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Popular science summary of the thesis

Cancer will affect most of us in one way or another. If we are not victims ourselves, it is almost
certain that someone in our close proximity will fall ill — a beloved family member or a close friend.
Even though survival rates constantly increase, it remains a life-threatening disease that profoundly
impacts one's life and serves as a reminder of how fragile life is. Unfortunately, children also get
cancer, even though more seldom, and they are more likely to survive. In Sweden, approximately
300 children are diagnosed with cancer annually, with acute lymphoblastic leukemia (ALL) being the
most common form—a bone marrow cancer that demands long and burdensome chemotherapy
(anti-leukemic drugs) lasting up to 2.5 years. Outcomes have improved significantly over the last 50
years, and today over 90% of the children survive. Nevertheless, there is room for improvement, and
the patients are paying a high price with many treatment-related side effects mainly during the
treatment, but also later in life. To optimize treatments to further improve survival and to limit side
effects, it is important to identify and better understand why some patients have worse outcomes.

There have been reports suggesting that children and adolescents with unhealthy weight, including
overweight and severe overweight, or obesity in medical terms, face lower survival rates and an
increased burden of side effects, compared to healthy weight children, during ALL treatment.
However, the results were conflicting and the reasons for the poorer outcomes were not clear. This
thesis therefore seeks to fill an important gap in our knowledge by investigating how obesity, but
also underweight and overweight, affect both children and young adults with ALL. This knowledge
may help us to improve the possibilities of treating and curing these patients.

With comprehensive data from a total of 2787 children and 416 young adults (between 2- 45 years)
with ALL in the Nordic region, including Estonia and Lithuania, we have examined how Body Mass
Index (BMI), a measure based on weight and height to identify an unhealthy weight status, affects
patients during ALL treatment. We have explored how unhealthy BMI, in comparison to healthy
weight, impact on relapse risk, survival and occurrence of treatment-related side effects in both
children and young adults. Furthermore, in children, we have studied how BMI changes during
treatment, as well as how BMI influences the levels of methotrexate in their blood, an important
drug in ALL treatment.

Our studies confirmed that obesity (BMI equivalent >30 kg/m?) significantly increases the risk of
relapse in older children aged 10-18 years with ALL, resulting in a much poorer survival rate of only
60% for this age group. Additionally, older children with obesity face an increased risk of treatment-
related side effects. Both underweight and overweight conditions also raised the risk of relapse,
although to a lesser extent than obesity. Interestingly, we did not observe a clear impact of BMI on
survival in younger children aged 2-10 years. However, we could conclude that they were at a higher
risk of being overweight at the end of treatment. For young adults, severe obesity (BMI > 35 kg/m?)
increased the risk of relapse compared to healthy weight adults, although it did not lead to an
increase in side effects. We could not observe an significant impact of BMI on the treatment with
methotrexate. Yet, children with significant weight loss before their methotrexate treatments had
higher concentrations of methotrexate in their blood, which may lead to a greater risk of
methotrexate-related side effects.



Overweight and obesity are growing problems in our society — leading to increasing patient numbers
with these challenges. Our results, showing a higher risk of relapse, especially in older children with
unhealthy BMI, indicates a less successful treatment of these patients. This may be the result of
under-treatment, due to concerns of side effects or incorrect dosing, but also due to a reduced effect
of the treatment on the leukemia cells, independent of the dose. There is a fine balancing act to
intensify the treatment in these patients without causing more toxicity. Therefore, there is a need
for more individualized treatment. This thesis also highlights that further research is warranted to
study the impact of different dosing strategies and how unhealthy weight affects leukemia cells
during treatment. At the same time, it is important not to forget that unhealthy weight problems can
be dealt with in several ways. With improved diet, physical activation, and additional treatment
approaches, we may reduce the adverse effects that unhealthy weight has on survival and side
effects during treatment.

In conclusion, our research has contributed to an increased understanding of the risks associated
with unhealthy BMI in children and young adults with ALL. We hope that, based on our findings,
future ALL treatments can be better optimized for these patients, thereby contributing to both
better survival rates and the limitation of side effects.



Populadrvetenskaplig sammanfattning

Cancer berér manga av oss pa olika satt. En kar slakting, en néra van, eller vi sjalva insjuknar. Cancer
paverkar hela tillvaron och blir en paminnelse om hur skort livet &r. Barn skonas inte, men insjuknar
betydligt mer séllan. Den vanligaste cancerformen hos barn ar akut lymfatisk leukemi (ALL), en
cancer som angriper skelettets benmarg. ALL ar en livshotande sjukdom som kraver en lang och
pafrestande behandling med cellgifter (cytostatika) under tva till tva och ett halvt ar. Behandlingen
har utvecklats avsevart under de senaste femtio aren, och idag 6verlever fler an 90 procent av
barnen. Nu ar utmaningen att bota dnnu fler barn, och samtidigt minimera biverkningarna under och
efter behandlingen. For att bota fler med ALL &r det viktigt att identifiera och forsta de faktorer som
paverkar varfor vissa patienter har samre 6verlevnad dn andra.

Tidigare studier har visat att barn med 6vervikt eller fetma har sdmre 6verlevnad och mer
behandlingsbiverkningar jamfért med normalviktiga, men orsaken till detta samband &r okand.
Andra studier har inte kunnat pavisa nagon tydlig koppling mellan kroppsvikt och prognos. Syftet
med detta projekt ar att fylla detta kunskapsgap, genom att narmare studera hur och varfor évervikt
och fetma, men ocksa undervikt paverkar barn och unga vuxna med ALL.

Vi har anvant Body Mass Index (BMI), som ar ett matt baserat pa vikt och langd, fér att bedoma vilka
som har undervikt respektive 6vervikt i vara studier. Med hjalp av information fran register 6ver
totalt 2787 barn (<18 ar) och 416 unga vuxna (18-45 ar) med ALL i Norden, Estland och Litauen, har vi
undersokt hur olika BMI-nivaer paverkar risken for aterfall, biverkningar och minskad 6verlevnad.
Hos barn har vi dven studerat hur BMI férandras under behandlingen, samt hur undervikt och

overvikt paverkar behandling med cellgiftet Metotrexat, en av grundstenarna i behandlingen av ALL.

Vi har kunnat bekrafta att framforallt barn med fetma (BMI éver 30 kg/m2) har en patagligt 6kad risk
for aterfall i ALL och darmed férsamrad 6verlevnad, jamfoért med normalviktiga barn. Hos &ldre barn
mellan 10 och 18 ar var fetma vid diagnos associerat med 6kad forekomst av
behandlingsbiverkningar och &terfall i ALL, med en &verlevnadschans pa endast 60 procent. Aven
underviktiga (BMI under 17 kg/m2) och éverviktiga (BMI 25-<30 kg/m2) barn i denna grupp
paverkades negativt. | de yngre aldrarna (2—10 ar) sag vi inget tydligt samband mellan BMI och
overlevnad respektive biverkningar, vilket var 6verraskande. De yngre barnen hade daremot en
betydligt storre risk att vara 6verviktiga nar behandlingen avslutades. Hos unga vuxna (18-45 ar) var
det framforallt de med mycket hogt BMI (> 35 kg/m2) som hade 6kad risk for aterfall i ALL, men har
sag vi ingen okad risk for behandlingsbiverkningar. Nar vi undersdkte BMls effekt pa
Metotrexatbehandling, kunde vi inte se nagon tydlig paverkan. Daremot verkade pataglig
viktnedgdng infor start av sjdlva Metotrexatbehandlingen bidra med 6kad risk for héga

koncentrationer av lakemedlet i blodet, vilket kan 6ka risken for biverkningar.

Overvikt och fetma &r viaxande problem i vart samhille. Véra resultat visar att aterfallsrisken i
leukemi var som hogst hos aldre barn och unga vuxna med ohédlsosam vikt, framférallt fetma, vilket
indikerar att de inte fatt optimal behandling. Nagra av forklaringarna kan vara felaktig dosering
utifr&n kroppsbyggnad, eller minskad dos av rédsla fér biverkningar. Aven en férsimrad

behandlingseffekt pa leukemicellerna hos dessa patienter, oberoende av dosering, kan vara en orsak



till den sdmre prognosen. Att 6ka behandlingsintensiteten som ett alternativ skulle medféra en 6kad
risk for behandlingsrelaterade biverkningar.

Vagen framat kan vara en mer skrdddarsydd behandling, men ocksa en férbattrad kunskap om
doseringsstrategier och hur ohélsosam vikt paverkar direkt pa leukemicellerna. Viktigt ar ocksa att
komma ihag att den numera konstaterade riskfaktorn ohalsosam vikt i viss man kan paverkas.
Genom kostatgarder och mer fysik aktivitet under behandlingen, finns en rimlig forhoppning om att

forbattra prognosen.

Sammanfattningsvis har var forskning bidragit till en 6kad forstaelse for riskerna med hogt BMI hos
barn och unga vuxna som behandlas for ALL. Vi har inte kunnat besvara alla fragor, men
forhoppningen ar att vara resultat kan anvandas for att optimera behandlingen av dessa patienter,

med bade battre 6verlevnad och mindre biverkningar som resultat.



Abstract

Background: Overweight and obesity are growing health problems. Obesity has been associated with
both a higher risk of contracting cancer and increased cancer-related mortality in adults. The impact
in children with cancer, and more specifically with acute lymphoblastic leukemia (ALL), is less
explored. Body mass index (BMI) may be an additional risk factor for poor outcomes that warrants
consideration in risk stratification for ALL treatment assignment. This study aimed to retrospectively
study the association between BMI and ALL treatment in children and young adults treated
according to the Nordic Society of Paediatric Haematology and Oncology (NOPHO) protocols and

explore possible factors underlying adverse outcomes.

Methods: Patients with B-cell-precursor (BCP) and T-cell ALL from the Nordic countries, Estonia and
Lithuania were included. Detailed data on weight and height at diagnosis, as well as patient and
disease characteristics, were retrieved from the NOPHO leukemia registries. In Study I, we used data
collected retrospectively on children aged 2-<18 years and treated according to the NOPHO ALL92-,
ALL2000, or ALL2008 protocols between 1992 and 2016, and for consecutive studies we included
patients only from the NOPHO ALL2008 protocol (Studies Il, Ill and IV) and also comprised of young
adults (18-<46 years, Study V). In children, BMI was calculated and converted according to the
International Obesity Task Force classification into BMI standard deviation scores (SDS), and age and
sex-related BMI cut-offs for thinness, healthy weight, overweight, and obesity. The impact of BMI on
the following outcomes in children and young adults were analyzed: event-free survival, relapse,
overall survival, and treatment-related toxicity and mortality (Studies I, Il and V). In children, mean
BMI change between diagnosis and the end of treatment, together with identifying risk factors for
weight gain were investigated (Study IV). Further, the relation between BMI and delayed high-dose
methotrexate (HD-MTX) excretion was explored using data on HD-MTX pharmacokinetics gathered
from medical charts from children treated in Stockholm and Uppsala (Study V).

Results: In Study I (n =2558), we explored the impact of BMI on survival outcomes in children. Obese
children aged 10-18 years at the time of their ALL diagnosis had higher relapse rate and
consequently a more than six-fold increased risk of dying from their disease compared to healthy
weight patients. Underweight and overweight were also associated with an increased risk of relapse,
compared to healthy weight in this age category. However, BMI had no significant impact on
outcomes in younger children aged 2-<10 years. In Study I, we compared the risk of specific severe
adverse events and treatment delays in different BMI categories in a cohort of 1443 children with
non-high-risk ALL. A similar age trend was observed in this study; only older obese children aged 210
years had a significantly increased incidence rate ratio for one or more specific severe adverse
events, compared to healthy weight children. Older children also had a three-fold higher incidence
rate ratio of asparaginase truncation, compared with older healthy weight children. Study Il shows,
that BMI SDS increased for many children during ALL therapy (n=765). An increase in BMI SDS was
more prevalent in those who were young (2-<6 years) or underweight/healthy weight at diagnosis,
compared to other age or BMI groups. To evaluate how BMI influences pharmacokinetics and
associated toxicities, one cornerstone of the antileukemic treatment—HD-MTX—was explored in
Study IV. The results, comprising 182 children and 1401 HD-MTX courses, indicate that children with

substantial weight loss during induction had an increased risk of delayed methotrexate excretion.



The results did not support changed pharmacokinetics of HD-MTX as a contributing factor to
decreased survival in overweight and obese children. In Study V, the role of BMI on outcomes was
further examined in young adults, to explore age-related differences in metabolic status and its
impact on outcome. Out of the 416 young adults with non-high-risk ALL, only the severely obese
patients (BMI >35 kg/m?, n=234) had inferior event-free survival due to relapses. Severe obesity had
no effect on toxicity nor treatment delays compared to healthy weight patients.

Conclusions: In obese patients, the poor outcomes are primarily linked to a higher risk of relapse,
which may be related to undertreatment or chemotherapy resistance. When trying to improve
survival, there is a fine balancing act between intensifying treatment in unhealthy BMI groups with
the potential risk of Increased toxicity. For obese patients with ALL, novel strategies with
individualized frontline therapy approaches are needed to reduce toxicity while further improving
outcomes. Achieving optimal dosing strategies requires further exploration through pharmacokinetic
trials. Furthermore, it is crucial to recognize that nutritional status is a modifiable risk factor, where
physical activation and dietary interventions, possibly combined with drugs targeting the metabolic
pathways, may contribute to better outcomes.
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Introduction

Cancer is the leading cause of death in children and young adults after trauma and injury in
developed countries. The survival rates of different cancer types are steadily increasing,
thanks to individualized risk stratification, the development of new treatments, and

improved supportive care.

As a pediatric hematologist and oncologist, | encounter patients at every stage: from
diagnosis, during treatment to years after end of treatment during their follow-up visits at
our clinic. Various factors contribute to how patients' cancer journey proceeds; both during
and after treatment. The strong wish to identify at-risk patients and to improve and
optimize their treatment, supportive care, and through this, their outcome, is a large

motivator in my work as a clinician and as a researcher.

Acute lymphoblastic leukemia (ALL) has had markedly improved outcomes over the last
decades. Assessment of prognostic risk factors is central in the management of ALL.
Prognostic factors stratify patients with ALL into different treatment arms, which aim to
provide intensive enough treatment to successfully cure the disease with as few treatment-
related toxicities as possible. With improved survival, balancing treatment intensity and risk
of severe toxicities without compromising cure rates is getting more challenging. This is
even more problematic in children with unhealthy BMI due to the influence of body
composition on the distribution of anti-leukemic drugs and the metabolic effect of adipose
tissue on leukemia cells and their surroundings. Having an unhealthy BMI may therefore
contribute to treatment-related toxicity and poorer outcomes. BMI at diagnosis, as a
surrogate for metabolic status, is readily available but not considered in treatment

stratification.

In this thesis, | have focused on exploring the effect of BMI, especially the effect of obesity,
on survival and risk of toxicity during treatment, as well as on pharmacokinetics in children
with ALL. To better understand the effects of metabolic status on outcome in different age

groups we also studied the effect of BMI in young adults.

The aim was to gain insights regarding the possible impact of weight and body composition
(BM), in the treatment of ALL in children and young adults. We also wanted to raise the
awareness of the possible risks associated with obesity in this context, since overweight is a
potentially modifiable/preventable factor. Lastly, we also considered the possibility of
defining rational possible interventions based on our findings.






