG,!Grathwohl!KW,!Repine!T,!Beekley!AC,!
et! al.! The! Ratio! of! Blood! Products! Transfused! Affects!Mortality! in! Patients!
Receiving! Massive! Transfusions! at! a! Combat! Support! Hospital.! J! Trauma.!
2007!OctZ63(4):805–13.!!

10.! CRASHT2!collaborators,!Roberts!I,!Shakur!H,!Afolabi!A,!Brohi!K,!Coats!T,!et!al.!
The! importance! of! early! treatment! with! tranexamic! acid! in! bleeding! trauma!
patients:!an!exploratory!analysis!of!the!CRASHT2!randomised!controlled!trial.!
Lancet.!2011!Mar!26Z377(9771):1096–101–1101.e1–2.!!

11.! Hodgetts!T,!Davies!S,!Russell!R,!McLeod! J.!Benchmarking! the!UK!military!
deployed!trauma!system.!J!R!Army!Med!Corps.!2007Z153(4):237.!!

12.! Hayes!L,!Ryan!J.!An!introduction!to!macrosimulation!and!Hospex.!The!Clinical!
Teacher.!2011!Nov!16Z8(4):222–6.!!

13.! Worral!M,!Towell!E.!Surgeons!win!military!civilian!partnership!award!for!MOST.!
Newsletter!RCSEng.!2010!Oct!26Z:1–2.!!

14.! Bailey!JA,!Morrison!JJ,!Rasmussen!TE.!Military!trauma!system!in!Afghanistan:!



!
!

Page!|!243!
!

lessons!for!civil!systems?!Curr!Opin!Crit!Care.!2013!DecZ19(6):569–77.!!

15.! Brøchner!A,!Toft!P.!Pathophysiology!of! the!systemic! inflammatory!response!
after!major!accidental!trauma.!Scand!J!Trauma!Resusc!Emerg!Med.!BioMed!
Central!LtdZ!2009Z17(1):43.!!

16.! Henry! JA,! Reingold! AL.! Prehospital! trauma! systems! reduce! mortality! in!
developing!countries:!a!systematic!review!and!metaTanalysis.!J!Trauma!Acute!
Care!Surg.!2012!JulZ73(1):261–8.!!

17.! Marik! PE,! Flemmer! M.! The! immune! response! to! surgery! and! trauma:!
Implications!for!treatment.!J!Trauma!Acute!Care!Surg.!2012!OctZ73(4):801–8.!!

18.! Dewar!DC,!Tarrant!SM,!King!KL,!Balogh!ZJ.!Changes!in!the!epidemiology!and!
prediction! of!multipleTorgan! failure! after! injury.! J! Trauma! Acute! Care! Surg.!
2013!MarZ74(3):774–9.!!

19.! Hoover!L,!Bochicchio!GV,!Napolitano!LM,!Joshi!M,!Bochicchio!K,!Meyer!W,!et!
al.! Systemic! inflammatory! response! syndrome! and! nosocomial! infection! in!
trauma.!J!Trauma.!2006!AugZ61(2):310–6–discussion316–7.!!

20.! FCRA! GF,! National! Confidential! Enquiry! into! Patient! Outcome! and! Death.!
Trauma!:!Who!Cares?!2007!Jan!p.!149.!!

21.! Lansley!A.!New!major!trauma!centres!to!save!up!to!600!lives!every!year!T!Press!
Release.!Department!of!Health.!2012!Apr!2Z:1–4.!!

22.! Manchester!University.!Review!of!Major!Trauma!Networks!reveals!increase!in!
patient!survival!rates.!Press!Release!T!Taken!31!Oct!2013.!2013!Jun!25Z:1–2.!!

23.! Hodgetts!TJ,!Mahoney!PF.!Military!preThospital!care:!why!is! it!different?!J!R!
Army!Med!Corps.!2009!Mar!1Z155(1):4–8.!!

24.! Durham!RM,!Moran!JJ,!Mazuski!JE,!Shapiro!MJ,!Baue!AE,!Flint!LM.!Multiple!
organ!failure!in!trauma!patients.!J!Trauma.!2003!Oct!1Z55(4):608–16.!!

25.! Lenz!A,!Franklin!GA,!Cheadle!WG.!Systemic!inflammation!after!trauma.!Injury.!
2007!Dec!1Z38(12):1336–45.!!

26.! Jastrow!KM,!Gonzalez!EA,!McGuire!MF,!Suliburk!JW,!Kozar!RA,!Iyengar!S,!et!
al.!Early!cytokine!production!risk!stratifies!trauma!patients!for!multiple!organ!
failure.!J!Am!Coll!Surg.!Elsevier!IncZ!2009!SepZ209(3):320–31.!!

27.! DeLong!WG,!Born!CT.!Cytokines!in!patients!with!polytrauma.!Clin!Orthop!Relat!
Res.!2004!MayZ(422):57–65.!!

28.! Hietbrink!F,!Koenderman!L,!Althuizen!M,!Leenen!LPH.!Modulation!of!the!innate!
immune! response! after! trauma! visualised! by! a! change! in! functional! PMN!
phenotype.! Injury! [Internet].! 2009! AugZ40(8):851–5.! Available! from:!
http://www.injuryjournal.com/article/S0020T1383(08)00514T7/abstract!

29.! Ni!Choileain!N,!Redmond!HP.!Cell!response!to!surgery.!Arch!Surg.!2006!Nov!



!Page!|!244!

1Z141(11):1132–40.!!

30.! Hauser! CJ,! Sursal! T,! Rodriguez! EK,! Appleton! PT,! Zhang! Q,! Itagaki! K.!
Mitochondrial! Damage! Associated! Molecular! Patterns! From! Femoral!
Reamings!Activate!Neutrophils!Through!Formyl!Peptide!Receptors!and!P44/42!
MAP!Kinase.!J!Orthop!Trauma.!2010!SepZ24(9):534–8.!!

31.! Zhang!Q,!Raoof!M,!Chen!Y,!Sumi!Y,!Sursal!T,!Junger!W,!et!al.!Circulating!
mitochondrial!DAMPs!cause! inflammatory! responses! to! injury.!Nature.!2010!
Mar!4Z464(7285):104–7.!!

32.! Blackbourne! LH.! Combat! damage! control! surgery.! Crit! Care! Med.! 2008!
JulZ36(Suppl):S304–10.!!

33.! Gebhard! F,! HuberTLang! M.! PolytraumaTTpathophysiology! and! management!
principles.!Langenbecks!Arch!Surg.!SpringerTVerlagZ!2008!NovZ393(6):825–31.!!

34.! Clowes!GH,!George!BC,!Villee!CA,!Saravis!CA.!Muscle!proteolysis!induced!by!
a!circulating!peptide!in!patients!with!sepsis!or!trauma.!N!Engl!J!Med.!1983!Mar!
10Z308(10):545–52.!!

35.! Gruther!W,!Benesch!T,!Zorn!C,!PaternostroTSluga!T,!Quittan!M,!FialkaTMoser!
V,!et!al.!Muscle!wasting!in!intensive!care!patients:!ultrasound!observation!of!
the!M.!quadriceps!femoris!muscle!layer.!J!Rehabil!Med.!2008!Mar!1Z40(3):185–
9.!!

36.! Hill! AG,! Hill! GL.!Metabolic! response! to! severe! injury.! Br! J! Surg.! Blackwell!
Science!LtdZ!1998!Jul!1Z85(7):884–90.!!

37.! Wanek!S,!Wolf!SE.!Metabolic!response!to!injury!and!role!of!anabolic!hormones.!
Curr!Opin!Clin!Nutr!Metab!Care.!2007!MayZ10(3):272–7.!!

38.! Pereira!CT,!Murphy!KD.!Altering!metabolism.!Journal!of!Burn!Care!&!….!2005.!!

39.! SCHNYDER! U,! MOERGELI! H,! TRENTZ! O,! Klaghofer! R,! Buddeberg! C.!
Prediction!of!Psychiatric!Morbidity!in!Severely!Injured!Accident!Victims!at!OneT
year!FollowTup.!Am!J!Respir!Crit!Care!Med.!2001!Aug!15Z164(4):653–6.!!

40.! Lenze!EJ,!Munin!MC,!Dew!MA,!Rogers!JC,!Seligman!K,!Mulsant!BH,!et!al.!
Adverse! effects! of! depression! and! cognitive! impairment! on! rehabilitation!
participation!and!recovery!from!hip!fracture.!Int!J!Geriat!Psychiatry.!2004!May!
16Z19(5):472–8.!!

41.! Walburn!J,!Vedhara!K,!Hankins!M,!Rixon!L,!Weinman!J.!Psychological!stress!
and!wound!healing!in!humans:!A!systematic!review!and!metaTanalysis.!Journal!
of!Psychosomatic!Research.!Elsevier!IncZ!2009!Sep!1Z67(3):253–71.!!

42.! Martin!P.!Wound!healingTTaiming!for!perfect!skin!regeneration.!Science.!1997!
Apr!4Z276(5309):75–81.!!

43.! Mackman!N.!The!Role!of!Tissue!Factor!and!Factor!VIIa!in!Hemostasis.!Anesth!
Analg.!2009!MayZ108(5):1447–52.!!



!
!

Page!|!245!
!

44.! Li!J,!Chen!J,!Kirsner!R.!Pathophysiology!of!acute!wound!healing.!Clinics! in!
Dermatology.!2007!JanZ25(1):9–18.!!

45.! Delvaeye!M,!Conway!EM.!Coagulation!and!innate!immune!responses:!can!we!
view!them!separately?!Blood.!2009!Sep!17Z114(12):2367–74.!!

46.! Brinkmann!V,!Reichard!U,!Goosmann!C,!Fauler!B,!Uhlemann!Y,!Weiss!DS,!et!
al.!Neutrophil!extracellular! traps!kill!bacteria.!Science.!American!Association!
for!the!Advancement!of!ScienceZ!2004!Mar!5Z303(5663):1532–5.!!

47.! Rau! JC,! Beaulieu! LM,! Huntington! JA,! Church! FC.! Serpins! in! thrombosis,!
hemostasis!and!fibrinolysis.!J!Thromb!Haemost.!2007!JulZ5!Suppl!1:102–15.!!

48.! Lord! JM,!Midwinter!MJ,! Chen! YTF,! Belli! A,! Brohi! K,! Kovacs! EJ,! et! al.! The!
systemic! immune! response! to! trauma:! an! overview! of! pathophysiology! and!
treatment.!The!Lancet.!2014!OctZ384(9952):1455–65.!!

49.! Maekawa!K,!Futami!S,!Nishida!M,!Terada!T,!Inagawa!H,!Suzuki!S,!et!al.!Effects!
of! trauma!and!sepsis!on!soluble!LTselectin!and!cell!surface!expression!of!LT
selectin!and!CD11b.!J!Trauma.!1998!MarZ44(3):460–8.!!

50.! Wang! WZ,! Fang! XTH,! Stephenson! LL,! Khiabani! KT,! Zamboni! WA.!
Ischemia/reperfusionTinduced!necrosis!and!apoptosis!in!the!cells!isolated!from!
rat!skeletal!muscle.!Journal!of!orthopaedic!research!:!official!publication!of!the!
Orthopaedic! Research! Society.! Wiley! Subscription! Services,! Inc.,! A! Wiley!
CompanyZ!2008!MarZ26(3):351–6.!!

51.! Coates!PJ.!Molecular!Methods!for! the! Identification!of!Apoptosis! in!Tissues.!
Journal!of!Histotechnology.!1994!SepZ17(3):261–7.!!

52.! Kono!H,!Rock!KL.!How!dying!cells!alert!the!immune!system!to!danger.!Nat!Rev!
Immunol.!2008!AprZ8(4):279–89.!!

53.! Rezaei! N.! Therapeutic! targeting! of! patternTrecognition! receptors.! Int!
Immunopharmacol.!2006!JunZ6(6):863–9.!!

54.! Bianchi!ME.!DAMPs,!PAMPs!and!alarmins:!all!we!need!to!know!about!danger.!
J!Leukoc!Biol.!2006!Oct!10Z81(1):1–5.!!

55.! Kono!H,!Rock!KL.!How!dying!cells!alert!the!immune!system!to!danger.!Nat!Rev!
Immunol.!2008!AprZ8(4):279–89.!!

56.! Lee! WL,! Harrison! RE,! Grinstein! S.! Phagocytosis! by! neutrophils.! Microbes!
Infect.!2003!Nov!1Z5(14):1299–306.!!

57.! Ricklin!D,!Hajishengallis!G,!Yang!K,!Lambris!JD.!Complement:!a!key!system!
for! immune! surveillance! and! homeostasis.! Nat! Immunol.! Nature! Publishing!
GroupZ!2010!Sep!1Z11(9):785–97.!!

58.! Chu!AJ.!Blood!coagulation!as!an!intrinsic!pathway!for!proinflammation:!a!mini!
review.!Inflammation!&!AllergyTDrug!Targets!(Formerly!Current!Drug!TargetsT
Inflammation!&!Allergy).!Bentham!Science!PublishersZ!2010Z9(1):32–44.!!



!Page!|!246!

59.! Hwang!PF,!Porterfield!N,!Pannell!D,!Davis!TA,!Elster!EA.!Trauma!is!danger.!J!
Transl!Med.!2011Z9(1):92–2.!!

60.! Janeway!CA.!The!immune!system!evolved!to!discriminate! infectious!nonself!
from!noninfectious!self.!Immunol!Today.!1992!Jan!1Z13(1):11–6.!!

61.! Krysko!DV,!Agostinis!P,!Krysko!O,!Garg!AD,!Bachert!C,!Lambrecht!BN,!et!al.!
Emerging! role! of! damageTassociated! molecular! patterns! derived! from!
mitochondria! in! inflammation.! Trends! Immunol.! Elsevier! LtdZ! 2011! Apr!
1Z32(4):157–64.!!

62.! Gray!MW.!Mitochondrial!evolution.!Cold!Spring!Harbor!Perspectives!in!Biology.!
2012!SepZ4(9):a011403–3.!!

63.! Lo! YM,! Rainer! TH,! Chan! LY,! Hjelm! NM,! Cocks! RA.! Plasma! DNA! as! a!
prognostic!marker!in!trauma!patients.!Clinical!Chemistry.!2000!MarZ46(3):319–
23.!!

64.! Yamanouchi!S,!Kudo!D,!Yamada!M,!Miyagawa!N,!Furukawa!H,!Kushimoto!S.!
Plasma!mitochondrial!DNA!levels!in!patients!with!trauma!and!severe!sepsis:!
Time! course! and! the! association!with! clinical! status.! J!Crit!Care.! 2013! Jun!
18Z28(6):1027–31.!!

65.! Wenceslau!CF,!McCarthy!CG,!Goulopoulou!S,!Szasz!T,!Nesmith!EG,!Webb!
RC.! MitochondrialTderived! NTformyl! peptides:! Novel! links! between! trauma,!
vascular!collapse!and!sepsis.!Med!Hypotheses.!2013!Jul!24Z81(4):532–5.!!

66.! Li!J,!Kokkola!R,!Tabibzadeh!S,!Yang!R,!Ochani!M,!Qiang!X,!et!al.!Structural!
basis!for!the!proinflammatory!cytokine!activity!of!high!mobility!group!box!1.!Mol!
Med.!The!Feinstein!Institute!for!Medical!ResearchZ!2003!JanZ9(1T2):37–45.!!

67.! Wang!H,!Yang!H,!Czura!CJ,!Sama!AE,!Tracey!KJ.!HMGB1!as!a!late!mediator!
of! lethal! systemic! inflammation.! Am! J! Respir! Crit! Care! Med.! 2001! Nov!
15Z164(10!Pt!1):1768–73.!!

68.! Scaffidi! P,!Misteli! T,! Bianchi!ME.! Release! of! chromatin! protein! HMGB1! by!
necrotic!cells!triggers!inflammation.!Nature.!2002!Jul!11Z418(6894):191–5.!!

69.! Andersson! U,! Tracey! KJ.! HMGB1! Is! a! Therapeutic! Target! for! Sterile!
Inflammation!and!Infection.!http://dxdoiorg/101146/annurevTimmunolT030409T
101323.!!Annual!ReviewsZ!2011!Mar!22Z29(1):139–62.!!

70.! RovereTQuerini! P,! Capobianco! A,! Scaffidi! P,! Valentinis! B,! Catalanotti! F,!
Giazzon!M,! et! al.!HMGB1! is! an! endogenous! immune!adjuvant! released! by!
necrotic!cells.!EMBO!Rep.!2004!AugZ5(8):825–30.!!

71.! Bopp!C,!Hofer!S,!Weitz!J,!Bierhaus!A,!Nawroth!PP,!Martin!E,!et!al.!sRAGE!is!
elevated! in!septic!patients!and!associated!with!patients!outcome.!Journal!of!
Surgical!Research.!2008!Jun!1Z147(1):79–83.!!

72.! Ramasamy!R,!Yan!SF,!Schmidt!AM.!RAGE:!therapeutic!target!and!biomarker!
of!the!inflammatory!responseTTthe!evidence!mounts.!J!Leukoc!Biol.!Society!for!



!
!

Page!|!247!
!

Leukocyte!BiologyZ!2009!SepZ86(3):505–12.!!

73.! Yu! M,! Wang! H,! Ding! A,! Golenbock! DT,! Latz! E,! Czura! CJ,! et! al.! HMGB1!
SIGNALS! THROUGH!TOLLTLIKE!RECEPTOR! (TLR)! 4! AND!TLR2.! Shock.!
2006!AugZ26(2):174–9.!!

74.! Kazama! H,! Ricci! JTE,! Herndon! JM,! Hoppe! G,! Green! DR,! Ferguson! TA.!
Induction! of! immunological! tolerance! by! apoptotic! cells! requires! caspaseT
dependent!oxidation!of!highTmobility!group!boxT1!protein.!Immunity.!2008!Jul!
18Z29(1):21–32.!!

75.! Yang!H,!Hreggvidsdottir!HS,!Palmblad!K,!Wang!H,!Ochani!M,!Li! J,!et!al.!A!
critical! cysteine! is! required! for! HMGB1! binding! to! TollTlike! receptor! 4! and!
activation!of!macrophage!cytokine!release.!Proc!Natl!Acad!Sci!USA.!2010!Jun!
29Z107(26):11942–7.!!

76.! Shi!Y,!Evans!JE,!Rock!KL.!Molecular!identification!of!a!danger!signal!that!alerts!
the!immune!system!to!dying!cells.!Nature.!2003!Oct!2Z425(6957):516–21.!!

77.! Dang!X,!Guan!L,!Hu!W,!Du!G,!Li!J.!S100B!ranks!as!a!new!marker!of!multiple!
traumas! in! patients! and! may! accelerate! its! development! by! regulating!
endothelial!cell!dysfunction.!International!journal!of!clinical!….!2014.!!

78.! Song!WY,!Wang!GL,!Chen!LL,!Kim!HS,!Pi!LY,!Holsten!T,!et!al.!A! receptor!
kinaseTlike!protein!encoded!by!the!rice!disease!resistance!gene,!Xa21.!Science.!
1995!Dec!15Z270(5243):1804–6.!!

79.! Goldstein!JLJ,!Ho!YKY,!Basu!SKS,!Brown!MSM.!Binding!site!on!macrophages!
that!mediates! uptake! and! degradation! of! acetylated! low! density! lipoprotein,!
producing!massive!cholesterol!deposition.!Proc!Natl!Acad!Sci!USA.!1979!Jan!
1Z76(1):333–7.!!

80.! Anderson! KV,! Bokla! L,! NüssleinTVolhard! C.! ScienceDirect.com! T! Cell! T!
Establishment!of!dorsalTventral!polarity!in!the!drosophila!embryo:!The!induction!
of!polarity!by!the!Toll!gene!product.!Cell.!1985.!!

81.! Lemaitre! BB,! Nicolas! EE,! Michaut! LL,! Reichhart! JMJ,! Hoffmann! JAJ.! The!
Dorsoventral! Regulatory! Gene! Cassette! spatzle/Toll/cactus! Controls! the!
Potent!Antifungal!Response!in!Drosophila!Adults.!Cell.!1996!Sep!19Z86(6):11–
1.!!

82.! Medzhitov!R,!PrestonTHurlburt!P,! Janeway!CA.!A!human!homologue!of! the!
Drosophila!Toll!protein!signals!activation!of!adaptive!immunity.!Nature.!1997!
Jul!24Z388(6640):394–7.!!

83.! Geijtenbeek! TBH,! Gringhuis! SI.! Signalling! through! CTtype! lectin! receptors:!
shaping!immune!responses.!Nat!Rev!Immunol.!Nature!Publishing!GroupZ!2009!
Jul!1Z9(7):465–79.!!

84.! Dommett!RM,!Klein!N,!Turner!MW.!MannoseTbinding!lectin!in!innate!immunity:!
past,!present!and!future.!Tissue!Antigens.!2006!SepZ68(3):193–209.!!



!Page!|!248!

85.! Matzinger!P.!Tolerance,!danger,!and!the!extended!family.!Annu!Rev!Immunol.!
1994Z12(1):991–1045.!!

86.! Akira!S,! Takeda!K.! TollTlike! receptor! signalling! :! Abstract! :!Nature!Reviews!
Immunology.!Nat!Rev!Immunol.!2004.!!

87.! Doan!T,!Melvold!R,!Viselli!S,!Valtenbaugh!C.!Immunology.!2012.!!

88.! Shi!Z,!Cai!Z,!Sanchez!A,!Zhang!T,!Wen!S,!Wang!J,!et!al.!A!novel!TollTlike!
receptor! that! recognizes! vesicular! stomatitis! virus.! J! Biol! Chem.! American!
Society!for!Biochemistry!and!Molecular!BiologyZ!2011!Feb!11Z286(6):4517–24.!!

89.! Seong! STY,! Matzinger! P.! Hydrophobicity:! an! ancient! damageTassociated!
molecular!pattern!that! initiates! innate! immune!responses.!Nat!Rev!Immunol.!
2004!JunZ4(6):469–78.!!

