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Abstract 

Cefuroxime and cefazolin are used intravenously pre–caesarean section (CS) to 

prophylactically prevent or decrease post–surgical infections. Cefazolin 

pharmacokinetics (PK) has been evaluated in obese–pregnant women; while 

cefuroxime posology, appropriateness of doses, has not been assessed in this 

population. The aim of the current project was to investigate the appropriateness of 

cefuroxime dose given to obese–pregnant women at time of CS. Available cefazolin 

PK data in an obese-pregnant population was utilised to guide investigation of 

cefuroxime PK in an obese–pregnant population. This project comprised of four work 

packages: (1) Systematic review to identify information regarding cefazolin PK and rate 

of infection when cefazolin was given pre–CS in obese–pregnant women, and a 

systematic review to identify information on cefuroxime PK and rate of infection when 

cefuroxime is administrated to lean– or obese–pregnant at CS; (2) A research study 

was developed to clinically measure cefuroxime concentrations in plasma and adipose 

tissue in lean– and obese–pregnant (this study was approved by ethical authorities, 

and currently is suspended due to COVID-19 pandemic); (3) A partial validation of an 

analytical method to measure cefuroxime concentrations in plasma and adipose tissue 

samples using High Performance Liquid Chromatography; and (4) A physiologically 

based pharmacokinetic (PBPK) obese–pregnant model was utilised to predict 

cefazolin and cefuroxime disposition in such population.  

At around 1–1.5 hours post cefuroxime 1500 mg dose, reported clinical cefuroxime 

plasma concentrations ranged within 8.7–57 mg/L in lean–pregnant women (4 articles, 

n=108 women); while a dose of 750 mg attained a mean plasma concentration of 14.9 

mg/L at around 1 hour. There is no publicly available information of cefuroxime adipose 
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tissue concentration in a lean–pregnant population. To the best of our knowledge, 

there is no clinical information regarding cefuroxime plasma or adipose concentrations 

in obese–pregnant women. Information from both cefuroxime PK systematic review in 

lean–pregnant and PBPK modelling proposed the following: (1) A dose of 1500 mg 

cefuroxime appears therapeutically more appropriate than 750 mg dose for obese–

pregnant women undergoing CS, if a minimum inhibitory concentration of 8 mg/L is 

required for up to 2 hours post dose; and (2) giving cefuroxime 15–30 minutes before 

skin incision is superior to current guidelines (15–60 minutes before skin incision). A 

clinical study is required to measure cefuroxime concentrations in plasma and site of 

incision to assess the appropriateness of cefuroxime dose in obese-pregnant 

population and to use these data to optimise the obese–pregnant PBPK model.   
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Chapter 1: Introduction, Rationale and Aims 



2 
 

1.1 Background 

Ethical considerations restrict clinical studies in pregnancy, which ultimately limits 

knowledge of drugs’ pharmacokinetics (PK) and pharmacodynamics (PD) in pregnant 

women. A review revealed that studies evaluating the use of drugs in pregnancy are 

either focused on infectious diseases (one-third of studies), or on antepartum 

indications (one-third of studies), or on acute labour and delivery issues (1).  

Consideration of adequate PK parameters is critical for prescribing drugs in pregnant 

women (posology), i.e.: dosage form, dose, dose frequency and route of administration 

(2).  Clinical guidelines for pregnant women are established using basic PK principles, 

observational studies or predictions (2). Insufficient knowledge of PK and PD in 

pregnant women increases the risk of sub- or supra-therapeutic dosing, resulting in 

either inadequate control of the condition or a harmful effect of the drug to the mother 

and foetus (3).  

Other conditions during pregnancy may affect PK and PD of drugs. Within obstetric 

practice, obesity is a frequently occurring risk factor; across United Kingdom (UK), 

around 16–21% of the antenatal population are obese (4, 5). Obesity during pregnancy 

can lead to the need for operational delivery, i.e. Caesarean section (CS) (5). 

The rate of CS among an obese–pregnant population of Body Mass Index (BMI) ≥30 

Kg/m2 is significantly higher compared to normal-body weight (6). The rate of post-CS 

infection is higher among obese–pregnant women compared to those who are not 

obese; obesity is considered as major risk factor for infection in CS (7). There are 

various measures to decrease and/or prevent post-CS infections. A single intravenous 

(IV) dose of antibiotic is recommended pre-CS to decrease and/or prevent post-CS 

infections; several studies have investigated the efficacy of different prophylactic 
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antibiotics in CS (8).  Cefazolin is used widely in the United States (US); while in the 

UK, cefuroxime is the most commonly used antibiotic in CS (9, 10). Several studies 

have investigated cefazolin plasma and adipose tissue (site of incision) concentrations 

and rate of post-CS infection in obese–pregnant women to gain an understanding of 

optimal dosing (10-16). However, to the best of our knowledge, no clinical study to date 

has evaluated the PK and PD of cefuroxime in obese–pregnant women who have had 

CS.  

Limited information of drugs’ PK and PD in obese–pregnant women, alongside the 

rising requirement for the systematic rationalisation of the use of drugs and/or their 

doses, call for an urgent attention to the need for predicting the clinical PK outcomes 

for these women. Data for PK and PD for such an ethically controlled population can 

be predicted using physiologically based pharmacokinetic (PBPK) principles. There 

are different simulator programmes that enable prediction of PK data for a specific 

population; Simcyp®, for example, is a sophisticated PBPK programme, capable of 

predicting pharmacokinetics in a range of populations. 

The introduction chapter consist and discuss several domains. This chapter: 

• Discusses the PK of drugs considering the physiological and hormonal changes 

during pregnancy; 

•  Reviews some PK parameters of certain drugs used in pregnancy;  

• Discusses obesity and its complications in pregnancy, focusing on post-CS 

infection.  

• Reviews PK of cefazolin and cefuroxime; 

• Explains the use of PBPK approach and PBPK models within Simcyp®; 
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• Demonstrates hypothesis, aims and objectives of this project.  

1.1.1 Pharmacokinetics of drugs during pregnancy and labour in the scope of 

physiological and hormonal changes 

1.1.1.1 Elements influencing drug pharmacokinetics in pregnancy 

Pharmacokinetics of drugs, i.e. absorption, distribution, metabolism and elimination, 

determines a drug’s plasma/tissue concentration, which is the core indicator of a drug’s 

desired effect or, occasionally, their side effects (2). Different factors are known to 

affect a drug’s pharmacokinetics during pregnancy. These factors are commonly 

physiological or hormonal, causing changes at the beginning of the first trimester and 

developing in a linear fashion until the end of the third trimester (2, 3). A major change 

in the distribution of drugs is the addition of a foetal compartment as shown in Figure 

1.1.   
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Figure 1.1: General disposition of an intravenous drugs during pregnancy illustrated as 
compartmental physiologically based pharmacokinetic model 

 

 

 

1.1.1.2 Impact of pregnancy on absorption of orally administered drugs 

 Physiological changes in pregnancy slows down small intestine transit and gastric 

emptying by approximately 30–50%, this is largely mediated by increased 

physiological progesterone (2, 17). These changes may reduce the maximum 

concentration (Cmax) of an orally administered drug and increase the time of maximum 

concentration (tmax), mainly in the third trimester (2, 3). In addition, due to increased 

mucus production and decreased secretion of hydrogen ion (H)+, the gastric pH level 

will rise, resulting in an increase of weak acid ionization, this would affect the solubility 

and dissolution of weak acid in higher pH (2). The increased weak acid ionization is 

likely to cause a reduction in weak acids absorption compared to weak bases (2). The 

changes of Cmax and tmax may be of lesser importance in repeated dosing of drugs. 
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However, their alteration becomes critical when they are taken as a single dose or in 

anticipation of a rapid onset of action, reducing the effectiveness of orally administered 

drugs (2). Many drugs are taken orally for their analgesic and antiemetic effects during 

pregnancy, especially when a rapid decrease in pain or nausea and vomiting is desired 

(2, 3). However, this, may affect a drug’s absorption and concentration, leading to the 

recommendation of administering single-dosed drugs in the evening when the 

likelihood of vomiting is low (3). 

1.1.1.3 Distribution 

The total body weight increases during pregnancy. This is mainly due to a 

corresponding expansion in the intravascular and extravascular volume of water, the 

water contents in body increases up to 8 Litres  (2). For hydrophilic (unbound) drugs, 

this produces a larger volume of distribution,  while a rising body fat may increase the 

volume of distribution (Vd) of lipophilic drugs (18). The change in Vd mainly affects the 

drug’s Cmax and elimination half-life (t1/2), Equation (1.1) and (1.2). Because an increase 

in the Vd of a drug may decrease its desired concentration and elongate the t1/2, a 

higher dose may initially be required to achieve therapeutic drug plasma concentration 

(18, 19).  

Cp
0

 = 
D

Vd

 
(1.1) 

t1/2 = 
0.693 ×  Vd

CL
 

(1.2) 

Where Cp
0 is Plasma concentration at zero time (mg/L), D is Dose (mg), Vd is Volume of 

distribution (L), t1/2 is half-life (h) and CL is Clearance (L/h). 
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Foetal compartments cause blood perfusion to the uterus to increase, resulting in a 

corresponding rise in the apparent Vd. At term, the blood flow to uterus increases from 

50 to 500 ml/min, suggesting a 10-fold increase (19). Certain drugs that are not bound 

to plasma proteins, are non-ionised and have a small particle size (< 500 Daltons) may 

cross the placenta to the foetal compartment (18).  

Another gestation-specific alteration that affects Vd during pregnancy is the decrease 

in plasma concentration of proteins and/or binding affinity, which ultimately affects the 

drug-protein binding and free drug concentration in plasma (18-20). This will have a 

clinical effect, particularly in the case of drugs with high protein binding (18-20). A 

reduction in albumin concentration from 4.2 g/dL in non–pregnant women to 3.6 g/dL 

in the second trimester during pregnancy may indirectly attenuate the clinical effect of 

many drugs by impacting on their Vd (20). A recent systematic analysis of 

pharmacokinetics–induced changes in pregnant women, compared to non–pregnant 

women, revealed a significantly consistent increase in Vd in 19 drugs in 67 different 

studies (21). This illustrates the great impact of gestation-related alteration of a drug’s 

Vd and its potential for an altered clinical effect. 

1.1.1.4 Metabolism 

Drugs are metabolised through phase I and phase II reactions, where oxidative 

metabolic enzymes have a role in drug metabolism, commonly known as cytochrome 

P450 (CYP 450). Table 1.1 summarises the pregnancy-induced changes of the most 

fundamental metabolising enzymes in the liver.  As shown, the enzymes’ activities can 

increase or decrease in pregnancy, which may ultimately increase or decrease the 

drug plasma/tissue concentration, affecting its efficacy and safety (19).  
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transporting drugs is not passive, as previously discussed (1.1.1.3 Distribution). 

However,  It is generally acknowledged that all drugs consumed by the mother during 

pregnancy will be exposed to the foetal compartment (18).  

A recent systematic review has identified a gap in knowledge about PK in pregnancy 

and its corresponding clinical effects on the mother and foetus (21). There is 

uncertainty about whether alterations in the PK of drugs affect drug efficacy or lead to 

a side effect. It is far from accurate clinical practice to predict or extrapolate an outcome 

from a certain population to the pregnant population, without considering the impact of 

physiological changes. Certain conditions in pregnancy may affect the physiology of 

pregnant women, lessening the possibility of predictions or extrapolations. Certain 

serious medical conditions can have a great impact on the status of pregnancy and 

that of PK and PD of drugs. Certain common conditions, such as obesity, have 

received comparatively limited attention from medical experts, leading to an 

underestimate of their impact on drugs’ PK and PD. The next section focuses on 

obesity and its complications during pregnancy.  

1.1.2 Obesity in pregnancy 

Obesity in pregnancy is defined as having a BMI at the first antenatal appointment of 

30 kg/m2 or more (33). Table 1.2 presents classes of normal and abnormal body state, 

as measured by BMI according to the World Health Organisation (WHO) (34). In UK, 

one in 5 pregnant women are obese (BMI: 30–34.99 Kg/m2) and one in every 15 cases 

of pregnancy is classified as class II (BMI: 35.00–39.99 Kg/m2) or class III (BMI: ≥40 

Kg/m2) obesity (35, 36). An epidemiological study that evaluated the risk factors for 
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their direction and magnitude difficult to predict. The most common practice to predict 

change of Vd is by extrapolating it from the total body weight (38). The change in 

clearance in the obese seems of lesser significance compared to Vd (38). Results from 

studies investigating the effect of obesity on CYP enzymes expression and function 

were inconclusive (44). Alterations of CYP2E1 and CYP3A activities have been 

reported to be increased and decreased, respectively (44). 

The exact physiological alteration in the obese–pregnant women has not been fully 

studied. A report on zidovudine concentration, a water-soluble drug, showed that two 

obese pregnant patients had a lower maternal zidovudine plasma level than the 

average population (45).  

1.1.2.2 Risk factors associated with obesity in pregnancy 

Being obese in pregnancy is a risk factor for antenatal, intrapartum and postpartum 

complications. Table 1.3 lists some of these complications for both the mother and 

foetus (46). Obese pregnant women have an increased risk of CS, compared to non-

obese pregnant women. The next sections will discuss CS prevalence, complications 

and measures taken to reduce post-CS infections.   
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1.1.3 Caesarean section complications in obese pregnant women 

The rate of CS deliveries in the UK is 23.8% for singleton pregnancies (53). The exact 

rate of CS among obese–pregnant population in UK is not available, the rate is 

expected higher than of that in lean–pregnant. In 2001, a study of pregnancy within 

London hospitals indicated increased CS delivers (elective or emergency) in 

overweight– and obese-pregnant compared to lean cohort (54). A report by the NHS 

East Midlands Maternity Network stated that obese–pregnant are more likely to be 

delivered by CS than pregnant women with normal BMI (55). In US, the rate of CS in 

obese–pregnant women increases to 33.8%. In class II or III obesity cases, the CS 

rate can be as high as 47.4% compared to 20.7% in normal-body weight pregnant (6). 

As is the case with all surgeries, the CS encompasses complications, including risk of 

bleeding, risk of blood clots, pain, side effects from anaesthesia, and risk of infections. 

Table 1.4 displays prevalence of different types of CS in non–obese and obese 

populations and associated prevalence of complications for each group (46). Although 

CS is accompanied by abdominal infections and endometritis, low grade evidence 

suggested CS as a favoured mode of delivery in morbidly obese pregnancies driven 

by the anaesthetic risks of an emergency CS (35). 

To complicate matters further, epidural anaesthesia tends to have an effect on the PK 

of drugs, which alters the hemodynamic of the body, causing decreased systematic 

vascular resistance and pooling blood to tissue (56, 57). In practice, the use of IV 

isotonic fluid is recommended to avoid hypotension (57), but it also leads to further 

alterations in the drug PK by way of an increase in maternal Vd (56).
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1.1.4 Post caesarean section infections in obese pregnant women 

The rate of post-CS infection is almost 10% in the UK’s general population, of which 

0.6% will require hospital re-admission (7). A study evaluating the risk factors for post-

CS infection showed that obesity was a major risk factors for post-CS infection (7). For 

every five unit increment of pregnant BMI, the incidence of post-CS wound infection 

was reported to double (58, 59). There are some possible reasons for the reported 

high rates of post-CS infections in obese pregnant women. Pregnancy alters the 

maternal immune system via different mechanisms, which are not fully understood, to 

allow development of the  foetus  (35). To further complicate the situation, it is evident 

that immunosuppression originates in adipose tissue (60). Additionally, a higher 

degree of hypoperfusion is associated with increased depth of subcutaneous adipose 

tissue (61). This may result in a low level of tissue oxygenation, a low level of 

neutrophils delivery to the tissue, and thus reduced capability to prevent infection within 

adipose tissue (10, 61). Compared to their non–obese counterparts, the obese 

population is threatened by a strong possibility of post-CS infections, arising from an 

increased volume of the distribution of antibiotics (leading to reduced levels in plasma 

and at the site of incision),  prolonged operations, and compromised metabolic function 

(10, 13, 14).  

There are different types of post-CS infections that include fever, wound, surgical site 

infections (SSI), endometritis (the inflammation of the lining of the uterus), and urinary 

tract infections (7, 8, 12). The most occurring type of SSI is Superficial incisional 

infection (Figure 1.2) (62). The most common pathogens causing post-CS infections 

are those that exist in skin and in the genital tract, and most notably when the 
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membrane is ruptured, allowing the pathogens from intrauterine cavity to invade, 

especially in premature labour cases (63). Post-CS infections are commonly 

polymicrobial (8). Isolated pathogens from endometrium and wound infections include 

Ureaplasma urealyticum, Staphylococcus epidermidis, group B streptococcus and 

other streptococcus species, Staphylococcus aureus and coagulase negative 

staphylococci, Enterococcus faecalis, Escherichia coli (E. Coli) and other aerobic 

gram-negative rods, anaerobes and genital mycoplasmas (63-68). Surgical sites can 

be contaminated by normal flora in the skin at the time of the CS surgery, and infected 

by Staphylococcus aureus and coagulase negative staphylococci (69, 70).  

 

Figure 1.2: Cross-sectional schematic of abdominal wall and the classifications of surgical 
site infection according to the Centers for Disease Control and Prevention 

Figure adopted from (71), with permission from Elsevier   
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1.1.5 Preventive measures to decrease post Caesarean section infection in 

obese pregnant women 

Various measures are effective to decrease post-CS SSI include: skin preparation by 

chlorohexidine, hair removal by clippers, cleansing the vaginal area by povidone-iodine 

and, closing the subcutaneous tissue by suture (in cases where the wound thickness 

is >2cm) and using prophylactic antibiotics (66).  

1.1.5.1 Use of prophylactic antibiotics 

A Cochrane systematic review of the effect of prophylactic antibiotic showed a 60–70% 

decrease in the rate of post-CS wound infections, endometritis and other serious 

infections (8). Although there were conflicts suggestions regarding optimal antibiotic 

administration in CS, it is recommended to administer a single dose of IV antibiotic 15–

60 min prior to the skin incision (72-74). The most common prophylactic antibiotics are 

cephalosporins; cefazolin (in the US), and cefuroxime (in the UK).   

1.1.5.2 Potency of cefazolin and cefuroxime antibiotics 

Both cefazolin and cefuroxime are bactericidal antibiotics, which inhibit bacterial cell 

wall synthesis (75, 76). Due to their broad-spectrum activities and minimal side effects, 

they are used to treat a proven (selected gram-positive and gram-negative 

microorganisms) or empirically suspected selection of microorganisms (76). Cefazolin 

and cefuroxime display time-dependent killing properties: bacterial killing is improved 

when the bacteria are exposed to concentrations above the minimum inhibitory 

concentration (MIC) for longer durations (77, 78).  

The MIC (specifically MIC90, which refers to the lowest concentration of cefazolin and 

cefuroxime at which 90% of bacteria isolates are inhibited) required to cover common 
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pathogens in CS surgeries has been widely discussed. A two-fold increase in the MIC 

of cefazolin, from 4 to 8 mg/L, to cover gram-negative organisms has been 

recommended after considering the emerging data on bacterial resistance in CS, 

whereas the recommended MIC for gram-positive bacteria is 1 mg/L (10, 79, 80). 

Recent guidelines have suggested an MIC breakpoint ≤4 mg/L (81). Several studies 

have explored the appropriateness of cefazolin concentration in plasma and/or tissue 

at both 4 and 8 mg/L or μg/g (13, 14). The effective MIC of cefuroxime against post-

CS infection-causing common bacteria has been discussed elsewhere (Chapter 4: 

4.1.3.4 Part A: Cefuroxime levels in plasma and adipose tissue, Table 4.1) (82). 

Although the suggested breakpoint of cefuroxime MIC of most common causative 

bacteria of post-CS infections is less than 1 mg/L, resistant strains may require a higher 

concentration. For example, 20% of E. Coli and 50% of Klebsiella require an MIC of 

4–16mg/L and >3.1 mg/L, respectively (83-86). In this research, MIC of 2, 4 and 8 mg/L 

(plasma) or μg/g (adipose tissue) of cefazolin or cefuroxime were chosen to evaluate 

the appropriate antibacterial coverage for the intended population.  As higher rates of 

SSI were associated with lower antibiotic plasma and adipose tissue concentrations 

(87).  In a surgical setting, prophylactic antibiotic concentrations (total plasma, free 

plasma or targeted tissue concentrations) are anticipated to reach and be sustained 

>MIC for the duration of procedure. This is expressed by time of plasma concentration 

above MIC (T>MIC) and time of free plasma concentration above MIC (fT>MIC) (88, 

89).  

1.1.5.3 Intravenous cefazolin pharmacokinetics in different populations  

Cefazolin has a range of reported lipophilicity values; the reported (measured or 

predicted) cefazolin logP values were −0.58, −0.4, 0.471 and 0.3 (16, 90-93). Notably, 
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cefazolin is highly bound to plasma proteins; moreover, the cefazolin–protein binding 

saturation was proven, following which the concentration-dependent fraction unbound 

(fu) of cefazolin was reported (cefazolin fu reported in healthy subjects were 0.11, 0.19 

and 0.225)  (94, 95). 

Cefazolin is excreted (100%) unchanged through urine via the kidneys (96). In addition 

to the glomerular filtration of cefazolin by the kidneys, various transporters are involved 

in the tubular secretion of cefazolin (96-99). Cefazolin PK is affected by intra- and inter-

population variability. The PK of cefazolin in non–pregnant healthy adults with a normal 

BMI in comparison to pregnant women with a normal BM, obese non–pregnant and 

pregnant with a higher BMI (BMI ≥30 Kg/m2) is discussed below. Table 1.5 summaries 

the PK of cefazolin and cefuroxime in different populations of interest.   

Philipson et al. examined cefazolin PK in pregnant women at 24 weeks of gestation 

and postpartum when the menstrual cycle returned and breastfeeding ceased (100). 

Postpartum women were considered to be healthy subjects with normal BMI in the 

population comparison. With regard to healthy non–pregnant adults with normal BMI 

vs. pregnant adults, fu of cefazolin increased during pregnancy to 0.25 (101). This 

increase is due to the decreased plasma proteins in the pregnant population. Cefazolin 

Vd and CL were higher in the second trimester of pregnancy than in the same 

postpartum subjects. The overall changes in PK resulted in decreased plasma area 

under the curve (AUC) in pregnant women.  

In pregnant women at the time of delivery by CS, the Vd reported was less than that 

reported by Philipson et al. in pregnant women in the second trimester (100, 102). It 

can be assumed that the apparent cefazolin Vd would increase due to the increased fu 
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of cefazolin during the progression of pregnancy and increased total body weight. 

However, the observed decrease in cefazolin Vd can be related to alterations of 

hemodynamic in CS caused by anaesthesia and blood loss, which affects drugs’ PK 

(103); it is less likely that the decrease was due to the analytical methods used in each 

study. Cefazolin CL values were nearly similar in both studies. In overweight patients 

with limb infections, the reported cefazolin Vd and CL were nearly similar to non–

pregnant subjects with normal BMI (104).  

The fu of cefazolin was higher in the obese–pregnant populations (BMI ≥30 Kg/m2) at 

the time of CS compared to the non–pregnant adults (12). Cefazolin Vd and CL were 

higher in obese–pregnant subjects (BMI range 37.3–46.2 Kg/m2) at the time of delivery 

compared to non–pregnant adults (16). The effects of obesity during pregnancy 

compared to normal body weight during pregnancy remained inconclusive in these 

studies due to the different dosages used in each study (i.e. effects of cefazolin dose-

dependent fu on cefazolin apparent Vd). The reported cefazolin Vd values in different 

population indicate extracellular distribution of cefazolin, without intracellular 

distribution (105). 

In CS, cefazolin is administered intravenously in varying doses at the preoperative 

stage. Some guidelines recommend a dose of 2 g for subjects weighing <120 kg, and 

3 g for those weighing ≥120 kg; both doses of 3 g and 4 g have been evaluated in 

obese pregnant women (10, 13, 15, 106).   
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1.1.5.4 Intravenous cefuroxime pharmacokinetics in different populations  

Cefuroxime is a second-generation cephalosporin that was first used intramuscularly 

at the pre-CS stage; today, it is commonly administered intravenously (112). Unlike the 

inconclusive lipophilicity status reported for cefazolin, the overall reported lipophilicity 

values of cefuroxime were –0.9 and –0.167 (9, 93, 113-115). Its use in pregnancy is 

favoured due to its fewer side effects and low level of protein binding (9). The extent 

of cefuroxime bound to protein was only reported in healthy adults. The fraction of 

cefuroxime bound to plasma protein was 0.33 (108). The reduction in plasma protein 

during pregnancy may not considerably affect the fraction of free cefuroxime 

concentrations as compared to cefazolin. Similar to cefazolin, cefuroxime is excreted 

unchanged via the kidneys (9, 114, 115). 

Philipson et al. reported the Vd of cefuroxime in pregnant women during and after 

delivery (109). These values helped understanding gestational-age changes impact on 

cefuroxime PK. In this study, cefuroxime Vd increased in pregnancy at 29 weeks (17.8 

L) and then increased at the time of delivery (19.3 L). Cefuroxime CL increased in 

pregnant women (16.9 L/h). At delivery, the clearance was decreased (15.5 L/h). Lalic-

Popovic et al. reported substantially increased Vd and CL in pregnant women at 

delivery compared to a similar population in Philipson et al.’s study (CL: 0.842 L/Kg, 

and Vd: 32.59 L/h) (9, 109). 

In obese subjects undergoing abdominal surgery, the volume of distribution at steady 

state (Vss) was higher, while the CL was lower compared to healthy subjects with 

normal BMI (109, 110). The Vd values in different population of interest indicates 

extracellular distribution of cefuroxime without intracellular distribution, as of cefazolin 
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case; nevertheless, reported Vd values in cefuroxime indicates extended distribution of 

cefuroxime compared to cefazolin (105) 

Cefuroxime doses used at the pre-CS stage are either 750 or 1500 mg (56). It has 

been postulated that 750 mg dose may not achieve sufficient MIC for most common 

bacteria in the maternal blood of the population in question (56).  

The paucity of data and the need for optimising doses to achieve therapeutic 

concentration, especially in the case of antibiotics, necessitate further studies to be 

carried out in order to predict optimal dosages. The next section will briefly discuss the 

concept of physiologically based pharmacokinetics (PBPK) and the tools needed for 

an effective prediction.  

1.1.6 Physiologically based Pharmacokinetics  

The concept of PBPK was first introduced by Teorell and colleagues in 1937, and 

further developed by other researchers (116, 117). In basic terms, PBPK divides the 

body organs and tissues into compartments, where each has its own specified volume 

and perfusion rate (116). Every species and population has their own modified models 

that represent their physiology, anatomy and biochemical compositions. Accordingly, 

mechanistic extrapolation is possible from one species or population to another, 

enabling prediction of PK and PD outcomes from pre-clinical data (118). This scaling 

accounts for physiological, anatomical and biochemical differences from one 

population to another to predict an outcome; which all of these factors are causative of 

variability of an outcome in different populations either healthy or diseased. Thus, the 

PBPK-based predictions ensure a much higher degree of certainty than other 
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extrapolations offered according to scaling approaches, involving compartmental or 

non-compartmental parameters, i.e. weight, age and/or sex (119).  

 

1.1.6.1 Modelling using Physiologically-based Pharmacokinetics 

Modelling relies on different numerical, mathematical and statistical analyses to 

simulate an outcome. PBPK modelling consists of two parts: (a) systematic data, which 

represent the chosen model with certain physiology, anatomy and biochemistry (e.g. 

transporters and enzymes abundance), and (b) drug-dependant data (including 

formulation properties), which represent physiochemical properties of drugs that affect 

their dispositions in the body (Figure 1.3) (116). There are different, robustly 

programmed PBPK simulators in the market, containing information of both systems 

and drugs. These simulators have their own advantages and disadvantages. Simcyp®, 

for instance, is a programmatic simulator with both a complex PBPK and PD models 

(120). 
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Figure 1.3: Building and applications of physiologically based pharmacokinetic (PBPK) 
modelling to predict the effects of numerous intrinsic and extrinsic elements on drug 
Pharmacokinetics and Pharmacodynamics  
Figure adopted from elsewhere (121), with permission from JOHN WILEY AND SONS 
ADME absorption, distribution, metabolism, and excretion; MOA mechanism of action; PBPK 
physiologically based pharmacokinetic; PD pharmacodynamics; PK pharmacokinetics. 

1.1.6.2 Simcyp® 

Simcyp® is a user-friendly platform, designed for Model-Based Drug Development 

(MBDD); it is annually updated and developed (120). The simulator consists of system 

and drug databases, incorporated into Simcyp® Data Management system (120). The 

simulator covers a diverse range of populations—healthy or unhealthy—children, 

adults, the elderly, the obese, and the pregnant population. In addition, it contains a 

variety of validated drugs, and users can create new drugs and new sample 

populations; can also adjust the physiochemical parameter of an existing drug, or 

change the physiological, anatomical or biochemical composition of an existing 

population. Additionally, the Simcyp® simulator contains permeability-limited organs 
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models. Functions within Simcyp® are substantial; user can use the Parameter 

Estimations function to estimate PK data, and/or use the Sensitively Analysis to 

optimise a PK data, predict Drug-Drug interactions and/or extrapolation an in vitro data 

to in vivo parameters (e.g. the Simcyp® In Vitro (Data) Analysis (SIVA) Toolkit). The 

following sections will describe PBPK models related to the current project — 

distribution and permeability-limited kidney models, pregnant populations (including 

feto-placenta), and obese and morbidly obese models — and their development within 

the Simcyp® simulator. Certain information and figures presented in the following 

sections are from the help file incorporated into Simcyp® with permission from the 

parent company (i.e., Certara). 

1.1.6.3 Distribution Physiological-based pharmacokinetics models in Simcyp® 

Users can select either the minimal or full PBPK distribution models. The minimal 

PBPK model, with its Single Adjustment Compartment, is a representation of the 

systematic compartment, and all tissues, except those of the portal vein and liver, are 

lumped into one compartment (Figure 1.4) (122). The volume of the systematic 

compartment in the minimal PBPK model within Simcyp® is described by equation 

(1.3) (122). If the minimal PBPK distribution model is selected, the Vss value can be 

added manually or predicted using methods 1, 2 or 3 (discussed in 1.1.6.7); however, 

if the full PBPK distribution model is selected, the Vss is required to be predicted using 

methods 1, 2 or 3  (122). Relevantly to this project, the full distribution PBPK model 

and available distribution algorithmic features are discussed. Certain prediction 

parameters described in the next section are not exclusively accessible to full PBPK 

models (e.g., Vss predictions methods) (122).   
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PO oral dose, IV intravenous, SAC Single Adjusting Compartment, QPV Blood flow in the portal vein, QH 
Hepatic blood f low, QHA Arterial hepatic blood f low, Ka , KOUT Elimination rate constant, K N Input rate 
constant. Images used with permission from Certara UK (123) 
  

Where the Vss is volume of distribution at steady state for an average person, VH is the apparent 
hepatic volume, and VSAC apparent volume related with the Single Adjusting Compartment. 

 

1.1.6.4 The Full Physiological-based pharmacokinetic distribution model in 

Simcyp® and functions (methods) to predict Vss  

The full PBPK model describes drug distribution using time-based numeral equations 

to predict drugs’ concentrations in different compartmental body organs (blood and/or 

plasma, adipose, bone, brain, gut, heart, kidney, liver, lung, muscle, pancreas, skin 

and spleen) (Figure 1.5) (124). Complex covariates’ effects (e.g., age, sex, weight, 

height (BSA) and tissue volume), that cause inter-individual variability and thus affect 

the drug’s PK/PD are accounted for in the simulator (124). Predictions of these 

Volume of systematic compartment  (
L

Kg
) =  𝑉𝑠𝑠 −  𝑉𝐻 −  𝑉𝑆𝐴𝐶  

(1.3) 

Figure 1.4: The Minimal physiologically based pharmacokinetic 
distribution model within simcyp 
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covariates in virtual populations are generated using correlated Monte Carlo sampling. 

Tissue volumes are essential in predicting Vss and concentrations in each tissue 

(equations (1.1) and (1.4)) (125, 126).  

