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Abstract
Background: Despite major advances in cancer treatment in
the past years, there is a need to optimize chemotherapeutic
drug dosing strategies to reduce toxicities, suboptimal re-
sponses, and the risk of relapse. Most cancer drugs have a
narrow therapeutic index with substantial pharmacokinetics
variability. Yet, current dosing approaches do not fully ac-
count for the complex pathophysiological characteristics of
the patients. In this regard, the effect of sex on anticancer
chemotherapeutic drugs’ disposition is still underexplored.
In this article, we review sex differences in chemotherapeutic
drug pharmacokinetics; we suggest a novel approach that
integrates sex into the traditional a priori body surface area

(BSA) dosing selection model, and finally, we provide an
overview of the potential benefits of a broader use of
therapeutic drug monitoring (TDM) in oncology. Summary:
To date, anticancer chemotherapeutic drug dosing is most
often determined by BSA, a method widely used for its ease
of practice, despite criticism for not accounting for individual
factors, notably sex. Anatomical, physiological, and biolog-
ical differences between males and females can affect
pharmacokinetics, including drug metabolism and clear-
ance. At equivalent doses, females tend to display higher
circulating exposure and more organ toxicities, which has
been formally demonstrated at present for about 20% of
chemotherapeutic drugs. An alternative could be the sex-
adjusted BSA (SABSA), incorporating a 10% increase in
dosing for males and a 10% decrease for females, though
this approach still lacks formal clinical validation. Another
strategy to reduce treatment-related toxicity and potentially
enhance clinical outcomes could be a more widespread use
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of TDM, for which a benefit has been demonstrated for 5-
fluorouracil, busulfan, methotrexate, or thiopurines. Key
Messages: The inclusion of sex besides BSA in an easy-to-
implement formula such as SABSA could improve a priori
chemotherapy dosing selection, even though it still requires
clinical validation. The a posteriori use of TDM could further
enhance treatment efficacy and safety in oncology.

© 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Significant progress has been made over the past 2
decades in the early detection, diagnosis, treatment, and
clinical follow-up of cancer patients [1]. Revolutionary
discoveries, such as protein kinase inhibitors exemplified
by imatinib for the treatment of chronic myeloid leu-
kemia, immunotherapies for many metastatic solid
cancers, or chimeric antigen receptor T therapy for he-
matological neoplasms, are key milestones in the con-
tinuous fight against cancer. The progressive improve-
ment in most cancer mortality and morbidity rates is
partly due to the development of targeted therapies,
monoclonal antibodies, and immunotherapies [1, 2]. The
personalization of treatments based on tumor genetic
profiling represents another recent milestone [3]. How-
ever, despite ongoing drug discoveries, conventional
chemotherapies remain one of the principal first-line
treatments for almost all hematological or solid can-
cers. Their use has been strengthened by gradual im-
provements in the delineation of indications, choice of
molecules, or strategies to combine them over the past
50 years [4]. Yet, surprisingly, for the most commonly
used chemotherapeutic drugs, there has been much less
emphasis on the refinement of the most elementary
standard of practice, namely drug dosage optimization in
the individual patient.

Most cytotoxic drugs display a narrow therapeutic
index, significantly affecting their tolerability in case of
excessive systemic exposure, or their efficacy in case of
insufficient concentration [5, 6]. Maintaining such a
balance between acceptable treatment-related toxicity
(TRT) and risk of relapse is a constant challenge for
oncologists. Given the notable inter-individual pharma-
cokinetic (PK) variability of most chemotherapeutic
drugs, optimizing dosing remains an important challenge
to date [6]. Several considerations are used for drug
treatment individualization, including demographic
characteristics (age, body surface area [BSA], weight),
comorbidities (renal and/or hepatic disorders), co-

medications (drug-drug interactions), and/or genetic
factors (pharmacogenetic polymorphisms). Multiple
other strategies have been explored to optimize dosing,
such as the switch from oral to intravenous formulations
for busulfan [7], treatment rescue with leucovorin for
methotrexate (MTX) [8], or therapeutic drug monitoring
(TDM) for several anticancer drug classes [6]. However,
while genomics is increasingly evoked in personalized
therapy, there has been so far only little attention given to
the sex-related differences that can impact drug dispo-
sition. In this article, we provide an overview of existing
data on the effect of sex on chemotherapeutic drugs PK.
Furthermore, we present an approach for dosing opti-
mization that considers sex into the traditional a priori
BSA-based chemotherapeutic drug dosing selection, and
we discuss the additional benefit of the a posteriori dosing
adjustment based on TDM in female and male patients.

