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Abstract Background: Traditional cytotoxic drugs are characterized by a narrow therapeutic window
and significant interpatient variability in therapeutic and toxic effects. The new targeted therapies
have a larger therapeutic window and some have different drug clearance mechanisms. Objective:
To provide an insight into history, rationales, and limitations of current dosing methods in traditional
cytotoxic drugs and new targeted therapies and to suggest a practical framework for dose calculation
and a basis for future research and clinical studies. Methods: Review of relevant literature related to
dose calculation of anticancer drugs. Results: Body surface area (BSA) or weight-based dosing and
fixed dosing fail to standardize systemic anticancer drug exposure between individuals. Strategies
using clinical parameters, genotype and phenotype markers, and therapeutic drug monitoring all have
potential and each has a role for specific drugs. However, no one method is a practical dose calculation
strategy for many or all drugs. Neither body size nor fixed dosing alone can be used for currently
available drugs. Conclusion: Dosing strategies for anticancer drugs should be individualized accord-
ing to elimination mechanisms and individual patient characteristics. Ways to determine these factors
require further investigation and should be a component of early phase studies.

Keywords Body surface area ¢ Interindividual variability ® Pharmacokinetics * Drug disposition °
Flat dose * Toxicity-adjusted dosing * Therapeutic drug monitoring ® Dose individualization

1 Introduction

There are three issues that set the scene for defining the starting dose of novel anticancer drugs:

1. There is a revolution in the understanding and identification of drug elimination mechanisms at the
molecular level.

2. Some of the new targeted therapies have a larger therapeutic window than traditional cytotoxic
agents.
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3. The traditional monopoly held by body surface area for dose calculation of cytotoxic agents is
inaccurate for many drugs.

Cytotoxic drug disposition is minimally affected by body size. At best, body size accounts for less
than 30 % of the interindividual variation in drug exposure. Most of the variation is due to genetic and
phenotypic differences in elimination and absorption processes. Drug elimination is largely deter-
mined by mechanisms that are unrelated to body size and other methods that account for these varia-
tions are needed for dose calculation. Even with targeted therapies that may have a larger safety
margin, reduction in interpatient variability in drug exposure is critical to minimizing underdosing.

2 History of BSA in Dose Calculation

In 1916, when Delafield and Eugene DuBois developed a formula to approximate body surface area
(BSA), they would not have realized the implications that this would later have on the millions of
cancer patients treated with cytotoxic chemotherapy [27]. BSA is the two-dimensional surface area of
an individual’s skin, using height and weight. They developed the nomogram to normalize measure-
ment of basal metabolic rate among individuals, but in the late 1950s, it was suggested after minimal
investigation that BSA should be used to normalize cytotoxic drug calculation.

One of the first uses of BSA in drug dose calculation was in 1950, when Crawford et al. [16]
showed that plasma drug levels for sulfadiazine (an acetylated and renally excreted antibiotic) and
acetylsalicylic acid (a renally excreted analgesic) linearly correlated with administered dosage per
unit of BSA in patients varying widely in size. BSA has also been used to extrapolate preclinical ani-
mal toxicology data to allow an estimation of a safe starting dose for phase I studies of cytotoxic
agents in humans [31, 40]. In 1958, an attempt was made to define a more accurate method of dose
calculation for cytotoxic drugs in children [97]. Pinkel examined the literature and found that the
“conventional” dose of five cytotoxic drugs (mercaptopurine, methotrexate, mechlorethamine, tri-
ethylenethiophosphoramide, and actinomycin) for pediatric and adult humans and for experimental
animals was similar if corrected for “representative” BSAs for humans and animals. Pharmacokinetic
analyses were not performed and actual patients were not included in the study so comparison of other
variables such as antitumor effect or toxicity could not be undertaken. Three of the drugs are renally
excreted (mercaptopurine, methotrexate, and actinomycin), and the apparent relationship may have
been due to the known correlation of BSA and renal function. Pinkel recommended that the potential
use of BSA for dose calculation should be further investigated, but this was not undertaken until the
last decade. In the meantime, the use of BSA for dose calculation in oncology became dogma, without
further investigation into the relationship between dose and BSA or other parameters of body size.

3 Does Body Size Correlate with Drug Disposition?
3.1 Drug Disposition

Drug disposition or blood concentration is determined by absorption, distribution, and clearance
(Fig. 1). Absorption and clearance are largely determined by activity of transmembrane transporters
and metabolizing enzymes in the gut, kidney, and liver. For some drugs, hepatic and renal blood flows
are also important. Drug distribution is dictated by the degree of plasma protein binding and whether
the drug freely distributes into extravascular tissue. For instance, drugs that are highly plasma protein
bound such as warfarin, tolbutamide, and ibuprofen have a low volume of distribution (approximately



71

Defining the Starting Dose: Should It Be mg/kg, mg/m?, or Fixed?

