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Abstract

Allogeneic hematopoietic stem-cell transplantation (alloHSCT) survivors treated with total body
irradiation (TBI) exhibit bone deficits and excess adiposity, potentially related to altered
mesenchymal stem cell differentiation into osteoblasts or adipocytes. We examined associations
among fat distribution, bone microarchitecture, and insulin resistance in alloHSCT survivors after
TBI. This was a cross-sectional observational study of 25 alloHSCT survivors (aged 12-25 years)
a median of 9.7 (4.3-19.3) years after alloHSCT compared to 25 age-, race-, and sex-matched
healthy controls. Vertebral MR spectroscopic imaging and tibia micro-MRI were used to quantify
marrow adipose tissue (MAT) and trabecular microarchitecture. Additional measures included
DXA whole-body fat mass (WB-FM), leg lean mass (Leg-LM), trunk visceral adipose tissue
(VAT), and CT calf muscle density. Insulin resistance in alloHSCT survivors was estimated by
HOMA-IR. AlloHSCT survivors had lower Leg-LM (p<0.001), and greater VAT (p<0.01), MAT
(p<0.001) and fat infiltration of muscle (p=0.04) independent of WB-FM, vs. matched-controls;
BMI did not differ. Survivors had lower bone volume fraction and abnormal microarchitecture
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including greater erosion and more rod-like structure vs. controls (all p=0.04); 14 had vertebral
deformities and two had compression fractures. Greater WB-FM, VAT, MAT and muscle fat
infiltration were associated with abnormal trabecular microarchitecture (p<0.04 for all).
AlloHSCT HOMA-IR was elevated, associated with younger age at transplantation (p<0.01), and
positively correlated with WB-FM and VAT (both p<0.01). In conclusion, the markedly increased
marrow adiposity, abnormal bone microarchitecture, and abnormal fat distribution highlight the
risks of long-term treatment-related morbidity and mortality in alloHSCT recipients after TBI.
Trabecular deterioration was associated with marrow and visceral adiposity. Furthermore, long-
term survivors demonstrated sarcopenic obesity, insulin resistance, and vertebral deformities.
Future studies are needed to identify strategies to prevent and treat metabolic and skeletal
complications in this growing population of childhood alloHSCT survivors.

Keywords
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Introduction

Allogeneic hematopoietic stem-cell transplantation (alloHSCT) is an established treatment
for benign and malignant hematologic disorders.() With emerging indications for
transplantation and improved outcomes, the number of survivors is increasing.
Unfortunately, chemotherapy, total body irradiation, glucocorticoid therapy, immune
dysregulation, graft vs. host disease, and treatment-related endocrine disorders result in
significant late effects. Consequently, medical attention has shifted to the prevention and
treatment of long-term alloHSCT-related morbidities.(®

Impaired glucose metabolism and increased risk of insulin resistance is a growing threat to
survivors of childhood alloHSCT,®) with higher risks of diabetes in survivors compared to
healthy siblings.() Recent studies reported an increased incidence of premature arterial
vascular disease, hypertension,® and dyslipidemia with a prevalence of metabolic
syndrome approaching 50%.() However, a clear picture of predisposing factors has not
emerged, with total body irradiation, graft vs. host disease, endocrine abnormalities, obesity,
and genetic predisposition implicated as potential risk factors.(®

We recently reported dual energy x-ray absorptiometry (DXA) measures of total body fat
and lean mass in 55 long-term survivors of childhood alloHSCT.(") Although body mass
index (BMI) Z-scores did not differ between alloHSCT and > 650 reference participants,
alloHSCT recipients had significant sarcopenic obesity. AlloHSCT survivors also had
substantial deficits in trabecular volumetric bone mineral density and cortical geometry by
peripheral quantitative CT (pQCT), compared with reference participants.(® These
abnormalities were more pronounced in survivors with a history of total body irradiation and
growth hormone deficiency.

Bone and fat cells share a common mesenchymal stem cell (MSC) within the bone marrow,
and hormones and transcription factors such as growth hormone, insulin-like growth
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factor-1 (IGF-1), leptin, and peroxisomal proliferator-activated receptor vy influence MSC
differentiation into osteoblasts or adipocytes.(®) Human cell culture studies suggest that
MSC osteogenic potential is more vulnerable to radiation than adipogenic potential.(10)
These findings highlight the risk for an abnormal fat-bone axis in alloHSCT survivors.

