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Abstract

Myosteatosis refers to fat deposition within muscle and is linked to risk of cardiovascular disease
and metabolic disorders. Though these comorbidities are common during and after therapy for
acute lymphoblastic leukemia (ALL), little is known about tissue distribution, including
myosteatosis, in this population. Using quantitative computed tomography, we assessed the impact
of ALL therapy on bone, muscle, subcutaneous and muscle-associated (MA) fat in 12 adolescents
and young adults (AYA) treated for ALL as compared to a healthy control group without ALL
(n=116). AYA had a marked loss of muscle with a gain in MA fat between ALL diagnosis and end
of induction. These changes persisted throughout intensive therapy. Lower bone and muscle and
higher MA fat were also observed during and after treatment in comparison to controls. Altered
lower extremity tissue distribution, specifically myosteatosis and sarcopenia, may contribute to
functional declines and increased risk of metabolic disorders and cardiovascular diseases.
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Introduction

In the United States more than 3,000 children and adolescents are diagnosed with acute
lymphoblastic leukemia (ALL) each year [1]. Childhood leukemia therapy confers increased
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risk for obesity, sarcopenia, osteopenia, fractures, loss of lower extremity strength and
sensation and impaired fitness [2, 3, 4]. We and others have demonstrated that adolescents
and young adults (AYA) receiving treatment for ALL typically gain body fat and lose muscle
mass during therapy [4, 5]. Late in therapy and in survivors of childhood ALL, changes in
body composition develop concurrently with high rates of cardiovascular disease,
dyslipidemia, metabolic disorders and diabetes [6, 7, 8, 9]. These risks are
disproportionately present in AYA patients undergoing ALL therapy [6].

Despite the relatively high prevalence of these acute and long-term endocrine toxicities for
AYA ALL patients, much of the specific pathophysiology connecting ALL therapy-
associated changes in body composition to systemic and metabolic abnormalities remains
unknown. Myosteatosis is a recently reported occurrence describing the presence of adipose
tissue within skeletal muscle [10]. In other populations, myosteatosis is independently
associated with insulin resistance, unfavorable lipid profiles, increased fracture risk and
reduced strength [11, 12, 13, 14]. Myosteatosis has also been associated with lower skeletal
muscle mass [15] and results in distinct metabolic and catabolic profiles compared to
sarcopenia alone [16]. Research has previously shown through dual energy x-ray
absorptiometry (DXA) and quantitative computed tomography (QCT) that patients treated
for ALL suffer from sarcopenic obesity — loss of lean muscle and gain in total body fat —
beginning within the first month of therapy (“induction”) [3, 4, 5, 17]. Additionally, this loss
of muscle mass coupled with chemotherapy induced peripheral neuropathy and the
associated reduced strength contribute to functional declines with consequences on quality
of life [18, 19]. While AYA with ALL are at high risk for sarcopenic obesity and metabolic
toxicities, the prevalence of myosteatosis during ALL therapy is entirely unknown. The
purpose of this study was to more precisely define the distribution of adiposity gained during
therapy to explore the presence, degree and timing of onset for ALL therapy-associated
myosteatosis and sarcopenia in the lower extremities.

