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Abstract

In children and adolescents, impaired growth due to tyrosine kinase inhibitor therapy remains an insufficiently studied adverse
effect. This study examines demographic, pharmacological, and genetic factors associated with impaired longitudinal growth
in a uniform pediatric cohort treated with imatinib. We analyzed 94 pediatric patients with chronic myeloid leukemia (CML)
diagnosed in the chronic phase and treated with imatinib for >12 months who participated in the Germany-wide CML-PAEDII
study between February 2006 and February 2021 (clinicaltrials gov. Identifier: NCT00445822). During imatinib treatment, sig-
nificant height reduction occurred, with medians of -0.35 standard deviation score (SDS) at 12 months and -0.76 SDS at 24
months. Cumulative height SDS change (A height SDS) showed a more pronounced effect in prepubertal patients during the
first year but were similar between prepubertal and pubertal subgroups by the second year (-0.55 vs. -0.50). From months 12
to 18 on imatinib, only 18% patients achieved individually longitudinal growth adequate to the growth standard (A height SDS
=0). When patients were divided into two subgroups based on median A height SDS (classifier A height SDS > or £-0.37) after
1year on imatinib therapy, cohort 1 (A height SDS <-0.37) showed younger age at diagnosis, a higher proportion of prepubertal
children, but also better treatment response and higher imatinib serum levels. Exploring the association of growth parameters
with pharmacokinetically relevant single nucleotide polymorphisms, known for affecting imatinib response, showed no cor-
relation. This retrospective study provides new insights into imatinib-related growth impairment. We emphasize the importance
of optimizing treatment strategies for pediatric patients to realize their maximum growth potential.

Introduction

The development of tyrosine kinase inhibitors (TKI) has
fundamentally improved the treatment outcome in chronic
myeloid leukemia (CML) and expanded the therapeutic rep-
ertoire in numerous additional malignancies where tyrosine
kinases are frequently identified as a disease driver. Adverse
effects are related to the off-target effects of each agent
and therefore vary between currently available TKI. A unique

adverse effect in childhood and adolescence is the impact
on growth. Based on a few human and animal studies, multi-
factorial causative mechanisms are postulated: disruption of
the GH/IGF1 axis,*? alteration of bone metabolism impacting
bone remodeling,® and disturbance of processes within the
growth plate.* In the majority of CML patients in adulthood,
this specific adverse side effect is not focused on, although
an influence on bone remodeling has been observed here as
well.>® However, for pediatric CML patients and their parents,

Haematologica | 109 August 2024

2555



ARTICLE - Imatinib and growth in pediatric patients with CML

growth within the familial target height range plays a major
role for social and psychological reasons.

For the first-generation TKI imatinib, which has been used
as monotherapy in the majority of pediatric patients in
chronic phase CML (CML-CP), declining growth parameters
in pre- and pubertal children have been described in small
cohort studies.”™ Previously, it has been postulated that
the second-generation TKI dasatinib and nilotinib affect
longitudinal growth to a lesser extent. However, long-term
results demonstrated a comparable growth impairment in
pediatric CML patients.*" In conclusion, TKI as single-agent
therapy in children and adolescents lead to a significant
reduction in individual growth rates. Age at treatment ini-
tiation and pubertal status were identified as influencing
factors in the majority of studies.”®"? In contrast, some stud-
ies showed no association between these parameters and
found reduced height SDS over time.®" Factors influencing
longitudinal growth include age, ethnic composition of the
study population, nutritional status, and TKI dose level. The
different composition of the study cohorts with regards to
these factors is possibly the reason for the partially different
observations in previous studies®

In the present investigation, we therefore examined long-term
growth data from a large uniform cohort of pediatric patients
with CML-CP diagnosed in the German CML-PAED trial and
subsequent registry. We evaluated associations of changes
in height SDS with age, pubertal status, molecular response,
and imatinib trough serum levels. Our study aimed to obtain
a better estimation of the impact of the different influencing
factors on the impairment of longitudinal growth.

Methods

Study design and patients

This retrospective study was conducted based on data col-
lected in the CML-PAED Il trial and subsequent registry. CML-
PAED-II was an investigator-initiated, academic-supported,
multicenter, open-label, single-arm phase Il clinical trial that
recruited from March 2004 to December 2015 and registered
at EUDRACT-2007-001339-69 and clinicaltrials gov. Identifier:
NCT00445822. The study was performed in accordance with
the Declaration of Helsinki. Written informed consent was
obtained from the patients’ legal guardians and, if applicable,
from the children and adolescents after an age-appropriate
written informed consent. Approval was obtained from the
ethics committees of the medical faculties of the Technical
University of Dresden and for the subsequent register from
the Friedrich-Alexander University of Erlangen (ethical votes
EK282 122 006, EK 236_18 B). From February 2006 to Febru-
ary 2021, 164 children and adolescents with newly diagnosed
CML aged 0-16 years were consecutively registered. Of these
patients, 94 had been treated with imatinib for more than 12
months and were less than 16 years old at diagnosis and were
therefore eligible for this study. Data on age, sex, height and
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body weight were prospectively collected by the participating
centers at the time of diagnosis and during treatment with
imatinib as part of the registry. Furthermore, we evaluated
the parameters of treatment response as well as imatinib
trough plasma levels. The study population was divided into
prepubertal and pubertal cohorts according to age (prepu-
bertal: aged 1-8 years for female cases, aged 1-10 years for
male cases; pubertal: aged 9-16 years for female cases, aged
11-16 years for male cases).