Adipose tissue is a dynamic secretory organ, capable of producing adipokines, markers of
inflammation, and cytokines.(}) Adiponectin, produced by adipocytes, plays a crucial role
in the regulation of energy homeostasis and insulin sensitivity.(12) The location of fat
deposition is implicated in adverse cardiovascular and bone outcomes.(:3:14) Importantly,
central obesity or visceral adipose tissue (VAT), and fat infiltration of muscle have been
linked to insulin resistance, atherosclerosis, lower levels of vitamin 25(0H)D, (%) greater
inflammation, and low bone mineral density.(6.17) In a recent study in healthy young
women, greater VAT was associated with inferior trabecular microarchitecture.(18) Our
previous study of long-term alloHSCT survivors did not assess fat distribution, including
VAT, marrow adipose tissue, or muscle density (lower muscle density represents greater fat
infiltration), trabecular microarchitecture, or measures of insulin resistance. Therefore, the
aim of this study was to assess these parameters in 25 alloHSCT long-term survivors with a
history of total body irradiation, compared with matched controls, and to examine
associations among fat distribution, bone outcomes and measures of insulin resistance in
alloHSCT survivors. We hypothesized that greater visceral adiposity in long-term alloHSCT
survivors is associated with higher markers of inflammation, and lower adiponectin, and
vitamin 25(OH)D levels.

Materials and methods

Subjects

The study population included 25 children and young adults treated with alloHSCT for
hematologic malignancy or bone marrow failure syndrome and followed at the Children’s
Hospital of Philadelphia. Twenty-two participated in our prior study approximately three to
four years earlier,(7:8) and three newly enrolled. Inclusion criteria included total body
irradiation exposure, age > 12 years at the time of study (for non-sedated MRI scans), and
>3 years since alloHSCT with confirmed remission status. Exclusion criteria included
alloHSCT for mucopolysaccharides given musculoskeletal complications, pregnancy, active
malignancy or relapse after alloHSCT, estimated glomerular filtration rate < 60 mL/min/
1.73 m2, and ferromagnetic implants.

The 25 alloHSCT participants were compared to 25 age (+ 1 year)-, sex-, and race-matched
healthy controls recruited from practices in the Philadelphia area. The matched controls
underwent all of the same imaging procedures as the alloHSCT participants. These controls
were excluded for a history of illnesses or medications that may affect growth, nutritional
status, or bone health. In addition, the DXA measures of lean and fat mass in the alloHSCT
participants and matched controls were compared with reference data previously generated
in 1,001 healthy participants (59% Caucasian), 5-30 years of age, as previously
described.(9) That study did not include the novel outcomes included here. Therefore, in
order to examine marrow adipose tissue, trabecular microarchitecture and measures of fat
distribution (e.g. visceral adiposity) relative to total adiposity on specific outcomes of
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interest including bone and insulin resistance in alloHSCT, we recruited 25 age (*1 year)-,
sex-, and race-matched healthy controls from practices in the Philadelphia area. Reference
participants and matched-controls were excluded for a history of illnesses or medications
that may affect growth, nutritional status, or bone health. The study protocol was approved
by the Institutional Review Board at each institution. Informed consent was obtained from
participants >18 years of age, and assent with parental consent from those < 18 years.

Anthropometry and physical maturity

Height and sitting height were measured with a stadiometer and weight with a digital scale.
Tanner pubertal stage was determined by a pediatric endocrinologist (S.M.M.) in alloHSCT
participants and by validated self-assessment questionnaire in the reference participants and
controls.(20)

Blood pressure

Blood pressure was measured in the alloHSCT participants and matched controls using
Carescape V100 Non-Invasive Blood Pressure Device (GE Healthcare, Milwaukee, WI).
Elevated blood pressure was defined as systolic blood pressure > 90t percentile for age, sex
and height Z-score.(2)

Disease and treatment characteristics

Myeloablative conditioning regimens consisted of cyclophosphamide, thiotepa, and
fractional total body irradiation (range 1200-1320 cGy). For subjects with graft vs. host
disease, details of prior glucocorticoid exposure (cumulative mg/kg and interval since last
dose) were recorded.(78) Endocrinopathy characteristics and hormone therapy were
documented by participant interviews and medical chart review.