BSA Drug Dosing and Sex

To date, chemotherapy doses are commonly deter-
mined according to either body weight (BW) or BSA.
These dosing strategies have not changed much since
their implementation in the early 1960s and were ini-
tially mostly based on a maximum-tolerated-dose
strategy, regardless of significant adverse reactions.
The BSA is calculated using the Mosteller formula (BSA
in m2 = [height, cm × weight, kg/3,600]1/2) and is
primarily adopted because of its ease of application in
daily clinical practice. This easy-to-implement formula
remains the default approach nowadays, despite being
questioned for decades in seminal perspectives and
editorial articles: “Body surface area as a basis for dosing
of anticancer agents: science, myth, or habit?” [9],
“Dosing strategies for anticancer drugs: the good, the
bad, and BSA [10]; “Conventional dosing of anticancer
agents: precisely wrong or just inaccurate?” [11]. In fact,
the large inter-individual variability of most chemo-
therapeutic drugs was recognized early on, and the
reliance on BSA aimed at adjusting dosages to body
dimensions, under the elementary assumption that drug
clearance by elimination organs is correlated with the
lean and metabolically active mass of the body in the
absence of pathology. The BSA approach in oncology
has been often criticized by clinical pharmacologists due
to its poor correlation with the clearance of many drugs,
and because it does not consider the complex patho-
physiological and clinical conditions of cancer patients
[9–11], neither for the most basic patients’ character-
istics, such as sex [12].
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Indeed, as well as depending on body dimensions
which differ between women and men, drug disposition
has further important sex-related characteristics, influ-
enced notably by sex differences [13, 14] in total body
water and lean mass percentages [15], expression of drug-
metabolizing enzymes and transport proteins, hormonal
regulation, or renal and hepatic clearance due to larger
organs in males [16, 17]. One major limitation of BSA-
based chemotherapy dosing is that it ignores sex dif-
ferences in lean mass [15]. For a given BW, a female body
contains on average more adipose tissue (350 g/kg
compared to 250 g/kg in males) and therefore less lean
mass [18, 19]. This difference is substantial, despite some
degree of overlap between males and females due to
within-gender variability. On the one hand, it affects the
distribution of drugs, which tends to occur in a larger
volume for lipophilic molecules and in a smaller volume
for hydrophilic molecules in females compared to males
[20]. On the other hand, it impacts the liver and the
kidneys, both organs largely involved in drug elimination,
whose level of function is strongly correlated with lean
and metabolically active body mass in the absence of
pathology. BSA is certainly a better proxy of lean body
mass than total BW [19]. Indeed, prescribing in mg/kg of
BW is unanimously considered suboptimal as it over-
estimates the elimination capacity of obese individuals,
whose excess weight is mainly adipose tissue. However,
prescription in mg/kg of lean body mass would be
preferable as fat-free body mass is a better estimate of the
size of metabolically active tissues [12, 21, 22]. Altogether,
correcting dosages not only for height, weight, and BSA,
but also for body composition would significantly reduce
the impact of sex differences on drug PK [17].

Sex Impact on Chemotherapeutic Drugs PK

In this context, administering the same dose of che-
motherapy to males and females with the same BSA
exposes the former to a risk of underdosing and the latter
to a risk of overdosing. This common practice of the same
doses for males and females can be attributed to the
historical exclusion of female patients in clinical studies
[16, 23, 24]. This fact originates from the 1977 recom-
mendations of the US Food and Drug Administration
(FDA), which suggested that females of childbearing age
should not be included in randomized trials due to po-
tential risks [25]. Although later national efforts have
been made with updated recommendations, the per-
centage of female inclusion in trials remained until 2011
below 40% and has not markedly increased in the past

years, with most drug doses extrapolated from male
metabolism [26]. In cancer patients, a recent meta-
analysis showed a similar female enrollment percentage
of 35% in clinical trials supporting FDA approvals for
solid cancers [27].