1 Literature review

1.1 Historical Background of ALL

In the 1840s, case reports emerged detailing patients experiencing fever, weight loss, and
abdominal swelling. Blood tests revealed abnormal white blood cell counts, a discovery that
prompted Rudolf Virchow to formally classify this condition as leukemia in 18472, Virchow,
along with other eminent physicians, paved the way with their groundbreaking discoveries
related to leukemia. However, this did not immediately lead to effective treatment. In the
1940s, the first folic acid blocker was introduced as a new drug and, was further developed
into the medication methotrexate, which is still a back bone in the leukemia treatment. As
the science of chemotherapy advanced, researchers began to combine chemotherapies, as
new medications arrived, raising the possibility of a cure, but most patients did not survive
beyond a year of treatment. It was in the late 1960s that the landscape began to shift
significantly. Multidrug chemotherapy still used today, together with prophylactic treatment
for the central nervous system (CNS), yielded remarkable cure rates, surpassing 50%2. From
early on, successful cooperative groups were formed, and clinical trials began to draw from
larger sample sizes of affected children. Over the past few decades, there has been an
impressive improvement in the overall survival (OS) of children with ALL. From survival rates
of less than 10% in the 1960s, we are now seeing figures approaching over 90% in
developed countries®®, Increased knowledge of the underlying biology, development of
more effective chemotherapeutic regimens, and advances in supportive care have enabled

this improvement®7-,

1.2 Acute lymphoblastic leukemia

ALL is the most common form of childhood malignancy, with a mean annual incidence rate
between 2-4 cases per 100,000 children under the age of 20 years, but it also strikes adults
of all ages?®. The incidence curve of ALL has a bimodal distribution with a peak in children
aged 1-4 years and again in adults > 55 years'!. Males develop ALL more often than females
at a ratio of 1.2:1%2,

ALL arises from the proliferation of malignant hematopoietic lymphoid stem cells in the
bone marrow, often invading the blood and occasionally extramedullary sites such as the
central nervous system CNS. Accumulation of leukemic blasts in bone marrow leads to
disturbances in normal hematopoiesis!>4. Patients with acute leukemia are highly
susceptible to infectious complications; due both to the disease itself and to chemotherapy-
induced immunosuppression. Unfortunately, treatment-related death occurs, and a
significant number of patients relapse. In results presented in the NOPHO ALL2008 protocol
in children and young adults aged 1-45 years, the 5-year incidence of relapse was 10%, while

3% of patients died in complete remission, with relapse and death rate increasing with age®.



To improve cure rates and minimize therapy-related morbidity and mortality, several
countries have joined their efforts and designed common ALL treatment protocols, which
also include clinical trials. One such consortium is the Nordic Society of Paediatric
Haematology and Oncology (NOPHO), which has designed the Nordic ALL treatment

protocols discussed in this project.
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Figure 1. Kaplan-Meier Survival Curves for (ALL) in Sweden from 1988 to 2017.
Y, years. Source: Modified from Bjérk-Eriksson et al. Mortality Among Pediatric Patients with Acute
Lymphoblastic Leukemia in Sweden from 1988 to 2017. JAMA Netw Open. 2022 Nov 1;5(11):e2243857%°.

Permission was granted from the journal.

1.3 Prognostic factors in ALL treatment

Risk-adapted treatment strategies are the foundation of ALL treatment. The goal is to
provide patients with treatments intensive enough to cure leukemia with as few treatment-

related toxicities and deaths as possible.

Historically, age (infant or >10 years), a high white blood cell (WBC) count, T-cell ALL
immunophenotype, and extramedullary involvement in the CNS at the time of diagnosis
have been the main adverse prognostic factors. However, the impact of these factors has

somewhat diminished thanks to contemporary risk-adapted therapy®Y.

Adolescents (from 10 years) and young adults (AYA) generally have worse outcomes (Figure
1) than younger children aged 1-9.9 years, treated with pediatric protocols attributed to less
favorable cytogenetics'®2%, A high WBC count at diagnosis often correlates with a more
aggressive disease and poorer outcomes?%?223, Children with BCP ALL tend to have superior
outcomes compared to those with T-cell immunophenotypes. The difference, to some
extent, is due to less favorable genetic subtypes and higher drug resistance in T-ALL, as well

as immunophenotype with T-cell ALL which often present with high-risk clinical features >4,



In addition to clinical features, the genetic characterization, and cytogenetics of ALL are
mandatory in risk stratification. Among the most common chromosomal subtypes in
children with ALL are hyperdiploidy (>50 chromosomes) and ETV6-RUNX1 (chromosomal
translocation t(12;21), both associated with favorable outcomes. There are also subtypes
associated with poor or intermediate outcomes; KMT2A gene fusions, near-haploidy (<30
chromosomes), low hypodiploidy (30-39 chromosomes), and intrachromosomal
amplification of chromosome 21 (iAMP21)?>2%, The number of novel genetic subgroups with
a potential prognostic impact or implications for targeted therapy is increasing, and whole-
genome sequencing (WGS) in the diagnostic setting is becoming an important part of

diagnostics in development countries.

The most significant prognostic factor, together with genetic markers, is early response to
initial treatment. Minimal residual disease (MRD), determined by flow cytometric
immunophenotyping and/or polymerase chain reaction (PCR), measures the remaining

leukemic cell population in the bone marrow??7,

The most established prognostic factors nowadays in pediatric ALL protocols include age,
WBC at diagnosis, immunophenotype, CNS status, cytogenetics, and MRD after induction
and consolidation'*?%2°, Treatment intensity is adjusted in reference to these factors by

stratifying the patients into different treatment arms .

1.4 ALL treatment

Presenting symptoms and signs of ALL can be unspecific but often include signs of anemia,
thrombocytopenia, or neutropenia (pallor, fatigue, bleeding and bruising, infections, and
fever) and findings of leukemic infiltration in extramedullary sites such as the spleen, liver,
kidneys, lymph nodes and CNS?3. Most treatment protocols for ALL can be divided into four
therapy phases: induction, post remission consolidation, interim maintenance and
intensification, and maintenance. Based on the characteristics of the leukemia at diagnosis
and MRD after induction and/or consolidation patients are divided into different risk group
arms. The goal of induction treatment is complete remission, defined as < 5% blast cells and
partially recovered bone marrow. CNS prophylaxis with intrathecal methotrexate (added
cytarabine and hydrocortisone for CNS positive patients) continues throughout all treatment

phases. Total treatment duration is usually between 2-3 years, depending on protocol.

In the Nordic countries (Denmark, Finland, Iceland, Norway, and Sweden), treatment for
pediatric ALL is standardized in using common treatment protocols created by the Nordic
Society of Pediatric Hematology and Oncology (NOPHO). NOPHO was initiated at the
beginning of the 1980s with the creation of a prospective registry including baseline
variables, and treatment and follow-up data (NOPHO ALL registry) of all Nordic children with
ALL. The registration is performed mainly by pediatric oncologists or research nurses and

the registry is generally considered to consist of high-quality data.



The first common treatment protocol for pediatric ALL, NOPHO ALL92, was created in 1992.
Subsequent ALL protocols, the NOPHO ALL2000 and ALL2008 protocol, were also
randomized clinical trials. With the NOPHO ALL2008 protocol, the collaboration expanded to
include two Baltic countries: Estonia and Lithuania. The outcome of ALL improved under the
period theses protocols were run. A large range of biological and clinical data emerged and
was implemented in the treatment approach. These included cytogenetics,
pharmacokinetics, new antileukemic agents, MRD monitoring, data on the most effective
therapy for specific subsets, and improvements in SCT strategies. The ALLTogether trial
(EudraCT number 2018-001795-38 and NCT04307576) is the present protocol currently in
use, launched initially as a pilot study in 2018 and 2019 in the Nordic countries and is now

running in a larger European collaboration.
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Figure 2. The NOPHO ALL 2008 protocol with stratifications and treatments.

Abbreviations: SR, standard risk; IR, intermediate risk; HR, high-risk; MRD, minimal residual disease;
BM, bone marrow; GCSF, granulocyte colony-stimulating factor; VCR, vincristine 2 mg/m? HD-MTX,
high-dose methotrexate; i.t., intra thecal; TIT, triple intrathecal treatment; I-D, induction
dexamethasone; I-P, induction prednisolone; DI, delayed intensification; Cyclo, cyclophosphamide;
6MP, 6-mercaptopurine; R1-R3, randomization 1-3; SCT’, stem cell transplantation. Source: Toft N et
al. Results of NOPHO ALL2008 treatment for patients aged 1-45 years with acute lymphoblastic
leukemia. Leukemia. 2018 Mar;32(3):606-615. Reproduced with permission from Springer Nature

The latest NOPHO ALL2008 protocol was used for treating children and young adults with
ALL between 2008 and 2019 3132 (Figure 2). The total duration of the therapy was 2.5 years.
At diagnosis, patients were separated into two different induction treatments based on
immunophenotype and WBC count. Patients with WBC count > 100x10°/L and/or T-ALL



received high-risk induction with Dexamethasone on treatment days 1-21, compared to
prednisolone treatment on days 1-29 for other patients 32,

The second essential stratification timepoint, treatment day 29, was based on initial risk
stratification, cytogenetic alterations and MRD response during induction, separating the
patients into standard risk (SR), intermediate risk (IR), or high-risk (HR) groups. Both non-
high-risk groups (SR and IR) received conventional consolidation therapy, including oral 6-
mercaptopurine and HD-MTX 5 g/m?, whereas the high-risk group received intensive block
treatment, with or without hematopoietic allogenic stem cell transplantation (HSCT). The
criteria for HSCT were MRD on day 29 >5%, on day 79 >0.1%, or >0.1% after the second
block. The two non-high-risk arms resemble one another; differing only in the addition of
anthracyclines/cyclophosphamide in the first intensification phase, a second intensification
phase containing cyclophosphamide, and the addition of intrathecal methotrexate during
the maintenance phase in the IR-arm (10). Final risk stratification was made after
consolidation, on treatment day 79, where MRD values > 0.1% assigned patients to the HR-
arm. For patients treated in the non-high-risk groups (SR and IR), maintenance therapy
included HD-MTX and Vincristine (VCR), and dexamethasone pulses. In addition, pegylated
asparaginase was administered during the first 7 months. All administration of
chemotherapy was administered based on BSA, however, a ceiling dose of 2.5 mg was used

for vincristine (2.0 mg/m?2)314,

Besides demographic data and information on ALL treatment, and response to treatment
and outcome, the NOPHO ALL2008 registration also included 22 well-known serious
toxicities of special interest (SAEs), registered prospectively®3. Toxicities were registered
during induction and every third month thereafter during treatment for all patients. Other
treatment details included were asparaginase administration and the start date of each
treatment phase. The definitions of the SAEs used in the study are listed in the attached
article, study 1134,

1.5 Primary events

Most patients achieve first complete remission (CR1) and remain in remission without any
events, while some patients fail to reach CR1 or die during induction treatment or due to
treatment-related death (death in first complete remission DCR1) after induction. The most
common primary event is relapse, accounting for 8%-20% over the last three decades in
children”.283536_Relapse occurs when drug-resistant leukemic clones evolve, or due to
inadequate treatment caused by toxicity3’. After relapse, there is a need for more
intensification to overcome treatment resistance, to achieve long-lasting second remission,
and patients are already suffering from accumulated toxicity from prior treatments. An
additional primary event, also related to treatment toxicity, is secondary malignant



neoplasms (SMN). Event-free survival (EFS) is defined as time from diagnosis to end-of-

follow up, relapse, DCR1, or SMN.

1.6 Epidemiology of overweight and obesity

Overweight and obesity is a growing problem worldwide. The World Health Organization
(WHOQ) is describing a global pandemic of obesity with over 300 million obese with
increasing prevalence also in low-income and middle-income countries®. In high-income
countries, obesity is associated with the educational level of the parents, especially the
mothers®. In children and adolescents, there are similar challenges. In Sweden, in 2020,
13.3% of 4-year-old children were overweight or obese, an increase of 16% in overweight
and 31.8% in obese compared to 2018 %°, Obesity during childhood likely continues into
adulthood and is associated with cardiometabolic and psychosocial issues*+#2. After the
COVID-19 pandemic, there are also reports describing increasing weight gain compared to
before the pandemic****. Obesity affects the entire body, in the short, medium, and long

term. Figure 3 describes complications associated with obesity from childhood to adulthood.
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1.7 BMI cut-offs in children

BMI calculated as weight (kg) divided by height squared (m?) is the most commonly used,
measure, used both in clinical practice and in research settings, for monitoring
metabolic/(nutritional) status such as underweight, overweight, and obesity. BMI may be
misleading, as it does not distinguish between excessive body weight caused by excess fat
and that caused by lean mass (muscles)*>*¢. Additional body composition measurements
are detailed in section 1.9.3. However, BMI is feasible as a screening tool for defining

abnormal nutritional status.

While there is a standard BMI cut-off for underweight, overweight, and obesity in adults,
various cut-offs and references are available for children, which complicates comparisons
between different studies on BMI. Children change in body size to height ratio due to
continuous growth and BMI increases naturally during maturation of the child*’. To
characterize childhood underweight and obesity, an age- and sex-specific reference BMI
limit is considered. There are two internationally used BMI-cut-off charts based on
reference populations. The WHO reference is based on age- and sex-specific standard
deviation scores (SDS)*#4°. WHO BMI charts and cut-offs are different for ages 2-5 years and
5-18 years, and therefore the prevalence and definitions of overweight and obesity with

these BMI charts have minor differences between these age groups (Table 1).

Table 1. Classification of different BMI cut-offs in children

Classification Lo ] il 2
Cole et al, and IOTF 216 — <17* 217 - <18.5* 225 - <30* 230*
“grade 2 thinness” “grade 1 thinness” “overweight” “obesity”
WHO>5 years <-2SDS 2 +1 SDS <2 SDS >2 SDS
“thinness” “at risk of overweight” “overweight”
WHO >5-19 years < -2SDS >+1SDS -<+2SDS >2SDS
“thinness” “overweight” “obesity”
CDC (USA) <5t percentile >85th — <95 percentile 295 percentile
“underweight” “overweight” “obesity”

*correspond to percentiles that match BMI 17, 18.5, 25, and 30 at the age of 18 years

The other international BMI cut-off reference includes age- and sex-related childhood BMI
cut-offs according to Cole et al. for underweight and to the International Obesity Task Force
(IOTF) Guidelines for overweight and obesity>>>1, BMI values at 18 years of age are tracked
back to define BMI values for younger ages based on 6 nationally representative data sets.
Patients are classified into different BMI groups: thinness grades 1-3 (BMI <16, <17 and
<18.5 kg/m?, respectively); normal weight (BMI 18.5-<25 kg/m?); overweight (BMI 25-<30
kg/m?) and obese (BMI =30 kg/m?)>2. The definition of underweight, overweight and obesity



are also expressed in a SDS framework, based on the same dataset®3. BMI cut-offs are not
available for children below 2 years of age, due to the recommendations that BMI is not

used before the age of two years®.

In numerous studies investigating BMI in children with ALL, applied cut-offs have been taken
from nationally-represented data, e.g., in the United States (Centers for Disease Control,
CDC)*>*%?, A recent European Childhood Obesity Group recommendation®? suggests using
I0TF*® and WHO**83 definitions to assess childhood overweight and obesity, and definitions
by Cole et al.>! and the WHO for the prevalence of thinness.

1.8 Prognostic impact of BMI in childhood ALL

As the prevalence of overweight and obesity increases in the general population, extreme
body weight is a factor more frequently encountered in oncology®*%>. Obesity has been
positively associated both with risk for cancer and cancer-related mortality in general, but
also specifically in ALL®6-%8, The association between obesity and the effect on childhood
cancer, including its initiation and disease progression, is less studied. Marley et al explored
the association of childhood cancer and maternal pre-pregnancy BMI, gestational weight
gain, and maternal diabetes and found that maternal obesity and diabetes may be linked to
a higher incidence of childhood cancer and especially leukemia and CNS tumors®. A similar
result was described in a meta-analysis examining the association between the risk of
childhood leukemia and increased birthweight (fetal size), which found an increased risk of

ALL, suggesting an initiation already in utero’®.