Height and growth evaluation

Height, growth velocity, weight, and body mass index (BMI)
were expressed as SDS calculated according to the German
standards™® using Growth Analyser software, Electronic
Patient Record System 4., version 1.6 (Growth Analyser BV,
Rotterdam, the Netherlands, growthanalyser.org [2018]).
Individual growth during imatinib therapy was assessed by
the cumulative change in height SDS (A height SDS) from
the start of imatinib treatment to the annual follow-up time
points.

Imatinib trough plasma level determination

Drug concentrations were determined in an accredited and
certified laboratory using high-performance liquid chroma-
tography (HPLC) coupled with tandem mass spectrometry
(MS/MS), as previously described® The detection threshold
for imatinib was 100 ng/mL. For a trough level, the interval
between intake of imatinib and blood sampling is defined
between 20-26 hours.

Quantification of BCR::ABL1 transcript levels

BCR::ABLT transcript levels were quantified and standard-
ized to the international scale (IS) using the Xpert BCR-ABL
Ultra system (Cepheid), with a detection threshold of MR4.5.

Statistical analysis

Statistical analysis was performed using SPSS version
28.0.0.0 statistical package (SPSS IBM corp., New York,
USA, www.ibm.com [2021]) and GraphPad Prism, Version
9.3.1 (GraphPad Software. San Diego, California USA, www.
graphpad.com [2022]). We compared the growth param-
eters, i.e., height SDS, A height SDS, and BMI SDS, at the
time of diagnosis with the values obtained at 3, 6, 12,
18, and 24 months using the one-way ANOVA test. Data
distribution was tested by longnormality test. In order
to elucidate parameters associated with poorer growth
under imatinib treatment we divided the cohort into two
subgroups, classified by median A height SDS after 12-18
months of therapy. Kolmogorov-Smirnov test was used
to determine data distribution. Non-normally distributed
data are shown as a median and interquartile range, com-
pared using the Mann-Whitney test. Categorical variables
were compared with Pearson X? and Fisher’s exact tests.
Statistical tests were two-sided and the significance level
was defined as P<0.05. Parameters reaching a statistical
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trend in univariate analysis (i.e., P<0.) or of high clinical
relevance were included in multivariate models. We con-
ducted stepwise forward multivariable logistic regression
models to identify factors associated with poorer longi-
tudinal growth.

Genotyping

DNA samples were available from all but one of the in-
cluded patients. For the present study, we performed ge-
notyping with either present or imputed polymorphisms
using the Illumina Global Screening Array-24 version 3.0.2°
Quality control (QC) was performed using the PLINK toolkit
(https://www.cog-genomics.org/plink/2.0/ accessed on 30
July 2021). The QC process included sex verification, vari-
ant QC (removing variants with call rates <98%, deviations
from Hardy-Weinberg equilibrium with P<1x107°, and minor
allele frequencies <0.01), sample QC (removing samples
with call rates <98%), and managing familial relationships
(removing individuals related up to the 3™ degree using
KING). Genotyping data were phased using Eagle (v. 2.4.1)
and imputed using Minimac (v. 4) with the 1000 Genomes
Project Phase 3 data as the reference panel.? We uti-
lized Plink to apply linear regression models with respect
to height SDS to investigate potential genetic associations

CML diagnosed at age 1-16 years
N =164
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between pharmacogenetic variants and longitudinal growth
due to treatment in a cohort of 67 post-QC genetically Eu-
ropean samples, which had both genotype and phenotype
data available. The analysis was adjusted for the first ten
principal components, sex, and pubertal status. Ancestry
estimation was performed using data from the 1000 Ge-
nomes Project Phase 3, assigning individuals to the most
closely matching reference super- and subpopulations
based on their positions in the ten principal component
spaces as performed in other analyses.?*-2¢

Results

Demographic and clinical characteristics at diagnosis

Of the 164 children and adolescents registered in the
period from February 2006 to February 2021, 94 (57%)
patients were diagnosed in the chronic phase, and treated
with imatinib for 212 months, and >3 subsequent datasets
on height evaluation were available. Thirty-eight (40%)
patients were female and 56 (60%) were male. Ancestry
analysis was possible in 93 (99%) patients; we identified
85 (92%) patients with European ethnicity, four (4%) with
South Asian ethnicity, three (3%) with African ethnicity,

Blast phase CML, N= 15
< 3 datasets & <12 mo. TKI, N=49
Start with Nilotinib, N= 2

Dasatinib after < 12 mo. imatinib,N=4

A 4

CML in chronic phase,
imatinib treatment = 12 months
N=94

v v v v

AFR origin EAS origin EUR origin SAS origin
N=3 N=1 N= 85 N=4

No data

Figure 1. Study flow chart. Screening
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| 164 chronic myeloid leukemia (CML)

A 4

cases 1-16 years of age at diagnosis, we
identified 94 patients who were eligible
for this study. The distribution of female

Female
N=38

Male
N= 56

and male patients as well as prepu-
bertal and pubertal cases is indicated.
*Prepubertal: aged 1-8 years for female

cases, aged 1-10 years for male cases.