Magnetic resonance measures of tibia trabecular microarchitecture and vertebral marrow

adiposity

High-resolution distal tibia images in alloHSCT and matched controls were acquired using a
1.5 Tesla whole-body scanner (Siemens Sonata, Erlangen, Germany), as described.(22)
Digital topological analysis parameters were surface-to-curve ratio (an index of a plate- vs.
rodlike structure) and erosion index;(23) a lower surface-to-curve ratio and greater erosion
index have been associated with vertebral deformities.(24)

Lumbar spine magnetic resonance spectroscopic imaging (MRSI) was performed on the
same scanner. A 2D interleaved multiple-gradient-echo chemical-shift imaging sequence
was implemented to quantify lipid content in marrow using the manufacturer’s spine and
body matrix coils.(?%) The sequence parameters were: Repetition Time/Echo Time (spin
echo) 500/8ms, Field of View 30x60cm?2, Matrix 60x120, Slice Thickness 10mm, Scan
Time 4.3 mins, Spectral Bandwidth 1 kHz, and Spectral Resolution 15.625 Hz. The raw data
were Fourier transformed to yield spectra, which were integrated from 0-3 ppm (fat region,
F) and from 3.5-6 ppm (water region, W). The marrow fat volume fraction f =F/(F +W) was
calculated for the five vertebral levels across a manually-selected, central 3x3-voxel region
of interest at each vertebra, and averaged across the five sites to generate MAT (%). The
voxel size was 2.5%2.5 mm?2.(25)
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DXA measures of fat mass and lean mass

Whole body DXA scans were obtained in alloHSCT, matched controls and healthy reference
participants with a Hologic Delphi densitometer (Bedford, Massachusetts).(") Outcomes
included whole body fat mass (WB-FM, kg) and lean mass (WB-LM, kg) excluding the
head, and Leg-LM (kg) as a measure of skeletal muscle. DXA trunk visceral (VAT) and
subcutaneous adipose tissue (SAT) area (cm?) in alloHSCT and matched controls were
quantified in a 5 cm region at the L4 level (Hologic APEX 3.1 software) with VAT
coefficient of variation reported at 2.3%.(26.27)

Measures of muscle density

Calf muscle density (mg/cm3) in alloHSCT participants and matched controls was measured
by peripheral quantitative CT at a site 66% of tibia length proximal to the medial malleolus,
as previously described.(28) Muscle density serves as a composite measure of inter- and
intra-muscular adipose tissues. (%)

Physical activity

Physical activity was assessed in the alloHSCT and matched-control participants using a
questionnaire that captured over 30 sports and play activities, summarized as hours/week.(9)

Vertebral fractures and deformities

Vertebral deformity fractures of the thoracolumbar spine was assessed on the basis of MR
images obtained using a fast spin-echo sequence (TR/TE of 4000/13.6 ms, echo train length
8, bandwith 31.25 kHz, NEX 2, field of view 40x30 cm, 0.78 mmx0.78 mm pixel size, and
5 mm sagittal slices. A pediatric radiologist (K.S.) reviewed all sagittal MRI images to
identify vertebral fractures and deformities. Vertebral (wedge, compression or biconcave)
fractures were identified based on Eastell’s criterion.(3)) Thoracolumbar vertebral height and
endplate changes were used to qualify deformities as mild, moderate or severe.(32:33)

Laboratory studies

Fasting laboratory studies were performed in alloHSCT participants only. Fasting glucose
and insulin were measured using colorimetric assay. Insulin resistance was assessed by
Homeostasis Model Assessment of Insulin Resistance (HOMA-IR).34) Serum 25
hydroxyvitamin D [25(OH)D] concentration was analyzed by tandem mass-
spectrometry,3® total adiponectin by ELISA (R&D Systems) and high sensitivity C-
Reactive Protein (hsCRP) by Fixed Point Immuno Rate Assay. IGF-1 levels were measured
by ELISA (R&D Systems), and categorized as low, normal, or high based on the
manufacturer’s normal ranges for age and Tanner stage.

Statistical analysis

Analyses were performed using Stata 13.0 (StataCorp, College Station, TX). A p value
<0.05 was considered statistically significant, and two-sided tests were used throughout. A
Bonferroni correction for multiple comparisons was not performed as the outcomes were
highly correlated. Group differences in alloHSCT recipients versus matched controls or
reference participants were tested using t tests, with adjustment for unequal variance, or
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Wilcoxon rank sum test if indicated. Differences in proportions were assessed using chi-
square test. Correlations between continuous variables were assessed by Pearson or
Spearman’s rank correlations, where appropriate. Skewed variables were natural log-
transformed.

