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Abstract
Although kinase inhibitors (KI) frequently portray large interpatient variability, a ‘one size fits all’ regimen is still often 
used. In the meantime, relationships between exposure-response and exposure-toxicity have been established for several KIs, 
so this regimen could lead to unnecessary toxicity and suboptimal efficacy. Dose adjustments based on measured systemic 
pharmacokinetic levels—i.e., therapeutic drug monitoring (TDM)—could therefore improve treatment efficacy and reduce 
the incidence of toxicities. Therefore, the aim of this comprehensive review is to give an overview of the available evidence 
for TDM for the 77 FDA/EMA kinase inhibitors currently approved (as of July 1st, 2023) used in hematology and oncology. 
We elaborate on exposure-response and exposure-toxicity relationships for these kinase inhibitors and provide practical 
recommendations for TDM and discuss corresponding pharmacokinetic targets when possible.

Key Points 

Therapeutic drug monitoring can be a practical tool for 
personalizing therapy with kinase inhibitors.

The potential of therapeutic drug monitoring for kinase 
inhibitors is mostly based on exposure-response and 
exposure-toxicity relationships.

Randomized, prospective studies are highly needed to 
confirm the beneficial effect of therapeutic drug moni-
toring before it could be incorporated into daily clinical 
practice.

1  Introduction

Kinase inhibitors (KIs, or small molecule kinase inhibi-
tors) have become increasingly important in the treatment 
of malignant diseases over the last decades. This is mainly 
due to the ease of oral administration and the rising number 
of targets available. These KIs are associated with a high 
inter-individual variability in drug exposure (typically rang-
ing from 40 to 70%) [1]. Many factors account for this vari-
ability, such as variable absorption, genetic polymorphisms 
in metabolizing enzymes and interacting food, herbs and 
co-medication [2–4]. For many KIs, pharmacokinetic (PK) 
exposure (i.e., area under the curve plasma concentration 
[AUC] or plasma trough level [Cmin]) is associated with 
efficacy and/or toxicity, resulting in patients being at risk 
of systemic concentrations when drug levels are outside the 
therapeutic window [1, 5]. Despite high inter-individual 
variability and the association between exposure-response 
and exposure-toxicity, the “one dose fits all” regimen is still 
applied for all KIs [1].
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Therapeutic drug monitoring (TDM) has been proposed 
as a method to individualize KI treatment by adjusting the 
dose based on the measured drug concentration while tar-
geting a certain threshold [1, 5]. It was recently shown that 
TDM is feasible in daily practice for commonly used oral 
targeted therapies (mostly KIs) and that TDM substantially 
reduces the number of underexposed patients [6]. Several 
factors are important for determining whether a drug is a 
suitable candidate for TDM (Fig. 1) [7]. First, the drug must 
have a defined exposure-response and/or -toxicity relation-
ship at the approved dose with a considerable inter-indi-
vidual variability in PK exposure and a narrow therapeu-
tic range (i.e., the drug has a small difference between the 
therapeutic and toxic concentration). Moreover, the average 
time on treatment should be long enough to allow time to 
reach steady-state concentrations and dose modifications 
(i.e., at least several weeks) and these interventions should 
be feasible in daily practice. Last, bioanalytical methods to 
measure the plasma concentrations are required and no other 
superior biomarker for drug response should be available, as 
this would make TDM unnecessary [7].

Several reviews describing TDM of KIs have been 
published in past years [1, 5, 8]. However, as the num-
ber of new compounds is expanding fast and additional 
data regarding TDM of previously described KIs have 
become available, an update is required. The aim of this 
review is to provide an overview of the current evidence 
on exposure-response and exposure-safety relationships 
of all KIs used in hematology and oncology approved by 
the FDA and/or the EMA up to July 1st, 2023 (see Figs 2 
and 3 for an overview of these KIs with their targets and 
indications). Based on the previously proposed require-
ments for TDM and the available evidence per drug, we 
provide practical recommendations and evidence levels 
for TDM with corresponding PK targets that can be used 
to personalize KI treatment (Table 1) [7, 9]. We advise 
the use of TDM in daily clinical practice when a clear 
exposure-response and/or -toxicity relationship is estab-
lished with a target threshold that is validated in at least 
one prospective clinical trial.

Fig. 1   An overview of the seven most important criteria for drugs to be a suitable candidate for therapeutic drug monitoring (TDM). Based on 
the requirements suggested by Groenland et al [7]. Created with Biorender.org
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Fig. 2   Overview of described KIs with target mechanism and indications used in solid tumors
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1.1 � Anaplastic Lymphoma Kinase (ALK) Inhibitors

For the first-generation ALK inhibitor crizotinib, an expo-
sure-response relationship has been established for overall 
response rate (ORR) and progression-free survival (PFS) in 
two pivotal trials, whereas an exposure-toxicity relationship 
was not found for grade ≥ 3 adverse events (AEs). The ORR 
was 60% in patients with a Cmin ≥ 235 ng/mL compared to 
47% in patients with a Cmin ≤ 235 ng/mL (n = 120) [10]. A 
recent observational study confirmed this with a significant 
improvement in PFS when comparing two groups divided 
by the Cmin of 235 ng/mL (median PFS: 5.7 vs 17.5 months) 
(n = 48) [11]. Despite these promising results, prospective 
studies investigating TDM for crizotinib are not expected 
because of the development of new and favorable ALK 
inhibitors. For ceritinib and lorlatinib, no exposure-response 
relationship was found for several clinical outcome measures 
(n = 54–328) [12–15]. For both drugs, positive exposure-
toxicity relationships were established for grade ≥ 3 AEs, 
specifically elevated liver enzymes and hyperglycemia for 
ceritinib and hypercholesterolemia for lorlatinib [13, 15]. 
For brigatinib, an exposure-response relationship was found 
for intracranial overall response rate, but not for PFS and 
ORR (n = 202), and an exposure-toxicity relationship was 

found only for elevated lipase and amylase levels [16, 17]. 
Therefore, TDM guided dosing does not seem of added 
value for these three drugs.

For alectinib, TDM seems a more compelling step to 
improve treatment outcome. Improved PFS was found to 
be associated with exposure, with a significant difference 
in PFS when targeting a Cmin of 435 ng/mL (n = 52) [11]. 
A recent American Society of Clinical Oncology (ASCO) 
abstract including 334 patients confirmed the improved PFS 
across three Phase III studies in patients with high alectinib 
+ metabolite M4 exposure (defined as a combined exposure 
above 1040 nM, i.e., 475 ng/mL) [18]. For other clinical 
outcomes, a relationship with exposure is less clearly estab-
lished. A relationship between exposure and overall survival 
(OS) and best response was not found, but higher Cmin levels 
were significantly associated with tumor reduction (includ-
ing 207 and 49 patients, respectively) [19, 20]. Higher alec-
tinib exposure was not associated with an increased rate of 
AEs [19, 20]. A prospective randomized controlled trial has 
recently started evaluating the added value of TDM for alec-
tinib targeting a Cmin of 435 ng/mL (NCT05525338), results 
are not expected before 2026 [21]. For now, targeting the 
Cmin ≥ 435 ng/mL seems most appropriate.

Fig. 3   Overview of described 
KIs with target mechanism and 
indications used in hematology
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1.2 � Break Point Cluster Region‑Abelson (BCR‑ABL) 
Oncoprotein Inhibitors

Many studies have established a positive exposure-response 
and exposure-toxicity relationship for the first-generation 
BCR-ABL inhibitor imatinib in the treatment of chronic 
myeloid leukemia (CML), with a target for exposure of 1000 
ng/mL, with a total of 1096 included patients. Although no 
threshold for toxicity is clear, AEs have been associated with 
trough concentrations > 3000 ng/mL [22–26]. The Inter-
national Association of Therapeutic Drug Monitoring and 
Clinical Toxicology (IATDMCT) has provided guidelines 
for TDM of imatinib and advise the same efficacy target 
of 1000 ng/mL [26]. Furthermore, TDM was found to be 
feasible and effective, in terms of a higher major molecular 
response rate at 12 months for CML patients (n = 139) who 
received dose adjustments based on this target (63% vs 37%) 
[27, 28]. In addition, a recent US cost-effectiveness study 
suggests economic favorability for TDM in CML patients, 
describing higher quality-adjusted life years (QALY) and 
lower costs than with regular dosing [29]. Imatinib is 
also used in patients with gastro-intestinal stromal tumors 
(GIST), but with a different target (KIT/PDGFRA) and is 
therefore described in the paragraph with the KIT/PDGFRA 
inhibitors.