[9¢] woig uorssturiad Yyim paonpoldoy 91D N[0S DTS (9Nassed SuIpulq-d IV DV ‘uonisodsip Snip jo uonejussaidar onewoyos | L

o|ld

uoneuiwi@
onedaH

¥

buipuiq ui0.d

uonepIxo

A\

31Ad03eday

n

uonebnfuo)

o)
)

|eJ3juaied

1192 [e|2yida [euay a

uonen|y
Jejniswo|9

uondiosqy

ayfaoiaug




72 B. Gao et al.

Table 1 Pharmacokinetic Toxicity Tumor response
correlation with toxicity and
tumor response

AUC, CL, or steady-state concentration

Etoposide Teniposide
Carboplatin Methotrexate
Vincristine Etoposide
Vinorelbine 5-Fluorouracil
5-Fluorouracil Docetaxel [7]

Docetaxel [7]

Doxorubicin

Irinotecan and SN-38
Topotecan

Trimetrexate
N-Methyl-formamide
Hexamethylene bisacetamide
Menogaril

Plasma concentration
Cisplatin Doxorubicin
6-Mercaptopurine

Paclitaxel [56]

Methotrexate

aSee reference Gurney [44]

0.1 L/kg) which roughly equates to blood volume [105]. Since blood volume and the amount of total
body water is related to body size, volume of distribution may relate to body size in some circum-
stances [1]. Aminoglycosides, phenobarbitone, ibuprofen, carboplatin, vinorelbine, irinotecan, and
tacrolimus are some drugs where measures of body size have correlated with the apparent volume of
distribution [74, 80, 86, 91, 109, 127, 138].

However, it must be remembered that volume of distribution (V;) is not a physiological measure-
ment but a pharmacokinetic ratio. It is the theoretical volume into which a drug is distributed and is
described by the formula; V;=Dose/Concentration. Therefore, the volume of distribution for an intra-
venous dose is determined by peak blood concentration. The possible relationship between body size
and volume of distribution may be important in circumstances where peak plasma concentration
determines toxicity or drug efficacy. Intuitively, one would expect a relationship between peak plasma
concentration and toxicity for cytotoxic agents. However, limited information is available. No correla-
tion was found between toxicity and peak concentration of irinotecan SN-38 or epirubicin [107, 124].
A correlation has been shown for oral etoposide [129]. However, for this drug and also for paclitaxel,
the time above critical plasma concentration, rather than peak concentration, appears to be more
important [37, 56, 79]. Where a relationship has been shown between a pharmacokinetic parameter
and drug efficacy or toxicity for anticancer treatment, it is usually the area under the time—concentra-
tion curve (AUC) or steady-state plasma concentration rather than V, or peak plasma concentration
that correlates (Table 1).

The AUC is determined by dose and clearance and defined by the formula, AUC = Clearance/Dose.
As mentioned before, metabolism and elimination by the kidneys and liver determines the drug
clearance of most drugs. Very few of these processes would be expected to be determined by body
size. A few drugs such as aminoglycosides are almost solely eliminated by glomerular filtration. It has
been suggested that GFR correlates with body size [113], and dose of gentamicin and tobramycin is
now determined by adjusting for body weight. However, even for carboplatin, a cytotoxic drug that is
mostly eliminated by glomerular filtration, dose calculated using GFR is more accurate than using
BSA [57].
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Table 2 Correlation of body size with drug clearance

Drug Correlation/comments References
Docetaxel Interpatient variability of CL correlates with BSA [8]
Paclitaxel BSA explains 53 % of interpatient variability in CL [114]
Temozolomide BSA reduced interpatient variability of CL from 20 to 13 % on day 1 and 16 to 10 % onday 5 [50, 60]
Oral busulfan ~ CL correlates with BSA (r?=0.28) and weight (*=0.3) [39]
Vinorelbine CL correlates with BSA (r2=0.27) [91]
Table 3 No correlation for Class Drug References
Z%ié size with clearance or Topoisomerase inhibitors ~ Etoposide [90]
Irinotecan [76, 80]
Topotecan [71]
Antibiotics Epirubicin [23, 45]
Pixantrone [44]
Spindle poisons Vinorelbine [46]
Paclitaxel [43]
Antimetabolites 5-Fluorouracil [44]
Methotrexate [44]
Trimetrexate [44]
Dichloromethotrexate [44]
Alkylating agents Ifosfamide [44]
Busulfan [44]
Cisplatin [18, 81]
Carboplatin [12]
Miscellaneous N-Methyl-formamide [44]
Hexamethylene Bisacetamide  [44]
Menogaril [44]
Brequinar [44]

3.2 Body Size and Cytotoxic Drug Clearance

Giving a larger dose to a larger person makes intuitive sense, and to some extent this is true, but overall
body size is a minor determinant of drug exposure. BSA is known to be proportional to blood volume [1].
It has been claimed that BSA is also proportional to glomerular filtration rate (GFR) [113], but a more
recent assessment has questioned this relationship [24]. Liver function decreases with advancing age
in parallel to the loss of liver volume [110]. Liver volume as determined by helical CT scanning has
been shown to correlate with BSA (?=0.54) and total body weight (#*=0.61) in 21 patients with a
history of cancer but without liver metastases [87].