Age- and sex-specific Z-scores were calculated for height and BMI using national data.(36)
Height Z-score was calculated relative to age 20 years in the 14 participants > 20 years and
BMI Z-scores limited to those <20 years. The DXA results in the 1,001 reference
participants were used to generate sex- and race-specific curves for WB-FM, WB-LM and
Leg-LM relative to age (LMS Chartmaker Program version 2.3). WB-LM and WB-FM were
highly correlated with height (R=0.95 and 0.56, respectively) in reference participants (both
p<0.0001), and alloHSCT was associated with marked growth impairment.(7:37) Therefore,
WB-FM and WB-LM Z-scores were adjusted for height Z-score, and Leg-LM Z-scores
adjusted for leg length Z-score, as described.(38)

The correlations between some absolute body composition measures were confounded by
height; therefore, their results are reported as the partial correlation adjusted for height.
Linear regression analyses were used to assess associations of bone volume fraction with
MAT, VAT, SAT, and muscle density in alloHSCT compared to matched-controls, adjusted
for sex (age was not significant). Models for MAT, VAT, SAT, and muscle density
outcomes were adjusted for WB-FM to determine if group differences were explained by
greater WB-FM. VAT models were further adjusted for sitting height since shorter sitting
height relative to height in alloHSCT (due to radiation effects on spine growth) could mask
greater VAT area, vs. controls. Analyses within alloHSCT participants included associations
of bone, marrow adiposity, and body composition with glucocorticoid exposure (cumulative
mg/kg and date since last exposure), growth hormone deficiency, age at alloHSCT,
laboratory studies and physical activity scores. We examined the associations of IGF-1
levels with bone, MAT and body composition outcomes, with IGF-1 as a continuous
(adjusted for age and sex) and categorical (low vs. normal/high) variable.

Participant characteristics

Thirty-eight of the alloHSCT participants from our previous study had a history of TBI and
31 were eligible for this study based on the age criteria. Twenty-two (71%) participated in
this study; the nine that did not were not different in age, sex or alloHSCT characteristics.
The three eligible black participants from the previous study were lost to follow up. Three
new alloHSCT recipients were enrolled. We approached five eligible alloHSCT recipients to
enroll the three new alloHSCT participants. HSCT and matched-control participants were
enrolled over a 15-month period. The alloHSCT and matched-control characteristics are
summarized in Table 1. All participants were Caucasian. AlloHSCT was associated with
delayed maturation. Height Z-scores were markedly lower in alloHSCT participants, while
BMI Z-scores did not differ significantly. AlloHSCT sitting height relative to height was
significantly lower compared to controls (p<0.01). Height and BMI Z-scores did not differ
according to sex in alloHSCT participants or controls.
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Disease and treatment characteristics

AlloHSCT characteristics are summarized in Table 2. All 13 with a history of graft vs. host
disease completed glucocorticoid treatment within two years of alloHSCT and were off
glucocorticoids for at least 5 years. Disease and treatment characteristics did not differ
according to sex. Twenty (80%) were diagnosed with an endocrinopathy and all received
appropriate hormone replacement therapy. Ten (40%) were diagnosed with two hormonal
deficits (growth hormone deficiency and hypothyroidism), and three (12%) with multiple
abnormalities (growth hormone deficiency, hypothyroidism, and gonadal failure). None had
adrenal insufficiency requiring steroid replacement.

Trabecular microarchitecture

Among controls and alloHSCT participants combined, bone volume fraction (BVF) was
higher, the structure was more plate-like, and the erosion index was lower (all indicating
greater strength) in males, compared with females. AloHSCT participants demonstrated
significantly lower BVF and abnormal bone microarchitecture, compared to matched
controls (Table 3).

Adiposity and lean body mass

Body composition results are summarized in Table 3. AlloHSCT participants had
significantly greater WB-FM Z-scores compared with reference participants (p<0.001).
DXA VAT, SAT, and MAT were significantly higher in alloHSCT, and muscle density was
significantly lower (indicative of greater fat infiltration of muscle); none of the group
differences was attenuated with adjustment for greater WB-FM in alloHSCT participants.
The magnitude of VAT excess in alloHSCT was amplified when adjusted for the shorter
sitting height; the group difference in natural log (VAT) variable increased from 0.28 to
0.39. Age at and interval since alloHSCT was not associated with measures of adiposity.
The markedly greater MAT in alloHSCT, vs. controls, is shown in Figure 1B. The MR
specroscopy images demonstrated greater marrow and visceral adiposity (Figure 1A).

WB- and Leg-LM Z-scores were significantly lower in alloHSCT compared to reference
population (p<0.001 for both) and matched controls (Table 3). The magnitude of lean mass
deficits was more pronounced for Leg-LM, compared with WB-LM Z-scores. Correlations
among all body composition measures are summarized in Table 4.

