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Abstract
Background  Expensive novel anticancer drugs put a serious strain on healthcare budgets, and the associated drug expenses 
limit access to life-saving treatments worldwide.
Objective  We aimed to develop alternative dosing regimens to reduce drug expenses.
Methods  We developed alternative dosing regimens for the following monoclonal antibodies used for the treatment of lung 
cancer: amivantamab, atezolizumab, bevacizumab, durvalumab, ipilimumab, nivolumab, pembrolizumab, and ramucirumab; 
and for the antibody-drug conjugate trastuzumab deruxtecan. The alternative dosing regimens were developed by means 
of modeling and simulation based on the population pharmacokinetic models developed by the license holders. They were 
based on weight bands and the administration of complete vials to limit drug wastage. The resulting dosing regimens were 
developed to comply with criteria used by regulatory authorities for in silico dose development.
Results  We found that alternative dosing regimens could result in cost savings that range from 11 to 28%, and lead to equiva-
lent pharmacokinetic exposure with no relevant increases in variability in exposure.
Conclusions  Dosing regimens based on weight bands and the use of complete vials to reduce drug wastage result in less 
expenses while maintaining equivalent exposure. The level of evidence of our proposal is the same as accepted by regula-
tory authorities for the approval of alternative dosing regimens of other monoclonal antibodies in oncology. The proposed 
alternative dosing regimens can, therefore, be directly implemented in clinical practice.

Key Points 

The high expenses for lung cancer drugs limit the access 
to innovative treatments worldwide.

Alternative dosing regimens for amivantamab, ate-
zolizumab, bevacizumab, durvalumab, ipilimumab, 
nivolumab, pembrolizumab, ramucirumab, and tras-
tuzumab deruxtecan have the potential to save up to 
approximately 30% in drug expenses without predicted 
loss in effective exposure.

The level of evidence for these alternative dosing regi-
mens is the same as accepted by regulatory authorities, 
facilitating their direct implementation.

1  Introduction

Lung cancer is one of the most common cancers, with more 
than 2 million new cases and 1.8 million deaths reported in 
2020 [1]. In the last decade, the development of novel sys-
temic treatments, such as immune checkpoint inhibitors and 
targeted therapies, has majorly improved treatment outcomes 
of locally advanced and metastatic lung cancer [2]. For non-
small cell lung cancer, these drugs are now also moving to 
the early disease setting. However, these advances are asso-
ciated with a serious price tag. The ever-increasing cancer 
drug prices are already straining healthcare budgets and they 
present serious hurdles to treatment access worldwide [3]. 
It is, therefore, of utmost importance to save treatment costs 
whenever possible. For cancer drugs, there is often consid-
erable drug waste due to drug spill of partially used vials 
[4]. Additionally, several monoclonal antibodies are dosed 
within the linear milligram per kilogram bodyweight (mg/
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kg) paradigm. Because of the well-established non-linear 
relationship between body weight and systemic exposure 
to monoclonal antibodies, a linear mg/kg dosing approach 
will result in unnecessary pharmacokinetic variability [5, 6]. 
Therefore, dosing regimens accounting for this non-linear 
relationship have the potential to partly decrease pharma-
cokinetic variability.

The use of modeling and simulation to develop alterna-
tive dosing regimens for monoclonal antibodies has been 
embraced by the medical community [7], pharmaceuti-
cal companies [8, 9], and regulatory authorities [10]. This 
approach has, thus far, been employed to develop fixed dos-
ing regimens and prolonged dosing intervals for the pur-
poses of patient and prescriber convenience. This generally 
results in higher cumulative doses than initially approved 
[11, 12]. However, modeling and simulation can also be 
applied to develop cost-effective and clinically equivalent 
dosing regimens while limiting cumulative drug use.

Using the same approach that led to label changes of 
marketed monoclonal antibodies approved by the European 
Medicines Agency and the US Food and Drug Administra-
tion (FDA), we present alternative dosing regimens for cur-
rently approved monoclonal antibodies and antibody-drug 
conjugates for the treatment of lung cancer to reduce drug 
expenses, while maintaining equivalent systemic drug expo-
sure, as a direct indicator for clinical response.