Over the last decade, the relationship between BSA and drug disposition of cytotoxic drugs has
been revisited [43, 44, 99, 101]. Table 2 is a list of drugs that have been reported to show a correlation
between drug clearance and BSA. Even for some of these drugs the correlation coefficients are low,
indicating that BSA accounts for less than 30 % of the variability in clearance between individuals.
For most cytotoxic drugs, no correlation can be seen with BSA and drug clearance (Table 3). The most
compelling evidence against the use of BSA alone for dose calculation is the fact that a large interpa-
tient variability in drug exposure remains despite “normalization” of dose by BSA.

In adult populations the extremes of BSA vary from approximately 1.4 to 2.3 m?>—a little over a
1.5-fold range, but the majority of individuals fall into a range much less than this. Even for drugs
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where the use of BSA may reduce variability, there is minimal contribution in reduction in variability
from the use of body size for a person 1.7 m? compared to 1.8 m?. Assuming a maximum contribution
of BSA to drug disposition of 30 %, it is only in the situations of extreme BSA (e.g., an individual of
150 cm and 40 kg compared to one of 185 cm and 120 kg) where this parameter may become a signifi-
cant factor in dose calculation.

The issue of substantial variation in body size is amplified in pediatric oncology where body weight
ranges from a few kilograms to adult size. In these situations of extreme difference, body size must
come into play. This is more akin to the interspecies scaling of chemotherapy dose, such as in estimat-
ing the dose for humans based on toxicology studies in rodents. BSA has proved useful in this situa-
tion of interspecies scaling of dose [31, 40]. It would therefore be reasonable to use BSA to scale an
approximate starting dose of a drug for clinical trials in children based on adult data. However, even
here it is unreasonable to use BSA as the sole determinant of dose for individual infants. The same
inaccuracies of using BSA alone would hold when differentiating dose between children within a
small range of body size.

3.3 Body Size and Targeted Therapies

3.3.1 Small Molecules

A few studies have looked at the relationship between body size and dose or drug exposure for small
molecules. The pharmacokinetics of tyrosine kinase inhibitors (TKI) has recently been reviewed by
van Erp et al. [130]. The effect of body size on small molecule inhibitors is summarized below.

Sunitinib

In a predominantly pharmacogenetic study, van Erp et al. found no correlation between BSA and
toxicity in 183 patients who received at least one cycle of 50 mg single-agent sunitinib [131]. In a
population pharmacokinetic meta-analysis of sunitinib, body size was found to affect the volume of
distribution (V4/F) but not clearance of sunitinib [54]. However, simulated exposure of sunitinib
varied considerably and it was predicted that body size effect on AUC was minimal. Clearance and
AUC rather than Vi/F is more likely to affect the steady-state level of sunitinib.

Imatinib

Two studies in Japanese populations have suggested an effect of body size and dose of imatinib [63, 108].
Sakai et al. found that trough imatinib concentration did not correlate with body weight or BSA but
did correlate with imatinib dose and dose adjusted for BSA or weight. Kawaguchi et al., in 31 patients
in complete cytogenetic response (CCR), found that BSA was significantly smaller in patients receiv-
ing a reduced dose due to toxicity compared with those receiving a standard dose, pointing to a weak
effect of body size on “optimal dose” (defined as the dose of imatinib that could achieve and maintain
a CCR with acceptable adverse effects). Again there was no relationship between BSA and imatinib
trough level. Both these studies indicated that reduced dose of imatinib may be sufficient in smaller
patients to achieve adequate drug exposure and clinical benefit. However, both studies showed a wide
interpatient variation in imatinib exposure regardless of the dose taken. In the Sakai et al. study, even
among those taking the same dose of 400 mg/day, the imatinib concentration was widely distributed
(582-2,420 ng/mL) regardless of body size. In other words, an individual was just as likely to get an
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effective (or ineffective) drug concentration regardless of whether they ingested 300, 400, or 500 mg
of imatinib daily. Just like cytotoxic chemotherapy, factors other than dose of imatinib are more
important in determining drug exposure and body size has a weak effect.

Erlotinib

Lu et al., in 1,047 patients with non-small cell lung cancer, showed that erlotinib clearance did not
correlate with body weight but was affected by total bilirubin, al-acid glycoprotein, and smoking
status [73]. Interestingly, occurrence of skin rash has been associated with survival in erlotinib-treated
patients [133] and erlotinib AUC correlated with occurrence of skin rash in the study of Lu et al.,
indicating a correlation between drug exposure and efficacy. More recently, Thomas et al., in a study
of 42 patients with head and neck cancer, showed that erlotinib clearance was partly explained by
patients’ age, hepatic function, ABCG2 genetic polymorphism, and smoking status but not by body
weight [123].

3.3.2 Monoclonal Antibodies

Ten mAbs are currently approved by FDA for the treatment of cancer and all of them are of the IgG
class. It is important to understand different clearance pathway between mAbs and traditional cyto-
toxic drugs. mAbs are given intravenously and once in the systemic circulation, entry to the extravas-
cular compartment (intestinal fluid and tissue) is primarily driven by hydrostatic pressure, osmotic
pressure, endothelia pore size, and vessel tortuosities [88]. The distribution is limited to 1-2 times
plasma volume, indicating a poor penetration into tissue spaces, including tumors [139].