Materials and Methods

Study Population

Pre-adolescents, AYA adults 10-21 years of age newly diagnosed with National Cancer
Institute/Rome High-Risk B-ALL (HR B-ALL) or T-cell ALL between 2011-2014 were
enrolled in a prospective study of osteotoxicity and body composition [20]. Participants
enrolled prior to May 2012 underwent serial imaging of the tibia by QCT and were
potentially included in this analysis. Subsequent patients received limited imaging of the
femur only due to a change in protocol/scanner precluding inclusion in this analysis [20]. All
patients were treated following contemporary Children’s Oncology Group (COG) protocols.
Induction therapy consisted of a “four-drug” regimen with vincristine, pegylated L-
asparaginase, an anthracycline, and a glucocorticoid (either prednisone 60mg/m2/day for 28
days or dexamethasone 10mg/m2/day for 14 days). During the study period, therapy for both
B-ALL and T-ALL at our institution followed the COG ALL HR-ALL regimen [21].
Demographic and baseline information included age, sex, self-reported ethnicity (Hispanic/
non-Hispanic), height, weight, calculated Body Mass Index (BMI) and age-sex normalized
BMI percentile (BMI1%) using data from the Centers for Disease Control and Prevention
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[22]. BMI% was then dichotomized as overweight or obese (BMI1%=85) or normal/
underweight (BM1%<85) and age as 15 and older or younger than 15 years. An external
control group was identified from otherwise healthy youth ages 6.0-16.9 years who
separately enrolled in a prospective bone and ambulation trial at our institution between
2010-2016 [23]. Eligibility criteria for this cohort included no chronic disease, no steroid
exposure and no medications affecting growth and development. The subset of these subjects
who were older than 10.0 years were used as the external control group in the current study
to match the age range of the ALL study sample. All research studies were approved by the
Institutional Review Board; the clinical trial in ALL was registered prior to enrolling the first
patient (NCT01317940). Written informed consent and assent were obtained and
documented for all participants.

Imaging and Analysis Protocols

Participants in both the ALL and control cohorts were imaged using identical protocols for
whole-body DXA and three-dimensional QCT of the tibia, as described previously [3, 5, 23,
24, 25]. Participants in the ALL cohort underwent imaging within 96 hours from start of
chemotherapy, again 28-35 days later (end of induction phase) and 7-9 months from
diagnosis following completion of intensive chemotherapy (end of the “Delayed
Intensification” phase) [5]. In summary, total body fat mass and percentage (BF%) were
obtained using a fan-beam DXA densitometer, and QCT was obtained using contiguous 1-
mm slices covering the entire tibia. To minimize operator-induced intra-patient (for serial
imaging) and inter-patient variability in radiographic assessment, all imaging, DXA and
QCT, was performed primarily by the same certified radiology technician with the same
scanners (DXA: Delphi W, Hologic, Inc, Waltham, MA; QCT: Philips Gemini GXL, Philips
Medical Systems Inc., Cleveland, OH) and QCT mineral reference phantom (Mindways
Model 3 CT Calibration Phantom, Mindways Software, Inc., Austin, TX).

Tissue volumes for adipose, muscle and bone were computed along the entire length of both
tibias using a custom MATLAB script (MathWorks, Inc., Natick, MA) [25]. Muscle-
associated (MA) fat as assessed by QCT was utilized as a non-invasive surrogate marker for
myosteatosis. The tibia was defined as extending from the proximal surface of the
intercondylar eminence to the distal surface of the medial malleolus. Tissue volumes were
quantified by a semi-automated, threshold-based method using previously validated
attenuation ranges of [-190, —30], [-29, 150] and [151, 1000] Hounsfield units (HU) for
adipose tissue, muscle and bone, respectively [26]. The boundary of the crural fascia was
determined using Sobel operator based edge detection [27]. Subcutaneous (SC) fat tissue
was defined as the adipose tissue found between the skin and the deep (crural) fascia [28];
MA fat tissue was then defined as total fat minus SC fat. Thus, MA fat included adipose
within the crural fascia as well as that between muscles and between muscle and bone [28].
Bone marrow was masked and excluded, while all other tissues (skin, blood vessels,
etcetera) have attenuations similar to muscle and adipose tissue and were therefore
categorized into these two tissue types [29]. Tissue volumes for each leg were quantified
separately with subsequent analysis using the sum of both legs for each participant.
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Statistical Analyses