2 � Methods

2.1 � Drug Selection

The following drugs were included in this study: amivan-
tamab, atezolizumab, bevacizumab, durvalumab, ipili-
mumab, nivolumab, pembrolizumab, ramucirumab, and 
trastuzumab deruxtecan. Cemiplimab was excluded from 
this study, as only a single vial size is available containing 
exactly the dose to be administered, hampering further dose 
optimization, in contrast to the other drugs where vial sizes 
smaller than the approved dose were available.

2.2 � Pharmacokinetic Modeling

We used the population pharmacokinetic models as devel-
oped in representative cancer populations by the license 
holders and that were published in peer-reviewed scientific 
articles or in the drug approval data (see Table 1). The 
model code was verified by two experienced modelers. 
Then, for each individual drug, we performed a Monte 
Carlo simulation using the non-linear mixed-effects mod-
eling software package NONMEM Version 7.5 (Icon, 
Dublin, Ireland) of the dosing regimens used in the piv-
otal phase III trials for registration. For this purpose, we 

created 500 virtual patients with representative European 
demographic data from the International Cancer Research 
Partnership database from the PopGen virtual human 
population generator [13]. The median total body weight 
of this population was 68 kg, with an interquartile range 
of 57–78 kg (total range 31–128 kg). Covariate distribu-
tions were simulated as reported for the populations of the 
published population pharmacokinetic models from the 
reported mean or median and corresponding variability. 
The pharmacokinetic data obtained from our simulations 
with the pivotal phase III dose were then considered as 
the reference for alternative dosing regimens. Thereafter, 
for each drug, we developed a weight band-based dosing 
regimen with the same dosing interval, based on both the 
available vial sizes and the described relationship between 
body size and pharmacokinetics. All simulations were per-
formed in compliance with the recently published FDA 
guideline describing pharmacokinetic-based criteria to 
develop alternative dosing regimens for programmed cell 
death-1- or ligand-1-blocking antibodies [10]. This guide-
line states that the geometric mean of the area under the 
concentration–time curve during a dosing interval and the 
geometric mean concentration at steady state (AUC​ss and 
Ctrough,ss) and/or at the end of the first dosing cycle (AUC​
ss,1st and Ctrough,1st) are no more than 20% lower or higher 
compared with the reference dosing regimen. Furthermore, 
the maximum concentration (Cmax) at steady state should 
not increase more than 20% compared with that of the 
reference dosing regimen.

As a clear dose– and exposure–response relationship 
has been reported for ipilimumab, leading to less efficacy 
at a lower exposure and dose and more toxicity at a higher 
exposure and dose [14, 15], the alternative ipilimumab 
dose to be developed was chosen to match the reference 
pharmacokinetics as closely as possible. For all other 
drugs, an alternative dosing regimen was developed lead-
ing to an exposure lower than associated with the reference 
dose, but within the margins of equivalence (a < 20% dif-
ference in relevant pharmacokinetic endpoints). Further-
more, separate alternative dosing regimens were evaluated 
for nivolumab every 2 weeks (Q2W) and every 3 weeks 
(Q3W). Initially, nivolumab was approved in a 3-mg/kg 
Q2W dose [16]. Recently, the combination of nivolumab 
and ipilimumab with two cycles of chemotherapy was 
approved based on the results of the CHECKMATE-9LA 
phase III trial, where nivolumab was dosed in a flat, fixed, 
360-mg Q3W dose [17]. As chemotherapy is administered 
in Q3W cycles, an alternative Q3W dosing regimen was 
developed as well for nivolumab.