Adiposity, lean mass, and trabecular bone volume fraction

Higher WB-FM (p=0.03), VAT (p=0.02), SAT (p=0.02), and MAT (p<0.01), as well as
lower muscle density (p<0.01) and Leg-LM (p=0.04) were associated with lower bone
volume fraction, adjusted for sex. The association between MAT and bone volume fraction
is shown in Figure 2. AlloHSCT participants with growth hormone deficiency had
marginally higher MAT (p=0.05); however, growth hormone deficiency was not associated
with any bone parameters. Prior glucocorticoid treatment (cumulative mg/kg and interval
since last dose) or younger age at HSCT were not associated with bone volume fraction,
MAT, any measures of adiposity or lean mass.
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Adiposity, insulin sensitivity and inflammation in alloHSCT

AlloHSCT participants demonstrated significant insulin resistance (Table 3) based on the
widely adopted HOMA-IR cutoff value of 2.60.39 Younger age at HSCT was associated
with a greater HOMA-IR (p=0.002); this was not explained by interval since HSCT or age at
study visit. HOMA-IR was positively associated with WB-FM (p=0.01), SAT (p<0.01), and
VAT (p<0.01), adjusted for age at HSCT, but not MAT (p=0.27) or muscle density
(p=0.29). Adiponectin levels were within assay’s normative published results [6,641+3,665
(range 865-21,424) ng/mL], and inversely associated with muscle density (R=-0.62,
p<0.01) and HOMA-IR (R=-0.43, p=0.03). HOMA-IR was not associated with vitamin D,
or hsCRP levels, adjusted for age at transplantation, or with growth hormone deficiency.

Vitamin D and IGF-1 levels—25(0OH)D was < 20 ng/mL in four alloHSCT participants.
Greater WB-FM (R=-0.49, p=0.01), WB-FM Z-score (-0.47, p=0.02), SAT (p=0.02), and
VAT (-0.44, p=0.03) were associated with lower 25(OH)D concentrations.(8) None of the
other body composition or laboratory measures were associated with 25(0OH)D. IGF-1
(ng/mL) levels were low for age and pubertal status in eight (32%) alloHSCT participants.
Of these, two males were growth hormone deficient and previously treated with growth
hormone and the remaining six participants did not have prior diagnosis of growth hormone
deficiency and were not treated with growth hormone. IGF-1 levels were not associated with
bone or body composition measures.

Physical activity—The physical activity scores did not differ in alloHSCT participants
and the matched-controls (2.2 £ 0.8 versus 2.4 + 0.5; p=0.48). None of the bone or body
composition results were associated with physical activity scores.

Vertebral fractures and deformities—Two (8%) alloHSCT participants had occult
vertebral compression fractures (Figure 1A) and 14 (58%) had a total of 51vertebral
deformities vs. none in the matched controls (p<0.01). Three alloHSCT participants had a
single deformity, six had two to four, and five had five to nine vertebral deformities. Only
three deformities included mild loss of vertebral height, while the remainder involved the
endplate and were classified as mild, with 37% from T11-L2 and 35% from L3-L5. Two
alloHSCT participants demonstrated moderate, and one exhibited severe endplate
deformities of the thoracolumbar region, respectively, separate from the two identified
occult vertebral fractures. Bone volume fraction, trabecular architecture, and MAT were not
significantly different in those with and without vertebral deformities.

Discussion

Survivors of childhood alloHSCT after total body irradiation demonstrate a pattern of excess
adiposity and muscle deficits consistent with sarcopenic obesity.49) AlloHSCT was
associated with insulin resistance and an adverse fat distribution characterized by greater
visceral adiposity and fat infiltration of muscle, independent of WB-FM. BMI did not reflect
these abnormalities. Marrow adipose tissue was two-fold greater, compared with controls,
was associated with greater visceral adiposity and fat infiltration of muscle, and was
associated with reduced bone volume fraction as well as abnormal bone microarchitecture.
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Importantly, younger age at the time of transplantation was associated with greater insulin
resistance, independent of interval since transplantation. Together with our prior report of
significantly smaller cortical dimensions in alloHSCT recipients treated with total body
irradiation, ®) these findings typify alterations in the fat-bone axis and herald deleterious
metabolic and skeletal abnormalities in a growing survivor population after successful
childhood HSCT.