In compartmental PBPK modelling, the virtual blood perfusion to a compartmental 

organ can be perfusion-limited or permeability-limited (discussed in sections 1.1.6.5 

and 1.1.6.6). In the full distribution PBPK model within Simcyp®, the default distribution 

is set to perfusion-limited; users can switch to a permeability-limited distribution (124). 

Pre-built multi-compartment permeability-limited organs are available in the simulator 

(gut, liver, kidney, lung and brain) (124). As well, users can add an additional organ 

(perfusion- or permeability-limited); as in Figure 1.5, named “Generic”, users can 

define the volume and blood flow to the new organ (124). Tissues’ fundamental data 

(pH, membrane potential and binding protein) and the relative volume of wet tissues 

(comprised of extracellular water, intracellular water, neutral lipids, neutral 

phospholipids, fractions of subcellular organelle and acidic phospholipids) are 

addressed in the simulator (127, 128).    
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IV intravenous dose; PO oral dose. Images used with permission from Certara UK (123) 
 

 

 

𝑉𝑠𝑠 =  𝑉𝑝 +  𝑉𝑒 ∗ 𝐸: 𝑃 ∑ 𝑉𝑡 ∗ 𝐾𝑝

𝑡

 
(1.4) 

Where Vss is volume of distribution at steady state; Vp is volume of plasma; Ve is volume of 

erythrocyte; E:P is the erythrocyte-plasma partition coefficient; Vt is tissue (t) volume; and Kp 

is the tissue-plasma partition coefficient for tissue t. 

  

1.1.6.5 Perfusion-limited distribution 

The assumption in perfusion-limited perfusion is that the capillary membrane (which 

separates blood from tissue) is particularly permeable to most drugs, especially small 

lipophilic molecules, and that diffusion into the interstitial fluid is very fast (124, 129). 

In this type of perfusion, the blood flow to the tissue is the rate-limiting factor that affects 

drug distribution into the tissue (Figure 1.6) (124, 129).  

Figure 1.5: Full physiologically based pharmacokinetic distribution model within simcyp 
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QT Blood flow to unspecified tissue. Images used with permission from Certara UK (123, 124) 

1.1.6.6 Permeability-limited distribution 

When drugs are unable to diffuse quickly into and out of a tissue, the rate-limiting factor 

affecting their distribution is permeability (124). The permeability process depends on 

both the drug’s properties and the structure of the capillary-tissue membrane (124). 

The drug’s ability to permeate tissue may limit its distribution; consequently, 

redistribution may be constrained by the drug’s release from the tissue (124).  

Uptake and efflux transporters on both the intracellular and extracellular sides and 

passive clearance permeability parameters of a permeability-limited compartment can 

be defined by users (124). Thus, in addition to tissue concentration prediction, 

intracellular and extracellular concentrations can be simulated (124). 

1.1.6.7 Methods to predict Kp and Vss within Simcyp®  

Knowledge of drug distribution to individual tissues enables prediction of the Vss, 

equation (1.4) (126). Due to ethical restrictions and practical limitations, experimental 

data on tissue: plasma partition coefficients (Kp or Pt:p) are not frequently available, 

especially for human tissues (130). Within the simulator, users can add individual 

Figure 1.6: Perfusion-limited distribution of drug to tissue 
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values of Kp or estimate a universal Kp scaler and then predict a Vss value using 

equation (1.4) (125, 130). 

Methods within Simcyp® to predict Kp are as follows: a) using built-in mechanistic 

Methods (1, 2 or 3) from physicochemical and in vitro data, or b) estimating a Kp scalar 

from a Vss predicted in vitro in animal species  (131) . Additionally, users can both 

predict the Kp scaler using Methods 1, 2 or 3 and adjust/optimise an individual tissue: 

plasma partition coefficient if the user has clinical data on the relevant tissue (131). 

The estimated Kp scaler function accounts for inter-individual variability (132). The 

default value of the Kp scaler is 1, which represents no scaling factor for Kp (131).  

Notably, when an organ is set as a permeability-limited distribution to account for the 

transporter, the organ tissue: plasma partition coefficient is not used within the model; 

instead, the added permeability-limited data are used (132).  

The mechanistic methods used to predict Kp and Vss are the corrected Poulin and Theil 

methods (Method 1), the Rodgers and Rowland method (Method 2) and ion 

permeability incorporated into the Rodgers and Rowland method (Method 3) (90, 122, 

133-138). In all methods, it is generally assumed that tissues are homogenised (i.e., 

well-stirred and perfusion-limited), molecules are passively permeated (i.e., no active 

transporter), the distribution is described by binding to natural lipids and natural 

phospholipids, and all bindings are considered non-saturating processes (130). A 

schematic representation of the concepts and assumptions of Methods 1, 2 and 3 is 

illustrated in Figure 1.7 A, B and C, respectively; Table 1.6 summarises the main and 

specific assumptions of each method and the data required to use a specific method 

(130, 138, 139).  
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Method 1 for predicting tissue-partition coefficients for adipose and non-adipose 

tissues, proposed by Poulin and Theil (2002) and then modified by Berezhkovskiy 

(2004), is described by equations (1.5) and (1.6), respectively (130, 133, 134, 139). In 

addition to the general assumption of all methods previously discussed, this method 

does not account for the degree of molecules’ ionisation within a tissue (i.e., not 

specific to a compound type: neutral, base or acid) (130, 133, 134, 139). The drug 

reversibly binds to proteins in plasma and tissue interstitial space; it is distributed 

homogenously within the tissue (130, 133, 134, 139). 

Method 2, described by Rodgers and co-authors, presented alternate equations that 

included splitting the tissue water volume into intracellular and extracellular 

components as well as adding the tissue to acidic phospholipid, which accounts for its 

effects on drug distribution (90, 130, 135-137). At a steady state, Rodgers and co-

authors assumed that only the unbound, unionised component of the drug can move 

across cell membranes passively and that unbound, unionised drug concentrations are 

in balance between intracellular and extracellular water (including plasma). These 

equations are anticipated to improve the prediction of tissue: plasma partition 

coefficients and thus Vss for strong bases by explicitly accounting for the degree of 

ionisation of a molecule at the pH of the compartment in question (90, 130, 135-137). 

Rodgers et al. use the terms Kp and Kpu instead of Pt:p as described in equation (1.7) 

(90, 130, 135-137). Two separate models are proposed in this method depending on 

the compound type: a) moderate to strong bases (pKa ≥ 7) and ampholytes (with at 

least one basic pKa ≥ 7) (equation (1.8) ), and b) other compound types (neutrals, weak 

bases (pKa < 7), acids and ampholytes without a basic pKa ≥ 7) (equation (1.9)) (90, 

130, 135-137). 



33 
 

The unionised form of moderate to strong bases is assumed to dissolve in tissue water, 

where it can partition into neutral lipids and neutral phospholipids (130). Binding to 

acidic phospholipids is thought to control the distribution of moderate to strong bases 

and ampholytes (containing at least one basic pKa 7) within the tissue. As described in 

equation (1.8) , [AP-]t is the concentration of acidic phospholipids in tissue, and KaAP 

is the drug’s affinity constant for acidic phospholipids. The application of a differential 

equation to red blood cells containing acidic phospholipids yields KaAP values (130). 

Notably, red blood cell KaAP values are thought to closely resemble KaAP values for 

other tissues (130).  

Binding to extracellular proteins rather than acidic phospholipids is assumed to 

predominate for other compound types, i.e., those ampholytes without a basic pKa 7, 

neutrals, weak bases (pKa 7) and acids (130). This is described in equation (1.9), 

where KaPR represents a drug’s affinity constant for extracellular tissue protein 

(albumin or lipoprotein) and [PR]t represents the extracellular tissue protein 

concentration in tissue (90, 130, 135-137). KaPR can be estimated using a method 

proposed by Rodgers et al., or it can be calculated directly using an experimental 

equilibrium dissociation constant (KD) (90, 130, 135-137). 

Method 3, the Rodgers and Rowland method with ion membrane permeability, is 

similar to Method 2; in advance, it accounts for the permeation of ionised compounds 

(equation (1.10)) (90, 130, 135-139). Drug distribution into tissue is composed of 

unbound drug fractions in both intracellular and extracellular water as well as drugs 

bound to proteins in extracellular water and lipids in the intracellular segment, 

assembled with Method 2 (90, 130, 135-139). Contrasting with Method 2, Method 3 is 

enhanced to include the membrane potential as well as the passive permeation of 
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ionised molecules (the Nernst-Planck equation) through cell membranes, as in 

equation (1.11) (90, 130, 135-139). Method 3 is dependent on the knowledge of tissue 

membrane potential values, which is lacking in the literature; these values are required 

in the parametrisation of the system and affect the model’s performance (138-140). 

The selection of a proper method to predict Kp, and thus Vss is summarised in Table 

1.7 (138-140). The general selection depends on compound type (i.e., neutral 

compounds, all molecules are unionised), the proportion of passive permeability of 

ionised fractions vs. neutral fractions and tissue-specific membrane potential (138-

140).   
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(A) 

(B) 

(C)  

Figure 1.7: General schemes of Methods 1,2 and 3 used  in Simcyp® to predict tissue : plasma 
partition coefficient 
Cp, CEW and CIW plasma, Extracellular water and intracellular water concentrations (either unbound or 
bound, ionised or unionised);NP neutral phospholipids; NL Neutral Lipids; AP Acidic phospholipid; fNP, 

fNL and f AP  Volume f raction of neutral phospholipids, Neutral Lipids and Acidic phospholipids, J Flux, 
KAP association constant with Acidic phospholipids. Adopted with permission from (138) and (139). 
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Where Pt:p is tissue partition coefficients; Po∶w is octanol:buffer partition coefficient; Vnlp is 
fractional volume of neutral lipids in plasma Vnlt fractional volume of neutral lipids in tissue; 

Vpht is fractional volume of phospholipids in tissue; Vwt is fractional volume of water in 
tissue; fut is fraction unbound in tissues; fu is fraction unbound in plasma; Dv o :w is olive 

oil:buffer partition coefficient; Kpu is unbound tissue plasma partition coefficient  Kp is tissue 
plasma partition coefficient; Kp uu, uu is the Ratio of unbound unionized concentration in 

tissue to that in plasma; f is the fractional tissue volume; EW is extracellular water; IW is 
intracellular water; P is a partition coefficient for unionised species; X and Y are drug 

ionisation; KaAP is the affinity constant of a drug for acidic phospholipids; [AP-]t is the 
concentration of AP in tissue t, KaPR the affinity constant of a drug for extracellular tissue 

protein, [PR]t the concentration of extracellular tissue protein (can be albumin or 
lipoprotein) in tissue t; Punbound,ionised is passive permeability coefficient of unbound, ionised 

molecules; Punbound,unionised  is passive permeability coefficient of unbound, unionised 
molecules  where monoprotic (i = 1), and diprotic (i = 2); N the Nernst constant, for cations 

and for anions; Yi is calculated according to the pH, compound pKa and type. 

𝑃𝑡∶𝑝 =  

[𝑃𝑜 ∶ 𝑤 ∗ (𝑉𝑛𝑙𝑡 + 0.3𝑉𝑝ℎ𝑡)] + (
𝑉𝑤𝑡

𝑓𝑢𝑡
+ 0.7𝑉𝑝ℎ𝑡)

[𝑃𝑜 ∶ 𝑤 ∗ (𝑉𝑛𝑙𝑝 + 0.3𝑉𝑝ℎ𝑝)] + (
𝑉𝑤𝑡

𝑓𝑢
+ 0.7𝑉𝑝ℎ𝑡)

 

(1.5) 

𝑃𝑡∶𝑝 =  
[𝐷𝑣𝑜 ∶ 𝑤 ∗ (𝑉𝑛𝑙𝑡 + 0.3𝑉𝑝ℎ𝑡)] + (𝑉𝑤𝑡 + 0.7𝑉𝑝ℎ𝑡)

[𝐷𝑣𝑜 ∶ 𝑤 ∗ (𝑉𝑛𝑙𝑝 + 0.3𝑉𝑝ℎ𝑝)] + (
𝑉𝑤𝑝

𝑓𝑢
+ 0.7𝑉𝑝ℎ𝑡)

 
(1.6) 

𝑃𝑡∶𝑝 =  𝐾𝑝 = 𝐾𝑝𝑢 ∗ 𝑓𝑢 (1.7) 

𝐾𝑝𝑢 =  𝑓𝐸𝑊 + 
𝑋𝐼𝑊

𝑋𝐸𝑊
 𝑓𝐼𝑊 + (

𝑃 ∗  𝑓𝑁𝐿 + (0.3𝑃 + 0.7)𝑓𝑁𝑃

𝑋𝐸𝑊

) + (
𝑲𝒂𝑨𝑷 [𝑨𝑷−]𝒕 ∗  𝒀𝑰𝑾

𝑿𝑬𝑾
 ) 

(1.8) 

𝐾𝑝𝑢 =  𝑓𝐸𝑊 + 
𝑋𝐼𝑊

𝑋𝐸𝑊
 𝑓𝐼𝑊 + (

𝑃 ∗  𝑓𝑁𝐿 + (0.3𝑃 + 0.7)𝑓𝑁𝑃

𝑋𝐸𝑊

) + 𝑲𝒂𝑷𝑹[𝑷𝑹]𝒕  
(1.9) 

𝐾𝑝𝑢 =  𝑓𝐸𝑊 +  𝑲𝒂𝑷𝑹[𝑷𝑹]𝒕 + (𝑓𝐼𝑊 ∗ 𝑋𝐼𝑊 +  𝑃𝑛𝑙𝑓𝑛𝑙 +  𝑃𝑛𝑝𝑓𝑛𝑝

+ (𝑲𝒂𝑨𝑷[𝑨𝑷−]𝒕 ∗  𝒀𝑰𝑾) ∗  
𝐾𝑝 𝑢𝑢,𝑢𝑢

𝑋𝐸𝑊
 

(1.10) 

𝐾𝑝 𝑢𝑢,𝑢𝑢 =
𝐶𝐼𝑊,𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑢𝑛𝑖𝑜𝑛𝑖𝑧𝑒𝑑

𝐶𝐸𝑊,𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑢𝑛𝑖𝑜𝑛𝑖𝑧𝑒𝑑

=  
1 +  ∑𝑖=1,2 (

𝑃𝑢𝑛𝑏𝑜𝑢𝑛𝑑,𝑖𝑜𝑛𝑖𝑠𝑒𝑑,𝑖

𝑃𝑢𝑛𝑏𝑜𝑢𝑛𝑑,𝑢𝑛𝑖𝑜𝑛𝑖𝑠𝑒𝑑,𝑖  
𝑁

𝑒 𝑁𝑖 − 1
𝑌𝑖𝐸𝑊)

1 +  ∑𝑖=1,2 (
𝑃𝑢𝑛𝑏𝑜𝑢𝑛𝑑,𝑖𝑜𝑛𝑖𝑠𝑒𝑑,𝑖

𝑃𝑢𝑛𝑏𝑜𝑢𝑛𝑑,𝑢𝑛𝑖𝑜𝑛𝑖𝑠𝑒𝑑  
𝑁

𝑒 𝑁𝑖 − 1
𝑒𝑁𝑖  𝑌𝑖𝐼𝑊)

  

(1.11) 
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eight segments (141). The first segment represents the glomerulus, followed by the 

proximal tubule (three segments) and then segments of the loop of Henle, the distal 

tubule, followed by collecting ducts (subdivided into cortex and medullary) (141). The 

renal compartment is then connected to the bladder  (124, 141). Conventional 

equations that conserve drug mass balance are used to simulate drug movement 

between compartments and through segments (141). The model represents the kidney 

arterial blood flow rate (Qkidney), vein blood flow rate (Qvein) and urinal flow (Qurine) (124, 

141). The model also describes the passive diffusion clearance (CLPD) values in the 

different segments, as illustrated in Figure 1.8 (red arrows) (124, 141).   The effects of 

both uptake (dashed-lined blue arrows in Figure 1.8) and efflux (dotted-line blue arrows 

in Figure 1.8) transporters in the apical and basolateral membranes of the three 

proximal tubule segments are also addressed in the model (124, 141). Selectively, 

drug metabolism can be accounted for in these segments (green arrows in Figure 1.8) 

(124, 141). Thus, the following aspects are characteristic functions incorporated into 

the Mech KiM model: 

• Renal blood bypass in two steps (red circles in Figure 1.8): before glomerulus 

(bypass 1), and before the Loop of Henle and succeeding segments (bypass 2) 

(124, 141). 

• The glomerular filtration rate (GFR) is directly from the renal blood compartment 

to the urinal compartment, specifically the glomerulus (filtration) (124, 141). 

• Fluid equilibrium within the kidney, which involves fluid flow into and out of the 

urinal compartments, renal blood compartments and renal mass cell 

compartments (reabsorption and secretion) (124, 141). 



40 
 

• Passive permeability across each renal cell compartment on the basolateral and 

apical membranes (passive representation of secretion and reabsorption) (124, 

141). 

• Each of the proximal tubular cell compartments (three segments) has 

transporters on the basolateral and apical membranes (representation of the  

active elements of reabsorption and secretion) (124, 141). 

• Changes in the activity and regional distribution of transporters within the 

proximal tubular cell compartments can be addressed (124, 141). 

• Representation of metabolic clearance (within each of the proximal tubular cell 

compartments) (124, 141). 

The GFR value can be either added by the user (all males will have similar values and 

all females will have similar values that are different from the male values) or simulated 

based on creatinine clearance. In latter option, different subjects will have different 

GFR values (143). The GFR value is simulated by either the Cockcroft-Gault (CG) 

equation (referred to as Method 1 in Simcyp®) or the modification of diet in renal 

disease (MDRD) equation (referred to as Method 2 in Simcyp®); equations (1.12) and 

(1.13) represent these methods, respectively (141, 144-146). 

The available transporters in the Mech KiM are illustrated in Figure 1.9; users can also 

add a defined renal transporter (i.e., on the apical or basolateral sides with uptake or 

efflux functions)  (143). Allometric scaling of renal transporters from in vitro data (i.e., 

CHO and/or HEK293, etc.) is available via system scalars consisting of a) relative 

expression factor (REF) or relative activity factor (RAF), b) proximal tubule cells per 

gram of kidney (PTC-PGK) and c) kidney weight (141, 147).
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Figure 1.8: The permeability-limited kidney model (Mech Kim) incorporated into Simcyp® model 
Qkidney the arterial blood flow rate, Qvein the vein blood flow rate, Qurine urinal f low, V segment volume, bl blood compartment, ce cellular compartment, ur 
urine compartment, glom glomerulus, pt1, 2 and 3 proximal tubule segment 1, 2 and 3, he Loop of Henle, dt distal tubule, cd1 and 2 collecting duct 
segment 1 and 2, blad bladder, CLPD passive diffusion clearance, CLuptake uptake clearance, CLefflux ef flux clearance, Clmet metabolic clearance. Adopted 
f rom (123); Image used with permission from Certara UK (123) 
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GFR =
(140 − 𝐴𝑔𝑒) ∗ 𝑊𝑒𝑖𝑔ℎ𝑡

0.814 ∗ 𝑆𝑒𝑟𝑢𝑚 𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒
∗  

1.73

𝐵𝑆𝐴
 [∗ 0.85 𝑖𝑓 𝐹𝑒𝑚𝑎𝑙𝑒]  

(1.12) 

GFR = 175 ∗ (
𝑠𝑒𝑟𝑢𝑚 𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒

88.42
)−1.154 ∗ (𝑎𝑔𝑒)−0.203  [∗ 0.742 𝑖𝑓 𝐹𝑒𝑚𝑎𝑙𝑒]  

(1.13) 

Where GFR is glomerular filtration rate (mL/min/1.73m2); BSA is body surface area. 

 

 

MATE multi-drug and toxin extrusion protein, MDR (P-gp) multi-drug resistance glycoprotein, MRP multi-
drug resistant associated proteins, OAT organic anion transporter, OCT organic cation transporter, SLC 
solute carrier, ABC adenosine triphosphate-binding cassette. Images used with permission from Certara 
UK (123) 

 

1.1.6.9 Sim–pregnancy Physiological-based pharmacokinetics model within 

Simcyp® 

The Sim–pregnancy model is a representation of a healthy, pregnant Caucasian 

woman bearing a single foetus at an age between 18 and 45 years (148). The interface 

of the pregnancy tab contains additional data compared to the healthy population, 

Figure 1.9: The renal transporters available in the Mech Kim model 
within simcyp 
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which contains the gestational changes of organs and the expansion of the new organ 

(i.e., foeto-placental) (148). To activate the Sim–pregnancy model, the Full PBPK 

distribution (section 1.1.6.4) must be selected (148). The user can select either one of 

the two comprehensive pregnancy models: A) the maternal model or B) the full feto-

maternal model, which contains the multi-compartment placenta model (148). The 

maternal model represents age-dependent gestational changes with the addition of the 

foeto-placental unit (foetus, placenta, amniotic fluid and uterus) as one compartment; 

meanwhile, the full feto-maternal model characterises the components of the foeto-

placental unit in more detail (i.e., it represents PK data for each feto-placental unit) 

(148). The maternal physiological data and their coding into the simulator have been 

published; Figure 1.10 (A) represents the pregnancy PBPK model developed within 

the Simcyp® simulator (149). Gestational changes in tissues’ physiology (adipose, 

blood and glomerular filtration rate, blood flow to kidneys, skin and brain) are 

considered and allied to such tissues (148). Abduljalil et al. described average 

gestational changes incorporated into the generic Sim–pregnancy model using over 

35 algorithmic formulas developed by collecting and analysing time variant 

physiological, anatomical and metabolic changes during pregnancy in the literature 

(149). The foeto-placental data have been published elsewhere; Figure 1.10 (B) 

represents the full feto-maternal model (permeability-limited placenta model) 

incorporated into Simcyp® (150-152).  
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Figure 1.10: The Sim–pregnancy physiological-based pharmacokinetics model (A), coupled with the multi-compartment placenta 
model (B)  
IV intravenous dose, PO oral dose, EHC enterohepatic recirculation, Qm

pl, Cm
pl, and Vm

pl blood flow, concentration and Volume of maternal placenta, Qf
pl, Cf

p, 

and Vf
pl blood flow, concentration and volume of feto-placenta, CLPDM and CLPDF passive diffusion in maternal placental side and fetal-placental side. Images 

used with permission from Certara UK (123) 
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1.1.6.10 Gestational changes in the Sim–pregnancy Physiological-based 

pharmacokinetics model compared to Sim–healthy volunteers 

Basic equations utilised to develop the gestational changes of the generic Sim–

pregnancy PBPK model and its graphical expression in the Simcyp® simulator in 

version 20 are discussed in the following sections. The Sim–pregnant PBPK model 

was not exclusively developed using these formulas, detailed development of such 

equations are discussed in Abduljalil et al. (149). The gestational changes scripted into 

Sim–pregnancy can be easily modified by the user. 

1.1.6.11 Demographics 

Data on pregnancy frequencies at each age range from the British Conception 

Statistics, England and Wales (2008) Office for National Statistics 

(http://www.statistics.gov.uk) was utilised to determine maternal age distribution 

incorporated into the Sim–pregnancy model (153). Accordingly, the following 

parameters (α = 4.5 and β = 30.35) were used in Equation (1.14) to describe age 

distribution within Sim–pregnancy (153, 154). The frequency of the phenotypes of 

enzymes and transporter abundance within the pregnancy population (i.e., 

intermediate metaboliser, extensive metaboliser, poor transporting phenotype or 

intermediate transporting phenotype) is updated within the simulator (153). Total body 

weight gain during pregnancy is scripted into the Sim–pregnancy model according to 

Equation (1.15) (32, 149, 155-167). Users can select a gestational age (0–40 weeks) 

from the trial design tab (168). 
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𝑓(𝑥) =
α

β
 (

𝑥

β
)

α−1

𝑒
−(x

β⁄ )α

 
(1.14) 

 Where α is shape factor of distribution and β is the scale factor of distribution 

TBW (kg) =  61.1 +  0.2409  GA +  0.0038 GA2 (1.15) 

Where TBW is Total body weight, GA is Gestational age in weeks 

1.1.6.12 Organs, tissue and blood flow  

1.1.6.13 Tissue volume 

The addition of foetal volume and gestational changes in plasma volume, red blood 

cell volume and total fat mass (expressed as volume in simulator using specific gravity) 

are described in equations (1.16), (1.17), (1.18) and (1.19), respectively (32, 149, 155-

167, 169-189). The graphical expansion of these parameters over the gestational 

period and incorporation in Simcyp® are presented in Figure 1.11 (123). 

Where GA is Gestational age in weeks 

 

1.1.6.14 Blood flows 

The change in cardiac output and consequent alteration of blood flow percentages to 

the kidneys, brain, adipose tissues and the new organ (foeto-placenta) are 

incorporated into the Sim–pregnancy model. Equations (1.20), (1.21) and (1.22) 

represent the gestational changes of cardiac output and blood flows to the uterine and 

fetal volume (mL) = 0.01exp {(
0.955

0.0702
) (1 − exp(−0.0702 GA))} 

(1.16) 

Plasma volume (L) = 2.50 −  0.0223 GA +  0.0042  GA2  −  0.00007 GA3  (1.17) 

Red Blood Cell volume (L) = 1.49 +  0.0098 GA (1.18) 

Total fat mass  (kg) =  17.14 +  0.1305 GA +  0.0008 GA2   (1.19) 
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kidneys (effective renal blood flow), respectively (149, 155, 172, 190-214). Figure 1.12 

represents the gestational increase of cardiac output (A) and the gestational 

percentages of cardiac blood flows to the foeto-placenta (B), kidney (C) and adipose 

(D) (123). 

 

Where GA is Gestational age in weeks 

  

Cardiac output (L/h) = 301 +  5.916 GA −  0.088 GA2 (1.20) 

Uterine blood flow (L/h) = 1.71 +  0.2068 GA +  0.0841 GA2  −  0.0015  GA3  (1.21) 

Effective renal blood flow (L/h) = 53 + 2.6616  GA −  0.0661 GA2  (1.22) 
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(A) 

(B) 

 

(C) 

(D) 

 

 

 

 

Gestational age (weeks) 

Figure 1.11: Graphical gestational changes of foeto placental volume (A), plasma volume (B), 
red blood cells volume (C) and adipose volume (D) in Sim–Pregnant physiological-based 
pharmacokinetics model  
Images used with permission from Certara UK (123) 
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(A) 

(B) 

 

(C) 

 

(D) 

 

Gestational age (weeks) 

Figure 1.12: Graphical gestational changes of cardiac output (A), percentages of blood flows 
to foeto-placenta (B), kidney (C) and adipose (D) in Sim–Pregnant physiological-based 
pharmacokinetics model  
Images used with permission from Certara UK (123) 
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1.1.6.15 Composition 

The gestational expansion of total body water and change in extracellular and 

intracellular water at the time variant are described by equations (1.23), (1.24) and 

(1.25), respectively (149, 156, 165, 169, 172, 191-195, 215-219). The diagrammatic 

extracellular and intracellular water changes during the pregnancy period coded into 

the Sim–pregnancy model are shown in Figure 1.13 (123). 

Where GA is Gestational age in weeks 

1.1.6.16 Blood binding  

The gestational reduction in blood protein levels, discussed in section 1.1.1.3 

Distribution, are incorporated into the Sim–pregnancy model for albumin and alpha-1-

acid glycoproteins. The collected data were utilised to describe the reduction of plasma 

protein levels in general and for albumin and alpha-1-acid glycoprotein specifically by 

equations (1.26), (1.27) and (1.28), respectively (149, 163, 176, 180, 193, 220-231). 

Figure 1.14 represents the reduction in albumin and alpha-1-acid glycoprotein plasma 

levels in the Sim–pregnancy model (123). 

 

Where GA is Gestational age in weeks  

Total body water (L) =  31.67 +  0.275 GA +  0.0024  GA2  (1.23) 

Extracellular water (L) =  11.86 +  0.0187 GA +  0.0016 GA2  (1.24) 

Intracellular water (L) =  19.81 +  0.5941 GA −  0.0007  GA2  (1.25) 

Plasma protein  (g/L)  =  69.7 +  0.2085  GA −  0.0305 GA2  +  0.0006  GA3  (1.26) 

Albumin  (g/L) =  45.8 −  0.1775 GA −  0.0033  GA2  (1.27) 

Alpha-1-acid glycoprotein (g/L) =  0.74 −  0.0088 GA +  0.0001 GA2  (1.28) 
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(A) 

  

(B) 

Gestational age (weeks) 
Figure 1.13: Graphical gestational changes of  extracellular (A) and intracellular (B) water in 
Sim–Pregnant physiological-based pharmacokinetics model  
Images used with permission from Certara UK (123) 

 

(A) 

  

(B) 

 

 

 

 

Gestational age (weeks) 
Figure 1.14: Graphical gestational changes of albumin (A) and alpha-1-acid glycoprotein (B) 
levels in Sim–Pregnant physiological-based pharmacokinetics model  
Images used with permission from Certara UK (123) 
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1.1.6.17 Renal function  

The complex gestational changes of renal function discussed in section 1.1.1.5 

Elimination, have been described algorithmically by Abduljalil el al. (149, 155, 197-202, 

232-234). The key physiological element of renal function is the GFR; the gestational 

alteration of GFR is described in equation (1.29), and graphically displayed in Figure 

1.15 (A) (123, 149). 

 

Where GA is Gestational age in weeks 

1.1.6.18 Enzymes and transporters 

Gestational changes of certain enzymes are incorporated into Sim–pregnancy models 

(hepatic enzymes CYP1A2, CYP2D6 and CYP3A4; intestinal enzyme CYP2D6). Other 

transporters/enzyme activities during pregnancy can be easily adjusted by the user. 

The decreased activity of hepatic CYP1A2 and increased activity of hepatic CYP3A4 

and CYP2D6 are described by equations (1.30), (1.31) and (1.32), respectively (149, 

235). These equations were updated recently in the newer Simcyp® version, as in 

Figure 1.15 (B-D) (123). 

Where GA is Gestational age in weeks  

Glomerular Filtration Rate (mL/min)  =  114 +  3.2367  GA −  0.0572 GA2 (1.29) 

CYP1A2 activity (%)  = 100 −  3.5814 GA +  0.0495 GA2   (1.30) 

CYP3A4 activity (%) =  100 +  2.9826 GA −  0.0741 GA2   (1.31) 

CYP2D6 activity (%)  =  100 +  2.2695 GA − 0.0348 GA2   (1.32) 
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(A) 

(B)  

 

(C) 

(D) 

 

 

 

 

Gestational age (weeks) 
Figure 1.15: Graphical gestational changes of glomerular filtration rate (A) activates of hepatic 
CYP1A2 (B), CYP3A4 (C) and CYP2D6 (D) in Sim–Pregnant physiological-based 
pharmacokinetics model  
Images used with permission from Certara UK (123) 
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1.1.6.19  Foeto-placental compartment 

The foeto-placental full compartment coupled in Sim–pregnancy, selected electively, 

is briefly discussed (Figure 1.10, B). In the current project, the looped foeto-placental 

compartment was sufficient to serve the aim of this thesis. The generic foeto-placental 

model in Simcyp® has been published in detail elsewhere (150-152). The foeto-

placental model accounts for the placenta, foetus and amniotic fluid changes during 

the pregnancy period between 15 and 40 weeks of gestation (236). 

In the placental tab, the placental weight, composition, volume, maternal blood flow to 

the placenta and transporter abundance gestational changes are described in the 

model; this can be edited by the user (237). Amniotic fluid volume changes during the 

pregnancy period are defined in the model (238).  

The male and female foetus parameters ontogeny in regards to demographics (height, 

weight and body surface area) (152, 239), foetal tissue growth and change of blood 

flow to these tissues (adipose, bone, brain, gut, heart, kidney, liver, lung, muscle, 

pancreas, blood and skin) (151, 240, 241), tissue compositions (extracellular and 

intracellular water and fat) (242) and foetal blood binding (haematocrit, Albumin and 

Alpha-1 acid glycoprotein) are incorporated in the model (243). 