In oncology, the influence of sex on the prevalence of
cancer, prognosis, and treatment response is well-
established and differences in treatment tolerability
have been observed in various cancers since the early
2000s [23]. A number of observational studies and post
hoc analyses of randomized controlled trials confirm that
females are more prone to develop toxic effects of che-
motherapies, while males show a higher occurrence of
therapeutic failure; both effects could be explained by
notably sex-related differences in PK. Although toxic
death rates are similar, females tend to experience more
hematological and non-hematological toxicities than
males in many if not all cancers [16, 28, 29], leading to
more delayed treatment and dose reduction [28]. Delayed
effects, such as cardiotoxicity occurring years after an-
thracycline therapy, have also been reported to differ
between sexes [30]. The scope of these differences is
however difficult to assess as only 0.5% of clinical trials in
oncology report adverse drug reactions by sex [31]. As a
dose-response relationship has been demonstrated in
some cancers [32], it is reasonable to question whether
females benefit from their higher systemic exposure in
terms of overall response. Though some authors show a
higher overall response rate in females compared to males
[28, 29, 33], this is not consistently widely supported in
the literature [34]. There might be a small benefit in
overall survival with specific treatments or certain cancers
only, such as acute myeloid leukemia, non-Hodgkin
lymphomas, or non-small cell lung cancers [31].

Male/female differences in PK with drug dosage ad-
justment have already been reported in therapeutic areas
other than oncology, such as in the treatment of heart
failure [35]. Other commonly used treatments, such as
antipsychotics, antibiotics, antiepileptics, and many
cardiac drugs (e.g., propranolol, verapamil, digoxin,
metoprolol, and even aspirin), display sex differences in
PK, though the application in clinical daily practice is very
limited and the impact on clinical outcome not always
demonstrated [17]. In oncology, in an effort to under-
stand the disparity in clinical outcomes with respect to sex
[21, 28, 36], many authors have highlighted the difference
in PK between male and female patients [31, 37].

A recent review by the European Society for Medical
Oncology analyzed all studies investigating the PK of
anticancer chemotherapies [21]. It identified only 80
studies that tested sex as a covariate in drug disposition.
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Among these, 41 showed a significant impact of sex on
drug PK (either directly or via an estimator of renal
function incorporating sex effects). The remaining studies
likely did not detect an impact of sex, probably due to lack
of statistical power rather than lack of effect. Some drugs
may be more prone to sex-related differences in PK and
TDM could be particularly useful for some specific
treatments. For example, when treated with 5-
fluorouracil (5-FU), females display between 15% and
48% lower clearance than males, translating into higher
incidences of TRT [37], but without affecting relapse or
progression rates [38]. Sex also impacts paclitaxel PK,
with females displaying a 16% lower maximal elimination
capacity, and dose adaptation permitting a reduction in
grade 4 neutropenia though long-term outcomes were
not studied [38]. Other drugs’ PK, such as doxorubicin [1,
2], irinotecan [3], and temozolomide [4] are also influ-
enced by sex, but the clinical implications in terms of TRT
have not been demonstrated. Overall, for the same dosage
(calculated in mg/m2 BSA) of many chemotherapeutics,
females are exposed to 15%–25% higher circulating
concentrations in blood/plasma compared to males [21].

Sex-Adjusted BSA, the a priori BSA-Based Dosing
Selection Adjusted for Sex

Oncologists have tried to overcome the limitations of
BSA for dosing selection by including some of this PK
variability into easy-to-implement BSA formulas. This
includes, among other methods, BSA-adjusted doses
based on the ideal BW for obese patients [39] or dosing
based on toxicity or response [40, 41]. Overall, consid-
erations for sex-adjusted dosing in oncology, though
increasingly recognized, have not been implemented in
clinical practice. One alternative for the easy im-
plementation of sex in treatment dosing might be the so-
called sex-adjusted body surface area (SABSA). It is
proposed that adjusting doses of anticancer chemo-
therapies based on BSA could be further modulated
according to sex, increasing the dose by 10% for males
and decreasing it by 10% for females. This ±10% dose
modification would be simple to implement in clinical
practice at essentially no cost as chemotherapies are
nowadays often prepared in central hospital pharmacies
or oncology clinics by professionals familiar with BSA
calculations using the Mosteller formula. The proposed
SABSA is equal to SABSA = BSA × 1.1 for males and
SABSA = BSA × 0.9 for females. It is presumed that the
widespread adoption of SABSA instead of BSA in dose
calculations for suitable chemotherapeutic agents would