The alternative dosing regimens were based on the 
established relationship between body size and pharma-
cokinetics in the selected population pharmacokinetic 
models, to prevent a systematic bias of drug exposure 
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versus body size. Furthermore, the alternative dosing 
regimens were based on the available vial sizes to prevent 
wastage as much as possible. From our simulations, we 

derived the geometric mean of the AUC during a dosing 
interval and the Ctrough (and the corresponding geometric 
coefficient of variation) of the selected drugs at the first 

Table 1   Description of drugs

FDA Food and Drug Administration, PD-L1 programmed cell death ligand 1, Q1W every week, Q2W every 2 weeks, Q3W every 3 weeks, Q4W 
every 4 weeks, Q6W every 6 weeks

Drug Reference dose and 
dosing interval

Alternative approved 
dose based on mod-
eling and simulation 
by license holder

Available vial sizes Population pharma-
cokinetic model source

Covariates in the phar-
macokinetic model

Amivantamab 1050 mg < 80 kg 
bodyweight

1400 mg ≥ 80 kg 
bodyweight

Q1W for 4 weeks, 
Q2W thereafter [18]

– 350 mg FDA drug approval 
package [19]

Body weight

Atezolizumab 1200 mg Q3W [20] 840 mg Q2W
1680 mg Q4W [20, 

21]

840 mg, 1200 mg FDA drug approval 
package [22]

Body weight
Sex
Tumor burden
Albumin
Antidrug antibodies

Bevacizumab 15 mg/kg Q3W [23] – 100 mg, 400 mg Han et al. [24] Albumin
Alkaline phosphatase
Sex
Body weight

Durvalumab 10 mg/kg Q2W [25]
20 mg/kg Q4W [25]

1500 mg Q4W (> 30 
kg) [11]

[Q3W during 4 cycles 
when combined with 
chemotherapy]

120 mg, 500 mg Baverel et al. [11] Albumin
Creatinine clearance
Sex
Performance status
Tumor size
Soluble PD-L1

Ipilimumab 1 mg/kg Q6W [26] – 50 mg, 200 mg Sanghavi et al. [27] Body weight
Lactate dehydrogenase
Tumor type
Combination therapy

Nivolumab Q2W and 
Q4W

3 mg/kg Q2W [16] 240 mg Q2W [28]
480 mg Q4W [29]

40 mg, 100 mg, 
120 mg, 240 mg

Zhang et al. [30] Body weight
Age
Glomerular filtration 

rate
Lactate dehydrogenase
Albumin
Sex
Performance status
Tumor type
Line of therapy
Chemotherapy

Nivolumab Q3W 360 mg Q3W [17] –

Pembrolizumab 2 mg/kg Q3W [31] 200 mg Q3W [9]
400 mg Q6W [12]

100 mg Ahamadi et al. [32] Albumin
Glomerular filtration 

rate
Tumor size
Performance status
Indication
Sex
Body weight

Ramucirumab 10 mg/kg Q2W [33] – 100 mg, 500 mg O’Brien et al. [34] Body weight
Trastuzumab derux-

tecan
5.4 mg/kg Q3W [35] – 100 mg Yin et al. [36] Albumin

Tumor size
Body weight
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cycle and at steady state. Moreover, for both dosing sce-
narios, the average quantity of drug used per dose admin-
istered was calculated, assuming wastage of the remainder 
of the smallest vial size available when it was partially 
used. The potential savings compared to dosing regimens 
in the drug labels were then calculated. The code for all 
pharmacokinetic models used for modeling and simulation 
is supplied in the Electronic Supplementary Material of 
this article as a reference. Table 1 describes the selected 
drugs, the dosing regimens from the pivotal phase III trial 
used as the reference dose, the reported approved alter-
native dosing regimens already developed by the license 
holders based on modeling and simulation, as well as the 
available vial sizes and the source for the population phar-
macokinetic models.