The bone marrow microenvironment houses MSCs and hematopoietic stem cells. Multi-
potent MSCs differentiate into multiple cell lineages including osteoblasts and
adipocytes, (1) with stress-induced conditions such as chemotherapy or radiation altering the
differentiation of both hematopoietic and stromal precursors.(4243) As adipocytes and
osteoblasts share a common MSC precursor, preferential differentiation of adipogenic over
osteogenic lineage following bone marrow injury due to cancer therapy may result in bone
loss and increased marrow adiposity.(44)

Previous studies reported that greater marrow adipose tissue was associated with lower
trabecular bone mineral density or smaller cortical dimensions in healthy children and young
adults.(546) Women with anorexia nervosa and reduced estrogen secretion exhibited
increased vertebral marrow adiposity, associated with lower bone mineral density at
multiple skeletal sites.(47:48) Furthermore, in pre-diabetic overweight children, VAT, but not
WB-FM, was an independent predictor of lower bone mass.(49) Therefore, our findings are
congruent with previous cross-sectional studies demonstrating that marrow adipose tissue
and VAT were associated with poor bone mass in the absence of chemotherapy or total body
irradiation. (18.50)

AlloHSCT participants in our study were exposed to total body irradiation as part of HSCT
treatment regimen. Radiation has damaging effects on the bone marrow
microenvironment.®1) Mice treated with total body irradiation demonstrate depletion of total
femur bone marrow cellularity and increased marrow adiposity.(®2) Adult patients receiving
pelvic radiation therapy in combination with chemotherapy experience significant bone
marrow cell depletion, bone loss with increased fracture risks, and enhanced MAT.(43)
Radiation, even at low doses, predominantly affects MSC’s osteogenic differentiation
potential with dose-dependent reduction in cell viability.(19:53) While the molecular
mechanisms by which radiation affects MSC cell survival, commitment, differentiation, and
recovery are not clearly elucidated, the involvement of Wnt/p-catenin signaling has been
suggested.®¥ To date, no previous studies have examined marrow adiposity in long-term
cancer survivors after total body irradiation to address the fat-bone axis. Our findings of
occult vertebral compression fractures and frequent and widespread vertebral deformities
highlight the fracture implications in long-term HSCT survivors. Additional studies are
needed to examine the molecular effects on the marrow microenvironment and to identify
potential therapeutic targets.

Previous studies reported increased obesity, insulin resistance, and dyslipidemia in adult
survivors of pediatric leukemia.(® Pediatric and adult HSCT recipients are at increased risk
for cardiometabolic abnormalities,(® with total body irradiation identified as a major risk
factor for metabolic derangements.(56) Similar to previous reports, this study identified
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insulin resistance in long-term alloHSCT survivors.(4) Total body and cranial radiation,
particularly at a young age, is a risk factor for subsequent growth hormone deficiency.(5")
AlloHSCT participants with growth hormone deficiency had higher measures of insulin
resistance, a recognized risk factor for metabolic syndrome in this population.(8) In
addition, younger age at time of alloHSCT and total body irradiation exposure was inversely
associated with measures of insulin sensitivity, with higher HOMA-IR levels noted in
alloHSCT survivors treated with total body irradiation at a young age. Moreover, alloHSCT
participants with greater fat mass demonstrated lower 25(OH)D levels likely attributable to
sequestration of fat soluble vitamin D in adipocytes;®9) however, lower 25(OH)D levels in
alloHSCT survivors showed no association with measures of insulin resistance or lean mass.

The lean mass deficits in alloHSCT recipients were more pronounced when assessed as Leg-
LM rather than WB-LM Z-scores (mean of -1.44 and -0.88, respectively). The explanation
may be two-fold. First, the clinical significance of cachexia lies in muscle deficits and Leg-
LM is a better indicator of skeletal muscle.(37:60) Second, the alloHSCT recipients had
significantly shorter trunk height, and hence longer leg length relative to height, compared
with controls. The majority of lean mass is in the limbs. Therefore, when comparing an
alloHSCT recipient and control of comparable age and height, the relatively longer leg in the
alloHSCT recipient may mask some lean mass deficits. Similarly, short trunk height may
mask excess visceral adipose tissue, as shown here. Thus, future studies of body
composition in alloHSCT survivors should consider aberrations in body proportions,
particularly as cachexia is a recognized independent risk factor for mortality, and predicts
toxicity in cancer patients undergoing therapy.(®1) Furthermore, as sarcopenic obesity is
associated with cardiometabolic consequences including increased mortality,(62.63) future
studies are imperative to further elucidate treatment-related and hormonal causes
contributing to persistent muscle deficits in the face of increased adiposity in alloHSCT
survivors.