Unlike small molecules, IgG antibodies are large (150 kDa) and are therefore not filtered by the
kidney or excreted in urine [3]. The dominant route for elimination of antibodies is via uptake and
catabolism by the reticuloendothelial system (RES). The neonate receptor FcRn, expressed on mac-
rophages and natural killer cells, binds to the Fc portion of IgG antibody and plays a major role in
antibody clearance. Since blood volume correlates with body size, there is some logic to using weight
or BSA to estimate dose for these agents.

Bevacizumab

For antibodies like bevacizumab, which targets soluble antigens, the pharmacokinetic profile is char-
acterized by a linear two-compartment model with a rapid elimination phase from a short distribution
and more prolonged elimination half-life, as a result of the nonspecific clearance by the RES and
interaction with FcRn. In a population pharmacokinetic study of bevacizumab, Lu et al. demonstrated
that body weight and gender were the covariates with the greatest influence on bevacizumab central
compartment volume of distribution (V,) and clearance (CL), which support the body weight-based
dosing [72]. Despite that, covariate effects of all factors only explained about 40 % of interpatient
variance for V, and 60 % of interpatient variance for CL.

Trastuzumab, Rituximab, and Cetuximab
For antibodies targeting membrane-associated internalizing antigen, the total clearance is a combina-

tion of two different clearance pathway: (1) the nonspecific, linear pathway attributed to the RES and
(2) the specific, nonlinear, and saturable antigen-mediated clearance pathway, which is mediated by
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the binding of the antibody to the antigen and subsequent internalization of the antibody—antigen
complex, followed by degradation of the internalized antibody and antigen complex [121]. The con-
tribution of antigen to mAb clearance depends on various antigen-related factors, such as antigen
concentration, distribution, and turnover rate. These effects were demonstrated in a pharmacokinetic
modeling of 476 patient with metastatic breast cancer treated with trastuzumab, where Bruno et al.
found that body weight as well as burden of disease and serum level of extracellular domain of the Her
2 receptor affected trastuzumab clearance. However, these covariate effects on trastuzumab exposure
were only modest in comparison with the large interpatient variability of CL which was 43 % [9].
Similarly Ng et al. showed that BSA accounted for about 19.7 % of interindividual CL variability of
rituximab and that adjusting the dose as a function of body surface area does not seem to improve the
predictability of rituximab exposure [89].

In a review of data from two studies of 143 patients with head and neck cancer treated with cetux-
imab, Dirks et al. found a fourfold variation in trough cetuximab level while receiving BSA-based
dosing [22]. Together ideal body weight (not actual weight or BSA) and WBC accounted for almost
35 % of the total variability in maximum elimination rate, a parameter that determines trough level.
A comparison of the trough concentrations of underweight patients (dosed according to body size)
showed that these were lower than other patients (median 48.2 vs. 62.4 pg/mL, P=0.014) and the
authors questioned the use of the current practice of use of BSA for cetuximab dose.

4 Alternative Body Size Measures and Obesity

Lean body mass (LBM) consists of body cell mass, extracellular fluid, and nonfat connective tissue
and is essentially fat-free mass [87]. LBM is commonly measured by dual-energy X-ray absorptiom-
etry which distinguishes fat, fat-free mass, and bone.

It has been suggested that LBM correlates with systemic drug clearance, but so far this has not yet
been substantiated [83]. Nawaratne et al. showed that LBM correlates with liver volume and antipy-
rine clearance, a nonspecific quantitative test of hepatic drug oxidation [87]. However, in this study
there was no correlation between liver volume and antipyrine clearance indicating that other unknown
factors account for the relationship. Further studies are required to determine the importance of LBM
in dose calculation of hepatically eliminated drugs.

Ideal body weight (IBW) is the weight that insurance companies consider appropriate for height
and is determined by a formula. The use of IBW for dose calculation (sometimes as a function for
BSA) attempts to account for excess adipose tissue. Body constitution in the obese is characterized by
a higher percentage of fat and a lower percentage of lean tissue and water. The effect of obesity on
some cytotoxic drugs has been examined. In obese patients methotrexate clearance is increased,
busulfan and ifosfamide clearances are unchanged, and doxorubicin and cyclophosphamide clear-
ances are reduced [29, 39, 69, 98, 104]. Hepatic oxidative metabolism is unaffected by obesity as
measured by antipyrine clearance or erythromycin breath test [13, 57]. It would be expected that the
volume of distribution be affected by obesity especially for drugs that are lipid soluble. However, this
expected relationship is variable with some lipid-soluble drugs increasing the volume of distribution
(e.g., benzodiazepines, verapamil), while others have no effect (e.g., cyclosporine, propranolol) [14].

