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Highlights
e The authors use CT images to longitudinally assess change in body

composition in recipients of HCT.
e Increases in fat mass were observed following both allo-HCT and auto-HCT.
e Significant loss in lean body mass and increased sarcopenia were identified

in allo-HCT recipients.

Abstract

Sarcopenia, the loss of muscle mass, has been identified as a potential risk factor for
adverse outcomes in hematopoietic cell transplantation (HCT) recipients. However,
much remains unknown about change in body composition following HCT. We
retrospectively evaluated computed tomography (CT) imaging from 315 lymphoma
patients undergoing HCT at our institution between 2000 and 2014. Cross-sectional
area of lean muscle, subcutaneous adipose tissue and visceral adipose tissue were
measured on CT at the level of the third lumbar vertebral body prior to HCT, 1-year
post-HCT, and 2.5 years post-HCT. The incidence of sarcopenia prior to HCT was 47%
in the auto-HCT cohort (n=218) and 55% in the allo-HCT cohort (n=97). Older age
(OR=1.04, 95%CI 1.01-1.04, p<0.001) and male gender (OR=4.59, 95%CI 1.42-4.93,
p<0.001) were associated with sarcopenia prior to HCT. Increasing body mass index
(OR=0.78, 95%CI 0.73-0.84, p<0.001) was protective against sarcopenia prior to HCT.
A significant decline in total lean body mass (=1.96, 95%CI 0.79-3.13, p=0.001) and
increased sarcopenia incidence (OR=1.72, 95%CIl 1.13-2.62, p=0.012) was observed

over time for patients in the allo-HCT cohort when compared to the trend in the auto-
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HCT cohort. Both auto-HCT and allo-HCT recipients experienced an increase in total
body fat mass over time (f=3.75, 95%CI 2.77-4.73, p<0.001). In multivariate analysis of
patients undergoing allo-HCT, the presence of sarcopenia on baseline imaging prior to
HCT was associated with a lower risk of acute GVHD (OR 0.30, 95%CI 0.09-0.98,
p=0.047). In conclusion, we found that total body fat mass increases after both auto-
HCT and allo-HCT. Following allo-HCT, total lean body mass significantly decreases
corresponding to increased incidence of sarcopenia. Future studies are needed to
further characterize changes in body composition in HCT recipients and investigate its

impact on HCT outcomes.

Keywords: hematopoietic cell transplantation; late effect; sarcopenia; muscle; adipose

tissue; body composition
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Introduction

Recent exploration into the influence of body composition on patient outcomes in
oncology has demonstrated that the loss of muscle mass is associated with poor
prognosis in patients with solid tumors.” In the context of hematopoietic cell
transplantation (HCT), the development of sarcopenia, the loss of muscle mass, may
contribute to adverse outcomes in HCT survivors.* Higher mortality rates in HCT
survivors compared to the general population have been associated with the
development of metabolic syndrome and cardiovascular events.® Although studies on
the incidence of sarcopenia in HCT recipients are limited, it has been reported in up to
65% of survivors.® Given the relationship between body composition and cardiovascular
outcomes,’ the 2016 National Institutes of Health Blood and Marrow Transplant Late
Effects Consensus Conference identified studies focusing on sarcopenia as a research
priority.> Much remains unknown about body composition in patients undergoing
autologous (auto-HCT) and allogeneic (allo-HCT) transplant, including its incidence, risk

factors, longitudinal changes over time, as well as its impact on post-HCT outcomes.

While body composition in HCT recipients has been previously assessed by dual-
energy X-ray absorptiometry (DEXA), computed tomography (CT) imaging offers the
advantage of increased accuracy and reproducibility.g' ' CT has been established to

11-13

assess body composition in patients with solid tumors as well as hematologic

malignanc:ies,14 but studies addressing the use of CT to assess body composition in
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HCT survivors are just starting to emerge.' As many patients with lymphoma frequently
undergo CT imaging as part of routine care during their treatment course, imaging data
are readily available. The purpose of this study was to describe the evolution of body
composition following auto-HCT and allo-HCT in patients with lymphoma, and to

investigate the association of body composition measurements with outcomes.