3 � Results

The results of our study are presented in Table 2. All pre-
dicted Ctrough or AUC from the alternative dose deviated 
were within ± 20% from the reference dose, as all ratios 
for these pharmacokinetic endpoints for the alternative 
and reference dose fell within the 0.8–1.2 boundaries for 
pharmacokinetic equivalence. For ipilimumab, no differ-
ence in predicted exposure was observed in the alternative 
dose. Furthermore, the predicted variability in Ctrough and 
AUC of the alternative dosing regimens was similar to that 
of the reference dosing regimens, showing that weight-
band dosing does not relevantly increase variability in 
drug exposure. As no AUC or dose on the population was 
higher than associated with the reference dosing regimen, 
none of the Cmax of the alternative dosing regimens devi-
ated > 20% from the Cmax from the reference dosing regi-
mens for the population (data not shown).

As observed in Table 2, all alternative dosing regimens 
resulted in equivalent exposures with a < 20% difference 
in both the geometric means of Ctrough and AUC during a 
dosing interval after the first cycle and at steady state (cal-
culated ratios within the predefined 0.8–1.2 boundaries), 
with maximum average savings in expenses compared with 
the reference dose that range from 28% (trastuzumab der-
uxtecan) to 11% (pembrolizumab).

The reductions in the average quantity of drug used 
in our proposed alternative dosing regimens are driven 
both by lower doses and rounding of the dose based on 
weight bands. For pembrolizumab, we propose a dose of 
either 100 or 150 mg for people weighing < 60 or > 60 
kg, respectively. As only 100-mg vials exist for pem-
brolizumab, the preparation of a 150-mg dose results in 
a projected wastage of two vials. We predicted savings 
of approximately 11% for the alternative dose of pem-
brolizumab compared with the reference dose of 2 mg/

kg. Compared to the currently approved 200-mg Q3W 
and 400-mg Q6W doses, the projected savings increase to 
16%. As pembrolizumab is currently one of the most fre-
quently used programmed cell death-1 inhibitors, we think 
that the actual savings in drug expenses will be higher, as 
vial sharing will further reduce wastage. The manufacturer 
of pembrolizumab has recently shown that pembrolizumab 
infusions are stable for at least 1 week after reconstitu-
tion, further facilitating paring of preparations for multiple 
patients to prevent wastage when appropriate microbio-
logical conditions are met [37]. The 400-mg Q6W dosing 
regimen for pembrolizumab has been approved based on 
modeling and simulation with the 2-mg/kg Q3W dosing 
regimen as the reference. It was shown that in the Q6W 
dosing regimen, the Ctrough was 12% lower than the Ctrough 
associated with the initially approved 2-mg/kg Q3W dos-
ing interval [12]. This shows that further dose reduc-
tions for a Q6W dosing regimen of pembrolizumab are 
not possible without violating the proposed criteria for 
equivalence.

4 � Discussion

In our analysis, we calculated the maximum fraction of 
drug saved by our alternative dosing regimen compared 
to the reference dosing regimen. However, for durvalumab 
and nivolumab, the savings compared with the currently 
approved dosing regimens may be even higher. Although 
the durvalumab dosing regimen of 10 mg/kg Q2W was 
used in the phase III clinical study that led to its approval, 
the license holder has changed the label to a 1500-mg 
Q4W dosing regimen based on modeling and simulation. 
This may facilitate additional savings. For patients weigh-
ing < 60 kg, we propose a 480-mg Q2W dose (correspond-
ing with a 960-mg cumulative dose during a 4-week inter-
val), which results in 36% savings in drug costs compared 
with the approved 1500-mg Q4W dose. For the nivolumab 
240-mg Q2W and 480-mg Q4W dosing regimens, which 
were developed by the license holder based on modeling 
and simulation after initial approval of the 3-mg/kg Q2W 
dose, the savings generated by our alternative dosing 
regimen for nivolumab may be up to 50% compared with 
the fixed-dose regimens, depending on the weight of the 
patient.