Previous research supports the association between high BMI and adverse prognostic
outcome in children with ALL (Table 2). Three recent meta-analyses conclude that high BMI
at diagnosis is associated with an inferior OS and EFS in pediatric ALL’73, Two studies
demonstrated that high BMI had a negative effect on outcomes especially in children aged
10-17.9 years, suggesting a vulnerability linked to increasing BMI during adolescence®74,

However, other studies have failed to show an association between high BMI and outcome
55,56,75,76

Undernutrition and its importance as a negative prognostic indicator are often cited in
pediatric oncology’”7°. Underweight at diagnosis is common in children with solid tumors
but is not described as a prevalent problem at diagnosis of ALL in high-income countries’®,
Studies from low and middle-income countries have reported poorer survival in
underweight patients with ALL whereas in developed countries results have been
contradictory®®8%81 |n g Dutch study by den Hoed et al., being underweight at diagnosis of
childhood ALL was a risk factor for relapse but was not associated with OS or EFS®. In LMIC,
where over two-thirds of all children with ALL live, undernutrition at diagnosis and during
treatment is more challenging than in high-income countries. In low and middle income

countries the overall outcome is poorer compared to high-income countries, due to more



advanced disease at diagnosis, treatment abandonment, and higher rates of treatment-
related mortality, mainly due to infections®2.

Table 2. Studies on the association between BMI at diagnosis and outcome of childhood ALL

N. of Protocol BMI Age,
Reference Country | patients | regimen cut-off years Outcome
Hijiya N, Blood, USA 621 TOTALXII, cDC 1-18 | No difference in EFS or OS across
2006 >° XIIIA, XIIIB, the four BMI groups
XV
Baillargeon J, USA 322 - WHO / CDC 0—<18 | No association between OS and
Pediatr Oncol, EFS in obese compared to non-
2006 ° obese.
Butturini AM, USA 4260 CCG CDC 2—<20 |Higher incidence of EFS and
JCO, 2007 &1 relapse in obese >10 years
Orgel E, Blood, USA 200 CCG and CDC 1-<21 |Obese had a worse response to
2014 %0 AALL ALL treatment by end-induction
MRD. Overweight and obese
worse EFS
Orgel E, JCO, 2014 USA 2008 CCG 1966 CDC 1—<21 |Lower EFS in obese and
59 underweight for > 50% of pre-
maintenance time
Aldhafiri et al. UK 1033 UK ALL-X National 2-14.9 | No difference in relapse in
Pediatric Hematol underweight, overweight, or
Oncol. 2014 %6 obese
den Hoed MAH, Nether- 703 DCOG- ALL National 1-17 |Increased relapse risk in
Haematologica, lands 19 reference underweight, no difference in OS
2015 % or EFS, or in overweight/obese
Martin-Trejo JA, Mexico 794 - WHO / CDC 0-17 | Higher risk of death for
Leuk Lymph, 2017 underweight within the first HR
83 ALL treatment year
Eissa HM, Blood USA 373 TOTAL XV cDC 2-<18 | Obese had worse OS. No
CancerJ, 2017%7 protocol difference in EFS or relapse.
Nunez-Enriques Mexico 1070 - CDC/WHO 0—<15 |Increased early mortality for
JC, BMC Cancer, overweight/obese. No higher
2019 & relapse risk (2 years from
diagnosis)
Hu et al. Cancer China 1437 SCMC-ALL- National 2-17.9 |Increased TRM in overweight,
Med. 2023 & 2005, (percentiles) but not obese. No effect on OS,
CCCG-ALL- EFS, or relapse
2015

Abbreviations: ALL, acute lymphoblastic leukemia; CDC, Centers for Disease Control (USA); EFS, event-free survival; HR,
high-risk; MRD, minimal residual disease; OS, overall survival; WHO, World Health Organization.

Studies in children with solid tumors are scarce. Body weight can be misleading in solid

tumors, influenced by tumor mass, and thereby underweight can be underestimated®®. In

Wilms tumor with favorable histology in stages I-1V, BMI or height/weight-for-age (in

children below 2 years) did not have an prognostic impact on EFS®. In a review of the

outcome of nutritional status in solid tumors, Joffe et al. concluded that being underweight




(<5th percentile) was associated with worse OS in Ewing sarcoma and osteosarcoma and
there was a trend to worse OS in rhabdomyosarcoma. High BMI (> 85th percentile) was

associated with increased nephrotoxicity and postoperative complications®2.

1.9 Possible mechanisms on how body composition/nutritional status influences
anti-leukemic treatment

Various potential mechanisms explaining the impact of obesity on cancer risk and outcome
have been suggested®. Obesity is associated with several physiological changes compared
to non-obesity including hormonal dysregulation, increased metabolic “fuel”, chronic
inflammation, and comorbid conditions®*®2, The impact of these physiological changes on
both metabolic and elimination processes, which alter pharmacokinetics and
pharmacodynamics, contributes to a complex process ultimately causing chemotherapy
resistance. However, the drug-specific impact is not clearly understood or summarized,
especially for children and adolescents®3. Genetic susceptibility and confounding psycho-

social and environmental factors may also play a role®.

An illustration of the complex mechanisms behind the association between obesity and

factors affecting ALL outcome is shown in Figure 4.
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Figure 4. An illustration of the complex mechanisms behind the association between BMI and acute

lymphoblastic leukemia (ALL) outcome. Created with BioRender.com
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1.9.1 Chemotherapy resistance in obese

Increased body mass is associated with metabolic dysregulation with elevated hormones
and growth factors such as insulin, insulin-like growth factor-1 (IGF-1), adipokines (cytokines
and hormones in adipocytes), and sex steroid hormones®®. Hyperglycemia with insulin
resistance and increased insulin, IGF-1, and adipokines likely contribute to both ALL

incidence and chemoresistance in ALL.

Chronic low-grade inflammation can alter the tumor microenvironment and promote cancer
cells through increased concentrations of free fatty acids and pro-inflammatory
cytokines®¥9>%, Adipocytes are active secretory cells and release a variety of factors in the
local environment. Pro-inflammatory cytokines, such as interleukin (IL)-6 and 8, IL-1j3, tumor
necrosis factor (TNF)-a, and macrophage chemoattractant protein-1, but also classical
hormones such as leptin, IGF-1, and endothelial growth factor are associated with an

increased presence of white adipose tissue®’.

Chemotherapy resistance caused by a direct effect on the microenvironment of adipocytes
and leukemia cells is suggested to be one explanation behind observed drug resistance and
increased risk of relapse in obese patients®. Obese adults have more adipose tissue in bone
marrow and in general, therefore obese patients have more potential adipose
microenvironments®. In in vivo mice models and in vitro models, obesity, through
adipocytes, inhibited chemotherapy-induced apoptosis during monotherapy with
vincristine®®. Another animal study with vincristine and daunorubicin demonstrated
leukemic blast cell migration into a protective microenvironment in adipose tissue®,
Ehsanipour et al. reported the provision of a protective microenvironment for leukemic cells
by adipocytes through the release of glutamine in the bone marrow, contributing to
resistance to asparaginase!®®, Tucci et al. also described in a preclinical study the interaction
of adipocytes on the microenvironment of ALL cells, where leukemia cells induced the
release of free fatty acids from the adipocytes. Free fatty acids were then utilized by ALL

cells as a source of energy which may contribute to chemotherapy resistance®?.

1.9.2 The effect of BMI on pharmacokinetics of antileukemic drugs

Understanding of the pharmacokinetics in obese children is still limited. Consequently,
appropriate chemotherapy dosing for obese pediatric patients with malignant diseases is a
challenge. Decreasing chemotherapy doses in obese patients may negatively influence the
outcome with an increased risk of relapse, and overdosing increases toxicity. In 2015 in a
systematic review presented in JAMA Pediatrics on pharmacokinetic studies of children with
obesity, only 20 studies could be identified over the last 4 decades, with only 6 small studies
based on antineoplastic agents®, An extrapolation from studies in adults has been
suggested but has indicated the risk of false prediction of clearance and other

pharmacokinetic values®*1%4. In children, age also influences pharmacokinetics'®.
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The few studies on pharmacokinetics comparing chemotherapeutic agents in obese and
normal weight ALL patients are conflicting; studies in underweight patients are scarce. A
previous study suggested that a decreased VCR area under the curve (AUC) may be linked
with higher relapse risk in children with ALL(216). In the Nordic ALL treatment protocol
NOPHO ALL2008, the dose of vincristine was decreased in many obese patients due to
“capping” to a max of 2.5 mg with Body surface area (BSA) > 1.0 m241%_This practice, also
present in currently running protocols (capping dose 2.0 mg), is not in line with a review
article by Hall et al. on adults, suggesting there might be a need for increased doses of
vincristine in obese patients compared to patients at a healthy weight. They also suggests
that no dosing alteration may be necessary for obese patients receiving methotrexate,

however, a dose decrease might be suitable for cyclophosphamide(106).

Childhood obesity leads to physiological changes which may alter pharmacokinetics. The
impact of obesity on pharmacokinetics depends on lipophilicity and how the drugs are
metabolized and eliminated®. However, pharmacokinetics is also affected by other factors
in obese children, such as age, concomitant drugs, and comorbidities. Generally, obese
patients are considered to have increased blood volume and cardiac output, an increased
distribution volume, and faster clearance compared to healthy weight patients. Obesity can
increase the distribution volume due to the high tissue uptake of lipid-soluble drugs®”:1%8,
An increased glomerular infiltration rate with increasing BMI has also been described,
suggesting faster renal elimination in obese children!®. Obesity is associated with tubular
dysfunction. Studies on how tubular dysfunction affects pharmacokinetics are lacking, but
they could possibly affect the area under the curve (AUC) and peak concentration of

different drugs®3.

The hepatic metabolism of drugs is also affected in obese patients. Non-alcoholic fatty liver
disease is common in obese children as well as adults. The effect of obesity on liver
metabolism and cytochrome 450 appears to be isozyme-specific with decreasing and
increasing activity!*0. The effects on obesity-induced physiological changes that can alter

drug disposition is illustrated in Figure 5.

1.9.3 Body composition and dosing

Chemotherapy dose is calculated according to BSA in children and adults. Patients with
similar BSA receive the same chemotherapy dose, regardless of body composition and
nutritional status and are not developed for use in the obese patients and/or in those with
multiple comorbid conditions!. In the NOPHO ALL protocols, with the exception of the
aforementioned capping dose for vincristine, there are no recommended dose adjustments
for obese patients, and in the ALL2008 protocol, a full dose was recommended for obese

children and young adults.
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Figure 5. Obesity-induced physiological changes altering drug disposition in children and adolescent.

Created with BioRender.com.

Several publications have tried to provide practical guidelines for drug dosing for obese
patients!97:109112 Other body size measures besides weight or BSA have been proposed to
evaluate fat and lean body size in children but can be more challenging to apply in a clinical
setting. Direct measures of body composition (difference between bodyweight and fat-free
mass) commonly include bioelectrical impedance analysis, underwater weighing/air
displacement plethysmography, skinfold measurement, and lastly, dual-energy X-ray
absorptiometry (DEXA), which is often described as the gold standard*3. Of these direct
measures, only skinfold measures are easily available in clinical care, which is why indirect
measures of body composition have been developed. These indirect measures rely on
height, body weight and sex, including BMI, BSA, ideal body weight, percent ideal body
weight, adjusted body weight, lean body weight, and predicted normal weight'?. Currently,
BMl is the most commonly used indirect measure of body composition.

1.10 The effect of BMI on toxicity

Therapy-related toxicity in ALL treatment is becoming increasingly important as survival is
improving. Identification of risk factors for developing severe toxicity is essential to further
improve treatment of ALL. Severe toxicity causes increased morbidity and mortality and

often leads to therapy interruptions and dose modifications, which may compromise OS.
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Similar to the findings of association between BMI and treatment outcome, the findings of
association between BMI and treatment-related toxicities are inconsistent. Orgel et al.
found that patients in extreme weight categories were at higher risk for treatment-related
toxicities. Obese patients were more likely to have hepatic and pancreatic toxicities, while
infectious toxicities were more common among underweight patients>®. Higher BMl in
patients over 10 years of age has been related to a higher risk of CNS thrombosis in ALL, and
with higher risk for radiological osteonecrosis!'#*1>. Obesity has been shown to correlate
with hyperglycemia during induction, which in turn in some studies is associated with
poorer survival*'®1Y7 Low BMI in turn has been associated with hypoglycemia during
maintenance treatment of ALL'!8, Obesity increases the risk for spinal epidural lipomatosis,
which may complicate CNS treatment, which is especially important in ALLY°. In contrast,
Hijiya et al. observed no association between BMI and toxicities®. A single center Danish
study with 127 patients by Mogensen et al. failed to show a significant association between

BMI and hypertriglyceridemia, osteonecrosis, or pancreatitis'2°.

1.11 The effect of BMI change during ALL treatment

Cancer treatment is known to cause large changes in body composition, with challenges
with both underweight and overweight patients. Weight gain is common in children during
ALL treatment and a significant weight increase is often observed during induction therapy
when the patients are receiving glucocorticoid therapy’®1211?7, Greater weight increase has
been observed in patients receiving dexamethasone than in those receiving prednisolones,
though the difference has been transient!?®12%, Other factors which impact the nutritional
status during treatment are dietary changes, impaired exercise and stress3°. One relatively
small study on 80 patients by Atkinson et al. concluded that girls with standard risk ALL and
boys under the age of 4 years at diagnosis may be at the greatest risk of becoming obese
during treatment for ALL'3L. In addition, weight gain during induction predicts obesity at the
end of therapy!??. Despite steroids during induction, adolescents were more prone to lose

weight during induction compared to younger children?32,

Studies on how change in BMI influences outcome in pediatric ALL patients are scarce. Orgel
et al. concluded that obese and underweight patients, who remained in their weight
categories over half of the time between the end of induction and start of maintenance, had
a significantly higher risk of relapse and death. Normalization of BMI during that period
reduced the risk to equivalent to normal weight throughout®. Hoed et al. observed that a
decrease in BMI during the first 32 weeks of treatment led to poorer OS compared to

patients without a decrease in BMI®0,

Whether it is possible to increase OS through interventions for patients with overweight or
obesity is unclear. However, Orgel et al. demonstrated potential benefits from caloric

restriction via diet/exercise to augment chemotherapy efficacy and improve disease

14



response’33, In a previous study by the same author, they also demonstrated an increased
EFS in children normalizing their weight during pre-maintenance therapy°.

1.12 Nutritional status/body composition in survivors

Overweight, obesity, dyslipidemia, and metabolic syndrome are one of the more common
disorders diagnosed in survivors of pediatric cancer treatment and are causing an increased
risk of late mortality*34137, A meta-analysis on the prevalence of overweight and obesity
demonstrated significantly higher BMI in ALL survivors compared to the reference
population'3®, The increase in BMI was related to steroids, but genetic factors, diet, and
physical activity also play a role. Sarcopenia is particularly problematic during ALL
therapy®3°. Loss in lean mass is associated with bone mineral density and might therefore
worsen the dramatic bone loss described during induction from ALL therapy'“°. In long-term
ALL survivors with sarcopenia during treatment, the loss of skeletal muscle mass and
strength often preceded the increasing risk of excessive body fat'#!, Brinksma et al.
concluded in a retrospective study that at 7 years follow-up BMI z-score had continued to
increase and that the prevalence of obesity was 4 times higher compared to rates at

diagnosis!*.