lead to an overall improvement of both the efficacy and
tolerability of these drugs [15]. Of course, this SABSA
approach would first need to be formally evaluated in
clinical studies, starting with chemotherapeutic drugs for
which male/female differences in PK are well recognized,
such as 5-FU [37].

TDM to Overcome PK Variability on Oncology

Apart from sex [16, 17, 21], drug PK is obviously
influenced by other intrinsic characteristics (body mass
index, renal and hepatic function, pathophysiological
conditions, expression of drug-metabolizing enzymes
or drug transporters, hormonal regulation, and phar-
macogenetics) and exogenous factors (e.g., drug-drug
interactions, environmental influences, food, lifestyle
habits (sport, smoke, etc.) that also contribute inde-
pendently to the overall variability in drug disposition
[16, 17]. While the SABSA formula applied for the
determination of the first dose of chemotherapeutics
would represent an initial attempt to account for sex in
chemotherapy dosing, such calculation cannot be ex-
pected to reflect the complex influences of all other
aforementioned factors combined. In contrast, drug
concentration measured in plasma (i.e., TDM) con-
stitutes the final phenotypic trait and best available
marker of the patient’s drug exposure, integrating not
only sex-related differences but also all genetic and
non-genetic influences, and allowing for refined a
posteriori drug dosage adjustment.

TDM as a standard of care is current practice in
many places for various antibiotics, antiepileptics,
immunosuppressants, antifungals, antidepressants,
antipsychotics, and HIV drugs [42, 43]. In oncology,
several clinical PK studies have confirmed the con-
siderable inter-individual variability that characterizes
commonly used anticancer chemotherapies and, yet
more rarely, the potential impact of PK on outcomes
(reviewed notably by Paci et al. [6]). However, despite
being repeatedly advocated – mostly by clinical
pharmacologists – for many anticancer drugs [6,
44–48], TDM is generally not performed in routine
oncological care, with the exceptions of MTX, busulfan,
thiopurine drugs, and 5-FU as their concentrations
measured in blood have been demonstrated to predict
their clinical efficacy and/or toxicity better than the
administered dose. Moreover, these drugs are charac-
terized by notable inter-individual PK variability,
narrow therapeutic index, high risk of drug-drug in-
teractions, and sex-dependent differences.
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MTX, Busulfan, Thiopurines, and 5-FU: TDM and Sex
Differences

MTX is the most commonly implemented agent
subjected to TDM, which is typically performed to adapt
leucovorin rescue dosage and duration rather than to
modify MTX dose, although a mean MTX concentration
comprised within 1,000–1,500 μmol/L should be reached
to ensure optimal anti-tumoral efficacy [8, 49]. Pop-
ulation PK analyses of BSA-adjusted dosing of high-dose
MTX revealed an effect of sex [50] on MTX clearance
with a 16% lower clearance in females compared to males
[51]. A recent systematic review of population PKmodels
for MTX confirmed the impact of sex on MTX PK [52].

In allogeneic hematopoietic stem cell transplantation
settings, busulfan TDM [53] is usually performed on the
first day of the 4-day conditioning regimen to achieve an
ideal target range of 3,600–6,000 μmol/L*min to limit its
toxicity while permitting efficient myeloablation [54].
Inter-sex differences in busulfan distribution volume
have been reported [55]. Population PK analyses con-
firmed the effect of sex on busulfan PK [56]. Noteworthy,
while TDM is widely considered essential to ensure
sufficient and safe busulfan exposure in pediatric and
adult populations [57, 58], only a minority (<20%) of
transplant centers perform it [59].