Three second-generation BCR-ABL inhibitors have 
been developed. For dasatinib, results from four Phase II 
trials with a combined enrollment of 445 patients showed 
no exposure-response relationship at the approved dose 
[30]. One study described a positive relationship between 
the weighted average steady-state plasma concentra-
tion and the probability of achieving major cytogenic 
response, but there was no relationship between Cmin and 
this response [31, 32]. However, monitoring the Cmax has 
been recommended, as it can reduce the risk of developing 
resistance, with a target Cmax ≥ 50 ng/mL measured at 2 
h after intake [33, 34]. A relationship between exposure 
and risk for pleural effusion has been described, with the 
advice to not exceed a Cmin of 2.5 ng/mL to reduce this 
risk [1, 31–33]. Another study describes TDM as a tool to 
decrease this risk in 287 patients. Patients with a Cmin ≥ 
1.5 ng/mL could choose between continuing their dose or 
TDM-based dose reductions until a Cmin of < 1.5 ng/mL 
was reached. Patients in the TDM group had a significantly 
lower incidence of pleural effusion than the control group 
(13.2% vs 42.8%) over the study period. With older age 
and higher Cmin values being the two risk factors of pleural 
effusion, they advised TDM to prevent toxicity for at least 
all patients aged over 50 years [35]. For nilotinib, relation-
ships between exposure and longer time to progression and 
toxicity have been demonstrated, with a suggested efficacy 
Cmin target of ≥ 469 ng/mL (total n = 1035) [36, 37]. For 
bosutinib, a small study including 25 patients showed a 

significant difference in Cmin levels between patients with 
and without diarrhea (103 ng/mL vs 55 ng/mL) [38]. A 
study including 749 patients identified a weak relationship 
between both diarrhea and incidence of rash and exposure. 
This study also showed a relationship between exposure 
and multiple response endpoints, but only in patients with 
newly diagnosed chronic phase CML. This study did not 
propose an exposure target [39].

For ponatinib, a third-generation BCR-ABL inhibitor, sig-
nificant relationships between dose intensity and response 
and toxicity were described in the approval report (n = 444), 
although PK parameters such as Cmin were not reported [40]. 
In more recent years, the dose intensity-toxicity relationship 
has been studied more thoroughly, due to the increased risk 
of cardiovascular events with higher doses [40, 41]. Results 
from the OPTIC trial, in which 282 patients were rand-
omized between three dosing strategies with different start-
ing doses, showed a significant relationship between higher 
dose and response rate (51.6% vs 25.3%). Patients starting at 
this higher dose (45 mg/day) also had a 6.4% higher AE risk, 
including thrombocytopenia and arterial occlusive events. 
We have to await the results from the long-term safety and 
efficacy follow-up from this trial before giving adjusted 
starting dose advice [42].

Asciminib, the most recently approved BCR-ABL inhibi-
tor, only showed a significant relationship between exposure 
(in terms of higher daily AUC) and response in patients with 
a T315I mutation (n = 67) in the approval report. In all 
patients (n = 303), higher Cmax, but not Cmin, was associ-
ated with a slightly higher frequency of AEs, primarily the 
increase of liver enzymes [43].

In conclusion, there are sufficient data that support TDM 
for imatinib and nilotinib targeting Cmin levels of ≥ 1000 
ng/mL and ≥ 469 ng/mL, respectively. For dasatinib, TDM 
could be especially useful to prevent excessive toxicity. The 
recommended Cmin threshold for toxicity is ≤ 2.5 ng/mL 
and for patients aged over 50, a threshold Cmin ≤ 1.5 ng/
mL could help prevent pleural effusion. A target Cmax of 
≥ 50 ng/mL could be used to reduce the risk of resistance. 
For ponatinib, although results from the OPTIC trial sug-
gest both a dose-response and dose-toxicity relationship, no 
exposure was measured in this trial, so the value of TDM 
remains to be elucidated. For bosutinib and asciminib, stud-
ies on TDM should focus on certain patient groups, namely 
newly diagnosed chronic phase CML patients for bosutinib, 
and patients with a T315I mutation for asciminib.

1.3 � B‑Raf (BRAF) Inhibitors

Significant relationships for exposure-response and expo-
sure-toxicity for vemurafenib have been clearly described 
with an advised target Cmin of ≥ 42 mg/L, based on data 
of 110 patients using monotherapy vemurafenib [44–47]. A 
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more recent study, containing data from 402 patients using 
either monotherapy vemurafenib or combined therapy with 
the MEK inhibitor cobimetinib, focused on validating this 
target. In this study, the 42 mg/L target did not demonstrate 
a significant association with OS and PFS, but a 50 mg/L 
target did show a significant relationship to PFS and OS and 
was advised to be used as threshold. This target was reached 
by approximately 60% of included patients [48]. No studies 
on dabrafenib showed an exposure-response relationship at 
the approved dose (both monotherapy and combined with 
the MEK inhibitor trametinib) [49–52]. However, Goldwirt 
et al (n = 50) did report a significantly higher PFS when 
dabrafenib concentrations (in a combination therapy with 
trametinib) were between 30.4 and 71.8 mg/L, potentially 
explained by bias caused by early drop-out due to toxicity 
[49]. Neither Goldwirt et al nor Groenland et al (n = 140) 
showed an association between exposure and toxicity in 
combination therapy with trametinib. Unfortunately, neither 
took hydroxyl-dabrafenib – the most active metabolite—into 
account, despite the fact that it was previously shown that 
higher exposure of this metabolite leads to higher inci-
dence of grade ≥ 3 AEs [49–51]. Another study including 
both monotherapy and combined therapy patients showed 
higher mean Cmin levels in patients with AEs, although 
only 27 patients were included [52]. For encorafenib, the 
latest approved BRAF inhibitor given in combination with 
the MEK inhibitor binimetinib, no exposure-response was 
reported, but an exposure-toxicity relationship for occur-
rence of grade 3 or 4 AEs was described in the approval 
report (n = 449) [53]. No additional research has been per-
formed hereafter. As a conclusion, TDM cannot be advised 
for encorafenib and dabrafenib with the current lack of an 
E-R relationship at the approved dose. For vemurafenib, 
there is more evidence for the Cmin target of ≥ 50 mg/L than 
for the previously reported target of ≥ 42 mg/L and should 
be considered as threshold for TDM.

1.4 � Bruton’s Tyrosine Kinase (BTK) Inhibitors

For ibrutinib, no relationship between exposure and response 
has been established in patients with mantle cell lymphoma 
(n = 34) [54]. The US Food and Drug Administration (FDA) 
report found no relationship between exposure and grade 
≥ 3 infections or neutropenia, but it was demonstrated 
that higher plasma levels of ibrutinib were associated with 
more frequent discontinuation of therapy due to AEs [54]. 
A recent population PK-model found that mantle cell lym-
phoma patients who discontinued treatment because of 
disease progression (n = 5) had a non-significant lower 
ibrutinib AUC (0.45 × lower) than patients who continued 
treatment (n = 2) [55]. Therapeutic drug monitoring has not 
yet been studied for ibrutinib, but might be hampered by the 
limited accumulation of ibrutinib in plasma. It was recently 

shown that at least three samples are necessary within 4 h 
after ingestion to estimate an accurate exposure, and one 
Cmin sample might not be sufficient [56]. For both acalabru-
tinib and zanubrutinib, exposure was not associated with 
clinical outcomes (such as PFS or ORR), nor with a higher 
incidence of toxicity (n = 45–573) [57–61]. In the Phase I/
II trial of the recently approved KI pirtobrutinib, no rela-
tionship was found between exposure and grade 3 AEs for 
all dose levels, including the now registered dose (n = 323) 
[62]. To date, no reports on the exposure-response relation-
ship have been published. For these three compounds, there 
is therefore no rationale for TDM.

