
CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 112 NUMBER 5 | November 2022 941

PERSPECTIVES

PERSPECTIVE

Pharmacometrics Golems: 
Exposure-Response Models in 
Oncology
Akash Khandelwal1,* , Ana-Marija Grisic1 , Jonathan French2  
and Karthik Venkatakrishnan3

Pharmacometric models are prone to different types of bias, 
which can confound the analysis and challenge the credibility 
of causal inference. This holds particularly true for exposure-
response analysis with time-to-event end points. With ever wider 
use of pharmacometric models and increased recognition of 
confounding factors, advanced methods addressing these biases 
are being developed and increasingly utilized. Herein, we provide a 
perspective highlighting the limitations introduced by the biases 
and considerations for future applications.

Golems—creatures made from inanimate 
matter by humans—are not only a folk-
lore motif, but can also be made by phar-
macometricians in silico.1 In the context 
of pharmacometrics, these are population 
pharmacokinetic/pharmacodynamic and 
exposure-response models used in drug dis-
covery and development for predictions, 
mechanistic insights, and decision making. 
They too are typically not designed to have 
intent nor wisdom of their own and with-
out our guidance, control, and prudence 
can lead to unintended consequences, such 
as false inferences from confounded anal-
yses. Herein, we share our perspectives on 
one of the Golems of pharmacometrics, 
exposure-response models in oncology, 
with special emphasis on the potential of 
immortal time bias to lead to incorrect de-
cision making.

Immortal time bias (ITB), also known 
as guarantee-time bias, arises when a time-
to-event end point, such as disease-free 
survival, progression-free survival (PFS), 
or overall survival (OS), is related to pre-
dictors or compared between groups 
defined by a classifying variable that is 
measured post-baseline.2 Although ITB 
is well-recognized in various fields, such 
as economics, military, and pharmaco-
epidemiology, its presence and impact in 
exposure-response analyses has only been 
appreciated in recent years. In the context 
of exposure-response analysis, the classi-
fying variable susceptible to ITB could 
include drug exposure or post-baseline 
covariates. Some of the common examples 
in time-to-event models are objective re-
sponse to treatment, maximal reduction of 
a biomarker, duration of treatment, onset 

of an adverse event (AE), post-baseline de-
tection of anti-drug antibodies, and mea-
surable drug exposure. In these cases, the 
observation of the classifying variable may 
be conditional on the main outcome not 
occurring—a patient cannot contribute 
observations after they died—thus intro-
ducing bias (Figure  1). In other words, a 
patient from whom the observation (e.g., 
an AE) was made is from the analysis per-
spective “immortal” until that time point. 
Of note, in this paper, we distinguish ITB 
from so-called survivor(ship) bias, which 
occurs in analyses where entering the study 
is conditional on survival (e.g., patients 
need to be alive long enough to receive any 
treatment), associated primarily with ob-
servational studies, and closely related to 
ITB.

Immortal time bias was first recognized 
in the 1980s, in a report by Anderson 
et  al.,2 wherein they investigated OS be-
tween responders and nonresponders to 
cancer treatment. In that case, ITB origi-
nates from the fact that responders need 
to survive long enough to respond to the 
therapy, and patients who die before the 
first response assessment are assigned 
to the nonresponse group. Thereby, the 
response group is given an “advantage,” 
resulting in overestimation of survival in 
this group. More recently, Montomoli et 
al.3 investigated the association of KRAS 
mutations with 1-, 2-, and 5-year survival 
after diagnosis in patients with metastatic 
colorectal cancer using the Kaplan–Meier 
technique. As the authors recognize in the 
paper, because only patients who were still 
alive at the time of KRAS testing could 
be included in the study, this analysis was 
confounded by ITB, likely resulting in an 
overestimation of survival compared to the 
general metastatic colorectal cancer popu-
lation. Another example is use of duration 
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of treatment as a predictor, as demonstrated 
in the study by Souhami et al.4 That analy-
sis investigated OS, disease-free survival, 
cause-specific mortality, local failure, and 
distant metastasis in patients with locally 
advanced prostate cancer who received hor-
monal therapy for up to 1 year, 1–5 years, 
and more than 5  years, concluding that 
therapy duration of > 5 years was associated 
with improved outcomes. This analysis is, 
however, confounded by ITB, as the pa-
tients who received therapy for >  5  years 
per definition had to survive for 5  years, 
resulting with 100% survival until year 5 
in this subgroup. Furthermore, a study in 
patients with advanced non-small cell lung 
cancer compared PFS in patients who ex-
perienced immune-related AE and those 
that did not.5 Although Kaplan–Meier 
analysis found a significant difference in 
PFS between the two groups, subsequent 
landmark analysis, which addresses ITB, 
found the difference not to be significant, 
pointing to the potential confounding im-
pact of ITB in the Kaplan–Meier analysis. 
These are just some of the examples which 
are relevant in the context of covariate anal-
ysis in exposure-response models, where 
treating these variables as static covariates 
in exposure-response analysis would intro-
duce ITB.

Certain sources of bias are inherent to 
the data and cannot be addressed by meth-
odological approaches, such as selection 
bias in nonrandomized trials or ITB by 

design (more common in an observational 
study than a randomized control trial). 
However, with increasing incorporation 
of real-world data in pharmacometrics 
analysis, care must be taken at the analysis 
planning stage, as ITB can be introduced if 
time of eligibility, start of follow-up, and 
treatment assignment are not identical. In 
a typical randomized control trial, these 
times are identical and, hence, ITB by de-
sign is unlikely. ITB can also emerge in the 
context of therapeutic drug monitoring/
precision dosing studies when treatment 
is determined based on a time-varying 
biomarker that is potentially itself a conse-
quence of prior treatment, such that meth-
ods, such as semiparametric or parametric 
time-to-event models, with a time-varying 
biomarker may not reliably estimate treat-
ment effect.