Obesity is an extreme of body size and in this special situation size may become an important
determinant of drug disposition and so higher doses are required. Curiously, it is often in the obese
patient where the strict practice of BSA dose calculation is abandoned and other arbitrary rules are
applied such as capping of BSA or dose. However, retrospective studies of breast cancer patients have
shown that obese patients seem to be less likely to develop neutropenic sepsis even if actual body
weight (ABW) was used and that obese patients who receive arbitrary dose reductions had a worse
outcome [15, 42, 61, 106].
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Sparreboom et al. assessed actual plasma pharmacokinetics of eight anticancer agents in 1,206 lean
and obese adult patients and found the disposition of some, but not all, drugs was significantly altered
by obesity [118]. For example, absolute clearance of cisplatin, palitaxel and troxacabine (P <0.023)
were increased but decreased for doxorubicin (P=0.013) and unchanged for carboplatin, docetaxel,
doxorubicin, irinotecan, or topotecan. The selection of a better prediction of pharmacokinetics among
alternate weight descriptors for dose calculation in obese, including actual body weight, predicted
normal weight, lean body mass, (adjusted) ideal body weight, and the mean of ideal and actual body
weight, is drug specific and sex dependent and seemed unrelated to the intrinsic physicochemical
properties or route of elimination.

In conclusion, obesity may affect drug clearance and treatment outcome in a drug-specific manner,
and empiric decrease in drug dose in obese patients (e.g., dose capping or by using IBW) should be
discouraged because they may compromise efficacy in this group of patients. However, it is important
to remember that variation in drug exposure still occurs even in the obese patient [48]. Obesity may
not be the dominating factor in dose calculation for a patient who has reduced drug elimination for
other reasons such as intrinsic variations in metabolism and/or drug transporter function. In other
words, it is important to realize that drug elimination for all drugs varies widely between individuals,
obese or otherwise, and often this variation eclipses any contribution body size has to drug disposi-
tion. In many individuals, accounting for obesity may be of minor importance compared to the normal
overriding factors of interpatient variation in drug effect. Obesity is probably of most significance in
the situation where the patient has “average” drug metabolism and elimination.

5 Significance of Getting the Wrong Dose

A common argument in support of the continued use of BSA for dose calculation of chemotherapy is
that the degree of inaccuracy is not clinically significant. The obvious consequence of incorrect dose
calculation is overdose and excessive toxicity, a situation most oncologists have learned to accept. But
perhaps a more common but less appreciated consequence of using BSA alone is underdosing and
reduced drug effect.

Individuals vary in their capability to eliminate xenobiotics by four- to tenfolds [44]. For drugs
with a wide therapeutic window such as some antibiotics, this problem is not crucial since the recom-
mended dose can be pitched towards the high end of the dose range without fear of significant dose-
related toxicity. On the other hand, most cytotoxic drugs have a narrow therapeutic window. The dose
that causes unacceptable or even fatal toxicity is not much higher than the optimal dose needed for
anticancer effect for many drugs. For this reason, the main endpoint of dose-finding studies has tradi-
tionally been prevention of unacceptable toxicity. Coupling this with the wide interpatient variability
in drug disposition, conservatism becomes intrinsic to the dose recommendation process for antican-
cer drugs. Mean dose is pitched towards the low range to minimize the number of patients with severe
toxicity, and consequently a substantial proportion of cancer patients may be inadvertently under-
dosed (Fig. 2) [48].

A number of studies have shown a significantly worse antitumor effect for those patients who
failed to develop myelosuppression after treatment compared to those who did in patients receiv-
ing chemotherapy for breast cancer, ovarian cancer, advanced testicular cancer, and lung cancer
[21, 47]. Similarly, lack of skin rash has been associated with worse outcome for lung cancer
patients treated with erlotinib and for lack of hypertension with sunitinib therapy for renal cell
cancer [103, 128].

Pharmacokinetic evidence for inadvertent underdosing and its consequence in cytotoxic drugs
have been demonstrated clearly in a series of studies by Gamelin et al. [33]. This group first estab-
lished an AUC, 5 of 20-25 mg h/L as the optimal level with a regimen using 5 FU in a dose of
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Fig. 2 Scheme of a phase I study for a drug with linear pharmacokinetics. The horizontal lines represent the variation
in systemic exposure at various dose levels. At dose level 3, those patients with lower drug elimination capability
develop dose-limiting toxicity and subsequently that dose level is defined as the maximum tolerated dose. Dose level 2
is recommended for phase II studies since it causes tolerable toxicity in all patients. However, due to the variation in
drug handling, a proportion of patients will be relatively underdosed since they are more capable of eliminating the
drug. This means the wide distribution of systemic exposure is skewed towards the ineffective range when dose is cal-
culated using BSA

Table 4 Correlation of pharmacokinetic parameters and clinical outcomes in selected
kinase inhibitors and monoclonal antibodies

Drug PK parameters Outcomes References
Imatinib Trough level Response [96]

Dose PFS, response [132]

AUC Response [135]

AUC Neutropenia [19]
Gefitinib AUC Diarrhea not rash
Erlotinib AUC, C.x Rash [73]