A 4 A 4 A 4

**Pubertal: aged 9-16 years for female
cases, aged 11-16 years for male cases.

\ 4

*Prepubertal **Pubertal *Prepubertal
N=12 N=26 N=22

AFR: African; EAS: Eastasian; EUR: Eu-
ropean; SAS: Southasian; mo: months;
TKI: tyrosine kinase inhibitors.

**Pubertal
N=34
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and one (1%) with East Asian ethnicity. The study cohort
and the excluded patients are presented in Figure 1. The
median age at diagnosis was 12 years (range, 3-16 years).
Thirty-four (36%) patients could be assigned to the prepu-
bertal subgroup and sixty (64%) to the pubertal subgroup.
Other clinical and demographic characteristics did not differ
significantly between the two subgroups. Concerning the
auxological data collected, the eight patients of non-Euro-
pean ethnicity were not identified as outliers, growth over
time, expressed as height SDS values of the two study
cohorts are demonstrated in Online Supplementary Figure
S1. The following analyses were performed for the entire
study cohort (N=94) if not otherwise indicated. BMI SDS
was calculated for 90 patients in our cohort at baseline,
and 87 patients (97%) were between -2 and +2 standard
deviation (SD) at diagnosis. The majority of patients did not
have any significant individual change in BMI during imatinib
treatment. After 24 months, only two (2.2%) patients had
a decrease of more than 1 SD, indicating that nutritional
status did not significantly impact growth parameters in
our cohort (see Online Supplementary Figure S2).

Development of growth parameters during imatinib
treatment

At the time point of diagnosis the overall median height
SDS of the 94 patients was -0.04 (range, -2.47 to 3.01).
Height SDS significantly decreased over time on imatinib
treatment, after 12 months with a median height SDS of
-0.35 (range, -3.03 to 2.74) and after 24 months of -0.76
(range, -3.31to 2.60). The data were not uniformly available
for all patients at all time points. To address potential bias

>

Height SDS
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I
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° K
Height SDS
? ¢ %
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due to different cohort compositions at each time point,
we compared the same 76 patients at baseline and after
12 months of imatinib treatment. Height SDS were also
significantly lower in this group (diagnosis: 0.05; after 12
months: -0.35; P<0.0001). The growth data over time and
the results of the paired analysis are shown in Figure
2A-C. Children and adolescents who were more mark-
edly affected by growth restriction during the course of
imatinib therapy (defined as a decrease in A height SDS
surpassing 0.5) showed a uniform distribution of height
SDS at diagnosis. Growth restriction affected both tall
and short patients (Figure 2D). A significant decrease
was also seen assessing the cumulative change in mean
height SDS in our cohort over time on imatinib treatment
with median A height SDS after 12 months of -0.35 (range,
-1.59 to 0.44) and after 24 months of -0.53 (range, -1.91 to
0.94). Comparing the two subgroups of prepubertal and
pubertal patients, the decline after 12 months of therapy
was more pronounced in the prepubertal group, with me-
dian A height SDS -0.61 versus -0.30 (P=0.012). However,
after 24 months of therapy, there was no difference in
median A height SDS (-0.55 vs. -0.50) between the two
subgroups (Table 1; Figure 3). Furthermore, the age-related
height velocity SDS could be calculated. For 85% of the
patients, at least one height velocity SDS was available
in the observation period of 2 years. In the first month of
therapy, the median height velocity SDS was below the
comparative value of the age-matched reference group
(-1.86, month 6). In the following months, however, the
median height velocity SDS increased (-0.82, month 24),
but remained lower than in the age-matched population

Figure 2. Changes in absolute height standard
] deviation score over time on imatinib treatment

Months on imatinib treatment
Pat# 94 72 74 78 62 54

(g}
O

<0.0001

Months on imatinib treatment

24 and paired analysis. (A) The box-and-whisker plot
shows the median, first, and third quartiles; whis-
kers extend to the 95" and 5% percentile. Statis-
tical analysis was performed using one-way ANO-
VA. (B) The violin plots show the median, first,
and third quartiles and the width represents the
frequency of the obtained values. Overall, the
median height standard deviation score (SDS)
decreased from -0.04 at therapy start to -0.76
after 24 months of treatment. (C) Paired analysis;
height SDS at the start of imatinib therapy and
12 months later (N=76). Overall, the median height
SDS decreased from 0.05 at therapy start to -0.35
after 12 months in the paired cohort (P<0.001).
(D) Individual courses of height SDS for 32 patients
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with growth restriction exceeding 0.5 standard
deviations over time on imatinib treatment.
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(Online Supplementary Figure S3).