90.! Murphy!TJ,!Ni!Choileain!N,!Zang!Y,!Mannick! JA,! Lederer! JA.!CD4+CD25+!
regulatory!T!cells!control!innate!immune!reactivity!after!injury.!J!Immunol.!2005!
Mar!1Z174(5):2957–63.!!

91.! Blair! P,! Rex! S,! Vitseva! O,! Beaulieu! L,! Tanriverdi! K,! Chakrabarti! S,! et! al.!
Stimulation! of! TollTLike! Receptor! 2! in! Human! Platelets! Induces! a!
Thromboinflammatory! Response! Through! Activation! of! Phosphoinositide! 3T
Kinase.!Circulation!Research.!2009!Feb!13Z104(3):346–54.!!

92.! Andonegui! G,! Kerfoot! SM,! McNagny! K,! Ebbert! KVJ,! Patel! KD,! Kubes! P.!
Platelets!express!functional!TollTlike!receptorT4.!….!2005.!!

93.! Reino!DC,!Palange!D,!Feketeova!E,!Bonitz!RP,!Xu!DZ,!Lu!Q,!et!al.!Activation!
of!tollTlike!receptor!4!is!necessary!for!trauma!hemorrhagic!shockTinduced!gut!
injury!and!polymorphonuclear!neutrophil!priming.!Shock.!2012!JulZ38(1):107–
14.!!

94.! Darwiche!SS,!Ruan!X,!Hoffman!MK,!Zettel!KR,!Tracy!AP,!Schroeder!LMI,!et!al.!
Selective!roles!for!tollTlike!receptors!2,!4,!and!9!in!systemic!inflammation!and!
immune!dysfunction! following!peripheral! tissue! injury.!J!Trauma!Acute!Care!
Surg.!2013!JunZ74(6):1454–61.!!

95.! Paterson!HM,!Murphy!TJ,!Purcell!EJ,!Shelley!O,!Kriynovich!SJ,!Lien!E,!et!al.!
Injury! primes! the! innate! immune! system! for! enhanced! TollTlike! receptor!
reactivity.!J!Immunol.!2003!Aug!1Z171(3):1473–83.!!

96.! Xiang!M,!Fan!J.!Pattern!recognition!receptorTdependent!mechanisms!of!acute!
lung!injury.!Mol!Med.!2010!JanZ16(1T2):69–82.!!

97.! Gosemann!JH,!van!Griensven!M,!Barkhausen!T,!Kobbe!P,!Thobe!BM,!Haasper!
C,!et!al.!TLR4! influences! the!humoral!and!cellular! immune! response!during!
polymicrobial!sepsis.!Injury.!Elsevier!LtdZ!2010!Oct!1Z41(10):1060–7.!!

98.! Reynolds!JM,!Martinez!GJ.!TollTlike!receptor!4!signaling! in!T!cells!promotes!
autoimmune!inflammation.!2012.!!

99.! Kawai!T,!Akira!S.!The!role!of!patternTrecognition!receptors!in!innate!immunity:!



!
!

Page!|!249!
!

update!on!TollTlike!receptors.!Nat!Immunol.!2010!MayZ11(5):373–84.!!

100.! Yasuda! K,! Yu! P,! Kirschning! CJ,! Schlatter! B,! Schmitz! F,! Heit! A,! et! al.!
Endosomal!translocation!of!vertebrate!DNA!activates!dendritic!cells!via!TLR9T
dependent! and! Tindependent! pathways.! J! Immunol.! 2005! May!
15Z174(10):6129–36.!!

101.! Pillay!J,!Braber!den!I,!Vrisekoop!N,!Kwast!LM,!de!Boer!RJ,!Borghans!JAM,!et!
al.!In!vivo!labeling!with!2H2O!reveals!a!human!neutrophil!lifespan!of!5.4!days.!
Blood.!2010!Jul!29Z116(4):625–7.!!

102.! Simon! SI,! Cherapanov! V,! Nadra! I,! Waddell! TK,! Seo! SM,! Wang! Q,! et! al.!
Signaling!functions!of!LTselectin!in!neutrophils:!alterations!in!the!cytoskeleton!
and! colocalization! with! CD18.! J! Immunol.! Am! Assoc! ImmnolZ!
1999Z163(5):2891–901.!!

103.! Borregaard! N.! Neutrophils,! from! marrow! to! microbes.! Immunity.! 2010! Nov!
24Z33(5):657–70.!!

104.! Mantovani! A,! Cassatella! MA,! Costantini! C,! Jaillon! S.! Neutrophils! in! the!
activation!and!regulation!of!innate!and!adaptive!immunity.!Nat!Rev!Immunol.!
Nature!Publishing!GroupZ!2011!Aug!1Z11(8):519–31.!!

105.! Hietbrink!F,!Koenderman!L,!Rijkers!G,!Leenen!L.!Trauma:!the!role!of!the!innate!
immune!system.!World!journal!of!emergency!surgery!:!WJES.!2006Z1(1):15.!!

106.! Botha!AJ,!Moore!FA,!Moore!EE,!Peterson!VM,!Goode!AW.!Base!deficit!after!
major! trauma! directly! relates! to! neutrophil! CD11! b! expression:! a! proposed!
mechanism! of! shockTinduced! organ! injury.! Intensive! Care! Med.! SpringerT
VerlagZ!1997Z23(5):504–9.!!

107.! Bhatia! RK,! Pallister! I,! Dent! C,! Jones! SA,! Topley! N.! Enhanced! neutrophil!
migratory!activity!following!major!blunt!trauma.!Injury.!2005!AugZ36(8):956–62.!!

108.! Jaillon!S,!Galdiero!MR,!Del!Prete!D,!Cassatella!MA,!Garlanda!C,!Mantovani!A.!
Neutrophils! in! innate! and! adaptive! immunity.! Semin! Immunopathol.! 2013!
JulZ35(4):377–94.!!

109.! Hashiguchi! N,! Chen! Y,! Rusu! C,! Hoyt! DB.!WholeTBlood! Assay! to!Measure!
Oxidative! Burst! and! Degranulation! of! Neutrophils! for! Monitoring! Trauma!
Patients!T!Springer.!Eur!J!Trauma.!2005.!!

110.! Martin!CJ,!Peters!KN,!Behar!SM.!Macrophages!clean!up:!efferocytosis!and!
microbial!control.!Current!Opinion!in!Microbiology.!2014!FebZ17:17–23.!!

111.! Kolaczkowska!E,!Kubes!P.!Neutrophil!recruitment!and!function!in!health!and!
inflammation.! Nat! Rev! Immunol.! Nature! Publishing! GroupZ! 2013!
MarZ13(3):159–75.!!

112.! McKenzie!BS,!Kastelein!RA,!Cua!DJ.!Understanding!the!ILT23TILT17!immune!
pathway.!Trends!Immunol.!2006!JanZ27(1):17–23.!!



!Page!|!250!

113.! Korn!T,!Bettelli!E,!Oukka!M,!Kuchroo!VK.! ILT17!and!Th17!Cells.!Annu!Rev!
Immunol.!2009!AprZ27(1):485–517.!!

114.! Semerad!CL,!Liu!F,!Gregory!AD,!Stumpf!K,!Link!DC.!GTCSF!is!an!essential!
regulator!of!neutrophil!trafficking!from!the!bone!marrow!to!the!blood.!Immunity.!
2002!OctZ17(4):413–23.!!

115.! Mollinedo! F,! MartínTMartín! B,! Calafat! J,! Nabokina! SM,! Lazo! PA.! Role! of!
VesicleTAssociated! Membrane! ProteinT2,! Through! QTSoluble! NT
EthylmaleimideTSensitive! Factor! Attachment! Protein! Receptor/RTSoluble! NT
EthylmaleimideTSensitive!Factor!Attachment!Protein!Receptor! Interaction,! in!
the! Exocytosis! of! Specific! and! Tertiary! Granules! of! Human! Neutrophils.! J!
Immunol.!American!Association!of!ImmunologistsZ!2003!Jan!15Z170(2):1034–
42.!!

116.! Lacy! P.! Mechanisms! of! degranulation! in! neutrophils.! Allergy! Asthma! Clin!
Immunol.!2006.!!

117.! Zhang! XZ,! Paré! PD,! Sandford! AJ.! PMN! degranulation! in! relation! to! CD63!
expression! and! genetic! polymorphisms! in! healthy! individuals! and! COPD!
patients.!Int!J!Mol!Med.!2007!MayZ19(5):817–22.!!

118.! Kuijpers!TW,!Tool!AT,!van!der!Schoot!CE,!Ginsel!LA,!Onderwater!JJ,!Roos!D,!
et!al.!Membrane!surface!antigen!expression!on!neutrophils:!a!reappraisal!of!
the! use! of! surface! markers! for! neutrophil! activation.! Blood.! 1991! Aug!
15Z78(4):1105–11.!!

119.! Sido!B,!Teklote!JTR,!Hartel!M,!Friess!H,!Büchler!MW.!Inflammatory!response!
after!abdominal!surgery.!Best!Practice!&!Research!Clinical!Anaesthesiology.!
2004!SepZ18(3):439–54.!!

120.! WhiteTOwen!C,!Alexander!J,!Babcock!GF.!Reduced!expression!of!neutrophil!
CD11b!and!CD16!after!severe!traumatic!injury.!Journal!of!Surgical!Research.!
1992.!!

121.! Herant! M,! Heinrich! V,! Dembo! M.! Mechanics! of! neutrophil! phagocytosis:!
experiments!and!quantitative!models.!J!Cell!Sci.!The!Company!of!Biologists!
LtdZ!2006!May!1Z119(Pt!9):1903–13.!!

122.! Borregaard! N,! Cowland! JB.! Granules! of! the! human! neutrophilic!
polymorphonuclear!leukocyte.!Blood.!1997!May!15Z89(10):3503–21.!!

123.! Brinkmann!V,!Zychlinsky!A.!Beneficial! suicide:!why!neutrophils!die! to!make!
NETs.!Nat!Rev!Micro.!2007!AugZ5(8):577–82.!!

124.! GROEMPING! Y,! RITTINGER! K.! Activation! and! assembly! of! the! NADPH!
oxidase:!a!structural!perspective.!Biochem!J.!2005!Mar!15Z386(3):401.!!

125.! Nathan!CF.!Neutrophil!activation!on!biological!surfaces.!Massive!secretion!of!
hydrogen!peroxide!in!response!to!products!of!macrophages!and!lymphocytes.!
Journal! of!Clinical! Investigation.! American!Society! for!Clinical! InvestigationZ!
1987!Dec!1Z80(6):1550–60.!!



!
!

Page!|!251!
!

126.! Orr! Y,! Taylor! JM,! Cartland! S,! Bannon! PG,! Geczy! C,! Kritharides! L.!
Conformational! activation! of! CD11b! without! shedding! of! LTselectin! on!
circulating!human!neutrophils.!J!Leukoc!Biol.!2007!NovZ82(5):1115–25.!!

127.! Forbes!SJ,!Rosenthal!N.!Preparing! the!ground! for! tissue! regeneration:! from!
mechanism!to!therapy.!Nature!Medicine.!2014!AugZ20(8):857–69.!!

128.! Pillay!J,!Hietbrink!F,!Koenderman!L,!Leenen!LPH.!The!systemic!inflammatory!
response! induced! by! trauma! is! reflected! by! multiple! phenotypes! of! blood!
neutrophils.!Injury.!2007!Dec!1Z38(12):8–8.!!

129.! Pillay! J,! Ramakers! BP,! Kamp! VM,! Loi! ALT,! Lam! SW,! Hietbrink! F,! et! al.!
Functional!heterogeneity!and!differential!priming!of! circulating!neutrophils! in!
human!experimental!endotoxemia.!J!Leukoc!Biol.!2010!JulZ88(1):211–20.!!

130.! Galli!SJ,!Borregaard!N,!Wynn!TA.!Phenotypic!and!functional!plasticity!of!cells!
of! innate! immunity:!macrophages,!mast!cells!and!neutrophils.!Nat! Immunol.!
Nature!Publishing!GroupZ!2011!Nov!1Z12(11):1035–44.!!

131.! Dovi! JV,! Szpaderska! AM,! DiPietro! LA.! Neutrophil! function! in! the! healing!
wound:!adding!insult!to!injury?!THROMBOSIS!AND!….!2004.!!

132.! Condliffe! AM,! Chilvers! ER,! Haslett! C,! Dransfield! I.! Priming! differentially!
regulates! neutrophil! adhesion! molecule! expression/function.! Immunology.!
Blackwell!Science!LtdZ!1996!Sep!1Z89(1):105–11.!!

133.! Pascual!M,!Duchosal!MA,!Steiger!G,!Giostra!E,!Pechère!A,!Paccaud!JP,!et!al.!
Circulating!soluble!CR1!(CD35).!Serum!levels!in!diseases!and!evidence!for!its!
release!by!human!leukocytes.!J!Immunol.!1993!Aug!1Z151(3):1702–11.!!

134.! Danielsson! C,! Pascual! M,! French! L,! Steiger! G,! Schifferli! JA.! Soluble!
complement! receptor! type!1! (CD35)! is! released! from! leukocytes!by!surface!
cleavage.!Eur!J!Immunol.!1994!NovZ24(11):2725–31.!!

135.! Holers!VM,!Chaplin!DD,!Leykam!JF,!Gruner!BA,!Kumar!V,!Atkinson!JP.!Human!
complement!C3b/C4b!receptor!(CR1)!mRNA!polymorphism!that!correlates!with!
the!CR1!allelic!molecular!weight!polymorphism.!Proc!Natl!Acad!Sci!USA.!1987!
AprZ84(8):2459–63.!!

136.! Lilius!ETM,!Nuutila!J.!Bacterial!infections,!DNA!virus!infections,!and!RNA!virus!
infections! manifest! differently! in! neutrophil! receptor! expression.!
ScientificWorldJournal.!2012Z2012:527347.!!

137.! Deree! J,! Lall! R,! Melbostad! H,! Grant! M,! Hoyt! DB,! Coimbra! R.! Neutrophil!
degranulation! and! the! effects! of! phosphodiesterase! inhibition.! Journal! of!
Surgical!Research.!2006!Jun!1Z133(1):22–8.!!

138.! Nathan!C.!Neutrophils!and! immunity:!challenges!and!opportunities.!Nat!Rev!
Immunol.!2006!Feb!17Z6(3):173–82.!!

139.! Serhan!CN.!Novel!omega!TT!3Tderived!local!mediators!in!antiTinflammation!and!



!Page!|!252!

resolution.!Pharmacol!Ther.!2005!JanZ105(1):7–21.!!

140.! Tsirogianni! AK,! Moutsopoulos! NM,! Moutsopoulos! HM.! Wound! healing:!
immunological!aspects.!Injury.!2006!AprZ37!Suppl!1(1):S5–12.!!

141.! Drifte! G,! DunnTSiegrist! I,! Tissières! P,! Pugin! J.! Innate! immune! functions! of!
immature!neutrophils!in!patients!with!sepsis!and!severe!systemic!inflammatory!
response!syndrome.!Crit!Care!Med.!2013!MarZ41(3):820–32.!!

142.! Pillay!J,!Tak!T,!Kamp!VM,!Koenderman!L.!Immune!suppression!by!neutrophils!
and!granulocytic!myeloidTderived!suppressor!cells:!similarities!and!differences.!
Cell!Mol!Life!Sci.!2013!OctZ70(20):3813–27.!!

143.! Koenderman!L,!Buurman!W,!Daha!MR.!The!innate!immune!response.!Immunol!
Lett.!2014!DecZ162(2!Pt!B):95–102.!!

144.! Makarenkova!VP,!Bansal!V,!Matta!BM,!Perez!LA,!Ochoa!JB.!CD11b+/GrT1+!
myeloid! suppressor! cells! cause! T! cell! dysfunction! after! traumatic! stress.! J!
Immunol.!American!Association!of!ImmunologistsZ!2006!Feb!15Z176(4):2085–
94.!!

145.! Noel!JG,!Guo!X,!WellsTByrum!D,!Schwemberger!S,!Caldwell!CC,!Ogle!CK.!
Effect!of!thermal!injury!on!splenic!myelopoiesis.!Shock.!2005!FebZ23(2):115–
22.!!

146.! Peranzoni!E,!Zilio!S,!Marigo!I,!Dolcetti!L,!Zanovello!P,!Mandruzzato!S,!et!al.!
MyeloidTderived!suppressor!cell!heterogeneity!and!subset!definition.!Curr!Opin!
Immunol.!2010!AprZ22(2):238–44.!!

147.! Bronte!V.!MyeloidTderived! suppressor! cells! in! inflammation:! uncovering! cell!
subsets!with!enhanced!immunosuppressive!functions.!Eur!J!Immunol.!WILEY-
VCH!VerlagZ!2009!OctZ39(10):2670–2.!!

148.! Delano!MJ,!Scumpia!PO,!Weinstein!JS,!Coco!D,!Nagaraj!S,!KellyTScumpia!KM,!
et! al.! MyD88Tdependent! expansion! of! an! immature! GRT1(+)CD11b(+)!
population! induces!T!cell!suppression!and!Th2!polarization! in!sepsis.!J!Exp!
Med.!Rockefeller!Univ!PressZ!2007!Jun!11Z204(6):1463–74.!!

149.! Gruen! RL,! Brohi! K,! Schreiber! M,! Balogh! ZJ,! Pitt! V,! Narayan! M,! et! al.!
Haemorrhage! control! in! severely! injured! patients.! Lancet.! 2012! Sep!
22Z380(9847):1099–108.!!

150.! Sessler!CN,!Wilhelm!W.!Analgesia!and!sedation!in!the!intensive!care!unit:!an!
overview!of!the!issues.!Crit!Care.!BioMed!Central!LtdZ!2008Z12!Suppl!3(Suppl!
3):S1.!!

151.! Ren!K,!Torres!R.!Role!of! interleukinT1β!during!pain!and! inflammation.!Brain!
Research!Reviews.!2009!AprZ60(1):57–64.!!

152.! Kurosawa!S,!Kato!M.!Anesthetics,! immune!cells,!and! immune! responses.!J!
Anesth.!Springer!JapanZ!2008Z22(3):263–77.!!



!
!

Page!|!253!
!

153.! Gentile! LF,! Cuenca! AG,! Efron! PA,! Ang! D,! Bihorac! A,! McKinley! BA,! et! al.!
Persistent!inflammation!and!immunosuppression.!Journal!of!Trauma!and!Acute!
Care!Surgery.!2012!JunZ72(6):1491–501.!!

154.! Sallusto! F,! Lanzavecchia! A,! Mackay! CR.! Chemokines! and! chemokine!
receptors!in!TTcell!priming!and!Th1/Th2Tmediated!responses.!Immunol!Today.!
1998!DecZ19(12):568–74.!!

155.! Arango! Duque! G,! Descoteaux! A.! Macrophage! cytokines:! involvement! in!
immunity! and! infectious! diseases.! Frontiers! in! Immunology.! FrontiersZ!
2014Z5:491.!!

156.! Moalem!G,!Tracey!DJ.!Immune!and!inflammatory!mechanisms!in!neuropathic!
pain.!Brain!Research!Reviews.!2006!AugZ51(2):240–64.!!

157.! Vazquez! MI,! CatalanTDibene! J,! Zlotnik! A.! B! cells! responses! and! cytokine!
production!are!regulated!by!their! immune!microenvironment.!Cytokine.!2015!
Mar!2.!!

158.! Pène!J,!Rousset!F,!Brière!F,!Chrétien!I,!Paliard!X,!Banchereau!J,!et!al.! IgE!
production!by!normal!human!B!cells! induced!by!alloreactive!T!cell!clones! is!
mediated! by! ILT4! and! suppressed! by! IFNTgamma.! J! Immunol.! American!
Association!of!ImmunologistsZ!1988!Aug!15Z141(4):1218–24.!!

159.! Scheller! J,! Chalaris! A,! SchmidtTArras! D,! RoseTJohn! S.! The! proT! and! antiT
inflammatory!properties!of! the!cytokine! interleukinT6.!Biochim!Biophys!Acta.!
2011!MayZ1813(5):878–88.!!

160.! Scheller!J,!RoseTJohn!S.!InterleukinT6!and!its!receptor:!from!bench!to!bedside.!
Med!Microbiol!Immunol.!SpringerTVerlagZ!2006!DecZ195(4):173–83.!!

161.! Lenczowski!MJ,!Bluthé!RM,!Roth!J,!Rees!GS,!Rushforth!DA,!van!Dam!AM,!et!
al.!Central!administration!of!rat!ILT6!induces!HPA!activation!and!fever!but!not!
sickness!behavior!in!rats.!Am!J!Physiol.!1999!MarZ276(3!Pt!2):R652–8.!!

162.! Dienz!O,!Rincon!M.!The!effects!of!ILT6!on!CD4!T!cell!responses.!Clin!Immunol.!
2009!JanZ130(1):27–33.!!

163.! Sheeran!P,!Hall!GM.!Cytokines!in!anaesthesia.!Br!J!Anaesth.!Oxford!University!
PressZ!1997!Feb!1Z78(2):201–19.!!

164.! Tilg!H,!Trehu!E,!Atkins!MB,!Dinarello!CA,!Mier!JW.!InterleukinT6!(ILT6)!as!an!
antiTinflammatory!cytokine:!induction!of!circulating!ILT1!receptor!antagonist!and!
soluble! tumor! necrosis! factor! receptor! p55.! Blood.! American! Society! of!
HematologyZ!1994!Jan!1Z83(1):113–8.!!

165.! Yoshimura! T,! Matsushima! K.! Purification! of! a! human! monocyteTderived!
neutrophil!chemotactic!factor!that!has!peptide!sequence!similarity!to!other!host!
defense!cytokines.!1987.!!

166.! Mukaida! N,!Matsumoto! T,! Yokoi! K,! Harada! A,! Matsushima! K.! Inhibition! of!