1.5 � Cyclin‑Dependent Kinase 4/6 (CDK4/6) 
Inhibitors

A recent exposure-response analysis using a Cox propor-
tional hazard model found no association between palbo-
ciclib exposure and PFS (n = 421) [63]. For ribociclib, the 
approval report includes an exposure-response analysis 
between cycle 1 Day 15 Cmin levels and PFS in a group of 
44 patients, and no clear trend was found. The FDA states 
that no definite conclusion on an exposure-response relation-
ship could be drawn based on this analysis, due to the small 
patient group and the limited available drug exposure data 
[64]. For abemaciclib, multiple analyses described in the 
approval report found a positive relationship between expo-
sure and PFS and tumor shrinkage (n = 446) [65]. For all 
CDK 4/6 inhibitors, positive exposure-toxicity relationships 
have been reported, mostly regarding neutropenia [64–66]. 
Moreover, for ribociclib a relationship between QTc prolon-
gation and exposure has been established [64]. Therapeu-
tic drug monitoring for palbociclib and ribociclib does not 
seem logical for now due to the absence of an established 
exposure-response relationship. Future studies should focus 
on abemaciclib and determine a target. For now, targeting 
abemaciclib Cmin of 169 ng/mL based on the geometric 
mean at the standard dose of 150 mg BID seems the most 
appropriate [67].

1.6 � Epidermal Growth Factor Receptor (EGFR) 
Inhibitors

For the first-generation EGFR KI gefitinib, Zhao et al identi-
fied a Cmin of 200 ng/mL as a threshold for improved OS in 
30 patients [68]. A later study in 87 non-small lung cancer 
(NSCLC) patients could not confirm this threshold for PFS 
[69]. This threshold needs further examination, before the 
value of TDM for gefinitib can be further elucidated. For 
erlotinib, two studies on an E-R relationship have recently 
been published and these could not identify a relation-
ship between exposure and PFS or OS (resp. in 70 and 
122 NSCLC patients) [70, 71]. It has been suggested that 
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reduced doses (e.g., 100 or 50 mg/day for erlotinib) could 
reduce toxicity while maintaining efficacy, especially in frail 
patients [72, 73]. Exposure-toxicity relationships are more 
evident, with a relationship between exposure and higher 
grades of interstitial lung disease and diarrhea for gefitinib, 
and with rash and diarrhea for erlotinib [70, 71, 74–77].

For the second- and third-generation EGFR KIs (afatinib, 
dacomitinib, mobocertinib, and osimertinib), the lack of an 
exposure-response relationship is more clearly established. 
For afatinib, higher exposure did not result in improved PFS, 
but was associated with an increased rate of grade ≥ 3 tox-
icity in several studies, most commonly for diarrhea and 
rash (n = 31–93) [78–81]. Therapeutic drug monitoring was 
suggested as a potential tool to prevent the onset of diarrhea 
grade ≥ 2, with a threshold of 28.5 ng/mL (n = 31) [81]. 
The authors therefore recommended monitoring the Cmin of 
afatinib on Day 8 of treatment, and adjust the dose if neces-
sary based on that measurement [81]. Reducing the dose to 
20 mg/day compared to the regular dose of 40 mg/day did 
not result in impaired efficacy with improved tolerability 
in several studies, but these findings need confirmation in 
future prospective trials [82–84]. For dacomitinib (n = 272) 
and mobocertinib (n = 114), the approval reports showed 
that exposure was associated with an increased probability 
of experiencing several grade ≥ 3 toxicities, but not with 
efficacy [85, 86]. For osimertinib, no exposure-response 
relationship was found for several clinical outcomes, namely 
PFS, OS, or duration of response (n = 159–748) [87–91]. 
However, increased osimertinib exposure is correlated with 
an increased probability of rash, diarrhea, and cardiac QTc-
time prolongation [87–90]. Therapeutic drug monitoring 
could therefore be useful as a tool to prevent excessive tox-
icity, like for afatinib. A Cmin threshold for toxicity of 259 
ng/mL for osimertinib was suggested and could result in a 
53% reduction of severe toxicity in the patients with high 
exposure (26% of the patients in the study, n = 159) [90]. As 
a conclusion, improving efficacy with TDM in EGFR inhibi-
tors is less obvious due to the lack of an exposure-efficacy 
relationship. Therapeutic drug monitoring could on the other 
hand be useful to prevent excessive toxicity by monitoring 
the drug concentrations.

1.7 � Fibroblast Growth Factor Receptor (FGFR) 
Inhibitors

For erdafitinib, no relationship between drug exposure and 
response or toxicity has been established (n = 156) [92]. 
Interestingly, the serum phosphate concentration was found 
to be a more predictive marker of erdafitinib response than 
the drug concentration, as inhibition of the fibroblast growth 
factor (FGF) pathway leads to an increase in serum phos-
phate concentration [93, 94]. Doubling erdafitinib free-drug 
concentrations resulted in a 1.8-fold increase in drug-related 

phosphate changes [95]. A phosphate level – response rela-
tionship for erdafitinib was established (n = 99), with higher 
levels being predictive for better OS, PFS and ORR [92, 93]. 
Moreover, serum phosphate concentrations were associated 
with a higher incidence of several AEs (several eye, nail 
and skin disorders) [92, 93]. Therapeutic drug monitoring 
will have a less profound role in personalizing erdafitinib 
treatment, as future research will mainly focus on serum 
phosphate monitoring. For the other FGFR inhibitors pemi-
gatinib, infigratinib and futibatinib, only exploratory results 
on the exposure-response relationships have been described 
in the approval reports and the relationship between 
response and serum phosphate level is not yet known, but 
is expected based on the similar mechanism of action. No 
relationships were found for PFS and response rate, but the 
analyses were hampered by confounding factors (frequent 
dose reductions and small sample size) and an inadequate 
PopPK model [96–100]. More precise updated E-R analyses 
and serum phosphate analyses are awaited before the poten-
tial of TDM can be investigated for pemigatinib, infigratinib 
and futibatinib.

1.8 � FMS‑like Tyrosine Kinase 3 Receptor (FLT3) 
Inhibitors

For midostaurin, lower exposure showed a trend towards 
increased risk of death in patients with acute myeloid leu-
kemia in combination with daunorubicin and cytarabine, 
but this was not statistically significant, as described in the 
approval report (n = 360) [101]. For the active metabolite 
CGP62221, the relationship between exposure and the over-
all survival was found to be significant (p = 0.0009). No 
exposure-toxicity relationship was established [101]. A PK/
PD analysis including data from 115 patients determined a 
correlation between both the plasma trough levels of midos-
taurin/metabolites and blast response (reduction of ≥ 50% 
in percentage of bone marrow blasts or absolute number 
of peripheral blood blast) [102]. Given these findings, the 
potential of TDM for midostaurin should be further explored 
by focusing on defining a threshold and identifying its fea-
sibility, to see whether TDM for midostaurin (or for the 
metabolite) is of added value. For gilteritinib, AUC and Cmin 
levels did not differ between responders and non-responders 
in the approval report (n = 38), but exposure was associated 
with a higher incidence of liver enzyme disturbances and 
creatine kinase increase. For other grade 3 or higher toxicity 
endpoints, higher exposure was not predictive [103]. Based 
on these data, there is no rationale to investigate TDM for 
gilteritinib, but future research on TDM regarding FLT3 
inhibitors could be considered for midostaurin.
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1.9 � Hedgehog Pathway Inhibitors

For vismodegib, no relationships between exposure and 
efficacy (defined as ORR) and toxicity were found in the 
approval report; however, analyses were hampered by the 
small sample size (n = 96) [104]. An exposure-response 
was also absent for sonidegib, with the Cmin, Cmax and AUC 
overlapping for responders and non-responders (n = 109) 
[105]. An exposure-toxicity analysis was conducted for cre-
atine kinase increase, but no relationship was observed [105, 
106]. For glasdegib, no exposure-response relationship was 
seen for OS and radiological response, but exposure was sig-
nificantly associated with dysgeusia, muscle spasms, renal 
toxicity and QTc-time prolongation (n = 75–272) [107–109] 
Therapeutic drug monitoring in hedgehog pathway inhibi-
tors could therefore primarily be of valuable in preventing 
excessive toxicity in patients using glasdegib [108].