If the permeability-limited placenta (full feto-placenta) model is activated, the 

mechanistic placenta and foetal models will be applied (147). As illustrated in Figure 

1.10 (B), passive clearance of drugs to and from the placenta is added in the model 

(147).  Additionally, placenta transporters (both foetal and maternal sides) are available 

in the model for users to define (153).   
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1.1.6.20 Obesity Physiological-based pharmacokinetics models within 

Simcyp® 

The Simcyp® simulator contains obese and morbidly obese PBPK models (244). Data 

regarding key demographical, physical and biochemical parameters of obese and 

morbidly populations were collected, analysed and utilised to develop these models 

(244, 245). Major population-specific parameters incorporated into the Sim–obese and 

Sim–morbidly obese models are briefly discussed in the next section 

1.1.6.21  Physiological changes incorporated into the Sim–obese and 

morbidly obese Physiological-based pharmacokinetics models 

In line with the WHO’s definition of obesity, the obese population in Simcyp® were the 

subjects of a BMI between 30–40 Kg/m2 (obese class I and obese class II), while the 

morbidly obese population were subjects of a BMI >40 kg/m2  (obese class III) (244, 

245). Information regarding obesity and morbid obesity frequency age distribution for 

males and females from the dataset of the Health Survey for England (2003) was used 

to describe the age distribution for each gender in obesity models within the simulator 

(245). Height and body surface area were parametrised in Sim-obese and Sim–

morbidly obese models (245). 

Hemodynamic changes in obese populations discussed in section 1.1.2.1 were 

incorporated into the obese Simcyp® populations. The increased cardiac output in 

obese and morbidly obese populations (by around 15%) compared to lean subjects 

was scripted in models; this was achievable through the incorporation of an algorithmic 

relationship with BSA (244, 245). The change in cardiac output is directly applied to 

percentage changes in blood perfusion to tissues in these PBPK populations (244-

248). However, the percentages of blood flows to certain organs (e.g., the brain and 
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kidney) were not increased according to the increased cardiac output; as evident in the 

literature, the blood flows to these tissue are similar to those of the lean cohort (43, 

244, 245, 249, 250). To account for this similarity, the in silico blood flows to these 

organs decreased after increasing cardiac output in the obese population. The 

absolute blood flows to the remaining tissues were increased according to the updated 

cardiac output (244, 245). The reported increase in plasma alpha-1 acid glycoprotein 

by 103% and 123% is scripted into the obese and morbidly obese PBPK models, 

respectively (43, 244, 245, 251, 252).  

The liver volume enlargement in obese and morbidly obese populations is updated in 

these models; the models are also parametrised for enzyme expression changes (244, 

245). The increased expression of CYP2E1 (60%) and decreased expression of 

CYP3A4 (36%) and CYP3A5 (41%) are applied to the models (244, 245, 250, 253-

264). Additionally, the observed increase in GFR in the obese and morbidly obese are 

coded in the virtual models (244, 245). 

1.1.6.22 Developing a combined obese–pregnant Physiological-based 

pharmacokinetics model within Simcyp® 

As previously addressed, the knowledge of physiological changes and their influence 

on drugs’ PK is limited for the obese–pregnant population (section 1.1.2.1). It is 

possible to explore the PK of a drug of interest in an obese–pregnant virtual population 

without incorporating data on physiological changes in such a population. As the Sim–

pregnancy algorithmic gestational changes are applied to a healthy population (pre-

pregnant or baseline), a combined obese and pregnant model within the Simcyp® 

simulator is achievable by adjusting the basic physiological and biochemical 
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parameters of these healthy data (pre-pregnant or baseline) to obese subjects. This 

will allow bypassing the development of PK and physiological equations describing the 

PK exclusively in obese–pregnant PBPK models in such time-restricted projects. 

The rationale of this PhD project is to investigate the appropriateness of cefuroxime 

doses used in clinical practice for obese–pregnant women requiring CS. It aims to 

determine whether cefuroxime plasma and adipose tissue concentrations are above 

MIC in the obese–pregnant population at the time of CS. The exact hypothesis, aims 

and objectives are listed in the following sections.  

1.2 Hypothesis 

Obese–pregnant women with a BMI ≥30 kg/m2 and requiring CS will have decreased 

cefuroxime levels, possibly sub-therapeutic, in plasma and adipose tissue at the time 

of skin incision or skin closure compared to pregnant adults with a BMI of 18.5–29.99 

kg/m2. Accordingly, they may require additional or higher initial doses of prophylactic 

cefuroxime. Table 1.8 represents the facts and assumptions used, which the 

hypothesis was generated.  
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incision and skin closure in pregnant women (obese and non–obese) requiring 

CS. 

• To undertake a thorough literature search to report and compare the rate of post 

CS infections in pregnant women (obese and non–obese) who have received a 

single dose of IV cefuroxime at the pre-CS stage without co-administration of 

antibiotics compared to placebo (or no antibiotic) or other antibiotics. 

• To undertake a thorough literature search to identify and report cefazolin 

concentration in maternal plasma and/or adipose tissue at the time of skin 

incision and skin closure in obese–pregnant women requiring CS. 

• To undertake a thorough literature search to report the rate of post CS infections 

in obese–pregnant women who have received a single dose of IV cefazolin at 

the pre-CS stage without co-administration of antibiotics compared to placebo 

(or no antibiotic) or other antibiotics. 

• To conduct a partial validation of previously described method quantifying 

cefuroxime in human blood and subcutaneous adipose tissue using high-

performance liquid chromatography (HPLC).  

• To measure, clinically, cefuroxime concentrations in plasma and adipose tissue 

in obese and non–obese pregnant women at time of CS. 

• To report rate of post-CS infections in obese and non–obese pregnant women 

when given cefuroxime at time of CS. 

• To develop PBPK models of obese–pregnant women and predict cefuroxime 

and cefazolin plasma and adipose tissue concentration in the obese and non–

obese pregnant population when different doses are administered at 39.5 

weeks’ gestation. 
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• In case of sub-therapeutic cefuroxime plasma/adipose tissue concentrations is 

proven, to recommend suitable dose for cefuroxime in obese–pregnant 

women requiring CS. 

1.4 Objectives 

• To systematically review the literature: to assess whether the administration of 

different doses of IV cefuroxime at the pre-CS stage will provide sufficient 

coverage against common microbial pathogens in pregnant women requiring 

CS by attaining a sufficient MIC (i.e. 2, 4 or 8 mg/L or 2, 4 or 8 μg/g) in both 

plasma and adipose tissue. (Chapter 2) 

• To systematically review the literature: to assess whether the administration of 

different doses of a single IV cefuroxime at the pre-CS stage will provide 

sufficient coverage against common microbial pathogens in this population by 

reducing the rate and possibility of infection at the post-CS stage compared to 

placebo (or no antibiotic) or other prophylactic antibiotics given prior to CS. 

(Chapter 2) 

• To systematically review the literature: to assess whether the administration of 

different doses of IV cefazolin at the pre-CS stage will provide sufficient 

coverage against common microbial pathogens in the obese–pregnant women 

requiring CS by attaining a sufficient MIC (i.e. 2, 4 or 8 mg/L or 2, 4 or 8 μg/g) 

in both plasma and adipose tissue. (Chapter 2) 

• To systematically review the literature: to assess whether the administration of 

different doses of a single IV cefazolin at the pre-CS stage will provide sufficient 

coverage against common microbial pathogens in the obese–pregnant women 

requiring CS by reducing the rate and possibility of infection at the post-CS 
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stage compared to placebo (or no antibiotic) or other prophylactic antibiotics 

given prior to CS. (Chapter 2) 

• Test the linearity of cefuroxime, carry-over effect, lower limit of detection (LLOD) 

and lower limit of quantification (LLOQ) and matrix effect (blood and adipose 

tissue) on cefuroxime chromatograms. (Chapter 3) 

• To develop a protocol for a pilot study to measure cefuroxime concentrations in 

plasma and adipose tissue at time of CS (Chapter 4).  

• To conduct a clinical pilot study at a maternity hospital to collect samples 

(plasma and adipose tissues) from obese and non–obese pregnant women, and 

report post-CS infections after administration cefuroxime at time of CS. 

• Using Simcyp® simulator, cefazolin and cefuroxime compounds disposition 

were predicted and compared to clinical PK data in different populations of 

interest. (Chapter 5). 

• Pregnant population within Simcyp® were adjusted to predict cefazolin and 

cefuroxime in obese–pregnant. (Chapter 5). 
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Chapter 2: Systematic Review to Evaluate Pharmacokinetics of Cefuroxime and 

Cefazolin in Obese–Pregnant Women Undergoing Caesarean Section and 

Rate of Surgical Site Infection  
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2019 Nov;242:71-78. doi: 10.1016/j.ejogrb.2019.08.022. Epub 2019 Aug 31. 

PMID: 31569027. Which can be found at: 

https://pubmed.ncbi.nlm.nih.gov/31569027/. Contributions of authors were 

mentioned within the paper.  

• The CFX-PK and CFX-INF systematic review was presented also at the Annual 

Academic Meeting held at the Royal College of Obstetricians and 

Gynaecologists in London on 17–18 January 2019 as a poster presentation 

and published at the An International Journal of Obstetrics & Gynaecology. The 

poster is included in the appendix section, Figure 7.1. The Full reference is: 

(2019), Blair Bell Research Society: Annual Academic Meeting Abstracts. 

BJOG: Int J Obstet Gy, 126: e125-e141. https://doi.org/10.1111/1471-

0528.15677 . 

• A part of CFZ-PK meta-analysis was presented as a poster abstract at the 

Annual Academic Meeting of Royal College of Obstetricians and 

Gynaecologists held in London on the 27th and 28th of February 2020; The 

poster is included in the appendix section, Figure 7.2.  

• Note: In the published journal article, one value regarding cefuroxime 

concentration was incorrectly typed only in–text (underlined in current thesis 

version). This value was correctly added in figures and tables. It was advised to 

correct this value in any publishable updates of the systematic review.  
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Manuscript number: (1) 

Status: published  

Publication title: “Efficacy of perioperative cefuroxime as a prophylactic 

antibiotic in women requiring caesarean section: a systematic review” 

The page number of the thesis: 66
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Telephone:  

Email address:  

Tweetable abstract (110 characters)  

Inconclusive data reported on cefuroxime levels in women requiring C-Section, with no 

data in obese women. 

2.1.1 Abstract  

Intravenous (IV) Cefuroxime (CFX) is widely used in Caesarean Section (CS) as a 

prophylactic antibiotic. The objective of this systematic review to compare CFX 

concentration in maternal blood and adipose tissue with the incidence of surgical site 

infection (SSI) following IV CFX in non-obese and obese women undergoing CS. A 

search in Medline, EMBASE, Cochrane, Web of Science, CINHAL Plus, Scopus and 

Google Scholar was conducted without language or date restrictions. Published 

articles or abstracts reporting CFX concentration or rates of SSI following CFX IV 

administration in adult women requiring CS were included. Studies were screened by 

title and abstract. Quality of studies was assessed via the ClinPK Statement checklist 

(Pharmacokinetics studies), or Joanna Briggs Institute Critical Appraisal Tools (SSI 

studies). The Cochrane Effective Practice and Organisation of Care checklist 

evaluated the risk of bias (SSI studies). There were no studies evaluating CFX 

concentrations in obese women undergoing CS. For non-obese women, CFX plasma 

concentrations ranged from 9.85 to 95.25mg/L within 30-60min of administration 

(1500mg dose; 4 articles, n=108 women). Plasma CFX concentrations were above the 

minimum inhibitory concentration (8mg/L) for up to 3 hours post-dose. No studies 

reported on CFX concentration in adipose tissue. Reported rates of SSI were 4.7% 

and 6.8% after administration of a single 1500mg dose of CFX administrated after cord 
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clamping (n=144 women). There is limited data on pharmacokinetics of CFX for CS. 

There were no studies that reported CFX concentrations or SSI in obese women.  

Funding: Not applicable. 

Keywords: Cefuroxime; Caesarean Section; Pharmacokinetics; Surgical Site 

Infection; Pregnant women; obese. 

2.1.2 Introduction 

The use of perioperative antibiotics has transformed the surgical landscape and it is 

standard practice for intravenous (IV) administration of a broad-spectrum antibiotic to 

minimise the incidence of surgical site infection (SSI). A single dose of IV prophylactic 

antibiotics is recommended at the time of caesarean section (CS) before skin incision  

(265). However, it is unclear if there is any advantage of one antibiotic over another, 

both in terms of choice of drug and dosage, in obese women undergoing CS. (12, 14, 

265, 266) 

The prevalence of maternal obesity varies across the UK; in the East of England, the 

rate is 6.23%, whilst in London 3.46% are obese (36). The rate of CS in the obese 

population is 33.8% rising to 47.4% in class II or III obesity (6). The rate of post-CS 

infection is higher among obese pregnant women compared to those who are not 

obese (7). Women who were overweight, obese and morbidly obese had an adjusted 

odds ratio for infection of 1.64 (95% CI 1.22-2.1), 2.41 (95%CI 1.73-3.37) and 3.67 

(95%CI 2.62-5.16) respectively (7).  

The optimal doses of peri-CS antibiotics in the obese pregnant population is unclear. 

Several studies have investigated an increased dose of cefazolin (CFZ) (3 g) for obese 
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pregnant women to achieve adequate antibiotic levels compared to the usual dose (2g) 

(10, 11, 13). Cefuroxime (CFX) is a second-generation cephalosporin, used in 

pregnancy due to a low incidence of side effects and a low level of protein binding (9). 

As with CFZ, CFX is excreted in an unaltered form by the kidneys. However, the 

lipophilicity of CFX is much lower than CFZ (logP values -0.167 vs. 0.3) (9, 90, 114, 

115). Therefore, higher doses of CFX may be required to achieve adequate adipose 

tissue levels and thus prevent SSI. The minimum inhibitory concentration (MIC) is the 

lowest concentration of an antibiotic that inhibits the growth of a certain strain of 

bacteria. The MIC of CFX for the most common causative bacteria of post-CS 

infections is <1mg/L (56). Certain strains may require a higher concentration of 4mg/L 

or 8mg/L (81, 83, 267). In this review, MIC of 4 and 8 mg/L were chosen to evaluate 

appropriate CFX coverage for the intended population to ensure proper antibiotic 

coverage against these strains.  

We sought to systematically review the literature to compare CFX concentrations in 

plasma and subcutaneous adipose tissue in non-obese and obese pregnant women 

requiring CS who were administered IV CFX peri-operatively; and to compare 

incidence of SSI in both groups.  

Due to variations in reported data for pharmacokinetics (PK) and the infection rates, 

we conducted separate systematic reviews for each output parameter:  (a) the CFX 

PK systematic review (CFX-PK) of studies on CFX concentrations in plasma and 

adipose tissue in pregnant women and (b) the systematic review of CFX and 

postsurgical infection (CFX-INF). 
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2.1.2.1 Scope of the Research 

In March 2018, a search was conducted using the Cochrane Library’s Cochrane 

Database of Systematic Reviews (CDSR) to identify any systematic reviews or meta-

analyses addressing the search questions. There were no systematic reviews or meta-

analyses evaluating the PK or rate of infection of CFX in pregnant women undergoing 

CS.  

2.1.2.2 Reporting Strategy 

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

checklist was used as guidance thorough this systematic review (Appendixes: Table 

7.7) (268). 

2.1.3 Methods  

2.1.3.1 Search Strategy and data bases 

Relevant electronic databases were searched using a research strategy that was 

constructed using Medical Subject Headings (MeSH) terms and keywords from 

MEDLINE, using the term harvesting template suggested by the National Institute of 

Health (Appendixes: S1). The strategy was then adapted to the other databases to 

establish homogenous search terms in all the databases selected (Appendixes: Table 

7.7).  

The following databases were searched including all available years, with no 

restrictions on the language or study setting: MEDLINE/Ovid (1948 to March 2018), 

Embase (1974 to March 2018), the Cochrane Library’s CDSR, CINAHL Plus, Scopus 

and Web of Science (search until March 2018 for CFX-PK, until April for CFX-INF). 

The search was updated in May 2019. 
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An additional specific search was conducted using Google Scholar, with the following 

phrases for each systematic review with no time restrictions. The first two-hundred 

titles were reviewed. 

• CFX-PK “pharmacokinetics of cefuroxime in pregnancy”. Last searched on 31 

May 2019 

• CFX-INF “Cefuroxime and infection in caesarean section”. Last searched on 31 

May 2019 

The references of the included articles, were screened to identify additional articles of 

interest; the articles identified were then added and screened for eligibility.  

2.1.3.2 Protocol and registration 

The systematic reviews’ protocols were registered on the International prospective 

register of systematic reviews (CRD42018106945 and CRD42018107192). 

2.1.3.3 Relevant Articles 

References yielded from the databases were exported into EndNote X8, and the 

duplicates were removed. The articles were then screened by titles and abstracts 

(Appendices Table 7.1). Full text of each article was examined to further assess 

eligibility. 

2.1.3.4 Quality Assessment and Risk of Bias  

The quality and risk of bias assessment were done by two reviewers (HA, HB), in case 

of conflicts, a discussion was made with a third reviewer for a final decision (HC).  

2.1.3.5 Pharmacokinetics studies: 

For the CFX-PK, the ClinPK Statement checklist was used to evaluate the quality of 

the methodology in each of the PK studies and risk of bias (269). This checklist was 



77 
 

comprehensively formulated specifically for PK studies; it was used previously in a 

similar study (21). The checklist contained 24 items; however, 4 items (11, 12, 20 and 

21) were excluded from this study because they were irrelevant to the inclusion criteria 

(Appendices: Table 7.2). If the item was applicable and existed in the study, it was 

scored as 2. If the item was applicable and did not exist in the study, it was scored as 

a 0 for that item. If the item was not applicable or there was insufficient data, the item 

was scored as 1. Therefore, the total score for the modified ClinPK Statement checklist 

used in this study was 40.  

2.1.3.6 Infection studies:  

Study quality for CFX-INF was assessed by the Joanna Briggs Institute (JBI) Critical 

Appraisal Tools (270). This tool was selected as it comprehensively assesses different 

types of study design. For the risk of bias, the Cochrane Effective Practice and 

Organisation of Care (EPOC) checklist was used (271). 

2.1.3.7 Data Analysis 

Whenever applicable, the mean and standard deviation (SD) was calculated for the 

concentration or rate of infection. Meta-analysis and statistical analysis was performed 

where applicable. 

2.1.4 Results 

2.1.4.1 Cefuroxime pharmacokinetics systematic review  

2.1.4.2 Literature Retrieval and Study Selection  

Sixty-six titles were identified from the search strategy. After removing duplicates, 48 

records were screened for inclusion based on the titles and abstracts, resulting in 37 
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studies being excluded (Figure 2.1). The full text of 11 studies were reviewed to assess 

eligibility. Four studies fulfilled the inclusion criteria, and were evaluated for the risk of 

bias and quality. The PK data was then extracted for further analysis. None of those 

studies reported PK in obese pregnant women. No additional studies were identified 

that were eligible for inclusion in the updated search conducted in May 2019. 

2.1.4.3 Data Extraction 

The PK data was extracted from the studies directly as reported or calculated based 

on figures presented (e.g. extraction from the time-concentration curve using an online 

website (272)) (Table 2.1). A time-concentration curve was generated for each of the 

included studies (Figure 2.2). In the study by Bousfield et al.(273), the data provided 

for the maternal blood was presented as scattered data in a graph with no 

differentiation of each time-point for each patient, nor mean plasma concentration for 

each time point, based on 10 patients.  

2.1.4.4 Comparison of PK findings from Cefuroxime dose in women prior to CS 

The studies identified in non-obese pregnant women will be discussed in chronological 

order in order to evaluate the growing body of knowledge of CFX PK in CS. It should 

be noted that the quality of three of the studies was low. The ClinPK Statement 

checklist scores were 24, 25 and 31 out of 40 for the Bousfield et al.(273), Roumen et 

al. (274) and Holt et al. (56) studies, respectively. However, Lalic-Popovic et al. (9) 

scored higher, with a ClinPK Statement checklist score of 38/40 (Appendixes: Table 

7.3). All studies were included, despite low ClinPK score, due to the paucity of data 

identified. This difference in quality was primarily due to the date of publication and the 

greater emphasis on methodology and reporting in recent times. All of the studies 

measured CFX concentrations using high-performance liquid chromatography, with 
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the exception of the study by Bousfield et al.(273), in which the agar plate diffusion 

method was used. None of the included studies investigated CFX adipose tissue 

concentrations.  

At time points closest to one hour, there was great variation in reported mean CFX 

concentrations: 9.47 mg/L, 32.55 mg/L and 74.76 mg/L in Lalic-Popovic et al. (9), 

Roumen et al. (274) and Bousfield et al. (273) studies, respectively (average CFX 

concentration was calculated from four points closer to one hour in Bousfield et al.  

(273)). These differences may relate to the interpatient variability or the assay methods 

used.  

Bousfield et al.(273) investigated an IV bolus administration of 1500 mg of CFX pre-

delivery in 10 pregnant women in labour who delivered vaginally and 10 pregnant 

women scheduled for elective CS. In the CS deliveries, the CFX injection time varied 

from 48 min to 337 min prior to delivery. The maternal blood was analysed for CFX 

quantification before delivery and at 30 min intervals until delivery.  

Roumen et al.(274) evaluated the PK of CFX in 6 pregnant patients with preterm 

premature membrane ruptures, 4 of whom underwent CS. The authors measured CFX 

concentrations in the maternal plasma, amniotic fluid, umbilical cord blood and 

placental blood after three IV doses of 1500 mg of CFX (8 hours apart) (274). The 

mean± SD CFX plasma levels and were 32.55±5.20 mg/L 1 hour after the injection (for 

4 patients) and 1.50±0.43 mg/L after 8 hours (for 3 patients). This study did not report 

the body weights of the pregnant women. 

Holt et al.(56) compared two doses of CFX (750 vs. 1500 mg) in patients that had 

similar median body weights (71.5 vs. 74 kg, respectively). The authors reported that 

the CFX placental transfer during delivery was unaffected by the mother’s body weight, 
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with no information reported regarding the effect of mothers’ body weight on maternal 

CFX concentration. Additionally, in the low dose group (750 mg of CFX), the mean 

sampling time was shorter than in the higher dose group (1500 mg of CFX), although 

this was not statistically significant: 65 minutes [95% confidence interval (CI)=48.8–

96.5] vs. 37 minutes (95% CI=22.8–58.3), respectively. In a subset analysis with 

comparable sampling time of the low dose group (47 minutes, 95% CI=32.1–67.5), 

maternal blood CFX concentrations were dose dependent. The group administered the 

higher CFX dose (1500 mg) had significantly higher CFX concentrations in the 

maternal blood when compared to the subset of those administered the lower dose 

(750 mg) (CFX concentration 51.9 vs. 19.4, P<0.001) (56). Holt et al.(56) concluded 

that 31% of women administered the lower dose (750 mg) would have insufficient CFX 

concentrations against some strains of Escherichia coli (E. coli) and Klebsiella at 75 

min post administration. 

In a recent study, a dose of 1500 mg CFX pre-CS was investigated in healthy, 

hypertensive and diabetic pregnant women (9).  Initial means of CFX plasma 

concentration were comparable among the three groups. The mean CFX concentration 

in plasma at delivery in the diabetic group was significantly higher than those in the 

other groups (18.54±7.30 mg/L in diabetic group, 9.47±6.28 mg/L in control group and 

11.53±8.54 mg/L in hypertensive group; P≤ 0.05). The diabetic group had shorter 

sampling time (t=56.14±31.12 min) compared to the control group (t=99.28±47.76 min) 

and hypertensive group (t=79.57±54.04 min). It should be noted that the minimum CFX 

plasma concentration reported at time of delivery were 0.9 mg/L, 2.04 mg/L and 9.85 

mg/L in the control, hypertensive and diabetic group, respectively. Lean body weight-

normalised volume of distribution, a hypothetical volume expressing the extent of drug 
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distribution in plasma and body, of CFX was significantly lower in the diabetic group 

than in the control and hypertensive groups (537.78±91.73ml/kg in diabetic group; 

1364.58±621.98 m/Kg in control group and 1120.92±515.24 ml/Kg in hypertensive 

group; P≤ 0.05). This difference in volume of distribution may relate to the low logP 

value of CFX and its poor penetration into lipophilic tissues. 

2.1.4.5 Cefuroxime and Caesarean Section surgical site infection  

2.1.4.6 Literature Retrieval, Study Selection and Data Extraction 

Fifty-seven records were screened for inclusion based on the titles and abstracts 

(Figure 2.1). The full text of 13 studies were reviewed to assess their eligibility. Three 

studies were eligible, and they were evaluated for the risk of bias and quality. Data 

were extracted (Table 2.2). Included studies evaluated single dose CFX administered 

after umbilical cord clamping; of those, 2 studies evaluated 1500 mg dosages and 1 

study evaluated a 750 mg dose. Further data interpretation was not manageable as 

the 2 studies had different comparators; one study compared CFX to no antibiotic and 

the other to ampicillin/sulbactam antibiotic (275-277). No additional studies were 

identified that were eligible for inclusion in the updated search conducted in May 2019 

2.1.4.7 Comparison of rate of infection reported in selected studies 

All three studies were randomised controlled trials (275-277). Two studies had 

acceptable quality assessment and risk of bias evaluation, except for Kristensen et al 

(Appendixes: Table 7.4 and Table 7.5) (275). Kirstensen et al. (275) compared CFX 

(750mg) vs. no antibiotic, Rizk et al. (276) compared CFX (1500mg) vs. no antibiotic 

and Ziogos et al. (277) compared CFX (1500mg) vs. ampicillin/Sulbactam (3g). 

Patients were monitored for infection by medical team while patients were hospitalised 

for delivery until discharged in all studies (275-277); in addition to a weekly clinical and 
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laboratory monitoring for 30-days in Ziogos et al.(277) and at a 6 weeks post-OP visit 

in Rizk et al.(276). Reported rates of infection are listed in Table 2.2. Kristensen et al. 

(275) demonstrated a clear advantage of IV CFX, where 1.96% of patients had a 

defined infection in the treatment group compared to 19.2% in the group that did not 

receive antibiotics. Although this was not replicated in the Rizk et al. (276) study, as 

higher dose of CFX (1500mg) was given to 59 women and no antibiotic to 61 women. 

The rate of SSI were 6.8% in CFX group compared to 4.9% in the “no antibiotic” 

groups.  Finally, in the Ziogos et al. (277) study the incidence of SSI was 4.7% in 85 

women who received 1500 mg CFX compared to 6.6% in 91 women who received 

ampicillin/Sulbactam.  

The mean± SD of body weights of the women in Rizk et al. (276) study were 87±23 in 

CFX group vs. 81±17 in control group; while in Kristensen et al. (275) it were, at 

operation, 74.9± 11.7 in CFX group vs. 75.6 ± 11.5 in control group. In Ziogos et al.  

(277), 44.7% of CFX group and 41.8% of the ampicillin/sulbactam group had a BMI of 

≥ 30 kg/m2; the authors did not report infection rate when groups are classified by 

antibiotic administered and BMI. In this study, the univariate analysis showed no 

association between the overall post-op infection or post-op SSI with BMI (regardless 

to the antibiotic assigned). Our robust search strategy did not identify studies 

evaluating the SSI after CS in obese pregnant women who were given CFX 

perioperatively.  
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Figure 2.2: Reported Cefuroxime concentration in maternal plasma after an intravenous dose of 1500 mg or 750 mg in pregnant women 
underwent caesarean section. 
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2.1.5 Discussion 

2.1.5.1 Cefuroxime plasma and adipose tissue concentration in obese 

pregnant women  

There was no information regarding CFX concentrations in obese pregnant women to 

allow comparison to non-obese women. Therefore, we evaluated plasma CFX 

concentrations in the non-obese population from literature identified through our 

search (9.85 to 95.25 mg/L within 30-60 min of administration 1500 mg CFX) with 

reported median CFX plasma concertation in the same population (57.2 mg/L, 82 min 

after administration of 2g CFZ) (10). The lipophilicity of CFX is lower than of CFZ, logP 

values are -0.167 and 0.3, respectively (9, 90, 114, 115). This fact, suggests that CFX 

is less able to penetrate adipose tissue compared to CFZ; therefore, the concentrations 

of CFX theoretically suspected to be lower than the reported median CFZ adipose 

tissue concentrations. The median adipose concentration values for CFZ in an obese 

population at skin incision ranged from 4.70 to 10.7 µg/g following a 2 g dose of CFZ 

and from 6.35 to 22.4 µg/g following a 3 g dose of CFZ (10, 11, 13, 14).  

One study reported plasma and adipose tissue concentration of CFX in six morbidly 

obese non-pregnant patients (110). The mean± SD maximum concentration (Cmax) of 

CFX in plasma was 66.8±18.9mg/L at 0.60±0.22 hour post dose, while CFX Cmax in 

adipose tissue was 39.2±26.4 µg/g at 1.00±0.28 hour post dose (110). Although these 

results show reasonable penetration of CFX into adipose tissue, the authors reported 

insufficient MIC against E. Coli at times of prolonged surgeries (110). However, due to 

the unique physiological changes associated with pregnancy, specifically, with plasma 

volume expansion, it is inaccurate practice to extrapolate these results to the pregnant 

cohort of women undergoing CS (21).  
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2.1.5.2 Rate of post caesarean section infection  

The lowest rate of infection in the CFX group was reported by Kristensen et al. (275) 

which is interesting because patients received lower doses of CFX (750 mg) at non-

elective CS. The relatively short period of follow-up (till discharge) could explain the 

low rate of infection (7). That this study was undertaken in 1990 could be a reflection 

both of the bacterial sensitivity to antibiotics and the population at the time. As 

previously indicated, maternal BMI has increased with time, as has antimicrobial 

resistance in recent times (279). 

The highest rate of infection in the CFX groups was found in the study by Rizk et al.  

(276). Mean± SD weight reported in this study was 87±23 kg for CFX group; this study 

had the fewest number of patients (n=59) for CFX group compared to same group in 

other studies. However, in this study only patients requiring elective CS were included, 

in contrast to the other studies (non-elective in Kristensen et al. (275) and both elective 

and non-elective in Ziogos et al. (277)). 

A recent systematic review highlighted the need for evaluating infection control bundle, 

infection control practice and intrinsic risk factors to assess their impact on post CS 

SSI (280). These would not have been in existence at the time the studies on 

perioperative CFX and infection were undertaken, and thus, none of the studies 

reported on the delivery of infection prevention bundles of care. We are therefore 

unable to comment if bundles of care impacted on the SSI rate.  

To the best of our knowledge there were no studies specifically investigating the rate 

of infection when CFX was administrated 30-60 min before skin incision; in this review, 

all included studies administrated CFX after cord clamping. This is not the current 



89 
  

 

practice, since it will not allow enough time for the drug to reach the adipose tissue and 

provide sufficient coverage at the time of surgery (14). 

A published protocol of a Danish randomised control study evaluating the rate of 

infection post CS was found (281); the study aimed to compare a single dose of 1500 

mg CFX administered 15-60 minutes before skin incision to the same dose after cord 

clamping. However, the study status was withdrawn in 2013, with no patients enrolled. 

The exact reasons for withdrawal of the study are unknown (281). 

2.1.6 Strengths of the study  

This research is the first systematic view that addressed CFX concentrations and rate 

of SSI in pregnant women requiring CS. The novelty of this search will enable further 

research in this field to determine appropriate dosing strategies for CFX. 

2.1.7 Study limitations  

Our search strategy could not identify one related study in CFX-INF; nevertheless, the 

study was not eligible (282). In CFX-PK, a total of 108 pregnant women were included 

in the CFX group, of whom 5 delivered spontaneously. It was considered that the type 

of anaesthesia and fluid administered in CS could affect the PK of drugs, specifically 

volume of distribution. Nevertheless, the effect of these convergences could be minor.  

2.1.8 Conclusions 

To the best of our knowledge, there is no study evaluating the effectiveness of CFX (in 

terms of CFX concentration or rate of infection post-CS) as a single IV dose peri-CS in 

obese pregnant women. Additionally, there were no studies assessing CFX 

concentrations in adipose tissue of non-obese pregnant women requiring CS. 