Cy» Ciin Survival [116, 117]
Lapatinib Choin Response [11]
Sunitinib AUC OS, TTP, Response [55]
Sorafenib Trough level PFS Sorafenib IB
Rituximab Trough level, AUC Response [125]
Trastuzumab Chin Progression [2]
Cetuximab Trough level Response [30]

1,300 mg/m? infused over 8 h every week [32, 35]. In a group of 81 patients treated with dose calculated
using BSA, 80 % of patients were found to have an ineffective 5 FU plasma concentration after the first
dose [33]. In a subsequent study in 2008, they showed that pharmacokinetically guided 5 FU dose
adjustment (targeted AUC 20-25 mg h/L) led to significantly improved objective response rate, a trend
to higher survival rate, and fewer grade 3/4 toxicities, comparing to fixed BSA-based dosing [34].
Small molecule inhibitors and monoclonal antibodies (mAbs) that target key components of the
signal transduction pathways that are commonly activated in cancer are transforming the care of
patients with cancer. Some of these therapies, particularly the antibodies, have a larger therapeutic
window than conventional chemotherapy and therefore have minimal acute toxicity at levels of
drug exposure that causes an anticancer effect. Examples include the CD20 antibody rituximab, the
EGFR antibody cetuximab, and the Her2 antibody trastuzumab. On the other hand, some of these
new agents have significant toxicity at doses not far above those required for an effect on the tumor.
Examples in this category include the kinase inhibitors sunitinib, sorafenib, and imatinib. But clear
exposure—effects relationships have been reported consistently both in animal model and clinical
studies (Table 4). During the early pharmacokinetic studies of imatinib, La Coutre et al. treated
Ber—Abl tumor-bearing nude mice with a regimen that assured a continuous block of Ber—Abl
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kinase activity [66]. Administration of imatinib three times per day, over an 11-day period, cured
87-100 % of treated mice, whereas administration once or twice a day did not. This suggested that
continuous adequate exposure is critical to the success of this inhibitor as a therapeutic agent [25].
Several studies showed that the mean plasma imatinib concentrations in nonresponder were signifi-
cantly lower than those in responders for CML patients receiving a fixed standard dose [96, 108,
112]. In mouse xenograft models, sunitinib inhibited target receptors when plasma concentrations
reached between 50 and 100 ng/mL, and similar results were obtained in a functional assay of
VEGF-induced vascular permeability in vivo [77]. Subsequently, this concentration was selected to
be the target for clinical applications. In a phase 1 study, sunitinib trough levels above 50 ng/mL
were associated with tumor response [28]. In a study of sunitinib in patients with gastrointestinal
stromal tumors (GIST), at the currently recommended dose of 50 mg/day, 21 % of patients (10 of
48) achieved trough concentrations of sunitinib and its major active metabolites SU12662 below
50 ng/mL [20].

6 Can Fixed Dose Be Used?

6.1 Cytotoxic Drugs

Since body size is not useful for the majority of anticancer drugs, is it reasonable to use a fixed dose
for all patients [18, 76]? The advantages for using fixed doses of cytotoxic drugs are many including
financial and safety issues. For example, what is the additional cost of prescribing 305 mg of pacli-
taxel instead of 300 mg? Can 215 mg of DTIC (instead of 200 or 220 mg), 85 mg of docetaxel (instead
of 80 or 90 mg), or 63 mg of methotrexate be accurately compounded? The decimal point can easily
be missed by an inexperienced technician when 2.2 mg of vincristine is prescribed.

Flat-fixed dosing has been studied for several cytotoxic drugs, including irinotecan [17],
capecitabine [111], cisplatin [18], and paclitaxel [78, 85, 114] with or without comparison with BSA-
based dosing. As predicted, fixed doses may result in comparable pharmacokinetic variability in some
drugs, but it is no more accurate than BSA-derived dose. A large interpatient variation in drug expo-
sure will remain with all the implications of overdosing and underdosing as discussed above. Our
group has examined the use of epirubicin (150 mg continuous infusion) and vinorelbine (60 mg every
21 days) in separate studies and found that this approach was safe for both drugs [45, 137]. However,
interpatient variability in clearance was still eightfold and fourfold, respectively, for each drug which
is similar to the variability if BSA was used for dose calculation [45].

Loos et al. compared flat-fixed dosing of cisplatin with BSA-based dosing in 25 Dutch patients
with extreme BSA values (exceeding the average + 1 standard deviation). The results suggested that a
fixed dose calculated on the average BSA of all patients might lead to exacerbated toxicities in small
patients and underdosing in large patients. This resulted in the recommendation of fixed dose per BSA
cluster (e.g., 100 mg for patients with BSA <1.65 m?; 130 mg for those with BSA between 1.66 and
2.04 m?; 150 mg for those with BSA >2.05 m?) [70].