A known concern after ALL therapy is neurocognitive dysfunction which has a serious impact
on survivors!3, A longitudinal study on the association of neurocognitive function and BMI
during treatment and 25 years from diagnosis in 210 survivors of childhood ALL
demonstrated that overweight and obese patients had significantly worse neurocognitive
outcome. They hypothesize that a rapid initial BMI gain might be a critical factor (due to

insulin resistance, hyperglycemia itself, chronic low-grade inflammation)44,

1.13 Methotrexate and BMI

Methotrexate (MTX) is a key component in the existing treatment regimen for ALL and
many other malignancies. In high doses, MTX penetrates the blood-brain barrier and plays
an important role in preventing CNS relapses without cranial irradiation!*. MTX is a
chemotherapeutic agent that perturbs the metabolism of folic acid by blocking the enzyme
dihydrofolate reductase, thus inhibiting DNA synthesis and rendering affected cells unable
to proliferate and synthesize proteins!*®. Administration of HD-MTX (high-dose
methotrexate) carries a risk of significant, sometimes life-threatening toxicity. This can in
general be prevented by an effective folinic acid rescue. It is mandatory to follow the

protocol schedule of hydration, monitoring of plasma MTX levels, and folinic acid rescue.

Previous studies have shown a large inter- and intra-individual variation in MTX
elimination#”148 The large variation in MTX elimination is difficult to predict and can only to
some extend be explained by age, gender, treatment protocol, and germline DNA
polymorphisms!4-151, About 2-4% of patients treated with HD-MTX develop renal toxicity
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with severely delayed MTX elimination defined as plasma MTX 210 uM at 42 hours after
start of the HD-MTX infusion and a 50% increase in plasma creatinine>>1>3,

Results from other treatment protocols suggest that patients with fast MTX elimination may
achieve unsatisfactory anti-leukemic effect of the drug and have an increased risk of
leukemic relapse!>*. Patients with slow MTX elimination have an increased risk of toxicity
and are consequently treated with larger doses of folic acid, which in turn can potentially

impair MTX effect on later courses and rescue remaining cancer cells'>>157,

Obesity can have an effect on HD-MTX pharmacokinetics and elimination with an altered
glomerular filtration and liver metabolism??’. A previous study comprising 36 patients with
ALL aged between 10 and 21 years found an association between obesity and an increased
risk for delayed excretion of MTX'%8, In the St. Jude study, intracellular levels of MTX
metabolites as well as systemic clearance of MTX, did not differ between 4 BMI groups of
449 patients with pediatric ALL>>. In adults a higher MTX concentration was observed in
patients with high BSA (>2 m?) or BMI (225 kg/m?)*°. In a study comparing Capizzi protocol
(escalating doses of intravenous MTX with a starting dose of 100 mg/m?/day 100 mg/m?,
and increasing by 50 mg/m? at 10 day intervals for 5 cycles without folinic acid rescue) with
HD-MTX in regards to toxicity, lower BMI was significantly associated with MTX-related
toxicity in both MTX protocols 1,

1.14 Young adults with ALL and the associations to BMI

Adolescents and young adults (AYA) have specific challenges compared to younger children.
The age definition of AYA varies, but most studies include patients aged 15-39 years. They
have more poor-risk cytogenetic abnormalities; a higher incidence of Ph-positive ALL, ABL-
class rearrangements (Ph-like ALL), and iAMP21, all contributing to a higher risk of
relapse'®l. Young adults are therefore more commonly stratified into higher risk protocol,
and therefore have more toxicity3?33. In the last decades, it became clear that the worse
outcome in adults compared to children could not only be attributed to differences in
disease biology and treatment tolerance®?. Pediatric ALL protocols or pediatric-inspired
regimens have proven favorable outcomes in AYAs. Yet the potential higher grade of toxicity
and consequently higher frequency of not completed treatment is a concern in adults, and
there is still room for improvement!®165, Advani et al. recognized that a significantly higher
percentage of AYA did not complete protocol treatment in pediatric ALL regimen (61%). The
most common reason for not completing the pediatric regimen was physicians switching to
non-protocol treatment, suggesting a lack of familiarity with the more intensive pediatric
regimen'®. There are also other difficult to quantify issues, such as challenges associated
with young adulthood (i.e. living apart from parents, job, education, relationships) that are

proposed as potential reasons for treatment discontinuation to clinical trials. ALL is a less
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frequent disease in AYAs, and data on this age group are relatively limited, and at least

historically, patients in this age group often have inferior access to clinical trials*®2,

While obesity is associated both with increased risk of cancer and higher cancer-related
mortality in adults %667, the results in AYAs on BMI and outcome are conflicting. Stock et al.
demonstrated in 318 AYAs, age 17-39, treated with a pediatric regimen that obesity was a
risk factor for worse disease-free survival (DFS)*’. In a recent study on AYAs aged 15-50
years, treated on Dana-Farber Cancer Institute Consortium pediatric ALL, patients who were
overweight or obese had worse OS, with a more pronounced negative effect of higher BMI
in older AYAs®®8, In contrast, Heibling et al. could not find evidence of BMI having a major
prognostic effect on OS in AYAs 169 and in a review by Aleixo et al. high visceral and
subcutaneous adipose tissue in patients with hematologic malignancies was associated with
better OS*7°.

Even less is known about the effect of BMI on treatment-related toxicity in adults with ALL.
It is also uncertain whether young underweight or obese adults are more vulnerable to
compromised OS, higher relapse rates, or increased toxicity than other age groups. In the on
Dana-Farber Cancer Institute study which also studied toxicities, young AYAs, aged 15-30
with overweight/obesity were more likely to experience hepatotoxicity and hyperglycemia
compared to those of healthy weight, but this could not be observed in the older AYAs (30-

50 years)'68,
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2 Research aims

This Ph.D. project aims to explore the effect of BMI, especially the effect of obesity, on
survival and risk of treatment-related toxicity, and pharmacokinetics in children and young
adults with ALL treated with the Nordic protocols. The ultimate goal is to contribute
knowledge that can lead to the development of improved interventions or treatment
stratifications, avoiding under- and overtreatment, and thus improve outcomes in this at-

risk population through more individualized treatment.
Detailed research aims:

- Explore the impact of BMI at diagnosis on outcome in children treated with NOPHO
ALL92, ALL2000, and ALL2008 protocols.

- Study the impact of BMI at diagnosis for the risk of various treatment-related
toxicities in the NOPHO ALL2008 protocol.

- Study the change in BMI during treatment with the NOPHO ALL2008 protocol and
identify children at risk of increased risk of weight gain.

- Evaluate how BMI influences the pharmacokinetics and the associated toxicity of
high-dose methotrexate, in children treated in Stockholm and Uppsala.

- Explore the impact of BMI at diagnosis for outcome and risk of treatment-related
toxicity and treatment delays in young adults treated with the NOPHO ALL2008

protocol.
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3 Materials and methods

All studies were based solely on data from the NOPHO ALL registry, with the exception of
study IV, which included additional data from electronic patient charts. Figure 6 illustrates

the data sources of the different studies.

NODIO

CF=D
- = NOPHO registry
Study I: BMI and outcomein |, Nopho ALL92- and
children ‘ﬂ..\ 2000 protocol
Study II: BMI and toxicity in | \,
Questionnaire- children T et g
medical charts T z ™2 | NOPHO registry =
Stockholm and [ Study lII: BMI-change during | | NOPHO ALL2008 8
Uppsala treatment in children 7| protocol a
“ | Study IV: Impactof BMion . / &

7

methotrexate in children

Study V: BMI and outcome | Data collection from

imriEn Sweden, Denmark,
and toxicity in young adults Norway, Fintand,

Island, Estonia and
Lithuania

Figure 6. Overview of the Thesis plan. NOPHO, Nordic society of Paediatric Haematology and
Oncology. Created with BioRender.com

3.1 Classification of risk groups according to BMI

To define the body composition of the patients, and to identify underweight, overweight,
and obese patients, BMI was selected as the best available classification regarding the

retrospective design of the studies I-V. Age- and sex-related childhood BMI cut-offs were

assigned according to Cole et al. for underweight and to the IOTF Guidelines for overweight

and obesity in studies I-IV>%°1, The patients were classified into different groups:
underweight (thinness grades 2), BMI, <17 kg/m?; healthy weight 18.5-<25 kg/m?;
overweight 25-<30 kg/m? and obese >30 kg/m?>2. The BMI cut-offs used are not available

for children below 2 years, and were therefore excluded>.

In studies I-1V, international age and sex-adapted growth charts (according to the growth
charts and cut-off limits IOTF and in the initial results) were also compared with WHO BMI
cut-offs to make the results more comparable to other studies. In study V, BMI
categorization was made according to WHO cut-offs for adults. Adult patients were
classified into five different BMI categories: underweight (<18.5 kg/m?); healthy weight
(normal weight; 18.5- <25 kg/m?); overweight (25- <30 kg/m?); obese (class | obesity; 30-
<35 kg/m?); and severely obese (class Il obesity; >35 kg/m?)'7%,
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3.2 Studyl

The study covered the three previous NOPHO protocols; NOPHO ALL92, ALL2000, and
ALL2008. The NOPHO ALL92 and ALL2000 protocols were open from January 1992 to
December 2007. The NOPHO ALL2008 protocol was launched in 2008 and subsequently
replaced by ongoing ALLTogether protocol in 2018-2019. The three historical protocols
contained same anti-leukemic drugs, but differed in the number of accumulated doses,
administration time points, and risk stratification. Cranial irradiation was included in the
treatment regimen for patients with CNS leukemia in the very-high-risk groups until
initiation of the NOPHO ALL2000-protocol. In NOPHO ALL2008 protocol, CNS-penetrating
chemotherapy replaced cranial irradiation. The criteria for group assignment changed over
time due to improved MRD monitoring with PCR and flow cytometry, and an increased

knowledge of cytogenetic risk stratifying sub-classes *7.

3.2.1 Cohort

Patients diagnosed with BCP or T-cell ALL between January 1992 and March 2016 were
included. The follow-up period ended in March 201972, Patients with missing data on BMI,
pre-treatment more than one week, and non-protocol patients (acute leukemia of
ambiguous lineage, Philadelphia positive ALL, mature B-cell leukemia) were excluded (Figure
7). Additionally, children with Down syndrome were excluded due to their known
intolerance of antileukemic drugs, worse outcomes and a higher predisposition to
overweight and obesity compared to the general population’>%74,

Missing data on BMI at diagnosis (weight and/or height) were more common in older
protocols, with 1252/1563 (80.1%) patients in ALL92 and 120/1018 (11.1%) patients in the
ALL2000 protocol, compared to 11/1360 (0.8%) patients missing BMI in the ALL2008
protocol. This is probably explained by height and weight not being mandatory baseline
register data in older protocols. The group that fulfilled the inclusion criteria but were
excluded due to missing BMI did not differ from the study cohort in terms of age, gender,

immunophenotype, WBC count at diagnosis, or risk group.

3.2.2 Statistics

The primary outcome was risk of relapse in different BMI categories. The follow-up period
began on the day of ALL diagnosis and continued until relapse, HSCT, SMN, death, or end of
follow-up (December 2017); whichever occurred first. The Kaplan-Meier method was used

to estimate EFS, OS and the cumulative incidence of relapse in different BMI categories.
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5152 patients identified
in NOPHO ALL92, -2000
and 2008- database,
diagnosed 1992-2016

Infant ALL (n =158)

Age >2 years (n =386)

Age > 18 years (n = 305)
Mb Down (n =91)

Oher exclusion (bi-
phenotype, mature B-cell)

(n=101)
3941 ALL-patients Philadelphia pos ALL (n=55)
treated with NOPHO Pretreatment (n =20)

Diagnosis abroad (n =16)
Other treatment protocol
(n=79)

ALL1992, -2000 and -
2008- protocol

Missing BMI-data
(height/weight) (n= 1383)

2558 patients with BCP
or T-ALL

Underweight Healthy weight Overweight Obese
(n=123) (n=2113) (n=258) (n=64)

Figure 7. Flow chart for patients included in study I.

The analyses of cumulative incidence of relapse included the competing risks of SMN and
death. Overall survival (OS) was calculated from the time of diagnosis to death from any
cause. Event-free survival (EFS) was defined as the time from diagnosis until induction
death, relapse, SMN, or DCR1. Censoring was performed on the day of transplantation for
patients who underwent HSCT in first remission in all analyses. The effect of BMI on relapse,
0S, and EFS, but also induction death, SMN, and DCR1 were analyzed in Cox proportional
hazard regression analyses. Multivariate models were adjusted for sex, age, protocol
(ALL92/2000 and 2008), and risk group (non-high-risk and high-risk). Separate analyses were
performed for younger (2-<10 years) and older (10-<18 years) age groups, as well as for
non-high-risk and high-risk groups. A Cox proportional hazard model was utilized, using a
model of restricted cubic spline (three knots), to visualize the linearity assumption between
log hazard ratio of relapse and BMI SDS as a continuous variable. Statistical analyses were
performed using SPSS version 25.0 for Windows (SPSS Inc, Chicago, IL) and R version 3.5.0.
The association between BMI categories and other categorical variables was explored using

the chi-square test. Two-sided p-values <0.05 were considered statistically significant.
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3.3 Studyll

3.3.1 Cohort description

The study cohort for study Il consisted of children aged 2-<18 years, diagnosed with non-
high-risk BCP or T-ALL, treated according to the NOPHO ALL2008 protocol between July
2008 and December 20173, Follow-up ended March 2019. Patients from the Nordic
countries (Sweden, Norway, Denmark, Iceland, and Finland) and Estonia and Lithuania were
included in the study. Patients with high-risk treatment were excluded from this study due
to their significantly different block treatment, and in some patients, HSCT. Other exclusion
criteria were missing BMI data, patients burdened by other diseases, modifications to
treatment (except those arising from toxicity), ALL of ambiguous type, and patients with
Down syndrome. In the 2008 protocol, patients with Philadelphia-positive ALL received

treatment according to the EsPhALL protocol, and were excluded.

3.3.2 Statistics

The outcomes were the incidence rate ratios (IRR) for different SAEs during treatment and
treatment delays from diagnosis until the start of the first maintenance (corresponding to
protocol day 134 in the SR arm and 148 in the IR arm). A Poisson regression model,
offsetting the logarithm of time in risk of toxicity, was used to estimate IRRs. Adjustment
was made for age, considering the well-known increase in the risk of toxicity with advancing
age. All patients were censored at the time of early relapse, death from any cause during
treatment, and/or the end of therapy (2.5 years). The median follow-up for survivors was
analyzed using the reverse Kaplan-Meier method. The proportions of toxic events and
clinical patient characteristics were tested using the chi-square test or Fisher’s exact test.
Linear regressions of BMI SDS and its correlation with the IRR of SAEs, adjusted for age,
were analyzed and presented as correlation coefficients (r) and p-values. Association with
treatment delay and BMI was tested through both categorical analyses in each BMI category
and with the correlation coefficient and p-value with BMI as a continuous variable.
Statistical significance was set at two-sided p-values <0.05. All statistical analyses were
performed using IBM SPSS Statistics version 26.0 for Windows (SPSS Inc., Chicago, IL, USA)
and R statistical software (R Foundation for Statistical Computing, Vienna, Austria; version

4.1.0) in the forest plot figure.

3.4 Studylll

3.4.1 Cohort description

In study lll, children aged 2-<18 years with BCP-ALL or T-ALL, treated according to the

NOPHO ALL2008 protocol in the Nordic countries, Estonia and Lithuania were included'’>.
The inclusion period was between 2009 (in Sweden from 2008) and 2018. Data on height
and weight at the end of treatment were not mandatory registry data but were obtained
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through questionnaires completed by healthcare professionals and later entered into the
NOPHO registry. Patients with incomplete registration or missing data on BMI, patients with
other ALL-protocols (acute leukemia of ambiguous lineage, Philadelphia-positive ALL,
mature B-cell leukemia), and patients with Down syndrome were excluded. A total of 126
patients did not complete the end of first-line therapy, and therefore, the BMI at end of
therapy could not be determined (41 DCR1, 12 induction failure, 64 very early relapses, and
9 early SMIN). Additionally, 99 patients who underwent HSCT in CR1 and were excluded. In
total, 801/1566 of eligible patients had missing data at end of treatment. Weight loss was
defined as a decrease of >1 BMSDS in this study.