!Page!|!254!

neutrophilTmediated! acute! inflammatory! injury! by! an! antibody! against!
interleukinT8!(ILT8)!T!Springer.!Inflamm!res.!1998Z47(0):151–7.!!

167.! Giannoudis!PV.!Current! concepts! of! the! inflammatory! response! after!major!
trauma:!an!update.!Injury.!2003!JunZ34(6):397–404.!!

168.! Mauri!C,!Bosma!A.!Immune!regulatory!function!of!B!cells.!Annu!Rev!Immunol.!
2012Z30(1):221–41.!!

169.! Kelly!JL,!O'Suilleabhain!CB,!Soberg!CC,!Mannick!JA,!Lederer!JA.!Severe!injury!
triggers!antigenTspecific!TThelper!cell!dysfunction.!Shock.!1999!JulZ12(1):39–
45.!!

170.! Stensballe! J,! Christiansen! M,! Tønnesen! E,! Espersen! K,! Lippert! FK,!
Rasmussen!LS.!The!early!ILT6!and!ILT10!response!in!trauma!is!correlated!with!
injury!severity!and!mortality.!Acta!Anaesthesiol!Scand.!2009!AprZ53(4):515–21.!!

171.! Neidhardt!R,!Keel!M,!Steckholzer!U,!Safret!A,!Ungethuem!U,!Trentz!O,!et!al.!
Relationship!of! interleukinT10!plasma! levels! to! severity! of! injury! and! clinical!
outcome! in! injured! patients.! J! Trauma.! 1997! MayZ42(5):863–70–
discussion870–1.!!

172.! Osuka!A,!Ogura!H,!Ueyama!M,!Shimazu!T,!Lederer!JA.!Immune!response!to!
traumatic! injury:! harmony!and!discordance!of! immune!system!homeostasis.!
Acute!Medicine!&!Surgery.!2014!Apr!1Z1(2):63–9.!!

173.! Chiaramonte!MG,!Schopf!LR,!Neben!TY,!Cheever!AW,!Donaldson!DD,!Wynn!
TA.! ILT13! is! a! key! regulatory! cytokine! for! Th2! cellTmediated! pulmonary!
granuloma! formation! and! IgE! responses! induced! by! Schistosoma!mansoni!
eggs.!J!Immunol.!1999!Jan!15Z162(2):920–30.!!

174.! Wills! Karp! M.! Interleukin-13! in! asthma! pathogenesis.! Immunol! Rev.!
Munksgaard!International!PublishersZ!2004!Dec!1Z202(1):175–90.!!

175.! Bergeron!E,!Clement!J,!Lavoie!A,!Ratte!S,!Bamvita!JTM,!Aumont!F,!et!al.!A!
Simple!Fall!in!the!Elderly:!Not!So!Simple.!J!Trauma.!2006!FebZ60(2):268–73.!!

176.! High!KP.!Infection!as!a!cause!of!ageTrelated!morbidity!and!mortality.!Ageing!
Res!Rev.!2004!JanZ3(1):1–14.!!

177.! Mariani!E,!Cattini!L,!Neri!S,!Malavolta!M,!Mocchegiani!E,!Ravaglia!G,!et!al.!
Simultaneous! evaluation! of! circulating! chemokine! and! cytokine! profiles! in!
elderly! subjects! by! multiplex! technology:! relationship! with! zinc! status.!
Biogerontology.!Kluwer!Academic!PublishersZ!2006!OctZ7(5T6):449–59.!!

178.! O'Mahony! L,! Holland! J,! Jackson! J,! Feighery! C,! Hennessy! TP,! Mealy! K.!
Quantitative! intracellular! cytokine! measurement:! ageTrelated! changes! in!
proinflammatory! cytokine! production.! Clin! Exp! Immunol.! 1998!
AugZ113(2):213–9.!!

179.! Yonemasu!K,!Kitajima!H,!Tanabe!S,!Ochi!T,!Shinkai!H.!Effect!of!age!on!C1q!
and!C3!levels!in!human!serum!and!their!presence!in!colostrum.!Immunology.!



!
!

Page!|!255!
!

WileyTBlackwellZ!1978!Sep!1Z35(3):523–1362.!!

180.! Weiskopf!D,!Weinberger!B,!Grubeck!Loebenstein!B.!The!aging!of!the!immune!
system.! Transplant! International.! Blackwell! Publishing! LtdZ! 2009! Nov!
1Z22(11):1041–50.!!

181.! Butcher!SK,!Chahal!H,!Nayak!L,!Sinclair!A,!Henriquez!NV,!Sapey!E,! et! al.!
Senescence! in! innate! immune! responses:! reduced! neutrophil! phagocytic!
capacity! and! CD16! expression! in! elderly! humans.! J! Leukoc! Biol.! 2001!
DecZ70(6):881–6.!!

182.! Tseng!CW,!Kyme!PA,!Arruda!A,!Ramanujan!VK,!Tawackoli!W,!Liu!GY.!Innate!
Immune!Dysfunctions! in!Aged!Mice!Facilitate!the!Systemic!Dissemination!of!
MethicillinTResistant!S.! aureus.!Horsburgh!MJ,! editor.! PLoS!ONE.! 2012! Jul!
26Z7(7):e41454–9.!!

183.! Hazeldine!J,!Harris!P,!Chapple!IL,!Grant!M,!Greenwood!H,!Livesey!A,!et!al.!
Impaired!neutrophil! extracellular! trap! formation:!a!novel!defect! in! the! innate!
immune!system!of!aged!individuals.!Aging!Cell.!2014!AugZ13(4):690–8.!!

184.! Hearps!AC,!Martin!GE,!Angelovich!TA,!Cheng!WTJ,!Maisa!A,!Landay!AL,!et!al.!
Aging!is!associated!with!chronic!innate!immune!activation!and!dysregulation!of!
monocyte!phenotype!and!function.!Aging!Cell.!Blackwell!Publishing!LtdZ!2012!
OctZ11(5):867–75.!!

185.! Bella!Della!S,!Bierti! L,! Presicce!P,!Arienti!R,!Valenti!M,!Saresella!M,! et! al.!
Peripheral!blood!dendritic!cells!and!monocytes!are!differently!regulated!in!the!
elderly.!Clinical!Immunology.!2007!FebZ122(2):220–8.!!

186.! Reuben! DB,! Cheh! AI,! Harris! TB,! Ferrucci! L,! Rowe! JW,! Tracy! RP,! et! al.!
Peripheral! blood! markers! of! inflammation! predict! mortality! and! functional!
decline! in!highTfunctioning!communityTdwelling!older!persons.!Journal!of! the!
American!Geriatrics!Society.!2002!AprZ50(4):638–44.!!

187.! Bruunsgaard!H,!Ladelund!S,!Pedersen!AN,!Schroll!M,!Jørgensen!T,!Pedersen!
BK.!Predicting!death!from!tumour!necrosis!factorTalpha!and!interleukinT6!in!80T
yearTold!people.!Clin!Exp!Immunol.!2003!AprZ132(1):24–31.!!

188.! Gruver! AL,! Hudson! LL,! Sempowski! GD.! Immunosenescence! of! ageing.! J!
Pathol.!2007!JanZ211(2):144–56.!!

189.! Müller!L,!Pawelec!G.!As!we!age:!Does!slippage!of!quality!control!in!the!immune!
system!lead!to!collateral!damage?!Ageing!Res!Rev.!2015!Feb!9.!!

190.! Hazeldine!J,!Lord!JM.!Innate!immunesenescence:!underlying!mechanisms!and!
clinical!relevance.!Biogerontology.!Springer!NetherlandsZ!2015!AprZ16(2):187–
201.!!

191.! Jin! W,! Dong! C.! ILT17! cytokines! in! immunity! and! inflammation.! Emerging!
Microbes!&!Infections.!2013Z2(9):e60.!!



!Page!|!256!

192.! FranciscoTCruz!A,!AguilarTSantelises!M,!RamosTEspinosa!O,!MataTEspinosa!
D,! MarquinaTCastillo! B,! BarriosTPayan! J,! et! al.! GranulocyteTmacrophage!
colonyTstimulating!factor:!not!just!another!haematopoietic!growth!factor.!Med!
Oncol.!Springer!USZ!2014!JanZ31(1):774–14.!!

193.! Allen,!McCracken!J.!Regulation!of!Human!Neutrophil!Apoptosis!and!Lifespan!
in!Health!and!Disease.!JCD.!2014!MayZ:15–9.!!

194.! Ostanin! DV,! Kurmaeva! E,! Furr! K,! Bao! R,! Hoffman! J,! Berney! S,! et! al.!
Acquisition!of!antigenTpresenting!functions!by!neutrophils! isolated!from!mice!
with! chronic! colitis.! The! Journal! of! Immunology.! American! Association! of!
ImmunologistsZ!2012!Feb!1Z188(3):1491–502.!!

195.! Radsak! M,! IkingTKonert! C,! Stegmaier! S,! Andrassy! K,! Hänsch! GM.!
Polymorphonuclear!neutrophils!as!accessory!cells!for!TTcell!activation:!major!
histocompatibility!complex!class!II!restricted!antigenTdependent!induction!of!TT
cell!proliferation.!Immunology.!2000!DecZ101(4):521–30.!!

196.! Chesnokova!V,!Melmed!S.!Minireview:!NeuroTimmunoTendocrine!modulation!
of!the!hypothalamicTpituitaryTadrenal!(HPA)!axis!by!gp130!signaling!molecules.!
Endocrinology.!2002!MayZ143(5):1571–4.!!

197.! Blalock! JE.! The! immune! system! as! the! sixth! sense.! Journal! of! Internal!
Medicine.!2005!FebZ257(2):126–38.!!

198.! CUTHBERTSON!DP,!Angeles!Valero!Zanuy!MA,!León!Sanz!ML.!PostTshock!
metabolic!response.!The!lancetZ!1942.!50!p.!!

199.! MOORE! FD.! Bodily! changes! in! surgical! convalescence.! I.! The! normal!
sequence!observations!and!interpretations.!Ann!Surg.!1953!MarZ137(3):289–
315.!!

200.! Cuthbertson! DP,! Zagreb! HC.! The! Metabolic! Response! to! Injury! and! Its!
Nutritional! Implications:! Retrospect! and! Prospect.! JPEN! J! Parenter! Enteral!
Nutr.!1979.!!

201.! Jeschke! MG,! Finnerty! CC,! Kulp! GA,! Przkora! R,! Mlcak! RP,! Herndon! DN.!
Combination! of! recombinant! human! growth! hormone! and! propranolol!
decreases! hypermetabolism! and! inflammation! in! severely! burned! children.!
Pediatr!Crit!Care!Med.!2008!Mar!1Z9(2):209–16.!!

202.! Desborough!JP.!The!stress! response! to! trauma!and!surgery.!Br!J!Anaesth.!
2000!JulZ85(1):109–17.!!

203.! Burton!D.!Endocrine!and!metabolic!response!to!surgery.!Continuing!Education!
in!Anaesthesia,!Critical!Care!&!Pain.!2004!Oct!1Z4(5):144–7.!!

204.! WOOLF!PD.!Hormonal!responses!to!trauma.!Crit!Care!Med.!1992.!!

205.! Singer!M,!De!Santis!V,!Vitale!D,!Jeffcoate!W.!Multiorgan!failure!is!an!adaptive,!
endocrineTmediated,! metabolic! response! to! overwhelming! systemic!
inflammation.!The!Lancet.!2004!AugZ364(9433):545–8.!!



!
!

Page!|!257!
!

206.! Davis! JM,! Albert! JD,! Tracy! KJ,! Calvano! SE,! Lowry! SF,! Shires! GT,! et! al.!
Increased! neutrophil!mobilization! and! decreased! chemotaxis! during! cortisol!
and!epinephrine!infusions.!J!Trauma.!1991!JunZ31(6):725–31–discussion731–
2.!!

207.! Grill!E,!Strong!M,!Sonnad!SS,!Sarani!B,!Pascual!J,!Collins!H,!et!al.!Altered!
thyroid!function!in!severely!injured!patients.!J!Surg!Res.!2013!JanZ179(1):132–
7.!!

208.! Chrousos!GP.!The!hypothalamicTpituitaryTadrenal!axis!and!immuneTmediated!
inflammation.!N!Engl!J!Med.!1995!May!18Z332(20):1351–62.!!

209.! Vitek!V,!Shatney!CH.!Thyroid!hormone!alterations!in!patients!with!shock!and!
injury.!Injury.!1987!SepZ18(5):336–41.!!

210.! Nicholson! G,! Burrin! JM,! Hall! GM.! PeriToperative! steroid! supplementation.!
Anaesthesia.!1998!NovZ53(11):1091–104.!!

211.! Offner!PJ,!Moore!EE,!Ciesla!D.!The!adrenal!response!after!severe!trauma.!Am!
J!Surg.!2002!DecZ184(6):649–53–discussion653–4.!!

212.! Balkovec!JM,!Thieringer!R,!Mundt!SS,!HermanowskiTVosatka!A,!Graham!DW,!
Patel!GF,!et!al.!11TbetaThydroxysteroid!dehydrogenase!1!inhibitors!useful!for!
the!treatment!of!diabetes,!obesity!and!dyslipidemia.!Google!Patents![Internet].!
2007! Nov! 21.! Available! from:!
https://patentimages.storage.googleapis.com/pdfs/ba1276a9c61fb21b5edf/E
P1924563B1.pdf!

213.! Hasselgren!PTO.!Glucocorticoids!and!muscle!catabolism.!Curr!Opin!Clin!Nutr!
Metab!Care.!LWWZ!1999Z2(3):201–5.!!

214.! Barnes!PJ,!Adcock!I,!Spedding!M,!Vanhoutte!PM.!AntiTinflammatory!actions!of!
steroids:!molecular!mechanisms.!Trends! in!Pharmacological!Sciences.!1993!
DecZ14(12):436–41.!!

215.! Molenaar!N,!Groeneveld!ABJ,!Dijstelbloem!HM,!de!Jong!MFC,!Girbes!ARJ,!
Heijboer!AC,!et!al.!Assessing!adrenal!insufficiency!of!corticosteroid!secretion!
using! free! versus! total! cortisol! levels! in! critical! illness.! Intensive!Care!Med.!
SpringerTVerlagZ!2011!Dec!1Z37(12):1986–93.!!

216.! Coolens!JL,!Van!Baelen!H,!Heyns!W.!Clinical!use!of!unbound!plasma!cortisol!
as!calculated!from!total!cortisol!and!corticosteroidTbinding!globulin.!Journal!of!
Steroid!Biochemistry.!1987!FebZ26(2):197–202.!!

217.! Cohen! J,! Pretorius! C,! Venkatesh! B.! Dismissal! of! the! utility! of! free! cortisol!
measurement!is!premature.!Intensive!Care!Med.!2012.!!

218.! Venkatesh!B,!Cohen!J,!Hickman!I,!Nisbet!J,!Thomas!P,!Ward!G,!et!al.!Evidence!
of! altered! cortisol! metabolism! in! critically! ill! patients:! a! prospective! study.!
Intensive!Care!Med.!2007!OctZ33(10):1746–53.!!



!Page!|!258!

219.! Lang!CH,!Frost!RA.!Role!of!growth!hormone,!insulinTlike!growth!factorTI,!and!
insulinTlike!growth!factor!binding!proteins!in!the!catabolic!response!to!injury!and!
infection.!Curr!Opin!Clin!Nutr!Metab!Care.!2002!MayZ5(3):271–9.!!

220.! Daniel!JA,!Whitlock!BK,!Wagner!CG.!Regulation!of!the!growth!hormone!and!
luteinizing!hormone!response!to!endotoxin!in!sheep.!Domestic!Animal!….!2002.!!

221.! Cernak!I,!Savic!J,!Lazarov!A.!Relations!among!Plasma!Prolactin,!Testosterone,!
and!Injury!Severity!in!War!Casualties.!World!J!Surg.!SpringerTVerlagZ!1997!Mar!
1Z21(3):240–6.!!

222.! DeMaria!EJ,!Lilly!MP,!Gann!DS.!Potentiated!hormonal!responses!in!a!model!
of!traumatic!injury.!Journal!of!Surgical!Research.!1987!JulZ43(1):45–51.!!

223.! Nicholson!G.!Hormonal!and!metabolic!responses!to!trauma.!Anaesthesia!and!
Intensive!Care!Medicine.!2005!SepZ6(9):313–4.!!

224.! Nicholson!JP,!Wolmarans!MR,!Park!GR.!The!role!of!albumin!in!critical!illness.!
Br!J!Anaesth.!2000!OctZ85(4):599–610.!!

225.! Torosian!MH.!Nutrition!for!the!hospitalized!patient:!basic!science!and!principles!
of!practice.!1995.!3!p.!!

226.! Dickerson!RN,!Tidwell!AC,!Minard!G,!Croce!MA,!Brown!RO.!Predicting!total!
urinary! nitrogen! excretion! from! urinary! urea! nitrogen! excretion! in! multipleT
trauma!patients!receiving!specialized!nutritional!support.!Nutrition.!2005!Mar!
1Z21(3):7–7.!!

227.! Alberti!KG,!Johnston!DG,!Gill!A,!Barnes!AJ,!Orskov!H.!Hormonal!regulation!of!
ketoneTbody!metabolism!in!man.!Biochem!Soc!Symp.!1978Z(43):163–82.!!

228.! Horowitz! JF.! Fatty! acid! mobilization! from! adipose! tissue! during! exercise.!
Trends!in!Endocrinology!&!Metabolism.!2003.!!

229.! Burton!D,!Nicholson!G,!Hall!G.!Endocrine!and!metabolic!response!to!surgery.!
Continuing!Education!in!Anaesthesia,!Critical!Care!&!Pain.!Oxford!University!
PressZ!2004!Sep!14Z4(5):144–7.!!

230.! Cahill!GF!Jr.!Fuel!metabolism!in!starvation.!Annu!Rev!Nutr.!2006Z26(1):1–22.!!

231.! D'Alessandro! A,! Giardina! B,! Gevi! F,! Timperio! AM,! Zolla! L.! Clinical!
metabolomics:!the!next!stage!of!clinical!biochemistry.!Blood!Transfus.!SIMTI!
ServiziZ!2012!MayZ10!Suppl!2(Suppl!2):s19–24.!!

232.! Nicholson! JK,! Holmes! E,! Kinross! JM,! Darzi! AW,! Takats! Z,! Lindon! JC.!
Metabolic!phenotyping!in!clinical!and!surgical!environments.!Nature.!2012!Nov!
14Z491(7424):384–92.!!

233.! Schmerler!DD,!Neugebauer!SS,!Ludewig!KK,!BremerTStreck!SS,!Brunkhorst!
FMF,! Kiehntopf! MM.! Targeted! metabolomics! for! discrimination! of! systemic!
inflammatory! disorders! in! critically! ill! patients.! J! Lipid! Res.! 2012! Jun!
30Z53(7):1369–75.!!



!
!

Page!|!259!
!

234.! Swerdloff!RS,!Wang!C,!Bhasin!S.!Developments! in! the! control! of! testicular!
function.!Baillieres!Clin!Endocrinol!Metab.!1992!AprZ6(2):451–83.!!

235.! Spratt!DI,!Bigos!ST,!Beitins! I,!Cox!P,!Longcope!C,!Orav!J.!Both!hyperT!and!
hypogonadotropic! hypogonadism!occur! transiently! in! acute! illness:! bioT! and!
immunoactive!gonadotropins.!J!Clin!Endocrinol!Metab.!1992!DecZ75(6):1562–
70.!!

236.! Lephart! ED,! Baxter! CR,! Parker! CR.! Effect! of! burn! trauma! on! adrenal! and!
testicular! steroid! hormone! production.! J! Clin! Endocrinol! Metab.! 1987!
AprZ64(4):842–8.!!

237.! Semple!CG,!Robertson!WR,!Mitchell!R,!Gordon!D,!Gray!CE,!Beastall!GH,!et!
al.!Mechanisms!leading!to!hypogonadism!in!men!with!burns!injuries.!Br!Med!J!
(Clin!Res!Ed).!BMJ!GroupZ!1987!Aug!15Z295(6595):403–7.!!

238.! Kalyani!RR,!Gavini!S,!Dobs!AS.!Male!Hypogonadism! in!Systemic!Disease.!
Endocrinology!and!Metabolism!Clinics!of!North!America.!2007!JunZ36(2):333–
48.!!

239.! Kicman! AT.! Pharmacology! of! anabolic! steroids.! British! Journal! of!
Pharmacology.!2008!Jun!1Z154(3):502–21.!!

240.! Marwah! P,! Marwah! A,! Lardy! HA,! Miyamoto! H,! Chang! C.! C19TSteroids! as!
androgen! receptor! modulators:! Design,! discovery,! and! structureTactivity!
relationship! of! new! steroidal! androgen! receptor! antagonists.! Bioorganic! &!
Medicinal!Chemistry.!2006!SepZ14(17):5933–47.!!

241.! Miller!KKM,!AlTRayyan!N,!Ivanova!MM,!Mattingly!KA,!Ripp!SL,!Klinge!CM,!et!
al.!DHEA!metabolites!activate!estrogen! receptors!alpha!and!beta.!Steroids.!
2013!JanZ78(1):15–25.!!

242.! Hanukoglu!I.!Steroidogenic!enzymes:!structure,!function,!and!role!in!regulation!
of! steroid! hormone! biosynthesis.! J! Steroid! Biochem! Mol! Biol.! 1992!
DecZ43(8):779–804.!!

243.! Swan!KG!Jr,!Wright!DS,!Barbagiovanni!SS,!Swan!BC,!Swan!KG.!Tourniquets!
Revisited.!J!Trauma.!2009!MarZ66(3):672–5.!!

244.! Lawton!G,!GranvilleTChapman!J,!Parker!PJ.!Novel!haemostatic!dressings.!J!R!
Army!Med!Corps.!2009!Dec!1Z155(4):309–14.!!