6.2 Targeted Agents

6.2.1 Flat Dose in Targeted Agents

Small molecular inhibitors are mainly metabolized by the phase I liver enzyme CYP3A and are sub-
strates for the ABC transporters [130]. Given the potential substantial interindividual variation in the
activity of these mechanisms [52], it is not surprising to see the wide interindividual variation in
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Table 5 Examples of pharmacokinetic variability expressed in coefficient of variation or folds at current recommended
dosage in oral tyrosine kinase inhibitors

Drug Dosage per day Crax AUC Tin Reference
Imatinib 400 mg daily 30-80 % 25-55 % 18-39 % [65, 92,95, 134]
400 mg BD 27-39 % 19-39 % 13-22 % [65, 95]
Gefitinib 250 mg 9.6-fold 15-fold [68]
Erlotinib 150 mg 64 % [51]
Sunitinib 50 mg 46 % 41 % [6]
Sorafenib 400 mg BD 41-107 % 24-91 % 22-24 % [120]
Lapatinib 250 mg 2.7-fold 5.2-fold 1.8-fold [5]
Cetuximab 400 mg/m? 29 % 39 % 21 % [30]
Trastuzumab 6 mg/kg q3w 7-12 % 10-35 % 92-183 % [67]
Rituximab 375 mg/m? 63 % [75]

systemic exposure of most small molecular inhibitors (Table 5). For example, one study showed a
fivefold variation in estimated imatinib clearance (CL/F) on day 1 with fixed dose (600 mg/day) in
patients with CML and GIST [49]. This implies that a fixed dose should not be used for these agents
unless they have a very wide therapeutic window. In general terms, the small molecules are less spe-
cific in their action compared to antibody therapies and are associated with more off-target toxicity.
Strangely, the more toxic small molecules are given as a fixed-flat dose, while the antibody therapies,
which have less acute toxicity, are dosed according to body weight or BSA. For example, in phase I1I
studies of 4 weeks on 2 weeks off schedule of sunitinib, 38 % of patients with metastatic renal cell
carcinoma and 28 % of patients with GIST required dose interruption, whereas a dose reduction was
necessary in 32 % and 11 %, respectively [20, 84]. However, some small molecules are less toxic.
A maximum tolerated dose for imatinib was never reached in the phase 1 trials of imatinib [26] and
some studies have used a high fixed dose (800 mg/day) so that almost all patients reach a pharmaco-
kinetic threshold where the drug might be active if the target is willing.

For some of these targeted agents, the toxicity is so low that a “lack of toxicity trigger” for dose
increase for these drugs cannot be depended upon. However, these same drugs may be suitable for a
high fixed dose, ensuring an active drug concentration is achieved provided that drug exposure-
dependent cumulative toxicity (such as cardiotoxicity) is not present.

Small molecule inhibitors are largely given orally and continuously which introduces additional
factors that can increase variation in drug exposure apart from body size. Oral bioavailability of some
small molecular inhibitors is highly dependent on gastrointestinal absorption and first-pass drug
metabolism by the liver, two processes that both vary considerably among individuals. For example,
high-fat meals can lead to more than threefold increase of AUC of lapatinib [100] and 82 % increase
in bioavailability of nilotinib [122]. On the other hand, no obvious influence of food is found with
sorafenib [120], imatinib [38], or sunitinib [4]. Additionally, patient adherence to oral antineoplastic
agents is quite variable with reported adherence rates ranging from 20 to 100 % [93].

Chronic administration may cause induction of drug elimination pathways [10]. For example, ima-
tinib clearance increased by 33 % after chronic exposure over 12 months in one study [62]. This may
be a contributing factor in the amelioration of imatinib toxicity that occurs with time or partial
overcome of tumor resistance by imatinib dose escalation in CML patients [115].

6.2.2 Therapeutic Drug Monitoring in Small Molecular Targeted Therapy
Therapeutic drug monitoring (TDM) entails the measurement and interpretation of drug concentration

in biological fluids and the individualization of drug dosages or schedules to maximize the therapeutic
effect and to minimize toxicities [82]. Trough drug level, an indicator for drug level at steady state,
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has been used as a useful and practical TDM method and provided valuable guidance for dose
adjustment in several selected drugs, including antibiotics, immunosuppressives, antiepileptic, and
anti-HIV treatment. The use of TDM in traditional cytotoxic drugs, however, has been limited to few
drugs only [41, 94, 136], due to several factors including lack of established “therapeutic ranges” and
concentration/effect relationship, frequent use of combined drugs with overlapping therapeutic and
toxic effects, and intermittent drug schedules [36].

Clear concentration and effect relationship has been shown in several small molecules (Table 4).
For example, a number of studies have demonstrated that trough imatinib levels were strongly associ-
ated with efficacy in patients with chronic myeloid leukemia [96, 112]. Trough sorafenib concentra-
tions were evaluated in 67 patients in early phase studies and were found to be moderately predictive
of prolonged progression-free survival (sorafenib investigator brochure). Dose-limiting toxicities of
sunitinib were associated with combined trough levels of sunitinib and SU 12662, an equipotent
metabolite (Sunitinib investigator brochure).

Similarly, correlation of trough drug level and clinical outcomes were also found in monoclonal
antibodies. In a Japanese study, serum trough levels of rituximab of responders were higher than non-
responder [125]. Fracasso et al. recently reported a correlation between cetuximab trough levels and
antitumor response on cetuximab monotherapy [30].