The group that met inclusion criteria but had missing data did not differ from the study
cohort in terms of age, gender, immunophenotype, white blood cell (WBC) count at
diagnosis, or risk group.

3.4.2 Statistics

The mean change in BMI SDS between diagnosis and the end of therapy was calculated for
different subgroups using paired t-tests and compared within the groups using independent
t-test and one-way ANOVA. Uni- and bivariate linear regression analyses were used to test
the association of BMI SDS with other continuous variables. The chi-square test was used to
assess the association between different categorical variables, such as BMI category at
diagnosis and at the end of therapy, age class (younger children 2.0-9.9 years, and older
children 10-17.9 years), ALL subtype risk group, and sex. Two-tailed p-values <0.05 were
considered statistically significant. Statistical analyses were performed using SPSS version
28.0 for Windows (SPSS Inc., Illinois, USA).

3.5 StudylVv

In the ALL2008 protocol, 5 g/m?, methotrexate is administered intravenously at a dose of 5
g/m2 over 24 hours for all risk groups and treatment phases. One-tenth of the MTX dose is
given during the first hour, with the remainder administered over the following 23 hours.
Intrathecal therapy of MTX is given on the same day as the course. MTX monitoring is
mandatory at hours 23, 36, 42, and 48 from the start of the MTX infusion until the MTX
concentration is 0.2 uM/I. Folinic acid (leucovorin, isovorin, or levofolinate) must be given
at hours 42 and 48, and then every 6th hour until the plasma MTX concentration is <0.2
UM/L. The non-HR patients receive a total of 8 courses of HD-MTX. The time points for each

course and concomitant anti-leukemic treatments are described in Figure 8.
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Consolidation Delayed intensification and consolidation 2
day 36- 91 day 92-133 (SR) or 141 (IR)

Vincristine x 4 (weekly), predisolone
4 weeks (SR) or dexamethasone 2
weeks (IR), thioguanine 14 days
together with cytarabine x 8. One
intrathecal MTX (x2 in IR). PEG-
asparaginase. Additional tretament IR:
4 doses daunorubicin and 1 dose

Induction
day 1-35

=l

6-MP daily, vincristine d 43 and 64,
4 doses of PEG-asparaginase every cyclophosfamide
8

Vincristine weekly +
doxorubicin days 1 and
22 + prednisolone 60
mg/m?, 4 weeks or
dexamethasone 10 mg/
m, 3 weeks,

PEG asparaginase on
day 30

second week

Maintenance 1 l
SR: days 134 (week 20-57) or
IR: 148 (week 22-59)
HD-
MTX

HD-MTX every 8 weeks, Vincristine x1+ dexamethasone 5
days every 8 weeks. Oral 6-MP and MTX during the
complete period. PEG-asparaginase (depending on
randomization) )

v

Additional IR: Delayed
intensification 2 and consolidation 3
(5 weeks, treatment similar to del. int. 1

| Maintenance 2 andconscl.2)

(IR) until completed 2.5 years

Starting week 58 (SR) or 66 i
treatment (week 130)

Oral MTX weekly and daily &MP. Additional treatment in IR: intrathecal MTX
every 8 weeks

Figure 8. lllustration of the HD-MTX and concomitant anti-leukemic treatment in NOPHO ALL2008
protocol. Abbreviations: 6-MP; 6-mercaptopurine. HD-MTX; high-dose methotrexate, SR; standard

risk, OR; intermediate risk. Created with BioRender.com.

3.5.1 Cohort description and data collection

In total, 245 patients aged 2-<18 years and treated with the NOPHO ALL2008 protocol
between 2008 and 2019 in Stockholm or Uppsala were identified from the Swedish
Childhood Cancer registry (SCCR). Patients treated according to the high-risk arm of the
NOPHO ALL2008 protocol, with missing data, or patients for whom data on MTX

concentrations could not be retrieved from the electronic medical records were excluded.

Data on clinical characteristics, HD-MTX courses, and related toxicities were collected from
the SCCR and electronic medical records. Data collected at diagnosis included height,
weight, and creatinine values. During induction, creatinine values and the lowest serum
albumin levels were noted. Furthermore, the highest values for alanine transferase (ALT),
uric acid, and C-reactive protein (CRP) levels after day 15, were recorded. For HD-MTX
courses, information such as infusion dates, creatinine levels, and MTX concentrations were
registered. MTX levels of 21 to 3.9 uM/L after 42 hours or nontoxic levels 72 hours from
the start of the infusion were considered mildly delayed. Levels >4.0 to 9.9 uM/L at 42 hours

were considered moderately delayed, whereas levels of 210 uM/L at 42 hours were
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considered severely delayed. Acute nephrotoxicity was defined as a 50% increase in
creatinine from baseline during the HD-MTX course, and delayed nephrotoxicity was

characterized by increased creatinine within 3 weeks of course start'76177,

For each HD-MTX infusion, the patient's weight and height at start of HD-MTX course were
documented, along with baseline blood counts, creatinine, albumin and CRP values, signs of
viral infection, the use of proton pump inhibitors or concomitant antibiotics, and any
deviations from the prescribed course. Liver function tests and the presence of fever during
the course were also were also recorded. Data collected on toxicity and toxicity-related

interventions of interest during the first three courses are described in Table 3.

Table 3. High dose methotrexate-associated toxicities

Toxicities Definitions
Oral mucositis Ulceration and/or inflammation of the oral mucosal requiring
hospitalization (oral mucositis Grade Il and Ill according to The
Common Terminology Criteria of Adverse Effects (CTCAE) v. 5).*
Nephrotoxicity
Acute Creatinine increased > 50% during HD-MTX compared to creatinine
before start of MTX-infusion.
Delayed Creatinine > upper Limit of Normal (ULN).*
Hematologic toxicity Neutropenia (<0.5 x 10°) and/or low platelets and/or low hemoglobin
(myelosuppression) requiring transfusions (of either platelets or erythrocytes) (Anemia
and febrile neutropenia Grade Ill according to CTCAE v. 5).*
Liver toxicity ALT > 10 x ULN and/or Bilirubin > 5 x ULN.*
Dermatitis A cutaneous inflammatory reaction.*
Methotrexate-related stroke like | Focal weakness or hemiparesis, hemisensory deficits, aphasia,
syndrome dysarthria, dysphagia, and/or diplopia.*

Abbreviations: HD-MTX, high-dose methotrexate; CTCAE, the common terminology criteria of adverse effects;
ULN, upper limit of normal; ALT, alanine transferase.
*Within 3 weeks after high-dose methotrexate course.

3.5.2 Statistics

The main outcomes included median MTX concentrations at time points 36, 42, and 60, as
well as the median time until reaching a non-toxic level of 0.2 uM/L in different BMI
categories and the association of BMI as a continuous variable. Furthermore, the study
explored methotrexate-associated toxicities and their prevalence in different BMI categories

Continuous variables were presented as median * interquartile range (IQR). The chi-square
test or Fisher's exact test were used to investigate associations between categorical
variables and delayed excretion. For continuous variables between two different groups, the
Mann-Whitney test was used, while the Kruskal-Wallis test was applied when there were

more than two groups. Linear mixed models were used to evaluate the association between
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the natural logarithm of MTX concentration at hours 36, 42, and 60, time to achieving a non-
toxic level, creatinine increase, and BMI SDS at each course, considering factors such as age,
sex, body surface area (BSA), risk group, and BMI SDS change for all MTX treatments. An
autocorrelation order 1 covariance matrix was used to consider the dependencies between
MTX concentrations within a single individual. Adjustment variables included BMI SDS, age,
sex, risk group, and BMI SDS change in multivariate mixed model analyses. Two-sided p-
values <0.05 were considered statistically significant. Statistical analyses were performed
using IBM SPSS Statistical version 28.0 for Windows (SPSS Inc., Chicago, lllinois, USA).

3.6 StudyV

3.6.1 Cohort description

In study V, 416 young adults aged 18-45.9 were included, who were diagnosed with
Philadelphia-negative BCP-ALL or T-cell ALL, treated according to NOPHO ALL2008 protocol
between July 2008 and June 2020. Patients from the Nordic countries (Sweden, Norway,
Denmark, Iceland, and Finland) and Estonia and Lithuania were included in the study. The
follow-up period ended in March 2023. Patients with missing data on BMI, or missing
registry data, pre-treatment more than one week, previous cancer, and non-protocol
patients (acute leukemia of ambiguous lineage and mature B-cell leukemia) were excluded.

Additionally, patients with Down syndrome were excluded.

3.6.2 Statistics

Outcomes of interest included prognostic outcomes in different BMI categories; EFS,
relapse, OS and TRM (any death occurring as the first event in the absence of progressive
disease at time of death), as well as risk of toxicities of special interest and treatment delays
in young adults diagnosed with BCP ALL or T-cell ALL. Statistical analyses were similar to the
outcome analysis in study |, and the toxicity and treatment delay analysis in study Il, using
the Kaplan-Meier method and multivariable Cox proportional hazards regression models
and IRR analyzes. There was no censoring at the time point of HSCT, and HR patients who
underwent HSCT were adjusted for HSCT as a time-dependent co-variable in the survival
analyses. In the IRR analyses, all patients were censored at the time of early relapse, death
from any cause during treatment, HSCT, or at end of therapy. Treatment delay was analyzed
as the correlation coefficient and p-value between BMI as a continuous variable and days of
delay until the start of first maintenance in non-HR patients and until the start of HR block 4
in HR patients. In the categorical BMI analyses, the median treatment delay for each
unhealthy BMI category was compared to the delay in the healthy weight BMI category. An
all-comparisons two-sided p-value <0.05 was considered statistically significant. Statistical
analyses were performed using IBM SPSS Statistics Version 28.0 (SPSS Inc., Illinois, USA) and
R statistical software version 4.2.1.
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3.7 Ethical considerations

This project is primarily based on registry data from research registries and the NOPHO
database and did not involve direct contact with study participants, or have any influence on

the patient’s treatment. Nevertheless, ethical issues must be addressed.

3.7.1 Informed consent

Studies I-lll and V are registry-based NOPHO studies, and the relevant treatment protocols
have obtained ethical permissions for patient registration, which includes collection of
toxicity-related data and outcomes. A representative from each NOPHO country is selected
for the NOPHO studies and they have verified that appropriate ethical approval is in place
for the country. Informed consent for registration and participation has been collected, but
with a changed form that has varied over time. Informed consent is obtained at the time of
diagnosis, and patients and/or caregivers had the right to withdraw their consent at any
time. The purpose of the registration is to improve the decision basis for the optimal
treatment of future patients. Patients and/or families are at diagnosis informed in detail of
ongoing studies, and that there will also be a future use of the study participants' registry
data. However, the future use of their personal data is generally not specified, which may be
seen as an ethical problem. A separate procedure with new approval of study participation
is time- and cost-consuming, and can also be seen by the research subjects as an
unnecessary repetition of previously asked questions. The research subjects and their
families have in many cases undergone difficult treatment, which memories they have left
behind. Requests for participation in studies, to which they initially believed they had
already given consent, can be seen as an unwelcome reminder of a challenging period in
their lives. Some of the research subjects are not alive, and the request and obtaining

consent from their relatives can be an unwelcome reminder of a past difficult time in life.

3.7.2 Data safety

An important consideration when handling registered data is the protection of the
participants' privacy. The participant receives a research number (pseudo-anonymization),
and the registry is hosted on certified sites that have been approved by data safety
authorities in the countries of participation. All data are presented at a group level,

contributing to non-traceable results for any specific study participant.

3.7.3  Approvals from national Ethics committee

Ethical approval for the studies on outcomes (Study I) and toxicity (Study Il), the impact of
BMI, and the study on BMI changes (Study IlI) in children with ALL has been granted by the
Ethical Committee in Stockholm (reference number 2018/1888-31). An amendment has
been approved for the study on outcomes, toxicity, and BMI in young adults (Study V) with
ALL (reference number 2020-01665). For the HD-MTX study (Study IV), additional data were
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collected from the medical charts of children treated in Stockholm and Uppsala, in
conjunction with registry data from the SCCR. This study had a separate ethical approval
(reference number 2021-00825), and no new informed consent from the research subjects

was required.
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4 Results and discussion

4.1 Studyl

The cohort consisted of 2558 children, aged 2 to <18 years, treated with the NOPHO ALL92,
2000, and 2008 protocols. Based on IOTF cut-offs, 123 (4.8%) children were classified at
diagnosis as underweight, 2113 (82.6%) as healthy weight, 258 (10.1%) as overweight, and

64 (2.5%) as obese. When WHO cut-offs were applied, the number of children categorized
as underweight and healthy weight decreased (77 (3.0%) and 1928 (75.4%), respectively),
and the number of overweight and obese children increased (426 (16.7%) and 127 (5.0%)).
In the older age group, patients were more likely to be overweight or obese or to be

stratified into the HR treatment arm. No significant differences were observed in other

clinical characteristics.

Because of the age-dependent prognostic risk factors, the cohort was divided into two age

groups for analysis: younger children aged 2 to <10 years, and older children aged 10 to <18.

The median age at diagnosis was 5.1 years, and the median follow-up time was 6.6 years

(range 5 days-23.9 years)'’2.

Table 4. Multivariate hazard ratios for relapse and other events according to the IOTF BMI

category

Hazard Ratio (95 %Cl)

Underweight vs
healthy weight
Age 2.0-17.9 years (n=2558)
Relapse risk 1.06 (0.62-1.81)
0.74 (0.27-2.02)
Event-free survival 1.10 (0.68-1.77)
Induction deatht 1.12 (0.15-8.45)

Overall survival

DCR1t 0.67 (0.75-2.59)
SMNT 3.23(0.71-14.68)
Age 2.0-9.9 years (n=1980)

Relapse risk 0.71 (0.35-1.45)

Overall survival 0.69 (0.22-2.20)
Event-free survival 0.87 (0.49-1.56)
Age 10.0-17.9 years (n=578)

Relapse risk 2.90 (1.24-6.78)
0.99 (0.13-7.34)

Event-free survival 2.26 (0.98-5.24 )

Overall survival

0.85
0.56
0.70
0.91
0.69
0.13

0.35
0.53
0.65

0.01
0.99
0.06

Overweight vs
healthy weight

1.01 (0.70-1.47)
1.12 (0.68-1.85)
1.20 (0.88-1.63)
0.55 (0.13-2.35)
1.63 (0.75-3.59)
4.66 (1.71-12.6)
0.71 (0.42-1.20)
0.89 (0.45-1.78)
0.93 (0.62-1.41)

1.95 (1.11-3.43)
1.61 (0.76-3.41)
1.98 (1.22-3.21)

0.95
0.66
0.25
0.42
0.22
0.003

0.20
0.75
0.75

0.02
0.21
0.006

Obese vs healthy
weight

1.72 (0.98-3.00)
3.03 (1.66-5.53)
2.04 (1.30-3.22)
1.51(0.20-11.2)
2.77 (0.84-9.20)
11.56 (3.18-42.1)

0.70 (0.26-1.88)
1.70 (0.62-4.66)
1.15 (0.57-2.33)

4.32 (2.08-8.97)
4.91(2.20-11.05)
4.00 (2.13-7.54)

0.06
<.001
0.002
0.69
0.10
<.001

0.48
0.30
0.70

<.001
<.001
<.001

Overweight +
obese vs healthy
weight

1.15 (0.83-1.59)
1.50 (0.99-2.25)
1.37 (1.05-1.78)
0.70 (0.21-2.35)
2.38(1.20-4.73)
5.95 (2.47-14.4)

0.71 (0.44-1.13)
1.05 (0.58-1.88)
0.98 (0.68-1.41)

2.41(1.49-3.91)
2.34(1.29-4.26)
2.40 (1.58-3.63)

P

0.39
0.05
0.02
0.92
0.01
<.001

0.15
0.88
0.91

<.001
0.005
<.001

The multivariate analyses are adjusted for age, protocol, risk group and sex.
tDue to the small number of events, induction death, death in first complete remission and secondary malignant neoplasm in
separate age groups was not conclusive. DCR1; death in first complete remission, SMN; secondary malignant neoplasm.
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4.1.1 BMI at diagnosis and outcomes

Obese children had significantly poorer EFS, relapse, and OS outcomes than those with
healthy weight. However, after separating the cohort into two age groups, the difference in
outcomes were only observed in the older obese children (n=23). Higher risk for relapse was
also observed in older underweight children (n=21), but did not affect OS nor reach
significance for EFS. The survival outcomes using Cox proportional hazard regression
analyses in different age IOTF BMI categories, in comparison to healthy weight children, are

presented in Table 4.