1.10 � Human Epidermal Growth Factor Receptor 2 
(HER2) Inhibitors

Lapatinib has a large inter-individual variability in exposure 
(6-fold for AUC and for Cmin). Although TDM could be 
useful and lapatinib has been FDA and EMA approved for 
over 10 years, there are no available reports on an exposure-
response relationship [110, 111]. For neratinib, the E-R 
analysis suggested a positive correlation between exposure 
and ORR (n = 284). However, this study as described in the 
approval report was conducted in patients with metastatic 
breast cancer, although it is only registered for patients with 
early-stage breast cancer [112]. The exposure-response rela-
tionship of tucatinib was described in the Phase III HER-
2CLIMB study (n = 373). There was a positive trend towards 
exposure-response for PFS [113]. For all three drugs, no 
exposure-toxicity relationship was found [111–113]. To con-
clude, due to the lack of proven exposure-response relation-
ships, there is not yet enough evidence to use TDM for these 
oral HER2 inhibitors.

1.11 � Isocitrate Dehydrogenase (IDH) Inhibitors

For ivosidenib, exposure was comparable for respond-
ers and non-responders and no relationship with toxicity, 
except for QTc-prolongation, was found, decreasing the 
need for TDM (n = 205) [114, 115]. For enasidenib, the 
approval report included an exposure-response analysis, 
which was performed separately for patients with an IDH2 
R140 or an IDH2 R172 mutation. There was a strong posi-
tive relationship between exposure (AUC) and objective 
response rate in patients with a R140 mutation (n = 131, 
p = 0.02). A positive relationship between exposure and 
response was suggested in patients with a R172 mutation 
as well, but this effect was not statistically significant (p = 

0.07), which might be due to a small sample size in the R172 
mutated subgroup (n = 46) [116]. Moreover, an increase 
in enasidenib exposure was associated with a higher inci-
dence of total bilirubin elevation [116]. Therapeutic drug 
monitoring for enasidenib could be a valuable addition for 
improving response rates, but no specific threshold has yet 
been suggested. Further studies should focus on determin-
ing a target Cmin for enasidenib and repeating the exposure-
response analysis specifically for patients with a R172 muta-
tion in a larger sample size. Olutasidenib has recently been 
approved by the FDA, but currently published data do not 
include exposure-response and exposure-toxicity relation-
ship analyses [117].

1.12 � Janus Kinase (JAK) Inhibitors

Exposure-response relationships have been established in 
all three compounds; ruxolitinib (n = 309), fedratinib (n = 
289), and pacritinib (n = 129). Myelofibrosis-related symp-
toms and associated splenomegaly are clinical determinants 
of response. A relationship between exposure and spleen 
volume reduction was proven for all drugs [118–120]. For 
ruxolitinib and fedratinib, exposure was also associated with 
a lower score on the myeloproliferative neoplasm symptom 
assessment form; a widely used assessment for the symp-
toms in patients with myeloproliferative neoplasms [118, 
119, 121]. This ruxolitinib and fedratinib exposure was also 
associated with the probability of toxicity, including throm-
bocytopenia and anemia, as described in the approval reports 
[118, 119]. For pacritinib, no exposure-safety relationship 
was found [120]. Despite the existence of exposure-response 
relationships and therefore a possibility for TDM, no studies 
determining a target Cmin have yet been performed.

1.13 � KIT/Platelet‑Derived Growth Factor Receptor α 
(KIT/PDGFRα) Inhibitors

Imatinib was previously described in the BCR-ABL inhibitor 
section in this review article for the use in CML. As a KIT/
PDGFRα tyrosine kinase inhibitor, it is used in GIST with 
an activating KIT/PDGRFα mutation. A target Cmin of ≥ 
1100 ng/mL was previously proposed, based on a positive 
relationship between exposure and PFS (n = 35–96) dem-
onstrated in a RCT and a TDM feasibility study [122–128]. 
This target was also advised by the IATDMCT guideline 
[26]. This feasibility was confirmed in a more recent ret-
rospective study (n = 169), where a PK intervention was 
possible in 63% of patients with PK levels below Cmin of ≥ 
1100 ng/mL [129]. Remarkably, no difference in PFS was 
found between patients with low and adequate Cmin levels in 
this study. A possible explanation for this was that the mean 
exposure in the low-group was only marginally below the 
target of 1100 ng/mL (i.e., 1050 ng/mL) [129]. Additionally, 
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a cost-effectiveness study from the Netherlands comparing 
TDM-guided dosing versus fixed dosing suggested that 
TDM is a financially feasible intervention, described in 
gained QALYs [130].

The next-generation KIT/PDGFRα inhibitors avapritinib 
and ripretinib were approved by the FDA/EMA in more 
recent years. Avapritinib has shown large interpatient PK 
variability (an 8- to 10-fold range in exposure following 
300 mg doses), which could make it a suitable candidate 
for TDM [131]. The approval report of avapritinib suggests 
a negative exposure-response relationship at the approved 
dose, with patients with stable disease having higher aver-
age steady state concentrations compared to patients with 
response. However, this correlation should be interpreted 
with caution, considering the high response rate (ORR 
>80%) and small sample size in the study (n = 62) [132]. 
The exposure-toxicity analysis showed a significant associa-
tion between avapritinib concentrations and adverse cogni-
tive effects (all < grade 4) and all grade 3/4 AEs [132]. 
The exposure-response analyses in the approval reports of 
ripretinib showed a positive trend between higher trough 
concentrations and longer PFS. However, no definitive 
conclusion can be drawn due to the small sample size (n = 
83) [133]. No significant relationship was found between 
ripretinib levels and toxicity, although trough levels were 
lower in patient without AEs compared to patients with any 
grade of hand-foot syndrome and myalgia [133].

Based on the available data on KIT/PDGFRα inhibitors, 
TDM seems to be a feasible and cost-effective way of dos-
ing for imatinib, with a target Cmin of ≥ 1100 ng/mL. Stud-
ies on the exposure-response relationships of avapritinib 
and ripretinib are too small to draw conclusions and before 
deciding on the value of TDM, exposure-response analyses 
with larger patient groups should be awaited.

1.14 � Kirsten Rat Sarcoma (KRAS) Inhibitors

The FDA has recently approved the first KRAS inhibitors 
sotorasib and adagrasib for patients with KRAS G12C 
mutated NSCLC. For sotorasib, increased exposure was not 
yet associated with increased efficacy nor with toxicity, by 
the FDA [134]. Thus far, published reports on adagrasib do 
not include exposure-response nor exposure-toxicity analy-
ses [135, 136]. Therapeutic drug monitoring is therefore not 
an obvious option in improving the treatment with sotora-
sib and adagrasib, and data from ongoing trials of potential 
other KRAS inhibitors have to be awaited before their poten-
tial for TDM could be evaluated.

