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Featured Application: This opinion piece discusses the limitations of the current cytotoxic dosing
methods and how advanced body measurement techniques could be used by oncology practition-
ers to determine cytotoxic chemotherapy dosages for patients, regardless of their body size.

Abstract: Within chemotherapy, estimates of a patient’s body surface area (BSA) are used to calculate
drug dosages. However, the use of BSA for calculating chemotherapy dosage has been heavily
criticised in previous literature, with potentially significant implications for the effectiveness and
toxicity of treatment. BSA has been found to be a poor indicator of optimal drug exposure that does
not account for the complex processes of cytotoxic drug distribution and elimination. In addition,
differences in BSA estimates between existing formulae have been shown to be so large that they
can affect patients” mortality, particularly in patients with atypical body types. This uncertainty
associated with BSA prediction may decrease the confidence of practitioners when determining
chemotherapy dosages, particularly with regards to the risk of excess toxicity from over-dosing, or a
reduced anti-cancer effect due to under-dosing. The use of national dose-banding in the UK may
in some cases account for possible inaccuracies, but the threshold of variance in this case is small
(+/—6%). Advanced body measurement techniques, utilising digital tools such as three-dimensional
(38D) surface imaging, capture accurate external dimensions and detailed shape characteristics of the
human body. Measures of body shape describe morphological variations that cannot be identified by
traditional anthropometric techniques and improve the prediction of total body fat and distribution.
It is our view that the use of advanced body measurement techniques can provide practitioners
with tools for prescribing chemotherapy dosages that are valid for individuals, regardless of their
body type.

Keywords: body surface area; cancer; pharmacokinetics; morphology; digital anthropometry; human
body shape

1. Introduction

Measurement of body surface area (BSA) plays a key role in several medical applica-
tions, including the treatment of burns [1] and the prescription of conventional cytotoxic
chemotherapy drug dosages within systemic anti-cancer treatment (SACT). However, the
use of BSA for calculating chemotherapy dosage has been heavily criticised, with potentially
significant implications for the effectiveness of anti-cancer treatment [2-6].

Cytotoxic chemotherapy has been the mainstay of systemic treatment for malignancy
for over 70 years. Several chemotherapy drugs have since been developed and found to be
successful in combating a variety of cancers in paediatric and adult patients. However, con-
ventional cytotoxic chemotherapy drugs are not tumour specific, and their administration
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can result in significant acute and chronic toxic effects to normal healthy tissue. Effectively
determining the dosage of chemotherapy drugs is vital to balance the effectiveness of
treatment with acceptable levels of toxicity to normal tissues, enabling patients to tolerate
treatment and have better long-term treatment outcomes. Improvements in cancer sur-
vival and longer duration of treatment for individual patients may also lead to increasing
numbers of patients developing treatment-related toxicities. Despite recent advances in
anti-cancer treatment and the development of targeted agents and immunotherapeutics [7],
which offer advantages in delivering growth inhibitory or cytotoxic effects in a more cell-
specific manner, it is likely that cytotoxic chemotherapy will continue to be used into the
foreseeable future [3]. Therefore, further research to optimise methods for determining
chemotherapy dosage is warranted.

BSA is currently the key anthropometric variable used to determine the cytotoxic drug
dosage for patients receiving conventional chemotherapy as part of their cancer treatment.
Investigations into BSA as a physiological quantity began in the late 19th century, with
the discovery that small animals utilise more oxygen and produce more heat relative to
larger animals, due to having a larger surface area per unit mass [8]. These findings were
subsequently applied to humans and led to the practice of describing the basal metabolic
rate in terms of BSA rather than body weight [8]. Further exploration led to the observation
of relationships between BSA and several physiological processes including, water turnover,
blood volume, quantities of circulating plasma proteins and renal function, giving rise
to the belief that BSA was correlated with the size and function of drug-metabolising
organs [8]. In the mid-20th century, both Pinkel and Freirich [8,9] conducted investigations
to compare therapeutic dose ranges and maximum tolerated doses calculated based on
body weight and BSA for humans and animals. Though the effective doses of some anti-
cancer drugs were found to be more similar among mammals when calculated per unit
surface area, there were still large differences across different drug types and species. Based
on these findings, BSA was deemed reasonable and began being recommended for use in
prescribing chemotherapy dosages by paediatricians and medical oncologists, rather than
either being fixed or based on body weight [10,11]. This remains the primary method of
dose prescription to this day, for example within chemotherapy dosing in many clinical
trials and is also the indicated method for dose calculation in drug package inserts or
summary of product information data sheets. However, the continued use of BSA-based
dosing remains controversial with methods of calculation not representative of patient
variability and thus not truly individualised to patients. Inaccurate dose calculation for an
individual may affect efficacy or tolerability as a result [12-15]. Consequently, the need for
improved methods of dose calculation and prescription have increased in recent years and
remains a significant challenge within oncology [13,16].