Evidence regarding the use of CFX in non-obese pregnant women requiring CS is very 
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sparse. There were no studies evaluating the rate of infection of single dose CFX 

administered as the current guidelines (30-60 min before skin incision). Owing to the 

importance of antibiotic resistance, future research should prioritise evaluating CFX 

concentration in adipose tissue for both non-obese and obese pregnant women to 

ensure therapeutic effectiveness from a pharmacological and clinical perspective.  
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2.2 Cefazolin pharmacokinetics and rate of infection post caesarean section: 

Systematic review and Meta-analysis 

2.2.1.1 Scope of the research 

The CDSR was searched in March 2018 to identify systematic review and meta-

analysis of identical objectives. There was one meta-analysis abstract evaluating 

cefazolin pharmacokinetics in obese–pregnant women, this analysis was limited to 

include only randomised controlled trials (RCT) (283). The current research includes 

RCT, observational and other types of study design (Appendixes: Table 7.8).  

2.2.1.2 Reporting strategy 

The PRISMA statement was used while conducting this systematic review as guidance 

(268). 

2.2.2 Methods 

2.2.2.1 Search strategy and databases 

The search strategy and databases described in section 2.1.3.1 were used in this 

systematic review. The databases were searched on April 2018; for CFZ-PK, a search 

update was conducted in September 2019. The MeSH terms and keywords used for 

the search are listed in Appendixes: section 7.1.1.1.  Phrases used for Google Scholar 

search were as following: 

• CFZ-PK “pharmacokinetics of cefazolin in obese pregnant” 

• CFZ INF: “cefazolin and cesarean wound complications and infection in obese* 

pregnant women” 
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2.2.2.2 Protocol and registration 

The registration number of CFZ-PK and CFZ-INF systematic review protocols’ on the 

International prospective register of systematic reviews are CRD42018108904 and 

CRD42018108919, respectively.  

2.2.2.3 Relevant articles 

Using EndNote X8, duplicate of references from databases were removed. The 

references were then screened in sequence by tittles, abstract and full text. 

2.2.2.4 Eligibility criteria 

Studies that reported cefazolin concentrations in adult pregnant women requiring CS 

when cefazolin was given perioperatively were included in CFZ-PK review. For CFZ-

INF, studies reported incidence of SSI after CS when cefazolin was given 

perioperatively to obese–pregnant women were considered eligible. Detailed eligibility  

criteria are listed in Appendixes Table 7.8. 

2.2.2.5 Data extraction 

The data of interest were extracted from the included studies to an Excel sheet, with 

calculations or data extraction from figures, whenever appropriate. The data extracted 

included:  

• Details about the demographics of the population: age, BMI, co-morbidities (in 

addition to pregnancy) and ethnicity. 

• Cefazolin concentrations in plasma or adipose tissue any anytime point.  

• Rate of infection in a population following cefazolin administered as a prophylactic 

antibiotic in CS. 
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• Details about the overall infection control procedure to note other measures to 

reduce infection which may include: skin preparation with chlorohexidine, hair 

removal by clippers, cleansing the vaginal area by povidone-iodine, if the wound 

thickness is >2 cm and closure of subcutaneous tissue by suture. 

• Details about how the post-surgical infection was measured (self-report, report by 

healthcare team, confirmation by healthcare team, use of additional antibiotics etc) 

• Where possible details about the infection to include the location (SSI, UTI and 

endometritis) and timing of infection report and duration of infection. 

2.2.2.6 Quality assessment and risk of bias 

2.2.2.7 Pharmacokinetics studies 

The ClinPK Statement checklist was used to assess the quality of the methodology 

and risk of bias of the included studies in the CFZ-PK systematic review (269). The 

checklist was utilised as described in section 2.1.3.5.  

2.2.2.8 Infection studies 

The studies’ quality and risk of bias of eligible studies of CFX-INF systematic review 

were evaluated using the JBI Critical Appraisal Tools and the EPOC checklist.  

2.2.2.9 Data Analysis 

The means and SD were calculated for cefazolin concentrations; rate of infection was 

calculated. Meta-analysis was performed, whenever applicable. In case of conducting 

a meta-analysis, a random effect would be use to reflect differences of data distribution 

between studies. A sub group-analysis and sensitivity analysis were performed if 

necessary. 



70 
  

 

2.2.3 Results 

2.2.3.1 Cefazolin pharmacokinetics systematic review and meta-analysis 

2.2.3.2 Literature retrieval and study selection  

Forty-one titles were assessed for eligibility after removing duplicates. Eight full texts 

were thoroughly reviewed, one study was excluded and seven studies were included 

in the CFZ-PK systematic review (Figure 2.3).  

The quality assessments and risks of bias of the studies were acceptable. The ClinPK 

score of the eligible studies ranged from 34 to 39 out of 40 (Appendix: Table 7.10). 

Data of interest were extracted, and Table 2.3 shows the means and median of 

cefazolin concentrations in the plasma and total adipose tissue. All such means and 

medians were above the MIC of 4 mg/L or μg/g, but the MIC of 8 μg/g was not achieved 

in all the included studies.  

 An empirical analysis was performed that included all seven studies, in which non–

obese (BMI 20–29.9 kg/m2) subjects who were administered 2 g of cefazolin were 

compared with obese (BMI ≥30 kg/m2) cohort who received different doses (2, 3, and 

4 g) of cefazolin. Table 2.4 represents the means and the median of the empirical 

analysis of the cefazolin concentration reported in the included studies. The means 

and the median were above the MIC of 8 mg/L or 8 μg/g, except one study where the 

mean adipose cefazolin concentration at the time of skin closure in the non–obese 

pregnant group (BMI 20–29.9 kg/m2) that received 2 g of cefazolin was 7.5 μg/g.  

A subgroup analysis was conducted to report specific cefazolin concentrations 

stratified by obese group. The non–obese subjects (BMI 20–29.9 kg/m2) who received 

2 g of cefazolin were compared with the combined classes I and II obese subjects (BMI 
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30–39.9 kg/m2, to whom were administered either 2 or 3 g of cefazolin) and the class 

III obese subjects (BMI ≥40 kg/m2, to whom were administered either 2 or 3 g of 

cefazolin) (Figure 2.4). In this subgroup analysis, the studies of Young et al. (16), Groff 

et al. (12) and Stitely et al. (15)  were excluded because the groups they studies had 

BMIs >30 kg/m2 (Young et al. and Groff et al.) or >35 kg/m2 (Stitely et al.) with no 

subgrouping differentiation according to BMI (12, 15, 16). Figure 2.4 illustrates the 

averages of the reported medians of the cefazolin concentration in both the plasma 

and total adipose tissue at time of skin incision and the skin closure. The number of 

patients pooled for each concentration from the four included studies are shown within 

the bars (for the plasma) or above the bars (for the adipose tissue). The exact average 

concentrations are presented below the bars. The average cefazolin concentrations in 

the maternal plasma were above the MIC of 8 mg/L. All the obese–pregnant (BMI ≥30 

kg/m2) who received 2 g of cefazolin had a cefazolin concentration above the MIC of 4 

μg/g but under the MIC of 8 μg/g in adipose tissue at both times of the skin incision 

and the skin closure. Similarly, the class III obese pregnant women (BMI ≥40 kg/m2) 

who received a higher dose (3 g) of cefazolin had an adipose concentration under the 

MIC of 8 μg/g at time of the skin incision and closure. Table 2.5 represent the 

percentages of the reported cefazolin concentration samples under the MIC of 4 or 8 

mg/ml or μg/g in each study. 
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women (BMI ≥30 kg/m2) in included studies (13-16). One study had reported the mean 

and SD of the initial cefazolin adipose tissue concentration (15), and the other studies 

had reported the median and interquartile range (13, 14, 16). The means and SDs 

were estimated using the Wan et al. and Cochrane Handbook equations, respectively  

(285, 286). Equation (2.1) is the Wan et al. equation for estimating the mean, and 

equation (2.2) is the Cochrane Handbook equation for estimating the SD from the 

interquartile range (285, 286). The meta-analysis of the four studies revealed 

significant lower cefazolin concentrations at time of skin incision (p = 0.03), thus 

favouring the 2 g dose (as a function of the lower value had an improved outcome) 

over the >2 g dose in the obese–pregnant women (BMI ≥30 kg/m2) (I2 = 31%) (Figure 

2.5, A). A sensitivity analysis was conducted for this meta-analysis, and the results are 

reported in the next section (2.2.3.3.1.1Sensitivity-analysis).  

Another meta-analysis was conducted of the initial cefazolin concentrations in the 

adipose tissue after the administration of 2 g of cefazolin to the obese–pregnant 

women (BMI 30–39.9 kg/m2) versus the morbidly obese–pregnant women (BMI ≥40 

kg/m2). Two studies were eligible for inclusion in the analysis. In one study, the mean 

and SD were estimated using equations 2.1 and 2.2, respectively (14). Giving a 2 g 

dose of cefazolin to obese– vs. morbidly obese–pregnant women showed significantly  

lower initial cefazolin adipose tissue concentrations in the morbidly obese–pregnant 

women compared than the obese cohort (p = 0.005; I2 = 0%) (Figure 2.6, A).  

In another subset of the meta-analysis, the administration of 3 g of cefazolin to obese–

pregnant women (BMI 30–39.9 kg/m2) and to morbidly obese–pregnant women (BMI 

≥40 kg/m2) was investigated. The mean and SD of the two included studies were 

estimated using equations 2.1 and 2.2, respectively (10, 14). The 3 g dose of cefazolin 
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led to a significant lower initial adipose tissue concentration in the morbidly obese–

pregnant women than in the obese pregnant women (p = 0.006; I2 = 70%) (Figure 2.6, 

B).  

2.2.3.3.1.1 Sensitivity-analysis 

A sensitivity analysis of the 2 g vs. >2 g cefazolin dose to obese-pregnant women was 

performed. Omitting the study of Stitely et al., which investigated the 2 g dose vs. the 

4 g dose in obese–pregnant women, revealed an insignificant difference in the  initial 

cefazolin adipose tissue concentration when 2 g vs. 3 g of cefazolin was given to the  

obese–pregnant women (p = 0.07; I2 = 0%) (Figure 2.5, B). When the study of Maggio 

et al. was further deleted, the initial cefazolin adipose tissue concentration 

insignificantly differed in the obese–pregnant women after the administration of 2 g vs. 

3 g of cefazolin (p=0.21; I2=0%) (Figure 2.5, C). All in all, the clinical significant 

dependent on the target MIC and whether sufficient number of samples reached the 

cut-off MIC, which will be discussed in other sections (section 2.2.4.2).  

 

X ≈ 
𝑞1 + m +𝑞3

3
 

(2.1) 

S ≈ 
𝑞3 − 𝑞1

1.35
 

(2.2) 

Where X is mean, q1 is the first quartile, q3 is the third quartile, m is the median and S is the 
standard deviation  
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A 

 
B 

 

C 

 

Figure 2.5: Meta-analysis of cefazolin initial total adipose tissue concentrations in obese–pregnant women (BMI ≥30 kg/m2) 
(A) Represent meta-analysis of obese–pregnant when given 2 g vs. >2g; (B) and (C) sensitivity-analysis of meta-analysis whereas different studies 

were omitted due to increased heterogeneity 
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A 

 

B 

 

Figure 2.6: Meta-analysis of cefazolin initial total adipose concentrations in obese–pregnant women with a BMI of 30–30.9 kg/m2 vs. ≥40 
kg/m2 when given (A) 2 g or (B) 3 g dose of cefazolin  
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2.2.3.4 Cefazolin post Caesarean section infection systematic review 

After removing duplicates, fifty-two titles were assessed for eligibility. Twelve full texts 

were thoroughly reviewed, and four articles were included in the CFZ-INF systematic 

review (Figure 2.3). The studies’ quality assessments and risks of bias were 

considered acceptable (Appendix: Table 7.11 and Table 7.12). Table 2.6 summarises 

the data extracted from the eligible studies in the CFZ-INF systematic review. Only one 

study was originally conducted to report SSI post-CS (287); the other studies aimed to 

measure cefazolin levels in obese–pregnant women, but their insufficient sample sizes 

affect their SSI detection. The study conducted focusing on CFZ-INF was a 

retrospective study (287); one study was a double-blind randomised controlled trial 

(14); one study was randomised (15); and one study was an  observational study (284). 

In terms of the scope of the studies, one study reported the SSI when a dose of 2 g of 

cefazolin was given to pregnant women with an increasing BMI (<30 kg/m2 vs. 30– 

39.9 kg/m2 vs. ≥40 kg/m2); two studies compared 2 g vs. 3 g of cefazolin given to 

obese–pregnant women and one study compared 2 g vs. 4 g of cefazolin given to 

obese–pregnant women (BMI ≥35 kg/m2).  

The highest SSI rate was 40% in the obese–pregnant women (BMI ≥40 kg/m2) who 

were given 2 g of cefazolin (n= 5 women) and there was no SSI incidence in the obese–

pregnant women with a lower BMI (<30 kg/m2 or 30–39.9 kg/m2) who were given a 

similar dose of cefazolin (n = 10 women in each group arm) (284). The next highest 

SSI rate was 13.1% in the morbidly obese–pregnant women who were given 2 g or 3 

g of cefazolin (175 and 160 women, respectively) (287). One study did not report any 

SSI incidence in the obese–pregnant women given 2 g or 4 g of cefazolin (15). The 
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last study reported higher SSI rates of 6.89% vs. 3.57% in the obese group that was 

given 3 g vs. 2 g of cefazolin, respectively (14). 

2.2.3.5 Cefazolin post Caesarean section infection meta-analysis   

A meta-analysis of three studies that reported >2 g vs. 2 g of cefazolin given pre-CS 

to obese–pregnant women were conducted. Figure 2.7 (A) shows a forest plot of the 

non-significant differences in the SSI rates in the obese–pregnant women when given 

2 g vs. >2 g of cefazolin pre-CS (P = 0.78, I2=0%). A sub-group analysis of studies 

reported 2 g vs. 3 g was conducted (Figure 2.7, B). The SSI incidence insignificantly 

differed when 2 g vs. 3 g of cefazolin was given to obese–pregnant women.  
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A 

 

B 

 

Figure 2.7: Meta-analysis of studies reported 2 g vs. higher doses of cefazolin initial total adipose concentrations in obese–pregnant women 

 



84 
  

 

2.2.4 Discussion 

2.2.4.1 Cefazolin pharmacokinetics systematic review 

In contrast to the dearth of published research on cefuroxime, there is considerable 

evidence to evaluate the use of cefazolin in pregnant women requiring CS. 

Nevertheless, the optimal doses of cefazolin that can be administered to obese–

pregnant women is still a subject of controversy. This is due to the targeted MIC of 

most pathogens that cause infection post-CS. MICs of 2, 4, and 8 mg/L or μg/g have 

been reported (13, 14, 81).  

One of the excluded studies on CFZ-PK fulfilled the eligibility criteria, but it was 

excluded due to the inability to extract the cefazolin levels from the abstract’s Figure 

(289). The authors of this study investigated only the cefazolin levels in the maternal 

blood and the umbilical cord blood; cefazolin adipose tissue was not reported in the 

abstract.  

A relatively higher total adipose cefazolin concentration at time of skin closure than 

time of skin incision was observed in certain obese–pregnant women (BMI ≥ 30 kg/m2) 

groups who were given either 2 g or >2 g  of cefazolin (Table 2.3). This can be 

explained by the differences in the time of cefazolin administration to the initial skin 

incision reported; i.e., the time to the maximum adipose tissue concentration was less 

than the time from cefazolin administration to the skin incision. All the studies reported 

administration of cefazolin 30–60 min pre-CS, except in Young et al. (within 30 min, 

with the average time from the administration to fascial entry, 3–4 min) and Stitely et 

al. (the average time from the cefazolin administration to the skin incision was 12 min) 

(15, 16).  
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Due to probable skewed data of cefazolin concentrations, most of the cefazolin 

concentrations data were reported as medians and interquartile ranges in the eligible 

studies for the CFZ-PK systematic review. In the current CFZ-PK analysis and 

subgroup analysis, the average medians were calculated and are presented in Table 

2.4 and Figure 2.4. Although this is not an optimal statistical practice, these average 

medians give an empirical idea of combined limited information of interest. This was 

not the case in the CFZ-PK meta-analysis, as means were predicted from the medians 

(equation 2.1). 

2.2.4.2 Meta-analysis of cefazolin concentrations in adipose tissue and dealing 

with missing data  

The current meta-analysis of four studies showed a significantly higher cefazolin 

adipose tissue concentration at the time of the adipose opening when a dose of >2 g 

vs. 2 g of cefazolin was given to obese pregnant women (Figure 2.5, A). The between-

study heterogeneity is considerably unimportant to moderate heterogeneity (I2 = 

31%)(286). In general, reasons for detected heterogeneity can be clinical, 

methodological and/or statistical differences between the studies (286). In the current 

meta-analysis (Figure 2.5, A), all the studies compared 2 g to 3 g of cefazolin, expect 

for one study that compared 2 g to 4 g (15). Another variance between the studies is 

the differences in the time from the cefazolin administration to the time of the adipose 

sample collection (initial), which was discussed in section 2.2.4.1. Finally, in Kram et 

al., obese class I and II pregnant women (BMI 30–39.9 kg/m2) were given 2g of 

cefazolin, whereas obese class III pregnant women (BMI ≥40 kg/m2) were given 3 g of 

cefazolin.  
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After a sensitivity analysis was conducted (Figure 2.5) by sequentially deleting the 

study of Stitely et al. (B) and then the study of Young et al. (C), the heterogeneity  

became insignificant (I2 = 0%). However cefazolin adipose tissue concentrations at 

time of skin incision were statistically insignificant when 2 g of cefazolin was given to 

obese–pregnant women compared to 3 g. Nevertheless, Kram et al. was included in 

both sensitivity analysis studies, where the discussed dosing strategy (2 g for obese 

classes I and II and 3 g for obese class III) possibly affected the insignificant outcome 

observed in the sensitivity analysis.  

When the meta-analysis was stratified according to the BMI (Figure 2.6), where the 

obese–pregnant women with a BMI of 30–39.9 kg/m2 vs. a BMI ≥40 kg/m2 were given 

(A) a 2 g or (B) 3 g dose of cefazolin; the initial cefazolin adipose tissue concentrations 

significantly differ between obese groups (2 g: P = 0.005; and 3 g: P = 0.006). The 

heterogeneity was unimportant in the 2 g case (I2 = 0%), but it was high in the 3 g case 

(I2 = 70%) which represent possible substantial heterogeneity. By reviewing the 

studies’ methodology, they had relatively similar sampling time; interestingly, the 

studies included in the lower heterogeneity meta-analysis (i.e. 2 g) used different 

analytical method to analyse cefazolin concentrations, whereas the studies that were 

included in the meta-analysis with higher heterogeneity (i.e., 3 g) used similar 

analytical methods.  In this case, the between-studies heterogeneity can’t be 

explained; often, a high heterogeneity indicates differences in the methods used (286).  

Most of the studies included in the meta-analysis reported the median and the 

interquartile range rather than the means and SDs, which suggests that skewed data 

of cefazolin plasma and adipose tissue concentrations were observed in these studies. 

According to the Cochrane Handbook regarding dealing with missing data in 
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conducting a meta-analysis, (A) studies with missing data can be omitted from the 

analysis; (B) missing data can be imputed from related data in the study, or (C) missing 

data may be statistically calculated. Obviously, options A and B are unfeasible in the 

current CFZ-PK meta-analysis to retrieve the missing data, i.e., the means and SDs of 

cefazolin adipose tissue concentrations. Weir et al. had systematically reviewed 

available approaches to estimating the means and SDs (290). They performed 

different scenarios, from deleting a study or studies with missing data to estimating 

missing data. The overall conclusion was that estimating SDs from ranges preserves 

the precision and performs best compared to deleting the study with missing data. 

While estimating the means prevents loss of precision and shows the best 

performance compared to omitting a study or studies by using the median and 

interquartile range formula, superior results were observed when studies were omitted 

in some cases. In a practical session hosted by Cochrane Training and presented by 

the author above, the author had suggested the use of the Cochrane equation to 

estimate the means (equation 2.2) and the use of the Wan et al. equation to estimate 

the SD (equation 2.1) whenever medians and interquartile ranges are reported (285, 

286, 290, 291). Thus, these methods were selected to estimate the means and SDs in 

the meta-analysis. Furthermore, Shi et al. developed a statistical method of reporting 

the extent of the skewedness of data when reporting medians and interquartile ranges, 

which are incorporated into a user-friendly online calculator (292, 293). The 

skewedness of datasets used for meta-analysis were investigated using the website; 

out of 10 datasets used to calculate the means and SDs, Shi et al. considered two 

datasets significantly skewed (10, 14). 
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A previous meta-analysis abstract by Maggio et al. showed sufficient coverage of 2 g 

cefazolin across classes I, II, and III obese–pregnant patients, which presented results 

according to a target MIC of 2 μg/g.  All in all, the optimal measure to investigate the 

appropriateness of cefazolin (a time-dependent antibiotic, section 1.1.5.2) dosage in 

obese–pregnant women is not statistical investigation of the different cefazolin 

concentrations of 2 g and >2 g, but measuring the time of the cefazolin adipose 

concentration above the target MIC for the desired time (i.e., T>MIC). None of the 

included studies had investigated the T>MIC. However, in the 2 g obese–pregnant 

group, out of the nine data points of cefazolin adipose tissue concentrations at the time 

of skin closure (in means or medians) reported, 66.7% of the reported cefazolin 

concentrations were under the MIC of 8 μg/g, whereas in the >2 g dose group, out of 

the seven cefazolin time-concentration data reported at the time of skin closure, 42.9% 

were under the MIC of 8 μg/g (Table 2.3). All the reported means and medians of the 

plasma and adipose tissue concentrations were above the MIC of 4 mg/L and 4 μg/g. 

Nevertheless, the reported medians of the adipose concentrations in the included CFZ-

PK studies suggest skewed data and variations of the reported adipose 

concentrations. Five of the CFZ-PK studies had reported percentages of cefazolin 

adipose tissue or blood samples with concentrations under a desired MIC (Table 2.5). 

In one study, the cefazolin adipose tissue samples (initial or closure) of the obese–

pregnant women (BMI ≥40 kg/m2) who received 2 g of cefazolin reportedly had 

concentrations that were 40% less than the MIC of 4 μg/g (284). In another study, 

33.3% of the samples were under the MIC of 8 μg/g of obese group with a BMI 30–

39.9 kg/m2 who were given 2 g dose of cefazolin (14). In Young et al., 7.7% of the 

cefazolin adipose tissue samples were under the MIC of 4 μg/g in the obese–pregnant 
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women (BMI >30 kg/m2, reported median 39.3 kg/m2) who received 2 g of cefazolin; 

whereas it were 16.7% in the obese–pregnant (BMI >30 kg/m2, reported median 39 

kg/m2) who received 3 g of cefazolin (16). In obese–pregnant with higher BMI (≥40 

kg/m2) who were given a 2 g dose of cefazolin, the samples of cefazolin adipose 

concentrations at time of skin incision and closure were under the MIC of 8 μg/g by 

46.2% and 69.2%, respectively; whereas those of same obese group who received 3 

g dose, 53.9% and 66.7% of the cefazolin adipose tissue samples were under the MIC 

of 8 μg/g at time of the skin incision and closure, respectively (14).  

Current guidelines for cefazolin susceptibility testing identified a MIC breakpoint of ≤2 

mg/L for Enterobacteriaceae and a MIC of ≤4 mg/L for Staphylococcus spp. as 

sensitive for cefazolin (81). Table 2.7 represent summary of the conclusion driven by 

reported cefazolin mean (or medians) and individual values reported under a targeted 

MIC adipose concentrations in studies included in CFZ-PK systematic review.  Aiming 

for a MIC of 4 μg/g, a 2 g dose of cefazolin seems sufficient against common pathogens 

that cause SSI post-CS in obese–pregnant women with a BMI of 30–39.9 kg/m2. 

However, data are insufficient to support the administration of a similar dose to obese–

pregnant women with a higher BMI (≥ 40 kg/m2) when a MIC of 4 μg/g is desired; 

whereas when aiming for the upper limit of MIC (8 μg/g), the dose of 3 g appears 

inadequate for obese–pregnant women with a BMI of ≥ 40 kg/m2 to achieve an 

appropriate MIC at the site of the skin incision.  

In cases where it is desired that the cefazolin adipose concentrations achieve a target 

MIC, it is crucial to investigate T>MIC. If a target MIC is achieved and not maintained 

for the duration of the CS, the optimal practice is to re-administer cefazolin than 
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report incidence of SSI in obese–pregnant women (287). This study had the highest 

sample size among all the studies. The SSI rates reported in the former study in which 

obese–pregnant women were given 2 g vs. 3 g were comparable (13.1%); however, 

the 3 g dose group had a higher BMI than the 2 g dose group. From this study, it can 

be postulated that giving a decreased dose of 2 g of cefazolin to both groups might 

have resulted in non-comparable SSIs; i.e., a higher SSI rate in the obese–pregnant 

women with a higher BMI. All in all, the author considered the reported SSI incidence 

“too high” in terms of the consequent mortality and cost of management of the SSI 

(287). The study reported several limitations that included the possibility of a missing 

SSI due to a merely retrospective medical review with no participant contact; possibly 

different CS protocols of different centres that might have affected the SSI rate and 

might not have been reported in the study; and a sample size that was insufficient to 

report the intended 67% SSI reduction (287). Interestingly, in one study that compared 

the 2g and 3g cefazolin, the 3g-dose group had a higher SSI than the 2g-dose group; 

but this study reported higher inadequate cefazolin adipose concentration samples 

(samples of concentrations less than the MIC of 8 μg/g) in the 3g group compared to 

the 2g group (Table 2.5) (14). However, in another study, the levels of cefazolin 

adipose concentration of two participants who developed post-CS SSI (out of five 

recruited) of obese pregnant women (BMI ≥40 kg/m2) were 2.7 μg/g and 2.9 μg/g at 

the initial skin incision and 3.8 μg/g and 2.8 μg/g at the time of skin closure when a 2g 

dose of cefazolin was given pre-CS (284). These data could support the augmented 

SSI preventive effect of selecting a target cut-point MIC of 4 μg/g rather than 2 μg/g; 

while the current data cannot support the same for a MIC of 8 μg/g. 
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2.2.4.4 Cefazolin post Caesarean section infection meta-analysis   

The current meta-analysis and sub-group analysis showed no significant difference in 

SSI incidence post-CS when given 2g vs. 3 g or > 2g of cefazolin to obese-pregnant 

women. However, the studies’ limitations discussed in section 2.2.4.3 possibly affected 

the observed insignificant results.  

In 2021, two systematic reviews and meta-analyses were published regarding SSI. 

One focused on SSI generally following CS in obese–pregnant women (regardless of 

the type or dose of the antibiotic given) (294), while the other focused on SSI when 

cefazolin was given to pregnant women in general (obese and non–obese) (295). None 

of the reviews had a scope similar to that of the current meta-analysis of CFZ-INF 

studies. 

From the viewpoint of the SSI incidence and the recruited CFZ-INF studies, the 2 g 

dose seems insufficient for obese–pregnant women with a BMI ≥40 kg/m2.  

2.2.4.5 Study limitations  

In the CFZ-PK systematic review, it was desired that the obese groups be divided into 

those with a BMI of 30–39.9 and those with a BMI ≥40 kg/m2. There was a slight risk 

of the two groups overlapping with the obese groups in the study of Swank et al. (24 

patients with a BMI of 30–40 kg/m2 and 23 patients with a BMI >40 kg/m2). Additionally, 

in the results synthesis presented in Table 2.4, , one means reported by Stitely et al. 

was added to the median of the cefazolin concentrations in the 2g group. This is not 

an optimal practice; however, this would not significantly affect the results where the 

conclusions were mainly driven by other results synthesis.  
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2.2.5 Conclusion 

Different studies have investigated cefazolin levels in obese–pregnant women at the 

time of CS. Due to the diverse MIC target cut-offs, and small sample size led to 

discrepancy of recommendation in these studies. Targeting a higher cefazolin adipose 

tissue MIC will require either a 3 g dose of cefazolin or re-dosing when a longer CS is 

expected or both, especially with obese–pregnant women with a BMI of ≥40 kg/m2.  

2.3 Narrative review of eligible studies published since last update of 

systematic review  

In July 2021, three databases (Cochrane, MEDLINE, and Embase) were updated to 

explore eligible studies recently published on CFX-PK, CFX-INF, CFZ-PK, and CFZ-

INF. Only three databases were updated due to Ph.D. time limitations, and these 

databases were selected due to their robust retrieving results from saved searches 

compared to other databases.  

2.3.1 Cefuroxime pharmacokinetics and post caesarean section infection  

For CFX-PK, no study has evaluated the cefuroxime levels in obese–pregnant women, 

and neither there was no update to of CFX-PK in non–obese pregnant women. 

For CFX-INF, a recent study had investigated the infection rate post-CS when the 

patients were given 2 g of cefuroxime at different timing of surgery; one of the group 

had a 2 g cefuroxime 30–45 min before CS (296). The full article was not accessible. 

All in all, the study reported the superior effect of single dose cefuroxime given 30 min 

before CS compared to other tested dosing intervals in terms of infection prevention 

and reduction of the length of the hospital stay (296).  
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2.3.2 Cefazolin pharmacokinetics and post caesarean section infection  

A recent study was considered eligible for inclusion in the CFZ-PK systematic review 

(297). The study evaluated the use of 2 g (only one patient received 3 g) of cefazolin 

in 12 obese–pregnant women (BMI >35 kg/m2) at the time of elective CS. Furthermore, 

the data were utilised to simulate cefazolin disposition in obese–pregnant women given 

different doses of cefazolin using Pmetrics. The author reported the probability of target 

attainment at a fT>MIC of 2 μg/g for a 3 h. The total cefazolin plasma concentrations 

were above the MIC of 8 mg/L for the 180 min sampling duration, and the minimum 

and maximum free cefazolin plasma concentrations were 7.7 mg/L and 73.1 mg/L, 

respectively. The free median adipose tissue interstitial fluid (ISF) remained above the 

MIC of 2 μg/g at each sampling point; however, two participants did not maintain 

cefazolin adipose concentrations above 2 μg/g for the 150 min sampling duration. Eley 

et al. suggested re-administration of cefazolin at 2 hours when the duration of the CS 

might exceed 3 hours for patients weighing 90–150 kg to maintain a free ISF adipose 

tissue concentration >2 μg/g. The authors accredited that higher MIC targets would 

require different doses. There was no comparison in the study; and thus the current 

meta-analysis of CFZ-PK would be unchanged; as would the pooled 

descriptive analysis because eleven participants received 2 g of cefazolin and one 

received 3 g; and the reported adipose cefazolin concentrations were of unbound ISF 

concentrations (i.e. cannot be added to the comparison of total cefazolin adipose 

concentration meta-analysis) (297). The cefazolin re-dosing suggestion of Eley et al. 

supports the conclusion in section 2.2.5. 

Regarding the update search of CFZ-INF, no study was considered eligible; however, 

two recent studies have investigated SSI when giving cefazolin. A retrospective study 
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demonstrated no superior effect of a 3 g dose of cefazolin compared to 2 g in 

decreasing post-CS SSI rates (both non–obese and obese–pregnant) at time of CS 

(298). However, the study reported significant differences in the BMI (and other 

demographic characteristics) in the 2 g vs. 3 g doses; the participants who received 

the 3 g dose were less obese, had lower estimated blood loss, and were less diabetic. 

Generally, the study did not report SSI rates specifically for obese–pregnant women, 

thus, illegible. Another recent randomised study compared the SSI rate when using 

staples vs. suture in obese–pregnant women (BMI ≥40 kg/m2) (299). However, 93% of 

the women received cefazolin pre-CS, 17% co-administered azithromycin and 12% 

had vaginal antisepsis with iodine. Thus, the study was illegible (299).  
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Chapter 3: Partial Validation to Quantify Cefuroxime in Blood and Adipose 

Tissue using High Performance Liquid Chromatography 
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or sample processing procedure) or cross-validated (validation of similar methods 

across different laboratories) (302).  