Results

Dichotomous variables (ethnicity and sex) were compared between the ALL cohort at
diagnosis and the external control cohort using chi square tests whereas continuous variables
were compared using t-tests. Differences between the end of delayed intensification and the
diagnosis and end of induction time-points in MA fat and MA fat % were calculated.
Relationships between DXA fat measures (total body fat, total body fat percent) and QCT
fat measures (MA fat and MA fat percent) were evaluated using correlations. Differences
between groups (each ALL cohort visit and external control group) and among visits (within
the ALL cohort) were assessed using a mixed model analysis of variance (ANOVA), with
participant as a random effect and visit as a fixed effect to account for multiple visits within
the ALL cohort. Pairwise comparison of means was then performed to examine pre-
specified comparisons (each ALL cohort visit versus external control; each ALL visit
compared to the others). Outcomes of interest were total body (DXA) and tissue volumes
from the lower leg (QCT): bone, muscle, total adipose, SC adipose and MA adipose tissue
volumes, along with each tissue volume expressed as a proportion of total volume. Both
volume and proportion were assessed to provide insight into overall and relative differences.
Effects of age group, sex and BMI percentile group on increase of MA fat and MA fat %
across visits were evaluated using Mann-Whitney U tests. All statistical analyses were
performed in STATA 14 (Stata-Corp, College Station, TX).

Participant Characteristics and Baseline Comparisons

Of the 18 potential participants with ALL and QCT imaging of the tibia, 12 had sufficient
serial imaging data for all three time points to be included in the current analysis. Two of 18
were excluded due to movement artifact during 1 scan, and 4 were excluded as they were
only seen for the first 2 visits. Of 179 participants in the original external healthy control
cohort, data from 116 participants were included in this study to match the ALL cohort; 61
were excluded as they were under 10 years of age, and 2 were excluded due to movement
artifact. As described in Table 1, nearly all patients in the ALL-exposed group self-identified
as being of Hispanic ethnicity (92%) as compared to a lower percentage in the external
control group (60%); the latter reflects our expected institutional demographics. As
anticipated, the cohorts were otherwise very similar at diagnosis with no significant
differences in age, sex, BMI or BMI percentile.

At the time of diagnosis, DXA-assessed total body fat mass and total body fat percent did
not differ significantly between the ALL cohort and the control group (Tables 2 and 3).
Additionally, at baseline, no significant differences in lower leg bone, total adipose, SC or
MA fat volumes were observed between the ALL cohort and the control group; however,
muscle (p=0.009) and total tissue (p=0.03) volumes were already significantly lower than
the controls in the ALL group at diagnosis (Table 2; Figure 1). Proportionally, no differences
were seen at baseline with the exception of bone, which was actually higher in the ALL
group at diagnosis compared to controls (p=0.008) (Table 3; Figure 2).
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Longitudinal evaluation of tissue composition during ALL therapy

During intensive pre-maintenance ALL therapy, pairwise comparisons show total tissue
volume in the lower legs significantly decreased over time (p<0.004) primarily due to early
loss of muscle during induction (p<0.0001) and later loss of bone during delayed
intensification (p<0.0001) (Tables 2-3; Figures 1-2). As is reflected in the parent study
population [5], total body fat mass and percent increased throughout therapy in this sub-
group, changing significantly from diagnosis to end of induction to end of delayed
intensification (p<0.02) (Tables 2 and 3). However, SC and total adipose volume in the legs
did not significantly change during therapy and did not differ from controls at any visit; only
MA adipose volume increased, primarily during the delayed intensification period
(p=0.001). When evaluated as a proportion, total and SC adipose increased by the end of
induction (p<0.0001) and were higher than controls at the end of delayed intensification
(p=0.04) likely due to the decreased muscle and bone volume. The percent MA adipose also
increased during delayed intensification due to both the decreased muscle and bone volume
and the increased volume of MA fat (p=0.02).

The increases in MA fat volume and percent did not correlate significantly with the
corresponding changes in total body fat (volume/mass: r=0.30, p=0.35; percent: r=—0.22,
p=0.49). Age (under or over 15 years), sex and BMI category (overweight/obese vs. normal/
underweight) did not affect MA fat volume (p=0.23) or percent (p=0.13). Though direct
influence of ethnicity could not be evaluated due to the high prevalence of Hispanic ethnicity
in the ALL cohort, a sub analysis with only the Hispanic participants in both groups yielded
the same findings.