The primary limitations of our study are the cross-sectional design, modest sample size, and
the lack of laboratory measurements in the matched controls. Additional limitations include
the extended duration since treatment, which prohibits assessment of the impact of
chemotherapy on bone and body composition and the small subgroups treated with hormone
replacement. Additional limitations included the use of DXA estimates of VAT. In a study
in adults, the correlation (R) between CT and DXA measures of VAT and SAT were 0.73
and 0.97, respectively, in normal weight women, and 0.88 and 0.95 in overweight and obese
women.(®4) Similarly, quantitative CT measures of muscle density do not distinguish
between intra- and inter-muscle adipose tissue, or intra- and inter-cellular lipids. However,
skeletal muscle attenuation by CT has been associated with skeletal muscle lipid content,(29)
and prior studies reported associations of quantitative CT calf muscle density with insulin
resistance, inflammation, and bone deficits.(16:65.66) Finally, the study did not include
dietary intake or objective measures of physical activity, such as use of accelerometers.

The study has many, important strengths. This is the first study to examine MAT and the
associations among fat distribution, bone outcomes and measures of insulin resistance in
alloHSCT survivors. While, vertebral compression fractures have been reported in children
and adolescents with acute lymphoblastic leukemia during chemotherapy,33) this is the first
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study to report occult vertebral compression fractures in long-term alloHSCT survivors. In
conclusion, the markedly increased marrow adiposity, abnormal bone microarchitecture, and
abnormal fat distribution highlight the risks of long-term treatment-related morbidity and
mortality in HSCT recipients after total body irradiation. These findings underline the
substantial burden of long-term, life-threatening morbidity, with the need for life-long
specialized health care to institute appropriate and timely intervention strategies. Future
longitudinal studies are essential to determine the mechanism of enhanced marrow adiposity
(altered hematopoietic stem cell homing vs. cancer treatment effect) and abnormal bone
microarchitecture and to identify strategies that not only promote normal bone accrual but
also improve metabolic outcomes and premature cardiovascular risks in the growing number
of childhood alloHSCT recipients.
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Figurel. Vertebral marrow adiposetissuein alloHSCT and matched controls
(A) Magnetic Resonance Spectroscopic Imaging (MRSI) of vertebral marrow adipose tissue

in alloHSCT versus matched-control. Red color (100%) represents greater adiposity and
green (0%) greater water content. An occult lower lumbar vertebral compression fracture is
noted in the MR lateral spine image of the alloHSCT participant. (B) AlloHSCT participants
demonstrate significantly higher mean lumbar vertebral marrow adipose tissue compared to

matched-controls.
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Figure 2. Vertebral marrow adipose tissue and tibia bone micro-ar chitecture
Vertebral marrow adipose tissue measured by Magnetic Resonance Spectroscopic Imaging

(MRSI) is inversely and significantly associated with tibia micro-Magnetic Resonance
Imaging (MRI) measures of bone volume fraction in alloHSCT and matched-control
participants.
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Table 1

AlloHSCT and matched-control participant characteristics

AlloHSCT Matched Controls’ P value
n=25 n=25
Age, years 17.3(12.2t0 25.1) 17.2 (13.0t0 25.1) -
Sex, n (%) male 17 (68%) 17 (68%) -
Pubertal status, n (%) 0.05
Tanner stage 1 1 (4%) 0 (0%)
Tanner stage 2-3 8 (32%) 2 (8%)
Tanner stage 4-5 16 (64%) 23 (92%)
Blood pressure (mmHg)
Systolic Z-score -0.19 (-2.33 to 3.50) 0.18 (-1.24 to 1.54) NS
Diastolic Z-score -0.22 (-1.37t02.41) -0.47(-1.16t0 1.21) NS
Sitting height (cm) 126.5 (120510 139.3) 134.2 (121210 146.2)  <0.01
Height (cm) 158.3 (141.4t0 179.5)  169.7 (147.8t0192.6)  <0.01
Height Z-score -141(-3.15t00.41) -0.02(-1.62t02.27) <0.001
BMI (kg/m?) 19.8 (15.3t0 34.4) 22.4 (18.0 to 28.0) NS
BMI Z-score™* -0.28(-2.94102.22)  0.44 (-1.42t0 1.72) NS

*
Controls were sex-, race-, and age-matched (+ one yr) to alloHSCT recipients

*%

BMI Z-scores restricted to the 36 participants <20 years

Results are reported as n (%) or median (range)
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Table 2