Previously described methods reported as validated method to measure cefuroxime 

concentrations in human blood and subcutaneous adipose tissue was selected and 

minor alterations were applied (due to different HPLC machine available at Pharmacy 

laboratory at University of Birmingham and different column); thus at least a partial 

validation was required (Table 3.1) (13, 110). According to Food and Drug 

Administration (FDA) guidelines, “one intra-assay accuracy and precision 

determination to a nearly full validation” can be investigated through partial validation 

(302). In the context of this PhD timeframe, linearity, carry-over, detection and 

quantification limits, stability, accuracy and selectivity were investigated. The 

acceptance criteria for these tests were similar to both the FDA’s and the European 

Medicine Agency’s (EMA) guidelines; however, EMA guidelines were more precise in 

describing the practical handling of this data (303, 304).   
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2- Test the carry-over effect to investigate contamination of blank samples by the 

analytes (re-appearance of analyte peak). 

3- Investigate the lower limit of detection (LLOD) and lower limit of 

quantification (LLOQ) in an aqueous solution, blood and adipose tissue. 

4- Examine the matrix effect (blood and adipose tissue) on cefuroxime 

chromatograms. 

5- Test the stability of cefuroxime (in terms of peak shape by means of diode-

array detector system peak purity investigated, retention time (RT) and quantity) 

in aqueous solution, blood and adipose tissue, after sample processing and the 

extraction of cefuroxime from animal blood and adipose tissue under relevant 

storage conditions.  

6- Develop a sample preparation protocol, to obtain an accepted recovery 

percentage of cefuroxime when spiked to blood and fat tissue. 

7- Select an internal standard (IS), to optimise the quantification of cefuroxime in 

blood and adipose tissue.  

8- Investigate the cefuroxime octanol/water partition coefficient (LogP). 

9- Test the selectivity of this method, by using different compounds (caffeine, 

paracetamol, omeprazole, ibuprofen). 

3.3 Methods 

3.3.1 Optimising HPLC conditions 

3.3.1.1 Chemicals 

Cefuroxime (Cefuroxime sodium: SIGMA), vancomycin (Vancomycin HCL: TOKU-E), 

cefazolin (Cefazolin Sodium: Acros Organics 98%), ceftriaxone (Ceftriaxone Sodium: 

Sigma-Aldrich) indapamide (Alfa Aesar), phenacetine (MedChemExpress), potassium 
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dihydrogen phosphate (Alfa Aesar) phosphate buffer saline (SIGMA), acetonitrile 

(Sigma-Aldrich), 1-Octanol (Merck). 

3.3.1.2 Apparatus 

An Agilent 1260 series high-performance liquid chromatography with diode-array 

detector system (HPLC-DAD) was used. Data obtained was analysed using 

Chromatography Data System (OpenLab Software, Agilent).   

3.3.1.3 Chromatographic conditions 

A C18 Column (InfinityLab Poroshell 120 EC-C18, 3.0 x 150 mm, 2.7 µm) connected 

to a SecurityGuard column (SecurityGuard™ cartridges for C18 HPLC column 4.0 x 3 

mm) were used. Different detection wavelengths reported in literature were tested at 

274 nm (301), 275 nm (9, 306) and 280 nm (110) to record the most effective response. 

The flow rate was set at 1.2 ml/min (110), injection volume was 20 µL (110). All 

samples were filtered before injection using a 13 mm polytetrafluoroethylene (0.45 µm) 

syringe filter (Fisher brand). The sample run time was 30 min. 

3.3.1.4 Mobile phase selection 

Different mobile phase solutions, proportions and pH adjustment were tested, to 

produce an efficient cefuroxime peak shape and a clear chromatogram that is clearly 

differentiated from the blank and tissue noise peaks. Cefuroxime solutions (100 µg/ml) 

were analysed using different mobile phase solutions in which all were isocratic:  

1- A mixture of 0.05 M potassium dihydrogen phosphate buffer (pH=4.7): 

acetonitrile. Different proportions of acetonitrile were used at 30%, 20%, 15% 

and 10%.  
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2- A mixture of 0.05 M potassium dihydrogen phosphate buffer (pH adjusted 

to 2.5): acetonitrile. Different proportions of acetonitrile were used at 30%, 

20%, 15% and 10%. 

3- A mixture of methanol: water. Different proportions of methanol were used at 

25% and 60%. 

3.3.2 Linearity (Calibration curve) 

Linearity was tested in triplicate and a calibration curve was established using different 

cefuroxime concentrations in a solution (water: Acetonitrile 50:50) (0.5, 1, 10, 25, 50, 

100 and 150 µg/ml). Excel 2016 was used, to fit a linear least square regression to the 

generated data. Cefuroxime sodium is freely soluble in water (100 mg/ml) (307). 

3.3.3 Carry-over 

A high concentration (150 µg/ml) of cefuroxime solution (acetonitrile: water 40:60), was 

injected in HPLC, followed by a blank sample (acetonitrile: water 50:50), to test the 

effect of carry-over. 

3.3.4 Lower limit of detection and lower limit of quantification in solution 

A series of low cefuroxime concentration solutions (0.0001−0.4 µg/ml of water: 

Acetonitrile 60:40) were analysed, to investigate the LLOD and LLOQ of cefuroxime in 

the solutions using the Visual Evaluation Method (308). In this method, low 

concentrations of analyte were injected into HPLC starting with the lowest 

concentration. The first analyte peak that appears in the chromatogram was the LLOD 

concentration, while the first quantification of the analyte peak (i.e., AUC) was the 

LLOQ concentration. (308). Additionally, LLOD and LLOQ were calculated from a 
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calibration curve using equations 3.1 and 3.2, to compare the measured and calculated 

results (308). 

Detection limit = 3.3(
standard deviation  of the response (SD)

slope of the calibration  curve (S)
 

(3.1) 

Quantification limit = 10(
SD

S
) 

(3.2) 

Where SD is the standard deviation of the AUC of the lowest concentration tested. 

3.3.5 Matrix effect  

Subcutaneous adipose tissue (pig adipose tissue purchased from Birmingham Indoor 

Market, B5 4RW) was spiked (a known concentration of cefuroxime solution was 

added to a known weight of adipose tissue using a pipette) with a cefuroxime solution 

(50 µg/ml of water: Acetonitrile 60:40 solution), to test the matrix effect on cefuroxime 

chromatograms.   

3.3.6 Accuracy 

3.3.6.1 Using phosphate buffer saline 

Recovery percentages of high, medium and low cefuroxime concentrations (200 µg/ml, 

50 µg/ml and 10 µg/ml of water: Acetonitrile 60:40 solution) after spiking subcutaneous 

adipose tissue, were tested and compared to quality control samples (samples of the 

same concentration of cefuroxime solution used to spike the tissue). A known adipose 

tissue weight was spiked directly with cefuroxime solution. Then, phosphate buffer 

saline (PBS) was added (at a mass of double the fat weight) (305). The fat tissue was 

homogenised (Homogeniser 150 Fisherbrand with stainless steel probes 7 mm). The 

samples were then sonicated (Sonicator with Probe, Fisherbrand) for 10 min at 35% 

power (5 sec pulse), followed by cooling (10 sec) (13). The samples were then 
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centrifuged (VWR Mega Star 600R) for 30 min at 14000 speed using a graduated filter 

Eppendorf (0.22 µm cellulose acetate). Supernatants were injected into HPLC. The 

remaining adipose tissue in the Eppendorf filter was spiked with PBS (0.5 ml) and 

centrifuged again, to extract all cefuroxime and supernatant injected into HPLC. The 

extraction process was not controlled, analyte extraction was dependent on the 

collection of supernatants. The sum of all AUC represented the concentration of 

cefuroxime added. The acceptance criteria for an accurate method was selected as a 

recovery percentage within ± 15% of the quality control sample (a sample of a known 

concentration of cefuroxime solution, not in the matrix) (308). 

 

3.3.6.2 Using Methanol as extraction solvent 

A trial using methanol as a liquid extractor was carried out, to improve the partitioning 

of cefuroxime (200 µg/ml) from the adipose tissue to the liquid phase. The method is 

the same as described above (Using phosphate buffer saline), although methanol was 

used instead of PBS.  

3.3.6.3 Testing the effect of sample preparation (adipose tissue accuracy) on 

cefuroxime chromatogram 

As the extraction of cefuroxime analyte had various steps, the analyte could be lost 

and/or degraded. A trial to explore the effect of sample preparation on cefuroxime 

quantification and chromatograms was carried out in the solution (not the matrix), to 

compare the results with those of the quality control sample (the sample was not 

processed). The cefuroxime solution and PBS were homogenised for 3, 5 and 10 min, 

and then these samples were analysed. Other samples of the cefuroxime solution and 

PBS were homogenised for 3, 5 and 10 min, and then sonicated as described; these 
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samples were then analysed. Lastly, to test the loss of cefuroxime during 

centrifugation, the cefuroxime solution and PBS were homogenised for 3, 5 and 10 

min, and then sonicated and centrifuged once as described above; these samples 

were then analysed. PBS was added to the Eppendorf filter and centrifuged again; 

these samples were subsequently analysed. This process was repeated for a last time 

(third run) and the samples were analysed.  

3.3.7 Stability 

3.3.7.1 Stability of cefuroxime solution 

A quality control sample of the cefuroxime solution was prepared (stock solution) and 

analysed on day 1; the stock solution was stored in amber glass at 4°C. Samples from 

the stock solution were analysed on day 7 and day 14.  

3.3.7.2 Stability of cefuroxime in frozen animal adipose tissue (Freeze-thaw 

stability) 

The aim of this experiment was to test the effect of adipose tissue and its constituents 

on the cefuroxime chromatogram. Different subcutaneous adipose tissue sections 

were spiked with low, medium and high cefuroxime concentrations (10, 50 and 200 

µg/ml); the spiked adipose tissues (low, medium and high cefuroxime concentrations) 

were processed and analysed on day 1, as described in Accuracy and Using 

phosphate buffer saline section  3.3.6.1. Other spiked adipose tissues were stored in 

a −80°C freezer. On day 7 of storage, 3 different spiked adipose tissues (low, medium 

and high cefuroxime concentrations) were processed and analysed, while another 3 

different spiked adipose tissues (low, medium and high cefuroxime concentrations) 

were processed and analysed on day 14 of storage in a −80°C freezer. 
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3.3.7.3 Stability of cefuroxime samples after extraction from animal adipose 

tissue (Extracted or processed sample stability) 

The spiked adipose tissues with cefuroxime (low, medium and high concentrations) 

were processed and analysed on day 1, as described in the Accuracy and Using 

phosphate buffer saline sections (3.3.6.1). The extracted samples were stored in 

amber HPLC vials at 4°C. These samples were then analysed again on day 7 and day 

14.  

3.3.8 Octanol/water partition coefficient (LogP) of cefuroxime: Shake-flask 

method 

Cefuroxime was dissolved in 100 ml of water (200 µg/ml); 3 ml of this solution was 

added to 3 ml of n-octanol and that solution was shaken for 24 hours at 4°C. Then, the 

two phases were allowed to separate for 24 hours and after separation the cefuroxime 

content was measured by HPLC in both the water and the n-octanol. The partition 

coefficient (LogP) of the cefuroxime was calculated using equation 3.3 (309).  

LogPoct/wat = Log(
[Solute in octanol]

[Solute in water]
) 

(3.3) 

  

3.3.9 Selection of internal standard 

The cefuroxime solution samples were analysed in the presence of different 

compounds (cefazolin, ceftriaxone, indapamide, vancomycin and phenacetine), to 

select is the most appropriate internal standard.  
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3.4 Results  

3.4.1 Optimising HPLC conditions 

An efficient separation in terms of peak shape (symmetrical, no tailing) and convenient 

retention time (RT ≤20 min) was achieved when the mixture of 0.05 M potassium 

dihydrogen phosphate buffer (pH adjusted to 2.5): acetonitrile (85:15) was used as a 

mobile phase (Figure 3.1, G). This was selected as a mobile phase for all further 

experiments. 

(A) (B) 

(C) (D) 

(E) (F) 

(G) (H) 

(I) (J) 

Figure 3.1: Cefuroxime chromatograms when using different mixtures of mobile phase 
A mixture of 0.05 M potassium dihydrogen phosphate buffer: acetonitrile with different 
proportion of acetonitrile were used (A) 30%, (B) 20%, (C) 15%, (D) 10%; and same mixture 
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is comparable to the LLOQ reported in the validated HPLC method (0.5 µg/ml), the 

study did not report the LLOD (110). 

3.4.5 Matrix effect   

There was no matrix interference on cefuroxime peak (Figure 3.3).   
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 (A) 

(B) 

 

Figure 3.3: Adipose tissue effect on Cefuroxime chromatogram 
(A) Analysed sample of adipose tissue without cefuroxime, (B) analysed sample of adipose 
tissue with cefuroxime 

3.4.6 Accuracy 

3.4.6.1 Using phosphate buffer saline 

The recovery percentages of cefuroxime were 122.80%, 107.13% and 95.02% for low, 

medium and high concentrations, respectively, compared to the quality control 

samples.  

3.4.6.2 Using Methanol 

The recovery percentage of cefuroxime was 86.84%. However, methanol had an effect 

on cefuroxime peak (fronting and shoulder peaks) (Figure 3.4).  

3.4.6.3 Testing the effect of sample preparation (adipose tissue accuracy) on 

cefuroxime chromatogram  

The sample preparation and cefuroxime extraction from adipose tissue, did not affect 

cefuroxime peak shape. A cefuroxime chromatogram showed a related substance 

peak, as explained in the Discussion section 3.5.  
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Figure 3.4: Effect of methanol on cefuroxime peak when used as liquid extraction from adipose 
tissue 

3.4.7 Stability 

The stability of the cefuroxime solutions and the stability of the cefuroxime in frozen 

animal adipose tissue were within the acceptance criteria; however, the extracted 

cefuroxime sample stability was above the accepted range for high and medium 

cefuroxime concentrations (129.84% and 118.94%, respectively). The cefuroxime 

chromatograms showed related substance peaks (degradation or present in 

cefuroxime isoforms) in all stability studies (Figure 3.5). 
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3.4.9 Selection of internal standard 

Table 3.2 represents the IS investigated with their chemical structure, LogP and 

chromatogram of the IS with cefuroxime. Four compounds were not tested due to time 

restrictions; yet, they were mentioned in the table.    
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Continue Table 3.2: Chemical structure, LogP and chromatogram of proposed internal standard and cefuroxime in solution 

Compound  Structure LogP reported 
or predicted  

Separation  Reference 
for usage as 
IS 

cefoxitin 

 

(335) 

−0.02 (336) 
0.22 (336) 
0.29 (336) 

Not Tested (337) 

tazobactam  
 
 
 
 
(338) 

−1.8 (339) 
−1.4 (339) 

Not Tested (340) 

* all tested IS were tested using C18 column with  as described in method; except for Vancomycin and phenacetine, a C18 column with a 
particle size of 5 µm was used 

IS internal standard; CFX cefuroxime 
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3.5 Discussion 

Cefuroxime is an acidic compound that at a high pH value is (ionised) soluble in polar 

solvents, while at a lower pH value (unionised) is more soluble in organic solvents 

(341). The adjustment of mobile phase pH had a crucial role on cefuroxime peak 

symmetry. This can be explained by the pKa of cefuroxime (pKa 3.15). By adjusting the 

pH to 2.5, unionised cefuroxime had higher affinity for the stationery phase (apolar) 

than the mobile phase. It is recommended that the pH of the mobile phase should be 

± 1 unit different from the pKa of the analyte, as it can improve selectivity, peak shape 

and RT; however, extremely low and high pH can affect column lifetime (342). The RT 

shifting of the cefuroxime peak was observed. This is related to adjusting the mobile 

phase pH closer to the pKa of the analyte (pH sensitivity); another reason could be the 

uncontrolled temperature of the column. The peak (RT 16 min) on the cefuroxime 

chromatogram observed in the stability studies, is a “related substance” to cefuroxime, 

as shown on the extracted UV spectra (Figure 3.5: B and C). This is not caused by the 

matrix effect, as this peak was observed in the stock solution stability. 

It is worth noting the effect of methanol on cefuroxime separation with or without mobile 

phase pH adjustment (when used either as a mobile phase or as a solvent in adipose 

tissue recovery); although methanol is widely used in analytical chemistry, various 

reports in the literature highlighted that separation of compound and peak shape can 

be different when methanol is used as a mobile phase compared to acetonitrile (343). 

Methanol had an accepted elution when used as 60% of the mobile phase; however, 

the matrix interfered with the cefuroxime peak at a decreased RT (4 min). 

The recoveries of medium and high cefuroxime concentrations were within the 

acceptance criteria, with the low cefuroxime concentration 7% above the acceptance 
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criteria; however, the quality control sample was 8.76 µg/ml and recovery was 10.75 

µg/ml. The accuracy and extraction of cefuroxime from the adipose tissue can be 

optimised, by using an internal standard and optimisation extraction of cefuroxime from 

adipose tissue (using a solid-phase extraction and/or tissue lysis) (344). 

The researchers questioned the requirement of using an IS, as the FDA and EMA used 

the word “should” (345). However, in the trial to use IS, phenacetine represented a 

desirable RT and efficient peak shape, compared to other compounds. Nevertheless, 

due to differences between phenacetine and cefuroxime LogP, a trial to prove similar 

extractions of cefuroxime and phenacetine from adipose tissue is required. Other 

compounds with a similar LogP to cefuroxime were intended to investigate; however, 

compounds with a similar LogP and structure would elute at relatively similar times 

(e.g. cefazolin Table 3.2).  

The extraction of cefuroxime from adipose tissue using a solid-phase extraction is a 

promising alternative option. However, solid-phase extraction is not available at the 

current Pharmacy research laboratory; additionally, this can be time-consuming. 

Different tissue lysis compounds/kits have been used to digest adipose tissue. This 

can be beneficial in extraction cefuroxime; however, this could also increase the small 

lipid content in samples injected in HPLC (344). The efficiency of the current 

cefuroxime adipose tissue samples homogenisation can be investigated further by 

spiking homogenised adipose tissue with cefuroxime and then analysing samples to 

ensure optimal extraction and recovery of cefuroxime. 
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Regarding cefuroxime related peak appeared in stability testing, it is recommended to 

further investigate it through force degradation tests to understand degradation 

pathways (346). It is postulated that the increased recoveries observed in stability 

testing can be related to a cefuroxime degradation products, DAD investigation of 

cefuroxime recovery peak should be directed to ensure that the increased in recovery 

is not from impurity or degradation under the main cefuroxime peak.  

Quantifying free drug concentration in ISF via Microdialysis has been widely used for 

clinical solid tissues and whenever IV infusion is used. Indeed, the use of Microdialysis 

has significant advantages; however, it is a minimal invasive technique which requires 

validation and calibration while in the operation room, with further analysis by HPLC or 

other analytical method (301). In the forthcoming PK pilot study at Birmingham 

Women's Hospital, the collection of solid samples are acceptable, while discussion 

regarding the optimal analytical method to measure cefuroxime was questioned.  

3.6 Limitations and optimisations  

1- Column pressure was a constant issue; this can have a great impact on analyte 

and IS RT. The increased column pressure could be related to the use of the 

relatively small particle size of the C18 column, and the wrong installation of the 

guard column. The validation of this method can be optimised using a C18 

column with a particle size of 5 µm connected to a C18 guard.  

2- Due to high deviations observed in established calibration curve (Figure 3.2), it 

was suggested to conduct a precision test to ensure appropriateness of 

cefuroxime weighing. If this was still an issue, it is recommended to use a single 

robust calibration curve instead of averages of triplicate measures. Further, it 
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was recommended to use broader linearity (maximum and minimum linear 

concentrations).  

3- The recovery of cefuroxime from adipose tissue can be optimised, by using a 

representative IS. The appropriateness of using an IS should be investigated in 

adipose tissue, to evidence the descriptive recovery of IS, compared to the 

analyte.  

4- The reported validated method in the literature to quantify cefuroxime in blood 

and adipose tissue, is a part of a PK study. This study had no appendices to 

review the exact results of the validation. In a PhD timeframe, with a focus on 

PK study, conducting a full validation can be challenging.  

5- The column temperature and the samples temperature (preparation and 

injection) were not controlled, though the column temperature and sample 

preparation and injection temperature were maintained at room temperature of 

around 25°C within the laboratory. The validation of this method can be 

improved by controlling the column temperature, the autosampler tray 

temperature  and sample preparations at low temperature (to ensure minimum 

penetration of Fatty compound in tested solution) by liquid nitrogen,  

6- Filter adsorption studies can be performed to assess analyte loss caused by 

membrane filter adsorption. 

The initial selection of HPLC method was based on the availability of HPLC in 

pharmacy research laboratory, where this research was being conducted, and the wide 

reported use of HPLC in similar studies as the current study to measure 

cefuroxime/cefazolin in plasma and adipose tissue (9, 78, 102). Due to the discussed 

limitations of the current HPLC method and time-frame in a PhD, It was decided to use 
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mass spectrometry (MS) in quantifying cefuroxime in another laboratory within the 

University of Birmingham with an MS expert assistance. The use of MS to quantify 

cefuroxime and cefazolin in plasma and adipose tissue has been largely reported in  

the literature (16, 297, 329, 347, 348). Initial discussion was made with other 

colleagues to prepare a protocol to quantify cefuroxime in plasma and adipose tissue 

using cefuroxime isotope as an IS. In addition to the high separation capability and 

sensitivity of MS; the added advantage of using MS with cefuroxime isotope will enable 

compensation of any technical variations and losing of analyte during sample 

preparations, storage and testing (349). Unfortunately, due to COVID-19 pandemic, 

the analytical method development using MS was suspended.   

3.7 Conclusion 

Partial validation, and indeed validation, to quantify cefuroxime in plasma and 

subcutaneous adipose tissue is a broad area. The reported method showed a 

cefuroxime recovery from adipose tissue slightly outside of the acceptance range; 

further optimisation needs to be conducted. With consideration of the PhD timeframe, 

the use of MS and assistance in analysing cefuroxime via MS is considered 

acceptable.  
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Chapter 4: Clinical Study to Assess the Pharmacokinetics of Cefuroxime and 

its Prophylactic Efficacy in Lean and Obese Pregnant Women after 

Caesarean Section (C-LACE) 
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Alrammaal HH, Batchelor HK, Chong HP, Hodgetts Morton V, Morris RK. 

Prophylactic perioperative cefuroxime levels in plasma and adipose tissue at the 

time of caesarean section (C-LACE): a protocol for a pilot experimental, prospective 

study with non-probability sampling to determine interpatient variability. Pilot 

Feasibility Stud. 2021;7(1):54. doi:10.1186/s40814-021-00794-3. Which can be 

found at: https://pilotfeasibilitystudies.biomedcentral.com/articles/10.1186/s40814-

021-00794-3 . Contributions of authors were mentioned within the paper.  

This chapter is branched to:  

• The published protocol of C-LACE study (section 4.1); 

• Pathway of C-LACE study and logistics at Birmingham Women's Hospital 

(section 4.2); 

• Summary of anticipated data cleaning and management plan (section 4.3); 

• COVID-19 pandemic disruption on conducting C-LACE study (section 4.4). 

Considerations regarding this chapter: 

• The current publication represent the C-LACE study protocol where approved 

by the Health Research Authority (HRA) and Health and Care Research Wales 

(HCRW) ethics. The study protocol submitted and approved by HRA is included 

in appendixes (section 7.2.2.1). 

• Amendment: One minor amendment was submitted, where only the Chief 

Investigator role/ship was shifted from Dr.Hannah Batchelor to Dr.Victoria 

Hodgetts-Morton. This was approved by HRA (appendixes section7.2.4.1). 
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Hanadi Hassan Alrammaal 
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4.1.1 Abstract 

Background: The aim of the C-LACE study is to measure cefuroxime concentration 

in plasma and adipose tissue of non-obese and obese pregnant women undergoing 

caesarean section.  

Methods: This study plans to compare maternal cefuroxime concentrations (plasma 

and adipose tissue), at time of skin incision and time of skin closure during a caesarean 

section from non-obese (Body Mass Index BMI<30 kg/m2) and obese (BMI≥30 kg/m2) 

pregnant women. The incidence of post-surgical site infection will also be measured. 

At least 15 participants are required for each arm (non-obese vs obese) with a total of 

30 participants. The study participants will be followed up between 30 and 40 days 

post caesarean section to record details of any post-caesarean surgical infection to 

explore correlations between BMI; measured cefuroxime concentrations and post 

caesarean infection rates. 

Discussion: This pilot study will allow the development of a model testing the inter-

patient variability in plasma and adipose tissue concentrations of cefuroxime. The 

results will facilitate the development of a larger study to determine whether differences 

in cefuroxime plasma and tissue concentration in obese and non-obese women can 

support development of a physiologically-based pharmacokinetic model. This model 
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can then be used to propose dosing adjustments that can be used in a further trial to 

optimise cefuroxime dosing for women undergoing Caesarean section. 

Trial Registration: https://www.isrctn.com/; ISRCTN17527512 (Registered on 

26/10/2020). 

Keywords 

Caesarean section; Cefuroxime; Pharmacokinetics; Obese; Pregnant women; Surgical 

site infection.   
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has received research funding f rom the HTA, RfPB, MRC and charities. She 
sits on the RCOG Research Committee, Scientific Advisory Committee, RfPB 
West Midlands Panel, British Maternal and Fetal Medicine Society Executive 
Committee as scientific abstract co-ordinator and is Clinical Speciality Lead 
for Reproductive Health and Childbirth for the West Midlands. She was CI of  
the NIHR RfPB funded PREPS trial which was a randomised controlled trial 
recruiting women undergoing CS. 
Victoria Hodgetts-Morton is a clinical research fellow working on large clinical 
trials at Birmingham Women’s Hospital including C-Stitch and PREPS. 
Researcher: Hanadi Alrammaal is a PhD student at the School of Pharmacy, 
University of Birmingham under the supervision of Hannah Batchelor. Hanadi 
is an experience researcher and has been trained in both GCP and handling 
of  tissues. This study forms the basis of her PhD.  

Trial sponsor {5b} University of Birmingham 
Dr Birgit Whitman  
Head of  Research Governance and Integrity 

Role the trial 
sponsor and funder 
{5c} 

Study funder and sponsor had no role in the study design; collection, 
management, analysis, and interpretation of data; nor in writing of the report 
or the decision to submit the report for publication. 

 

4.1.2 Background {6a} 

The prevalence of obesity in pregnant women in England at the time of booking a 

Caesarean section (CS) has been reported to be 16% (350, 351). One complication of 

obesity in pregnancy relates to the requirement for operative delivery, i.e. CS. The rate 

of CS in an obese (Body Mass Index BMI≥30 kg/m2) pregnant population is 33.8% (6). 
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The rate of post-CS infection is higher amongst obese pregnant women compared to 

those who are not obese; the adjusted odds ratio of surgical site infection in an obese 

population was reported to be 2.41 (95% CI 1.73-3.37) (7). Prophylactic single dose 

perioperative intravenous (IV) antibiotic is recommended for CS; and several studies 

have examined the use of alternative antibiotics, with cefazolin being the most 

commonly used in the US and cefuroxime in the UK. Numerous studies have focussed 

on the use of cefazolin in obese patients undergoing CS to gain an understanding of 

optimal dosing and clinical outcomes (12). Several studies proposed an increased 

dose of cefazolin (3g) compared to the standard dose (2g) for obese pregnant women 

to achieve sufficient antibiotic levels during CS (10, 11, 13). It was postulated by Holt 

et al. (in 1994) that doses of cefuroxime up to 1500mg may not achieve sufficient 

minimum inhibitory concentration (MIC) for most of the common bacteria in maternal 

blood during CS (56). Sub-therapeutic antibiotic concentration is a crucial factor in 

global bacterial resistance. It is essential that the therapeutic concentration of antibiotic 

is achieved in both maternal blood and at the site of incision during CS for effective 

therapy. No study to date has measured cefuroxime concentrations in blood and 

adipose tissue in obese pregnant women undergoing CS (300). Thus, a study to 

explore the drug concentration in this population at the time of CS is essential. This 

study will analyse cefuroxime concentration in plasma and adipose tissue samples to 

accurately measure levels achieved in non-obese and obese pregnant women 

undergoing CS to confirm if therapeutical cefuroxime levels are reached in plasma and 

adipose tissue. Further, to use the measured cefuroxime concentrations to verify a 

physiologically-based pharmacokinetic (PBPK) model of cefuroxime in CS to explore 

the impact of (i) dose and (ii) BMI post administration of cefuroxime on both blood and 
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tissue cefuroxime concentrations in an obese population and suggest a dose 

adjustment if required and applicable. 

4.1.2.1 Objectives {7} 

The main objective of conducting this pilot and feasibility study is to assess the process 

and protocol of recruiting patients, sample collection, follow-up and procedure of C-

LACE. Also to gain an understanding of cefuroxime concentrations in normal-body 

weight pregnant vs. obese pregnant women. The primary objective is to measure the 

concentration of cefuroxime in the collected blood and tissue samples using an 

appropriate analytical method and to assess whether cefuroxime administered 

provides concentrations above the MIC in both the blood and adipose tissue for all 

patients regardless of their BMI. Additionally, to assess whether there are differences 

in cefuroxime concentrations from obese vs non-obese women. 

4.1.2.2 Trial design {8} 

A single centre experimental, prospective pilot study with non-probability sampling. 

4.1.3 Methods/Design  

4.1.3.1 Aims and methodologies  

To measure cefuroxime concentration in plasma and adipose tissue (within the 

incision) at time of skin incision and skin closure in obese and non-obese pregnant 

patients requiring CS. Moreover, to explore the relationship between dose of 

cefuroxime administered and concentration measured in both blood and adipose tissue 

with respect to BMI of the patient. To measure the incidence of post CS infections in 

obese and non-obese pregnant women at 30-40 days post CS; and to assess if the 
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rate of infection is correlated with BMI, dose administered and cefuroxime blood or 

adipose tissue concentrations.  

Cefuroxime is administrated to pregnant women undergoing CS as per Birmingham 

Women’s Hospital protocol; i.e. IV infusion 30-60 minutes before skin incision.  

4.1.3.2 Outcomes {12} 

4.1.3.3 Outcomes of C-LACE pilot and feasibility study are: 

• Patients’ recruitment rate. 

• Collecting samples strategies’. 

• Analytical method for Sample analysis. 

• Data collection and forms completion. 

• Follow-up and participants’ retention. 

4.1.3.4 Part A: Cefuroxime levels in plasma and adipose tissue 

The minimum inhibitory concentration is not harmonised between guidelines, thus the 

time above the minimum inhibitory concentration (T>MIC) will be reported for MIC 

values of 1, 4 and 8 mg/L(12, 301) as these values correlate to the most common 

bacteria involved in post CS surgical infections (Table 4.1).   
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• Participant contributing to the study needs to be able to read and/or understand 

English.   

4.1.3.7.1.2 Exclusion criteria  

• Multiple pregnancy 

• Previous CS that resulted in a surgical site infection 

• Emergency CS.  

• Any non-elective CS including those requiring early delivery without threat to 

maternal or foetal health that were not previously planned. 

• Body Mass Index (BMI) less than18 kg/m2 or greater than or equal to 45kg/m2 (At 

time of first pregnancy appointment and at time of delivery). 

• Currently enrolled in a randomized controlled trial for an intervention to reduce 

post-operative surgical site infection 

• Diabetes (type 1, type 2 or gestational) 

• Hypertension  

• Renal disease  

• Cardiovascular disease (e.g. Maternal structural cardiac disease) 

• Liver disease 

• Inflammatory bowel disease (e.g.  Crohn’s disease or ulcerative colitis) 

• Cephalosporin or penicillin allergy 

• Administration of antibiotic within 1 week prior to delivery 

• Suspected pre-existing infection (including Chorioamnionitis) 

• Autoimmune disease (e.g. Systemic lupus erythematosus, Rheumatoid arthritis) 

• Chronic use of corticosteroid 
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• History of wound breakdown in an abdominal surgery 

• Prior laparotomy for any indication (e.g. Previous ovarian cystectomy or previous 

bowel surgery) 

4.1.3.8 Setting {9}  

This single centre study will take place at Birmingham Women’s Hospital which is a 

large teaching hospital that is part of Birmingham Women’s and Children’s Hospital 

NHS Foundation Trust.  

4.1.3.9 Participant selection and enrolment  

Any patient (18-50 years) who requires a CS as part of their clinical care will be 

screened for inclusion. The potential participants will be identified using hospital clinical 

lists, where lists relate to a pre-booked CS a Good Clinical Practice (GCP) trained 

research midwife who is a member of the clinical care team will assess eligibility of 

patients to participate in the study according to inclusion/exclusion criteria using 

Screening Form. The woman will then be provided with the participant information 

sheet at this meeting by the research midwife. In addition, if a pregnant woman is 

booked for CS at a meeting they may be informed about the study by a research 

midwife or their clinical care team and provided with a participant information sheet. 