Our simulations were based on a representative Euro-
pean population. In a population with a higher average 
body weight, the average administered dose will be higher. 
Nonetheless, our proposed alternative dosing regimens, 
based on weight bands, may still result in reductions in 
drug expenses compared with the reference dosing regi-
mens in populations with a higher body weight.
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Table 2   Summary of results

Drug and dosing regimen Geometric mean
Ctrough,1st (%CV)

Geometric mean
Ctrough ss (%CV)

Geometric mean
AUC​1st (%CV)

Geometric mean
AUC​ss (%CV)

Average quantity of 
drug used per dosea

Amivantamab Q2W
Reference dose
< 80 kg: 1050 mg
≥ 80 kg: 1400 mg

131 mg/L (28%) 134 mg/L (73%) 26,742 mg⋅h/L (26%) 79,735 mg⋅h/L (41%) 1126 mg

Alternative dose
<60 kg: 700 mg
60–100 kg: 1050 mg
>100 kg: 1400 mg

109 mg/L (27%) 112 mg/L (67%) 22,270 mg h/L (27%) 66,399 mg⋅h/L (37%) 949 mg

Ratio alternative:reference 0.83 0.83 0.83 0.83 0.84
Atezolizumab Q3W
Reference dose
1200 mg

89 mg/L (28%) 209 mg/L (48%) 3247 mg ⋅day/L (19%) 6707 mg⋅day/L (33%) 1200 mg

Alternative dose
< 70 kg: 840 mg
≥ 70 kg: 1200 mg

74 mg/L (29%) 172 mg/L (44%) 2669 mg⋅day/L (22%) 5528 mg⋅day/L (31%) 1005 mg

Ratio alternative:reference 0.82 0.82 0.82 0.82 0.84
Bevacizumab Q3W
Reference dose
15 mg/kg

62 mg/L (35%) 114 mg/L (50%) 62,824 mg⋅h/L (21%) 104,111 mg⋅h/L (31%) 1075 mg

Alternative dose
< 55 kg: 700 mg
55–70 kg: 800 mg
70–100 kg: 1000 mg
> 100 kg: 1200 mg

54 mg/L (34%) 99 mg/L (51%) 54,650 mg⋅h/L (19%) 90,826 mg⋅h/L (31%) 875 mg

Ratio alternative:reference 0.87 0.87 0.87 0.87 0.81
Durvalumab Q2W
Reference dose
10 mg/kg

51 mg/L (34%) 142 mg/L (51%) 1278 mg⋅day/L (24%) 2913 mg⋅day/L (38%) 745 mg

Alternative dose
< 60 kg: 480 mg
60–80 kg: 600 mg
> 80 kg: 720 mg

44 mg/L (32%) 123 mg/L (50%) 1117 mg⋅day/L (21%) 2544 mg⋅day/L (36%) 588 mg

Ratio alternative:reference 0.87 0.87 0.87 0.87 0.79
Durvalumab Q4W
Reference dose
20 mg/kg

63 mg/L (42%) 112 mg/L (62%) 3740 mg⋅day/L (26%) 6025 mg⋅day/L (38%) 1423

Alternative dose
< 60 kg: 960 mg
60–80 kg: 1200 mg
> 80 kg: 1440 mg

54 mg/L (42%) 97 mg/L (62%) 3269 mg⋅day/L (24%) 5261 mg⋅day/L (37%) 1176

Ratio alternative:reference 0.87 0.87 0.87 0.87 0.83
Ipilimumab Q6W
Reference dose
1 mg/kg

1.0 mg/L (71%) 2.1 mg/L (75%) 4013 mg ⋅h/L (27%) 5998 mg⋅h/L (35%) 95 mg

Alternative dose
< 60 kg: 50 mg
60–90 kg; 75 mg
> 90 kg: 100 mg

1.0 mg/L (72%) 2.1 mg/L (75%) 4071 mg⋅h/L (28%) 6084 mg⋅h/L (36%) 84 mg

Ratio alternative:reference 1.0 1.0 1.0 1.0 0.88
Nivolumab Q2W
Reference dose
3 mg/kg