When exploring the risk of outcomes in older children with BMI SDS entered as a
continuous variable in a cox proportional hazards model using a model of three knots in a
restricted cubic spline, a significant association between BMI SDS and the outcomes was
found. There was a significant U-shaped risk of relapse and EFS (illustrated in Figure 9).
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Figure 9. The plot of the association between BMI SDS and A. overall survival, B. event free survival,
and C. Relapse in older children. The association can be interpreted such that it is beneficial for both
underweight and overweight children to move towards normal weight. The increase of the risk is,
however, stronger when comparing higher weight to normal weight. There was also a linear
association of BMI SDS and overall survival, but not U-shaped. BMI SDS is written BMISD in the

figure.

The adjusted adverse prognostic factors: risk group (non-HR versus HR), age, and protocol
(NOPHO ALL92 and 2000 versus 2008), were significantly associated with all outcomes in the
different BMI categories using multivariate models. When comparing older protocols (ALL92
and 2000) with ALL2008, the impact of unhealthy BMI on outcome was more pronounced in
the ALL2008 than the in the older protocols. When comparing BCP and T-cell ALL, and the
impact of BMI in the multivariate cox regression analyses, there were no differences

between the immunophenotypes.

Older children with ALL have worse outcomes than younger children'®?1, However, our
study showed no significant difference in the relapse rate between healthy weight younger

and older children (11.5% versus 11.4%), as illustrated in Figure 10. The comparable relapse
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rate between the age groups in healthy weight children remained consistent even after
excluding high-risk patients or when comparing standard-risk (SR) and intermediate-risk (IR)
patients separately. One could hypothesize that an important contributing prognostic factor
for relapse in older children/adolescents is an age-specific difference related to pubertal
changes and higher vulnerability to metabolic and nutritional status within this age
category. Unfortunately, we did not have data on pubertal status at diagnosis and the
impact of pubertal development during treatment.
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Figure 10. Kaplan-Meier curves illustrating the effect of BMI classification on cumulative incidence of
relapse in younger children (age 2.0-9.9 y), and older children (age 10.0-17.9 y). Source: modified

from Egnell et al*”. Permission granted from the journal.
Treatment-related mortality and secondary malignant neoplasms in different BMI categories

Death in first complete remission, DCR1 was more frequent in obese children (4.7%, n=3/64)
than in healthy weight children (1.5%) aged 2.0-17.9 years (hazard ratio 2.77 [95% Cl 0.84-
9.2), p =0.10) in multivariate cox regression analyses (Table 4). DCR1 in older children was as
high as 8.7% (2/23), but the number of events was too low for statistical conclusions. Both
deaths were in SR/IR risk groups. SMN, also a rare event, was significantly increased in both
overweight (hazard ratio 4.66 [95% CI 1.71-12.64], p =0.003) and obese (hazard ratio 11.56
[95% CI 3.18-42.12], p =<0.002), which could indicate a genetic predisposition underlying

both obesity and cancer.

4.1.2 Comparison to previous studies

Orgel et al. observed an increased risk of positive MRD (20.01%) after induction therapy,
independent of established predictors of treatment response in obese children, aged 1-21
years with BCP ALL®. Sun et al. found that a higher BMI and hip circumference at diagnosis
correlated with increased MRD at day 4672, Other studies could not find an association of
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BMI at diagnosis and early treatment response®”132, In our study obesity had no effect on
early treatment response.

Our results on the effect of BMI in EFS and OS are in line with previous results. However, our
study generally reported higher hazard ratios, which might be attributed to the specific
international cut-offs used, including higher cut-offs for defining obesity and

overweight®7273,

We confirm that relapse is the main cause of poorer survival in older obese children (39%
relapse rate in our cohort), which is consistent with a prior study by Butturini et al®, Their
cohort of 1000 patients, aged 10-20 years, had a 40% 5-years risk of relapse. Obesity is
associated with several physiological changes compared to non-obesity including hormonal
dysregulations, increased metabolic “fuel”, chronic inflammation, and co-morbid conditions
90-92 The impact of these physiological changes on metabolic and elimination processes,
which alter the pharmacokinetics and pharmacodynamics of treatments, may contribute to
a complex process, ultimately causing chemotherapy resistance. This could partially explain
the increased risk of relapse, together with dose reductions and treatment modifications
due to fear of complications associated with high doses. However, in our study DCR1,
related to treatment, was also increased in overweight/obese children.

Underweight older children had a 3-fold increased risk of relapse, with a tendency to worse
EFS, but without significant effect on OS. Similar results have been described by den Hoed
et. al., with a 2-fold increase of relapse, however without differences between the younger
and older children, or in survival. Several factors are likely involved, including reduced
immune function, and decreased drug-protein binding that might cause variations in anti-

leukemic drug pharmacokinetics’®.

The majority of studies on the impact of BMI on prognostic outcomes in childhood ALL
originate from North America and therefore CDC reference for BMI were used>>>75%
61758384 \We used IOTF cut-offs and references to define different BMI categories and BMI
SDS in children aged 2 -17.9 years. BMI growth references were compared with WHO cut-
offs to compare prevalence and outcomes of different BMI categories with different cut-off
methods. When using WHO cut-offs, we received similar results, but the risk of worse
prognosis was less clear/significant in patients with high BMI, probably due to the lower cut-
offs for defining overweight and obesity according to WHO®2. We also analyzed the results,
combining overweight and obese into one group to make the results more comparable with

other existing studies that presented their results grouped together’2,

4.2 Studyll

The study cohort included 1443 children aged 2 to <18 years at diagnosis treated with the
NOPHO ALL2008 protocol, among whom 71 (4.9%) were classified as underweight, 1193
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(82.7%) as healthy weight, 139 (9.6%) as overweight, and 40 (2.8%) as obese, at the time of
diagnosis, according to IOTF cut-offs34. Due to the age-dependent prognostic risk factors,
the cohort was separated into two age groups in the analyses; younger children aged 2.0-

<10 years, and older children aged 10.0-<18 years, respectively.

4.2.1 Severe adverse events

SAEs in overweight and obese children

When all toxicities of special interest were considered, obese children had more toxicity
compared to children of healthy weight (IRR 1.55 [95% Cl 1.06—2.25], p =0.022). Similar to
study I, where the impact of obesity on outcomes was more pronounced with increasing
age, we observed a significantly higher IRR of toxicities only in the older obese children (n
=14). Among the older obese children, 85.7% had one or more SAE during treatment,
compared to 66.7% of healthy weight older children. The IRR for SAEs did not significantly
differ in overweight children compared to healthy weight children. Detailed information and
the definitions of the 22 SAEs in different BMI categories is presented in the attached

manuscript34,

Figure 11. Comparison of incidence rate ratio (IRR) of severe adverse events of special interest
between obese and healthy-weight children in different age categories. PRES, posterior reversible
encephalopathy syndrome; SUSAR, suspected unexpected serious adverse reaction. Source: Suppl.
figure, Egnell C et al. Obesity as a predictor of treatment-related toxicity in children with acute
lymphoblastic leukaemia. Br J Haematol. 2022 Mar;196(5):1239-1247.Permission granted from the
publisher.

In separate analyses of the 22 SAEs, obese children showed an increased risk of liver and

kidney dysfunction, hyperlipidemia, abdominal complications, and bleeding, compared to
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those of healthy weight. Furthermore, suspected unexpected serious adverse reactions
(SUSARs) were more common in obese children. Figure 11, illustrates the 22 SAEs separated
into the two age groups. Other studies have reported an increased risk of pancreatitis in
obese patients, which was not observed in our study>>#, Additionally, higher risk of liver
toxicity and hyperglycemia in comparison to healthy weight individuals are well-described in
obese children and adults undergoing treatment for ALL'8%183, Our study showed increased
IRR of liver dysfunction, but only a tendency of increased risk of hyperglycemia requiring
insulin treatment during induction in obese children. Overall, the incidence of
hyperglycemia was relatively low in our study (1.1%, n=3) compared to 12% in a study by
Pollock et al and 16% by Roberson et al*8%185, This might be explained by differences in the
treatment protocols. Our protocol did not combine asparaginase with high-dose steroids
during induction, which has been described to contribute to an increased risk of
hyperglycemia due to the asparaginase-dependent insulin synthesis!>-188, Moreover, in our
study, hyperglycemia was only registered during induction, which may have contributed to
lower registered incidence.

SAEs and underweight

There was also a tendency of increased risk of one or more toxicities in underweight
children, especially in younger children (IRR younger children: 1.38 [95% Cl 0.99-1.92], p
=0.06), compared to healthy weight children. Previous studies have shown an association
between poor nutritional status in pediatric cancer patients and an increased risk of

toxicity 182190,
Treatment delays

There was no significant correlation between BMI SDS and treatment duration, and there
was no significant difference in treatment delays in the different BMI categories. However,
there was a trend towards longer treatment delays during the time period from diagnosis to
the start of maintenance-1 in obese older children, compared to healthy weight children (16
and 11 days respectively, p = 0.09). These findings are in line with a study by Butturini et al.,

reporting no significant treatment delays in obese compared to non-obese patients®?,

4.2.2 Asparaginase truncation and toxicity

In our cohort, asparaginase-associated toxicities, such as thromboses (IRR 2.9 [95% CI 1.0-
8.2]), and anaphylactic reactions (IRR 8.0 [95% Cl 2.2—-29.4]), as well as a higher risk for
truncation of asparaginase (IRR 3.5 [ 95% Cl 1.7-7.5]), were more frequent in older obese
children compared to those with healthy weight. Of note, there was no significant increased
ratio of pancreatitis or osteonecrosis in older obese children. Asparaginase plays a crucial
role in the treatment of ALL, and truncated asparaginase therapy has been associated with

poorer outcomes®®1%, Therefore, the higher incidence of asparaginase-related toxicities
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may contribute to an elevated risk of relapse in older obese children, warranting further
investigation.

Prognostic outcome (unpublished data)

When analyzing survival outcomes in the different BMI categories in study Il, including
additional 229 patients diagnosed during 2017, the results remained similar in the
multivariate cox regression analyses, regarding relapse, EFS and OS in overweight and obese
older children. However, in this cohort, younger severely obese children (>35 kg/m?), had
worse OS (hazard ratio 11.6 [95% Cl 2.7-50.9], p =0.001) and a tendency to negative impact
on EFS (hazard ratio 4.0 [95% Cl 0.9-16.6], p = 0.055), but not on relapse (hazard ratio 3.3
[95% Cl 0.5-24.5], p = 0.24), compared to the healthy weight group.

4.3 Study lll

4.3.1 Change in BMI and height at end of treatment

We studied how BMI changes from diagnosis until end of treatment in a cohort of 765
children aged 2 to <18 years at diagnosis, treated with the NOPHO ALL2008 protocol.

Patient characteristics are described in the attached manuscript.

We observed a mean BMI SDS increase of +0.64 SD from diagnosis to the end of treatment.
The number of overweight and obese children doubled at the end of treatment. BMI
increase was most noticeable among the youngest children with ALL (2 to <6 years), where
the number of overweight and obese children increased from 8.8% to 33.4%. A significant
decrease in BMI (> -1 BMI SDS) at the end of treatment was observed in 3.5% of patients,
with older children being more susceptible to weight loss (9.8%). Only 0.9% of the children
with a healthy weight at diagnosis were underweight at the end of treatment.

The mean height SDS at diagnosis was 0.63 and decreased to 0.12 at end of treatment
(mean difference -0.51). Loss in mean height SDS was more pronounced in the youngest
children (2 to <6 years) with a median decrease of -0.59 SDS. The decrease in height SDS
observed at end of treatment is in line with previous studies?®!?!, Of note, Bruzzi et al.
showed that the decrease in height was not followed by an appropriate catch-up based on

target height, when final height was reached®?®,

These results are consistent with earlier studies, but this is the first study investigating BMI
change during ALL-treatment conducted in Nordic and Baltic countries®121,122124131 \gst
previous studies are based on treatment protocols with a higher rate of overweight and
obesity at diagnosis . Therefore, it was of interest to study the impact of different BMI
categories in this cohort. The weight gain during ALL treatment may be permanent. A review

on obesity in long-term survivors of childhood ALL showed that obesity after ALL treatment
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is prevalent and the BMI z-sore (SDS) is the survivors is substantially higher than in the
standard reference population®3,

4.3.2 BMI change and outcome

Study | on the impact of the prognostic outcome and treatment-related toxicities was based
on BMI at diagnosis, and we do not know to what extend patients remained in their BMI
categories during treatment. It was not possible to analyze the impact of BMI change on
outcome under treatment (relapse, EFS, DCR1 and OS) due to lack of BMI at the time of the
event. Weight loss during treatment may be associated with toxicity, and therefore a higher
risk of dose modifications, which could impact outcome. When only children in CR1 at end
of treatment were included in the analysis, there was no association between BMI change
and prognostic outcome (unpublished). Previous studies evaluating body composition
change during treatment, mostly before maintenance, concluded that the change in BMI or
the duration of time in a BMI risk category have an effect on outcomes®*#. Orgel et al.
showed that for underweight and obese children weight normalization before maintenance
mitigated the risk of poorer EFS, as compared to children who were never obese or
underweight®. Den Hoed et al did not find a difference in outcome between patients with
BMI SDS decrease (<0 SDS) and patients with BMI SDS increase at end of treatment?®°,
However, children with a BMI SDS decrease during the first 32 weeks of treatment had
worse survival. Their study also showed that despite BMI SDS decrease, there was tendency
of increased fat percentage assessed by DEXA with predominant loss of muscles (lean body
mass). Wadhwa et al. conducted a study on how obesity during maintenance impacts on
outcome in children with ALL. They showed that the risk of relapse was higher in children
with severe obesity (<99t percentile) during maintenance, compared to
underweight/healthy weight'®’. They concluded that dosing of the maintenance
chemotherapy did not explain the poorer outcome. The study was limited by not having

access to MRD at the end of induction or BMI at diagnosis.

We also studied whether BMI change under leukemia treatment was associated with
pancreatitis, hyperglycemia, osteonecrosis or liver dysfunction, but could not find an
association, although children with pancreatitis had lower median weight gains compared to

those without pancreatitis (unpublished).

4.4 Study IV

The study cohort was comprised of 182 patients, aged 2 to <18 years, exposed to 1401 HD-
MTX courses and treated with the NOPHO ALL2008 non-HR treatment arm. The median age
was 5 years, 145 children aged 2-<18 years and 37 aged 10<18 years. When divided into BMI
groups, 9 (4.9%) were underweight, 146 (80.2%) had healthy weight, and 27 (14.8%) were
overweight or obese (20 (11.0%) and 7 (3.8%), respectively) at diagnosis.
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There was a large fluctuation in BMI SDS and changes among BMI categories between the
courses (illustrated in Figure 12).
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Figure 12. Changes between BMI categories during consolidation and maintenance 1.