The participants will receive information about the study well in advance (at prior clinic 

appointments) and at least 24 hours prior to CS so that all participants have sufficient 

time to consider taking part.  

This study plans to compare data from obese (BMI≥30 kg/m2) and non-obese women 

(BMI<30 kg/m2) at time of booking (10-14 weeks of pregnancy). At least 15 participants 
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Information Sheet (PIS) will be provided to facilitate this process. Investigators will 

ensure that they adequately explain the aim, anticipated benefits and potential hazards 

of taking part in the trial to the woman. They will also stress that participation is 

voluntary and that the woman is free to refuse to take part and may withdraw from the 

trial at any time. The woman will be given adequate time to read the PIS and to discuss 

their potential participation and be given the opportunity to ask questions. If the woman 

expresses an interest in participating in the trial, they will be asked to sign and date the 

latest version of the Informed Consent Form at least 24 hours prior to CS. The woman 

will be asked for her consent to withdraw 3 blood samples (with a maximum volume of 

10mL blood per sample) and 2 fat tissue and for collection of outcome data from their 

medical records and a telephone interview at 30-40 days postnatal that will take 

approximately 5-15 minutes.  

4.1.3.13 Withdrawal of study participants  

Each participant has the right to withdraw from the study at any time and this will not 

affect their clinical care. In addition, the Investigator may discontinue to participate from 

the study at any time if the Investigator considers it necessary for any reason including: 

• Ineligibility (either arising during the study or retrospectively having been 

overlooked at screening) 

• Withdrawal of Consent 

Withdrawal from the study will result in exclusion of the data for that participant from 

analysis; provided that the withdrawal occurs within 3 months of data collection. 
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4.1.3.14 Study assessments {13} 

The study assessment and paperwork associated are summarised in Table 4.2 (forms 

are in the online supplementary file). 

4.1.3.15 Data collection methods {18a} 

Background information will be collected from each participant using the Baseline 

Form. This information is required for interpretation of the data and dissemination.  

Following collection of the data from all forms (Screening, Consent, Baseline, Eligibility  

Reassessment, Operation, Discharge, follow up  interview, 6 week Record Check)  will 

be filled, signed and shared via secure system; this system can be accessed at the 

University and the Hospital and ensures security of data, any data entered will be 

anonymised. 

The study has two parts: part A, which is blood and adipose tissue sampling for 

cefuroxime concentrations; part B, is a follow up of patients postpartum at between 30-

40 days to record the incidence of post-surgical infection. 
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4.1.3.16 Part A: Sample collection at Caesarean Section 

The clinical care team will record the time of cefuroxime administration, dose 

administered, type of anaesthesia used, blood loss and other relevant clinical 

information. Five samples will be collected: 1 blood sample at time of skin incision, 1 

blood sample at time of skin closure, 1 blood sample at recovery room (<3 hours 

following CS), 1 adipose tissue sample (approximately 1 cm from the skin in the middle 

of the Pfannesnstiel or vertical midline incision) at skin incision and one adipose tissue 

sample (from a similar location to sample 1) just prior to skin closure.  

4.1.3.16.1.1 Blood sample and adipose tissue analysis 

The concentration of cefuroxime in blood and adipose tissue will be quantified using 

standard laboratory methods (340).  

4.1.3.17 Part B: Follow up for post-surgical infection 

At between 30-40 days post CS, the study participants will be contacted by telephone 

by a research nurse/midwife from the research team and a review will be made to 

record any type of post-surgical infection. The Follow-up Interview Form will be used 

to record the details of any infection reported. If the participant attended to the hospital 

for a postnatal appointment at 30-40 days, the interview can be conducted at that time 

to minimise the burden to the participant.  

4.1.3.17.1.1 Plans to promote participant retention and complete follow-up 

{18b} 

Patient medical notes will be reviewed by a member of the clinical care team using the 

30-40 days Outcome Form to identify whether there has been a reported post-surgical 
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infection. Post-surgical infection is defined as per the definitions set out by the US 

Centre's for Disease Control and Prevention (353). 

4.1.3.18 Data management {19} and confidentiality {27} 

All participants will be given a study ID upon recruitment to the study.  A spreadsheet 

that links study ID to patient ID will be held at Birmingham Women’s and Children’s 

Hospital NHS Foundation Trust under the control of the local PI. This information will 

be password protected and stored on an encrypted computer that conforms to the 

standard NHS security requirements.  

The study ID will be used on all forms; this information provides anonymised data to 

the University of Birmingham that no longer has any personal identifiable data. 

Following collection the data from all forms will be entered on a secure system at the 

NHS site (undertaken by the research midwife); this system can be accessed at the 

University and ensures anonymity for the participants. 

All processes will be carried out with respect to participant confidentiality. All participant 

data will anonymised by being replaced with a study ID number prior to data sharing 

with the University of Birmingham. The anonymity code will only be known to the local 

site PI and associated research nurse/midwife team. The data will be controlled by 

usernames and encrypted passwords. 

4.1.3.19 Statistics {20a}, sample size {14} and study assessment 

There is no predefined sample size yet sufficient numbers are required to provide an 

estimate of average values as well as the level of inter-patient variability. Previous work 

to measure the concentration of antibiotics in plasma and in tissue in obese and non-

obese pregnant women following CS has used sample sizes of 14 in each arm to detect 
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differences in adipose antibiotic concentration (10, 16). Therefore in this study we plan 

to recruit 15 women in each arm (BMI <30 kg/m2 and BMI ≥30 kg/m2). The BMI 

measurements will be taken from the women at their time of booking appointment 

which occurs between 10-14 weeks of pregnancy. The BMI of participants immediately 

prior to CS will be determined to review any major changes during their pregnancy 

which may affect the results, for example a change from <30 kg/m2 to an extremely 

obese participant at CS. 

The differences in mean concentration values in plasma and adipose tissue between 

the obese and non-obese populations will be compared using ANOVA analysis to 

determine whether there are significant differences. SPSS software will be used for all 

statistical analysis. The rate and type of infection will be analysed. The rate of infections 

will be analysed in correlation with (1) dose administered, (2) BMI, (3) cefuroxime 

concentrations at both sites at time of skin incision and skin closure.  

4.1.3.20 Success criteria and assessment of C-LACE pilot and feasibility 

study 

These criteria applied to participants consented and did not withdraw from the study 

at any time-point of C-LACE study 

• Patients’ recruitment rate: As per Birmingham Women’s Hospital Caesarean 

Section rate, recruitment of 30 patients would be achievable easily within 3 months. 

If this was not achieved, the protocol (specific inclusion and exclusion criteria) would 

be reviewed and reassessed.  

• Collecting samples: This pilot and feasibility study would be considered successful 

if plasma and adipose tissue samples at the time of incision and time of closure and 
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plasma sample at time of recovery were successfully collected for ≥75% of 

participant in each arm. If this was not achievable, the sampling strategies will be 

revised and reassessed.  

• Sample analysis: This pilot and feasibility study would be considered successful if  

≥80% of plasma and adipose tissue samples collected were successfully analysed 

via the analytical method described; If not, sampling handling, transferring and 

sample analysis protocol will be revised and reassessed.  

• Data collecting: This pilot and feasibility study would be considered successful if ≥ 

80% of data collecting forms was fulfilled for each participant; if not, logistics and 

study procedure of C-LACE study will be revised at Birmingham Women’s Hospital.  

• Follow-up: The described follow-up protocol will be considered successful if 

participants’ retention were ≥ 80%. The participant will be considered as lost to 

follow up, if the participant couldn’t contacted and the patients file and notes were 

not reviewed. 

Analysis and sub-analysis of outcomes and success criteria of C-LACE pilot and 

feasibility study will be made to explore the reasons of unsuccessful. 

4.1.3.21 Missing data and lost to follow-up {20C} 

Every attempt will be made to collect full follow-up data for all study participants; it is 

thus anticipated that missing data will be minimal. The main analysis will use available 

data only, however, the amount of missing data will be assessed, and if necessary, 

sensitivity analyses will be undertaken. If the participant couldn’t be contacted, but the 

patients’ medical records and notes were reviewed, the participant will be considered 
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enrolled in the follow up. The patient will be considered as lost to follow up, if the 

participant couldn’t contacted and the patients file and notes were not reviewed. 

4.1.3.22 Data monitoring {21a}  

The study may be monitored, or audited in accordance with the current approved 

protocol, GCP, relevant regulations and standard operating procedures. This study 

does not include blinding and patients are following the standard clinical pathway 

where the only intervention is the taking of adipose tissue and plasma samples 

therefore a data monitoring committee is not required. 

4.1.3.23 Access to data {29} 

All data will be collected only after the participant freely gave written consent to process 

their data in accordance with GDPR (this consent in included within the consent form 

for the study). Direct access to shared secure system will be granted to authorised 

representatives from the Sponsor and host institution for monitoring and/or audit of the 

study to ensure compliance with regulations. 

4.1.3.24 Harms {22} 

The research protocol does not expose the participants to any risks as the study does 

not affect their clinical treatment. The collection of additional blood samples and 

adipose tissue samples during CS are the only additional study specific procedures. 

These additional blood samples will be taken by a clinical member of the research 

team trained in phlebotomy. There is a consent request for these study specific 

procedures to minimise the changes to routine clinical care and reduce the burden to 

participants. The risks associated with this research are minimal to participants.  
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All participants will be contacted at 30-40 days following CS to ask about post-surgical 

infections; this will not affect their clinical care in any way and does not pose any risks 

to participants. 

4.1.3.25 Provisions for post-trial care {30} 

Participants within this trial will follow standard clinical procedures with the intervention 

being taking plasma and adipose tissues samples thus there is no specific post-trial 

care. As the participants are NHS patients, indemnity is provided through the NHS 

schemes. The University of Birmingham provides clinical research insurance for 

studies that it sponsors. This insurance is provided via membership of UMAL. 

4.1.3.26 Auditing {23} 

The study may be monitored, or audited in accordance with the current approved 

protocol, GCP, relevant regulations and standard operating procedures. 

4.1.3.27 Protocol amendments {25} 

The Investigator will submit and, where necessary, obtain approval from the Health 

Research Authority (HRA) and Health and Care Research Wales (HCRW) for all 

substantial amendments to the original approved documents.  

4.1.4 Discussion  

4.1.4.1 Interpatient Pharmacokinetic variability of cefuroxime 

Due to the great variability associated with pharmacokinetic measurements, the use of 

PBPK modelling is a common tool to understand the distribution of drugs. Specialist 

software packages are available that include details on pregnant population 

characteristic’s. SimCYP software will be used to model the blood and adipose 

concentrations of cefuroxime and to compare this modelled data to the experimental 
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results from the C-LACE study. It is anticipated that this clinical data coupled with 

PBPK models will inform any future changes to doses of cefuroxime used for CS, 

particularly in relation to obese women.  

4.1.4.2 Definition of the End of Study 

The end of study is the date at which the follow-up interview is conducted at 30-40 

days following CS. This is where the follow-up ends for all participants.  

4.1.4.3 Patient and public involvement 

A similar study conducted by Victoria Hodgetts Morton and Katie Morris (PREPS trial) 

involved the public and patients; those involved were supportive of any research 

undertaken to minimise the risks of post-surgical infections following CS(354). Informal 

discussions about this study with women who have had CS have all been positive as 

the burden of participation is minimised where possible. 

4.1.4.4 Ethics and dissemination {31a-b-c} 

Results of this trial will be submitted for publication in a peer-reviewed journal. The 

manuscript will be prepared by HHA and HKB with contributions from the local PI 

(RKM) and the local researcher (VHM) and authorship will be determined by mutual 

agreement.  Authors must acknowledge that the trial was performed with the support 

of Saudi Arabian Government. Currently, there is no Plans for granting public access 

to the full protocol, participant-level dataset, and statistical code 

4.1.4.5 Provenance and peer review  

The protocol has been peer reviewed within the research team and by the research 

and governance team at the University of Birmingham as part of the agreement to 

sponsor the study and by the University of Birmingham’s Clinical Research 
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Compliance Team (CRCT). Further, this protocol have been reviewed and approved 

by HRA and HCRW. 

4.1.5 Trial Status  

Ethical approval is granted (C-LACE protocol v0.4, 02 January 2020); the anticipated 

date of recruitment was 1st of September 2020; requirement expected to be completed 

on 1st of December 2020). This study was delayed due to COVID-19 epidemic. 

4.1.6 List of Abbreviations  

BMI  Body Mass Index 

CS  Caesarean Section 

GCP  Good Clinical Practice 

IV  Intravenous  

LC-MS/MS  Liquid Chromatography with tandem mass spectrometry 

MIC  Minimum Inhibitory Concentration 

PBPK  physiologically based pharmacokinetic  

PIS  Participant Information Sheet 

T>MIC   Time above the Minimum Inhibitory Concentration 

4.1.7 Declaration 

4.1.7.1 Ethics approval {24} and consent to participate 

The study has been approved by the Health Research Authority (HRA) and Health and 

Care Research Wales (HCRW)(19/EM/0356). Written, informed consent to participate 

will be obtained from all participants. 
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4.1.7.2 Consent for publication 

Not applicable 

4.1.7.3 Availability of data and materials 

Direct access will be granted to authorised representatives from the Sponsor and host 

institution for monitoring and/or audit of the study to ensure compliance with 

regulations. Access to the data retrieved from participants will be restricted. The clinical 

research team are those based at the Hospital and the paperwork will not be 

transferred to the University of Birmingham. Following collection the data from all forms 

will be entered on a secure system at the NHS site (undertaken by the research 

midwife); this system can be accessed at the University and ensures anonymity for the 

participants. Researcher from the research team from the University of Birmingham 

will used the anonymous data to perform the data analysis.  

4.1.7.4 Competing interests {28} 
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Additional file 1.  

Additional file 2. C-LACE Screening Form.  

Additional file 3. SPIRIT 2013 Checklist: Recommended items to address in a clinical 

trial protocol and related documents*.
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4.2 Pathway of C-LACE study and logistics at Birmingham Women's Hospital 

4.2.1 Before requirement of participant into C-LACE study  

4.2.2 Acronym and logo of C-LACE study 

Identification parts were included in the pilot study to ensure easy communication while 

conducting research with the hospital staff. Specifically, an acronym and a logo were 

developed. The acronym, C-LACE, denoted “Cefuroxime level at CS time”; it was 

determined that “LACE” may have a calming effect on participants. The logo can be 

seen in Figure 4.1; it used the letter C and a lace-like fabric pattern. 

 

4.2.3 The anticipated preparations and results of C-LACE 

The C-LACE forms that were developed, which are discussed in section 4.1.3.15, were 

adopted with respect to format and flow from a previous feasibility study conducted at 

clinical setting including Birmingham Women's Hospital (PREPS) (354, 355). That 

study aimed to investigate the effectiveness of using 0.05% chlorhexidine for vaginal 

cleansing to reduce post-CS infections; its control group used no cleansing (354, 355). 

Figure 4.1: Logo of C-LACE study 
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The same follow-up interview and six-week outcome forms were chosen to be used in 

the present study as in PREPS (with some minor alterations) (354, 355).  Where 

applicable, the flow and strategy used in PREPS was chosen for the C-LACE study. 

This was done to provide the hospital staff with a familiar routine to follow rather than 

introducing a new strategy; as hospital staff were familiar with PREPS study. 

Consequently, it would encourage the staff to participate in the study. It was planned 

to conduct an introductory lecture of C-LACE study to the hospital staff interested in 

conducting the pilot study and this would be followed by a workshop.  

It was intended to prepare and distributed packages which contains several printed C-

LACE forms: screening, consent, patient contact details, baseline, reassessment of 

eligibility, operative, discharge, 6 weeks outcome and interview forms. They would also 

include trial identity wristbands, consent stickers, and sample collection label stickers. 

The first page would contain a study steps checklist. One pack and checklist was to be 

used for each participant 

Subsequently, two papers would be posted in the outpatient clinic as the leading 

strategy for recruiting eligible women. The sheets suggested introduction of C-LACE 

study to possible eligible women (suggestions for consenting), shared the steps 

involved in the study, and mentioned completing paperwork. The aforementioned 

checklist and both these papers are discussed in the following pages. An account was 

created on twitter aiming to provide more information on C-LACE study (found at 

https://mobile.twitter.com/CLACE28360041). 

The anticipated enrolment rate and follow up (as per defined) would be expected to be 

adequate. The discussed PREPS study at Birmingham Women's Hospital had a 
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recruitment rate of 128% of targeted sample size, 93% of them received the 

intervention (355). Follow up rates using medical records and telephone were 96% and 

68%, respectively (355). The study authors’ perspective of the C-LACE enrolment rate 

of 30 obese–pregnant and 30 lean pregnant women would be completed within around 

4 weeks.   

The anticipated PK results from the C-LACE study are discussed in the highlight of 

PBPK modelling results in section 6.1 (Anticipated cefuroxime concentrations results 

from C-LACE study).  
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Suggestions for consenting 
Introduce yourself  

Explain that you would like to talk to her about some research to see if she would like 

to take part. 

That she does not have to take part if she doesn't want to and that if she does consent, 

she is free to withdraw at any time 

 Explain the study  

As with all operations there is a small risk of developing an infection afterwards, C-

LACE is looking at whether the usual antibiotic given before CS is sufficient to reduce 

this risk. And wither the drug concentration is affected by patients’ weight and height.  

NO change in the usual medical care plan  

The care both you and baby receive will stay exactly the same, except we will have 

samples from your blood and small amount from belly fat tissue to measure the 

antibiotic concentration.  

Explain about the samples  

The samples will then be taking after you are numb from the anaesthetic. We will then 

contact you again, 30–40 days after you've had your baby for a 10 minute phone 

conversation to see how you're recovery went.  
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4.3 Summary of anticipated data cleaning and management plan  

Once data collection sheets are shared, data will be coded and entered in Excel. The 

data cleaning process would be done as described by Royal Papworth Hospital (356). 

Data distribution (i.e., normal or skewed distribution) will be statistically evaluated, and 

an appropriate statistical method (statistical analysis test, central tendency and 

variability) will be used accordingly.   

4.4 COVID-19 pandemic disruption on conducting C-LACE study  

4.4.1 Suspension of C-LACE study and current status  

The researcher and supervisors had been planning and developing the protocol that 

would be used in the study since 2018. The C-LACE study was a top priority as it was 

the backbone of the research, alongside the systematic review and laboratory work. 

As conducting and completing the C-LACE study would provide valuable information 

that would be used to directly assess current cefuroxime dosing in clinical setting and 

to assist with PBPK modelling. 

 The ethical approval of C-LACE study was granted in late January 2020—but just two 

months later, the WHO declared COVID-19 as a pandemic (357). This affected the 

current research. Healthcare resources, including staff, were burdened by the crisis, 

and research within hospitals that was unrelated to COVID-19 was suspended. 

Further, the laboratories at the University of Birmingham closed for several months. 

This affected the validation process with respect to developing an analytical method 

for measuring cefuroxime in the blood and adipose samples that would be collected 

during the C-LACE study. Several attempts were made to begin the C-LACE study 

despite these challenges, but none were successful—mainly due to staff shortages. 
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The C-LACE study is at a steady status, where a Confirmation of Capacity & Capability 

was granted from Birmingham Women’s and Children’s Hospital NHS Foundation 

Trust R&D in January 2021. Nonetheless, the researcher’s supervisors decided to 

submit the PhD thesis in the middle of 2021 without the results of the C-LACE study. 

The decision was made because it remained difficult to predict the start of the C-LACE 

study.  
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Chapter 5: Application of Physiologically-Based Pharmacokinetics Cefazolin 

and Cefuroxime Models in Healthy, Pregnancy and Obese Models and 

Development of a Combined Pregnancy and Obese Physiologically-Based 

Pharmacokinetics Model 
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5.1.1 Abstract 

Intravenous (IV) cefuroxime and cefazolin are used prophylactically in caesarean 

section (CS). Currently, there are concerns regarding sub-optimal dosing in obese–

pregnant women compared to lean–pregnant prior to CS. The current study used a 

physiologically-based pharmacokinetic (PBPK) model to predict cefazolin and 

cefuroxime pharmacokinetics in obese–pregnant women at the time of CS and the 

duration that the drug concentration remains above a target concentration (2, 4 or 8 

µg/ml or µg/g). Cefazolin and cefuroxime PBPK models were first built using clinical 

data in lean non–pregnant and in obese non–pregnant populations. Models were then 

used to predict cefazolin and cefuroxime pharmacokinetics data in lean– and obese–

pregnant. Cefazolin and cefuroxime models sufficiently described plasma, unbound 

plasma and unbound adipose interstitial fluid (ISF) concentrations in non–pregnant and 

pregnant populations. Predictions indicated that an IV 1500 mg cefuroxime dose can 

achieve unbound plasma and unbound ISF cefuroxime concentration of ≥8 µg/g up to 

2 hours post dose in obese–pregnant. Re-dosing should be considered if CS was not 

completed within 2-hours post cefuroxime administration for both lean– or obese–

pregnant, if cefuroxime concentrations of ≥8 µg/mL is required.  A time of 15–30 

minutes between cefuroxime administration and the start of skin incision in obese–

pregnant women is preferable to provide sufficient protection. A clinical study to 

measure cefuroxime adipose concentration in pregnant and obese–pregnant women 

is warranted. 
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5.1.2 Introduction  

Cefuroxime and cefazolin are used widely as intravenous prophylactic antibiotics in 

surgical settings (9, 10). Although their efficacy has been compared in clinical practice, 

their pharmacokinetics differ (Table 5.1) (76, 358). The plasma unbound fraction (fu) of 

cefazolin and cefuroxime are different in lean non pregnant; 0.225 and 0.67, 

respectively (94, 107, 108). While the reported lipophilicity of cefuroxime is lower than 

cefazolin (Log P values of -0.90 vs. -0.58, respectively) (91, 359). Cefuroxime’s 

apparent volume of distribution (Vd) is approximately 1.4–fold higher than that of 

cefazolin in non–obese non–pregnant subjects (100, 109). Both drugs are cleared 

entirely by the kidneys (97-99, 113). Transporter medicated clearance is believed to 

be responsible for 50–80% of cefazolin total clearance (360). While for cefuroxime, 

approximately 45–50% is reported to be cleared by tubular secretion (108). 

 Physiological and biochemical alterations, observed in pregnancy, can greatly impact 

drug kinetics (361, 362). The increased incidence of obesity within the pregnant 

population further complicates predictions of drug kinetics as obesity can also affect 

drugs kinetics (363). The extent and direction of clinical impacts of both obesity and 

gestation on pharmacokinetics and pharmacodynamics (PK/PD) has not been clearly 

established for the majority of drugs. While cefazolin PK/PD in obese–pregnant 

women, body mass index (BMI) ≥30 kg/m2, has been investigated due to concerns 

around sub-optimal dosing in this population compared with those of normal body 

weight (BMI 18.50–24.99 kg/m2); to date, there is no information regarding disposition 

of cefuroxime in an obese–pregnant population (10-16, 300).  

The physiologically-based pharmacokinetics (PBPK) approach has the potential to 

predict drug exposure in pregnant women based on the drug’s physiochemical 
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properties and knowledge of physiological changes during pregnancy (364). The 

motivation to conduct this study is to predict cefazolin and cefuroxime concentrations 

in plasma, total adipose tissue and adipose interstitial fluid (ISF) in non–obese and 

obese–pregnant women using a PBPK approach to ensure optimised dosing of these 

drugs at caesarean section (CS). This study aims were: to develop PBPK models for 

cefuroxime and cefazolin in non–pregnant, non–obese subjects as well as in obese 

non–pregnant subjects using available clinical data of serum and adipose tissue (total 

adipose concentrations or free antibiotic adipose ISF concentration) for cefazolin and 

cefuroxime concentrations; subsequently to use the developed model to predict the 

exposure in non–obese pregnant and in obese–pregnant populations. Although the 

minimum inhibitory concentrations required to inhibit the growth of 90% of organisms 

(MIC90) of cefuroxime and cefazolin for most of the common causative bacteria of post 

CS infections is 1–2 µg/mL, various bacterial strains may require higher 

concentrations. Simulated plasma and adipose tissue concentrations of different doses 

were compared to a range of MIC90 (i.e. 2, 4 and 8 µg/mL) (12, 301). The timing of 

administration relative to skin incision was also investigated to ensure that 

concentrations are >MIC90 at the time of incision and during CS. This report follows the 

checklist suggested for pharmacometric studies (365). 
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5.1.3 Materials and Methods 

5.1.3.1 Model building 

Both cefazolin and cefuroxime disposition were investigated in: a) non–obese (lean), 

non–pregnant (BMI 18.50–24.99 kg/m2), b) obese non–pregnant (BMI ≥30 kg/m2), c) 

pregnant non–obese (lean–pregnant) (BMI 18.50–24.99 kg/m2) and d) obese–

pregnant (BMI ≥30 kg/m2) populations. As in vivo cefuroxime disposition data was 

unavailable for obese–pregnant (BMI ≥30 kg/m2) populations, cefazolin was selected 

to build a new obese–pregnant model; then, cefuroxime concentration in obese–

pregnant women was simulated using the developed obese–pregnant population 

model. 

The Simcyp Simulator (Simcyp Version 20 Release 1) was used. The compound files 

were developed using a full PBPK (multi-compartment) distribution model and the 

volume of distribution at steady state (VSS) was predicted using Rodgers and Rowland 

method within the Simcyp simulator (90, 135). To predict the free cefazolin and 

cefuroxime ISF adipose concentrations, the adipose tissue extracellular fraction 

unbound (fut) was assumed to be equal to plasma fu. The glomerular filtration rate is 

predicted using the modification of diet in renal disease (MDRD) equation (146). The 

mechanistic kidney permeability model (Mech KiM) was used to account for 

transporters kinetics (Table 5.2) (141, 142). The pregnancy model was coupled with 

the Mech KiM model as illustrated in supplementary document, Figure 7.3. For 

predicting the exposure in the obese non–pregnant population, the obese population 

model within the simulator was used. For predicting the exposure during pregnancy, 

the pregnancy population model within the simulator was selected. Physiological 

changes during pregnancy relevant to this model and the way they have been 
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incorporation in the simulator during pregnancy have been published (149, 366). The 

maternal PBPK model was used without incorporation of the multi-compartmental feto-

placental model; this was considered sufficient to serve the aim of this study. Key 

equations used to predict cefazolin and cefuroxime disposition in lean–pregnant, 

obese– and morbidly obese–pregnant are illustrated in supplementary document 

(Equations (7.2) to (7.16)). 

For obese–pregnant, the default non–pregnant physiology of obese subjects or 

morbidly obese (in terms of tissue blood flows) in simulator was used as a pre-

pregnancy baseline; for which the physiological changes during pregnancy were 

applied (supplementary document Table 7.14). Any change to the tissue blood flow 

during pregnancy were kept as pre-defined in the simulator for the pregnant subjects. 

The pre-pregnant weight was changed in the population demographic to allow 

prediction of pregnancy weight (at 39.5 gestational weeks) of either 97.8 Kg (obese–

pregnant) or 128 kg (morbidly obese–pregnant) to reflect weight in obese–pregnant 

subjects.  

5.1.3.2 Physiologically Based Pharmacokinetic simulation design 

Covariates (age, sex, and gestational age) were set to the mean as reported in the 

clinical studies. If these covariates were not reported, the default populations’ 

predefined characteristics within the simulator were selected (Table 5.3 and Table 5.4). 

If the predicted mean weight was different from the reported mean weight in clinical  

studies by more than ±5 kg, the weight within the simulator was adjusted to the mean 

reported weight ±5 kg. This was done by adjusting the non–pregnant bodyweight code 

within the Lua script in the population demographic. Simulations were executed after 

matching the doses to those used in the clinical studies. All virtual studies were set to 
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20 trials per run. Empowering the simulations of all studies using 20 virtual trials for the 

reported sample size was selected to increase the confidence around the obtained PK 

parameters.  
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5.1.3.3 Evaluation and refinement of cefazolin PBPK model in lean non–

pregnant, obese non–pregnant, lean–pregnant and obese–pregnant 

subjects. 

The physiochemical and pharmacokinetic inputs for the PBPK model of cefazolin are 

shown in Table 5.2  (375). Cefazolin is excreted (approximately 100%) as unchanged 

drug in the urine (376). In addition to the glomerular filtration of cefazolin, different 

transporters are involved in its tubular secretion (97-99). Recently, the activity of renal 

OAT3 has been shown to increase by approximately 2.2 during the 1st trimester, 1.7 

during the 2nd  trimester and 1.3–fold during the 3rd trimester (377). The permeability 

limited kidney model was used to represent the transporters involved in cefazolin 

clearance. The gestational age-dependent activity of OAT3 was updated in maternal 

model according to a recent publication as shown in Equation (5.1) (375).  

The PBPK cefazolin model was evaluated using a) two independent 

pharmacokinetics studies on lean non–pregnant subjects (100, 372), b) three 

independent pharmacokinetics studies conducted in pregnant populations (10, 100, 

102, 284), c) one study in an obese population (78) and d) four independent 

pharmacokinetics datasets from obese– and morbidly obese–pregnant populations 

(14-16) (Figure 5.1). 

Renal OAT3 pregnancy (fold change)

=  1 ∗ (1 +  0.195 ∗ GW  –  0.0093 ∗ GW2 + 0.0001154 ∗  GW3) 

(5.1) 

Where GW is Gestational Week.  
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not sensitive to the Log P change, the measured value was kept in the model for 

documentation purposes. A global tissues-plasma partition coefficient (Kp) scalar of 1 

was used. The Mech KiM model was used to describe the uptake and efflux of active 

secretion of cefuroxime in the kidney as described by Hsu et al. (113). 

The PBPK cefuroxime model was assessed using a) five pharmacokinetics datasets 

from lean non–pregnant subjects (109, 305, 373, 374), b) five observed 

pharmacokinetics datasets from pregnant populations (9, 109, 273) and c) a single set 

of observed pharmacokinetics data in obese patients who underwent abdominal 

surgery (110) (Figure 5.1). 

5.1.3.5 Acceptance Criteria 

The PBPK models were considered successful if the simulated plasma area under the 

curve (AUC) and/or plasma maximum concentration (Cmax) (or first reported time 

concentration point) were within 2–fold of the observed AUC and/or Cmax. Additionally, 

visual checks of the observed and simulated concentration-time profiles were 

performed and considered for accepting the model prediction. Study quality and 

sample size of studies selected for optimisation of the PBPK models were considered; 

and any limitation in the study methodology that may affect results of observed 

cefuroxime and/or cefazolin concentration was countered (378, 379). For all model 

executions, the reported sample size in each clinical study was replicated in 20 trials 

of virtual populations.  

5.1.3.6 Application of obese–pregnant model to predict cefuroxime disposition 

Four clinical scenarios were explored, where 750 mg (study 1) and 1500 mg (study 2) 

doses of cefuroxime were tested in the obese–pregnant population (BMI 30–34.9 
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kg/m2); further, 750 mg (study 3) and 1500 mg (study 4) doses of cefuroxime were 

tested in the morbidly obese–pregnant population (BMI ≥35 kg/m2). In each scenario, 

the plasma concentrations were presented for cefuroxime administered at 15, 30 or 60 

min before the start of skin incision in CS.  

Sources and approaches to analyse constants (or assumptions), covariates and 

scripted algorithm of selected PBPK models in different populations of interest have 

been discussed in literature (90, 135, 141, 142, 146, 149, 245, 366). The scope of the 

current study is utilisation of these PBPK models to predict cefazolin and cefuroxime 

in different populations including obese–pregnant population without the necessity to 

develop algorithmic equations exclusively for this population; rather using scripted 

obese population’s physiological data and pregnancy gestational changes algorithm 

within simulator.   

Due to unavailability of adipose tissue concentrations in healthy volunteer, the selected 

models were first “piloted” using observed data of plasma, free plasma and unbound 

adipose tissue concentrations of cefazolin and cefuroxime in subjects undergoing 

surgical procedures.  