Patients and Methods

This study was approved by the institutional review board at the Dana-Farber Harvard
Cancer Center. All patients 218 year of age with lymphoma who received HCT between
2000 and 2014 at the Massachusetts General Hospital Cancer Center were identified
through institutional databases. All ymphoma subtypes were included. Clinical data was
extracted from the medical record. To be eligible for the study, patients were required to
have CT images at the level of the third lumbar vertebral body level (L3) within 6 months
prior to HCT available in the institutional radiology database. If multiple examinations
were available, images obtained closest to HCT date were selected for analysis.
Patients with suboptimal CT images prior to HCT due to artifact were excluded. Patients
receiving more than one auto- or allo-HCT, and those undergoing HCT for indications
other than lymphoma were excluded from the study. Eligible patients were divided into
two cohorts based on HCT history. The auto-HCT cohort included patients who received
high-dose chemotherapy and auto-HCT, but never received allo-HCT. Patients in the
allo-HCT cohort received allo-HCT and may have previously received an auto-HCT.
There were no restrictions based on conditioning regimen, donor source, graft source,

or GVHD prophylactic regimen.
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Image analysis

CT images were assessed at 3 time points: baseline (up to 6 months prior to HCT), 1
year post-HCT (3 months), and 2.5 years post-HCT (x6 months). Measurements of
cross-sectional area (in cm2) of lean muscle, subcutaneous fat (SAT), and visceral fat
(VAT) were performed on an axial CT image at the level of the L3 vertebral body.'® "’
Semi-automated threshold-based segmentation was used (OsiriX; Pixmeo, Bernex,
Switzerland). Lean muscle was identified with attenuation thresholds set at -29 and
+150 Hounsfield units (HU), and fat was identified with attenuation thresholds set at -
190 and -30 HU. Serial CT images from a sample patient are shown in Figure 1.
Skeletal muscle cross-sectional area was normalized for stature and reported as
skeletal muscle index in cm?m?. Sarcopenia was defined as an L3 skeletal muscle
index of <55 cm?m? for men and <39 cm?/m? for women, as proposed by international
consensus for cancer cachexia.'® Total lean body mass was estimated as previously
described: total lean body mass (kg) = 0.3 x [skeletal muscle at L3 (cm?)] + 6.06
(r=0.94; p<0.001, SEE=0.72 kg)." Total body fat mass was estimated as previously

described: total body fat mass (kg) = 0.042 x [fat tissue at L3 (cm?)] + 11.2 (r=0.88;

p<0.001, SEE=0.80 kg)."®

To assess inter- and intra-analyst agreement, 13% of the images were randomly
selected and re-analyzed independently 3 months later by a second analyst and by the
primary analyst in order to assess intraclass correlation coefficients (ICCs). Excellent

inter-analyst agreement (ICCs of 0.988 and 0.991 for muscle area and muscle HU,
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0.997 and 0.974 for VAT area and VAT HU, and 0.993 and 0.978 for SAT area and SAT
HU) and intra-analyst agreement (ICCs of 0.993 and 0.966 for muscle area and muscle
HU, 0.990 and 0.999 for VAT area and VAT HU, and 0.999 and 0.999 for SAT area and

SAT HU) was achieved.

Statistical analysis

Descriptive statistics, including means or medians for continuous variables depending
on the normality of the data, and proportions for categorical variables were calculated.
For all analyses, two-sided p-values <0.05 were considered to be statistically significant.
All calculations were made using STATA (version 9; Stata Corp, College Station, Texas,

USA).

We computed linear mixed models to characterize trajectories of changes in continuous
body composition measurements (sarcopenia, total lean body mass, total body fat
mass, SAT, and VAT). Analyses estimated baseline values and rate of change
separately for each outcome. Each model was constructed in two steps. Step 1 included
a baseline model to estimate intercept and slope random effects for the outcome of
interest. In step 2, we added HCT type as a fixed effect variable predicting both
outcome of interest and slope of change over time (HCT type X time interaction). To
examine longitudinal changes in rates of sarcopenia over time (binary outcome), non-

linear mixed effects models with binomial distribution were used.
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We constructed multivariable models to identify potential predictors of baseline body
composition measurements. Separate models were computed to identify predictors of
the various body composition measurements (sarcopenia, total lean body mass, total
body fat mass, SAT, or VAT). Predictors that were included in the model were age,
gender, race, body mass index (BMI), type of HCT, prior lines of chemotherapy, and the

receipt of radiation prior to transplant.