Based on these findings and the fact that small molecules are given chronically and usually as a
single agent, trough level monitoring may be a useful tool to ensure an effective target concentration
is maintained.

7 A Compromise

Since BSA-based dosing is inaccurate in most anticancer drugs and it is unlikely that using a single
fixed dose for all patients is the answer, consideration should be given to using a range of “fixed
doses” for a particular drug that could be used as the starting dose and for dose adjustments. However,
the original question remains. How should we determine the starting dose for anticancer drugs? The
answer must be in defining ways to predict drug handling in each individual. We do this currently
when carboplatin is dosed using GFR. However, as previously stated, the use of simple formulae for
other drugs will not be possible because of complex elimination mechanisms. Complex formulae
using obscure parameters also should not be favored. Dose calculation must be kept relatively simple
to allow the busy clinician to adopt any new system.

Studies are underway to define the drug handling genotype and phenotype before drug administra-
tion so an individualized dose can be given on the first cycle [58, 102, 119]. Assessment of both hepatic
metabolism and active biliary excretion is essential since these are the important elimination processes
for the majority of cytotoxic drugs. Such in vivo tests of drug handling would have the advantage of
being applicable to a range of cytotoxic and non-cytotoxic drugs, cleared by similar mechanisms.

Tamoxifen is activated to endoxifen by CYP2D6 and breast cancer patients with certain polymor-
phisms of this gene have lower endoxifen levels and may have worse anticancer outcome [53, 64].
We are undertaking a trial to determine whether dose escalation in such patients will overcome the
detrimental effect of possessing particular CYP2D6 polymorphisms (ClinicalTrials.gov Identifier:
NCT01075802). As we learn more about the pharmacogenetics of other drugs, similar fixed dose-
range system for dose calculation could be applied for other anticancer drugs based on genotype.
A number of polymorphisms of the UGT1A1 and other genes are associated with a variation in irino-
tecan exposure and toxicity, but so far a dose cluster recommendation based on different genotypes
has not been made [59, 126].

One scenario worth investigating is whether pretreatment in vivo tests of genotype or phenotype
can identify the estimated 20-30 % of patients who fall into the extremes of drug elimination
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Table 6 Development of a dose grid for drug Z

1. Inaphase I study using a different fixed dose levels for drug Z, the effect of various parameters such as body
size, drug elimination measures, and protein binding on drug disposition was examined. It was found that:
(a) Drug exposure varied by 4- to 6-fold between individuals
(b) BSA contributes 30 % of variation in drug disposition and effect
(c) Drug elimination contributes 70 % of variation in drug disposition and effect

2. It was also confirmed that drug Z is metabolized by CYP3A4 and eliminated by MDR1 and MRP2 biliary pumps.
Simple tests exist to measure these processes in individuals (genotype and/or phenotype)

3. A dose grid is developed using a range of fixed doses and to take into account the two most important determinant
of drug exposure. Four categories were selected for drug elimination and three for body size to reflect their relative
contribution to drug disposition

Drug elimination capability

Body size Very poor Poor Efficient Ultraefficient
Small 30 50 80 100
Medium 50 80 100 120
Large 80 100 120 150

Dose grid for drug Z in mg or percent of base dose

Note there are 6 fixed doses and the range of dose is 5-fold which approximated the known variation in drug exposure
for drug X

4. This dose grid is tested in a phase 2 study. It is found that variability in drug exposure falls from 4- to 6-fold to
1.5-fold. This is considered clinically significant and the dose grid is accepted for use for drug Z as a single agent

capability. The starting dose can then be selected from a range of fixed doses according to low, normal,
or high drug elimination/disposition type. If body size is found in phase 1/2 studies to be important in
determining variability of drug exposure, then this can also be accounted for also. Fine-tuning of
doses can be based on the presence or absence of toxicity or some other parameter that measures
biological effect or by therapeutic drug monitoring. An example of development of such a method for
dose calculation of a theoretical new drug is summarized in Table 6.

In summary, body size should be only one of a number of key parameters that are considered when
determining chemotherapy dose for a new drug. For some drugs the effect of body size on drug dis-
position will be insignificant. For others, body size may contribute up to 30 % of interpatient vari-
ability. Body size may theoretically affect peak plasma concentrations for drugs with a low volume of
distribution and care should be exercised when examining these drugs in phase 1 studies.

It should not be assumed that body size affects drug disposition of a new drug. This parameter
should be examined in phase 1 studies along with other parameters after a fixed dose is given. For this
reason, individuals with extremes of body size should be excluded from initial phase 1 studies. Drug
disposition in individuals with extremes of body size should be examined in separate studies if appro-
priate, as occurs with other factors such as renal and hepatic function. Special attention should be
applied to factors that are probably more important in determining variability such as measures of
drug elimination phenotype and genotype. These should not be confined to drug metabolism alone but
also include transmembrane influx and efflux pumps and key regulatory nuclear receptors.
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