Factors associated with cumulative change in height
standard deviation score after 12-18 months of imatinib
therapy

For the following analyses, we identified 87 (93%) patients
on imatinib treatment and a calculable A height SDS in
the time interval from 12 to 18 months. Only 16 children
(18%) showed individually longitudinal growth adequate
to the growth standards defined as A height SDS 20. A
decrease in cumulative height SDS surpassing 0.5 SD was
observed in 32 children (37%), including four (5%) patients
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with a decrease of >1 SD after 12-18 months on imatinib
treatment. We next divided the patients into two groups
according to the median A height SDS (classifier A height
SDS <-0.37=cohort 1 or >-0.37=cohort 2). Age at diagnosis
proved to be the most significant factor between the two
subgroups with younger patients in cohort 1 exhibiting more
pronounced growth retardation. In line with age, the propor-
tion of prepubertal children (47.7%) was significantly higher
in cohort 1. Children in cohort 1 also showed significantly
better treatment response, with lower median BCR::ABL1
transcript levels (0.046% vs. 0190%) and as a consequence
a larger proportion (65.9% vs. 39.5%) achieving a major mo-

A All patients Prepubertal Pubertal
wn 14 . b 1 e 19
B a T T s, |
as S ) . o EAUUURN! DN B v o I T
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P THEG FE
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S
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Pat# 94 72 74

1|2 18 24
Months on imatinib treatment

78 62 54

0
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6

T T T
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Months on imatinib treatment

60 44

45 50 35 31

Figure 3. A Height standard deviation score over time on imatinib treatment. The box-and-whisker plot shows the median, first,
and third quartiles; whiskers extend to the 95" and 5% percentile. Results for (A) whole cohort, (B) prepubertal (girls aged 1-8
years, boys aged 1-10 years) and (C) pubertal (girls aged 9-16 years, boys aged 11-16) patients are depicted. A Height standard de-
viation score (SDS) was determined by subtraction of each annual time point to height SDS at diagnosis.

Table 1. Cumulative changes in A height standard deviation score over time on imatinib treatment.

Time on imatinib

treatment in 3 6
months
Whole cohort
N 72 74
Median -0.12 -0.21
Min -1.04 -1.09
Max 0.43 0.79
P value* <0.0001 <0.0001
Prepubertal cohort
N 28 29
Median -0.17 -0.34
Min -1.04 -1.09
Max 0.43 0.79
P value* 0.0539 0.0145
Pubertal cohort
N 43 45
Median -0.07 -0.19
Min -0.51 -0.68
Max 0.19 0.56
P value* <0.0001 <0.0001

12 18 24
78 62 54
-0.35 -0.40 -0.53
-1.59 -1.65 -1.91
0.44 0.79 0.94
<0.0001 <0.0001 <0.0001
29 27 23
-0.61 -0.51 -0.55
-1.59 -1.65 -1.91
0.44 0.79 0.94
< 0.0001 0.0006 0.0016
45 35 31
-0.30 -0.36 -0.50
-0.88 -1.24 -1.46
0.26 0.28 0.34
<0.0001 <0.0001 <0.0001

*Intra-group comparision to A height standard deviation score (SDS) at diagnosis. A Height SDS was determined by subtraction of each an-
nual time point to height SDS at diagnosis. Min: minimum; Max: maximum.
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lecular response at time point 12 months after diagnosis.
When comparing the two subgroups in terms of serum
imatinib levels, which were available in 29 patients (cohort
1: N=17, cohort 2: N=12), children in cohort 1 had significant-
ly higher imatinib levels (median: 1,570 ng/mL vs. 961 ng/
mL). The results of the analysis are summarized in Table
2. Multivariable modeling showed independent association
of inferior longitudinal growth with younger age at therapy
initiation (odds ratio [OR]=0.533, 95% confidence interval
[CI]: 0.387-0.733; P<0.001), prepubertal status (OR=14.35,
95% CI: 1.781-115.58; P=0.012) and the achievement of a
major molecular response after 12-18 months of therapy
(OR=5.395, 95% CI: 1.766-16.478; P=0.003). In order to in-
vestigate the association with imatinib serum levels, we
repeated analyses in patients with available data (N=29).
This showed independent association of inferior longitudinal
growth with higher imatinib serum levels (OR=1.008, 95%
Cl: 1.000-1.015; P=0.045), in addition to younger patient age
(OR=0.295, 95% CI: 0.089-0.973; P=0.045).

Genotyping

Higher imatinib levels are in principle the result of ei-
ther higher intake (implying better therapeutic adherence)
or slower excretion (based on pharmacokinetic metabo-
lism). We investigated the association of growth parame-
ters with single nucleotide variants reported to influence
the metabolism of imatinib.?** Among the 34 candidate
pharmacogenetic variants available, six variants showed
a nominal association, although they did not survive mul-
tiple correction. The identified associated variants are as
follows: rs150929 (gene=ABCA3, effect allele=T; p=-1.85,
se=0.36, P=6.9x10"3), rs1800682 (gene=FAS, effect allele= G;
p=0.98, se =0.30, P=0.014), rs12505410 (gene=ABCG2, effect
allele=G; p=-0.90, se=0.30, P=0.017), rs2231142 (gene=AB-
CG2, effect allele=T; p=1.53, se=0.51, P=0.020), rs724710
(gene= cBIM, effect allele=T; $=0.87, se=0.33, P=0.034), and
rs2228001 (gene=XPC, effect allele= G; p=-0.81, se=0.33,
P=0.043). Although previous studies have shown a signif-
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icant impact on imatinib metabolization for the investi-
gated polymorphisms, we could not observe a significant
impact of candidate pharmacogenetic variants on growth
in our highly homogeneous cohort. The genotyping results
and the respective references are summarized in Online
Supplementary Table S1.