245.! Calderbank!P,!Woolley!T,!Mercer!S,!Schrager!J,!Kazel!M,!Bree!S,!et!al.!Doctor!
on!board?!What! is! the!optimal!skillTmix! in!military!preThospital! care?!Emerg!
Med!J.!2011!Sep!14Z28(10):882–3.!!

246.! collaborators!CT2T.! Effects! of! tranexamic! acid! on! death,! vascular! occlusive!
events,!and!blood!transfusion!in!trauma!patients!with!significant!haemorrhage!
(CRASHT2):!a!randomised,!placeboTcontrolled!trial.!The!Lancet.!Elsevier!LtdZ!
2010!Jul!3Z376(9734):23–32.!!



!Page!|!260!

247.! Morrison!JJ,!Dubose!JJ,!Rasmussen!TE,!Midwinter!MJ.!Military!Application!of!
Tranexamic!Acid!in!Trauma!Emergency!Resuscitation!(MATTERs)!Study.!Arch!
Surg.!2012!FebZ147(2):113–9.!!

248.! Cotton! BA,! Reddy! N,! Hatch!QM,! LeFebvre! E,!Wade! CE,! Kozar! RA,! et! al.!
Damage!Control!Resuscitation!Is!Associated!With!a!Reduction!in!Resuscitation!
Volumes! and! Improvement! in! Survival! in! 390!Damage!Control! Laparotomy!
Patients.!Ann!Surg.!2011!OctZ254(4):598–605.!!

249.! Holcomb! JB.! Damage! Control! Resuscitation.! J! Trauma.! 2007!
JunZ62(Supplement):S36–7.!!

250.! Silliman!CC,!Moore!EE,!Johnson!JL,!Gonzalez!RJ,!Biffl!WL.!Transfusion!of!the!
injured!patient:!proceed!with!caution.!Shock.!2004!AprZ21(4):291–9.!!

251.! Silliman!CC,!Ambruso!DR,!Boshkov!LK.!TransfusionTrelated!acute!lung!injury.!
Blood.!2005.!!

252.! Johnson!JL,!Moore!EE,!Kashuk!JL,!Banerjee!A,!Cothren!CC,!Biffl!WL,!et!al.!
Effect!of!blood!products!transfusion!on!the!development!of!postinjury!multiple!
organ!failure.!Arch!Surg.!2010!OctZ145(10):973–7.!!

253.! Van!Es!AA,!Marquet!RL,!Van!Rood!JJ,!Kalff!MW.!BLOODTTRANSFUSIONS!
INDUCE! PROLONGED! KIDNEY! ALLOGRAFT! SURVIVAL! IN! RHESUS!
MONKEYS.!The!Lancet.!1977.!!

254.! Heiss!MM.!Immunosuppression!and!Transfusion.!Transfus!Alternat!Transfus!
Med.!2000!AugZ2(3):13–5.!!

255.! Shorr! AF,! Jackson! WL.! Transfusion! practice! and! nosocomial! infection:!
assessing!the!evidence.!Curr!Opin!Crit!Care.!2005!OctZ11(5):468–72.!!

256.! O'Reilly!D,!Mahendran!K,!West!A,!Shirley!P,!Walsh!M,!Tai!N.!Opportunities!for!
improvement!in!the!management!of!patients!who!die!from!haemorrhage!after!
trauma.!Br!J!Surg.!2013!MayZ100(6):749–55.!!

257.! Munro!AR,!Ferguson!C.!BET!1:!Blood!component!therapy!in!trauma!patients!
requiring!massive!transfusion.!Emerg!Med!J.!BMJ!Publishing!Group!Ltd!and!
the!British!Association!for!Accident!&!Emergency!MedicineZ!2010Z27(1):53–5.!!

258.! Blajchman!MA,!Dzik!S,!Vamvakas!EC,!Sweeney!J,!Snyder!EL.!Clinical!and!
molecular! basis! of! transfusionTinduced! immunomodulation:! summary! of! the!
proceedings! of! a! stateTofTtheTart! conference.! Transfus! Med! Rev.! 2001!
AprZ15(2):108–35.!!

259.! Stone!HH,!Strom!PR,!Mullins!RJ.!Management!of!the!major!coagulopathy!with!
onset!during!laparotomy.!Ann!Surg.!1983!MayZ197(5):532–5.!!

260.! USNavy.!Damage!Control!Handbook.!NAVPERSZ!1945.!!

261.! Hildebrand! F,! Giannoudis! P,! Kretteck! C,! Pape! HTC.! Damage! control:!
extremities.!Injury.!2004!JulZ35(7):678–89.!!



!
!

Page!|!261!
!

262.! Lichte!P,!Kobbe!P,!Dombroski!D,!Pape!HC.!Damage!control!orthopedics.!Curr!
Opin!Crit!Care.!2012!DecZ18(6):647–50.!!

263.! Bhangu!A.!Systemic!Review!and!MetaTanalysis!of!Randomized!Clinical!Trials!
Comparing! Primary! vs!Delayed!Primary! Skin!Closure! in!Contaminated! and!
Dirty! Abdominal! IncisionsPrimary! vs! Delayed! Primary! Skin! Closure.! JAMA!
Surg.!2013!Jun!26Z:1.!!

264.! Eliya!MC,! Banda!GW.!Primary! closure! versus! delayed! closure! for! non! bite!
traumatic! wounds! within! 24! hours! post! injury.! Eliya! MC,! editor.! Cochrane!
Database! Syst! Rev.! Chichester,! UK:! John! Wiley! &! Sons,! LtdZ!
2011Z(9):CD008574.!!

265.! Schöchl!H,!Grassetto!A,!Schlimp!CJ.!Management!of!Hemorrhage!in!Trauma.!
Journal! of! Cardiothoracic! and! Vascular! Anesthesia.! ElsevierZ! 2013! Aug!
1Z27(Supplement):S35–S43.!!

266.! Jansen!JO,!Thomas!R,!Loudon!MA,!Brooks!A.!Damage!control!resuscitation!
for!patients!with!major!trauma.!BMJ.!2009Z338:b1778.!!

267.! D!ATMM,!D!MDGM,!D!RMBM,!Lou!Ann!W!Friend!R!V!T,!D!JAJM,!D!WCDM,!
et!al.!Damage!Control!Resuscitation!Decreases!Systemic!Inflammation!After!
Hemorrhage.! Journal! of! Surgical! Research.! Elsevier! IncZ! 2012! Jun!
15Z175(2):e75–e82.!!

268.! Udelsman!R,!Norton!JA,!Jelenich!SE,!Goldstein!DS,!Linehan!WM,!Loriaux!DL,!
et!al.!Responses!of! the!hypothalamicTpituitaryTadrenal!and!reninTangiotensin!
axes! and! the! sympathetic! system! during! controlled! surgical! and! anesthetic!
stress.!J!Clin!Endocrinol!Metab.!The!Endocrine!SocietyZ!1987!MayZ64(5):986–
94.!!

269.! Janzekovic!Z.!A!new!concept!in!the!early!excision!and!immediate!grafting!of!
burns.!J!Trauma.!1970!Dec!1Z10(12):1103–8.!!

270.! Herndon! DN,! Barrow! RE,! Rutan! RL,! Rutan! TC,! Desai! MH,! Abston! S.! A!
comparison! of! conservative! versus! early! excision.! Therapies! in! severely!
burned! patients.! Ann! Surg.! Lippincott,! Williams,! and! WilkinsZ! 1989!
MayZ209(5):547–52–discussion552–3.!!

271.! Hart! DW,!Wolf! SE,! Chinkes! DL,! Gore! DC,! Mlcak! RP,! Beauford! RB,! et! al.!
Determinants!of!skeletal!muscle!catabolism!after!severe!burn.!Ann!Surg.!2000!
OctZ232(4):455–65.!!

272.! Herndon!DN,!Spies!M,!Sanford!AP,!Wolf!SE.!JAMA!Network!|!JAMA!Surgery!|!
Effects!of!Delayed!Wound!Excision!and!Grafting!in!Severely!Burned!Children.!
Archives!of!….!2002.!!

273.! Hart!DWD,!Wolf!SES,!Chinkes!DLD,!Beauford!RBR,!Mlcak!RPR,!Heggers!JPJ,!
et! al.! Effects! of! early! excision! and! aggressive! enteral! feeding! on!
hypermetabolism,!catabolism,!and!sepsis!after!severe!burn.!J!Trauma.!2003!
Mar!31Z54(4):755–754.!!



!Page!|!262!

274.! Fries!CA,!Jeffery!SLA,!Kay!AR.!Topical!negative!pressure!and!military!woundsT
Ta!review!of!the!evidence.!Injury.!2010!Jul!1Z41(7):708–12.!!

275.! Marik! PE,! Flemmer! M.! Immunonutrition! in! the! surgical! patient.! Minerva!
Anestesiol.!2012!MarZ78(3):336–42.!!

276.! Braunschweig! CL,! Levy! P,! Sheean! PM,! Wang! X.! Enteral! compared! with!
parenteral!nutrition:!a!metaTanalysis.!Am!J!Clin!Nutr.!2001!OctZ74(4):534–42.!!

277.! Gramlich!L,!Kichian!K,!Pinilla!J,!Rodych!NJ,!Dhaliwal!R,!Heyland!DK.!Does!
enteral!nutrition!compared!to!parenteral!nutrition!result! in!better!outcomes!in!
critically!ill!adult!patients?!A!systematic!review!of!the!literature.!Nutrition.!2004!
OctZ20(10):843–8.!!

278.! Doig!GS,!Heighes!PT,!Simpson!F,!Sweetman!EA,!Davies!AR.!Early!enteral!
nutrition,! provided! within! 24!h! of! injury! or! intensive! care! unit! admission,!
significantly! reduces! mortality! in! critically! ill! patients:! a! metaTanalysis! of!
randomised!controlled!trials.!Intensive!Care!Med.!SpringerTVerlagZ!2009!Sep!
24Z35(12):2018–27.!!

279.! Berg! RD.! Bacterial! translocation! from! the! gastrointestinal! tract.! Trends! in!
Microbiology.!1995.!!

280.! Berg!RD,!Garlington!AW.!Translocation!of!certain!indigenous!bacteria!from!the!
gastrointestinal! tract! to! the!mesenteric! lymph! nodes! and! other! organs! in! a!
gnotobiotic!mouse!model.!Infect!Immun.!1979!FebZ23(2):403–11.!!

281.! Magnotti!LJ,!Deitch!EA.!Burns,!Bacterial!Translocation,!Gut!Barrier!Function,!
and!Failure.!J!Burn!Care!Rehabil.!2005!SepZ26(5):383–91.!!

282.! Fukatsu!K,!Sakamoto!S,!Hara!E,!Ueno!C,!Maeshima!Y,!Matsumoto!I,!et!al.!Gut!
ischemiaTreperfusion!affects!gut!mucosal!immunity:!A!possible!mechanism!for!
infectious! complications! after! severe! surgical! insults*.! Crit! Care!Med.! 2006!
JanZ34(1):182–7.!!

283.! Hall!JC,!Dobb!G,!Hall!J,!de!Sousa!R,!Brennan!L,!McCauley!R.!A!prospective!
randomized! trial! of! enteral! glutamine! in! critical! illness.! Intensive!Care!Med.!
2003!Oct!1Z29(10):1710–6.!!

284.! Griffiths!RD,!Allen!KD,!Andrews!FJ,!Jones!C.!Infection,!multiple!organ!failure,!
and!survival! in! the! intensive!care!unit:! influence!of!glutamineTsupplemented!
parenteral!nutrition!on!acquired!infection.!Nutrition.!2002!JulZ18(7T8):546–52.!!

285.! Hasenboehler!E,!Williams!A,!Leinhase!I,!Morgan!SJ,!Smith!WR,!Moore!EE,!et!
al.! Metabolic! changes! after! polytrauma:! an! imperative! for! early! nutritional!
support.!World!journal!of!emergency!surgery!:!WJES.!2006Z1(1):29.!!

286.! Shi!HP,!Wang!SM,!Zhang!GX,!Zhang!YJ,!Barbul!A.!Supplemental! lTarginine!
enhances!wound!healing!following!trauma/hemorrhagic!shock.!Wound!Repair!
Regen.!2007!JanZ15(1):66–70.!!

287.! Stechmiller!JK,!Childress!B,!Cowan!L.!Arginine!Supplementation!and!Wound!



!
!

Page!|!263!
!

Healing.!Nutrition!in!clinical!….!2005.!!

288.! Visser!J,!Labadarios!D,!Blaauw!R.!Micronutrient!supplementation!for!critically!
ill!adults:!A!systematic!review!and!metaTanalysis.!Nutrition.!2011.!!

289.! Tepaske!R,!Velthuis!H,!OudemansTvan!Straaten!HM,!Heisterkamp!SH,! van!
Deventer! SJ,! Ince! C,! et! al.! Effect! of! preoperative! oral! immuneTenhancing!
nutritional!supplement!on!patients!at!high!risk!of!infection!after!cardiac!surgery:!
a!randomised!placeboTcontrolled!trial.!Lancet.!2001!Sep!1Z358(9283):696–701.!!

290.! Marik!PE,!Zaloga!GP.!Immunonutrition!in!HighTRisk!Surgical!Patients.!JPEN!J!
Parenter!Enteral!Nutr.!2010.!!

291.! Reddell! L,! Cotton! BA.! Antioxidants! and! micronutrient! supplementation! in!
trauma!patients.!Curr!Opin!Clin!Nutr!Metab!Care.!NIH!Public!AccessZ!2012!
MarZ15(2):181–7.!!

292.! Rivers!E,!Nguyen!B,!Havstad!S,!Ressler!J,!Muzzin!A,!Knoblich!B,!et!al.!Early!
goalTdirected! therapy! in! the! treatment!of!severe!sepsis!and!septic!shock.!N!
Engl!J!Med.!2001!Nov!8Z345(19):1368–77.!!

293.! Network! TARDS.! Ventilation! with! lower! tidal! volumes! as! compared! with!
traditional!tidal!volumes!for!acute!lung!injury!and!the!acute!respiratory!distress!
syndrome.!The!Acute!Respiratory!Distress!Syndrome!Network.!N!Engl!J!Med.!
2000!May!4Z342(18):1301–8.!!

294.! Morelli! A.!Effect! of!Heart!Rate!Control!With!Esmolol! on!Hemodynamic! and!
Clinical! Outcomes! in! Patients! With! Septic! Shock.! JAMA.! 2013! Oct!
23Z310(16):1683.!!

295.! Bernard! GR,! Vincent! JL,! Laterre! PF,! LaRosa! SP,! Dhainaut! JF,! LopezT
Rodriguez!A,!et!al.!Efficacy!and!safety!of!recombinant!human!activated!protein!
C!for!severe!sepsis.!N!Engl!J!Med.!2001!Mar!8Z344(10):699–709.!!

296.! Abraham!E,! Laterre! PTF,!Garg!R,! Levy!H,! Talwar! D,! Trzaskoma!BL,! et! al.!
Drotrecogin!alfa!(activated)!for!adults!with!severe!sepsis!and!a!low!risk!of!death.!
New!England!Journal!of!Medicine.!2005!Sep!29Z353(13):1332–41.!!

297.! MartíTCarvajal!A,!Salanti!G,!Cardona!AF.!Human!recombinant!activated!protein!
C!for!severe!sepsis.!MartíTCarvajal!AJ,!editor.!Cochrane!Database!Syst!Rev.!
Chichester,!UK:!John!Wiley!&!Sons,!LtdZ!2008Z(1):CD004388.!!

298.! Annane!D,!Sébille!V,!Charpentier!C,!Bollaert!PTE,!François!B,!Korach!JTM,!et!
al.!Effect!of!treatment!with!low!doses!of!hydrocortisone!and!fludrocortisone!on!
mortality!in!patients!with!septic!shock.!JAMA.!2002!Aug!21Z288(7):862–71.!!

299.! Annane!D,!Bellissant!E,!Bollaert!PTE,!Briegel!J,!Confalonieri!M,!De!Gaudio!R,!
et! al.! Corticosteroids! in! the! treatment! of! severe! sepsis! and! septic! shock! in!
adults:!a!systematic!review.!JAMA.!American!Medical!AssociationZ!2009!Jun!
10Z301(22):2362–75.!!



!Page!|!264!

300.! Minneci!PC,!Deans!KJ,!Eichacker!PQ,!Natanson!C.!The!effects! of! steroids!
during!sepsis!depend!on!dose!and!severity!of!illness:!an!updated!metaTanalysis.!
Clin!Microbiol!Infect.!2009!AprZ15(4):308–18.!!

301.! Sligl!WI,!Milner!DA,!Sundar!S,!Mphatswe!W,!Majumdar!SR.!Safety!and!efficacy!
of!corticosteroids!for! the!treatment!of!septic!shock:!A!systematic!review!and!
metaTanalysis.!Clin!Infect!Dis.!Oxford!University!PressZ!2009!Jul!1Z49(1):93–
101.!!

302.! Casserly!B,!Gerlach!H,!Phillips!GS,!Lemeshow!S,!Marshall!JC,!Osborn!TM,!et!
al.! LowTdose! steroids! in! adult! septic! shock:! results! of! the! Surviving! Sepsis!
Campaign.!Intensive!Care!Med.!SpringerTVerlagZ!2012!DecZ38(12):1946–54.!!

303.! Roberts!I,!Yates!D,!Sandercock!P,!Farrell!B,!Wasserberg!J,!Lomas!G,!et!al.!
Effect!of!intravenous!corticosteroids!on!death!within!14!days!in!10008!adults!
with!clinically!significant!head!injury!(MRC!CRASH!trial):!randomised!placeboT
controlled!trial.!Lancet.!2004!OctZ364(9442):1321–8.!!

304.! Taylor!A,!Karavitaki!N,!Smith!D,!Bancos!I,!Foster!MA.!Prevention!of!adrenal!
crisis!in!stress!(The!PACS!Study):!serum!cortisol!during!elective!surgery,!acute!
trauma!and!sepsis!in!comparison!to“stress!dose”hydrocortisone!….!2015.!!

305.! Coursin! DB,! Wood! KE.! Corticosteroid! Supplementation! for! Adrenal!
Insufficiency.!JAMA.!American!Medical!AssociationZ!2002!Jan!9Z287(2):236–
40.!!

306.! Hoen!S,!Mazoit!JTX,!Asehnoune!K,!BraillyTTabard!S,!Benhamou!D,!Moine!P,!
et! al.! Hydrocortisone! increases! the! sensitivity! to! alpha1Tadrenoceptor!
stimulation! in! humans! following! hemorrhagic! shock.! Crit! Care! Med.! 2005!
DecZ33(12):2737–43.!!

307.! Steinberg!KP,!Hudson!LD,!Goodman!RB,!Hough!CL,!Lanken!PN,!Hyzy!R,!et!
al.!Efficacy!and!safety!of!corticosteroids!for!persistent!acute!respiratory!distress!
syndrome.!New!England!Journal!of!Medicine.!2006!Apr!20Z354(16):1671–84.!!

308.! Roquilly! A,! Mahe! PJ,! Seguin! P,! Guitton! C,! Floch! H,! Tellier! AC,! et! al.!
Hydrocortisone! therapy! for! patients! with! multiple! trauma:! the! randomized!
controlled!HYPOLYTE!study.!JAMA.!American!Medical!AssociationZ!2011!Mar!
23Z305(12):1201–9.!!

309.! Fisher!CJ,!Agosti!JM,!Opal!SM,!Lowry!SF,!Balk!RA,!Sadoff!JC,!et!al.!Treatment!
of!septic!shock!with!the!tumor!necrosis!factor!receptor:Fc!fusion!protein.!The!
Soluble! TNF! Receptor! Sepsis! Study! Group.! N! Engl! J! Med.! 1996! Jun!
27Z334(26):1697–702.!!

310.! Knoblach! SM,! Faden! AI.! InterleukinT10! Improves! Outcome! and! Alters!
Proinflammatory! Cytokine! Expression! after! Experimental! Traumatic! Brain!
Injury.!Experimental!neurology.!1998.!!

311.! Matsuda!N,! Hattori! Y.! Systemic! Inflammatory! Response! Syndrome! (SIRS):!
Molecular! Pathophysiology! and! Gene! Therapy.! J! Pharmacol! Sci.!
2006Z101(3):189–98.!!



!
!

Page!|!265!
!

312.! Buff!SM,!Yu!H,!McCall! JN,!Caldwell!SM,!Ferkol!TW,!Flotte!TR,!et!al.! ILT10!
delivery!by!AAV5!vector!attenuates! inflammation! in!mice!with!pseudomonas!
pneumonia.!Gene!Ther.!2010!Apr!1Z17(5):567–76.!!

313.! LomasTNeira! JJ,! Chung! CTSC,! Ayala! AA.! RNA! interference! as! a! potential!
therapeutic! treatment! for! inflammation! associated! lung! injury.! CORD!
Conference!Proceedings.!2008!Jan!1Z1(2):154–60.!!

314.! Deniz!M,!Borman!H,!Seyhan!T,!Haberal!M.!An!effective!antioxidant!drug!on!
prevention! of! the! necrosis! of! zone! of! stasis:! NTacetylcysteine.! Burns.! 2013!
MarZ39(2):320–5.!!

315.! Hart! AM,! Terenghi! G,! Kellerth! JO,! Wiberg! M.! Sensory! neuroprotection,!
mitochondrial!preservation,!and!therapeutic!potential!of!nTacetylTcysteine!after!
nerve!injury.!Neuroscience.!2004!JanZ125(1):91–101.!!

316.! Barbosa!E,!Faintuch!J,!Machado!Moreira!EA,!Gonçalves!da!Silva!VR,!Lopes!
Pereima! MJ,! Martins! Fagundes! RL,! et! al.! Supplementation! of! Vitamin! E,!
Vitamin! C,! and! Zinc! Attenuates! Oxidative! Stress! in! Burned! Children:! A!
Randomized,!DoubleTBlind,!PlaceboTControlled!Pilot!Study.!J!Burn!Care!Res.!
2009!SepZ30(5):859–66.!!