TDM of thiopurine drugs (6-mercaptopurine, thio-
guanine, and azathioprine), namely the blood measure-
ment of their intracellular metabolites thioguanine nu-
cleotides (6-TGN) and 6-methyl-mercaptopurine (6-
MMP), may also be performed [60, 61] since polymor-
phisms in the thiopurine methyl-transferase (TPMT)
gene affect their metabolism, as well as myelosuppression
and hepatotoxicity potential [62, 63]. Therapeutic ranges
of 6-TGN in blood (established in patients with in-
flammatory bowel disease) are within 250–450 pmol/8 ×
108 erythrocytes in adults (235–450 pmol/8 × 108

erythrocytes in children) [61, 64–66]. 6-MMP is devoid of
therapeutic effect, but 6-MMP concentrations exceeding
5,700 pmol/8 × 108 erythrocytes are associated with an
increased risk of hepatotoxicity [64, 67]. Sex differences
have been reported for thiopurine drugs [68, 69]. In
children with acute lymphoblastic leukemia, there is a
boy/girl difference in 6-mercaptopurine utilization [70]
and tolerance [71]. In human liver biopsies, TPMT ac-
tivity is 14% higher in men than in females [72]. Likewise,
higher TPMT activity has been also reported in male
children compared with female children and adults of
normal genotype [73]. Sex should therefore be considered
in evaluating TPMT activity or thiopurines’ adverse
effects [74].

Finally, efforts toward dose individualization based on
PK to optimize 5-FU chemotherapies have shown a very
poor correlation between BSA and 5-FU clearance [75].
In fact, less than 10% of the patients have plasma levels
within the therapeutic range – i.e., a target area under the
curve of 20–25 mg·h/L [76, 77] –when 5-FU dose is solely
based on BSA. This fraction is increased to 94% by TDM,
which reduces toxicity [78] and significantly improves the
response rate [79]. 5-FU is metabolized by the poly-
morphic dihydropyrimidine dehydrogenase (DPD) en-
zyme, whose activity is deficient in up to 8% of the
Caucasian population. Genetic testing for DPD deficiency
prior to 5-FU-based treatment has been recommended
since 2020 by the European Medicines Agency to identify
patients for whom the dose needs to be preemptively
adapted [80]. Conversely, phenotyping DPD by ex vivo
enzymatic assay or using a surrogate test (i.e., the mea-
surement of physiological uracil or dihydrouracil to uracil
ratio in plasma) has been proposed to detect DPD de-
ficiency [81]. Lastly, of particular interest, a notable sex-
specific difference in elimination has been noted for 5-FU
[37, 82].

Extending TDM to Less Well-Studied
Chemotherapeutic Agents

Overall, the distinct sex-related effects reported for
the chemotherapeutic agents commonly subjected to
TDM (MTX, busulfan, thiopurines, 5-FU) are directly
reflected in patients’ blood levels that can be readily
used for drug dosing adjustment. One could thus argue
that neglecting sex differences in the initial dosage
would be less harmful for those treatments benefiting
from TDM. Conversely, TDM for other chemothera-
peutic drugs is at present only sporadically performed
and is mostly motivated by suspected toxicity or in case
of non-response, but rarely as a systematic standard
monitoring [6] and certainly without consideration of
sex differences.

Nevertheless, an important inter-individual PK
variability characterizes a majority of common che-
motherapeutic drugs, which are thus potential candi-
dates for TDM. To date, most of them have not shown
definite benefits of TDM in terms of outcomes, but data
are scarce given the generally limited interest in the PK
of chemotherapeutic agents. For instance, etoposide
shows a bioavailability ranging from 25% to 75%, with a
concentration exposure varying up to 15-fold in a
population receiving the same oral dose [83]. However,
PK analyses of high-dose etoposide in patients with
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advanced germ cell tumors failed to reveal a significant
impact of PK on clinical outcomes, despite a trend
toward higher exposure in patients responding to
treatment [84]. Cyclophosphamide also exhibits sub-
stantial clearance variability of up to 60% in children
[85]. Its TDM, involving the measurement of hydroxy-
cyclophosphamide and carboxyethyl-phosphoramide
mustard, is challenging [48] and its benefit on out-
come has yet to be demonstrated [86]. The active
metabolite of ifosfamide, 4-hydroxyifosfamide, also
shows a clearance variability of up to 46% along with
dose-related adverse events [87], but there are limited
data on overall clinical outcomes in large populations.
Finally, anthracyclines, such as doxorubicin, epi-
rubicin, daunorubicin, and idarubicin, are known to
cause dose-dependent myocardial toxicity [88], though
the correlation between PK and adverse event reactions
remains controversial [89].