Discussion

Previous research has highlighted the potential risk for
growth impairment during imatinib treatment. However,
conflicting findings exist regarding the impact of age and
pubertal status at the start of therapy. Boddu et al. and
Millot et al. did not identify age and pubertal status to be
significant factors affecting growth rates.*” However, in most
other studies, starting therapy before puberty was associat-
ed with inferior growth.”®"? |In a recent meta-analysis, Gupta
et al. examined the effect of imatinib on height in relation
to pubertal status, drawing data from four studies and 115
participants. The analysis did not reveal any significant
differences in height SDS between the two subgroups. It
should be noted, however, that the merged data included
different definitions of puberty across studies, and thus the
prepubertal age group showed considerable heterogeneity.®
To our knowledge, our study includes the largest patient
population followed over 24 months and, in addition, the
cohort is distinctive for its particularly consistent com-
position specified by genotyping and as a representative
sample of a population-based study. This improves the
estimation of influencing factors such as ethnicity and
nutritional status in contrast to previous studies and the
degree of transferability to the entirety of patients with
pediatric CML. Limitations of our study include the lack
of utilizing the mid-parental target height to correct for
familial genetic height potential, and defining pubertal
status based on chronological age instead of Tanner stag-
es. Our data indicate that prepubertal status represents a

Table 2. Characteristics of patients 12-18 months after diagnosis classified by median A height standard deviation score.

Cohort 1 Cohort 2
Characteristics A height SDS =-0.37 A height SDS >-0.37 P
N=44 N=43
Age at diagnosis in years, median (IR) 10 (7-13) 14 (11-15) <0.001
Sex: female, N (%) 21 (47.7) 14 (25.5) 0.149
Pubertal status: pre-pubertal, N (%) 21 (47.7) 10 (23.3) 0.013
BCR::ABL1 transcript level % IS, median (IR) 0.046 (0.011-0.175) 0.190 (0.028-0.710) 0.010
MMR reached 12-18 months after dx, N (%) 29 (65.9) 17 (39.5) 0.014
Imatinib-serum level ng/mL, N=29 1,570 (1,114-1,976) 961 (576-1,339) 0.009

IR: interquartile range; 25"-75™ percentile. A Height standard deviation score (SDS) was determined by subtraction of each annual time point
to height SDS at diagnosis; dx: diagnosis, IS: international scale; MMR: major molecular response.
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significant factor influencing longitudinal growth in the first
year of treatment. This effect became insignificant after 24
months of treatment. Previous studies have argued that
this effect is related to the growth spurt of the prepuber-
tal subgroup and the resulting catch-up growth. However,
we observed a decrease in longitudinal growth within the
pubertal group over the longer observation period. It can
only be speculated why this effect becomes evident later
in older patients. A possible explanation could be the lower
adherence to therapy in this age group, which could play
a role especially at the initiation of therapy.

Overall, the growth parameters we observed at 24 months
were comparable to those reported in the meta-analysis
conducted by Gupta et al.!® Their analysis showed a dimin-
ishing impact on standardized mean height differences in
studies with more than 3 years of follow-up, attributed to
catch-up growth and growth spurts. Our patient sample
was not large enough to confirm or reject this trend af-
ter 3 years of follow-up. Still, it remains unclear whether
TKI-induced impairment of longitudinal growth is caused
by growth retardation, acceleration, or endocrinological
disruptions involving a disturbed GH/IGF1 axis. Multiple
mechanisms likely contribute and accumulate to produce
unique outcomes in each individual, resulting in significant
variability within the patient group.