10.4 mg/L (29%) 26.5 mg/L (38%) 6581 mg⋅h/L (25%) 13784 mg⋅h/L (27%) 224 mg
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In contrast to the other drugs in our analysis, trastu-
zumab is an antibody conjugated with the cytotoxic drug 
deruxtecan, which is a topoisomerase inhibitor [36]. As 
it is known that the pharmacokinetics of the (release of 
the) payload of trastuzumab deruxtecan is described by a 
linear pharmacokinetic process, the pharmacokinetics of 
the payload is directly proportional to the complete con-
jugate. Therefore, the pharmacokinetics of the complete 
conjugate was used as an endpoint for our investigation 
of alternative dosing regimens [36]. The approved linear 
(mg/kg) dosing regimen of trastuzumab deruxtecan leads 

to relative overdosing in patients with a relatively higher 
weight, owing to the non-linear relationship between 
antibody clearance and body size [5]. For non-conjugated 
monoclonal antibodies, if complete receptor occupancy is 
reached in the approved dose across the complete range of 
body weights, relative overdosing will not result in toxic-
ity. However, relative overdosing may result in additional 
toxicity for antibody-drug conjugates, as more of cyto-
toxic drug will also reach the systemic circulation. In the 
proposed alternative dose for trastuzumab deruxtecan, we 
accounted for the non-linear relationship between body 

AUC​1st, AUC​ss, Ctrough,1st, Ctrough,ss, CV coefficient of variation, Q2W every 2 weeks, Q3W every 3 weeks, Q4W every 4 weeks, Q6W every 6 
weeks
a The average quantity of drug used per dose administered, assuming wastage of the smallest vial size available when partially used

Table 2   (continued)

Drug and dosing regimen Geometric mean
Ctrough,1st (%CV)

Geometric mean
Ctrough ss (%CV)

Geometric mean
AUC​1st (%CV)

Geometric mean
AUC​ss (%CV)

Average quantity of 
drug used per dosea

Alternative dose
< 50 kg: 120 mg
50–75 kg: 160 mg
75–100 kg: 200 mg
> 100 kg: 240 mg

9.3 mg/L (33%) 24.2 mg/L (46%) 5758 mg⋅h/L (24%) 12388 mg⋅h/L (31%) 169 mg

Ratio alternative:reference 0.90 0.91 0.87 0.90 0.75
Nivolumab Q3W
Reference dose
360 mg

16.7 mg/L (51%) 47.5 mg/L (77%) 17,126 mg⋅h/L (33%) 38,070 mg⋅h/L (51%) 360 mg

Alternative dose
< 60 kg: 280 mg
60–90 kg: 320 mg
> 90 kg: 360 mg

13.8 mg/L (52%) 38.5 (75%) 14,203 mg⋅h/L (30%) 31,197 mg⋅h/L (48%) 310 mg

Ratio alternative:reference 0.82 0.81 0.83 0.82 0.86
Pembrolizumab Q3W
Reference dose
2 mg/kg

9.44 mg/L (30%) 23.0 (52%) 325 mg⋅day/L (26%) 708 mg⋅day/L (40%) 189 mg

Alternative dose
< 60 kg: 100 mg
> 60 kg: 150 mg

9.37 mg/L (30%) 22.9 mg/L (52%) 322 mg⋅day/L (26%) 703 mg⋅day/L (40%) 168 mg

Ratio alternative:reference 1.0 1.0 1.0 1.0 0.89
Ramucirumab Q2W
Reference dose
10 mg/kg

37 mg/L (40%) 67 mg/L (49%) 1208 mg⋅day/L (27%) 1867 mg⋅day/L (33%) 734 mg

Alternative dose
< 60 kg: 500 mg
60–80 kg: 600 mg
80–110 kg: 700 mg
> 110 kg: 800 mg

32 mg/L (37%) 59 mg/L (47%) 1067 mg⋅day/L (23%) 1649 mg⋅day/L (31%) 591 mg

Ratio alternative:reference 0.88 0.88 0.88 0.88 0.81
Trastuzumab deruxtecan Q3W
Reference dose
5.4 mg/kg