In this opinion piece, we discuss the limitations of BSA-based dosing methods and
how advanced body measurement techniques, which account for the effects of obesity and
describe morphological variations that cannot be identified by traditional anthropometrics,
can provide oncology practitioners with improved tools for calculating individualised
cytotoxic chemotherapy dosages for patients, regardless of their body type.

2. Dose Individualisation

The optimum cytotoxic drug dosage should provide patients with the maximal anti-
cancer effect, alongside acceptable levels of toxicity. For most cancer types, there is a
plateau in the dose —response curve for cytotoxic chemotherapy, meaning that any increase
in dosage above a certain level will lead to greater levels of toxicity but no additional effect
of treatment on the tumour [2,17]. For this reason, the avoidance of excessive toxicity caused
by overdosing is regarded as the most important side-effect to control within cytotoxic
chemotherapy, with high-dose chemotherapy dose-regimens reserved for acute leukaemia
and aggressive lymphomas. However, inadvertent underdosing has been shown to be
more common, affecting as many as 30% of patients receiving a standard chemotherapy
regimen [3]. This could potentially lead to a reduced effectiveness of the treatment and
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response or survival rates. It has been suggested that an underlying issue of clinical trials
used to determine the dose of cytotoxic drugs is that the primary consideration is the
prevention of toxicity rather than identifying the dose that produces the greatest anti-cancer
effect [3].

An alternative proposed method of optimising chemotherapy treatment in individual
patients is to adjust successive doses throughout a course of treatment based on their levels
of myelosuppression, known as ‘toxicity-adjusting dosing’ [2,18]. Though this method
seeks to account for known interpatient variations in cytotoxic drug clearance, it is still
more likely that doses will be reduced, dose intervals increased, or courses of treatment
skipped entirely than it is to increase the dose intensity in cases where treatment is well
tolerated and there is no significant toxicity. Relative dose intensity (RDI) is defined as
the ratio of delivered dose intensity (per unit body surface area per unit time (mg/m?
per week)) to the planned dose intensity for a chemotherapy regimen [19], with an RDI
value of less than 85% considered a clinically significant reduction in dosage compared
to planned therapy [20,21]. Though it has been shown that patients who receive higher
dose intensities typically achieve better disease-free, progression-free, and overall survival
than patients that receive lower dose intensities than planned [22], significant numbers
of patients are frequently given less than 85% of the suggested dose [23]. For this reason,
the desire among oncology practitioners would be to have a method that enables them to
prescribe the correct individualised dosage at the start of treatment, rather than finding the
correct dose by the third or fourth cycle through trial and error, resulting in a suboptimal
therapeutic effect.

3. Limitations of BSA Dosing

A primary limitation of BSA-based dosing is that surface area cannot be measured
directly using traditional anthropometric techniques but must be estimated using simple
regression formulae. More than 20 of these formulae exist in previous literature, typically
based on non-linear functions of simple body measures—body weight and height (Table 1).
One of the earliest of these formulae was developed in 1916 by DuBois and DuBois [24]
and remains the standard approach used to estimate BSA within current clinical practice.
This formula was originally developed based on a sample of eight patients, who were cast
in paper moulds to measure their surface area. However, though the DuBois formula has
been found to have the least errors of all the developed formulae, it has still been described
as only providing a rough approximation of BSA [9]. Like the DuBois formula, most of the
other developed formulae were developed using small, homogenous samples of patients,
in terms of their sex, body type and ethnicity. As a result, estimations of BSA calculated
using the different formulae can differ by as much as 0.5 m? for the same individual and
exhibit relative errors from direct measures of BSA, ranging between 9.83% and 43.27% [16].
An example of the differences in estimated BSA values for a typical male patient (height:
164.9 cm, weight: 97.8 kg, body mass index (BMI): 36.2 kg / m?) are shown in Table 1. The
range of BSA values estimated for this individual is 0.41 m?. Recent studies have suggested
that the differences in estimated BSA made by these existing formulae are so great that,
in certain cases, they may considerably affect patients” mortality if they are inadvertently
underdosed [16]. These errors in BSA estimation are even greater in severely underweight
or overweight patients who differ from a “standard physique”. For example, it has been
suggested that the DuBois formula has a systematic negative bias and may be invalid
when BSA is below 1.3 m?. For obese patients (BMI) > 30), there is often confusion as
to whether actual or ideal body weight should be used to calculate BSA. The choice of
which body weight measure to use can be significant since the calculated drug dosage
can increase by up to 30% if body weight is used rather than ideal body weight. Without
evidence-based recommendations on this issue, practitioners may use either actual or ideal
weight or take an average between the two measures. The common practice of either dose
banding or rounding of chemotherapy may reduce error when the variation is small from
BSA calculation. However, as practice normally allows 5-7% variance with rounding and
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banding, this will not account for greater inaccuracies [2,25,26]. It has long been recognised
that the current methods of calculating chemotherapy dosages using estimates of BSA
are inaccurate [2,4] but the development of more effective dose calculation methods for
cytotoxic drugs used in anti-cancer treatment, as well as other pharmaceutical agents within
other medical fields, is now a research priority.