1.15 � Mitogen‑Activated Protein Kinase (MEK) 
Inhibitors

Hitherto, three MEK inhibitors have been approved and are 
available on the market. For cobimetinib, most often com-
bined with vemurafenib, no relationship between exposure 
and response or toxicity has been found and described in 
the approval report [137]. For trametinib, exposure was 
associated with PFS where patients with a Cmin ≥ 10.6 ng/
mL had a significantly improved PFS (n = 493) [138]. It is 
important to note that in this study patients were treated with 
monotherapy trametinib only, where normally trametinib is 
most often combined with dabrafenib. A recent study on 
140 patients using dabrafenib/trametinib described a sig-
nificantly prolonged OS and PFS, with a median OS of 22.8 
months for patient with a Cmin ≥ 15.6 ng/mL compared to 
12.6 months in patients with a Cmin below that level and with 
a median PFS of 10.9 months for patients with a Cmin ≥ 15.6 
ng/mL compared to 6.0 months in patients with a Cmin below 
that target. This was advised as the optimal threshold for PFS 
and OS. Noteworthy is that only 37% of patients reached 
this threshold, and the median exposure was 13.8 ng/mL 
[50]. No evident relationship between exposure and toxicity 
was described [50, 139]. Goldwirt et al on the other hand 
described no significant relationship between trametinib 
exposure and prolonged OS and PFS in 50 patients using 
dabrafenib/trametinib. They did describe significantly higher 
AUC and Cmin levels in patients with toxicity, suggesting 
an exposure-toxicity relationship [49]. For binimetinib, 
most often combined with encorafenib, the approval report 
showed no relationship between exposure and PFS, OS and 
ORR in 499 patients using encorafenib/binimetinib. The 
exposure-toxicity analysis showed a positive relationship 
between exposure and risk of dose reductions. On the con-
trary, patients with a lower exposure (< 52 ng/mL) had a 
higher serious AE risk compared to patients a with high 
exposure [140]. Therefore, TDM in MEK inhibitors is not 
ready for implementation in clinical practice. Most TDM 
potential is seen for trametinib, where it could improve effi-
cacy, although the target is still debatable. For now, a Cmin ≥ 
10.6 ng/mL seems the most feasible target, considering the 
possible increase of toxicities at higher exposure. Therapeu-
tic drug monitoring for cobimetinib and binimetinib is not 
advised based on the currently available data.

1.16 � Mesenchymal‑Epithelial Transition (MET) 
Inhibitors

Targeting the METex14 skipping mutation, present in 3–4% 
of pulmonary adenocarcinoma, two highly selective KIs 
have been FDA approved: capmatinib and tepotinib [141]. 
Only the approval report discusses the exposure-response 
relationship of capmatinib. While there was an inconclusive 
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result of the exposure and PFS analysis in capmatinib, no 
relationship could be established between capmatinib levels 
and the duration of response and tumor size change (n = 94) 
[142]. There was, however, a positive correlation between 
incidence of nausea and elevated lipase and amylase levels 
and capmatinib exposure [142]. More  studies have been 
conducted on the exposure-response relationship of tepo-
tinib, and all reported an absence of an exposure-response 
relationship (n = 146–438) [143–146]. These same stud-
ies showed no relationship between tepotinib exposure and 
toxicity, including peripheral edema, a common AE of tepo-
tinib [143–146]. Since there is no evidence for an exposure-
response relationship for these MET inhibitors, the use of 
TDM is not indicated.

1.17 � Neurotrophic Tyrosine Receptor Kinase (NTRK) 
Fusion Inhibitors

No trend has been found for better response with rising 
exposure for larotrectinib and entrectinib, although a small 
study (n = 66) showed a counter-intuitive relationship for 
larotrectinib exposure, where a higher response rate was 
seen with lower exposure [147–149]. This was explained 
by the small sample size, heterogeneous tumor types, and 
high response in the pediatric population compared to the 
adult population, and due to these study characteristics no 
conclusion on the exposure-response relationship can be 
drawn. For larotrectinib, no relationship between exposure 
and toxicity was described in the approval report (n = 66); 
in exposure-toxicity analyses for entrectinib there is a weak 
trend between higher exposure and frequency of serious 
AEs, although this was not significant after correction for 
gender in the analysis (n = 263). As serious AE rates were 
higher in female patients than in male patients (18.8% vs 
10.1%), and female patients were not evenly distributed 
between the exposure quartiles, this higher rate of SAEs was 
confounded by the higher number of female patients in the 
highest quartile [147, 148]. In another study on entrectinib, 
a higher incidence of SAEs was found with higher exposure; 
however, this was mainly at exposures higher than normally 
reached with the standard 600 mg once-daily dose (n = 89) 
[149]. Therapeutic drug monitoring for NTRK fusion inhibi-
tors is therefore not yet recommended due to the lack of an 
exposure-response relationship.

1.18 � Poly(ADP Ribose) Polymerase (PARP) 
Inhibitors

Olaparib, the first PARP inhibitor, is available in both cap-
sule and tablet formulation. In the initial EMA and FDA 
report, no exposure-response relationship was observed 
for PFS and OS (n = 30) for the capsule or for the tablet 
[150, 151]. A more recent meta-analysis combining PK 

data of 398 ovarian cancer patients, identified AUC and 
Cmax as significant predictors of PFS for tablets [152]. The 
Cmin value was not significantly correlated with efficacy in 
this meta-analysis but was associated with early onset of 
grade III or IV AEs (most commonly anemia) in another 
retrospective study (n = 27) [153]. The authors found 
an increased risk of severe toxicity (OR = 1.31, 95% CI 
1.10–1.57) for each additional 1000 ng/mL and determined 
a Cmin of 2500 ng/mL as a threshold for prediction of 
severe toxicity in both patients using capsules and tablets 
[153]. A recent study confirmed the absence of a relation-
ship between Cmin and PFS (n = 35) [154]. The association 
between exposure and a more severe grade of anemia was 
also confirmed in other exposure-toxicity  studies [150, 
152]. For the more recently approved PARP inhibitors 
niraparib and rucaparib, the existence of an exposure-
response relationship is still uncertain. In both approval 
reports, exposure (defined as steady state AUC) was not 
associated with PFS (n = 480 and n = 375) [155, 156]. 
However, in patients using niraparib and rucaparib, there 
were specific subgroups for whom an exposure-response 
relationship could be determined [155, 157, 158]. In the 
BReast CAncer (BRCA)-mutated patients (n = 150) using 
niraparib, PFS was significantly shorter in patients with an 
AUC lower than 16.1 µg*h/mL. An additional Cox propor-
tional hazards model confirmed this statistically significant 
difference for this group [155]. In the subgroup of patients 
with platinum-sensitive disease using rucaparib (n = 75), a 
significant correlation was observed between exposure and 
radiological response according to RECIST [159]. Moreo-
ver, exposure was associated with several safety endpoints 
such as hematological AEs and fatigue (for niraparib and 
rucaparib) and with liver enzyme and creatinine increase 
(for rucaparib), although the latter is less likely because 
of an impaired renal function, but because of rucaparib’s 
interaction with the transporters responsible for the reab-
sorption of creatinine in the renal tubular cells [158, 159]. 
For the latest PARP inhibitor talazoparib, the relationship 
between exposure and response is more evident. Average 
Cmin of talazoparib was found to be an independent covari-
ate for longer PFS in a multivariate analysis (n = 285) 
and was also associated with a higher risk of anemia and 
thrombocytopenia [160, 161]. In conclusion, TDM could 
be a valuable tool in personalizing the treatment for nira-
parib, rucaparib and talazoparib, especially for preventing 
excessive toxicity. A threshold Cmin should first be deter-
mined to assess the feasibility, and more in-depth analyses 
are needed to demonstrate an exposure-response relation-
ship in specific subgroups. Therapeutic drug monitoring 
could also be a valuable addition in the treatment with 
olaparib for both formulations, but the threshold should 
be further validated before it can be implemented in daily 
practice.