Discussion

This is the first study, to our knowledge, to report the early development of myosteatosis in
AYA undergoing treatment for ALL. This early presence of even mild myosteatosis during
pre-maintenance chemotherapy is concerning. These changes in overall body composition
will likely be exacerbated by the years of steroid pulses, maintenance therapy and lower
activity levels that follow [30, 31]. In this AYA cohort, the MA fat increased throughout
therapy and the proportion of MA fat by the end of delayed intensification was significantly
greater than that found in the healthy control group. The observed increases in MA fat were
further exacerbated by concurrent muscle and bone loss in the lower extremities.

A higher risk of metabolic disorders, cardiovascular disease and fractures has been
demonstrated in patients and survivors of ALL [6, 32, 33] along with the presence of
sarcopenia during and after treatment [4, 17, 34]. In our cohort, a marked increase in MA fat
with corresponding decreases in muscle and bone were observed during chemotherapy.
Sarcopenia and myosteatosis are linked to adverse health outcomes, such as reduced insulin
sensitivity, increased fracture risk and cardiovascular disease in several different
populations; therefore, it is reasonable to infer that the altered lower extremity composition
observed in this study may contribute to the increased risk and occurrence of metabolic
disorders, cardiovascular disease and fractures previously observed in this population [11,
12, 35, 36, 37]. This sarcopenia and myosteatosis, which predominantly occur during
treatment but do not decline once treatment is complete, may contribute to reduced quality
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of life and other comorbidities [38, 39]. Future research should explore the effects of
myosteatosis during ALL therapy as well as the longer-term presence and consequences of
this physiological occurrence. As this phenomenon becomes better understood, in those at
risk or with metabolic comorbidities, it may be beneficial to include measurement of lean
tissue in the lower extremities in addition to obesity measures.

Both muscle mass and strength have been shown to decline following ALL diagnosis and
during chemotherapy treatment, while muscle quality has not been directly studied [2, 34].
This study highlights the presence of sarcopenia and myosteatosis in youth who undergo
treatment for ALL. The loss of muscle volume in the lower leg occurs predominantly during
treatment; whereas, similar to findings in previous work, loss of bone is slower, manifesting
by the end of delayed intensification [3]. Patients in this study saw, on average, a 4%, and as
much as a 10%, loss of muscle mass in the lower legs. This is comparable to what is lost in a
10 year period as an age-related decline in older adults [40]. Muscle loss, specifically in the
lower legs, may help explain some functional declines seen during and post-treatment for
ALL such as walking difficulties. Lack of strength and muscle mass, potentially from
chemotherapy induced peripheral neuropathy, inactivity and increased myosteatosis, likely
contribute to functional declines such as reduced push off power, slower speed and atypical
timing of muscle co-activation in the calf during gait in youth with ALL [18].
Implementation of physical therapy and activity interventions early on can be important for
sustaining and regaining function for activities of daily living, walking and overall quality of
life [1, 41].

The development of both myosteatosis and sarcopenia in our cohort of AYA ALL may have
significance beyond functional deficits alone. While sarcopenic obesity is related to poorer
quality of life in survivors of childhood ALL, [34], sarcopenia during ALL therapy is also
associated with a higher rate of severe adverse events during the critical induction therapy
phase [4]. In addition, several studies relate sarcopenia and myosteatosis to poorer outcomes
in adults with various cancers and even other diseases. Specifically, in colorectal cancer
survivors, both sarcopenia and myosteatosis were found to be independent predictors of
survival [42]; similar findings are described in gastrointestinal, lung and pancreatic cancer
patients [43, 44, 45]. Future research is necessary to explore the broader implications of
myosteatosis in AYA undergoing treatment for ALL as well as its impact on metabolic
dysregulation and functional deficits in survivors; inclusion of functional and quality of life
related outcomes will be essential components of future research contextualizing the effects
of ALL therapy on myosteatosis and the long term implications. Furthermore, because this
study is novel in assessment of therapy requiring steroids and myosteatosis and is specific to
the ALL population, we do not know if the findings are unique to ALL. Other populations
using steroids as part of medical therapy should also be evaluated for myosteatosis.