Some of the individual factors relate to the pharmaco-
kinetics of imatinib and could in principle be delineated
trough plasma-level measurements and pharmacogenetic
analyses?8-3032384044 Thys, we examined, for the first time,
the potential impact of imatinib trough plasma levels and
treatment response on growth parameters. Our results
suggest that patients with lower growth rates had higher
trough plasma levels of imatinib, resulting in a better ther-
apeutic response. This underscores that exposure to imati-
nib is responsible for the effect on growth. In addition, we
aimed to test whether polymorphisms reported in previous
studies in adults linked with imatinib pharmacokinetics
or treatment response are also associated with pediatric
growth parameters in our cohort.?8-30323840 None of the
polymorphisms were significantly associated with growth
parameters. Despite the limited size of our cohort and the
expected limitations in the statistical power, we analyzed
all data in an exploratory manner because the majority of
the described associations were identified and reported
as significant in comparably sized or even smaller adult
cohorts. Due to the potential complexity of the underlying
polygenic architecture and the presence of possible epi-
static interaction effects, a larger sample size would be
necessary to conduct a more comprehensive analysis of
genotype/phenotype associations, which may also encom-
pass the influence of rare variants with larger functional
effects. The precise role of tyrosine kinase inhibition in the
complex process of longitudinal growth requires a more
comprehensive exploration, and an experimental modeling
approach to verify the underlying mechanisms.
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In conclusion, 18% of patients were not affected by growth
problems at all, 45% showed a decrease in individual
growth parameters not surpassing 0.5 SD and 37% ex-
perienced growth stunting in the range of below -0.5 SD
(determined by A height SDS). Even if the final height is
still within the normal range with a loss of -1 SD in the
population, the individual psychosocial effects are never-
theless serious for most patients. Our data suggest that
not only prepubertal patients are affected, but also the
pubertal subgroup during the course of therapy. Over a
longer observation period, Gupta et al. were able to show
in their meta-analysis that there is a potential for catch-up
growth® which is also reflected in our results on height
velocity. Therefore, the practical consequence is that,
especially for younger patients and those with growth
potential, all measures must be taken to achieve the best
possible conditions for individual growth. This includes the
following measures: longitudinal growth potential should
be assessed by standardized repeated assessment of bone
age before starting TKI therapy and during the follow-up
under treatment. Optimal therapy adjustment, if neces-
sary with early switch to an alternative TKI to achieve the
criteria for safe TKI discontinuation as soon as possible,
should be aimed for in all patients, especially in individu-
als who are more severely affected by growth retardation.
However, the data meanwhile available on the adverse
drug effects of the second-generation TKI dasatinib and
nilotinib indicate that the initially hypothesized weaker
effect on growth has not been confirmed and that, with
a longer observation period, approximately the same ef-
fects as with imatinib can be observed.*-*" Other options
that are discussed include initiation of early intermittent
therapy*®*® or possible TKI dose reduction.®® It should be
noted, however, that potential catch-up growth for these
approaches has not yet been systematically investigated.
Nonetheless, achieving these goals requires high treatment
adherence. In order to encourage patients, our study and
previous research suggest that patients with moderate to
severe growth restriction typically have delayed growth
but have the potential to catch up. In the future, studies
will need to evaluate the factors that affect growth more
specifically and identify high-risk patients in the early
stages to contribute to enhancing therapeutic strategies.

Disclosures
No conflicts of interest to disclose.

Contributions

SSt and SSe designed the research study, performed the
research, analyzed the data, and wrote the paper. MM and
CM analyzed the data and wrote the paper. AK, OS, MMa,
MR, MK, MS and JW performed the research and reviewed
the paper. All authors have read and agreed to the published
version of the manuscript.

Haematologica | 109 August 2024
2561



ARTICLE - Imatinib and growth in pediatric patients with CML

Acknowledgment

We would like to thank all patients and their families for
their willingness to provide their valuable data for studies
on this rare disease. We also thank all the nurses and phy-
sicians caring for these patients for their data collection.
The present work was performed by SSt in fulfillment of
the requirements for obtaining the degree “Dr. med.” at
Friedrich-Alexander-Universitét Erlangen-Ndrnberg (FAU),
Germany.

Funding
The study was supported by the Interdisciplinary Center for

References

S. Stiehler et al.

Clinical Research (IZKF) at the University Hospital of the Uni-
versity of Erlangen-Ndirnberg (Laboratory Rotation, to SSe).
The continuous financial support in data collection by “Son-
nenstrahl e.V. Dresden - Férderkreis flr krebskranke Kinder
und Jugendliche” (Dresden, Germany), “Schornsteinfeger
helfen krebskranken Kindern e.V.” (Dérfles-Esbach, Germa-
ny), and the “Madeleine-Schickedanz-Kinderkrebs-stiftung”
(Fuirth, Germany) is highly acknowledged.

Data-sharing statement
The data supporting the results of this study are available
upon reasonable request from the corresponding author.

1. Ulmer A, Tabea Tauer J, Glauche I, Jung R, Suttorp M. TK
inhibitor treatment disrupts growth hormone axis: clinical
observations in children with CML and experimental data from
a juvenile animal model. Klin Padiatr. 2013;225(3):120-126.

2. Narayanan KR, Bansal D, Walia R, et al. Growth failure in
children with chronic myeloid leukemia receiving imatinib is
due to disruption of GH/IGF-1 axis. Pediatr Blood Cancer.
2013;60(7):1148-1153.

3. Vandyke K, Fitter S, Dewar AL, Hughes TP, Zannettino AC.
Dysregulation of bone remodeling by imatinib mesylate. Blood.
2010;115(4):766-774.

4. Vandyke K, Dewar AL, Fitter S, et al. Imatinib mesylate causes
growth plate closure in vivo. Leukemia. 2009;23(11):2155-2159.

5. Berman E, Nicolaides M, Maki RG, et al. Altered bone and
mineral metabolism in patients receiving imatinib mesylate. N
Engl J Med. 2006;354(19):2006-2013.

6. Vandyke K, Fitter S, Drew J, et al. Prospective
histomorphometric and DXA evaluation of bone remodeling in
imatinib-treated CML patients: evidence for site-specific
skeletal effects. J Clin Endocrinol Metab. 2013;98(1):67-76.

7. Shima H, Tokuyama M, Tanizawa A, et al. Distinct impact of
imatinib on growth at prepubertal and pubertal ages of children
with chronic myeloid leukemia. J Pediatr. 2011;159(4):676-681.

8. Bansal D, Shava U, Varma N, Trehan A, Marwaha RK. Imatinib
has adverse effect on growth in children with chronic myeloid
leukemia. Pediatr Blood Cancer. 2012;59(3):481-484.