ITB introduced by naïve analysis 
(Table  S1) can be addressed by several 
methodological approaches (Table  1). 
Although the use of such advanced meth-
ods in pharmacometric modeling has so 
far been scarce due to their complex imple-
mentation, they offer a means of mitigating 
ITB and thus warrant further recognition 
and broader use. Landmarking approaches 
(Table 1, approaches 1 and 2) address ITB 
by including only subjects who are still at 
risk (i.e., alive and did not drop out) by 
the prespecified landmark time(s). In these 
analyses, follow-up time is measured from 
the landmark time and all covariates and 

intercurrent events measured prior to the 
landmark time are eligible predictors of 
the landmarked time to event. The land-
mark analysis is, however, not without 
limitations, as predictors that occur after 
the landmark time are not considered, in-
troducing a different bias in the context of 
the question being addressed by the anal-
ysis. For instance, use of cycle 1 systemic 
exposure (landmark time) in a time-to-
event exposure-response analysis would 
not consider the changes in exposure over 
time (e.g., from dose modifications to man-
age AEs that occur during the course of 
treatment).

In the cloning and inverse probability 
of censoring weighting within the emu-
lated trial approach (Table  1, approach 
3), all subjects that experienced the ob-
servation and/or the event contribute 
their survival times to all categories of the 
classifying variable, thus controlling for 
ITB. The last three covered approaches 
(Table  1, approaches 4–6) address ITB 
by considering only data available by the 
current time point in the analysis (e.g., 
time-varying covariate information) in a 
dynamic analysis of longitudinal data, also 
making them akin to pharmacodynamic 
analysis of biological systems and there-
fore appealing from a clinical pharmacol-
ogy perspective. Such dynamic models 
of longitudinal data, when coupled with 
dropout models where relevant, should 
importantly be well-suited to clinical trial 

Figure 1  Illustration of immortal time bias (ITB) on examples of adverse event (AE) and tumor size (TS) observations.
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PERSPECTIVES

simulations to evaluate the performance of 
alternate trial designs, biomarker selection 
algorithms, or dosing regimens, thereby 
enabling model-informed precision med-
icine development.

Although all advanced approaches are 
complex in terms of implementation, data 
requirements and, in some cases, interpre-
tation, the advantages they offer in terms of 
achieving unbiased estimation of exposure-
response relationships and enabling causal 
inferences are tantalizing to consider their 
broader evaluation to enable adoption. 
Within the oncology clinical pharmacol-
ogy and pharmacometrics community, 
ITB is increasingly recognized, and al-
ternative approaches are being utilized to 
partially circumvent ITB. Nishino et al.6 
performed 3-month conditional landmark 
analyses (Table 1, approach 1) as well as ex-
tended Cox models with time-dependent 
covariates (Table 1, approach 4) to assess 
the tumor size-OS relationship of pem-
brolizumab in patients with melanoma. 
The OS model developed by Zheng et al.7 
for durvalumab in the urothelial cancer 
population investigated model-predicted 
tumor response as a time-varying covariate 
(Table  1, approach 4). Netterberg et al.8 
linked the time course of atezolizumab 
systemic exposure (area under the curve) 
to relative change of IL-18 from baseline, 
which, in turn, was linked to tumor dy-
namics and ultimately used as a predictor 
of OS in patients with non-small cell lung 
cancer (Table  1, approach 4). Krishnan 
et al.9 developed a multistate model 
(Table  1, approach 6) that described the 
transitions between states capturing jointly 
the overall event and survival data in pa-
tients with HER2-negative breast cancer. 
The longitudinal tumor size model derived 
metrices were used as covariates on the 
transition hazard in a prospective manner 
to alleviate ITB.

The benefit of advanced analysis to mit-
igate ITB compared to naïve analysis is 
more noticeable when the number of early 
outcome events is high or the classifying 

variable occurs later in time. For example, 
when relating early changes in tumor size 
to OS, a naïve analysis is more prone to 
ITB in populations in which the hazard 
of death during the early follow-up is high 
(i.e., higher number of early events) than in 
populations in which the hazard of death 
during the early follow-up is low (i.e., lower 
number of early events).10 There are in-
stances when the presence of ITB can be 
easily recognized (e.g., if a Kaplan–Meier 
curve of one of the compared groups is flat 
at the beginning), implying 100% early sur-
vival for this group. This is exemplified in 
the above-mentioned analysis4 where the 
Kaplan–Meier plot clearly shows 100% 
survival rate for first 5  years in the group 
treated for > 5 years.

Comparison of the results from mul-
tiple approaches (e.g., ref. 6) is beneficial 
for evaluation of the impact of ITB on 
the results, however, in practice, this may 
have limited feasibility and lead to sub-
stantial prolongation of analysis timelines. 
Therefore, in our opinion, the context of 
use of the model and the potential for ITB 
must be kept in mind before defining the 
analysis strategy, including selection of 
any of the advanced approaches to miti-
gate impact of ITB. Furthermore, we posit 
that continued refinement of approaches 
to mitigate biases (including but not lim-
ited to ITB) will be important to enhance 
fidelity of model-informed drug develop-
ment frameworks to ultimately increase 
the probability of success in oncology drug 
development.
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