Even though TDM is recognized as one of the most
advanced achievements of precision medicine, it is poorly
implemented in oncology. Yet, it could likely account for
all factors, including sex, that largely contribute to the PK
variability of anticancer chemotherapies. TDM may also
be of help in specific situations, such as guiding dose
selection in case of drug-drug interactions (e.g., con-
comitant chemotherapy during prolonged or chronic
treatment with CYP3A4 inducers such as rifampicin,
CYP3A4 inhibitors such as amiodarone, or antifungal
azoles), or in special populations for whom information
on drug disposition is generally limited, such as pediatric
or elderly patients. As treatment indications continue to
expand each year, anticancer drugs may likely be ad-
ministered to an increasingly aging population suffering
from chronic conditions (hypertension, cardiovascular
diseases, diabetes, neurocognitive impairment, and a
resulting definite risk of poly-medication), leading to
complex drug associations with high potential for drug-
drug interactions, which could adequately be addressed
by TDM.

Several organizational and medical constraints can
explain the poor implementation of TDM for che-
motherapeutic agents in routine clinical practice.
Among these are analytical barriers: hospital centers
must have sufficiently advanced laboratories capable of
tandem mass spectrometry analysis of various che-
motherapeutic agents [48, 90], and a TDM service with
expertise in chemotherapeutic drug level interpreta-
tion should be available. TDM Service should be or-
ganized for also providing real-time results as some
drug PK needs to be determined within a limited time
for dose adjustment, such as with the 2-day protocol

for busulfan, for instance [6, 91]. Additionally, some
drugs lack internationally recognized systemic expo-
sure targets. These TDM calculations can be facilitated
using newly developed model-informed precision
dosing software, such as Tucuxi (http://www.tucuxi.
ch/), developed by the School of Engineering and
Management (HEIG-VD//HES-SO) and the Lausanne
University Hospital [92, 93]. The Tucuxi software
helps practitioners in the therapeutics-oriented in-
terpretation of drug concentration measurements us-
ing Bayesian calculations based on comprehensive
reference data, served through a user-friendly graph-
ical interface [93]. Tucuxi has notably been applied to
implement and cross-validate a population PK model
for busulfan in model-informed precision dosing in
children hematopoietic stem cell transplant settings,
showing good agreements between the estimated area
under the curve and the predicted dose [94]. Moreover,
is emerging now in literature the idea of developing
new point-of-care technologies to monitor drugs with
a more patient-centric process toward precision
medicine [95]. At the same time, simple and low-cost
electrochemical sensors are proposed for measuring
many of the commonly used cancer drugs, including
while not limited to etoposide [96], MTX [96], 5-FU
[97], ifosfamide [98], and cyclophosphamide [98].

Conclusion

Drugs’ disposition generally exhibits significant sex-
related differences, influenced notably by variations in
male and female body composition, which are not
addressed when using the traditional BSA-based drug
dosing. The proposed approach of SABSA for che-
motherapy dosing selection in male and female patients
would represent a further refinement toward sex-
dependent personalization in the clinical use of che-
motherapeutic agents. While this approach may have
limited impact at the individual level, it could benefit a
significant number of female and male patients, if one
considers the prevalence of cancer, with significant
implications for public health. To date, the SABSA
approach requires formal clinical validation to assess its
ability to effectively reduce inter-gender differences in
PK, which could, in turn, help decrease instances of
severe toxicity and improve clinical outcomes. Nev-
ertheless, accounting for sex differences through the a
priori SABSA dosing selection, followed by a posteriori
TDM-guided dose adjustment, which integrates not
only sex-related but also genetic and non-genetic
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influences, could help prevent severe TRTs and po-
tentially improve clinical outcomes. Other genetic and
non-genetic factors not addressed by SABSA and/or
TDM may further contribute to improved outcomes in
the future as the field of precision oncology is probably
only at its beginning.
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