5.1.4 Results 

5.1.4.1 Cefazolin PBPK model 

The observed cefazolin total, free plasma and adipose tissue ISF concentrations 

utilised to pilot cefazolin PBPK predictions and simulated concentrations are presented 

in Figure 5.2. Simulated cefazolin AUC and Cmax (or the first reported time 

concentration point) were within 2–fold of the observed data; the exception was the 

total adipose concentration in Stitely et al. (Table 5.5 and Table 5.6). The observed 
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and mean simulated plasma concentrations time profiles for cefazolin are shown in 

Figure 5.3; and cefazolin total adipose concentrations time profiles are shown in Figure 

5.4.  

All simulated cefazolin plasma concentrations (for the examined doses of 500, 1000, 

2000 and 3000 mg) were above the MIC90, of 8 µg/mL for a mean time of 6.11 hours, 

4 µg/mL for a mean time of 7.92 hours and 2 µg/mL for a mean time of 9.8 hours 

following infusion. In an obese–pregnant population (BMI ≥30 kg/m2), the simulated 

time of free cefazolin plasma concentrations were above the MIC90 (fT>MIC) of 8 

µg/mL was a mean of 3.52 hours, 4 µg/mL up to a mean of 5.28 hours and 2 µg/mL up 

to a mean of 7.16 hours following infusion of a 2000 mg dose (supplementary 

document, Results section Table 7.15). 
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5.1.4.2 Cefuroxime PBPK model 

The observed and simulated cefuroxime total, free plasma and adipose tissue ISF 

concentrations utilised to preliminary predict cefuroxime concentrations are presented 

in Figure 5.5. 

All simulated data of AUC and Cmax (or first reported time concentration point) 

cefuroxime concentrations (serum and adipose tissue) were within 2–fold of the 

observed data; the exceptions were the AUC in Lalic-Popovic et al. and the adipose 

tissue concentrations in Lovering et al. (Table 5.7 and Table 5.8). The observed and 

mean simulated plasma concentrations time profiles for cefuroxime are shown in 

Figure 5.6; and cefuroxime adipose concentrations time profiles are shown in Figure 

5.7. The predicted cefuroxime plasma 5th percentile was superior in describing 

cefuroxime clearance phase compared to the predicted mean in lean pregnant (Figure 

5.66 f-j). The predicted 5th percentile of cefuroxime plasma concentration was utilised 

to evaluate cefuroxime T>MIC in both lean– and obese–pregnant at time of CS. The 

predicted 5th percentile of cefuroxime plasma concentration in lean–pregnant at term, 

was ≥MIC90 of 8 µg/mL up to 1.6 hours post 750 mg cefuroxime dose; and 2.3 hours 

post 1500 mg cefuroxime dose (supplementary document, Table 7.16.  
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dose both obese–pregnant and morbidly obese–pregnant populations (Supplementary 

document Table 7.17. 
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5.1.5 Discussion 

The current study developed an obese–pregnant PBPK model to describe plasma and 

adipose tissue concentrations of cefazolin. This model was utilized to predict 

cefuroxime plasma and adipose tissue concentrations in non–obese pregnant (BMI 

18.50–24.99 kg/m2) and obese–pregnant women (BMI ≥30 kg/m2). 

5.1.5.1 Cefazolin 

The PBPK model of cefazolin was considered adequate in predicting both plasma and 

adipose concentrations of cefazolin; however, the simulated cefazolin total adipose 

concentrations in morbidly obese–pregnant women (study code 0091), were not within 

two-fold of the clinically reported mean adipose tissue concentration of 18.36±6.68 

µg/g at time of skin incision and 21.73±16.02 µg/g at time of skin closure following 2000 

mg cefazolin administration (15). The simulated adipose concentration in lean–

pregnant at 31 min was 14.21 µg/g compared to an observed median value of 8.7 µg/g 

(interquartile range 5.7–11.2 µg/g); and at 82 min, the simulated adipose concentration 

was 8.3 µg/g compared to an observed value of 7.5 µg/g (interquartile range 5–10.1 

µg/g) (10, 284). The simulated total adipose tissue cefazolin concentrations in obese–

pregnant at 4, 24 25, 41 and 60 min were 5.29, 10.08, 9.85, 8.68 and 7.62 µg/g, 

respectively; compared to observed values of 7.4, 9.4, 12.4, 11.8 and 8.4 µg/g, 

respectively following 2000 mg cefazolin dose administrations (studies codes 007 and 

009) (14, 16). Additionally, higher dose of cefazolin (3000 mg) was adequately 

described via the PBPK obese–pregnant model (study code 008) (16). The under 

predicted values compared to observed values in Stitely et al. suggests higher 

distribution in vivo compared to the simulation. The current under-simulated result of 

cefazolin adipose tissue concentrations in morbidly obese–pregnant were accepted, 
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as the PBPK lean– and obese–pregnant models sufficiently described cefazolin 

observed adipose tissue concentration in lean– and obese–pregnant women.  

The model indicates that cefazolin doses of ≥1000 mg can achieve a mean total 

cefazolin adipose tissue concentration above the MIC90 of 4 µg/g in all populations; 

while a dose of 500 can achieve similar MIC90 (i.e., 4 µg/g) in only lean non–pregnant 

subjects or lean–pregnant subjects. A cefazolin dose of ≥2000 mg can achieve higher 

MIC90 (i.e., 8 µg/g) in all included populations. In all tested cefazolin scenarios, the free 

cefazolin adipose ISF concentrations were >8 µg/g. Increased body weight in pregnant 

women decreases concentrations (plasma and adipose) at a time point compared to 

lean–pregnant, while the T>MIC are relatively similar or higher in obese compared to 

non–obese cohorts. 

5.1.5.2 Cefuroxime 

The PBPK cefuroxime model successfully predicted cefuroxime plasma, free plasma 

and ISF adipose concentrations. Limited data are available for cefuroxime exposure in 

homogenised total adipose tissue (both intracellular and extracellular) or intracellular 

solely. The model simulated comparable plasma concentration to the observed value 

at 60 min in pregnant women (9). The simulated concentrations of cefuroxime in 

pregnant women suggested higher in vivo clearance than of that predicted in silico (9). 

In a study of obese participants, where cefuroxime adipose tissue was sampled via 

clinical microdialysis (free extracellular cefuroxime), the simulated plasma and adipose 

concentrations were comparable to the observed values (110). The differences of 

simulated and observed cefuroxime adipose tissue concentrations in Lovering et al. 

study possibly suggest higher in vivo intracellular cefuroxime penetration than of that 

predicted (305). Cefuroxime doses of 750 mg and 1500 mg provided an unbound 
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cefuroxime adipose ISF concentrations above the MIC90 of 8 µg/g for means of 2.07 

hours and 3.50 hours, respectively in lean non–pregnant, obese non–pregnant, and 

lean–pregnant populations. The PBPK cefuroxime model was used to explore 

cefuroxime disposition in obese–pregnant women. Similar doses within different 

obese–pregnant categorises had relatively comparable T>MIC and fT>MIC of plasma 

cefuroxime concentrations (Table 5.9).  

In pregnant women at same gestational age with different body weight, although a 

comparable dose (1500 mg) achieved higher cefuroxime Cmax (plasma or adipose) in 

lean-pregnant than obese cohorts, the simulated T>MIC were similar or shorter in 

lean–pregnant compared to of those obese– or morbidly obese–pregnant (studies 

code 08–091, 2 and 4). This was also noticed in predicted T>MIC of obese (non–

pregnant) subjects compared to lean (non–pregnant) subjects (studies code 092 and 

01). The elongated T>MIC of plasma, free plasma and ISF cefuroxime concentration 

with an increased weight can be explained by an increased cefuroxime half -life due to 

increased Vd in obese subjects compared to lean cohort, the effect of CL on drug 

disposition in obese subjects seems minor compared to Vd (38).  

A prime factor affecting T>MIC after CS is timing of administration cefuroxime; 

longitudinal timing from cefuroxime administration to start of CS decreases T>MIC after 

surgery. It is recommended to administer prophylactic antibiotics 15–60 min before 

skin incision to allow drug distribution to adipose tissue and ensure sufficient T>MIC 

after completion of surgery (382). This study emphasised timing from prophylactic 

antibiotic administration to skin incision; administration of 1500 mg cefuroxime 15, 30 

or 60 min before skin incision simulated a plasma T>MIC of 8 µg/mL after skin incision 

in obese–pregnant categories for the 5th percentile of 2.2, 1.95 and 1.45 hours, 
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respectively. And fT>MIC of 1.75, 1.5 and 1 hour/s after virtual administration of 1500 

mg at 15, 30 and 60 min before skin incision (Table 5.9). The current PBPK adequately 

predicted the mean time to maximum cefuroxime adipose tissue concentration (tmax) in 

Hosmann et al. (ISF) and Lovering et al. (total adipose), while the predicted unbound 

cefuroxime ISF adipose tissue concentrations tmax was shorter compared to observed 

time in Barbour et al..The simulated cefuroxime total adipose concentration tmax (1500 

mg) in obese–pregnant was 7.2 min, and in morbidly obese–pregnant was 14.4 min. If 

a 750 mg cefuroxime dose was given 60 min pre-CS, at the end of 1 hour duration CS 

(i.e. 2 hours post cefuroxime dose), only around 45.2% of obese–pregnant subjects 

will achieve a cefuroxime free plasma concentration ≥8 µg/mL; and 44.2% of unbound 

cefuroxime adipose tissue ISF. For the same scenarios (750 mg cefuroxime dose given 

virtually 60 min pre-CS), 37.5%of morbidly obese–pregnant subjects will attain a 

cefuroxime free plasma concentration ≥8 µg/mL, and 36.2% will achieve a free 

cefuroxime ISF adipose tissue concentration of 8 µg/g or above at the end of 1 hour 

duration CS. These data support cefuroxime administration of no longer than 30 min 

before skin incision in different obese–pregnant categories to allow sufficient 

cefuroxime adipose T>MIC during and after surgery. 
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The reported mean cefuroxime total adipose tissue (intracellular and extracellular) 

penetration percentages compared to systematic plasma cefuroxime concentration 

was 16% post 1500 mg dose (19% at 30 min)(305). The reported mean plasma 

concentrations of lean–pregnant women undergoing CS at around 1 hour post 

cefuroxime dosing were 14.9 µg/mL (750 mg dose) and 41.14 µg/mL (1500 mg dose) 

(9, 56). Direct extrapolation (of 19% cefuroxime penetrations to total adipose tissue 

compared to the predicted mean cefuroxime plasma concentrations) would suggest a 

total adipose concentration at around 1 hour of 2.8 µg/g (750 mg) and 7.8 µg/g (1500 

mg) in lean–pregnant. While such extrapolation in obese– or morbidly obese– pregnant 

would propose total cefuroxime concentrations of around 4.5 µg/g (750 mg dose) and 

8.9 µg/g (1500 mg dose) at 30 minutes post dosing according to the mean predicted 

plasma concentrations in such populations. 

The current guidelines recommend re-dosing prophylactic antibiotic when the surgery 

duration exceeds the antibiotic half-life; the mean reported half-life of cefuroxime in 

pregnant women is 75.63±22.10 min (9, 383). Other guidelines recommend re-dosing 

cefuroxime if surgery exceed 2 half-lives of prophylactic antibiotic (106). According to 

observed clinical cefuroxime plasma concentration in lean–pregnant and predicted 

mean and 5th percentile of cefuroxime plasma, free plasma and ISF adipose 

concentrations (irrespective to total cefuroxime adipose tissue concentration), 

cefuroxime 750 mg dose is sufficient if: (1) a MIC90 of 4 µg/g or µg/mL are desired for 

at least 95% of women at 1 hour post dose (redoes if the CS is delayed more than 2 

hours to maintain MIC90 ≥4 µg/g or µg/mL), or (2) a MIC90 of 8 µg/g or µg/mL are desired 

for at least 75% of women at 1 hour post dose (consider redosing if the CS is delayed 

more than around 1.5 hours post dose, to maintain cefuroxime plasma above target 
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MIC90 of 4 µg/mL) (Table 7.17 and Table 7.18). In other situations, cefuroxime 1500 

mg dose is recommended if MIC90 of ≥8 µg/g are desired for at least 95% of women at 

2 hour post dose; If the CS is delayed >2 hours post cefuroxime administration of 1500 

mg in lean–, obese– or morbidly obese–pregnant, a second dose might be required to 

maintain cefuroxime concentrations ≥8 µg/g or µg/mL (Table 7.17 and Table 7.18). 

Balancing the benefit vs. the maternal/foetal safety should be considered (384).  

In the last decade, vast number of studies have reported antibiotic concentrations 

when given prophylactically at the time of clean–clean-contaminated surgeries with 

inconsistent recommendations. Since 2011, 8 trials were conducted to measure 

cefazolin concentrations in obese-pregnant women undergoing CS, where all studies 

measured cefazolin plasma concentrations (10, 12-16, 284, 297), 6 studies measured 

cefazolin total adipose tissue concentrations (10, 13-16, 284, 297), and 1 study 

measured free cefazolin ISF adipose concentration (297). Number of studies reported 

percentages of adipose tissue samples did not reach a target MIC90.  

The dilemma in prophylactic antibiotic dosing in different population undergoing a 

procedure arises from a lack of MIC90 cut-off value standardisation and small sample 

size of the clinical studies. Another reason for disagreement within literature regarding 

antibiotic posology in a surgical procedure is the imprecise guidelines of the targeted 

site or cellular targeted segment of antibiotic concentration; i.e., plasma, free plasma, 

total adipose (extracellular and intracellular) or/and adipose ISF (free extracellular) 

concentration.   

According to a report by the Antibiotic Stewardship Program regarding the ‘Dosing of 

antimicrobials for Obese Patients’, limited evidence for beta-lactam antibiotics, such 
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as penicillins and cephalosporins, regarding dose adjustment in obese patients was 

acknowledged. The reported statement, ‘These are hydrophilic drugs and are not 

usually dosed according to weight’, is accurate; however, other factors may control 

hydrophilic antibiotic penetration into adipose tissue, such as its pKa and its ionization 

in biological tissue (385). Nevertheless, the report mentioned the recommended 

increased prophylactic doses of hydrophilic cefazolin and vancomycin for subjects 

weighing > 120 kg and 80 kg, respectively, by The South Australian Expert Advisory 

Group on Antimicrobial Resistance (385, 386). The main factors directed such dose 

adjustment are the alterations of Vd and CL in obese population (387). 

The predictions of cefuroxime intracellular concentrations require further optimisation. 

The selected Rodgers and Rowland method to predict cefuroxime plasma: tissue Kp 

and Vss do not account for transporters involvement in drug tissue cellular penetrations 

neither penetration of ionized drug molecules, while it accounts for the concentrations 

of ionized molecules formed within the segment of a tissue  (90, 135-137). Cefuroxime 

is an acidic compound (pKa 3.15), it is expected that increased of ionized cefuroxime 

molecules are formed at a biological tissue (pH ≃ 7–7.4) compared to the unionized 

molecules (388). Further techniques can be incorporated into the cefuroxime PBPK 

model to improve adipose intracellular cefuroxime concentration prediction. The 

selection of the Rodgers and Rowland method with ion membrane permeability, named 

Method 3 in Simcyp, may enhance the prediction of intracellular adipose cefuroxime 

penetration, as it will allow ionized forms to permeate the intracellular segment of a 

tissue (90, 135-138). However, this method requires parametrisation of tissue pH, 

tissue composition, ion permeability, and membrane potential data, which might not be 

available in literature (138, 140). Both Methods 2 and 3 neglect transport involvement 
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in compound disposition through a tissue. To account for transporter involvement, if 

proven in vitro, the selected permeability-limited adipose tissue can be further 

optimised to improve the prediction of cefuroxime disposition to intracellular adipose 

tissue. This will require extensive data gathering and analysis of the physiological and 

chemical structure of adipose tissue and in vitro analysis of transporters involved in 

cefuroxime adipose penetration, if applicable (389). Then, the development of an in 

vitro to in vivo correlation; and allocate a proper scaling factor/s. A permeability-limited 

model of adipose tissue can be parametrised according to the observed in vitro data 

(390, 391). 

Although this PBPK model adequately described cefuroxime unbound ISF adipose 

tissue concentrations obese subjects, a clinical study is required to measure 

cefuroxime adipose concentration at the site of skin incision in CS. If sub-therapeutic 

adipose tissue cefuroxime concentration is proven, timing and dosage of cefuroxime 

should be reviewed. If a target MIC90 is reached and sustained for sufficient time before 

the surgery interval, timing from cefuroxime administration to skin incision should be 

decreased (not less than 7 min) or the dose regimen augmented with a second dose 

rather than increasing a single dose of cefuroxime due to the time-killing properties of 

cefuroxime (77). If the clinical dose of 1500 mg fails to attain the desired T>MIC or 

does not reach a desired MIC90 value at any point, a study is warranted to investigate 

the efficacy, safety and transplacental transfer of higher cefuroxime doses or consider 

an alternative prophylactic antibiotic. A protocol has been developed by our group to 

investigate cefuroxime pharmacokinetics in obese–pregnant women during CS, but 

the clinical study was postponed due to the COVID–19 pandemic (82). 
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Cefazolin was selected as a reference drug to guide building knowledge of cefuroxime 

disposition in obese–pregnant women based on several similarities between cefazolin 

and cefuroxime (i.e., used in the same setting as CS, non-metabolised by liver, and 

relatively have similar pKa and molecular weight) (97-99). However, it is acknowledged 

that there are several physiochemical and PK differences. For example, the chemical 

structure, fu, LogP, and dose-dependent fu characteristics of cefazolin and the 

involvement of transporters OAT3 in cefazolin clearance are dissimilarities between 

the two compounds (91, 93-95, 97, 108). 

The current study had a few limitations. Several studies used for the verification of 

pregnant and/or obese–pregnant PBPK model were of women undergoing CS. In the 

current study, the models were not parametrised to count for the effect of CS on 

pharmacokinetics. It may be considered a limitation because fluid administered and 

the type of anaesthesia given at time of CS can alter the pharmacokinetics of drugs, 

mainly Vd. Another possible limitation of the current prediction of adipose tissue 

antibiotic concentration that was based on the total subcutaneous adipose tissue in the 

body (i.e. not specifically in abdominal tissue). This study assumed that cefuroxime 

and cefazolin distributes evenly to different types of adipose tissues in the body. 

Additionally, changes in the activity of renal transporters during pregnancy, if modified 

by obesity, were not considered in the model for OAT1 and MRP4. The current PBPK 

model did not account for the reported cefazolin fu dose-dependent kinetics; 

nevertheless, the model sufficiently described cefazolin concentrations post different 

escalating doses. Finally, no dynamic PD model was incorporated in the developed 

models. 
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5.1.6 Conclusion 

The PBPK model developed for obese–pregnant women is adequate for predicting 

plasma cefuroxime concentrations in that population. While this study presented the 

simulated data for adipose tissue cefuroxime concentrations in pregnant and obese–

pregnant women, a clinical study to quantify cefuroxime concentration in adipose 

tissue is necessary to validate the obese–pregnant model and further investigate 

cefuroxime posology in the population of interest.  
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Chapter 6: Anticipated Results from C-LACE Study, General Discussion, 

Conclusion and Application 
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6.1 Anticipated cefuroxime concentrations results from C-LACE study 

The expected cefuroxime adipose tissue concentrations in non–obese pregnant 

women, and anticipated cefuroxime plasma and adipose tissue concentrations in 

obese–pregnant women, will be discussed with the help of information gathered from 

a systematic review and PBPK modelling. 

 Cefuroxime mean penetration to total adipose tissue (total extracellular and 

intracellular) relative to systematic concentrations was reported as 16% in subjects 

undergoing hip replacement surgery (19% at 30 min). In other studies, the calculated 

average penetration percentage to ISF (unbound cefuroxime) at the distribution phase 

was around 50–66% (Table 6.1) (110, 305). As illustrated by Barbour et al. (obese 

subjects) and Hanberg et al.’s studies, the different percentages of cefuroxime plasm: 

adipose tissue partitioning at different time points and high penetration rates at the 

distribution phase (up to 66% at 0.37 hours post administration of cefuroxime) may 

indicate that cefuroxime penetration to ISF adipose tissue is dependent on cefuroxime 

systematic concentration (i.e., representation of equilibrium distribution) and is not 

entirely restricted by its logP properties. While the reported total cefuroxime adipose 

penetration percentages in Lovering et al. indicates limited penetration of cefuroxime 

to adipose intracellular segment.  
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A selected average cefuroxime penetration to adipose tissue of 16–100% of systematic 

cefuroxime concentrations would predict adipose tissue concentrations, as illustrated 

in Table 6.2. The 16% could represent both total intracellular and extracellular 

concentrations, while ~40–100% could represent the unbound extracellular (i.e., ISF) 

concentration. As described in Table 6.2, the dose intensity greatly impacted 

cefuroxime adipose concentration compared to increased body weight. According to  

current PBPK obese–pregnant cefuroxime model, an increase in body weight by 

around 20% and 30% would cause a reduction in cefuroxime unbound ISF adipose 

tissue concentrations by around 2.11 μg/g (7.3%) and 5 μg/g (17.2%) compared to 

lean pregnant women. Statistical differences are not relevant to the cefuroxime PK/PD 

correlation; clinical significance depends on reaching a targeted MIC. The application 

and assessment of cefuroxime posology in obese–pregnant women, according to the 

above findings (i.e., body weight and cefuroxime unbound ISF adipose tissue 

concentration linkage), is dependent on the observed adipose tissue concentration in 

lean–pregnant women, which is not currently available. 
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A key element in assessing the suggested timing of cefuroxime administration relative 

to CS initiation is cefuroxime adipose tissue tmax. These were discussed previously in 

the highlight of PBPK prediction chapter, note that this was based on predictions alone 

as there was no clinical data available (5.1.5.2 Cefuroxime).  

In the Lovering study, the last sampled total adipose tissue concentration was 30 min 

post administration. In the coherent adipose tissue sampling studies of Barbour et al. 

(obese subjects) and Hanberg et al., cefuroxime unbound ISF adipose tmax were 

1.00±0.28 hours and 45 min (range: 23–75 min), respectively (110, 305). The current 

PBPK models adequately predicted the mean cefuroxime adipose tissue tmax 

concentration in Hosmann et al. (ISF) and Lovering et al. (total adipose), while the 

predicted cefuroxime ISF adipose tissue concentrations tmax was under predicted 

compared to observed time in Barbour et al. The PBPK predicted cefuroxime adipose 

(total) tmax was 14 min in lean–pregnant, 7 min obese–pregnant, and 14 min in the 

morbidly obese–pregnant women.  

The current predicted cefuroxime adipose tissue concentrations (either via direct 

extrapolation of cefuroxime adipose tissue penetrations or PBPK modelling) and 

predicted adipose tissue tmax support giving cefuroxime 15–30 min before skin incision 

at time of CS, instead of 60 min. The targeted MIC determines whether cefuroxime 

current doses (750 mg and 1500 mg) are sufficient or if an additional dose is required 

(Discussed in 5.1.5.2 Cefuroxime). 

6.2 General discussion 

Due to discussed similarities of cefazolin and cefuroxime compounds (5.1.5 

Discussion), cefazolin was chosen as a reference drug to aid in the development of  
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knowledge about cefuroxime disposition in obese––pregnant (96-99). However, there 

are a number of physiochemical and PK variations of cefazolin and cefuroxime to be 

cautiously considered (9, 16, 90-99, 108, 113-115). Identification of these differences 

controlled the extent of utilisation of cefazolin as a reference drug and thus, limited 

interconnection of the knowledge of PK from cefazolin to cefuroxime in the obese–

pregnant population. To elaborate, for example, the correlation between cefazolin 

doses, subjects’ weight, and reported cefazolin adipose concentrations from the 

cefazolin systematic review was not investigated in the context of this research. Due 

to the dose-dependent fu effect, which is not considered a characteristic PK parameter 

of cefuroxime and other PK dissimilarities, this correlation may not be necessary 

applied to the case of cefuroxime. 

Literature review and systematic review provided knowledge of cefazolin and 

cefuroxime PK in populations of interest; additionally, identified gaps in knowledge and 

elements causing disagreements in dosage recommendations between studies 

reporting concentrations of an antibiotic given prophylactically in a population. The 

research gap for cefuroxime is considered empirical and population gap; while for 

cefazolin is empirical and theoretical gap. The question of whether a prophylactic 

antibiotic should be given to pregnant women at the time of CS has been addressed 

in a meta-analysis with a clear advantage of giving antibiotics compared to no antibiotic 

in CS; however, the consequences of administration of an antibiotic at the time of CS 

on neonate was uncertain (392).  

Although several studies had investigated cefazolin deposition in obese–pregnant 

women when given different doses and several attempts were conducted to combine 

evidence to draw conclusions, it was challenging to reach a conclusion. This relates to 
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the discussed studies’ heterogeneity, small sample size and different targeted MIC 

values. Despite between studies similarities/differences of antibiotics’ plasma or tissue 

concentrations, the disagreement of dose recommendation arises mainly in the 

targeted MIC values. 

Another reason for disagreement within literature regarding antibiotic posology in a 

surgical procedure is the unclear cellular targeted segment. Many studies had reported 

the total adipose concentrations via conventional adipose tissue collection and 

analytical sampling, while other reported the unbound antibiotic adipose ISF 

concentrations via Microdialysis. The extracellular (i.e. ISF), in cefuroxime and 

cefazolin cases, is higher compared to intracellular. Figure 6.1 (A), represent 

theoretical cefazolin and cefuroxime penetration to extracellular and intracellular 

segments of adipose tissue, the yellow tab represent the blood flow and blue colour 

shade represent the concentrations intensity (darker shade represent higher 

concentration). When reporting the total adipose tissue concentrations in clinical 

setting (via conventional method), the concentration is not representing the actual 

concentration in each cellular segment (Figure 6.1, B). For certain medication, the 

intracellular concentrations correlate to drug PK/PD rather than extracellular or total 

tissue concentrations. It is unusual to measure intracellular drug concentrations in vivo; 

however, it is possible in vitro (389). Overall, to best of our knowledge, there is no 

information regarding the optimal cellular targeting segment in cefazolin or cefuroxime. 

The PBPK modelling enable investigating such penetrations with acceptable validity. 
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concentrations with divergent results (12-14, 284). It is anticipated to update and 

further investigate cefazolin systematic review in terms of correlating body weight, 

cefazolin dose, cefazolin plasma and adipose concentrations. Additionally, it was 

planned to clinically investigate the correlations of cefuroxime in the C-LACE study. 

The correlation between body weight and cefazolin adipose tissue can be extrapolated 

to cefuroxime to some extent, while a correlation between an increased dose and an 

observed cefazolin adipose tissue concentration cannot be applied to cefuroxime, as 

discussed previously. Thoughtful consideration of pathophysiological effects of obesity 

on the rate of SSI (for example, decreased immunity) before correlation of an obese 

class, antibiotic (dose, concentrations) and reported SSI rate.  

The current project emphasises the impractical linear extrapolation of PK from one 

population to another and the value of using a compound as a reference drug to guide 

knowledge of another drug’s PK.    

In 2013, US-based organisations, the American Society of Health-System Pharmacists 

and the Infectious Diseases Society of America suggested a 2 g dose of cefazolin 

when used prophylactically in surgery and an increasing dose of 3 g to those patients 

weighing ≥ 120 kg (106). In April 2019, the Australian Therapeutic Guidelines updated 

the previous recommendation of 2 g of cefazolin given within 60 min of skin incision in 

CS, regardless of mothers’ weight, to an increased dose of 3 g of cefazolin for women 

weighing > 120 kg (297). The National Institute for Health & Care Excellence guidelines 

in the UK recommend cefuroxime in CS without dose adjustment (74). Until around 

2018, cefuroxime prophylactic doses in CS settings were either 750 mg or 1500 mg at 

Birmingham Women’s Hospital, regardless of the mother’s weight. This was changed 

to a standardised dose of 1500 mg.  
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The selection of adipose tissue as a target tissue to evaluate the effectiveness of 

intraoperative cefazolin and whether an increased dose should be suggested in obese 

patients (non–pregnant) undergoing clean–clean-contaminated surgery has been 

recently discussed by Blum et al. (393). The author claimed that increasing the 

cefazolin dose: 1) will not increase adipose concentrations due to its hydrophilicity, and 

2) will not improve SSI prevention due to cefazolin time-dependent kinetics (393). In 

regards to the second claim, it is accepted for the obese–pregnant population if a 

targeted adipose MIC is achieved and maintained for sufficient time (i.e., duration of 

CS); scenarios of failing to achieve a targeted MIC or T>MIC were discussed (5.1.5.2 

Cefuroxime).  

Regarding the first claim, the reported increased cefazolin adipose tissue 

concentrations with an increased dose cannot support or reject the author’s statements 

due to the effect of cefazolin dose-dependent fu. For cefuroxime, however, in the study 

by Lalic-Popovic et al., the diabetic group with a higher mean body weight compared 

to the control group (statistically insignificant), the diabetic group had a significantly 

higher dose per lean body compared to the control group (9). This observation, if 

proven that the diabetic condition does not affect drug distribution to fat tissue, may 

support the author’s claims. According to Barbour et al., cefuroxime adipose tissue 

ISF: plasma penetration percentages; the cefuroxime penetration to and from the ISF 

adipose tissue is in equilibrium with plasma cefuroxime concentrations (Table 6.1) 

(110). The in silico sensitivity analysis of LogP and cefuroxime adipose tissue 

concentration showed no effect of logP on cefuroxime adipose tissue concentrations 

— although this could be a false effect related to the use of Method 2 rather than 

Method 3 (explained further in paragraph of PBPK model optimisation). The reported 
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high cefuroxime adipose penetration rates and sensitivity analysis of cefuroxime LogP 

counteract the claims by Blum et al. (increased antibiotics dose will not increase 

adipose tissue concentrations) and the current project assumption of limited 

cefuroxime adipose tissue penetration due to its hydrophilicity characteristics (393). 

However, reported cefuroxime Vd values and total adipose tissue suggest limited 

intracellular penetration, the limited penetration can be driven by numerus 

physiochemical properties not only LogP. Overall, a final conclusion can be drawn from 

a large clinical study assessing cefuroxime concentrations in plasma and adipose 

tissue (or other targeted tissue/s) at the time of delivery for both obese and non–obese 

pregnant women. 

If dose adjustment is required, it is recommended in the guidelines that weight-dose 

adjustment should be based on ‘time of delivery weight’ rather than pre-pregnancy 

weight, first antenatal booking, or time of booking. The weight based adjustment 

element and cut-off value to guide dose adjustment are suggested for further 

investigation; i.e. dose adjustment based on body weight or BMI, and cute-value of 

body weight to increase cefuroxime dose. 

The best phrase can be used to coherently describe the ratio of model predictions’ 

benefits to their uncertainty, as said by George Box: ‘All models are wrong, some 

models are useful’ (394). PBPK modelling is greatly implemented and required by drug 

authorities to assess drugs’ PD/PK and posology (395-397). Simcyp®, specifically, has 

been utilised widely to inform PD/PK of new drug applications in the FDA (398). The 

Simcyp® simulator was selected to conduct the current study due to its sophisticated–

user friendlily characteristic to build the obese–pregnant population in a reasonable 

time scale. As discussed previously (section 1.1.6.22), developing new 
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equations/algorithms exclusively for the obese–pregnant population was not the scope 

of this study.  

There was no further investigation of cefuroxime dosage regimens adjustment (if 

required) via Simcyp® modelling; as models needs further validation of cefuroxime 

intracellular adipose tissue penetration. To the best of our knowledge, there is no 

clinical information regarding cefuroxime penetration into biological adipose tissue in 

non-diseased subjects and does not require surgery (305, 399, 400).  

The approach used to predict cefazolin and cefuroxime concentrations in obese–

pregnant women was the PBPK ‘Bottom-Up’ approach. Additionally, tissue: plasma 

partitioning and CL was optimised using observed data (i.e. population 

pharmacokinetics); thus, the ‘Top-Down’ approach was partially involved in such work 

(401, 402). Although the ‘Top-Down’ approach can be utilised to optimise prediction of 

cefuroxime adipose tissue, optimisation of observed cefuroxime adipose tissue from 

subjects undergoing hip replacement to optimise of healthy PBPK model can be a 

limitation due to discussed possible hemodynamic alterations from the use of 

aesthesia and isotonic solutions within surgery, which may affect the drug’s PK.  