1350	 M. B. A. van der Kleij et al.

1.19 � Phosphoinositide 3‑kinase (PI3K) Inhibitors

In hematology, idelalisib and duvelisib are used. For idela-
lisib, no relationships between exposure and response nor 
toxicity have been described in the literature (n = 59) [162, 
163]. When administered in combination with other drugs 
(e.g., rituximab or ofatumumab), no exposure-response nor 
-toxicity relationships were found (n = 207 and n = 171) 
[164, 165]. For duvelisib, the approval report did not state a 
relationship between exposure and response nor with toxic-
ity (n = 552) [166]. Due to the lack of these relationships, 
TDM does not seem a useful tool to personalize therapy 
for both idelalisib and duvelisib. Alpelisib is used in oncol-
ogy, and  the presence or absence of an exposure-response 
relationship at the approved dose is less conclusive. In the 
FDA and EMA reports, a trend was found between expo-
sure (defined as Cmin) and PFS, although not significant (n = 
169–254) [167, 168]. However, it was stated that a definitive 
conclusion was difficult to make as frequent dose reductions 
and the short half-life of alpelisib might be a confounding 
factor. The exposure-toxicity analysis showed a significant 
correlation between exposure and risk of hyperglycemia (for 
both grade ≥ 2 and grade ≥ 3) [168]. Further TDM research 
in PI3K inhibitors should therefore primarily focus on alpe-
lisib by confirming a potential exposure-response relation-
ship and subsequently determining a target threshold.

1.20 � Rearranged during Transfection (RET) Fusion 
Inhibitors

For selpercatinib and pralsetinib, two RET fusion-specific 
KIs, exposure has no significant relationship with tumor 
response as described in the approval reports (n = 160 and n 
= 149) [169–171]. With regard to toxicity, a significant rela-
tionship between the occurrence of pneumonia and anemia 
grade 3 and exposure of pralsetinib was established. Moreo-
ver, higher pralsetinib levels were associated with a decrease 
in absolute neutrophil count and minor increases of aspartate 
transaminase (AST) and alkaline phosphatase (ALT), but 
these associations were not statistically significant [170]. 
The exposure-toxicity analysis for selpercatinib showed no 
significant correlation [171]. TDM cannot be advised, con-
sidering the lack of exposure-response relationships.

1.21 � Vascular Endothelial Growth Factor Receptor 
(VEGFR) Inhibitors

1.21.1 � Selective VEGFR Inhibitors

For axitinib, the presence of an exposure-response (for 
AUC) and exposure-toxicity relationship (for hypertension, 
proteinuria, fatigue, and diarrhea)  was clearly established in 
the approval reports (n = 233) [172, 173]. The finding of the 

exposure-response relationship was supported by multiple 
other studies, although the suggested targets (Cmax ≥ 12.4ng/
mL [n = 20], AUC​0–12 150 ng*h/mL [n = 26] and AUC ≥ 
300 ng*h/mL [n =168], respectively) are less convenient 
for TDM as these require several blood samples [174–176]. 
Two small studies proposed a target Cmin of 5 ng/mL, but 
this requires confirmation in more patients (n = 24 and n = 
35) [177, 178]. Moreover, no data on an exposure-response 
nor -toxicity relationship for axitinib in combination with 
immunotherapy is yet available. For tivozanib, an exposure-
response relationship between PFS and average exposure 
(Cavg) (26 weeks in lowest quartile vs 72 weeks in highest 
quartile) was described in the approval report, which makes 
it a promising candidate for TDM (n = 364). Moreover, 
exposure was associated with occurrence of more severe 
hand-foot syndrome and hypertension [179]. Future studies 
should explore the potential of TDM for tivozanib by deter-
mining a target and to further confirm the axitinib target Cmin 
of ≥ 5 ng/mL in a larger patient group and investigate the 
exposure-response relationship for axitinib/immunotherapy 
combination.

1.21.2 � Multi‑kinase Inhibitors Targeting VEGFR

Cabozantinib Exposure-response analyses in renal-cell 
carcinoma (RCC) and hepatocellular carcinoma (HCC) 
patients using cabozantinib monotherapy showed a positive 
correlation between cabozantinib concentration and PFS 
(n = 76–452) [180–182]. These studies also described an 
increased risk of grade ≥ 3 AEs with higher cabozantinib 
levels. For both tumor types, higher exposure was correlated 
with more dose reductions [180–182]. A study with 76 meta-
static RCC (mRCC) patients suggested an efficacy target of 
Cmin ≥ 537 ng/mL and a threshold for toxicity of Cmin ≤ 618 
ng/mL, as these were the best predictors for disease progres-
sion and relevant toxicity based on ROC curves [182]. A 
TDM study with 59 mRCC patients targeting a Cmin of 750 
ng/mL (based on the average exposure of the 40 mg dose) 
showed no difference in either PFS or OS. With a median 
exposure of 543 ng/mL at the best tolerated dose level, this 
suggests that the 750 ng/mL target might be too high [183]. 
In a study where cabozantinib was given combined with 
nivolumab (n = 33), no association was shown between 
cabozantinib exposure and PFS, but there was a significant 
relationship between incidence of diarrhea and hand-foot 
syndrome and cabozantinib levels [184]. In conclusion, 
studies investigating the exposure-response relationship of 
cabozantinib have produced conflicting results, potentially 
due to the use of a non-feasible high target in some of these 
studies. In monotherapy cabozantinib, TDM could be a use-
ful tool, but with a Cmin target of around 537 ng/mL. In the 
setting combined with nivolumab there is no evidence for 
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the use of TDM. In both settings, TDM might be useful to 
prevent toxicity.

Lenvatinib Although both approval reports describe no expo-
sure-response relationship at the approved dose (n = 260) 
[185, 186], a PK/PD model suggested a correlation between 
exposure and reduction in tumor size (n = 50) [187]. Cur-
rent studies suggest an exposure-toxicity relationship, with 
higher exposure leading to a higher incidence of grade 3 or 
higher nausea, hypertension and proteinuria (n = 45–260) 
[186–190]. One study including 48 patients did not find an 
exposure-toxicity relationship besides increased ALT/AST 
and bilirubin levels. The authors suggest a threshold for 
toxicity of ≤ 88 ng/mL [188]. With no exposure-response 
relationship established, no efficacy target for TDM can be 
proposed.

Nintedanib Only exploratory PK analyses have been com-
pleted and described in the approval reports. Explora-
tory logistic regressions showed a significant relationship 
between exposure and the anti-angiogenic effect of nint-
edanib, but this was not associated with survival endpoints 
[191]. These first PK-analyses showed an association 
between increased liver enzymes and exposure [191]. In a 
group of idiopathic pulmonary fibrosis patients, exposure 
was also associated with increased risk of gastrointestinal 
disorders [192]. For now, there is no evidence to use TDM 
for nintedanib.

Pazopanib There have been several studies on the exposure-
response and exposure-toxicity relationships of pazopanib, 
with a suggested efficacy target Cmin of ≥ 20.5 mg/L [193–
201]. The largest study, including samples of 315 advanced 
RCC patients, showed that patients with a Cmin ≥ 20.5 
mg/L had a significantly longer disease-free survival than 
patients below this target. This target was achieved by 82% 
of patients at Weeks 3 or 5 of treatment and 75% of patients 
at Weeks 16 or 20 of treatment [199]. Patients with higher 
trough levels at the beginning of treatment had more AEs 
of all grades, although this correlation was not found for 
exposure and grade ≥ 3 AEs, with the exception of grade 
≥ 3 hypertension [199]. Another study including both RCC 
and soft tissue sarcoma patients (n = 61) confirmed the pre-
viously proposed target Cmin of ≥ 20.5 mg/L for longer PFS 
for both tumor types. No significant relationship between 
exposure and safety was found in this study [200]. A study 
with 205 mRCC patients suggested a relationship between 
exposure (≥ 46 mg/L) and toxicity, e.g., diarrhea, hyperten-
sion and hand-foot syndrome [196]. A smaller study (n = 28) 
showed that Cmin levels above >50.3 mg/L were predictive 
for grade ≥ 3 toxicity [201]. Therapeutic drug monitoring 
feasibility was demonstrated in a study (n = 30) in which 
dose adjustments successfully increased the mean Cmin 

above the target of 20 mg/L [195]. Taking all the studies into 
consideration, TDM for pazopanib can be recommended, 
with a Cmin target for efficacy of ≥ 20.5 mg/L and a threshold 
for toxicity of ≤ 46 mg/L.