Table 1. Previously developed body surface area (BSA) estimation formulae and estimated BSA

values for a typical male patient.

Authors (Year) Formula Estimated BSA Values (m?)
Meeh (1879) [27] 0.1053 x W2/3 2.24
DuBois and DuBois (1916) [24] 0.007184 x W0425 » (0725 2.04
Faber and Melcher (1921) [28] 0.00785 x WO-425 » [0-725 2.23
Takahira (1925) [29] 0.007246 x W0425 » (0725 2.06
Breitmann (1932) [30] 0.0087 x (W + H) — 0.26 2.03
Boyd (1935) [31] (W 1000075~ 0088 o, (W1000) 03 218
Stevenson (1937) [32] 0.0128 x W 4 0.0061 x H — 0.1529 2.10
Sendroy and Cecchini (1954) [33] 0.0097 x (W + H) — 0.545 2.00
Banerjee and Sen (1955) [34] 0.007466 x W0425 {0725 212
e O i e
Mehra (1958) [36] 0.01131 x W0-4092 5 706468 2.00
Banerjee and Bhattacharya (1961) [37] 0.007 x W0425 x {0725 1.99
Fujimoto et al. (1968) [38] 0.008883 x W0444 5 (70663 2.01
Gehan and George (1970) [39] 0.0235 x W0-51456 5 (7042246 2.15
Haycock et al. (1978) [40] 0.024265 x W0-5378 » p0.3964 2.16
Mosteller (1987) [41] VW x H/3600 2.12
Mattar (1989) [42] (W + H —60) /100 2.03
Nwoye (1989) [43] 0.001315 x W0-262 5 1.2139 2.15
Shuter and Aslani (2000) [44] 0.00949 x WO-441 5 [70.655 2.03
Livingston and Lee (2001) [45] 0.1173 x W0-6466 2.27
Tikuisis et al. (2001) [46] ngﬁzn :Ob?éﬁ; 4XXWV3317XXH§§ s 206
Nwoye and Al-Sheri (2003) [47] 0.02036 x W0427 x 0516 2.01
Yu, Lo, Chiou (2003) [48] 0.015925 x (W x H)*® 2.02
Yu, Lin, Yang (2010) [50] 0.00713989 x W0-404 (07437 2.03
General : 0.0151 x HO5751 x 04259 200
Kiithnapfel et al. (2017) [51] Sub — group : 0.0151 x HO-8516 » [0-3262 198

exp(—0.0120 x Sex) x exp(0.0036 x BMI)

W indicates weight in kilograms, and H indicates height in centimetres. Estimated BSA values are for a typical
male patient (height: 164.9 cm, weight: 97.8 kg, body mass index (BMI): 36.2 kg/m?).

Another issue in using BSA to determine the correct chemotherapy dosage is that
several factors cause interpatient variation in drug clearance, including the effects of
obesity and variations in body composition, which simple measures of body size—height,
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weight (BMI) and BSA—do not account for. Measures of overall body mass and size
assume both homogenous body composition and drug distribution throughout the body.
However, using these measures in isolation, especially in atypical populations, should
be performed with caution since it is now widely acknowledged that they are unable to
distinguish between fat and lean tissue, or provide information regarding the distribution
of mass around the body [52]. The combination of these factors can reduce the confidence
of practitioners when determining individualised chemotherapy dosages for people of
atypical body types, particularly as they try to limit the risk of over-dosing and consequent
excess toxicity, or under-dosing, leaving patients at risk of reduced anti-cancer effects from
their treatment. It has been recommended that further research is needed to explore the
use of body composition parameters, such as lean body mass and fat-free mass, when
determining chemotherapy dosages, particularly for obese patients [53,54].