4.8 mg/L (64%) 10 mg/L (57%) 568 mg⋅day/L (25%) 725 mg⋅day/L (30%) 419 mg

Alternative dose
< 45 kg: 200 mg
45–90 kg: 300 mg
> 90 kg: 400 mg

4.0 mg/L (63%) 8.4 mg/L (57%) 476 mg⋅day/L (23%) 607 mg⋅day/L (29%) 302 mg

Ratio alternative:reference 0.84 0.84 0.84 0.84 0.72
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size and drug clearance, resulting in less relative overdos-
ing in the higher weight range. Whether this also results 
in less toxicity should be prospectively verified, but seems 
plausible. No alternative dosing regimen could be devel-
oped for cemiplimab because of the limitations of a single 
vial size of 350 mg. The flat fixed 350-mg Q3W dose was 
based on modeling and simulation and based on a 3-mg/
kg Q2W dosing regimen [38]. The development of smaller 
vial sizes (e.g., 50 and 100 mg), either by the manufacturer 
or by a public initiative, may have the potential to vastly 
reduce drug expenses.

There are some studies that indicate that nivolumab may 
be dosed lower than proposed by use here [39, 40], yet 
results are conflicting and higher doses of nivolumab appear 
to be required for the treatment of lung cancer [41–43]. 
Although we specifically focused on monoclonal antibodies 
and antibody-drug conjugates used for the treatment of lung 
cancer, most drugs in our analysis have broader indications. 
We propose that the developed alternative dosing regimens 
may be extrapolated to other indications for which these 
drugs are used, when the approved doses for lung cancer 
and the alternative indication are the same.

Our analysis was mainly focused on savings in drug 
expenses. However, total costs of treatment depend on 
more than drug expenses only. Some of the reference dos-
ing regimens in our study (e.g., durvalumab) require more 
frequent (Q2W) administration than also described in the 
label (Q4W). More frequent administration may result in 
additional costs associated with preparation and administra-
tion of the drug. Furthermore, with regard to patient con-
venience, it may be argued that less frequent dosing may be 
more desirable as hospital visits will be reduced. Our analy-
sis can be used to carefully weigh all these considerations to 
establish a cost-effective treatment for lung cancer. Another 
factor that should be weighed is that the pharmaceutical sec-
tor is responsible for a significant proportion of all carbon 
emissions [44]. By development of more sustainable dosing 
strategies with less drug wastage as presented here, one can 
directly contribute to the reduction of the carbon footprint 
of pharmaceuticals.

The criteria for a clinically equivalent exposure used 
in our analysis were derived from the FDA guideline for 
in silico dose development for programmed cell death-1 
and programmed cell ligand-1 inhibitors [10], but some 
drugs (amivantamab, bevacizumab, ipilimumab, ramu-
cirumab, and trastuzumab deruxtecan) in our study do not 
belong to these classes of drugs. However, we postulate 
that this FDA guidance may be applicable to other classes 
of therapeutic antibodies as well. We propose that if it is 
known that additional variability in exposure may cause 
relevant changes in the benefit-to-risk ratio of a drug (e.g., 
as with ipilimumab) [14, 15], stricter criteria should be 
used, for example: a maximum deviation of 10% in Ctrough, 

Cmax, and AUC and no increase in the variability of these 
pharmacokinetic endpoints. Our alternative dosing regi-
men for ipilimumab complies with these stricter criteria, 
while resulting in less drug wastage.

Although our alternative dosing regimens contribute to 
less drug expenses in the short term, we argue that high drug 
costs are symptoms of an underlying drug pricing system 
that should be fixed, for example by implementing pricing 
transparency [45]. Our proposal should be considered a 
“free-market solution” for a “free-market problem,” which 
can be used to limit drug expenses until we fundamentally 
change how the development of innovative drugs is funded 
and reimbursed.

5 � Conclusions

We have developed alternative dosing regimens that will 
result in a reduction in drug wastage while maintaining 
clinically equivalent drug exposures, based on solid clinical 
pharmacological data from the license holders of the drugs. 
These dosing regimens may aid the reduction in costs and 
drug wastage without impacting drug efficacy and safety and 
may be implemented in routine practice without the neces-
sity of performing an additional clinical study.
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