In an exploratory analysis, we used multivariate logistic regression models to assess the
associations between baseline sarcopenia, total lean body mass, and total fat mass with
acute and chronic GVHD. Separate models were built for each body composition
measurement. All models controlled for age, gender, donor source, the use of total body
irradiation in HCT conditioning, and GVHD prophylaxis. Acute GVHD was graded
according to the Glucksberg criteria.?>. Chronic GVHD was graded according to NIH
consensus criteria.?’ We also utilized Cox proportional hazards regression models to
explore the association between baseline sarcopenia, total lean body mass, and total fat
mass with overall survival in auto-HCT and allo-HCT recipients. Overall survival was
defined as the time from date of HCT to date of death, with survivors censored at the
time of last contact. For overall survival in auto-HCT recipients, the Cox regression
model adjusted for age, gender, diagnosis, and disease status at the time of HCT. For
overall survival in allo-HCT recipients, the Cox regression model adjusted for age,

gender, diagnosis, disease risk index??, donor source, and GVHD prophylactic regimen.

Results
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Patient and disease characteristics

In total, 569 adult patients with lymphoma who underwent HCT between 2000 and 2014
were identified. Of these, 254 were excluded according to the eligibility criteria listed in
Methods (Figure 2), leaving 315 patients eligible for evaluation. There were 218
patients in the auto-HCT cohort and 97 patients in the allo-HCT cohort. Patient
characteristics are shown in Table 1. The median time from pre-HCT imaging to HCT
was 1 month (range, 0-5). In the auto-HCT cohort, the number CT images evaluable at
1-year post-HCT was 154 and at 2.5-years post-HCT was 120. In the allo-HCT cohort,
the number CT images evaluable at 1-year post-HCT was 61 and at 2.5-years post-

HCT was 54.

Incidence of sarcopenia and change of muscle

The incidence of sarcopenia prior to HCT was 47% in the auto-HCT cohort and 55% in
the allo-HCT cohort. In multivariate analysis, older age (OR=1.04, 95%CI 1.01-1.04,
p<0.001) and male gender (OR=4.59, 95%CI 1.42-4.93, p<0.001) were associated with
sarcopenia prior to HCT. Increasing BMI (OR=0.78, 95%CI 0.73-0.84, p<0.001) was
protective against sarcopenia prior to HCT. A significant increase in sarcopenia was
observed over time for patients in the allo-HCT cohort when compared to the trend in
the auto-HCT cohort (OR=1.72, 95%CI 1.08-1.13, p=0.012). For patients in the allo-HCT
cohort, the incidence of sarcopenia was 64% at 1 year post-HCT and 75% at 2.5 years
post-HCT (Figure 3). The incidence of sarcopenia in the auto-HCT cohort remained
stable (1 year post-HCT 45%, 2.5 year post-HCT 42%). Similarly, there was a

significant decline in total lean body mass over time for recipients of allo-HCT as
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compared to patients in the auto-HCT cohort (f=-1.95, 95%CI -0.79 to -3.12, p<0.001)

(Figure 4A).

Change of adipose tissue

In multivariate analysis of factors associated with baseline adipose tissue
measurements, older age (B=2.10, 95%CI 1.55-2.65, p<0.001), male gender (B=79.15,
95%Cl 64.17-94.13, p<0.001), increasing BMI (B=11.93, 95%CI 10.56-13.31, p<0.001),
and lines of prior therapy (B=7.33, 95%CI 1.35-13.31, p=0.016) were predictive of higher
VAT prior to HCT. Non-white or Caucasian race was associated with lower VAT
measurements prior to HCT (=-26.19, 95%CI -50.37 to -2.00, p=0.034). Increasing BMI
(B=17.14, 95%CI 15.75-18.52, p<0.001) was predictive of higher SAT prior to HCT.
Older age (B=-0.55, 95%CI -1.10 to 0.001, p=0.050) and male gender (B=-41.07, 95%CI
-56.11 to -26.04, p<0.001) were associated with lower SAT prior to HCT. A significant
increase in total body fat mass was observed overtime for patients in both the auto-HCT
and allo-HCT cohorts (B=3.75, 95%CI 2.77-4.73, p<0.01) (Figure 4B). There was no
significant difference in change in SAT (B=6.28, 95%CI -4.60 to 17.16, p=0.26) or VAT
(B=2.22, 95%CI -1.54 to 5.99, p=0.25) indices over time among auto-HCT and allo-HCT

patients.