317.! Tanaka!H,!Matsuda!T,!Miyagantani!Y,!Yukioka!T,!Matsuda!H,!Shimazaki!S.!
Reduction! of! resuscitation! fluid! volumes! in! severely! burned! patients! using!
ascorbic!acid!administration:!a!randomized,!prospective!study.!Arch!Surg.!2000!
MarZ135(3):326–31.!!

318.! Hemila!H!LP.!Vitamin!C!for!preventing!and!treating!pneumonia!(Review).!2014!
Jan!1Z:1–45.!!

319.! Poldermans!D,!Boersma!E,!Bax!JJ,!Thomson!IR,!van!de!Ven!LL,!Blankensteijn!
JD,! et! al.! The!effect! of! bisoprolol! on!perioperative!mortality! and!myocardial!
infarction! in! highTrisk! patients! undergoing! vascular! surgery.! Dutch!
Echocardiographic!Cardiac!Risk!Evaluation!Applying!Stress!Echocardiography!
Study!Group.!N!Engl!J!Med.!1999!Dec!9Z341(24):1789–94.!!

320.! Devereaux!PJ,!Yang!H,!Yusuf!S,!Guyatt!G,!Leslie!K,!Villar!JC,!et!al.!Effects!of!
extendedTrelease! metoprolol! succinate! in! patients! undergoing! nonTcardiac!
surgery! (POISE! trial):! a! randomised! controlled! trial.! Lancet.!
2008Z371(9627):1839–47.!!

321.! Bangalore!S,!Wetterslev! J,! Pranesh!S,! Sawhney!S,!Gluud!C,!Messerli! FH.!
Perioperative!beta!blockers! in!patients!having!nonTcardiac! surgery:! a!metaT
analysis.!Lancet.!2008!Dec!6Z372(9654):1962–76.!!

322.! MC!E.!Erasmus!MC!dismisses!professor.!Press!Release.!2011!Nov!17Z:1–2.!!

323.! Bouri!S,!ShunTShin!MJ,!Cole!GD,!Mayet!J,!Francis!DP.!MetaTanalysis!of!secure!
randomised! controlled! trials! of! βTblockade! to! prevent! perioperative! death! in!
nonTcardiac!surgery.!Heart.!2013!Jul!31Z100(6):456–64.!!



!Page!|!266!

324.! Sartori!C,!Allemann!Y,!Duplain!H,!Lepori!M,!Egli!M,!Lipp!E,!et!al.!Salmeterol!for!
the! prevention! of! highTaltitude! pulmonary! edema.! New! England! Journal! of!
Medicine.!2002!May!23Z346(21):1631–6.!!

325.! Perkins!GD,!Park!D,!Alderson!D,!Cooke!MW,!Gao!F,!Gates!S,!et!al.!The!Beta!
Agonist! Lung! Injury! TrIal! (BALTI)! T! prevention! trial! protocol.! Trials.! BioMed!
Central!LtdZ!2011!Mar!15Z12(1):79.!!

326.! Smith!FG,!Perkins!GD,!Gates!S,!Young!D,!McAuley!DF,!Tunnicliffe!W,!et!al.!
Effect! of! intravenous! βT2! agonist! treatment! on! clinical! outcomes! in! acute!
respiratory!distress!syndrome!(BALTIT2):!a!multicentre,!randomised!controlled!
trial.!The!Lancet.!2012!JanZ379(9812):229–35.!!

327.! Friese!R,!Barber!R,!McBride!D,!Bender!J,!Gentilello!L.!Could!Beta!Blockade!
Improve!Outcome!After!Injury!by!Modulating!Inflammatory!Profiles?!J!Trauma.!
2008Z64(4):1061.!!

328.! Herndon!DN,!Barrow!RE,!Rutan!TC,!Minifee!P,!Jahoor!F,!Wolfe!RR.!Effect!of!
propranolol! administration! on! hemodynamic! and! metabolic! responses! of!
burned!pediatric!patients.!Ann!Surg.!1988!Oct!1Z208(4):484–92.!!

329.! Arbabi!S,!Ahrns!KS,!Wahl!WL,!Hemmila!MR,!Wang!SC,!Brandt!MTM,!et!al.!
BetaTblocker!use!is!associated!with!improved!outcomes!in!adult!burn!patients.!
The! Journal! of! Trauma:! Injury,! Infection,! and! Critical! Care.! 2004!
FebZ56(2):265–9–discussion269–71.!!

330.! Herndon!D,!Hart!D,!Wolf!S,!Chinkes!D,!Wolfe!R.!Reversal!of!catabolism!by!
betaTblockade! after! severe! burns.! New! England! Journal! of! Medicine.!
2001Z345(17):1223.!!

331.! Muthu! K,! He! LTK,! Szilagyi! A,! Strotmon! P,! Gamelli! RL,! Shankar! R.! {beta}T
Adrenergic! stimulation! increases!macrophage!CD14! expression! and!E.! coli!
phagocytosis! through! PKA! signaling! mechanisms.! J! Leukoc! Biol.! 2010! Jul!
19Z88(4):–724.!!

332.! Arbabi!S,!Campion!E,!Hemmila!M,!Barker!M,!Dimo!M,!Ahrns!K,!et!al.!BetaT
blocker!use!is!associated!with!improved!outcomes!in!adult!trauma!patients.!J!
Trauma.!2007Z62(1):56.!!

333.! Grande! PO,! Asgeirsson! B,! Nordstrom! CH.! VolumeTtargeted! therapy! of!
increased! intracranial! pressure:! the! Lund! concept! unifies! surgical! and! nonT
surgical!treatments.!Acta!Anaesthesiol!Scand.!2002!SepZ46(8):929–41.!!

334.! Sharma!D,!Vavilala!MS.!Lund!concept!for!the!management!of!traumatic!brain!
injury:! a! physiological! principle! awaiting! stronger! evidence.! J! Neurosurg!
Anesthesiol.!2011!OctZ23(4):363–7.!!

335.! Grände!PTO.!PRO:! the! “Lund!concept”! for! treatment!of!patients!with!severe!
traumatic!brain!injury.!J!Neurosurg!Anesthesiol.!2011!JulZ23(3):251–5.!!

336.! van!den!Berghe!G,!Wouters!P,!Weekers!F,!Verwaest!C,!Bruyninckx!F,!Schetz!
M,!et!al.!Intensive!insulin!therapy!in!critically!ill!patients.!N!Engl!J!Med.!2001!



!
!

Page!|!267!
!

Nov!8Z345(19):1359–67.!!

337.! Wiener!RS,!Wiener!DC,!Larson!RJ.!Benefits!and!risks!of!tight!glucose!control!
in!critically!ill!adults:!a!metaTanalysis.!JAMA.!2008!Aug!27Z300(8):933–44.!!

338.! Klonoff!DC.!Intensive!insulin!therapy!in!critically!ill!hospitalized!patients:!making!
it!safe!and!effective.!J!Diabetes!Sci!Technol.!2011!MayZ5(3):755–67.!!

339.! Whyte!MB,!Jackson!NC,!ShojaeeTMoradie!F,!Treacher!DF,!Beale!RJ,!Jones!
RH,!et!al.!Metabolic!effects!of!intensive!insulin!therapy!in!critically!ill!patients.!
AJP:!Endocrinology!and!Metabolism.!2010!Feb!19Z298(3):E697–E705.!!

340.! Ruokonen! E,! Takala! J.! Dangers! of! growth! hormone! therapy! in! critically! ill!
patients.!Curr!Opin!Clin!Nutr!Metab!Care.!2002!MarZ5(2):199–209.!!

341.! Ziegler! TR.! Recombinant! human! growth! hormone! enhances! the! metabolic!
efficacy!of!parenteral!nutrition:!a!doubleTblind,!randomized!controlled!study.!J!
Clin!Endocrinol!Metab.!1992!Apr!1Z74(4):865–73.!!

342.! Knox!J,!Demling!R,!Wilmore!D,!Sarraf!P,!Santos!A.! Increased!survival!after!
major!thermal!injury:!the!effect!of!growth!hormone!therapy!in!adults.!J!Trauma.!
1995!Sep!1Z39(3):526–30Z!discussion530–2.!!

343.! Lal!SO,!Wolf!SE,!Herndon!DN.!Growth!hormone,!burns!and! tissue!healing.!
Growth!Horm!IGF!Res.!2000!AprZ10!Suppl!B:S39–43.!!

344.! Takala!J,!Ruokonen!E,!Webster!NR,!Nielsen!MS,!Zandstra!DF,!Vundelinckx!G,!
et! al.! Increased! Mortality! Associated! with! Growth! Hormone! Treatment! in!
Critically! Ill! Adults.! New! England! Journal! of! Medicine.! 1999! Sep!
9Z341(11):785–92.!!

345.! Herndon!DN,!Ramzy!PI,!DebRoy!MA,!Zheng!M,!Ferrando!AA,!Chinkes!DL,!et!
al.! Muscle! protein! catabolism! after! severe! burn:! effects! of! IGFT1/IGFBPT3!
treatment.!Ann!Surg.!1999!May!1Z229(5):713–20Z!discussion720–2.!!

346.! Demling!RH.!Comparison!of!the!anabolic!effects!and!complications!of!human!
growth!hormone!and!the!testosterone!analog,!oxandrolone,!after!severe!burn!
injury.!Burns.!1999!Mar!18Z25:215–21.!!

347.! Jeschke!MG,!Finnerty!CC,!Suman!OE,!Kulp!G,!Mlcak!RP,!Herndon!DN.!The!
effect!of!oxandrolone!on!the!endocrinologic,!inflammatory,!and!hypermetabolic!
responses!during!the!acute!phase!postburn.!Ann!Surg.!2007!SepZ246(3):351–
60–discussion360–2.!!

348.! Ferrando! AA,! SheffieldTMoore! M,! Wolf! SE,! Herndon! DN,! Wolfe! RR.!
Testosterone!administration! in!severe!burns!ameliorates!muscle!catabolism.!
Crit!Care!Med.!2001!OctZ29(10):1936–42.!!

349.! Kuhn!CM.!Anabolic!steroids.!Recent!Prog!Horm!Res.!2002Z57:411–34.!!

350.! Wolf!SE,!Edelman!LS,!Kemalyan!N,!Donison!L,!Cross!J,!Underwood!M,!et!al.!
Effects! of! oxandrolone! on! outcome! measures! in! the! severely! burned:! a!



!Page!|!268!

multicenter! prospective! randomized! doubleTblind! trial.! J! Burn! Care! Res.!
2006Z27(2):131–9Z!discussion140–1.!!

351.! Demling!R,!DeSanti!L.!The!rate!of!restoration!of!body!weight!after!burn!injury,!
using! the! anabolic! agent! oxandrolone,! is! not! age! dependent.! Burns.!
2001Z27(1):46–51.!!

352.! Hart!DW,!Wolf!SE,!Ramzy!PI,!Chinkes!DL,!Beauford!RB,!Ferrando!AA,!et!al.!
Anabolic! effects! of! oxandrolone! after! severe! burn.! Ann! Surg.! 2001!
AprZ233(4):556–64.!!

353.! Wolf!SE,!Thomas!SJ,!Dasu!MR,!Ferrando!AA,!Chinkes!DL,!Wolfe!RR,!et!al.!
Improved!net!protein!balance,!lean!mass,!and!gene!expression!changes!with!
oxandrolone! treatment! in! the! severely! burned.! Ann! Surg.! 2003! Jun!
1Z237(6):801–10Z!discussion810–1.!!

354.! Murphy!KD,!Thomas!S,!Mlcak!RP,!Chinkes!DL,!Klein!GL,!Herndon!DN.!Effects!
of!longTterm!oxandrolone!administration!in!severely!burned!children.!Surgery.!
2004!Aug!1Z136(2):219–24.!!

355.! Przkora!R,!Jeschke!MG,!Barrow!RE,!Suman!OE,!Meyer!WJ,!Finnerty!CC,!et!
al.!Metabolic!and!hormonal!changes!of!severely!burned!children!receiving!longT
term! oxandrolone! treatment.! Ann! Surg.! 2005! Sep! 1Z242(3):384–9,!
discussion390–1.!!

356.! Gervasio!JM,!Dickerson!RN,!Swearingen!J,!Yates!ME,!Yuen!C,!Fabian!TC,!et!
al.! Oxandrolone! in! trauma! patients.! Pharmacotherapy.! 2000! Nov!
1Z20(11):1328–34.!!

357.! Bulger!EM,!Jurkovich!GJ,!Farver!CL,!Klotz!P,!Maier!RV.!Oxandrolone!does!not!
improve! outcome!of! ventilator! dependent! surgical! patients.! Ann!Surg.! 2004!
SepZ240(3):472–8–discussion478–80.!!

358.! Forbes!GM,!Bramston!BA,!Collins!BJ.!Anabolic!steroid!hepatotoxicity:!lessons!
to!be!learnt?!Aust!N!Z!J!Med.!1993!JunZ23(3):309–10.!!

359.! Schumacher! J,! Müller! G,! Klotz! KF.! Large! hepatic! hematoma! and!
intraabdominal!hemorrhage!associated!with!abuse!of!anabolic!steroids.!N!Engl!
J!Med.!1999!Apr!8Z340(14):1123–4.!!

360.! Wibbenmeyer!LA,!Amelon!MJ,!Morgan!LJ,!Robinson!BK,!Chang!PX,!Lewis!R,!
et! al.! Predicting! survival! in! an! elderly! burn! patient! population.! Burns.! 2001!
SepZ27(6):583–90.!!

361.! DeMaria!EJ,!Kenney!PR,!Merriam!MA,!Casanova!LA,!Gann!DS.!Survival!after!
trauma!in!geriatric!patients.!Ann!Surg.!1987!DecZ206(6):738–43.!!

362.! Joyce!MF,!Gupta!A,!Azocar!RJ.!Acute!trauma!and!multiple!injuries!in!the!elderly!
population.!Current!Opinion!in!Anaesthesiology.!2015!AprZ28(2):145–50.!!

363.! Calland!JF,!Ingraham!AM,!Martin!N,!Marshall!GT,!Schulman!CI,!Stapleton!T,!
et!al.!Evaluation!and!management!of!geriatric!trauma.!Journal!of!Trauma!and!



!
!

Page!|!269!
!

Acute!Care!Surgery.!2012!NovZ73:S345–50.!!

364.! Hashmi!A,!IbrahimTZada!I,!Rhee!P,!Aziz!H,!Fain!MJ,!Friese!RS,!et!al.!Predictors!
of!mortality!in!geriatric!trauma!patients:!a!systematic!review!and!metaTanalysis.!
J!Trauma!Acute!Care!Surg.!2014!MarZ76(3):894–901.!!

365.! Vester!H,!HuberTLang!MS,!Kida!Q,!Scola!A,!van!Griensven!M,!Gebhard!F,!et!
al.!The!immune!response!after!fracture!trauma!is!different!in!old!compared!to!
young!patients.!Immun!Ageing.!BioMed!Central!LtdZ!2014Z11(1):20.!!

366.! Martin! JT,!Alkhoury!F,!O'Connor! JA,!Kyriakides!TC,!Bonadies!JA.! “Normal”!
vital! signs! belie! occult! hypoperfusion! in! geriatric! trauma!patients.!Am!Surg.!
2010!JanZ76(1):65–9.!!

367.! Demetriades!D,!Karaiskakis!M,!Velmahos!G,!Alo!K,!Newton!E,!Murray!J,!et!al.!
Effect!on!outcome!of!early!intensive!management!of!geriatric!trauma!patients.!
Br!J!Surg.!Blackwell!Science!LtdZ!2002!OctZ89(10):1319–22.!!

368.! Nirula!R,!Gentilello!LM.!Futility!of!resuscitation!criteria!for!the!"young"!old!and!
the!“old”!old!trauma!patient:!a!national!trauma!data!bank!analysis.!J!Trauma.!
2004!JulZ57(1):37–41.!!

369.! PENTLAND!B,! JONES!PA,!ROY!CW,!MILLER!JD.!HEAD! INJURY! IN!THE!
ELDERLY.!Age!Ageing.!Oxford!University!PressZ!1986!Jul!1Z15(4):193–202.!!

370.! Thompson! HJ,! McCormick!WC,! Kagan! SH.! Traumatic! brain! injury! in! older!
adults:! epidemiology,! outcomes,! and! future! implications.! Journal! of! the!
American!Geriatrics!Society.!Blackwell!Publishing!IncZ!2006!OctZ54(10):1590–
5.!!

371.! Buckwalter!JA,!Woo!SL,!Goldberg!VM,!Hadley!EC,!Booth!F,!Oegema!TR,!et!al.!
SoftTtissue!aging!and!musculoskeletal! function.!J!Bone!Joint!Surg!Am.!1993!
OctZ75(10):1533–48.!!

372.! Empana!JP,!Molina!PD.!Effect!of!Hip!Fracture!on!Mortality!in!Elderly!Women:!
The!EPIDOS!Prospective!Study!T!Empana!T!2004!T!Journal!of! the!American!
Geriatrics!Society!T!Wiley!Online!Library.!Journal!of!the!American!….!2004.!!

373.! Keller!JM,!Sciadini!MF,!Sinclair!E,!O'Toole!RV.!Geriatric!trauma:!demographics,!
injuries,!and!mortality.!J!Orthop!Trauma.!2012!SepZ26(9):e161–5.!!

374.! Ryb!GE,!Dischinger!PC.!Disparities! in!trauma!center!access!of!older! injured!
motor!vehicular!crash!occupants.!J!Trauma.!2011!SepZ71(3):742–7.!!

375.! Bradburn!E,!Rogers!FB,!Krasne!M,!Rogers!A,!Horst!MA,!Beelen!MJ,!et!al.!HighT
risk!geriatric!protocol:!improving!mortality!in!the!elderly.!J!Trauma!Acute!Care!
Surg.!2012!AugZ73(2):435–40.!!

376.! Dickerman! RD,! Pertusi! RM,! Zachariah! NY,! Dufour! DR,! McConathy! WJ.!
Anabolic! steroidTinduced! hepatotoxicity:! is! it! overstated?! Clin! J! Sport! Med.!
1999!JanZ9(1):34–9.!!



!Page!|!270!

377.! Demling!RH,!Orgill! DP.! The! anticatabolic! and!wound! healing! effects! of! the!
testosterone!analog!oxandrolone!after! severe!burn! injury.! J!Crit!Care.!2000!
Mar!1Z15(1):12–7.!!

378.! Akyurek!M,!Dunn!R,!Plastic!Surgery!Educational!Foundation!D.!Oxandrolone.!
Plast!Reconstr!Surg.!2006Z118(3):791.!!

379.! Ong!YS,!Samuel!M,!Song!C.!MetaTanalysis!of!early!excision!of!burns.!Burns.!
2006!MarZ32(2):145–50.!!

380.! KowalTVern!A,!SharpTPucci!MM,!Walenga!JM,!Dries!DJ,!Gamelli!RL.!Trauma!
and! thermal! injury:! comparison! of! hemostatic! and! cytokine! changes! in! the!
acute!phase!of!injury.!J!Trauma.!1998!Feb!1Z44(2):325–9.!!

381.! Park! MS,! Salinas! J,! Wade! CE,! Wang! J,! Martini! W,! Pusateri! AE,! et! al.!
Combining!early!coagulation!and! inflammatory!status! improves!prediction!of!
mortality!in!burned!and!nonburned!trauma!patients.!J!Trauma.!2008!FebZ64(2!
Suppl):S188–94.!!

382.! Jarrar! DD,! Wang! PP,! Cioffi! WGW,! Bland! KIK,! Chaudry! IHI.! The! female!
reproductive! cycle! is! an! important! variable! in! the! response! to! traumaT
hemorrhage.!Am!J!Physiol!Heart!Circ!Physiol.!2000!Aug!31Z279(3):H1015–21.!!

383.! Sperry! JL,! Minei! JP.! Gender! dimorphism! following! injury:! making! the!
connection!from!bench!to!bedside.!J!Leukoc!Biol.!2008!Mar!1Z83(3):499–506.!!

384.! Offner!PJ,!Moore!EE,!Biffl!WL.!Male!gender!is!a!risk!factor!for!major!infections!
after!surgery.!Arch!Surg.!1999!Sep!1Z134(9):935–8Z!discussion938–40.!!

385.! Magnotti! LJ,! Fischer! PE,! Ben! L! Zarzaur,! Fabian! TC,! Croce!MA.! Impact! of!
Gender!on!Outcomes!after!Blunt! Injury:!A!Definitive!Analysis! of!More!Than!
36,000!Trauma!Patients.!ACS.!2008!Apr!30Z206(5):8–8.!!

386.! George! RL,! McGwin! G,! Metzger! J,! Chaudry! IH,! Rue! LW.! The! association!
between!gender!and!mortality!among!trauma!patients!as!modified!by!age.!J!
Trauma.!2003!MarZ54(3):464–71.!!

387.! Haider!AH,!Crompton! JG,!Chang!DC,!Efron!DT,!Haut!ER,!Handly!N,! et! al.!
Evidence! of! Hormonal! Basis! for! Improved! Survival! Among! Females! With!
TraumaTAssociated!Shock:!An!Analysis!of!the!National!Trauma!Data!Bank.!J!
Trauma.!2010!SepZ69(3):537–40.!!

388.! Gannon!CJ,!Pasquale!M,!Tracy!JK,!McCarter!RJ,!Napolitano!LM.!Male!gender!
is! associated! with! increased! risk! for! postinjury! pneumonia.! Shock.! 2004!
MayZ21(5):410–4.!!

389.! ElTMenyar!A,!ElTHennawy!H,!AlTThani!H,!Asim!M,!Abdelrahman!H,!Zarour!A,!
et!al.!Traumatic!injury!among!females:!does!gender!matter?!J!Trauma!Manage!
Outcomes.!BioMed!Central!LtdZ!2014Z8(1):8.!!