Regorafenib The PK analysis of a Phase III study showed no 
significant exposure-response relationship at the approved 
dose (n = 327); only a tendency for the OS and time to 
progression (TTP) to be longer with higher PK levels, in 
correspondence with the FDA report (n = 41) [202, 203]. 
However, this study did not show an association between 
toxicity and regorafenib concentrations, while the EMA 
and FDA reported otherwise for GIST and colorectal can-
cer (CRC) [202, 204]. A recent dose-escalation study in 
patients with metastatic CRC (mCRC) showed a significant 
association between regorafenib levels combined with its 
active metabolites M2/M5 and the highest grade of AEs 
(n = 70) [205]. A study on regorafenib in CRC, GIST and 
HCC patients (n = 34), published in 2021, reported that 
the PFS was significantly longer when the combined trough 
level of regorafenib + metabolites M2/M5 was ≥ 2900 ng/
mL and the dose-limiting toxicity (DLT) incidence (mostly 
hand-foot syndrome) was significantly higher when this level 
was ≥ 4300 ng/mL [206]. A clinical intervention study in 
mCRC patients (clinicaltrials.gov: NCT04874207) aiming 
to find optimal regorafenib levels with TDM to improve 
OS has been open since 2021, and results are being awaited 
for. This study could provide more information on the need 
and efficacy of TDM, as long as M2/M5 concentrations are 
considered.

Sorafenib Previous small studies suggested an exposure-
response and exposure-toxicity relationships, but more 
confirmation, a proposed exposure target and research on 
the metabolite N-oxide were needed [207–212]. A recent 
study described a correlation between trough levels and 
serious AEs (≥ grade 3), with a threshold of 3450 ng/mL, 
although this study is confounded by the small sample size 
(n = 20). Moreover, there was a significant relationship 
between higher concentrations and response, with a thresh-
old of 1400 ng/mL. Patients between 1400 and 3450 ng/mL 
tended to have longer PFS and OS [213]. A feasibility study 
on TDM in patients using sorafenib showed that 83% of the 
36 patients had at least one sample below the target of 3750 
ng/mL [214]. This target was based on the mean Cmin at the 
approved dose of 400 mg twice daily. Of these patients, only 
11 were able to undergo a dose adjustment, of which 3 inter-
ventions resulted in a trough level above the target without 
excessive additional toxicity. In the other patients, toxicity 
restricted the possibility to adjust the dose [214]. For now, 
there is evidence that TDM is not feasible, mainly because 
TDM driven dose increases are limited by (severe) toxicity.
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Sunitinib For sunitinib and its active metabolite N-desethyl 
sunitinib, a clear exposure-response and exposure-toxicity 
relationship has been described, with a suggested efficacy 
sum target Cmin of ≥ 37.5 ng/mL when dosed continuously 
and a sum target Cmin of ≥ 50 ng/mL when dosed intermit-
tently (once daily in a 4-weeks on 2-weeks off schedule) (n = 
20–443) [215–224]. A meta-analysis containing PK levels of 
443 patients, found a significant relationship between suni-
tinib + metabolite AUC exposure and PFS and OS [216]. 
A real-world study demonstrating PK-guided dosing in 71 
mRCC and mGIST patients found that for patients with low 
PK, who received a dose intervention and had an adequate 
PK afterwards (n = 23), median time on treatment was sig-
nificantly longer. All Cmin levels were dose regimen normal-
ized to a continuous dosing schedule, to make comparison 
between intermittent and continuous dosed patients possible, 
which was possible because of sunitinib’s dose-proportional 
PK. A significant difference was found in median dosing 
regimen normalized combined sunitinib + metabolite expo-
sure between patients with and without toxicity (60 ng/mL 
and 44 ng/mL) [222]. Although previously, Cmin toxicity 
thresholds of 75 ng/mL (continuous) or 87.5 ng/mL (inter-
mittent) have been suggested [219, 220, 223], this real-world 
study suggests slightly lower thresholds of Cmin of 60 ng/mL 
(continuous) and 80 ng/mL (intermittent). A recent system-
atic review reports on the cost effectiveness of TDM-guided 
dosing of sunitinib in mRCC patients in the USA and China. 
This article suggests that TDM guided dosing is cost effec-
tive, described in an increase of QALYs by 0.83, especially 
when an intervention is advised with high exposure to pre-
vent toxicity [225]. In conclusion, based on the apparent 
exposure-response and exposure-toxicity relationship and 
the cost effectiveness, TDM should be considered for suni-
tinib targeting a combined sunitinib + metabolite Cmin of ≥ 
37.5 ng/mL when dosing continuously and a Cmin of ≥ 50 
ng/mL when dosing intermittently. Toxicity thresholds are 
around 60–75 ng/mL (continuous dosing) and 80–87.5 ng/
mL (intermittent dosing). A RCT studying traditional dosing 
versus TDM-guided dosing is reportedly underway, which 
can be the much-needed confirmation to use of TDM-guided 
dosing in patients using sunitinib [226].

Vandetanib The approval report describes the absence of 
an exposure-response relationship, and the presence of an 
exposure-toxicity relationship for fatigue, diarrhea, and QTc 
prolongation (n = 231) [227]. Since then, no more data have 
become available and the use of TDM is therefore not yet 
indicated for patients using vandetanib.

1.22 � Other Kinase Inhibitors Used in Oncology

Everolimus Multiple studies have described the positive 
exposure-response and exposure-toxicity relationships for 

everolimus in several tumor types (both n = 42) [228, 229]. 
A meta-analysis from Phase II/III studies with data of 945 
patients showed a relationship between everolimus exposure 
and tumor size reduction, and between exposure and grade 
> 3 stomatitis, pulmonary and metabolic events [230]. In 
the pancreatic neuroendocrine tumors (pNET) and RCC 
patients included in this meta-analysis, Cmin values ≥  10 
ng/mL were associated with longer PFS. No toxicity thresh-
old was suggested [230]. A study in 42 patients showed that 
patients with Cmin < 11.9 ng/mL had a 3-fold increased 
disease progression risk and patients ≥ 26.2 ng/mL had a 
4-fold increased toxicity risk [231]. Another study includ-
ing 44 patients suggested a toxicity threshold of 19.2 ng/mL 
with 11 of 13 patients above this threshold needing a dose 
reduction [232]. Based on the described studies, there is sub-
stantial evidence for both a positive exposure-response and 
an exposure-toxicity relationship. The TDM efficacy target 
Cmin of >10 ng/mL seems most apparent. For toxicity, no 
definite conclusions can be drawn on the target due to the 
small patient numbers in the reported studies, but current 
evidence suggests a threshold between 19.2 and 26.2 ng/mL.

Pexidartinib Pexidartinib was studied in a recent E-R analy-
sis using a PopPK model. This study showed a trend towards 
better efficacy with higher pexidartinib exposure, although 
only a small difference was observed with a small sample 
size (n = 65) [233, 234]. This analysis showed a significant 
relationship between the pexidartinib concentrations and 
ALT/AST elevation. This association was most apparent 
during the first 14 days of treatment [233, 234]. With insuf-
ficient data on this drug, TDM cannot be advised.