9. Millot F, Guilhot J, Baruchel A, et al. Growth deceleration in
children treated with imatinib for chronic myeloid leukaemia.
Eur J Cancer. 2014;50(18):3206-3211.

10. Sabnis HS, Keenum C, Lewis RW, et al. Growth disturbances in
children and adolescents receiving long-term tyrosine kinase
inhibitor therapy for Chronic Myeloid Leukaemia or Philadelphia
Chromosome-positive Acute Lymphoblastic Leukaemia. Br J
Haematol. 2019;185(4):795-799.

11. Boddu D, Thankamony P, Guruprasad CS, Nair M, Rajeswari B,
Seetharam S. Effect of imatinib on growth in children with
chronic myeloid leukemia. Pediatr Hematol Oncol.
2019;36(4):189-197.

12. CaiV, Liu C, Guo Y, et al. Long-term safety and efficacy of
imatinib in pediatric patients with chronic myeloid leukemia:
single-center experience from China. Int J Hematol.
2021;113(3):413-421.

13. Hijiya N, Maschan A, Rizzari C, et al. A phase 2 study of nilotinib
in pediatric patients with CML: long-term update on growth

retardation and safety. Blood Adv. 2021;5(14):2925-2934.

14. Patterson BSJ, Gore L, Zwaan CM, Sacchi M, Sy O, Hijiya N.
Growth rate and endocrine effects of dasatinib therapy
observed in a retrospective analysis of a phase 2 clinical trial
for pediatric patients with chron-ic myeloid leukemia in chronic
phase (CML-CP). HemaSphere. 2019;3(S1):161.

15. Hijiya N, Maschan A, Rizzari C, et al. The long-term efficacy and
safety of nilotinib in pediatric patients with CML: a 5-year
update of the DIALOG study. Blood Adv. 2023;7(23):7279-7289.

16. Gupta P, Banothu KK, Haldar P, Gupta AK, Meena JP. Effect of
imatinib mesylate on growth in pediatric chronic myeloid
leukemia: a systematic review and meta-analysis. J Pediatr
Hematol Oncol. 2023;45(5):227-234.

17. Reinken L, van Oost G. [Longitudinal physical development of
healthy children O to 18 years of age. Body length/height, body
weight and growth velocity]. Klin Padiatr. 1992;204(3):129-133.

18. Kromeyer-Hauschild K, Wabitsch M, Kunze D, et al. Perzentile
fir den Body-mass-Index fir das Kindes- und Jugendalter
unter Heranziehung verschiedener deutscher Stichproben.
Monatsschrift Kinderheilkunde. 2001;149(8):807-818.

19. Klawitter J, Zhang YL, Klawitter J, Anderson N, Serkova NJ,
Christians U. Development and validation of a sensitive assay
for the quantification of imatinib using LC/LC-MS/MS in human
whole blood and cell culture. Biomed Chromatogr.
2009;23(12):1251-1258.

20. Verlouw JAM, Clemens E, de Vries JH, et al. A comparison of
genotyping arrays. Eur J Hum Genet. 2021;29(11):1611-1624.

21. Das S, Forer L, Schonherr S, et al. Next-generation genotype
imputation service and methods. Nat Genet. 2016;48(10):1284-1287.

22. Auton A, Brooks LD, Durbin RM, et al. A global reference for
human genetic variation. Nature. 2015;526(7571):68-74.

23. Loh PR, Danecek P, Palamara PF, et al. Reference-based phasing
using the Haplotype Reference Consortium panel. Nat Genet.
2016;48(11):1443-1448.

24. Privé F, Aschard H, Carmi S, et al. Portability of 245 polygenic
scores when derived from the UK Biobank and applied to 9
ancestry groups from the same cohort. Am J Hum Genet.
2022;109(1):12-23.

25. Byun J, Han Y, Gorlov IP, Busam JA, Seldin MF, Amos ClI.
Ancestry inference using principal component analysis and
spatial analysis: a distance-based analysis to account for
population substructure. BMC Genomics. 2017;18(1):789.

26. Maj C, Staerk C, Borisov O, et al. Statistical learning for sparser
fine-mapped polygenic models: the prediction of LDL-

Haematologica | 109 August 2024
2562



ARTICLE - Imatinib and growth in pediatric patients with CML

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

cholesterol. Genet Epidemiol. 2022;46(8):589-603.

Guillem V, Amat P, Cervantes F, et al. Functional polymorphisms
in SOCS1 and PTPN22 genes correlate with the response to
imatinib treatment in newly diagnosed chronic-phase chronic
myeloid leukemia. Leuk Res. 2012;36(2):174-181.

Zheng Q, Cao J, Hamad N, et al. Single nucleotide
polymorphisms in apoptosis pathway are associated with
response to imatinib therapy in chronic myeloid leukemia. J
Transl Med. 2016;14:82.

Augis V, Airiau K, Josselin M, Turcq B, Mahon FX, Belloc F. A
single nucleotide polymorphism in cBIM is associated with a
slower achievement of major molecular response in chronic
myeloid leukaemia treated with imatinib. PLoS One.
2013;8(11):e78582.

Lakkireddy S, Aula S, Kapley A, Gundeti S, Kutala VK, Jamil K.
Association of DNA repair gene XPC Ala499Val (rs2228000 C>T)
and Lys939Gln (rs2228001 A>C) polymorphisms with the risk of
chronic myeloid leukemia: A case-control study in a South
Indian population. J Gene Med. 2021;23(7):e3339.