390.! Cohen! S,! Nathan! JA,! Goldberg! AL.! Muscle! wasting! in! disease:! molecular!
mechanisms! and! promising! therapies.! Nat! Rev! Drug! Discov.! 2015!



!
!

Page!|!271!
!

JanZ14(1):58–74.!!

391.! Schweickert!WD,!Pohlman!MC,!Pohlman!AS,!Nigos!C,!Pawlik!AJ,!Esbrook!CL,!
et! al.! Early! physical! and! occupational! therapy! in! mechanically! ventilated,!
critically! ill! patients:! a! randomised! controlled! trial.! Lancet.! 2009! May!
30Z373(9678):1874–82.!!

392.! Deitch!EA,!Livingston!DH,!Lavery!RF,!Monaghan!SF,!Bongu!A,!Machiedo!GW.!
Hormonally!Active!Women!Tolerate!ShockTTrauma!Better!Than!Do!Men.!Ann!
Surg.!2007!SepZ246(3):447–55.!!

393.! Schröder!J,!Kahlke!V,!Staubach!KH,!Zabel!P,!Stüber!F.!Gender!differences!in!
human!sepsis.!Arch!Surg.!1998!Nov!1Z133(11):1200–5.!!

394.! Frink!M,!Pape!HTC,!van!Griensven!M,!Krettek!C,!Chaudry! IH,!Hildebrand!F.!
Influence!of!sex!and!age!on!mods!and!cytokines!after!multiple!injuries.!Shock.!
2007!FebZ27(2):151–6.!!

395.! Hsieh! Y,! Frink! M,! Choudhry! M,! Bland! K,! Chaudry! I.! Metabolic! modulators!
following!trauma!sepsis:!sex!hormones.!Crit!Care!Med.!2007Z35(9):S621–9.!!

396.! Mental!Capacity!Act!2005.!The!Stationery!OfficeZ!2005.!1!p.!!

397.! Operators!Manual!PHAGOTEST®.!ORPEGEN!Pharma.!1999!Apr!29Z:1–8.!!

398.! Operators!Manual!PHAGOBURST.!Opregen!Pharma.!2009!Apr!21Z:1–9.!!

399.! Ionita! IA,! Fast! DM,! Akhlaghi! F.! Development! of! a! sensitive! and! selective!
method! for! the! quantitative! analysis! of! cortisol,! cortisone,! prednisolone! and!
prednisone!in!human!plasma.!J!Chromatogr!B!Analyt!Technol!Biomed!Life!Sci.!
2009!Mar!15Z877(8T9):765–72.!!

400.! Kushnir!MM,!Blamires!T,!Rockwood!AL,!Roberts!WL,!Yue!B,!Erdogan!E,!et!al.!
Liquid!chromatographyTtandem!mass!spectrometry!assay!for!androstenedione,!
dehydroepiandrosterone,!and!testosterone!with!pediatric!and!adult!reference!
intervals.!Clinical!Chemistry.!American!Association!for!Clinical!ChemistryZ!2010!
JulZ56(7):1138–47.!!

401.! O’Reilly!MW,!Taylor!AE,!Crabtree!NJ,!Hughes!BA,!Capper!F,!Crowley!RK,!et!
al.! Hyperandrogenemia! predicts! metabolic! phenotype! in! polycystic! ovary!
syndrome:!the!utility!of!serum!androstenedione.!J!Clin!Endocrinol!Metab.!2014!
MarZ99(3):1027–36.!!

402.! Chadwick! CA,! Owen! LJ,! Keevil! BG.! Development! of! a! method! for! the!
measurement!of!dehydroepiandrosterone!sulphate!by!liquid!chromatographyT
tandem!mass!spectrometry.!Ann!Clin!Biochem.!2005!NovZ42(Pt!6):468–74.!!

403.! Haring!R,!Wallaschofski!H,!Teumer!A,!Kroemer!H,!Taylor!AE,!Shackleton!CHL,!
et!al.!A!SULT2A1!genetic!variant!identified!by!GWAS!as!associated!with!low!
serum!DHEAS!does!not!impact!on!the!actual!DHEA/DHEAS!ratio.!Journal!of!
Molecular!Endocrinology.!2012!Dec!31Z50(1):73–7.!!



!Page!|!272!

404.! Campbell! IT,!Watt!T,!Withers!D,!England!R,!Sukumar!S,!Keegan!MA,!et!al.!
Muscle!thickness,!measured!with!ultrasound,!may!be!an!indicator!of!lean!tissue!
wasting! in!multiple!organ! failure! in! the!presence!of!edema.!Am!J!Clin!Nutr.!
1995!SepZ62(3):533–9.!!

405.! Reid!CL,!Campbell!IT,!Little!RA.!Muscle!wasting!and!energy!balance!in!critical!
illness.!Clin!Nutr.!2004!Apr!1Z23(2):273–80.!!

406.! Milner!EA,!Cioffi!WG,!Arthur!D!Mason!JR,!Mcmanus!WF,!Basil!A!Pruitt!JR.!
Accuracy! of! Urinary! Urea! Nitrogen! for! Predicting! Total! Urinary! Nitrogen! in!
Thermally!Injured!Patients.!JPEN!J!Parenter!Enteral!Nutr.!SAGE!PublicationsZ!
1993!Sep!1Z17(5):414–6.!!

407.! Bergström!J,!Heimbürger!O,!Lindholm!B.!Calculation!of!the!protein!equivalent!
of!total!nitrogen!appearance!from!urea!appearance.!Which!formulas!should!be!
used?!Perit!Dial!Int.!1998!SepZ18(5):467–73.!!

408.! Long! CL,! Birkhahn! RH,! Geiger! JW,! Betts! JE.! Urinary! excretion! of! 3T
methylhistidine:!an!assessment!of!muscle!protein!catabolism!in!adult!normal!
subjects! and! during! malnutrition,! sepsis,! and! skeletal! trauma.! Metabolism.!
1981Z30(8):765–76.!!

409.! Elia!M,!Carter!A,!Bacon!S,!Winearls!CG,!Smith!R.!Clinical!usefulness!of!urinary!
3Tmethylhistidine!excretion!in!indicating!muscle!protein!breakdown.!Br!Med!J!
(Clin!Res!Ed).!1981!Jan!31Z282(6261):351–4.!!

410.! Wong!TH,!Lumsdaine!W,!Hardy!BM,!Lee!K,!Balogh!ZJ.!The!impact!of!specialist!
trauma!service!on!major!trauma!mortality.!Journal!of!Trauma!and!Acute!Care!
Surgery.!2013!MarZ74(3):780–4.!!

411.! Namas!RA,!Vodovotz!Y,!Almahmoud!K,!AbdulTMalak!O,!Zaaqoq!A,!Namas!R,!
et! al.! Temporal! Patterns! of! Circulating! Inflammation! Biomarker! Networks!
Differentiate!Susceptibility!to!Nosocomial!Infection!Following!Blunt!Trauma!in!
Humans.!Ann!Surg.!2014!Nov!3Z:1.!!

412.! Hazeldine!J,!Hampson!P,!Lord!JM.!The!impact!of!trauma!on!neutrophil!function.!
Injury.!2014!DecZ45(12):1824–33.!!

413.! Simsek!T,!Uzelli!Simsek!H,!Canturk!NZ.!Response!to!trauma!and!metabolic!
changes:!posttraumatic!metabolism.!UCD.!2014!Aug!22Z30(3):153–9.!!

414.! Pereira! CT,! Murphy! KD,! Herndon! DN.! Altering! metabolism.! J! Burn! Care!
Rehabil.!2005!MayZ26(3):194–9.!!

415.! Jeschke!MG,!Gauglitz!GG,!Kulp!GA,!Finnerty!CC,!Williams!FN,!Kraft!R,!et!al.!
LongTTerm! Persistance! of! the! Pathophysiologic! Response! to! Severe! Burn!
Injury.!Androulakis!IP,!editor.!PLoS!ONE.!2011!Jul!18Z6(7):e21245–12.!!

416.! Spahn!DR,!Bouillon!B,!Cerny!V,!Coats!TJ,!Duranteau!J,!FernándezTMondéjar!
E,!et!al.!Management!of!bleeding!and!coagulopathy!following!major!trauma:!an!
updated!European!guideline.!Crit!Care.!2013Z17(2):R76.!!



!
!

Page!|!273!
!

417.! Baker!SP,!O'Neill!B,!Haddon!W,!Long!WB.!The!injury!severity!score:!a!method!
for!describing!patients!with!multiple!injuries!and!evaluating!emergency!care.!J!
Trauma.!1974!MarZ14(3):187–96.!!

418.! Palmer!C.!Major!trauma!and!the!injury!severity!scoreTTwhere!should!we!set!the!
bar?!Annu!Proc!Assoc!Adv!Automot!Med.!2007Z51:13–29.!!

419.! Osler!T,!Baker!SP,!Long!W.!A!modification!of!the!injury!severity!score!that!both!
improves! accuracy! and! simplifies! scoring.! The! Journal! of! Trauma:! Injury,!
Infection,!and!Critical!Care.!1997!DecZ43(6):922–5–discussion925–6.!!

420.! Mace!JE,!Park!MS,!Mora!AG,!Chung!KK,!Martini!W,!White!CE,!et!al.!Differential!
expression!of!the!immunoinflammatory!response!in!trauma!patients:!burn!vs.!
nonTburn.!Burns.!2012!JunZ38(4):599–606.!!

421.! Krob!MJ,!D'Amico!FJ,!Ross!DL.!Do!trauma!scores!accurately!predict!outcomes!
for!patients!with!burns?!J!Burn!Care!Rehabil.!1991!NovZ12(6):560–3.!!

422.! Wilmore!DW,!Aulick!LH,!Mason!AD!Jr.!Influence!of!the!Burn!Wound!on!Local!
and!Systemic!Responses!to!Injury.!Ann!Surg.!1977.!!

423.! Jeschke!MG,!Mlcak!RP,!Finnerty!CC,!Norbury!WB,!Gauglitz!GG,!Kulp!GA,!et!
al.!Burn!size!determines!the!inflammatory!and!hypermetabolic!response.!Crit!
Care.!2007Z11(4):R90.!!

424.! Kelemen!JJ,!Cioffi!WG,!Mason!AD,!Mozingo!DW,!McManus!WF,!Pruitt!BA.!
Effect!of!ambient!temperature!on!metabolic!rate!after!thermal!injury.!Ann!Surg.!
1996!AprZ223(4):406–12.!!

425.! Bondanelli! M,! Ambrosio! MR,! Zatelli! MC,! De! Marinis! L,! degli! Uberti! EC.!
Hypopituitarism!after!traumatic!brain!injury.!Eur!J!Endocrinol.!European!Society!
of!EndocrinologyZ!2005!MayZ152(5):679–91.!!

426.! Sapey! E,! Greenwood! H,! Walton! G,! Mann! E,! Love! A,! Aaronson! N,! et! al.!
Phosphoinositide!3Tkinase!inhibition!restores!neutrophil!accuracy!in!the!elderly:!
toward!targeted!treatments!for!immunosenescence.!Blood.!American!Society!
of!HematologyZ!2014!Jan!9Z123(2):239–48.!!

427.! Vincent!JL,!De!Mendonça!A,!Cantraine!F.!Use!of!the!SOFA!score!to!assess!
the!incidence!of!organ!dysfunction/failure!in!intensive!care!units:!results!of!a!
multicenter,!prospective!study.!Critical!Care.!1998.!!

428.! Le! Gall! JTR,! Lemeshow! S,! Saulnier! F.! A! New! Simplified! Acute! Physiology!
Score! (SAPS! II)! Based! on! a! European/North! American! Multicenter! Study.!
JAMA.!American!Medical!AssociationZ!1993!Dec!22Z270(24):2957–63.!!

429.! Bone! RC,! Balk! RA,! Cerra! FB.! …! of! Critical! Care! Medicine! Consensus!
ConferenceTdefinitions!for!sepsis!and!organ!failure!and!guidelines!for!the!use!
of!innovative!therapies!in!sepsis.!Critical!care!…Z!1992.!!

430.! Kaukonen! KTM,! Bailey! M,! Pilcher! D,! Cooper! DJ,! Bellomo! R.! Systemic!



!Page!|!274!

inflammatory! response! syndrome! criteria! in! defining! severe! sepsis.! New!
England!Journal!of!Medicine.!2015!Apr!23Z372(17):1629–38.!!

431.! PennTBarwell!JG,!Roberts!SAG,!Midwinter!MJ,!Bishop!JRB.!Improved!survival!
in! UK! combat! casualties! from! Iraq! and! Afghanistan:! 2003T2012.! J! Trauma!
Acute!Care!Surg.!2015!MayZ78(5):1014–20.!!

432.! Li! H,! Itagaki! K,! Sandler! N,! Gallo! D,! Galenkamp! A,! Kaczmarek! E,! et! al.!
Mitochondrial!damageTassociated!molecular!patterns!from!fractures!suppress!
pulmonary!immune!responses!via!formyl!peptide!receptors!1!and!2.!Journal!of!
Trauma!and!Acute!Care!Surgery.!2015!FebZ78(2):272–81.!!

433.! Hietbrink!F,!Koenderman!L,!Althuizen!M,!Leenen!LPH.!Modulation!of!the!innate!
immune! response! after! trauma! visualised! by! a! change! in! functional! PMN!
phenotype.!Injury.!2009!AugZ40(8):851–5.!!

434.! Glasser! L,! Fiederlein! RL.! Functional! differentiation! of! normal! human!
neutrophils.!Blood.!1987.!!

435.! Simmons!JD,!Lee!YTL,!Mulekar!S,!Kuck!JL,!Brevard!SB,!Gonzalez!RP,!et!al.!
Elevated! levels! of! plasma!mitochondrial! DNA! DAMPs! are! linked! to! clinical!
outcome!in!severely!injured!human!subjects.!Ann!Surg.!2013!OctZ258(4):591–
6–discussion596–8.!!

436.! Klune!JR,!Dhupar!R,!Cardinal! J,!Billiar!TR,!Tsung!A.!HMGB1:!endogenous!
danger!signaling.!Mol!Med.!2008!JulZ14(7T8):476–84.!!

437.! Siddiqi!M,!Garcia!ZC,!Stein!DS,!Denny!TN,!Spolarics!Z.!Relationship!between!
oxidative!burst!activity!and!CD11b!expression! in!neutrophils!and!monocytes!
from! healthy! individuals:! effects! of! race! and! gender.! Cytometry.! 2001! Aug!
15Z46(4):243–6.!!

438.! Lau!D,!Mollnau!H,! Eiserich! JP,! Freeman!BA,!Daiber! A,!Gehling!UM,! et! al.!
Myeloperoxidase! mediates! neutrophil! activation! by! association! with!
CD11b/CD18!integrins.!Proc!Natl!Acad!Sci!USA.!2005!Jan!11Z102(2):431–6.!!

439.! LundTJohansen!F,!Olweus!J,!Horejsi!V,!Skubitz!KM,!Thompson!JS,!Vilella!R,!
et!al.!Activation!of!human!phagocytes!through!carbohydrate!antigens!(CD15,!
sialylTCD15,! CDw17,! and! CDw65).! J! Immunol.! American! Association! of!
ImmunologistsZ!1992!May!15Z148(10):3221–9.!!

440.! Gu!X,!Yao!Y,!Wu!G,!Lv!T,!Luo!L,!Song!Y.!The!Plasma!Mitochondrial!DNA!Is!
an!Independent!Predictor!for!PostTTraumatic!Systemic!Inflammatory!Response!
Syndrome.!Stover!CM,!editor.!PLoS!ONE.!2013!Aug!20Z8(8):e72834.!!

441.! Lam!NYL,!Rainer!TH,!Chiu!RWK,!Joynt!GM,!Lo!YMD.!Plasma!mitochondrial!
DNA!concentrations!after!trauma.!Clinical!Chemistry.!2004!JanZ50(1):213–6.!!

442.! Itagaki!K,!Kaczmarek!E,!Lee!YT,!Tang!IT,!Isal!B,!Adibnia!Y,!et!al.!Mitochondrial!
DNA! released!by! trauma! induces!neutrophil! extracellular! traps.!PLoS!ONE.!
2015Z10(3):e0120549.!!



!
!

Page!|!275!
!

443.! Sha! Y,! Zmijewski! J,! Xu! Z,! Abraham! E.! HMGB1! Develops! Enhanced!
Proinflammatory! Activity! by! Binding! to! Cytokines.! J! Immunol.! American!
Association!of!ImmunologistsZ!2008!Feb!15Z180(4):2531–7.!!

444.! Antoine!DJ,!Williams!DP,!Kipar!A,!Jenkins!RE,!Regan!SL,!Sathish!JG,!et!al.!
HighTMobility!Group!BoxT1!Protein!and!KeratinT18,!Circulating!Serum!Proteins!
Informative! of! AcetaminophenTInduced! Necrosis! and! Apoptosis! In! Vivo.!
Toxicological!Sciences.!2009!Nov!13Z112(2):521–31.!!

445.! Ito!T,!Kawahara!KTI,!Okamoto!K,!Yamada!S,!Yasuda!M,! Imaizumi!H,!et! al.!
Proteolytic! Cleavage! of! High! Mobility! Group! Box! 1! Protein! by! ThrombinT
Thrombomodulin! Complexes.! Arteriosclerosis,! Thrombosis,! and! Vascular!
Biology.!Lippincott!Williams!&!WilkinsZ!2008!Oct!1Z28(10):1825–30.!!

446.! Zeerleder!S.!The!struggle!to!detect!circulating!DNA.!Crit!Care.!BioMed!Central!
LtdZ!2006Z10(3):142.!!

447.! Lo!YM,!Zhang!J,!Leung!TN,!Lau!TK,!Chang!AM,!Hjelm!NM.!Rapid!clearance!
of!fetal!DNA!from!maternal!plasma.!Am!J!Hum!Genet.!1999!JanZ64(1):218–24.!!

448.! van! Deursen! JM.! The! role! of! senescent! cells! in! ageing.! Nature.! Nature!
Publishing!GroupZ!2014!May!22Z509(7501):439–46.!!

449.! Campisi!J.!Cellular!senescence:!putting!the!paradoxes!in!perspective.!Current!
Opinion!in!Genetics!&!Development.!2011!FebZ21(1):107–12.!!

450.! Burton! DGA.! Cellular! senescence,! ageing! and! disease.! AGE.! Springer!
NetherlandsZ!2008!Sep!4Z31(1):1–9.!!

451.! Mikhed!Y,!Daiber!A,!Steven!S.!Mitochondrial!Oxidative!Stress,!Mitochondrial!
DNA!Damage!and!Their!Role!in!AgeTRelated!Vascular!Dysfunction.!Int!J!Mol!
Sci.!Multidisciplinary!Digital!Publishing!InstituteZ!2015Z16(7):15918–53.!!

452.! Seekamp! A,! van! Griensven! M,! Lehmann! U,! Molituris! U,! Hildebrandt! F,!
Pohlemann!T.!Serum!ILT6,!ILT8!and!ILT10!Levels!in!Multiple!Trauma!Compared!
to! Traumatic! Brain! Injury! and! Combined! Trauma.! Eur! J! Trauma.! Urban! &!
VogelZ!2002Z28(3):183–9.!!

453.! Maier!B,!Lefering!R,!Lehnert!M,!Laurer!HL,!Steudel!WI,!Neugebauer!EA,!et!al.!
Early! versus! late! onset! of!multiple! organ! failure! is! associated!with! differing!
patterns!of!plasma!cytokine!biomarker!expression!and!outcome!after!severe!
trauma.!Shock.!2007!DecZ28(6):668–74.!!

454.! Volpin!G,!Cohen!M,!Assaf!M,!Meir!T,!Katz!R,!Pollack!S.!Cytokine!Levels!(ILT4,!
ILT6,! ILT8! and! TGFβ)! as! Potential! Biomarkers! of! Systemic! Inflammatory!
Response!in!Trauma!Patients.!Int!Orthop.!2014!Jan!9Z38(6):1303–9.!!

455.! Salvioli! S,! Monti! D,! Lanzarini! C,! Conte! M,! Pirazzini! C,! Bacalini! MG,! et! al.!
Immune! system,! cell! senescence,! aging! and! longevityTTinflammTaging!
reappraised.!Curr!Pharm!Des.!2013Z19(9):1675–9.!!



!Page!|!276!

456.! Valente!SA,!Fallon!WF,!Alexander!TS,!Tomas!ER,!EvanchoTChapman!MM,!
Schmidt! SP,! et! al.! Immunologic! function! in! the! elderly! after! injuryTTthe!
neutrophil!and!innate!immunity.!J!Trauma.!2009!NovZ67(5):968–74.!!

457.! Shaw! AC,! Joshi! S,! Greenwood! H,! Panda! A,! Lord! JM.! Aging! of! the! innate!
immune!system.!Curr!Opin!Immunol.!2010!AugZ22(4):507–13.!!

458.! Vanzant!EL,!Hilton!RE,! López!CM,!Zhang! J,!Ungaro!RF,!Gentile! LF,! et! al.!
Advanced!age!is!associated!with!worsened!outcomes!and!a!unique!genomic!
response! in! severely! injured! patients! with! hemorrhagic! shock.! Crit! Care.!
BioMed!Central!LtdZ!2015Z19(1):77–15.!!

459.! Butcher!SK,!Killampalli!V,!Lascelles!D,!Wang!K,!Alpar!EK,!Lord!JM.!Raised!
cortisol:DHEAS! ratios! in! the! elderly! after! injury:! potential! impact! upon!
neutrophil!function!and!immunity.!Aging!Cell.!2005!DecZ4(6):319–24.!!

460.! Duggal! NA,! Beswetherick! A,! Upton! J,! Hampson! P,! Phillips! AC,! Lord! JM.!
Depressive! symptoms! in! hip! fracture! patients! are! associated! with! reduced!
monocyte!superoxide!production.!EXG.!Elsevier!B.VZ!2014!Jun!1Z54(C):27–34.!!