As a secondary analysis of two prospective cohorts, the study has limitations. First, only a
small sample of AYA ALL patients with complete imaging was available. As the prospective
body composition trial focused on intensive chemotherapy phases only, follow-up was
relatively short and less than 1 year from diagnosis. Therefore, the contribution of the
continued changes in body composition from ALL maintenance therapy could not be
assessed in this pilot cohort. However, it is well documented that sarcopenia, reduced
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strength, increased fracture rate, increased risk of cardiovascular disease and metabolic
disorders persist in survivors of ALL [46]. While the findings were significant and
compelling, replication is therefore necessary in a larger, prospective cohort focused on
myosteatosis both during the intensive chemotherapy captured here as well as later during
maintenance therapy. Additionally, both groups, especially the ALL cohort, were
predominantly Hispanic, which should be considered when interpreting study results. There
is a higher prevalence of ALL in the Hispanic pediatric population compared to other
ethnicities and a greater degree of neurotoxicity in Hispanic people treated for ALL making
this subset of the ALL population important to study [47, 48]. However, we cannot ascertain
if these results are generalizable to other ethnicities until larger studies with greater
representation of other ethnicities are performed. It is also important to acknowledge that
MA fat as measured by QCT is a non-invasive, surrogate marker for myosteatosis, not a
direct measure of myolipids. This imaging surrogate is limited by QCT resolution to
precisely detect edges of the different tissue types and visualization of the fascia and dermis.
However, these limitations are balanced by the feasibility of an accurate imaging surrogate
for myosteatosis, the incorporation of a large, healthy AYA control for comparison and the
use of identical QCT and DXA protocols, equipment, and technicians in both cohorts to
mitigate confounding from technical variability.

Through the opportunity afforded by concurrent imaging with QCT and DXA, we present a
new hypothesis-generating finding of the early development of therapy-associated
myosteatosis in AYA patients treated for ALL. Coupled with the well-characterized risk of
cardiovascular and metabolic disorder components during ALL therapy and in ALL
survivors, therapy-associated myosteatosis may serve as an important physiologic link to an
improved understanding of these chronic morbidities. Further research is necessary to assess
the prevalence, degree, chronicity and metabolic impact of therapy-associated myosteatosis
during and after ALL maintenance therapy and in survivors.
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SC refers to subcutaneous; MA refers to muscle-associated.
* different from control cohort at p<0.05; 1 different from ALL —Diagnosis at p<0.05; 1 different from ALL — End of Induction at p<0.05

Figurel.
Whole-body DXA tissue mass and CT tissue volume in the lower legs of youth with ALL

and a control comparison group.
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SC: subcutaneous adipose; MA: muscle-associated adipose

Figure 2.
Tissue volume proportions in the lower legs of youth with ALL and a control comparison

group.
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Table 1.
Demographics and anthropometrics
ALL Diagnosis (n=12) Controls (n=116) p-value

Age (years) 14.4+2.8 (10.8, 18.8) 13.6 +2.0 (10.0, 17.0) 0.22
Sex (male) 5 (42%) 62 (54%) 0.55
Hispanic 11 (92%) 70 (60%) 0.06
Height (cm) 158.8 +15.5(128.0, 187.0)  159.0 + 11.1 (132.3, 184.5) 0.96
Weight (kg) 52.4 +16.9 (23.7, 84.1) 55.5 + 14.4 (25.4, 104.1) 0.49
BMI (kg/m?) 20.2£4.0 (13.6, 26.3) 21.8+4.7 (14.4,38.4) 0.28
BM | Percentile 51.2 +37.2 (0.3, 93.3) 61.5+31.3 (1.1, 99.4) 0.29
Obesity Classifications 0.81

Obese/ Overweight 4 (33%) 42 (37%)

Normal/ Under 8 (66%) 74 (63%)

All values presented at mean + standard deviation (minimum value, maximum value).
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Table 2.

Tissue volumes for ALL cohort visits and controls.