MTX excretion was delayed in 18.2% (255/1401) of all HD-MTX infusions at hour 42 (227
mildly, 25 moderately, and 3 severely). We observed a tendency towards an increased risk
of higher MTX concentrations and prolonged excretion in children who were obese at
diagnosis (Table 5). Mixed model analyses adjusted with the variables BMI SDS at the start
of each course, age, sex, risk group, and BMI SDS change, displayed an independently
significant pharmacokinetic effect for children with a decrease in BMI SDS (weight loss)
before the start of the course. This effect was more pronounced at the first course. Of note,
the children who were obese at diagnosis had the highest median BMI SDS decrease from
diagnosis until start of the first course, which could explain why obesity at diagnosis
associated with increased risk of altered excretion. Older age was also independently
associated with higher MTX concentrations at hours 36, 42, 48, and 60, as well as with time
to nontoxic level in multivariable analyses adjusted for the same factors (P <0.001, for all

analyses).

Mildly delayed MTX excretion was more frequent in patients who were obese at diagnosis:
35.4% of the courses in obese patients had MTX level >1 pM/L at 42 hours compared to
18.5% in healthy weight, 10% in overweight, and 22.2% in underweight (p =0.003). Likewise,
the proportion of patients with delayed time to nontoxic levels (272 hours from start of the
infusion) was increased in obese patients (25% in obese versus 15% in healthy weight, p
=0.026). The number of obese patients in the cohort was low, and the results were mainly

caused by 3/7 obese patients having repeatedly altered MTX excretions.
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We investigated whether there is an association between clinical parameters during
induction and severely delayed MTX elimination in the first HD-MTX infusion. Except for
decrease in BMI SDS, no risk factors during induction, such as hyperleukocytosis, or
infections were identified. While infection before start of course did not influence
pharmacokinetics, fever during the first course increased the risk of higher MTX
concentrations and prolonged excretion, as has been described in a previous study%®. We
lacked data on albumin levels in many patients, and could not analyze the association of
albumin levels and BMI loss or altered MTX pharmacokinetics. Some concomitant drugs are
known risk factors for altered MTX excretion (e.g., aminoglycosides, proton pump inhibitors,
and non-steroidal anti-inflammatory drugs), but the impact of asparaginase on HD-MTX
treatment is less well-described. Still, asparaginase, which was given parallel to the HD-MTX
infusions during the consolidation phase, decreases albumin levels through decreased

hepatic protein synthesis'®.

Table 5. Median methotrexate concentration in different BMI categories at diagnosis and a

high-dose methotrexate course.

Overa'll Underweight Healthy weight Overweight Obese P-value
population

BMI category at diagnosis Median, uM/L (25% and 75% percentile)
BMI category at diagnosis
(all 1401 courses) 182 ° 146 20 7
Median hour 36 1.30 1.30 (1.0, 1.8) 1.30(0.9,1.8)  1.10(0.8,1,5) 1.70(1.2,2.5)  <0.001
Median hour 42 0.55 0.57(0.4,0.8) 0.56 (0.4,0.8) 0.5(0.4,0.7) 0.79 (0.5, 1.2) <0.001
Median hour 48 0.30 0.28 (0.2, 0.6) 0.30(0.2,0.5)  0.29(0.2,0.4)  0.42(0.3,0.8)  <0.001
Median hour 60 0.16 0.15 (0, 0.3) 0.16 (0, 0.2) 0.13 (0, 0.3) 0.19(0.2,0.3)  <0.001
Median hours to MTX<0.2 uM/L 60 60 (54, 66) 60 (54, 66) 60 (54, 60) 60 (60, 72) 0.001
Creatinine increase (median %) 11.5 3.7 (-4.8,26.3) 12.5(0, 34.8) 6.7 (-2.9,1.31) 13.3 (0, 26.8) 0.05
Acute nephrotoxicity (%) 15.5 12.7 15.6 17.3 10.0 0.64
BMI category at course 1 182 15 125 33 9

Median BMI change from 007  -116(-1.6,-0.5) -0.03(-0.5,06) 09(0.1,1.4)  1.19(0.1,1.6) <0.001

diagnosis

Median hour 36 1.40 3.60(1.3,4.7) 1.40 (0.9, 2.2) 1.30(0.9, 1.8) 1.10 (0.8, 6.6) 0.085
Median hour 42 0.65 1.65 (0.8, 2.2) 0.62 (0.4, 1.2) 0.64 (0.3, 1.0) 0.40 (0.3, 3.0) 0.037
Median hour 48 0.40 0.90(0.4,1.5)  0.39(0.20,0.72) 0.33(0.2,0.78) 0.20(0.16,1.35)  0.11
Median hour 60 0.19 0.40 (0.2-0.6) 0.19 (0, 0.3) 0.17 (0, 0.2) 0.10 (0, 0.7) 0.044
Median hours to MTX<0.2 pM/L 60 90 (60, 114) 60 (54, 72) 60 (48, 66) 60 (48, 96) 0.019
Creatinine increase (median %) 19.2 23.8(1,44) 18.0 (0, 76) 18.8 (4, 39) 31.8 (10, 210) 0.27
Acute nephrotoxicity (%) 23.6 333 22.6 18.2 44.4 0.29

Bold numbers are significant values P <0.05 compared to healthy weight
BMI: body mass index, MTX: methotrexate.

The first HD-MTX course, directly following the induction, had a higher incidence of both
toxicities and higher MTX concentrations and delayed excretion, compared to the following
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courses. Several studies have also shown that the median MTX excretion is lower in the first
HD-MTX infusion compared to subsequent infusions 147-14%200 Sterbga et al. reported that the
pre-course folate concentration was the principal determinant of peak MTX
concentration®®®. It is suggested that folate deficiency is more common in obese children,
and adults?°2%2, Decreased baseline folate concentration at the time of the first course in
obese patients, before folinic acid rescue, could theoretically contribute to increased risk of
MTX-related toxicity. However, this hypothesis could not be confirmed.

4.4.1 Nephrotoxicity and other HD-MTX associated toxicities

In study Il, there was an increased risk of SAE kidney dysfunction in obese patients,
compared to patients of healthy weight. Renal toxicity can be caused by HD-MTX treatment
due to crystallization of methotrexate in the renal tubular lumen, leading to tubular
toxicity'*®. When exploring acute or delayed increases in creatinine in this study, no
significant difference between BMI categories at diagnosis or with BMI SDS and BMI-change
at each course were observed. Zobeck et al. concluded that (BMI < 3™ percentile, according
to WHO) at first dose was associated with increased creatinine in pediatric patients during
HD-MTX?%3, There was also an observed increased creatinine in children in the BMI range
85%-95%, but not in obese. On the other hand, Khera et al. concluded in a smaller single
center study of 45 patients that low albumin(<35 g/L), and not undernourishment (BMI <-2
SDS, according to WHO), was predictive of acute nephrotoxicity?®*. As MTX is a protein-
bound drug, the pharmacokinetics of MTX may be significantly altered in underweight
patients or patients with weight loss. They point out that in low- and middle-income
countries with significant malnutrition rates, malnutrition likely represents an important and

modifiable risk factor for MTX-induced toxicity.

Admission for febrile neutropenia (p =0.004), low ANC (p <0.001) and need of platelet- or
erythrocyte transfusion (p <0.001) were more common in patients with MTX concentration
>1 at hour 42 or nontoxic levels 272 hours in the first 3 courses than in patients without
delayed excretion. BMI at diagnosis or at the start of the course was not associated with
admission for infection, mucositis, or ANC <0.5, nor with the need of platelet- or erythrocyte
transfusion after HD-MTX. Except for association between BMI SDS decrease (weight loss)
>1 BMI SDS at the first 3 and mucositis (20% in versus 7 % in those with less BMI SDS
decrease, p = 0.02), no associations regarding BMI SDS decrease and MTX-related toxicities

were identified.

4.4.2 Impact on outcome

HD-MTX and its predictive impact on prognosis in different BMI categories were in some
ways inconclusive, but the fluctuation in BMI SDS, and especially weight loss may play an
important role in altered MTX pharmacokinetics. We observed an increase in median MTX-

concentration and prolonged time to non-toxic levels in patients who were obese at
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diagnosis, but not in patients who were obese at the start of each course. The increased
median MTX concentrations and prolonged time to non-toxic level in obese at diagnosis
were mainly caused by three obese patients with repeatedly altered pharmacokinetics. Two
of these patients relapsed. There were no reported dose reductions in these patients.
Higher MTX concentrations would suggest more efficient treatment of HD-MTX and does
not support MTX pharmacokinetics as an underlying mechanism in the worse outcome of
patients who are obese at diagnosis, as seen in study |; especially in older children.
However, the number of obese children in the study cohort is too small for confident

conclusions.

4.5 StudyV
In the 416 included patients, aged 18-<46 years, treated with NOPHO ALL2008 protocol, 236

were non-HR and 183 were HR patients. Median follow up was 5.8 years for patients in

complete remission.

4.5.1 Outcome, toxicity and treatment delay

Outcome and toxicity in obese and severely obese

The severely obese (BMI > 35 kg/m?, class Il obesity) young adults treated with non-HR
protocol had an almost 3-fold increased risk of relapse compared to heathy weight children
(hazard ratio relapse 2.98 [95% Cl 1.22—7.27], p =0.02). This increased relapse risk was not
observed in underweight, overweight, or obese patients. The increased relapse risk in the
severely obese did not impact OS. In the HR patients, there were no associations between
the BMI group and OS, EFS, TRM, or relapse rate.

From studies | and Il we could conclude that older obese children had an increased risk of
toxicity, and an increased risk of relapse. On the contrary, severely obese young adults
treated with non-HR protocols, with increased risk of relapse, had a trend towards lower IRR
(0.71, p =0.42) for one or more SAE during treatment, with a frequency of one or more SAE
during treatment of 50% in severely obese patients compared to 71% in healthy weight non-
HR patients. In a small previous study of 66 adolescent and young adults, 21% experienced
venous thromboembolisms, comparable with the 22% in our study 2%, Similar to our study,

high BMI was not associated with an increased risk of venous thromboembolism.
Outcome and toxicity in underweight patients

No association between EFS, relapse, OS, and TRM was observed in the underweight group
compared to the healthy weight group. Although nearly 90% (8/9) of underweight patients
treated with non-HR protocol had one or more SAE, compared to 70 % (98/139) in healthy
weight patients, the IRR for having one or more predefined SAE did not differ significantly

between underweight and healthy weight, adjusted for age. Underweight patients treated
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with high-risk protocols had a tendency for higher TRM than healthy weight patients(hazard
ratio 3.07 [95% Cl 0.63-14.99], p = 0.17).

Treatment delays

There were no significant differences in median time from diagnosis to start of maintenance
1 (corresponding to day 134 (SR) and day 148 (IR)) or the time to start of HR block 4 in the
different BMI categories, nor was there a linear association between BMI and median delay.

Dose modifications in young adults

Detailed data on dose modifications, except for asparaginase, were not available for this
study. Truncation of asparaginase was suggested to be one possible predictive risk factor for
relapse in the obese older children in study II, but this trend was not observed in young

adults.

4.5.1 Outcome after relapse and HSCT

The strongest prognostic factors for outcome after relapse are time in CR1 and site, which
were not evaluated in our study. Relapse rate, survival after relapse and HSCT in CR1, and
DCR1 (independent of time in CR1 before relapse) in different BMI categories at diagnosis
are presented in Table 6. Median days from diagnosis to relapse did not statistically differ

between BMI categories.

Stock et al. described obesity as a predictor of poor outcome after relapse in an AYA
population'®’. However, the survival after relapse depended on risk stratification, and the
results should be interpreted with caution. Wieduwilt et al. studied obesity in the context of
HSCT in CR1 in AYAs aged 16-39 years and observed an independently inferior OS and EFS
and a higher risk for non-relapse mortality as well as relapse of obese patients compared to
non-obese patients?%. Other studies on the subject studying hematologic malignancies and
HSCT have yielded conflicting results, suggesting underweight as a risk factor for worse OS
and TRM and obesity to also play a negative role, but in one study obesity was even
associated with improved survival??72%, As relapse rate and DCR1 are rare events, the

numbers in our cohort in extreme BMI groups are too small to draw any conclusions.
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Table 6 Differences in relapse and death according to BMI category in young adults

All patients
Risk stratification

Relapse all patients 111/416 (26.7)
HSCT in CR2 after relapse  51/111 (45.9)
Deaths all patients 104/416 (25.0)
Death after relapse 75/111 (67.6)

Death in CR1 22/416 (5.3)

Death due to SMN 2/416 (1.3)

Induction death 5/416 (1.2)

Standard and intermediate risk

Relapse 56/234 (23.9)
HSCT in CR2 after relapse  17/56 (30.4)

Deaths 38/234 (16.2)
Death after relapse 32/56 (57.1)
Death in CR1 6/234 (2.6)

High-risk chemotherapy

Relapse 23/81(28.4)

Deaths 32/81(39.5)
Death after relapse 18/23(78.3)
Death in CR1 9/81 (11.1)

High-risk HSCT

HSCT in CR1 87/101 (86.1)

Relapse 32/101(31.7)
Relapse pre-HSCT 7/101 (6.9)
Relapse post-HSCT 25/101 (24.8)

Deaths 34/101 (33.7)
Death after relapse 25/32 (78.1)
Death in CR1 pre-HSCT 3/101 (3.0)

Death in CR1 post-HSCT 4/101 (4.0)

Under-
weight
events (%)
3/18 (16.7)
1/3(33.3)
3(16.7)
1/3 (33.3)
2/18 (11.1)
0
0

2/9(22.2)
0

0
0
0

0
1/4 (25.0)
0
1/4 (25.0)

4/5 (80.0)

1/5 (20.0)

1/5 (20.0)
0

2/5 (40.0)

1/1 (100.0)
0

1/5 (20.0)

Healthy
weight
events (%)
64/243 (26.3)
27/64 (42.2)
57 (23.5)
41/64 (64.1)
12/243 (4.9)
1/58 (1.7)
3/243 (1.2)

30/139 (21.6)
9/30 (30.0)
19/139 (13.6)
16/30 (53.3)
3/139 (2.2)

13/46 (28.3)
20/46 (43.5)
10/13 (76.9)
7/46 (15.2)

51/58 (87.9)
21/58 (36.2)
4/58 (6.9)
17/58 (29.3)
18/58 (31.0)
15/21 (71.4)
1/58 (1.7)
1/58 (1.7)

Overweight
events (%)

26/95 (27.4)
14/26 (53.8)
27 (28.4)
19/26 (73.1)
5/61 (5.3)
1/23 (4.3)
2/95 (2.1)

12/51 (23.5)
4/12 (33.3)
9/51 (17.6)
7/12 (58.3)
2/51 (4.0)

8/21 (38.1)

9/21 (42.9)

7/8 (87.5)
0

20/23 (87.0)
6/23 (26.1)
1/23 (4.3)
5/23 (21.7)
9/23 (39.1)
5/6 (83.3)
2/23(8.7)
1/23 (4.3)

Obese
events (%)

9/39 (23.1)
2/9(22.2)
11 (28.2)

9/9 (100.0)
2/39 (5.1)

6/23 (26.1)
2/6(33.3)
7/23 (30.4)
6/6 (100.0)
1/23 (4.3)

1/9 (11.1)
2/9(22.2)
1/1 (100.0)
1/9 (11.1)

6/7 (85.7)*
2/7 (28.6)
0
2/7(21.7)
2/7 (28.6)
2/2 (100.0)
0
0

Severe
obese
events (%)
9/21 (42.9)
6/9 (66.7)
6 (28.6)
5/9 (55.6)
1/21(4.8)

6/12 (50.0)

2/6(33.3)

3/12 (25.0)

3/6 (50.0)
0

1/1 (100.0)
0
0
0

6/8 (75.0)*
2/8(25.0)
1/8 (12.5)
1/8 (12.5)
3/8(37.5)
2/2 (100.0)
0
1/8 (12.5)

HSCT: Hematopoietic stem cell transplantation, CR1: first complete remission, CR2:second complete remission, SMN:

secondary malignant neoplasm.