AlloHSCT disease and treatment characteristics

Characteristics

Age at study enrollment, years
Age at diagnosis, years
Age at HSCT, years
Time since HSCT, years
Diagnosis, n (%)
Acute Lymphoblastic Leukemia
Acute Myelogenous Leukemia
Juvenile Myelomonocytic Leukemia
Aplastic Anemia
Chronic Myelogenous Leukemia
Donor source
Related
Unrelated
Cord
Graft versus host disease
Acute or chronic
None
Glucocorticoid Therapy since HSCT
None
Interval since last steroid dose, years
Endocrine Disorders
Hypothyroidism on treatment

Growth Hormone Deficiency

Treatment with Growth Hormone™

On Growth Hormone therapy at visit

*k
Testosterone replacement (males)

Hormone replacement therapy (females)***

17.3 (12.2 10 25.1)
5.9 (0.2 10 17.9)
8.5(0.41018.3)
9.7 (4.31019.3)

13 (52%)
7 (28%)
2 (8%)
2 (8%)
1 (4%)

12 (48%)
12 (48%)
1 (4%)

13 (52%)
12 (48%)

12 (48%)
9 (510 18)

12 (48%)
15 (60%)
14 (93%)
8 (53%)
3 (18%)

5 (83%)

Data are presented as n (%) or median (range)

*

Page 18

One patient with Growth Hormone deficiency was not treated due to limited growth potential at the time of diagnosis based on bone age; five had

a previous diagnosis of precocious puberty requiring treatment with Lupron during Growth Hormone therapy.

*%

Based on n=3 males with treatment-related primary gonadal failure, all initiated treatment at > 16 years of age.

*%
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Based on n=6 post-menarchal alloHSCT females at the time of study visit.
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Table 3

Bone and body composition parameters in alloHSCT and matched controls

Page 19

AlloHSCT Matched Controls P value vs. Matched P valuevs. Reference
n=25 n=25 Controls Participants

Trabecular Architecture

Bone volume fraction (%) 11.0 (8.6 t0 13.7) 11.7 (9.4 t0 14.0) 0.04* -

Surface to curve 6.68 (4.53 t0 9.49) 7.60 (5.35 t0 10.03) 0.04* -

Erosion index 0.68 (0.45 to 0.94) 0.57 (0.05 to 0.81) 0.04* -
Adipose

Whole Body Fat Mass (kg) 148 +8.6 12.7+3.6 0.26

Whole Body Fat Mass Z-score 0.72 £1.06 0.37£0.75 0.19 <0.001

Visceral Fat Area (cm?) 55.6 (4.6 to 166.7) 43.8 (15.9to 75.1) <0.01% --

Subcutaneous Fat Area (cm?) 177.4 (62.6 to 490.5) 142.4 (48.2 to 321.7) 0.04

Marrow Adipose Tissue (%) 57.4 (36.3 to 76.0) 27.3(13.5t057.1) <0.001 -

Muscle density (g/cmq) 75.8 (72.2t0 77.9) 76.4 (75.0 to 77.6) 0.04 -
DXA Lean Body Mass

Whole Body Lean Mass (kg) 35.6+11.3 46.0+10.8 <0.001

Whole Body Lean Mass Z-score -0.88 +1.28 -0.18 £ 0.75 0.04 <0.001

Leg Lean Mass (kg) 124+41 16.7+4.1 <0.001

Leg Lean Mass Z-score -1.44 +1.49 0.00 £ 0.85 <0.001 <0.001
Laboratory Parameters

Vitamin D 25 (OH) (ng/mL) 31.5(13.1to0 41.6) - - --

Adiponectin (ng/mL) 8,407 (2,091 to 17,056) - - --

C-Reactive Protein (mg/mL) 15(0.8t011.1) - - -

HOMA-IR

2.7(0.7t035.1)

Data are presented as median (range) or mean + SD

*
Significantly lower in females in alloHSCT and controls; the p-value represents the group difference adjusted for sex.

AlloHSCT participants were compared to two sets of healthy children and young adults. DXA measures of fat and lean mass were compared to

CHOP sex- and race-specific reference curves in 1,001 healthy participants, limited to Caucasians since the entire alloHSCT cohort was Caucasian;

however, given differences in age and sex distributions, the absolute DXA whole body fat mass, lean mass, and leg lean mass results are not
compared between alloHSCT and reference participants. Marrow adipose tissue, trabecular microarchitecture, and measures of fat distribution in
alloHSCT were compared to age-, race- and sex-matched healthy controls.
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