Associations of baseline body composition with clinical outcomes
An exploratory analysis was performed to evaluate for associations between body
composition measurements and important clinical outcomes following autologous and

allogenic-HCT (Table 2). Sarcopenia prior to HCT was protective against acute GVHD

10

Page 10 of 25



10

11

12

13

14

15

16

17

18

19

20

21

22

23

(OR=0.30, 95%CI 0.09-0.98, p=0.047). Associations between other baseline body
composition measurements and acute GVHD were not significant. There was no
significant association between baseline body composition measurements and chronic
GVHD or overall survival among allogenic HCT recipients. Higher baseline total lean
body mass was associated with lower risk of mortality (OR=0.95, 95%CIl 0.91-0.99, P =
0.016) in the autologous HCT cohort. Baseline sarcopenia and total body fat mass were

not associated with mortality in autologous HCT recipients.

Discussion

This is one of the first studies to use CT imaging to characterize body composition in
patients following HCT. Furthermore, we are the first to use this imaging method to
assess longitudinal change in body composition in survivors after auto- and allo-HCT.
We report a high incidence of sarcopenia prior to HCT, in both auto-HCT and allo-HCT
cohorts. We observed a significant loss of total lean body mass and increased rate of
sarcopenia incidence in patients who underwent allo-HCT. Additionally, we discovered a
significant increase in total body fat mass for patients in both the auto-HCT and allo-

HCT cohorts.

These trends in body composition following HCT are unique and differ from what has
been observed in lymphoma patients following upfront chemotherapy. In a retrospective
analysis of 342 patients with diffuse large B-cell lymphoma following initial treatment
with CHOP-based chemotherapy (cyclophosphamide, doxorubicin, vincristine,

prednisone) that compared CT measurements prior to therapy and at 24 months after

11
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treatment, muscle area decreased during treatment, but returned to baseline 24 months
after treatment. Both SAT and VAT increased by 21% by 24 months after treatment.™ In
our analysis of patients undergoing HCT, we observed a similar trend in adipose tissue,
with total fat mass increasing over time in both auto-HCT and allo-HCT cohorts. While
lean body mass was stable in patients in the auto-HCT cohort, a significant decrease
was observed in patients receiving allo-HCT. It remains unclear how body composition
is impacted by HCT as compared to previous therapy or other clinical factors. There
may be a compound effect of previous auto-HCT in the allo-HCT cohort, but we believe
that the trends observed in the allo-HCT cohort are likely driven by chronic GVHD and
its treatments (immunosuppressive therapy and steroid exposure). It is also important to
study how these changes, such as increased total body fat mass, may impact long-term

health outcomes for HCT survivors.

We are also the first to report an association between the presence of sarcopenia prior
to transplant and important clinical outcomes. Specifically, the association between
sarcopenia and a lower risk for acute GVHD is novel. The reason for this association is
unclear and its clinical significance is undetermined. However, we note this in the
context of studies that have investigated the impact of obesity-related inflammation on
the risk for GVHD.? While large retrospective studies evaluating obesity by body mass
index (BMI) have not demonstrated a clear association between obesity and GVHD,
these studies have not evaluated body composition.?*?® We did not observe an

association between total body fat mass and GVHD, but we believe that future

12
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investigations on obesity in this setting may benefit from more detailed characterization

of body composition using CT or magnetic resonance imaging.

Our findings are consistent with previous studies that evaluated body composition in
HCT survivors with DEXA imaging and noted loss of muscle mass and increase in
adipose tissue.® 2" % A retrospective analysis of body composition measurements by
DEXA in 82 allo-HCT recipients showed that patients were significantly more likely to
have low lean body mass index (LBMI) following HCT as compared to healthy
volunteers. Only 38% of patients were able to regain their pre-transplant muscle level,
and low LBMI was significantly associated with steroid treatment, chronic GVHD, and
decreased performance status. Body fat increased above baseline measurements by 2-
6 years post-HCT.?® Similarly, in a cross-sectional study using DEXA, 54 pediatric
survivors of allo-HCT were shown to have significantly lower lean body mass and

greater fat mass compared to healthy reference participants.*

There are a number of limitations to our study, outside of the relatively small number of
patients and retrospective nature. First, our data set is subject to selection bias. A
significant number of patients were excluded from our study because pre-HCT CT
images were not available at our institution. However, this reflects the large number of
patients that are referred for HCT from community practices and thus, we believe that
our study results are applicable to lymphoma patients undergoing HCT. However, as
patients were not censored at the time of relapse, patients with relapsed disease may

be overrepresented in post-HCT imaging and imaging findings may be influenced by

13
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subsequent therapies. Second, additional information that was not available in this data
set would be of interest for this analysis, including CT images from the time of
diagnosis, HCT-specific comorbidity index and evaluation of muscle strength and
function. Third, we believe it would be important to evaluate body composition at time
points later than 2.5 years post-HCT, which would require a larger number of patients
with longer follow up. Fourth, we limited this study to patients with lymphoma given the
routine use of CT imaging in disease evaluation, but an expanded study should include
evaluation of other disease types. Finally, a comprehensive intake of cardiovascular and
endocrine factors that can contribute to obesity and change in body composition would

be also help characterize the impact of patient specific factors.