*One obese patient changed to HR chemo due to toxicity and one severely obese patient with unknown reason for not

going to HSCT
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5 Strengths and Limitations

One strength of the registry-based studies is the prospective registration and nationwide
coverage, including all Nordic countries. The NOPHO ALL registry data is considered to
contain high quality data and few patients are lost to follow up. The group is homogeneous
and included patients receiving comparable health care services and standardized primary
treatment. The endpoints used (OS, EFS, DCR1, and relapse) were the same that have been
used in NOPHO countries over many decades. The cohorts were large, enough to enable us
to study the different BMI categories. However, a challenge in our studies was the low
number of underweight and obese patients, especially after stratification into different age
groups, risk groups, or analyses of separate toxicities, which limited the interpretation of the

results.

Another strength is that the population is based in Nordic and Baltic countries with a
relatively low prevalence of obesity (Northern Europe) and where very few studies have
been conducted regarding associations between prognosis/toxicity and BMI. Most studies
are based in North America, a population with significantly more diverse ethnicities, and
more overweight and obesity. Nordic and Baltic obese patients may differ from obese
patients in countries where obesity is more prevalent, and therefore it is important to

confirm previous results in our setting.

The major limitation of our project is that the NOPHO ALL registry was not designed to
address the issue of obesity and outcome. We used BMI, an anthropometric method, in all
our studies for classifying the nutritional status/body composition at diagnosis and at the
end of treatment. No BMI data were routinely registered during treatment, except for study
IV. Furthermore, while BMI is commonly used in clinical practice and in research settings, it
may be misleading, as is does not distinguish between excessive body weight caused by
excess fat and that caused by lean mass (muscles) or between abdominal or general
obesity*>*®, A better way to evaluate nutritional status would be to include body
composition, by for example with DEXA in addition to anthropometric methods. In this
retrospective study this was not possible. One study validated the change in BMI z-scores in
children during ALL treatment with DEXA and found a significant correlation between BMI z-
score and body-fat percentage within the 128 pair of measurements, but the correlation
within each individual was not significant®® as the high prevalence of sarcopenic obesity
(gain in body fat percentage with loss in lean muscle mass) during treatment was not
reflected in the BMI z-score analyses and large gains in body fat were missed due to
concurrent muscle loss. The results imply a risk of under-diagnosing overweight and obesity

when using BMI-SD/z-score to evaluate changes in body composition in children with ALL.

Also, since this was a register study, we could only analyze the toxicities of special interest

that had been prospectively registered. Other toxicities, such as infections or lower grade of
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liver- or nephrological toxicity, which could impair treatment were not included. Similarly,
we could not determine whether puberty had an effect on toxicity or outcome in studies |
and Il, due to missing data on puberty status. Furthermore, especially in study / in the old
NOPHO ALL92 protocol, the registration of weight and height was not mandatory, and
therefore several patients were excluded due to missing BMI data. The older protocols also
contained less and had less access to detailed data on MRD-levels and cytogenetics, a
central tool for risk group assignment. Further, we did not include children aged 1-<2 years,
a significant number of patients, and therefore the results may not apply to the youngest

children.

With the exception of asparaginase, data on dose modifications are not registered in the
NOPHO ALL registry. Instead, we used treatment delays as an indirect measure of toxicity.
We suspect that obese patient had more dose and treatment modifications, but cannot
verify this hypothesis with the registry data. In the current treatment protocol,
ALLTogetherl, that followed after NOPHO ALL2008, there is mandatory registration of dose
adjustments exceeding >10 % in each treatment phase. Future studies will therefore better
be able to adjust for treatment modifications. This is a major concern in young adults, where

both dose modifications and other treatment options are more common.

We did not take ethnicity into account. Children with ALL who are of Hispanic or African
origin have had worse reported outcomes?°®21%, The NOPHO protocols contain a relatively
homogenous group, but adjustment for ethnicity may further improve the results.
Socioeconomic status may also impact ALL outcome: access to care, poor adherence to
maintenance, and overall health status can also contribute to poorer outcomes?!!, The
increased risk of obesity in high-income countries and its association with lower
socioeconomic status may be a contributing risk factor in obese patients3®, while there are
challenges also with undernutrition (underweight) in low- and middle-income countries.
Health care policies focusing on diagnostic improvements, cancer registration, and newer
therapeutics at reduced cost or with insurance coverage are needed in low and middle-

income countries.

Data on MTX in study IV were collected retrospectively from patients’ medical charts. We
did not collect data on folinic acid rescue in study IV. However, it is reasonable to assume
that the higher the concentration and the longer excretion time, the more folinic acid was
given. It is suggested that lager rescue doses of folinic acid inhibit the therapeutic efficacy of
MTX in later HD-MTX treatments. Clinical trials using different doses of folinic acid have
shown a trend to increased relapse rate in pediatric ALL patients receiving higher doses
compared to those receiving lower doses*”-?12, Data on two additional factors that may

affect the MTX excretion, urinary output (clearance) and urinary pH, were not registered.
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6 Conclusions

The impact of obesity in ALL has been controversial. This thesis and previous studies offer
convincing evidence that body composition and nutritional status influence outcomes and
toxicity during treatment of childhood ALL.

Our first study confirms that an unhealthy BMI at the time of diagnosis has an adverse
impact on the outcome. We can conclude that the most pronounced impact of an unhealthy
BMI occurs during preadolescence and adolescence. Among older children with obesity, the
risk of mortality is nearly five times higher when compared to their healthy-weight peers.
The worse OS is primarily due to a higher relapse rate. The influence of BMI on relapse and
event-free survival (EFS) is also noticeable among underweight and overweight older
children. Importantly, the overall survival and cumulative relapse rate remained similar
when comparing younger and older children with a healthy BMI, signifying that an
unhealthy BMI at diagnosis represents an independent risk factor for an inferior outcome

within this age group.

With a higher rate of relapse, the possibility of stratification to more intensive treatment
could be considered. However, in study I, we showed that older obese children also
experience more toxicity than healthy weight children. Increased toxicity is challenging and
may lead to dose modifications, such as truncation of asparaginase in obese children. In
young obese adults, there was a tendency toward worse OS, but only severe obesity (BMI
>35 kg/m2) was predictive of an increased risk of relapse. Severely obese young adults, in
contrast to the older obese children with an increased risk of relapse, did not have a higher
rate of toxicity compared to their healthy-weight peers. The results for severely obese
young adults suggest that underdosing or dose modifications may be contributing factors to

worse outcomes.

Survivors of childhood ALL also have an increased risk of gaining weight, most likely due to
steroids and lifestyle changes during the intensive treatment. Younger children are at the
highest risk of unhealthy weight gain. As previous studies have indicated overweight persists
after end-of-treatment, and interventions to prevent weight gain during treatment are

warranted.

Altered pharmacokinetics of HD-MTX was observed in patients who were obese at
diagnosis, but obesity at diagnosis was not associated with toxicity or dose modifications.
The pharmacokinetics of HD-MTX had the largest impact on children who experienced
weight loss before starting the HD-MTX course, leading to an increased risk of higher MTX
concentrations, delayed excretion time, and a higher likelihood of developing mucositis. The
hypothesis that children with obesity would experience more toxicity and, consequently,

more modified HD-MTX treatment was not confirmed.
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With the increasing prevalence of obesity worldwide in both children and adults, there is a
growing awareness of the impact of obesity on cancer outcomes. Our results, showing
higher relapse rates, especially in older children with unhealthy BMI, indicate insufficient
chemotherapy, but also a higher vulnerability to chemotherapy with more toxic events. It is
a difficult balancing act to intensify the treatment in these patients without causing more
toxicity. Therefore, there is a need for more individualized treatment, for both underweight
and obese patients. Immune targeting agents such as inotuzumab or blinatumomab into
frontline therapy may allow for decreased treatment intensity of conventional
chemotherapy, thereby reducing toxicity while further improve outcomes for underweight
or obese children and adults with ALL. This project has also highlighted the need for a better
understanding of chemotherapy dosing, pharmacokinetics, chemotherapy resistance, and
therapeutic drug monitoring, which, in the future, can help optimize chemotherapy

regimens for patients with an unhealthy BMI.

It is crucial to remember that nutritional status is a modifiable risk factor. Comprehensive
studies involving continuous nutritional assessments from diagnosis, throughout treatment,
and during long-term follow-ups are required, so that interventions can be implemented

and their effects evaluated.
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7 Points of perspective

Historically, nutritional research has not been a priority within cancer cooperative clinical
groups?'3, However, with rising prevalence rates of obesity in society, there is increasing
interest in how metabolic status impacts patients with ALL. Further insight into the
mechanisms behind the adverse outcomes associated with an unhealthy metabolic status is

essential to guide future interventions.
Risk stratification and other front-line therapies

With the increased risk of relapse in obese older children and severely obese adults, dose
de-escalation therapy is not reasonable, but it is a group that needs special considerations.
Is obesity in older children or severe obesity in young adults a new variable that should be
considered in risk stratification? Innovative agents, molecular targeting, and
immunotherapy—alongside conventional therapy, are promising candidates, and may in the
future have a more prominent role with increased use also in front-line therapy, to manage
the balancing act between the risk of relapse with inadequate treatment intensity and
treatment-related toxicities. Of note, overweight/obesity in children and adult patients with
B-ALL has not had a negative impact on the effect of chimeric antigen receptor (CAR) T-cell
therapy?'.

Optimization of anti-leukemic dosing

An important research area is optimal chemotherapy dosing, with adapted dosing based on
pharmacokinetic or pharmacogenetic factors in patients with different metabolic status. The
effect of chemotherapeutic agents, given their more or less narrow therapeutic window,
more often than now need to be evaluated with therapeutic drug monitoring. Limited
information for adapted dosing of chemotherapeutic agents is available in obese patients,
especially in severely obese patients. Dose reductions have frequently been used to limit

excess toxicity in obese patients, but with a risk of providing less-effective treatment.

Chemotherapy dosing is based on BSA. However, calculations for BSA are not developed for
use in the obese patients, as BSA increases slower in proportion to body fat mass?!>. Dose-
capping is commonly used for vincristine, which may result in underdosing. However, a
review on pharmacokinetic parameters of anti-leukemic drugs in adults suggests a need for
increased doses of vincristine in obese patients'®. A previous study suggested that a
decreased vincristine area under the curve (AUC) may be linked to higher relapse risk in
children with ALL?!®. In study II, we observed a higher proportion and increased IRR for
truncation of asparaginase in obese children, which warrants further investigation.
Asparaginase activity has been measured as part of ALL2008 protocols to detect neutralizing
antibodies. The NOPHO leukemia working group has discussed how intramuscular injections

of asparaginase may not reach muscle tissue, which could affect pharmacokinetics in adult
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patients with very high BMI. Further studies on asparaginase activity and the association
with BMI are required. We are planning a collaborative study to investigate asparaginase

activity and more detailed asparaginase toxicity in different BMI categories.

The pharmacokinetics of antileukemic drugs is complex and further prospective studies on
dose individualization, especially in obese and underweight children and adolescents are
needed. Until we have evidence-based guidelines for chemotherapeutic dosing in extreme
BMI categories it is important to follow clinical practice and treatment protocols with full
chemotherapy, immunotherapy and targeted therapies doses. Obesity should not in itself

be the sole base for dose modifications?’.
Cytogenetics and germline mutations in obese patients

Intrinsic biologic features could predispose patients with obesity to more aggressive ALL.
The high relapse rate and the association with obesity may be a surrogate marker for an
underlying genetic susceptibility leading to more aggressive types of ALL. Mittelman et al.
found an association between increased body fat and higher rate of rearrangement in
cytokine receptor-like factor 2 (CRLF2r) in older children and adolescents (>10 years), a
suspected high-risk subset of B-cell ALL (BCR/ABL1-like) affecting kinase genes 22, The
number of novel genetic subgroups with a potentially prognostic impact or implications for
targeted therapy is increasing, which could contribute to improved outcomes in future
protocols. Whole genome sequencing of germline DNA is implemented in an increasing
number of countries at diagnosis and could add more information on underlying
predispositions and genetic susceptibility in obese and severely obese patients, improving

our understanding of worse outcomes and increased risk of developing ALL.
Monitoring of body composition at diagnosis, during and after treatment

Regular monitoring during and after treatment for patients at risk of developing metabolic
syndrome is important to enable early interventions. Availability of more detailed data on
metabolic status/body composition will also make it possible to improve our knowledge on
the effect of obesity and underweight in future research. This could be achieved by
registering supplementary measures of body composition, especially change in body
composition. In a clinical setting bioelectrical impedance analysis (BIA) could be a feasible
method for monitoring body composition and fat percentage as well as the development of

sarcopenia 219221,
Interventions during treatment

Obesity is a potentially modifiable prognostic factor. By reversing the physiological changes
associated with overweight/obesity with interventions, we can hypothetically improve
chemosensitivity, and prevent weight gain during therapy. Nutritional and physical activity
(exercise) interventions can be challenging, with decreased adherence under ALL treatment.
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Patients and families are hit by sudden life-threatening issues, chemotherapy-associated
toxicities, and in older children and adults not seldom fatigue, all of which compete with
their interest in ambitious interventions. In general, the treatment of obesity in children and
adolescents with lifestyle programs to reduce weight-related comorbidities is described as
modestly effective and generally deemed insufficient??2. Yet, an obesity-intervention
(dietary and physical activation) trial during the induction of HR-ALL in children aged 10-21
years showed promising results concerning the reduction of fat mass, increased insulin
sensitivity, and early response (MRD) in overweight and obese patients at diagnosis 133. One
ongoing randomized phase 2 study in AYA with B-ALL aims to increase chemosensitivity with
personalized nutritional menus and exercise plans (NCT05082519). In a dietary intervention
study, feasibility and the impact on weight gain during the initial phases and the common 6
months of ALL treatment were tested. The results were convincing, with good feasibility and

no increase in median BMI z-score during induction or over the six-month intervention??3,

With mounting evidence that adipocytes alter the function of leukemia cells and the direct
environment, together with the physiological changes of obesity, it is important to identify
obesity-induced pathways in the leukemia cell that can be targeted to improve outcome.
Ways to target the metabolic obesity-associated pathway have been suggested®?42%¢, One
example is metformin, which also has potential anti-cancer activity??*. Metformin has shown
leukemia cell growth inhibition in vitro and been tested during induction of relapsed
pediatric ALL patients in a phase 1 study??’?%°. Whole-foods plant-based diets and fasting-
mimicking diet cycles have also been suggested to have a positive effect on obesity induced

pathways during treatment?30:31,
Interventions after treatment

Overweight and obesity often remain and even increase after the end of treatment41142,
How can we prevent the effects of the negative metabolic changes caused by the cancer
treatment? Survivors of childhood cancer have an increased risk of developing metabolic
syndrome?®3>, Sarcopenia (loss of muscle mass) is common in children with ALL and can
persist after end of treatment leading to a higher risk of metabolic dysfunction*¢:13>139,
Physical activity during and after cancer treatment is, therefore, an important tool;

especially due to observed increased physical activity among survivors?3%233,

Multidisciplinary approaches are needed. Primarily lifestyle interventions, but also bariatric
surgery and anti-obesity medication in older children and young adults are possible
treatments. Nutritional education and intervention, and improving physical activity already
during treatment may counteract the increased risk of developing chronic metabolic
disease?3%23%, Metabolic and bariatric surgery is a standard treatment in severely obese
adults and has in a randomized trial proven promising results compared with intensive non-

surgical treatments in adolescents, however, longer-term follow-ups are needed?3. An
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increasing number of drugs with significant effect on weight loss together with life-style
interventions have been approved as anti-obesity medications in adults, and some have
been approved for older children. Drugs i.e., orlistat, bupropion, liraglutide and semagludite,
could play an important future role in managing the metabolic late effects of ALL

treatment?36.237,

The time has come for us to move from description of the negative effects of obesity on ALL

outcomes and move toward intervention.
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