461.! Franceschi!C,!Campisi!J.!Chronic!inflammation!(inflammaging)!and!its!potential!
contribution!to!ageTassociated!diseases.!J!Gerontol!A!Biol!Sci!Med!Sci.!2014!
JunZ69!Suppl!1:S4–9.!!

462.! Ueda!Y,!Kondo!M,!Kelsoe!G.! Inflammation!and! the! reciprocal!production!of!
granulocytes!and!lymphocytes!in!bone!marrow.!J!Exp!Med.!Rockefeller!Univ!
PressZ!2005!Jun!6Z201(11):1771–80.!!

463.! Delano!MJ,!Moldawer!LL.!A!Paradoxical!Role!for!Myeloid!Derived!Suppressor!
Cells!in!Sepsis!and!Trauma.!Mol!Med![Internet].!2010!Nov!12Z17(3T4):281–92.!
Available!from:!http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3060988/!

464.! Pillay!J,!Kamp!VM,!van!Hoffen!E,!Visser!T,!Tak!T,!Lammers!JTW,!et!al.!A!subset!
of!neutrophils!in!human!systemic!inflammation!inhibits!T!cell!responses!through!
MacT1.! The! Journal! of! Clinical! Investigation.! American! Society! for! Clinical!
InvestigationZ!2012!Jan!3Z122(1):327–36.!!

465.! Faurschou!M,! Borregaard! N.! Neutrophil! granules! and! secretory! vesicles! in!
inflammation.!Microbes!Infect.!2003!NovZ5(14):1317–27.!!

466.! Buckley!CD,!Ross!EA,!McGettrick!HM,!Osborne!CE,!Haworth!O,!Schmutz!C,!
et!al.! Identification!of!a!phenotypically!and! functionally!distinct!population!of!
longTlived!neutrophils!in!a!model!of!reverse!endothelial!migration.!J!Leukoc!Biol.!
2006!FebZ79(2):303–11.!!

467.! Segel!GB,!Halterman!MW,!Lichtman!MA.!The!paradox!of!the!neutrophil's!role!
in! tissue! injury.! J! Leukoc! Biol.! Society! for! Leukocyte! BiologyZ! 2011!
MarZ89(3):359–72.!!

468.! Babcock!GF,!Alexander!J,!Warden!GD.!Flow!cytometric!analysis!of!neutrophil!
subsets!in!thermally!injured!patients!developing!infection.!Clinical!immunology!
and!….!1990Z54(1):117–25.!!



!
!

Page!|!277!
!

469.! Nuutila!J,!JalavaTKarvinen!P,!Hohenthal!U,!Laitinen!I,!Kotilainen!P,!Rajamäki!
A,!et!al.!CRP/CD11b!ratio:!a!novel!parameter!for!detecting!gramTpositive!sepsis.!
Human!Immunology.!2009!AprZ70(4):237–43.!!

470.! Ferrando!AA,!Wolfe!RR.!Restoration!of!hormonal!action!and!muscle!protein.!
Crit!Care!Med.!2007!Sep!1Z35(9!Suppl):S630–4.!!

471.! Johansson!PI,!Sørensen!AM,!Perner!A,!Welling!KTL,!Wanscher!M,!Larsen!CF,!
et! al.! Elderly! trauma!patients! have! high! circulating! noradrenaline! levels! but!
attenuated! release! of! adrenaline,! platelets,! and! leukocytes! in! response! to!
increasing!injury!severity.!Crit!Care!Med.!2012!JunZ40(6):1844–50.!!

472.! McCarthy!JJ,!Esser!KA.!Anabolic!and!catabolic!pathways!regulating!skeletal!
muscle!mass.!Curr!Opin!Clin!Nutr!Metab!Care.!2010!MayZ13(3):230–5.!!

473.! Wolf! SE.! Manipulation! of! the! Hormonal! Response! to! Trauma.! Problems! in!
General!Surgery.!2003!Mar!8Z20:61–9.!!

474.! Giannoudis!PV,!Dinopoulos!H,!Chalidis!B,!Hall!GM.!Surgical!stress!response.!
Injury.!2006!DecZ37!Suppl!5:S3–9.!!

475.! D’Asta! F,! Cianferotti! L,! Bhandari! S,! Sprini! D,! Rini! GB,! Brandi! ML.! The!
endocrine!response!to!severe!burn!trauma.!Expert!Review!of!Endocrinology!&!
Metabolism.!2014!JanZ9(1):45–59.!!

476.! Boonen! E,! Van! den! Berghe! G.! Cortisol! metabolism! in! critical! illness:!
implications! for! clinical! care.! Curr! Opin! Endocrinol! Diabetes! Obes.! 2014!
JunZ21(3):185–92.!!

477.! Vogeser!M,!Groetzner!J,!Küpper!C.!The!serum!cortisol:!cortisone!ratio!in!the!
postoperative!acuteTphase!response.!Hormone!Research!in!…Z!2003.!!

478.! Chapman!KE,!Coutinho!A,!Gray!M,!Gilmour! JS,! Savill! JS,! Seckl! JR.! Local!
amplification!of!glucocorticoids!by!11betaThydroxysteroid!dehydrogenase!type!
1! and! its! role! in! the! inflammatory! response.! Ann! NY! Acad! Sci.! Blackwell!
Publishing!IncZ!2006!NovZ1088(1):265–73.!!

479.! Ray! JA,! Meikle! AW.! CortisolTCortisone! Shuttle:! A! Functional! Indicator! of!
11betaTHSD! Activity.! In:! Cortisol! Physiology,! Regulation! and! Health!
Implications.!2012.!pp.!91–106.!!

480.! Thieringer!R,!Le!Grand!CB,!Carbin!L,!Cai!TQ,!Wong!B,!Wright!SD,!et!al.!11!
BetaThydroxysteroid!dehydrogenase! type!1! is! induced! in! human!monocytes!
upon! differentiation! to! macrophages.! J! Immunol.! American! Association! of!
ImmunologistsZ!2001!Jul!1Z167(1):30–5.!!

481.! Esteves!CL,!Verma!M,!RógTZielińska!E,!Kelly!V,!Sai!S,!Breton!A,!et!al.!ProT
inflammatory!cytokine!induction!of!11βThydroxysteroid!dehydrogenase!type!1!
in! A549! cells! requires! phosphorylation! of! C/EBPβ! at! Thr235.! PLoS! ONE.!
2013Z8(9):e75874.!!



!Page!|!278!

482.! D'Elia!M,!Patenaude! J,! Bernier! J.!Regulation! of! glucocorticoid! sensitivity! in!
thymocytes!from!burnTinjured!mice.!Am!J!Physiol!Endocrinol!Metab.!American!
Physiological!SocietyZ!2009!JanZ296(1):E97–104.!!

483.! Annane! D,! Bellissant! E,! Bollaert! PE,! Briegel! J,! Keh! D.! Corticosteroids! for!
treating! severe! sepsis! and! septic! shock! (Cochrane!Review).! The!Cochrane!
LibraryZ!2004.!!

484.! Arlt! W,! Hammer! F,! Sanning! P,! Butcher! SK,! Lord! JM,! Allolio! B,! et! al.!
Dissociation! of! serum!dehydroepiandrosterone!and!dehydroepiandrosterone!
sulfate!in!septic!shock.!Journal!of!Clinical!Endocrinology!&!Metabolism.!2006!
JulZ91(7):2548–54.!!

485.! Beishuizen! A,! Thijs! LG,! Vermes! I.! Decreased! levels! of!
dehydroepiandrosterone!sulphate!in!severe!critical!illness:!a!sign!of!exhausted!
adrenal!reserve?!CRITICAL!CARETLONDON!….!2002.!!

486.! Lindh!A,!Carlström!K,!Eklund!J,!Wilking!N.!Serum!steroids!and!prolactin!during!
and! after! major! surgical! trauma.! Acta! Anaesthesiol! Scand.! Blackwell!
Publishing!LtdZ!1992!Feb!1Z36(2):119–24.!!

487.! Parker!CR!Jr,!Baxter!CR.!Divergence!in!adrenal!steroid!secretory!pattern!after!
thermal!injury!in!adult!patients.!J!Trauma.!1985.!!

488.! Hazeldine! J,! Arlt! W,! Lord! JM.! Dehydroepiandrosterone! as! a! regulator! of!
immune!cell!function.!J!Steroid!Biochem!Mol!Biol.!2010!May!31Z120(2T3):127–
36.!!

489.! Radford!DJ,!Wang!K,!McNelis!JC,!Taylor!AE,!Hechenberger!G,!Hofmann!J,!et!
al.!Dehydroepiandrosterone!sulfate!directly!activates!protein!kinase!CTbeta!to!
increase! human! neutrophil! superoxide! generation.! Mol! Endocrinol.! 2010!
AprZ24(4):813–21.!!

490.! Oberbeck! R,! Kobbe! P.! Dehydroepiandrosterone! (DHEA):! a! steroid! with!
multiple!effects.!Is!there!any!possible!option!in!the!treatment!of!critical!illness?!
Curr!Med!Chem.!2010Z17(11):1039–47.!!

491.! Schmitz! D,! Kobbe! P,! Wegner! A,! Hammes! F,! Oberbeck! R.!
Dehydroepiandrosterone! during! sepsis:! does! the! timing! of! administration!
influence!the!effectiveness.!J!Surg!Res.!2010!OctZ163(2):e73–7.!!

492.! Berg! C,! Oeffner! A,! SchummTDraeger! PM.! Prevalence! of! anterior! pituitary!
dysfunction!in!patients!following!traumatic!brain!injury!in!a!German!multiTcentre!
screening!program.!…!&!diabetes:!official!….!2010.!!

493.! Wagner!J,!Dusick!JR,!McArthur!DL,!Cohan!P,!Wang!C,!Swerdloff!R,!et!al.!Acute!
Gonadotroph!and!Somatotroph!Hormonal!Suppression!after!Traumatic!Brain!
Injury.!J!Neurotrauma.!2010!JunZ27(6):1007–19.!!

494.! Gang!W,!Limin!X,!Yang!W,!Zhanzhi!W,!Lijun!X.!The!effects!of!craniocerebral!
and!extracranial!trauma!on!the!changes!in!serum!testosterone!and!estradiol!in!
the!early! stage!and! their! clinical! significance.! Journal! of!Trauma!and!Acute!



!
!

Page!|!279!
!

Care!Surgery.!2013!JanZ74(1):254–8.!!

495.! Vogel!AV,!Peake!GT,!Rada!RT.!PituitaryTtesticular!axis!dysfunction!in!burned!
men.!J!Clin!Endocrinol!Metab.!The!Endocrine!SocietyZ!1985!AprZ60(4):658–65.!!

496.! Daniell!HW.!Hypogonadism!in!men!consuming!sustainedTaction!oral!opioids.!
The!Journal!of!Pain.!2002!OctZ3(5):377–84.!!

497.! Gabbe! BJ,! Cameron! PA,! Wolfe! R.! TRISS:! does! it! get! better! than! this?!
Academic!emergency!….!2004Z11(2):181–6.!!

498.! Lausevic! Z,! Lausevic! M,! TrbojevicTStankovic! J,! Krstic! S,! Stojimirovic! B.!
Predicting!multiple!organ!failure! in!patients!with!severe!trauma.!Can!J!Surg.!
2008!AprZ51(2):97–102.!!

499.! Furmaga!W,!Cohn!S,!Prihoda!TJ,!Muir!MT,!Mikhailov!V,!McCarthy! J,! et! al.!
Novel!markers!predict!death!and!organ! failure! following!hemorrhagic!shock.!
Clin!Chim!Acta.!2015!Feb!2Z440:87–92.!!

500.! Delano!MJ,!Moldawer!LL.!Magic!bullets!and!surrogate!biomarkers!circa!2009.!
Crit!Care!Med.!2009!May!1Z37(5):1796–8.!!

501.! Warren!HS,!Elson!CM,!Hayden!DL,!Schoenfeld!DA,!Cobb!JP,!Maier!RV,!et!al.!
A! genomic! score! prognostic! of! outcome! in! trauma! patients.! Mol! Med.!
2009Z15(7T8):220–7.!!

502.! Osuchowski!MF,!Welch!K,!Siddiqui!J,!Remick!DG.!Circulating!cytokine/inhibitor!
profiles!reshape!the!understanding!of!the!SIRS/CARS!continuum!in!sepsis!and!
predict!mortality.!J!Immunol.!American!Association!of!ImmunologistsZ!2006!Aug!
1Z177(3):1967–74.!!

503.! Hotchkiss! RS,! Coopersmith! CM,! McDunn! JE,! Ferguson! TA.! The! sepsis!
seesaw:! tilting! toward! immunosuppression.! Nature! Medicine.! 2009!
MayZ15(5):496–7.!!

504.! Volpin!G,!Cohen!M,!Assaf!M,!Meir!T,!Katz!R,!Pollack!S.!Cytokine!Levels!(ILT4,!
ILT6,! ILT8! and! TGFβ)! as! Potential! Biomarkers! of! Systemic! Inflammatory!
Response!in!Trauma!Patients.!Int!Orthop.!2014!Jan!9Z38(6):1303–9.!!

505.! Peltz! ED,!Moore!EE,! Eckels! PC,!Damle!SS,! Tsuruta! Y,! Johnson! JL,! et! al.!
HMGB1!is!markedly!elevated!within!6!hours!of!mechanical!trauma!in!humans.!
Shock.!2009!JulZ32(1):17–22.!!

506.! Krychtiuk!KA,!Ruhittel!S,!Hohensinner!PJ,!Koller! L,!Kaun!C,! Lenz!M,!et! al.!
Mitochondrial!DNA!and!TollTLike!ReceptorT9!Are!Associated!With!Mortality!in!
Critically!Ill!Patients.!Crit!Care!Med.!2015!Oct!7Z:1.!!

507.! Linton!PTJ,!Thoman!ML.!Immunosenescence!in!monocytes,!macrophages,!and!
dendritic!cells:! lessons! learned!from!the! lung!and!heart.! Immunol!Lett.!2014!
NovZ162(1!Pt!B):290–7.!!

508.! Starodubtseva!MN.!Mechanical!properties!of!cells!and!ageing.!Ageing!Res!Rev.!



!Page!|!280!

2011!JanZ10(1):16–25.!!

509.! Finkel!T,!Holbrook!NJ.!Oxidants,!oxidative!stress!and! the!biology!of!ageing.!
Nature.!Nature!Publishing!GroupZ!2000!Nov!9Z408(6809):239–47.!!

510.! Harper!JM,!Salmon!AB,!Chang!Y,!Bonkowski!M,!Bartke!A,!Miller!RA.!Stress!
resistance!and!aging:!influence!of!genes!and!nutrition.!Mechanisms!of!Ageing!
and!Development.!2006!AugZ127(8):687–94.!!

511.! Akbar! AN,! Henson! SM.! Are! senescence! and! exhaustion! intertwined! or!
unrelated! processes! that! compromise! immunity?! Nat! Rev! Immunol.! Nature!
Publishing!GroupZ!2011!Apr!1Z11(4):289–95.!!

512.! Nierhaus!A,!Klatte!S,!Linssen!J,!Eismann!NM,!Wichmann!D,!Hedke!JR,!et!al.!
Revisiting! the! white! blood! cell! count:! immature! granulocytes! count! as! a!
diagnostic!marker! to!discriminate!between!SIRS!and!sepsis! T!a!prospective,!
observational! study.! BMC! Immunology.! BMC! ImmunologyZ! 2013! Feb!
12Z14(1):1–1.!!

513.! Mare!TA.!The!diagnostic!and!prognostic!significance!of!monitoring!blood!levels!
of!immature!neutrophils!in!patients!with!systemic!inflammation.!2015!Mar!5Z:1–
11.!!

514.! Fujieda!Y,!Manno!A,!Hayashi!Y,!Rhodes!N,!Guo!L,!Arita!M,!et!al.!Inflammation!
and!Resolution!Are!Associated!with!Upregulation!of!Fatty!Acid!βTOxidation!in!
ZymosanTInduced! Peritonitis.! Lang! R,! editor.! PLoS! ONE.! Public! Library! of!
ScienceZ!2013!Jun!11Z8(6):e66270–11.!!

515.! Wiersinga! WJ.! Current! insights! in! sepsis.! Curr! Opin! Crit! Care.! 2011!
OctZ17(5):480–6.!!

516.! Piccinini! AM,! Midwood! KS.! DAMPening! inflammation! by! modulating! TLR!
signalling.! Mediators! Inflamm.! Hindawi! Publishing! CorporationZ!
2010Z2010(2):1–21.!!

517.! Hazeldine!J,!Hampson!P,!Opoku!FA,!Foster!MA,!Lord!JM.!NTFormyl!peptides!
drive!mitochondrial!damage!associated!molecular!pattern! induced!neutrophil!
activation! through!ERK1/2!and!P38!MAP!kinase!signalling!pathways.! Injury.!
2015!Mar!17Z46(6):975–84.!!

518.! Chen!G,!Li!J,!Qiang!X,!Czura!CJ,!Ochani!M,!Ochani!K,!et!al.!Suppression!of!
HMGB1!release!by!stearoyl!lysophosphatidylcholine:an!additional!mechanism!
for!its!therapeutic!effects!in!experimental!sepsis.!J!Lipid!Res.!American!Society!
for!Biochemistry!and!Molecular!BiologyZ!2005!AprZ46(4):623–7.!!

519.! Pisetsky! DS,! ErlandssonTHarris! H,! Andersson! U.! HighTmobility! group! box!
protein! 1! (HMGB1):! an! alarmin! mediating! the! pathogenesis! of! rheumatic!
disease.!Arthritis!Res!Ther.!2008Z10(3):209.!!

520.! Yang!R,!Harada!T,!Mollen!KP,!Prince!JM,!Levy!RM,!Englert!JA,!et!al.!AntiT
HMGB1!neutralizing!antibody!ameliorates!gut!barrier!dysfunction!and!improves!
survival!after!hemorrhagic!shock.!Mol!Med.!2006!AprZ12(4T6):105–14.!!



!
!

Page!|!281!
!

521.! Allam!R,! Kumar! SVR,!Darisipudi!MN,! Anders!HTJ.! Extracellular! histones! in!
tissue!injury!and!inflammation.!J!Mol!Med.!2014!Apr!6Z92(5):465–72.!!

522.! Bo!L,!Wang!F,!Zhu!J,!Li!J,!Deng!X.!GranulocyteTcolony!stimulating!factor!(GT
CSF)! and! granulocyteTmacrophage! colony! stimulating! factor! (GMTCSF)! for!
sepsis:!a!metaTanalysis.!Crit!Care.!BioMed!Central!LtdZ!2011Z15(1):R58.!!

523.! Shintani!Y,!Kapoor!A,!Kaneko!M,!Smolenski!RT,!D'Acquisto!F,!Coppen!SR,!et!
al.! TLR9! mediates! cellular! protection! by! modulating! energy! metabolism! in!
cardiomyocytes! and! neurons.! Proc! Natl! Acad! Sci! USA.! 2013! Mar!
26Z110(13):5109–14.!!

524.! Herndon!DN,!Wernerman!J.!Metabolic!support! in!sepsis!and!multiple!organ!
failure.!Crit!Care!Med.!2007!SepZ35(Suppl):S435.!!

525.! Novotny!NM,!Lahm!T,!Markel!TA,!Crisostomo!PR,!Wang!M,!Wang!Y,!et!al.!βT
BLOCKERS!IN!SEPSIS.!Shock.!2009!FebZ31(2):113–9.!!

526.! Fleischer! AS,! Rudman! DR,! Payne! NS.! Hypothalamic! hypothyroidism! and!
hypogonadism!in!prolonged!traumatic!coma.!Journal!of!neurosurgery.!1978.!!

527.! Van!den!Berghe!G,!Weekers!F,!Baxter!RC,!Wouters!P,!Iranmanesh!A,!Bouillon!
R,! et! al.! FiveTday! pulsatile! gonadotropinTreleasing! hormone! administration!
unveils!combined!hypothalamicTpituitaryTgonadal!defects!underlying!profound!
hypoandrogenism! in! men! with! prolonged! critical! illness.! J! Clin! Endocrinol!
Metab.!2001!JulZ86(7):3217–26.!!

528.! Roberts! LJ,! Finch!PM,!Pullan!PT.! Sex! hormone! suppression! by! intrathecal!
opioids:!a!prospective!study.!The!Clinical!journal!of!….!2002.!!

529.! Angele! MK,! Chaudry! IH.! Surgical! trauma! and! immunosuppression:!
pathophysiology!and!potential! immunomodulatory!approaches.!Langenbecks!
Arch!Surg.!2005!Aug!1Z390(4):333–41.!!

530.! Sheth!SU,!Palange!D,!Xu!DZ,!Wei!D,!Feketeova!E,!Lu!Q,!et!al.!Testosterone!
Depletion! or! Blockade! in!Male! Rats! Protects! Against! Trauma!Hemorrhagic!
ShockTInduced!Distant!Organ! Injury! by! Limiting!Gut! Injury! and!Subsequent!
Production! of! Biologically! Active! Mesenteric! Lymph.! J! Trauma.! 2011!
DecZ71(6):1652–8.!!

531.! Albayrak!Y,!Halici!Z,!Odabasoglu!F,!Unal!D,!Keles!ON,!Malkoc! İ,!et!al.!The!
Effects!of!Testosterone!on! Intestinal! Ischemia/Reperfusion! in!Rats.! J! Invest!
Surg.!!Informa!Healthcare!USAZ!2011!Oct!20Z24(6):283–91.!!

532.! Herndon!DN,!Tompkins!RG.!Support!of!the!metabolic!response!to!burn!injury.!
Lancet.!2004!Jun!5Z363(9424):1895–902.!!

533.! Williams!FN,!Jeschke!MG,!Chinkes!DL,!Suman!OE,!Branski!LK,!Herndon!DN.!
Modulation! of! the! Hypermetabolic! Response! to! Trauma:! Temperature,!
Nutrition,!and!Drugs.!J!Am!Coll!Surg.!2009!AprZ208(4):489–502.!!