Information on cefuroxime concentrations in adipose tissue in healthy subjects can be 

utilised to optimise the PBPK model at the initial PBPK model development stage, 

which is ethically restricted. Coherent gathering and analysis of clinically reported 

cefuroxime tissue concentrations can be utilised to further optimise the PBPK 

cefuroxime model (i.e. population pharmacokinetics).  

In the context of the current project, once data are available of either approach — in 

vitro in vivo cefuroxime adipose tissue partition or clinical measurements of cefuroxime 
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adipose tissue concentrations in healthy or populations of interest— the PBPK 

cefuroxime model can be optimised accordingly. The validity of the PBPK model can 

be assessed; the model predictions would be further ‘trusted’ after such validation. 

General strengths, limitations and possible optimisations have been previously 

discussed; the strengths and limitations of the whole project will be discussed. The 

strength of this project relied on collaborative work between clinical and academic 

sectors; in which a concern regarding optimal cefuroxime dose has been addressed 

by a physician in a clinical setting due to observed increased SSI rate post CS, 

conformation of lacking information in literature has led to the current project. The 

development of the C-LACE protocol was a result of extensive meetings between 

academics and clinicians at Birmingham Women’s Hospital. The C-LACE protocol was 

patient-oriented. To exemplify, the addition of using a venflon cannula was to ensure 

preserving a precious moment of mothers holding their babies for the first time (crossed 

hands) and minimising distribution of the CS procedure, while ensuring withdrawal of 

blood samples at the time of skin closure. Although deviations in routine healthcare 

practice are expected to be minimised in observational studies, such an addition is of 

ethical necessity. The systematic review search was coherent; several databases were 

screened, for English and non-English publications. The coherent systematic review 

and literature review of this project identified the element of controversies between 

studies related to the current project; i.e. dosing antibiotic in obese population 

compared to lean cohort, which had been discussed previously. Systematic review and 

protocol of C-LACE were peer-reviewed and were adjusted/optimised at the time of 

review. This project supports the mission of the ‘Health Equity’ approach, where time, 

effort and resources should be directed to ensure equal treatment within and across 
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population/s (403). The ‘one-dose-fits-all’ approach is disclaimed intensely in the 

current project.  

The major constraint of the current project is that it was not conducted as planned due 

to the COVID-19 pandemic. This was discussed in section 4.4.1: Suspension of C-

LACE study and current status. It was initially aimed to utilise the results of cefuroxime 

plasma and adipose tissue concentrations from the C-LACE study in the development 

of a PBPK obese–pregnant model using Simcyp®. Information collected from 30 

participants would be utilised to improve the validity of the PBPK models and 

predictions in obese–pregnant women. Then, cefuroxime PK can be explored in the 

PBPK models within Simcyp® to predict cefuroxime concentrations in: 1) larger sample 

size of population, 2) extreme obesity, and 3) predict other dose strategies, if required. 

Having no data on cefuroxime adipose tissue concentrations in pregnant women, as 

well as plasma and adipose tissue concentrations in obese–pregnant women, it was 

agreed to use cefazolin as a reference drug to apprise regarding PBPK obese–

pregnant models’ efficiency in predicting plasma and adipose tissue concentrations. 

However, the differences between cefazolin and cefuroxime were considered. All in 

all, researchers of this project are aiming to conduct the C-LACE study and continue 

the above mentioned prediction. 

6.2.1 Key findings and fulfilment of the research aims and objectives  

• There is no clinical information on cefuroxime plasma and adipose tissue 

concentrations or the rate of SSI (when given cefuroxime) in obese–pregnant 

women undergoing CS. 
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• There is no clinical information on cefuroxime adipose tissue concentrations in 

pregnant women with lean body weight at the time of CS. 

• Studies have reported a rate of SSI when cefuroxime was prophylactically given 

to pregnant women at the time of CS; cefuroxime was given after cord 

clamping—which is not the current clinical practice.  

• Both cefuroxime doses (750 mg and 1500 mg) achieved sufficient plasma 

concentrations; in one study, plasma T>MIC was up to around 3 hours (Figure 

2.2) post 1500 mg cefuroxime dose in lean–pregnant women at the time of CS.  

• A dose of 750 mg cefuroxime had a clinical plasma concentration of 14.9 mg/L 

at around 1 hour; cefuroxime adipose concentrations predict range was 2.38–

14.9 μg/g (directly extrapolated from observed cefuroxime adipose tissue 

penetration in subjects undergoing surgeries 16–100%; where lower 

concentrations represent total adipose concentrations, and higher represents 

unbound adipose ISF concentrations). 

•  A dose of 1500 mg in lean–pregnant reported as 41.14 mg/L post 1 hour of 

cefuroxime dosing and predicted values of adipose tissue was 6.58–41.14 μg/g 

in lean–pregnant women (directly extrapolated from observed cefuroxime 

adipose tissue penetration in subjects undergoing surgeries 16–100%; where 

lower percentages represent total adipose concentrations, and higher 

represents unbound adipose ISF concentrations).  

• A dose of 1500 mg in obese–pregnant predicted (PBPK) a plasma 

concentration of around 33.18 mg/L post 1 hour of cefuroxime dosing; and via 

directly extrapolation from observed cefuroxime total adipose tissue penetration 

in subjects undergoing surgeries (16–100%; as lower represent total adipose 
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and higher represent unbound adipose ISF concentrations), cefuroxime 

adipose tissue concentrations would be around 5.3–33.18 μg/g post 1 hour of 

dosing in obese–pregnant.  

• Identification of knowledge gaps and elements of recommendation 

disagreements (MIC value, targeted tissue site to measure antibiotic efficacy, 

BMI vs. actual body weight for dose adjustment). 

• Cefazolin and cefuroxime dose recommendations depend on the targeted MIC 

value, which is a point of argument in the published literature. 

• Given similar doses to different obesity classes in obese–pregnant women 

yielded significantly different initial cefazolin adipose tissue concentrations. 

• PBPK modelling of cefuroxime adipose tissue concentrations was independent 

of its logP value, this can be validated by the use of Method 3 to account for 

ionised molecules penetration.  

• To optimally quantify cefuroxime in adipose tissue: 1) sensitivity of MS is 

superior to HPLC, and 2) use Microdialysis for targeted cefuroxime unbound 

ISF or conventional sampling technique for total adipose concentration 

(intracellular and extracellular), the Microdialysis requires calibrations at the 

time of surgery.  

6.3 Applications 

The implications of this research may direct nation and international guidelines 

regarding the dosing of prophylactic antibiotics in CS or other procedures requiring 

prophylactic antibiotics.  
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Extensive informative meetings between physicians and researchers were conducted 

to discuss gaps in knowledge in assessing cefuroxime clinical doses and to develop a 

constructive, patient-oriented protocol to evaluate cefuroxime doses in the population 

of interest.  

In the last decade, different studies have reported antibiotic concentrations when given 

prophylactically at the time of clean–clean-contaminated surgeries with inconsistent 

recommendations. The dilemma in prophylactic antibiotic dosing in different population 

undergoing a procedure arises from a lack of MIC value standardisation. Knowing such 

gaps may direct further investigation of prophylactic antibiotic concentrations research, 

limit unnecessary research, and preserve time, effort and resources. 

The current project aims were parallel with those of the Antibiotic Stewardship 

Programme, where antibiotic prescribing should be optimised to decrease: (1) Infection 

rate, (2) Treatment failures, (3) Clostridioides difficile infections, (4) Adverse effects, 

(5) Antibiotic resistance, and (6) Hospital costs and lengths of stay(404).  

The current project findings would inform the suggested project between authorities 

(including decision making and guiding of program as such of Antibiotic Stewardship 

Program), clinicians and researchers to further investigate dosing of prophylactic 

cefuroxime in obese–pregnant women. 

The focus of clinical research, specifically PK and dosing-wise, in the past few decades 

has been on special populations, and their deviation from the typically recruited healthy 

population in the drug development process. The current combined obese–pregnant 

PBPK modelling would support posology in such a population and the anticipated 

individualised treatment in the future of subjects within this population via model-
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informed software (405). Notably, cefuroxime and cefazolin are not metabolized by 

liver enzymes; other applications of the developed obese–pregnant PBPK population 

will required updating the bassline of the pre-pregnancy metabolizer enzymes to those 

of obese or morbidly obese PBPK models (244). Overall, assessing model 

performance is a critical step that should be guided by authorities before introducing 

dosing-informed models in a clinical setting. 

6.4 Conclusion 

The current report suggests cefazolin dose recommendations according to several 

targeted adipose MIC values. Using PBPK modelling, when targeting for an MIC value 

of 8 μg/g, a dose of 750 mg seems insufficient for obese–pregnant women at the time 

of CS. In silico prediction suggests the administration of cefuroxime 15–30 min before 

a skin incision in CS. PBPK continually supports knowledge of drugs’ PK, specifically  

if there are ethical or pandemic restrictions as of the current project. A constructive 

collaborative project between clinicians, researchers and authorities is essential to 

standardise antibiotics PK/PD correlations and MIC values. A clinical study to measure 

cefuroxime adipose tissue concentration in obese–pregnant women is required. If 

cefuroxime targeted T>MIC is insufficient, re-dosing should be considered rather than 

an increased dose.  

6.5 Future work and recommendations 

The suggested future work, with directed references, are listed in chronological order. 

• What is the target MIC cut-off value? Should the target MIC value be 

standardised or should it be per clinical setting? Does targeting for higher 

MIC values (i.e. 8 and 16 mg/L or μg/g) would considered as prophylactic 
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management? A major reason for disagreements regarding the published 

studies recommendation about posology of antibiotics in a special population 

lies within the target MIC value (10, 79-81, 83-86, 393).  

• Should antibiotic plasma concentrations be related solely to antibiotic 

efficacy? Alternatively, should it include a site of incision PK/PD 

correlation (as of current clinical practice)? Is adipose tissue targeting 

considered the optimal tissue to assess concentration at the site of 

incision of CS? Is extracellular, intracellular or both prophylactic 

antibiotic concentrations relates to its efficacy?(393) 

•  What are the correlations between cefuroxime doses, plasma and 

adipose concentrations in obese–pregnant women? 

• What is the correlation between increased body weight and clinical 

reduction in cefazolin/cefuroxime plasma and adipose tissue 

concentrations in obese–pregnant women? 

• Optimisation of C-LACE study: Analytical method used to measure 

cefuroxime in adipose tissue. It is acceptable to collect samples of adipose 

tissue via the conventional method (i.e. collecting physical adipose tissue) in the 

pilot study and analyse it using MS; if the pilot study then proceeds to a larger 

study, use the Microdialysis technique for unbound adipose ISF concentrations 

(which needs calibrations at the time of CS) and the conventional method for 

total adipose antibiotic concentrations. In both adipose collections technique, 

concentrations data will be utilised to validate the PBPK model and then predict 

the other cellular segment/s concentrations.  
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• C-LACE study: Is there a need for a larger clinical study? First, validate the 

PBPK model. If data from the C-LACE study proven to: 1) cefuroxime 

concentrations (at targeted site, plasma, adipose, both or others) under an 

targeted MIC, and or 2) T>MIC were under-therapeutic, it is suggested to first 

validate the PBPK models and then conduct an extended virtual studies to 

investigate cefuroxime levels in obese–pregnant women.  

• Optimisation of the PBPK model: if the model was optimised and validated. 

What is the consequence (PK/PD) of an increased or added cefuroxime 

dose to the foetal? Validate the model using the multi–compartment placenta 

model to predict cefuroxime foetal transfer (406). When to re-dose (according 

to surgery duration or post-delivery, regardless of surgery duration to 

bypass foetal excessive transfer of cefuroxime (384))? Should cefuroxime 

dose be adjusted based on BMI or weight (lean, total or adjusted body 

weight)? Does a subject with normal body weight but high waist 

circumference (Abdominal or truncal obesity) need dose adjustment? 

According to literature, adjusted body weight and establishing a dose factor, 

such as that used in aminoglycosides, seems promising for cefuroxime dose 

adjustment if required (385, 407). Consider re-dosing with topical 

cefuroxime formula (408). 

If the predicted results were sub-therapeutics (under MIC, or insufficient T>MIC of 

a targeted tissue), a larger clinical study is warranted. The in silico prediction will 

allow understanding of the possible effects of an increased or repeated dose of 

cefuroxime and the clinical implications of this on foetal and guide posology in 

clinical study.  
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• Clinical study to investigate PK/PD of cefuroxime and rate of SSI in lean– and 

obese–pregnant women and cefuroxime placental transfer at time of CS (multi-

centres? What is the sample size?). As discussed, a thoughtful consideration 

of the targeted MIC value and targeted site of efficacy should be made before 

conducting such research. Using MS is essential in such a study. 

• If cefuroxime was therapeutically inadequate in CS setting for either lean– 

or obese–pregnant women, what other antibiotics could be used 

prophylactically in such a setting? (392). 

• Guidelines update. Whenever the dose adjustment of cefuroxime is advisory, 

the dose adjustments (either actual, lean or adjusted body weight) should be 

stated at the time of CS rather than at the ‘time of booking’. 

• What is the algorithmic correlation of Vd and Vss (409, 410) 
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Chapter 7: Appendix 
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7.1 Appendix of Chapter 2 “Systematic Review to Evaluate Pharmacokinetics 

of Cefuroxime and Cefazolin in Obese–Pregnant Women Undergoing 

Caesarean Section and Rate of Surgical Site Infection” 

Figure 7.1: Poster presentation of cefuroxime systematic review at the Annual Academic 
Meeting held at the Royal College of Obstetricians and Gynaecologists  
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Figure 7.2: part of CFZ-PK meta-analysis presented as a poster abstract at the Annual 
Academic Meeting of Royal College of Obstetricians and Gynaecologists 

7.1.1 Appendix of the published study “Efficacy of perioperative 

cefuroxime as a prophylactic antibiotic in women requiring 

caesarean section: A systematic review:  
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7.1.1.1 Appendix S1: Search Strategy (example from Medline)  

1- exp Pregnancy/ or exp PREGNANT WOMEN/ or exp Pregnancy Complications/ 
2- (Gravid or child bearing or childbearing or gravidity or intrauterine pregnancy or 

labor presentation or labour presentation or pregnancy maintenance or pregnancy 

trimesters or diseases complicating pregnancy or gestational complication or 
pregnancy complications, cardiovascular or pregnancy complications, 
haematologic or pregnancy complications, hematologic  or pregnancy 
complications, infectious or pregnancy complications, neoplastic or pregnancy 

complications, parasitic).mp. 
3- #1 or #2 
4- exp Cesarean Section/ 
5- (birth,caesarean or caesarean birth or caesarian birth or caesarian section or 

cesarean delivery or cesarian section or elective repeat cesarean section or 
fetectomy or repeated cesarotomy or sectio caesarea).mp. 

6- #4 or #5 
7- exp CEFUROXIME/ 

8- (alporin or altacef or anaptivan or aprok or aprokam or biocefal or cefoxurime or 
cefumax or (cefuroxime and dextrose in duplex container) or cefuroxime sodium 
or ceplus or ceroxime or curocef or curoxim or curoxima or curoxime or eroxmit 
or froxal or fucerox or furoxime or intracef or kefazol or kefurim or kefurox or kesint 

or laxinat or maxil or polixima or prokam or sn 107 or supacef or ucefaxim or 
ultroxim or uroxime or vekfazolin).mp.  

9- (anikef or axetil e47 or axetine or axoril or axurocef or bearcef or cci 15641 or 
cci15641 or cefamar or ceflour or cefogen or ceftil or ceftin or cefudura or 

cefuhexal or cefuracet or cefurax or cefuril or cefuro-puren or cefurox-wolff or 
cefuroxime 1 acetoxyethyl ester or cefuroxime axetil ester or cefutil or cekonin or 
celocid or cepazine or cervin or cethixim or cetoxil or deltrox or elobact or froxime 
or kalcef or magnaspor or mufexine or novador or oraxim or romicef or roxbi or 

sharox-500 or sn 407 or sn407 or ximaken or zinat or zinnat or zonef or zoref).mp.  
10-#7 or #8 or #9  
11-exp PHARMACOKINETICS/ 
12-(body drug relation or drug body relation or kinetic profile or pharmaceutical kinetic 

or pharmaco-kinetic or pharmacological kinetic or tissue concentration or blood 
concentration or Plasma concentration or clearance or CL or distribution or 
volume of distribution or VD or absorption or metabolism or excretion or maximum 
concentration or Cmax or time to maximum concentration or Tmax or Ctrough or 

area under the curve or AUC or half-life or half life or "t1/2" or trough concentration 
or protein binding).mp 

13-#11 or #12 
14-exp Surgical wound infection/ 

15-(SSI or (surgical infection) or (surgical infections) or (infection, surgical) or (post-
operative wound infection) or (post-operative wound infections) ).mp. 

16-#14 or #15 
17-#3 and #6 and #10 and #13 (for CFX-PK) 
18-#3 and #6 and #10 and #16 (for CFX-INF) 
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Term Selected terms MeSH terms Keywords Boolean 

term 

postoperative wound infections 

surgical site infection 

surgical site infections 

surgical wound infection 

surgical wound infections 

wound infection, postoperative 

wound infection, surgical 

wound infections, postoperative 

wound infections, surgical 
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7.1.2 Appendix of Cefazolin pharmacokinetics systematic review and Meta-

analysis and rate of infection post Caesarean section. 

7.1.2.1 Appendix S2: Search Strategy (example from Medline)  

1- exp Pregnancy/ or exp PREGNANT WOMEN/ or exp Pregnancy Complications/ 
2- (Gravid or child bearing or childbearing or gravidity or intrauterine pregnancy or 

labor presentation or labour presentation or pregnancy maintenance or 

pregnancy trimesters or diseases complicating pregnancy or gestational 
complication or pregnancy complications, cardiovascular or pregnancy 
complications, haematologic or pregnancy complications, hematologic  or 
pregnancy complications, infectious or pregnancy complications, neoplastic or 

pregnancy complications, parasitic).mp. 
3- #1 or #2 
4- exp Cesarean Section/ 
5- (birth,caesarean or caesarean birth or caesarian birth or caesarian section or 

cesarean delivery or cesarian section or elective repeat cesarean section or 
fetectomy or repeated cesarotomy or sectio caesarea).mp. 

6- #4 or #5 
7- exp PHARMACOKINETICS/ 

8- (body drug relation or drug body relation or kinetic profile or pharmaceutical 
kinetic or pharmaco-kinetic or pharmacological kinetic or tissue concentration or 
blood concentration or Plasma concentration or clearance or CL or distribution 
or volume of distribution or VD or absorption or metabolism or excretion or 

maximum concentration or Cmax or time to maximum concentration or Tmax or 
Ctrough or area under the curve or AUC or half-life or half life or "t1/2" or trough 
concentration or protein binding).mp 

9- #7 or #8 

10- exp Surgical wound infection/ 
11- (SSI or (surgical infection) or (surgical infections) or (infection, surgical) or (post -

operative wound infection) or (post-operative wound infections) ).mp. 
12- #10 or #11 

13- exp Obesity/ or exp overweight/ 
14- (Obese or High BMI or High body mass index or adipose tissue hyperplasia or 

adipositas or adiposity or alimentary obesity or (body weight, excess) or fat 
overload syndrome or nutritional obesity or obesitas or (BMI 30 kg/m2) or (BMI 

30 kg m2) or (body mass index 30 kg/m2) (body mass index 30 kg m2)).map 
15- #13 or #14 
16- exp CEFAZOLIN/ 
17- ((ancef in dextrose 5%) or Ansef or anzolin or basocef or biozolin or cefacidal 

or cefamezine or cefarad or cefazin or cefazol or (cefazolin and dextrose) or 
cefazolina or cefazoline or (cefazoline panpharma) or celmetin or cezolin or 
elzogram or faxilen or fazolin or fonvicol or izacef or kefarin or kefazin or 
kefazolin or kezolin or kofatol or kurgan or lupex or oricef or orizolin or reflin or 
sanzol or stancef or stazolin or surzolin or uzolin or vulmizolin or zaconil or 

zolecef or zolicef or zolidina).mp. 
18- #16 or #17 
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19- #3 and #6 and #9 and #15 and #18 (for CFZ-PK) 

20- #3 and #6 and #12 and #15 and #18 (for CFZ-INF) 
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Term Selected terms MeSH terms Keywords Boolean term 

infection, surgical wound 

infections, postoperative wound 

infections, surgical site 

infections, surgical wound 

postoperative wound infection 

postoperative wound infections 

surgical site infection 

surgical site infections 
surgical wound infection 

surgical wound infections 

wound infection, postoperative 

wound infection, surgical 

wound infections, postoperative 

wound infections, surgical 

surgical infections 

infection, surgical 

post-operative wound infection 

post-operative wound infections 
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7.2 Appendix of Chapter 4 “Observational Study to Assess the 

Pharmacokinetics of Cefuroxime and its Prophylactic Efficacy in Obese 

Pregnant women after Caesarean Section (C-LACE)” 

7.2.1 Appendix of the published Protocol “Prophylactic Perioperative 

Cefuroxime Levels in Plasma and Adipose Tissue at the Time of 

Caesarean Section (C-LACE):  A Protocol for a Pilot experimental, 

prospective study with non-probability sampling to determine 

interpatient variability.” 

7.2.1.1 Additional file 1 
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7.2.1.2 Additional file 2 
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7.2.2 Study Protocol and additional forms related to C-LACE study 

7.2.2.1 Study protocol
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7.2.3 Additional forms related to C-LACE study 

7.2.3.1 Participant Information Sheet 
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7.2.3.2 Contact Details Form 
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7.2.3.3 Consent Sticker 

7.2.3.4 Sample label  
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7.2.3.5 Follow up interview form 
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7.2.3.6 Medical Record 6 weeks outcome form 
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7.2.4 Ethical approval and paperwork related to C-LACE study  

7.2.4.1 Health Research Authority and Health and Care Research Wales 

Approval Letter  
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7.2.4.3 The Integrated Research Application System approved form 
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7.2.4.6 Birmingham Women’s and Children’s Hospital NHS Foundation Trust 

R&D Confirmation of Capacity & Capability letter 
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7.3 Appendix of Chapter 5 “Observational Study to Assess the 

Pharmacokinetics of Cefuroxime and its Prophylactic Efficacy in Obese 

Pregnant women after Caesarean Section (C-LACE)” 

7.3.1 Application of Physiologically Based Pharmacokinetic Model to Predict 

Cefazolin and Cefuroxime Disposition in Obese Pregnant Women. 
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Supplementary Material 

7.3.1.1 Method 

7.3.1.2 Study selection for the Physiologically-based Pharmacokinetics 

models: 

The selection of studies used in cefazolin or cefuroxime Physiologically-based 

Pharmacokinetics (PBPK) models was dependent on a) the availability of observed 

cefazolin and cefuroxime adipose tissue concentrations, b) the analytical techniques 

used in analysing drugs in blood and adipose tissue, c) ClinPK scores (269) and d) the 

overall availability of data.  

7.3.1.3 Cefazolin 

The Philipson study (healthy and pregnant populations) was selected because it 

represented the gestational differences in women. The study identified the PK of 

cefazolin of the subjects at the time of pregnancy and after delivery, on the return of 

the menstrual cycle and at the end of breastfeeding (100). Therefore, it will allow the 

comparison of cefazolin PK parameters at the time of pregnancy compared to a healthy 

population.  

Ritta and Ravin used different dosing than Philipson et al. (100, 372). Elkomy et al. 

represented cefazolin PK at the time of caesarean section (CS) compared to other 

studies at the time of pregnancy (102). Pevzner et al. reported cefazolin concentrations 

in adipose tissue in normal-weight pregnant women at the time of CS (10, 284). Chen 

et al. reported cefazolin concentrations in adipose tissue in obese subjects undergoing 

bariatric surgery with no other conditions (78). 
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Many studies analysed cefazolin in the obese-pregnant population (10-16). Out of 40 

score, the highest ClinPK scores were reported by Stitely et al. (39), Young et al. (38), 

Kram et al. (37) and Maggio et al. (36) (13-16). Kram et al. used a modified Kirby-Baure 

assay, which is not considered to be a robust technique for analysing cefazolin in blood 

and adipose tissue. As a result, Young et al. and Stitely et al. were selected to 

investigate the appropriately of the PBPK obese-pregnant model to predict cefazolin 

concentrations in plasma and adipose compared to observed data. 

7.3.1.4 Cefuroxime 

The study by Lovering et al. (healthy population) was selected because it reported 

cefuroxime adipose tissue concentrations in subjects underwent hip replacement, this 

was used to optimise cefuroxime adipose tissue: Plasma partition coefficient (305). 

Studies by Kegdel  et al. and Garton et al. (healthy populations) were used previously 

in the study by Hsu et al. to predict cefuroxime concentrations in pregnancy PBPK 

model using Simcyp V12.1 (113, 373, 374). These studies were included in this work 

to capture the similarities and differences of in-silico prediction of Simcyp version 20 to 

the older version. 

For the Philipson and Stiernstedt study, healthy and pregnant women were selected 

as representative of the gestational differences in women during pregnancy and at 

delivery (109). Additionally, it identified the PK of cefuroxime of these women after 

delivery, on the return of the menstrual cycle and cessation of breastfeeding. This data 

will allow the comparison of the cefuroxime PK parameter during pregnancy with the 

healthy population. Lalic et al. was selected because they reported the highest ClinPK 

score among other related studies (9, 300). Barbour et al. reported cefuroxime 
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concentrations in the blood and adipose tissue of obese women undergoing abdominal 

surgery (110). 

7.3.1.5 Cefuroxime logP 

The Log P used in Hsu et al. was -0.9; this was predicted using ADMET PredictorTM  

(113). In our study, Log P was measured using the shake-flask method. Cefuroxime 

was dissolved in 100 ml of water (200 µg/ml); 3 ml of this solution was added to 3 ml 

of n-octanol and that solution was shaken for 24 hours at 4°C. Then, the two phases 

were allowed to separate for 24 hours and after separation the cefuroxime content was 

measured by high-performance liquid chromatography in both the water and the n-

octanol using a previously published validated method with minor modification (13, 

110). The partition coefficient of the cefuroxime was calculated using equation (7.1) 

(309). The resulting Log P was -1.5. A sensitivity analysis of cefuroxime Log P range 

values from -3 to 3 was performed using cefuroxime-observed plasma concentrations 

in healthy subjects.  

LogPoct/wat = Log(
[Solute in octanol]

[Solute in water]
) 

(7.1) 

 

7.3.1.6 PBPK models of non–obese non–pregnant, obese, pregnant and 

obese–pregnant populations 

Figure S1 represent the pregnancy PBPK model coupled with the kidney permeability 

model used within simcyp (141, 142, 149, 366). The GFR value is simulated the 

modification of diet in renal disease (MDRD) equation (referred to as Method 2 in 

Simcyp®); equation (7.2) represent this method (141, 146). 
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7.3.1.7 Organs, tissue and blood flow  

7.3.1.8 Tissue volume  

The addition of fetal volume and gestational changes in plasma volume, red blood cell 

volume and total fat mass (expressed as volume in simulator using specific gravity) 

are described in equations (7.3), (7.4), (7.5) and (7.6), respectively (149). 

7.3.1.9 Blood flows 

The change in cardiac output and consequent alteration of blood flow percentages to 

the kidneys, brain, adipose tissues and the new organ (feto-placenta) are incorporated 

into the Sim–pregnancy model. Equations (7.7), (7.8) and (7.9) represent the 

gestational changes of cardiac output and blood flows to the uterine and kidneys 

(effective renal blood flow), respectively (149). 

7.3.1.10 Composition 

The gestational expansion of total body water and change in extracellular and 

intracellular water at the time variant are described by equations (7.10), (7.11) and 

(7.12), respectively (149). 

7.3.1.11 Blood binding 

The gestational reduction in blood protein levels are incorporated into the Sim–

pregnancy model for albumin and alpha-1-acid glycoproteins. The collected data were 

utilised to describe the reduction of plasma protein levels in general and for albumin 

and alpha-1-acid glycoprotein specifically by equations (7.13), (7.14) and (7.15), 

respectively (149). 
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7.3.1.12 Renal function 

The complex gestational changes of renal function have been described algorithmically 

by Abduljalil el al. (149). The key physiological element of renal function is the GFR; 

the gestational alteration of GFR is described in equation (7.16) (123, 149). 

7.3.1.13 Developing a combined obese–pregnant Physiological-based 

pharmacokinetics model within Simcyp® 

The knowledge of physiological changes and their influence on drugs’ PK is limited for 

the obese–pregnant population. It is possible to explore the PK of a drug of interest in 

an obese–pregnant virtual population without incorporating data on physiological 

changes in such a population. As the Sim–pregnancy algorithmic gestational changes 

are applied to a healthy population (pre-pregnant or baseline), a combined obese and 

pregnant model within the Simcyp® simulator is achievable by adjusting the basic 

physiological and biochemical parameters of these healthy (pre-pregnant or baseline) 

to obese subjects. This will allow bypassing the development of PK and physiological 

equations describing the PK exclusively in obese–pregnant PBPK models in such time-

restricted projects. For obese–pregnant PBPK model, additional to the weight 

adjustment, the tissue blood flows of obese and morbidly obese subjects were used 

as the baseline (pre-pregnant) of obese– and morbidly obese–pregnant PBPK model 

(Table S 1). 
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Figure 7.3: Pregnancy (Maternal) PBPK model coupled with MechKiM model 

Note: For MechKiM model: both renal blood flow and GFR are gestational age dependent, hence the flows between kidney compartments 
are gestational age dependent (Solid black arrows). Broken arrows represent directions of efflux and uptake transporters.  
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GFR = 175 ∗ (
𝑠𝑒𝑟𝑢𝑚  𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒

88.42
)−1.154 ∗ (𝑎𝑔𝑒)−0.203  [∗ 0.742 𝑖𝑓 𝐹𝑒𝑚𝑎𝑙𝑒 ]  

(7.2) 

fetal  volume (mL) = 0.01exp {(
0.955

0.0702
) (1 − exp (−0.0702 GA))} 

(7.3) 

Plasma volume (L) = 2.50 −  0.0223 GA +  0.0042 GA2  −  0.00007 GA3 (7.4) 

Red Blood Cell  volume (L) = 1.49 +  0.0098 GA (7.5) 

Total fat  mass (kg) =  17.14 +  0.1305 GA +  0.0008 GA2  (7.6) 

Cardiac  output (L/h) = 301 +  5.916 GA −  0.088 GA2 (7.7) 

Uterine blood flow  (L/h) = 1.71 +  0.2068 GA +  0.0841 GA2  −  0.0015  GA3 (7.8) 

Effective renal  blood flow (L/h) = 53 + 2.6616 GA −  0.0661 GA2 (7.9) 

Total body water (L) =  31.67 +  0.275 GA +  0.0024 GA2 (7.10) 

Extracellular  water (L) =  11.86 +  0.0187 GA +  0.0016 GA2 (7.11) 

Intracellular  water (L) =  19.81 +  0.5941 GA −  0.0007 GA2 (7.12) 

Plasma protein (g/L)  =  69.7 +  0.2085 GA −  0.0305 GA2  +  0.0006 GA3 (7.13) 

Albumin (g/L) =  45.8 −  0.1775 GA −  0.0033 GA2 (7.14) 

Alpha-1-acid glycoprotein (g/L) =  0.74 −  0.0088 GA +  0.0001 GA2 (7.15) 

Glomerular  Filtration Rate =  114 +  3.2367 GA −  0.0572 GA2 (7.16) 

Where GFR is glomerular filtration rate (mL/min/1.73m2); GA is Gestational age in weeks 

7.3.1.14 Results 

Tables S2 and S3 represent simulated time above the minimum inhibitory 

concentrations required to inhibit the growth of 90% of most common organisms 

causing post CS infection (MIC90) of cefazolin and cefuroxime, respectively. 

Predicted time above MIC90 (2, 4 and 8 µg/mL or µg/g) of cefuroxime plasma, free 

plasma and adipose tissue concentration in lean non–pregnant, lean–pregnant, 

obese– and morbidly obese–pregnant after administration of either 750 mg or 1500 

mg cefuroxime dose are presented in table S4. The percentages of subjects attaining 
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