4. Chemotherapy Dosing for Obese Patients

Obesity among patients living with cancer is becoming increasingly common, with one
in four UK adults classed as obese [55,56]. It has been linked to an increased risk of devel-
oping cancer, as well as outcomes in patients with cancer. For example, obesity is not only
a risk factor for developing hormone receptor-positive breast cancer [57], but it has been
shown that obese patients have worse overall survival than non-obese patients [58-61].
One possible explanation for this overall decrease in survival is that oncologists intention-
ally reduce cytotoxic chemotherapy dosages for obese patients according to their “ideal
bodyweight’ or at a “capped” BSA of 2 m? [14,57]. This practice of ‘dose capping’ is pet-
formed to avoid the dose-limiting toxicity effects of chemotherapy treatment, including
febrile neutropenia, which are thought to be caused by administering drug dosages that
are calculated using actual bodyweight [62,63].

The effect of obesity on treatment-related toxicity remains debated in the literature. For
example, Lote el. al. demonstrated that obese patients receiving uncapped chemotherapy
do not experience increased rates of febrile neutropenia or toxicity compared with over-
weight or normal weight patients with early breast cancer [64,65], while Furlanetto et al.
showed increased toxicity rates in obese patients [66]. Protani et al. in their meta-analysis
suggests dose capping might in fact contribute to the reduced disease-free and overall
survival outcomes for these patients [60,61,67,68]. These and other similar findings in-
vestigating other tumour groups [53,69,70] have contributed to the American Society of
Clinical Oncology (ASCO) recently publishing guidelines that suggest that obese cancer
patients should be treated using standard BSA-based chemotherapy dose prescriptions
according to their actual bodyweight and should not be capped [14]. Further research to
assess the appropriate dosing strategies for people with elevated body weight that includes
pharmacokinetic and outcome data in those who are not dose-capped is needed to provide
practitioners with evidence-based guidance for determining chemotherapy dosages for
obese patients.

5. Chemotherapy Dosing in Patients with Amputations

Additional controversy exists around dosing in patients with amputations, although
this is a less common occurrence than obese patients and is observed within clinical practice
in patients with osteosarcoma. Like obesity, patients with limb loss are underrepresented
in clinical trials, and no standard practice is described in the literature for chemotherapy
dosing in this situation. Case reports of applying “rule of nines” [71], developed for the
management of burns patients and the adjustment of chemotherapy doses, indicate that
this appears to be inappropriate [72]. Amputated limbs may not contribute significantly to
drug pharmacokinetics and therefore dose adjustments to account for this are not evidence
based [72,73]. Further research is required to support evidence-based practice for dosing in
patients with amputation.
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6. Limitations of Traditional Body Measures

Traditional body measures—height, weight, lengths and girths—are utilised exten-
sively within healthcare. However, these relatively simple measures fail to capture the 3D
topography of the human body and the instruments used to obtain them in practice are
the same as those that have been used since the end of the 19th century [74-77]. Despite
their limitations, traditional measures are still relied upon due to their ease-of-use, low-cost
and portability, and remain the standard that new measurement devices are evaluated
against [78]. Though these simple measures are easy to capture and can be combined to
create proxies of weight status, or descriptions of overall body shape, they do not cap-
ture the complex 3D variations in human form that result from variations in how mass
is distributed around the body. These limitations of traditional body measures become
particularly apparent within the context of chemotherapy dose calculation. As discussed,
all of the BSA estimation formulae that have developed previously are based on non-linear
functions of body weight and height, and so are susceptible to the same limitations as
previously described. However, not only are these formulae used to estimate BSA described
as ‘rough approximations” [9], but the measure of BSA itself only represents a measure of
the amount of exposed surface on a given 3D object [79]. This means that two individuals
could have the same BSA value but still exhibit considerable differences in their external
body shape, which could represent external expressions in their body mass distribution,
body composition and consequent drug distribution and elimination processes. All of
which have been found to be more meaningful for determining the dosage than measures
of body size, such as BSA. The limitations of traditional body measures, which are used
within BSA estimation formulae, are a leading source of inaccuracy within the current
methods of chemotherapy dose calculation, with practitioners requiring more sophisticated
body measurement tools to provide patients with individualised dosages.