!Page!|!282!

534.! Pereira! CT,! Jeschke! MG,! Herndon! DN.! Use! of! oxandrolone! in! ventilator!
dependent! surgical! patients.! Ann! Surg.! 2005! JunZ241(6):1030–1–
authorreply1031–2.!!

535.! Labrie! F.! Intracrinology.! Molecular! and! Cellular! Endocrinology.! 1991!
JulZ78(3):C113–8.!!

536.! Barkhausen!T,! Frerker!C,! Pütz!C,! Pape!HTC,!Krettek!C,! van!Griensven!M.!
Depletion!of!NK!cells!in!a!murine!polytrauma!model!is!associated!with!improved!
outcome! and! a!modulation! of! the! inflammatory! response.! Shock.! 2008!Oct!
1Z30(4):401–10.!!

537.! Knöferl! MW,! Angele! MK,! Catania! RA,! Diodato! MD,! Bland! KI,! Chaudry! IH.!
Immunomodulatory! effects! of! dehydroepiandrosterone! in! proestrus! female!
mice!after!traumaThemorrhage.!J!Appl!Physiol.!2003!AugZ95(2):529–35.!!

538.! Kuebler! JF,! Jarrar!D,!Wang!P,!Bland!KI.!Dehydroepiandrosterone!Restores!
Hepatocellular! Function! and! Prevents! Liver! Damage! in! EstrogenTDeficient!
Females!Following!Trauma!and!Hemorrhage.!Journal!of!Surgical!….!2001.!!

539.! Jarrar!D,!Wang!P,!Cioffi!WG,!Bland!KI,!Chaudry!IH.!Mechanisms!of!the!salutary!
effects!of!dehydroepiandrosterone!after!traumaThemorrhage:!direct!or!indirect!
effects! on! cardiac! and! hepatocellular! functions?! Arch! Surg.! 2000!
AprZ135(4):416–22–discussion422–3.!!

540.! Catania! RA,! Angele! MK,! Ayala! A,! Cioffi! WG,! Bland! KI,! Chaudry! IH.!
Dehydroepiandrosterone! restores! immune! function! following! traumaT
haemorrhage! by! a! direct! effect! on! T! lymphocytes.! Cytokine.! 1999!
JunZ11(6):443–50.!!

541.! Lichte! P,! Pfeifer! R,! Werner! BE,! Ewers! P,! Tohidnezhad! M,! Pufe! T,! et! al.!
Dehydroepiandrosterone!modulates! the! inflammatory! response! in!a!bilateral!
femoral! shaft! fracture! model.! Eur! J! Med! Res.! BioMed! Central! LtdZ!
2014Z19(1):27.!!

542.! Barkhausen!T,!Hildebrand!F,!Krettek!C,!van!Griensven!M.!DHEATdependent!
and! organTspecific! regulation! of! TNFTalpha! mRNA! expression! in! a! murine!
polymicrobial! sepsis! and! trauma! model.! Crit! Care.! BioMed! Central! LtdZ!
2009Z13(4):R114.!!

543.! Mills! SJ,! Ashworth! JJ,! Gilliver! SC.! Journal! of! Investigative! Dermatology! T!
Abstract!of!article:!The!Sex!Steroid!Precursor!DHEA!Accelerates!Cutaneous!
Wound!Healing!Via!the!Estrogen!Receptors.!Journal!of!investigative!….!2005.!!

544.! Ayhan! SH,! Tugay! C,! Norton! S,! Araneo! B,! Siemionow! M.!
Dehydroepiandrosterone!Protects! the!Microcirculation! of!Muscle! Flaps! from!
IschemiaTReperfusion! Injury! by! Reducing! the! Expression! of! Adhesion!
Molecules.!Plast!Reconstr!Surg.!2003!JunZ111(7):2286–94.!!

545.! Banta! S,! Yokoyama! T,! Berthiaume! F,! Yarmush! ML.! Effects! of!
Dehydroepiandrosterone!Administration!on!Rat!Hepatic!Metabolism!Following!
Thermal!Injury.!Journal!of!Surgical!Research.!2005!AugZ127(2):93–105.!!



!
!

Page!|!283!
!

546.! Gianotti!L,!Alexander!JW,!Fukushima!R,!Pyles!T.!Steroid!therapy!can!modulate!
gut! barrier! function,! host! defense,! and! survival! in! thermally! injured! mice.!
Journal!of!Surgical!Research.!1996!AprZ62(1):53–8.!!

547.! Araneo! BA,! Shelby! J,! Li! GZ,! Ku! W,! Daynes! RA.! Administration! of!
dehydroepiandrosterone! to! burned! mice! preserves! normal! immunologic!
competence.!Arch!Surg.!1993!MarZ128(3):318–25.!!

548.! Araneo!BA,!Ryu!SY,!Barton!S,!Daynes!RA.!Dehydroepiandrosterone!reduces!
progressive! dermal! ischemia! caused! by! thermal! injury.! Journal! of! Surgical!
Research.!1995!AugZ59(2):250–62.!!

549.! Danenberg! HD,! BenTYehuda! A,! ZakayTRones! Z,! Gross! DJ,! Friedman! G.!
Dehydroepiandrosterone!treatment!is!not!beneficial!to!the!immune!response!to!
influenza!in!elderly!subjects.!Journal!of!Clinical!Endocrinology!&!Metabolism.!
1997!SepZ82(9):2911–4.!!

550.! Evans!T.!The!use!of!oral!dehydroepiandrosterone!sulfate!as!an!adjuvant! in!
tetanus! and! influenza! vaccination! of! the! elderly.! Vaccine.! 1996!
NovZ14(16):1531–7.!!

551.! Araneo!B,!Dowell!T,!Woods!ML,!Daynes!R,!Judd!M,!Evans!T.!DHEAS!as!an!
effective!vaccine!adjuvant! in!elderly!humans.!ProofTofTprinciple!studies.!Ann!
NY!Acad!Sci.!1995!Dec!29Z774:232–48.!!

552.! Degelau!J,!Guay!D,!Hallgren!H.!The!effect!of!DHEAS!on!influenza!vaccination!
in! aging! adults.! Journal! of! the! American! Geriatrics! Society.! 1997!
JunZ45(6):747–51.!!

553.! Casson!PR,!Andersen!RN,!Herrod!HG,!Stentz!FB,!Straughn!AB,!Abraham!GE,!
et!al.!Oral! dehydroepiandrosterone! in!physiologic!doses!modulates! immune!
function! in! postmenopausal! women.! Am! J! Obstet! Gynecol.! 1993!
DecZ169(6):1536–9.!!

554.! Khorram! O,! Vu! L,! Yen! SSC.! Activation! of! Immune! Function! by!
Dehydroepiandrosterone!(DHEA)!in!AgeTAdvanced!Men.!J!Gerontol!A!Biol!Sci!
Med!Sci.!Oxford!University!PressZ!1997!Jan!1Z52A(1):M1–M7.!!

555.! Kohut! ML,! Thompson! JR,! Campbell! J.! Ingestion! of! a! dietary! supplement!
containing!dehydroepiandrosterone!(DHEA)!and!androstenedione!has!minimal!
effect!on!immune!function!in!middleTaged!men.!Journal!of!the!….!2003.!!

556.! Mizushima!Y,!Wang!P,!Jarrar!D,!Cioffi!WG,!Bland!KI,!Chaudry! IH.!Estradiol!
administration! after! traumaThemorrhage! improves! cardiovascular! and!
hepatocellular!functions!in!male!animals.!Ann!Surg.!2000!NovZ232(5):673–9.!!

557.! Angele!MK,!Frantz!MC,!Chaudry!IH.!Gender!and!sex!hormones!influence!the!
response!to!trauma!and!sepsis:!potential!therapeutic!approaches.!Clinics!(Sao!
Paulo).!2006!Oct!1Z61(5):479–88.!!

558.! Demetriades!D,!Murray!J,!Sinz!B,!Myles!D,!Chan!L,!Sathyaragiswaran!L,!et!al.!



!Page!|!284!

Epidemiology!of!major!trauma!and!trauma!deaths!in!Los!Angeles!County.!ACS.!
1998!OctZ187(4):373–83.!!

559.! Gee!AC,!Sawai!RS,!Differding!J,!Muller!P,!Underwood!S,!Schreiber!MA.!The!
influence! of! sex! hormones! on! coagulation! and! inflammation! in! the! trauma!
patient.!Shock.!2008!MarZ29(3):334–41.!!

560.! Dhatariya! KK,! Nair! KS.! Dehydroepiandrosterone:! is! there! a! role! for!
replacement?!Mayo!Clin!Proc.!2003!OctZ78(10):1257–73.!!

561.! Bhagra! S,! Nippoldt! TB,! Nair! KS.! Dehydroepiandrosterone! in! adrenal!
insufficiency!and!ageing.!Current!opinion!in!….!2008.!!

562.! Cutolo!M.!Androgens!in!rheumatoid!arthritis:!when!are!they!effectors?!Arthritis!
Res!Ther.!BioMed!Central!LtdZ!2009Z11(5):126.!!

563.! Malafarina!V,!ÚrizTOtano!F,!Iniesta!R,!GilTGuerrero!L.!Sarcopenia!in!the!elderly:!
Diagnosis,!physiopathology!and!treatment.!Maturitas.!2012!FebZ71(2):109–14.!!

564.! Binello!E,!Gordon!CM.!Clinical!uses!and!misuses!of!dehydroepiandrosterone.!
Current!Opinion!in!Pharmacology.!2003.!!

565.! Arlt!W.!Dehydroepiandrosterone!and!ageing.!Best!Practice!&!Research!Clinical!
Endocrinology!&!Metabolism.!2004!SepZ18(3):363–80.!!

566.! Alkatib!AA,!Cosma!M,!Elamin!MB,!Erickson!D,!Swiglo!BA,!Erwin!PJ,!et!al.!A!
Systematic! Review! and! MetaTAnalysis! of! Randomized! PlaceboTControlled!
Trials!of!DHEA!Treatment!Effects!on!Quality!of!Life! in!Women!with!Adrenal!
Insufficiency.!J!Clin!Endocrinol!Metab.!Endocrine!SocietyZ!2013!Jul!2.!!

567.! Corona! G,! Rastrelli! G,! Giagulli! VA,! Sila! A,! Sforza! A,! Forti! G,! et! al.!
Dehydroepiandrosterone! Supplementation! in! Elderly! Men:! A! MetaTAnalysis!
Study!of!PlaceboTControlled!Trials.!J!Clin!Endocrinol!Metab.!Endocrine!Society!
Chevy!Chase,!MDZ!2013!Jul!3.!!

568.! Davis!SR,!Panjari!M,!Stanczyk!FZ.!DHEA!Replacement!for!Postmenopausal!
Women.! Journal! of! Clinical! Endocrinology! &! Metabolism.! 2011!
JunZ96(6):1642–53.!!

569.! Priori! R,! Scrivo! R,! Brandt! J,! Valerio! M,! Casadei! L,! Valesini! G,! et! al.!
Metabolomics! in! rheumatic! diseases:! The! potential! of! an! emerging!
methodology!for!improved!patient!diagnosis,!prognosis,!and!treatment!efficacy.!
Autoimmunity!Reviews.!2013!AugZ12(10):1022–30.!!

570.! Murton! AJ,!Greenhaff! PL.! Physiological! control! of!muscle!mass! in! humans!
during!resistance!exercise,!disuse!and!rehabilitation.!Curr!Opin!Clin!Nutr!Metab!
Care.!2010!MayZ13(3):249–54.!!

571.! Gerovasili!V,!Stefanidis!K,!Vitzilaios!K,!Karatzanos!E,!Politis!P,!Koroneos!A,!et!
al.! Electrical! muscle! stimulation! preserves! the! muscle! mass! of! critically! ill!
patients:!a!randomized!study.!Crit!Care.!2009Z13(5):R161.!!

572.! Osler!T,!Baker!SP,!Long!W.!A!modification!of!the!injury!severity!score!that!both!



!
!

Page!|!285!
!

improves! accuracy! and! simplifies! scoring.! The! Journal! of! Trauma:! Injury,!
Infection,!and!Critical!Care.!1997!DecZ43(6):922–5–discussion925–6.!!

573.! Dunbar!H.!The!medicine!and!surgery!of!Homer.!British!Medical!Journal.!1880.!!

574.! Chawda!MN,!Hildebrand!F,!Pape!HC,!Giannoudis!PV.!Predicting!outcome!after!
multiple!trauma:!which!scoring!system?!Injury.!2004!AprZ35(4):347–58.!!

575.! Moore! L,! Lavoie! A,! Le! Sage! N,! Bergeron! É.! Consensus! or! dataTderived!
anatomical! severity! scoring?! Annu! Proc! Assoc! Adv! Automot! Med.!
2006Z50:269–84.!!

576.! Tohira! H,! Jacobs! I,! Matsuoka! T,! Ishikawa! K.! Impact! of! the! version! of! the!
abbreviated! injury! scale! on! injury! severity! characterization! and! quality!
assessment!of!trauma!care.!J!Trauma.!2011!JulZ71(1):56–62.!!

577.! Nutbeam!T,!O'Meara!M,!Henning!J.!Scoring!Systems!and!Their!Possible!Use!
in! a! Military! ICU! Setting.! J! R! Army! Med! Corps.! British! Medical! Journal!
Publishing!GroupZ!2009!Jun!1Z155(2):124–9.!!

578.! Sacco! WJ,! MacKenzie! EJ,! Champion! HR,! Davis! EG,! Buckman! RF.!
Comparison! of! alternative! methods! for! assessing! injury! severity! based! on!
anatomic!descriptors.!J!Trauma.!1999!SepZ47(3):441–6–discussion446–7.!!

579.! Ringdal!KG,!Hestnes!M,!Palmer!CS.!Differences!and!discrepancies!between!
2005!and!2008!Abbreviated!Injury!Scale!versions!T!time!to!standardise.!Scand!
J!Trauma!Resusc!Emerg!Med.!2012Z20(1):11.!!

580.! Baker!SP,!O'Neill!B,!Haddon!W,!Long!WB.!The!injury!severity!score:!a!method!
for!describing!patients!with!multiple!injuries!and!evaluating!emergency!care.!J!
Trauma.!1974!MarZ14(3):187–96.!!

581.! Copes!WS,!Champion!HR,!Sacco!WJ,!Lawnick!MM,!Keast!SL,!Bain!LW.!The!
Injury!Severity!Score!revisited.!J!Trauma.!1988!JanZ28(1):69–77.!!

582.! Osler!T,!Rutledge!R,!Deis!J,!Bedrick!E.!ICISS:!an!international!classification!of!
diseaseT9! based! injury! severity! score.! J! Trauma.! 1996! SepZ41(3):380–6–
discussion386–8.!!

583.! Tohira! H,! Jacobs! I,! Mountain! D,! Gibson! N,! Yeo! A.! Systematic! review! of!
predictive!performance!of!injury!severity!scoring!tools.!Scand!J!Trauma!Resusc!
Emerg!Med.!Scandinavian!Journal!of!Trauma,!Resuscitation!and!Emergency!
MedicineZ!2012!Sep!10Z20(1):1–1.!!

584.! Russell!RJ,!Hodgetts!TJ,!McLeod!J,!Starkey!K,!Mahoney!P,!Harrison!K,!et!al.!
The! role! of! trauma! scoring! in! developing! trauma! clinical! governance! in! the!
Defence!Medical!Services.!Philosophical!Transactions!of!the!Royal!Society!B:!
Biological!Sciences.!2011!Jan!27Z366(1562):171–91.!!

585.! Champion!HR.!Trauma!scoring.!Scandinavian!Journal!of!Surgery.!2002.!!

586.! Boyd!CR,!Tolson!MA,!Copes!WS.!Evaluating!trauma!care:!the!TRISS!method.!
Trauma!Score!and!the!Injury!Severity!Score.!J!Trauma.!1987!AprZ27(4):370–8.!!



!Page!|!286!

587.! Champion!HR,!Sacco!WJ,!Copes!WS,!Gann!DS,!Gennarelli!TA,!Flanagan!ME.!
A!revision!of!the!Trauma!Score.!J!Trauma.!1989!MayZ29(5):623–9.!!

588.! Gabbe! BJ,! Cameron! PA,! Wolfe! R.! TRISS:! does! it! get! better! than! this?!
Academic!emergency!….!2004Z11(2):181–6.!!

589.! Champion!HR,!COPES!WS,!SACCO!WJ,!Lawnick!MM,!BAIN!LW,!GANN!DS,!
et! al.! A! New! Characterization! of! Injury! Severity.! J! Trauma.! 1990!
MayZ30(5):539–46.!!

590.! Knaus!WA,!Draper!EA,!Wagner!DP,!Zimmerman!JE.!APACHE!II:!a!severity!of!
disease!classification!system.!Crit!Care!Med.!1985!Sep!30Z13(10):818–29.!!

591.! Le! Gall! JTR,! Lemeshow! S,! Saulnier! F.! A! New! Simplified! Acute! Physiology!
Score! (SAPS! II)! Based! on! a! European/North! American! Multicenter! Study.!
JAMA.!American!Medical!AssociationZ!1993!Dec!22Z270(24):2957–63.!!

592.! Vincent!JTL,!Moreno!R.!Clinical!review:!scoring!systems!in!the!critically!ill.!Crit!
Care.!2010Z14(2):207.!!

593.! Knaus!WA,!Zimmerman!JE,!Wagner!DP,!Draper!EA,!Lawrence!DE.!APACHET
acute! physiology! and! chronic! health! evaluation:! a! physiologically! based!
classification!system.!Crit!Care!Med.!1981!AugZ9(8):591–7.!!

594.! STRAND! K,! FLAATTEN! H.! Severity! scoring! in! the! ICU:! a! review.! Acta!
Anaesthesiol!Scand.!2008!Feb!24Z52(4):1–12.!!

595.! Haider!AH,!Crompton!JG,!Oyetunji!T,!Risucci!D,!DiRusso!S,!Basdag!H,!et!al.!
Mechanism!of!injury!predicts!case!fatality!and!functional!outcomes!in!pediatric!
trauma!patients:! the! case! for! its! use! in! trauma!outcomes! studies.! J!Pediatr!
Surg.!Elsevier!B.VZ!2011!Aug!1Z46(8):1557–63.!!

596.! Bogner!V,!Kirchhoff!C,!Baker!HV,!Stegmaier!JC,!Moldawer!LL,!Mutschler!W,!et!
al.!Gene!expression!profiles!are!influenced!by!ISS,!MOF,!and!clinical!outcome!
in!multiple!injured!patients:!a!genomeTwide!comparative!analysis.!Langenbecks!
Arch!Surg.!2007!May!1Z392(3):255–65.!!

597.! Haider!AH,!Chang!DC,!Haut!ER,!Cornwell!EE,!Efron!DT.!ASSOCIATION!FOR!
ACADEMIC!SURGERY,!2008Mechanism!of! Injury!Predicts!Patient!Mortality!
and!Impairment!After!Blunt!Trauma.!Journal!of!Surgical!Research.!Elsevier!IncZ!
2009!May!1Z153(1):138–42.!!

598.! Moore!L,!Lavoie!A,!Le!Sage!N,!Bergeron!É,!Émond!M,!Abdous!B.!Consensus!
or! dataTderived! anatomic! injury! severity! scoring?! J! Trauma.! 2008!
FebZ64(2):420–6.!!

599.! PennTBarwell!JG,!Roberts!SAG,!Midwinter!MJ,!Bishop!JRB.!Improved!survival!
in! UK! combat! casualties! from! Iraq! and! Afghanistan:! 2003T2012.! J! Trauma!
Acute!Care!Surg.!2015!MayZ78(5):1014–20.!!

600.! Xiao!W,! Mindrinos! MN,! Seok! J,! Cuschieri! J,! Cuenca! AG,! Gao! H,! et! al.! A!
genomic! storm! in! critically! injured! humans.! J! Exp! Med.! 2011! Dec!
19Z208(13):2581–90.!!



!
!

Page!|!287!
!

601.! Cuenca! AG,! Gentile! LF,! López! MC,! Ungaro! R,! Liu! H,! Xiao! W,! et! al.!
Development!of!a!genomic!metric!that!can!be!rapidly!used!to!predict!clinical!
outcome! in! severely! injured! trauma! patients.! Crit! Care! Med.! 2013!
MayZ41(5):1175–85.!!

602.! Desai! KH,! Tan! CS,! Leek! JT,! Maier! RV,! Tompkins! RG,! Storey! JD,! et! al.!
Dissecting! inflammatory! complications! in! critically! injured!patients! by!withinT
patient!gene!expression!changes:!a!longitudinal!clinical!genomics!study.!PLoS!
Med.!2011!SepZ8(9):e1001093.!!

603.! Orr! SK,! Butler! KL,! Hayden! D,! Tompkins! RG,! Serhan! CN,! Irimia! D.! Gene!
Expression!of!Proresolving!Lipid!Mediator!Pathways!Is!Associated!With!Clinical!
Outcomes!in!Trauma!Patients.!Crit!Care!Med.!2015!DecZ43(12):2642–50.!!

604.! Kurihara!T,!Jones!CN,!Yu!YTM,!Fischman!AJ,!Watada!S,!Tompkins!RG,!et!al.!
Resolvin!D2!restores!neutrophil!directionality!and!improves!survival!after!burns.!
The! FASEB! Journal.! Federation! of! American! Societies! for! Experimental!
BiologyZ!2013!Jun!1Z27(6):2270–81.!!

605.! Vanzant!EL,!Hilton!RE,! López!CM,! Zhang! J,!Ungaro!RF,!Gentile! LF,! et! al.!
Advanced!age!is!associated!with!worsened!outcomes!and!a!unique!genomic!
response! in! severely! injured! patients! with! hemorrhagic! shock.! Crit! Care.!
2015Z19:77.!!

!

!

!