Kim DH, Kong JH, Byeun JY, et al. The IFNG (IFN-gamma)
genotype predicts cytogenetic and molecular response to
imatinib therapy in chronic myeloid leukemia. Clin Cancer Res.
2010;16(21):5339-5350.

Kim DH, Sriharsha L, Xu W, et al. Clinical relevance of a
pharmacogenetic approach using multiple candidate genes to
predict response and resistance to imatinib therapy in chronic
myeloid leukemia. Clin Cancer Res. 2009;15(14):4750-4758.
Delord M, Rousselot P, Cayuela JM, et al. High imatinib dose
overcomes insufficient response associated with ABCG2
haplotype in chronic myelogenous leukemia patients.
Oncotarget. 2013;4(10):1582-1591.

Jaruskova M, Curik N, Hercog R, et al. Genotypes of SLC22A4
and SLC22A5 regulatory loci are predictive of the response of
chronic myeloid leukemia patients to imatinib treatment. J Exp
Clin Cancer Res. 2017;36(1):55.

Angelini S, Soverini S, Ravegnini G, et al. Association between
imatinib transporters and metabolizing enzymes genotype and
response in newly diagnosed chronic myeloid leukemia patients
receiving imatinib therapy. Haematologica. 2013;98(2):193-200.
Takahashi N, Miura M, Scott SA, et al. Influence of CYP3A5 and
drug transporter polymorphisms on imatinib trough
concentration and clinical response among patients with
chronic phase chronic myeloid leukemia. J Hum Genet.
2010;55(11):731-737.

Dulucqg S, Bouchet S, Turcq B, et al. Multidrug resistance gene
(MDR1) polymorphisms are associated with major molecular
responses to standard-dose imatinib in chronic myeloid
leukemia. Blood. 2008;112(5):2024-2027.

de Lima LT, Bueno CT, Vivona D, et al. Relationship between

39.

40.

a1.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S. Stiehler et al.

SLCO1B3 and ABCA3 polymorphisms and imatinib response in
chronic myeloid leukemia patients. Hematology. 2015;20(3):137-142.
Barratt DT, Cox HK, Menelaou A, et al. CYP2C8 genotype
significantly alters imatinib metabolism in chronic myeloid
leukaemia patients. Clin Pharmacokinet. 2017;56(8):977-985.
Au A, Aziz Baba A, Goh AS, et al. Association of genotypes and
haplotypes of multi-drug transporter genes ABCB1 and ABCG2
with clinical response to imatinib mesylate in chronic myeloid
leukemia patients. Biomed Pharmacother. 2014;68(3):343-349.
Yamakawa Y, Hamada A, Shuto T, et al. Pharmacokinetic impact
of SLCO1A2 polymorphisms on imatinib disposition in patients
with chronic myeloid leukemia. Clin Pharmacol Ther.
2011;90(1):157-163.

Kassogue Y, Quachouh M, Dehbi H, Quessar A, Benchekroun S,
Nadifi S. Functional polymorphism of CYP2B6 G15631T is
associated with hematologic and cytogenetic response in
chronic myeloid leukemia patients treated with imatinib. Med
Oncol. 2014;31(1):782.

Kong JH, Mun YC, Kim S, et al. Polymorphisms of ERCC1
genotype associated with response to imatinib therapy in
chronic phase chronic myeloid leukemia. Int J Hematol.
2012;96(3):327-333.

Suttorp M, Bornhauser M, Metzler M, Millot F, Schleyer E.
Pharmacology and pharmacokinetics of imatinib in pediatric
patients. Expert Rev Clin Pharmacol. 2018;11(3):219-231.

de Bruijn CMA, Millot F, Suttorp M, et al. Discontinuation of
imatinib in children with chronic myeloid leukaemia in
sustained deep molecular remission: results of the STOP
IMAPED study. Br J Haematol. 2019;185(4):718-724.

Millot F, Suttorp M, Ragot S, et al. Discontinuation of imatinib in
children with chronic myeloid leukemia: a study from the
International Registry of Childhood CML. Cancers (Basel).
2021;13(16):4102.

Shima H, Kada A, Tanizawa A, et al. Discontinuation of tyrosine
kinase inhibitors in pediatric chronic myeloid leukemia. Pediatr
Blood Cancer. 2022;69(8):e29699.

Malagola M, lurlo A, Abruzzese E, et al. Molecular response and
quality of life in chronic myeloid leukemia patients treated with
intermittent TKis: first interim analysis of OPTKIMA study.
Cancer Med. 2021;10(5):1726-1737.

Giona F, Malaspina F, Putti MC, et al. Results and outcome of
intermittent imatinib (ON/OFF schedule) in children and
adolescents with chronic myeloid leukaemia. Br J Haematol.
2020;188(6):e101-e105.

Naqvi K, Jabbour E, Skinner J, et al. Long-term follow-up of
lower dose dasatinib (50 mg daily) as frontline therapy in newly
diagnosed chronic-phase chronic myeloid leukemia. Cancer.
2020;126(1):67-75.

Haematologica | 109 August 2024
2563