Future studies are needed to better characterize the clinical factors which impact
changes in body composition and to further investigate the association between these
changes and HCT-related outcomes. With the increasing number of HCT survivors, we
must better understand physiologic changes in HCT recipients so that we can design

interventions to reduce risk factors for adverse outcomes in survivors.
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Figure Legend
Figure 1.
Serial axial computed tomography images at the level of the third lumbar veterbral body
from a sample patient demonstrate identification of muscle, visceral adipose tissue, and
subcutaneous adipose tissue prior to and at 1 and 2.5 years following hematopoietic cell
transplantation.
HCT: hematopoietic cell transplantation; SAT: subcutaneous adipose tissue; VAT:

visceral adipose tissue;

Figure 2.

Study flow diagram

Figure 3.
Incidence of sarcopenia in patients with lymphoma before and following autologous
hematopoietic cell transplantation (auto-HCT) and allogeneic hematopoietic cell

transplantation (allo-HCT).

Figure 4.
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Change in A) total lean body mass and B) total body fat mass in patients with lymphoma

N

following hematopoietic cell transplantation.

3  SE: standard error;
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Table 1. Patient and disease characteristics

Auto-HCT Allo-HCT

Number of patients, n 218 97
Median age at transplant, range 56 (19-77) 53 (18-69)
Gender, n (%)

Female 90 (41) 37 (38)

Male 128 (59) 60 (62)
Race

White or Caucasian 195 (89) 81 (84)

Black or African American 4(2) 5 (5)

Asian 4(2) 5 (5)

Hispanic or Latino or Other 15 (7) 6 (6)
Body mass index

Underweight (<18.5) 7 (3) 2(2)

Normal (18.5-24.9) 54 (25) 33 (34)

Overweight (25-29.9) 88 (40) 35 (36)

Obese (>30) 59 (27) 16 (16)

Not available 10 (5) 11(11)
Lymphoma subtype, n (%)

NHL, B-cell 159 (73) 65 (67)

NHL, T-cell 45 (21) 19 (20)

Hodgkin 14 (6) 13 (13)
Lines of treatment prior to HCT, n (%)

1 54 (25) 7(7)

2-3 144 (66) 33 (34)

24 20 (9) 57 (59)
Radiation therapy prior to HCT, n (%)

Yes 58 (27) 27 (28)

No 160 (73) 70 (72)
Previous auto-HCT, n (%)

Yes n/a 56 (58)

No n/a 41 (42)

Abbreviations:

Allo-HCT: allogeneic hematopoietic cell transplantation; Auto-HCT: autologous

hematopoietic cell transplantation; NHL: non-Hodgkin lymphoma; HCT: hematopoietic

cell transplantation;
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Table 2. Association between baseline body composition and clinical outcomes

after autologous and allogeneic HCT.

Grade llI-1V acute GVHD OR 95%ClI p-value
Sarcopenia 0.29 0.10-0.83 0.02
Total lean body mass 1.03 0.98-1.07 0.27
Total body fat mass 0.92 0.80-1.06 0.25
Moderate-severe chronic GVHD OR 95%ClI p-value
Sarcopenia 2.11 0.91-4.91 0.08
Total lean body mass 0.99 0.95-1.02 0.46
Total body fat mass 0.96 0.87-1.08 0.54
Mortality OR 95%CI p-value
Sarcopenia 1.63 1.02-2.61 0.04
Total lean body mass 1.00 0.97-1.02 0.67
Total body fat mass 0.97 0.92-1.02 0.29

Abbreviations:

GVHD: graft-versus-host disease; HCT: hematopoietic cell transplantation; OS: overall

survival
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Number of eligible patients: 569

Patients without available CT imaging covering |
L3 within 6 months prior to HCT (n=244)

[ Number of potentially eiigible patients: 325 |

| Patients 2 or2
| allogeneic HCT procedures (n=7)

Number of potentially eligible patients: 318 |
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