Page 14

ALL Diagnosis (n=12)

ALL End of Induction
(n=12)

ALL End of Delayed
Intensification (n=12)

Controls (n=116)

DXA

Total body fat

12530.1 +7550.1

14770.9 + 7383.2t (5752.0,

17727.3+9385.07 # (5877.1,

14651.5 + 8581.6

(@ (3152.0, 2270.0) 25129.8) 33120.9) (2235.7, 41865.8)
CcT
Total (cm?) 6744.7 + 15450 6182.9 + 16056 7 6043.8 +1642.9 " 7 (3319.3, 7662.2 + 1338.0
(3757.7, 8859.6) (2946.2, 8184.7) 9153.2) (4032.2, 10978.1)
1011.2 +210.2 (588.4, 983.6 + 242.9 (574.3, * 1019.8 + 194.0 (658.1,
3
Bone (cm?) 1311.1) 1430.4) 800.7 +193.3* 7 7 (496.0, 1181.5) 1615.7)
* *
3307.3£813.67(2053.0, 2730.0 % 746.0 " 7 (1405.9, * 3018.9£770.1
Muscle (cm?3) 4986.5) 3959.2) 2707.1+639.6 7 (1766.3, 4108.1) (2404.2, 6278.0)
Total Adipose 2426.4 + 984.8 (1116.4, 2469.0 + 997.6 (966.1, 2723.5 + 955.4 (928.1,
(cm?) 4489.4) 4488.2) 2536.0 + 1213.1 (1057.0, 5686.8) 5894.7)
SC Adipose 2318.2 + 936.8 (1091.2, 2364.6 + 948.8 (938.1, 2594.1 + 895.7 (903.5,
(cm?) 4325.2) 4330.2) 2397.8 + 1139.8 (1025.6, 5406.8) 5647.0)
?ﬂ%Ad'pose 108.2+69.3 (25.1,243.7)  104.4+ 60.7 (28.0, 215.6) 1382+ 8597 % (31.4, 288.8) 129.3 g&“"g; (247,

All values presented at mean + standard deviation (minimum value, maximum value). SC refers to subcutaneous; MA refers to muscle-associated.

*
different from control cohort at p<0.05

fdifferent from ALL V1 at p<0.05

’tdifferent from ALL V2 at p<0.05
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Table 3.

Tissue proportions for ALL cohort visits and controls.

Page 15

ALL Diagnosis (n=12)

ALL End of Induction
(n=12)

ALL End of Delayed
Intensification (n=12)

Controls (n=116)

DXA

Total body fat
%

25.5+10.4 (8.7, 40.0)

326+887#(19.2,44.9)

36.2+85777(20.0, 48.3)

28.1+10.6 (8.0, 49.3)

15.2 +2.17(11.6, 19.8)

162+2.477(12.1,19.7)

13.62.97%(8.8,20.0)

13.5+2.1 (8.2, 19.0)

495+ 7.6 (36.3, 58.9)

44,6 +6.9™ 7 (30.4, 53.0)

458 +7.077(29.1,53.2)

51.5+7.0(35.9, 67.2)

35.3+09.0 (21.4, 52.1)

39.2+8.97(29.1,57.4)

405+9.0%7(30.6, 62.1)

35.1+8.7 (16.2, 55.8)

33.8+8.8(20.0, 50.2)

37.6+8.67(27.1, 55.4)

38.4+8677(28.3,59.1)

33.4+8.4(15.1, 53.5)

CT

Bone (%)
Muscle (%)
Total Adipose
(%)

SC Adipose
(%)

MA Adipose
(%)

1.5+0.7 (0.60, 2.8)

1.6 +0.65 (0.60, 2.9)

2.1+0.85%77(0.95,3.9)

1.6+0.74 (0.61, 5.1)

All values presented at mean + standard deviation (minimum value, maximum value). SC refers to subcutaneous; MA refers to muscle-associated.

*
different from control cohort at p<0.05

fdifferent from ALL V1 at p<0.05

idifferent from ALL V2 at p<0.05
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