2 � Discussion

The aim of this review was to give an overview of the avail-
able evidence for TDM of the currently approved KIs. 
Exposure-response and/or exposure-toxicity relationships 
at the approved dose have been established for many KIs 
used in hematology and oncology. In recent years, this has 
been translated into several clinical studies investigating 
the use of TDM. Recently, a prospective multicenter study 
showed that TDM is feasible in daily clinical practice for 
a selection of commonly used KIs. In this study, adequate 
exposure and manageable tolerability were achieved after a 
pharmacokinetically guided intervention in the majority of 
the patients [6]. This current review showed that for six KIs, 
sufficient data from prospective studies are already available 
to advise the use of TDM in daily clinical practice (Fig. 4). 
Ongoing studies, such as a RCT on TDM-guided dosing 
for alectinib [21] and a Dutch nationwide implementation 
project for TDM of imatinib, sunitinib and pazopanib [235], 
could be the final step for these six KIs to incorporate TDM 
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in (inter)national guidelines. For imatinib, the International 
Association of Therapeutic Drug Monitoring and Clinical 
Toxicology (IATDMCT) released a consensus guideline in 
2021 with clear recommendations for the use of TDM [26]. 
This guideline could serve as an example for other oncol-
ogy organizations to incorporate TDM in their guidelines, 
in order to foster the widespread use of TDM for KIs for 
which sufficient evidence is available. At this time, the cur-
rent evidence provided in Fig. 4 could already serve as a tool 
for clinicians to implement TDM in their current practice. 
For a substantial number of KIs, especially for the recently 
approved KIs (Table 2), data on potential exposure relation-
ships are lacking, which hampers the further investigations 
regarding TDM for that drug. It is important to routinely 
incorporate exposure-response and -toxicity analyses in all 
Phase III trials for new KIs, so a potential for TDM can 
be observed early. Additionally, 11 currently used KIs were 
classified as promising in this review as a TDM threshold 
was proposed based on retrospective data. For these drugs, 
prospective studies will likely follow to validate their thresh-
olds and further establish the role of TDM in treatment with 
these drugs.

Different PK parameters could be used as target thresh-
olds for TDM, such as the Ctrough, the Cmax or the AUC. Most 
available studies have solely focused on targeting the Ctrough, 
as measuring this parameter is the most simple and feasible 
method in daily practice. In addition, the Ctrough is phar-
macologically a relevant measure for drugs with reversible 

inhibition of a certain target as it reflects the lowest level of 
inhibition in a dosing interval. Targeting the Cmax or AUC is 
logistically more challenging as this would require specific 
time sampling (for the Cmax) or multiple sampling in a short 
amount of time (for the AUC). Therefore, in this review 
we specifically chose to focus on the Ctrough as a target for 
TDM, making it more implementable in routine patient care. 
However, it is important to note that intrapatient variability 
can impact the interpretation of a single Ctrough measured 
over time. Moreover, both the analytical methods used for 
measurement and the establishment of target thresholds are 
associated with a certain degree of uncertainty. This is par-
ticularly relevant in cases where the concentration falls just 
slightly above or below the defined threshold. By obtain-
ing multiple measurements over time, clinicians can better 
assess the consistency and trend of drug concentrations, cor-
recting for analytical and threshold uncertainties.

Traditionally, TDM has primarily focused on improv-
ing efficacy endpoints. However, many KIs were shown 
to only have an established exposure-toxicity relationship 
and no exposure-response relationship at the approved dose 
(Tables 1 and 2), potentially resulting from the fact that dose 
selection is primarily based on finding the maximum toler-
ated dose (MTD) of the drug [236]. Because of the MTD 
dose-finding model, it is thought that these drugs are rela-
tively overdosed, explaining an absent exposure-response 
relationship at the approved dose. Therapeutic drug moni-
toring could therefore play an important role in improving 

Fig. 4   Summary figure with TDM targets for drugs with enough evidence to advise the use of TDM in clinical practice. Created with Biorender.
org
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drug safety by identifying patients who are at risk of toxicity, 
especially for these drugs with only an exposure-toxicity 
relationship.

For some other drug classes, such as antibiotics, TDM 
is already more commonly used for preventing excessive 
toxicity [237]. It is important to note that TDM for prevent-
ing toxicity requires a short turnaround time between the 
PK sample and the clinical intervention. A solid infrastruc-
ture between the treating physician, the laboratories and the 
pharmacy is therefore crucial. In addition, new methods like 
volumetric absorptive micro-sampling could provide ade-
quate trough levels before outpatient appointments in a non-
invasive way, with finger-pricks performed by the patient at 
home and shipment to the hospital per post. This method has 
been studied as a way of TDM in other research fields [238, 
239], but its use in oncology remains to be elucidated [240].

Currently, the vast majority of available KIs form a 
reversible binding with the target kinase (Table 1), meaning 

that they bind through non-covalent interactions, such as 
hydrogen bonds, electrostatic interactions, or hydrophobic 
interactions, allowing the inhibitor to dissociate from the 
kinase [241]. On the other hand, some KIs are known to 
bind irreversibly (covalent bond) to their target, leading 
to a stable and long-lasting inhibition [241]. However, an 
analysis of available data, as presented in Table 1, indicates 
that clear E-R relationships have not been established for 
any irreversible KIs. This observation could theoretically be 
attributed to the irreversible binding characteristic of these 
inhibitors, which complicate the direct correlation between 
drug exposure and pharmacological response, making it 
more challenging to monitor drug effect solely on the blood 
concentration [242]. Therapeutic drug monitoring for irre-
versible inhibitors may require additional considerations, 
such as assessing target engagement through biopsy.

For KIs, for which there is insufficient evidence to rou-
tinely implement TDM, there are indications where TDM 

Table 2   Distribution between exposure-response or -toxicity relationship per drug

Exposure-response/-toxicity relationship inconclusive means that no data is yet available for that drug regarding this relationship

Exposure-toxicity relationship No exposure-toxicity relationship 
observed

Exposure-toxicity 
relationship incon-
clusive

Exposure-response relationship 20 drugs 6 drugs 0 drugs
Abemaciclib Nilotinib Alectinib
Axitinib Niraparib Asciminib
Bosutinib Pazopanib Crizotinib
Brigatinib Rucaparib Midostaurin
Dasatinib Ruxolitinib Neratinib
Enasidenib Sorafenib Pacritinib
Everolimus Sunitinib
Fedratinib Talazoparib
Gefitinib Tivozanib
Imatinib Vemurafenib

No exposure-response relationship observed 14 drugs 16 drugs 2 drugs
Afatinib Lorlatinib Acalabrutinib Larotrectinib Binimetinib
Ceritinib Mobocertinib Cobimetinib Selpercatinib Lenvatinib
Dacomitinib Olaparib Dabrafenib Sonidegib
Encorafenib Osimertinib Duvelisib Sotorasib
Gilteritinib Palbociclib Entrectinib Tepotinib
Glasdegib Pralsetinib Erdafitinib Tucatinib
Ivosidenib Vandetanib Ibrutinib Vismodegib

Idelalisib Zanubrutinib
Exposure-response relationship inconclusive 12 drugs 4 drugs 3 drugs

Alpelisib Infigratinib Lapatinib Adagrasib
Avapratinib Nintedanib Olutasidenib Ponatinib
Cabozantinib Pemigatinib Pirtobrutinib Trametinib
Capmatinib Pexidartinib Ripretinib
Erlotinib Regorafenib
Futibatinib Ribociclib



1355Therapeutic Drug Monitoring of Kinase Inhibitors in Oncology

could still be a useful tool. For instance, it can provide 
more information on drug exposure in cases of potentially 
relevant drug-drug interactions or altered absorption (e.g. 
after a gastric bypass surgery). Therapeutic drug monitor-
ing can also be helpful to differentiate between patients 
with toxicity due to high exposure and those with toxicity 
below expected exposure levels, which helps in deciding 
whether to lower the dose or switch therapy to tackle the 
toxicity.

3 � Conclusion

Therapeutic drug monitoring can be a practical tool for 
personalizing therapy with KIs, which are often largely 
variable in exposure. This review gives a highly needed 
update on the potential of TDM for the currently available 
KIs and their exposure-response and exposure-toxicity 
relationships. We provide a corresponding evidence level 
and practical recommendations for each drug based on 
the available data. Randomized, prospective studies are 
needed to confirm the beneficial effect of TDM before it 
can be incorporated into daily clinical practice.
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