7. Advanced Human Body Measurement Techniques

Recently, new measures of human body shape have been investigated that can provide
additional information regarding morphological variations between individuals that cannot
be obtained using traditional measures [80]. These measures of body shape have been
shown to improve predictions of both the amount and distribution of fat within the human
torso [81]. Derived indices—such as BMI and the waist-hip ratio (WHR)—are the primary
method used to conduct clinical and population-level diagnostics of disease risk [82,83],
estimate body composition [84-86] and prescribe drug dosages, as in the case of BSA. These
derived indices provide simple proxies of fat distribution and body shape, which can
be easily obtained and interpreted by practitioners and patients. However, they are also
considered a relatively unsophisticated approach to assessing body composition and health
risk, reducing the complexity of human form down to a single one-dimensional value. Con-
temporary studies instead use more direct imaging approaches, such as magnetic resonance
imaging (MRI) or computed tomography (CT) scanning to assess fat distribution [87,88].
Despite their high accuracy, MRI and CT are not ideal for routine practice due to their high
cost and harmful radiation exposure, making anthropometry the most practical solution.

More sophisticated measures of body shape could surpass the use of body girths
in obesity assessment and health monitoring, providing finer morphological distinctions
in body characteristics [52,77,80]. The reason for this being that shape measures can
identify scale-invariant variations in external human form [89] and complement existing
anthropometrics when estimating body composition [81,90]. Modern three-dimensional
(3D) imaging systems have been used increasingly to investigate new measures of body
shape [77,90-92], and novel body shape indices, such as the surface-based body shape
index (SBSI) [93]. Recently, researchers have used 3D imaging devices to assess the validity
of existing BSA estimation formulae, as well as suggest improvements to parameters within
these formulae [16,46,51,94]. These studies reported the excellent reliability of 3D-imaging-
derived BSA measurements and demonstrated the inaccuracies of existing BSA estimation
formulae. However, none of these previous studies investigated the use of 3D imaging



Appl. Sci. 2024, 14, 834

7 of 11

References

technology to calculate BSA and subsequent chemotherapy dosages in practice compared to
existing BSA estimation formulae. Therefore, future studies that investigate how alterations
in dosage relate to error in BSA measurement to inform the future development of improved
dose calculation methods are needed. Previously, instrumented booth 3D imaging devices
have been too large and expensive to be feasibly used in practice, typically costing more than
USD 100,000 and measuring approximately 2.0 m in width and 3.0 m in height. However,
recent developments in low-cost, smartphone-based systems that can acquire 3D imaging
data have led to increased accessibility of this technology [95]. For example, Size Stream
LLC has developed a smartphone-based application, which enables 3D imaging data to be
collected anywhere, with no hardware installation requirements or additional costs above
that of the price of a standard smartphone [96]. Further research investigating the use of
advanced body measures within chemotherapy dosing must ensure that any measurement
device is quick and easy-to-use, compact and low-cost to enable all practitioners to acquire
this information without relying on expensive, non-portable 3D imaging devices. Advanced
body measurement techniques using modern digital technology, such as smartphone-based
3D imaging devices, enables the surface area of the entire body, or of individual body
segments to be measured from a single image, offering a potentially viable alternative
method of calculating chemotherapy dosing.

8. Conclusions

Despite recent developments in targeted, hormonal and immunotherapies, conven-
tional cytotoxic chemotherapy will continue to play an important role in the management
and treatment of patients diagnosed with cancer. However, existing body-surface-area-
based dosing strategies have limited validity, particularly with modern populations that
tend to display higher BMI values. Inaccuracies in estimations from developed formu-
lae can be so large that they could significantly affect patients” morbidity and mortality,
particularly in severely underweight or overweight patients that differ from a standard
physique. Advanced methods of human measurement and analysis can extract more
meaningful information about morphological variation, which cannot be identified by tra-
ditional techniques, and represent a viable alternative method for practitioners to calculate
individualised chemotherapy dosages. Investigations to develop improved methods for
determining cytotoxic chemotherapy dosage for people with atypical body types using
advanced body measurement techniques compared to traditional methods are currently
ongoing. The long-term goal of this research is to reduce incidences of incorrect dosing and
its negative effects on treatment, which remains a research priority.
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