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ARTICLE INFO ABSTRACT
Keywords: Purpose: It has been demonstrated that bone mineral density (BMD) loss is substantial within the first 12 months
Trabecular bone score after allogeneic hematopoietic stem cell transplantation (alloHSCT). Declines in BMD showed a disproportionate
Bone mineral density cortical bone loss even though trabecular bone is metabolically more active than cortical bone. This finding

Hematopoietic stem cell transplantation suggests a unique mechanism. However, the structural bone deficits after alloHSCT have not been well char-

acterized. The trabecular bone score (TBS) has emerged as a method to assess bone microarchitecture. The aim of
this study was to evaluate the changes in BMD and TBS in patients who received alloHSCT with follow-up of two
years.

Methods: All patients 18 years and older who received alloHSCT between 2009 and 2015 at Seoul St. Mary's
Hospital, Korea were included. They were segregated into a first group (A, n = 24) that was evaluated for BMD
at the time of alloHSCT and 12 months posttransplant and a second group (B, n = 44) that was evaluated for
BMD at 12 and 24 months following alloHSCT.

Results: Subjects in group A experienced a decrease in BMD at the femoral neck and total hip between the time of
transplantation and 12 months posttransplantation: 0.056 + 0.057 (5.48%) and 0.072 + 0.063 (6.84%), re-
spectively. Subjects in group B experienced an increase in BMD at the lumbar spine and total hip between 12 and
24 months post-alloHSCT: 0.047 *+ 0.064 (4.90%) and 0.017 = 0.045 (2.16%), respectively. In group A, TBS at
12 months post-alloHSCT decreased 0.028 + 0.067 (1.92%) from the baseline (p = 0.086). In group B, TBS at
24 months post-alloHSCT increased 0.010 + 0.049 (0.78%) from the 12 months post-alloHSCT evaluation
(p = 0.149). TBS change was positively associated with BMD changes at all measured sites. The cumulative dose
of glucocorticoid therapy was associated with loss of BMD at all measured sites and TBS. In addition, the dose of
total body irradiation (TBI) was negatively associated with TBS.

Conclusions: In summary, this study delineated longitudinal microarchitectural changes in bone structure oc-
curring in the context of alloHSCT. TBS change per 12 months was insignificant during the two years following
alloHSCT. Therefore, our data represented disproportionate cortical bone loss in the context of the micro-

architecture.
1. Introduction been well reviewed. Dual-energy X-ray absorptiometry (DXA)-based
studies have demonstrated substantial bone deficits within the first 6 to
With improved outcome of allogeneic hematopoietic stem cell 12 months after alloHSCT at all skeletal sites. Risk factors for bone loss
transplantation (alloHSCT), long-term complications, including osteo- after alloHSCT include old age, prolonged immunosuppression [2],

porosis with a high risk for fractures, have gained greater importance hypogonadism [3], low body weight [4], total body irradiation (TBI)
[1]. Therefore, the temporal sequence of bone loss after alloHSCT has [5], and glucocorticoid therapy [4,6,7]. The rapid impairment of bone
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formation and the increase in bone resorption might play a role in post-
HSCT bone loss. Shortly after HSCT, the serum carboxy-terminal cross-
linked telopeptide of type I collagen increased, and osteocalcin de-
creased [8]. An increased ratio of the receptor activator of the nuclear
factor — kB ligand (RANKL) to osteoprotegerin (OPG) contributed to the
pathogenesis of osteoporosis by increasing bone resorption [9].

It is now well established that bone mineral density (BMD) is not the
only characteristic of bone that determines its strength and fragility and
therefore must be considered when deciding on therapy to prevent new
or further osteoporotic fractures [10]. This acknowledgement has led to
the recognition that evaluating bone microarchitecture might sig-
nificantly enhance the accuracy of bone strength evaluations [11,12].
Over the past decade, a new approach to assess trabecular bone mi-
croarchitecture has emerged, called the trabecular bone score (TBS)
[12-14]. It is noninvasive, requires no further patient testing, and has
been repeatedly shown to be a BMD-independent predictor of skeletal
strength and fracture risk [15]. Ex vivo data generally support the
premise that TBS is able to serve as a surrogate for bone micro-
architecture [16]. TBS is derived from the experimental variograms of
2D projection images and is calculated as the slope of the log-log
transformation of the 2D variogram, where the slope characterizes the
rate of gray-level amplitude [14]. It is reviewed that TBS may be useful
for fracture risk assessment in subjects with factors that predispose
them to bone loss. TBS has been shown to be associated with fractures
in patients with diabetes, primary hyperparathyroidism, rheumatoid
arthritis, adrenal incidentaloma, and chronic kidney disease and in
individuals on long-term glucocorticoid therapy. Moreover, TBS is re-
duced in patients with ankylosing spondylitis and improves after the
treatment of endocrinological conditions related to reduced bone mass,
such as Cushing's disease, and primary hyperparathyroidism [17].

It has been reported that declines in BMD of alloHSCT recipients are
greater at the femoral neck, a site rich in cortical bone, than in the
lumbar spine, a site rich in trabecular bone. This observation suggests
disproportionate cortical bone loss [7,18,19]. This pattern is unlike the
predominant decline in spine BMD generally seen in postmenopausal
and glucocorticoid-induced osteoporosis [20] and suggests a unique
mechanism. Shortly thereafter, recovery begins, initially in the lumbar
spine and then a much slower improvement at the femur takes place
over a period ranging from months to years [21]. However, the struc-
tural bone deficits after alloHSCT have not been well characterized. A
previous cross-sectional study showed that compared with reference
participants, alloHSCT survivors had substantial deficits in trabecular
volumetric bone mineral density (vBMD) and cortical geometry by
peripheral quantitative CT (pQCT) [5]. However, information regarding
the longitudinal microarchitectural change of bone structure occurring
in the context of alloHSCT is limited [19]. In fact, little is known about
the TBS changes after alloHSCT. Therefore, we conducted a study that
included TBS as an additive marker for bone loss in alloHSCT patients.
The aim of this study was to evaluate the changes in BMD and TBS in
the patients who received alloHSCT with follow-up of two years.

2. Materials and methods
2.1. Patients

All patients 18 years and older who received alloHSCT between
2009 and 2015 at the Catholic Blood and Marrow Transplantation
Center, Seoul St. Mary's Hospital, Seoul, Korea, were included in the
study. Subjects were excluded if they had a history of disease known to
affect bone health, including neuromuscular disease, inflammatory
bowel disease, sickle cell anemia, active malignancy, or renal dys-
function (estimated glomerular filtration rate (eGFR) < 60 mL/min/
1.73m?). In addition, patients who were treated with bisphosphonate
or SERM (selective estrogen receptor modulator) were excluded. We
retrospectively enrolled those who performed two consecutive bone
densitometry examinations with the same DXA; total 80 eligible
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subjects were identified, and 66 enrolled. They were segregated into a
first group (A, n = 24) that was evaluated at the time of alloHSCT and
12 months later and a second group (B, n = 44) that was evaluated at
12 and 24 months following alloHSCT. The institutional review board
at the Catholic University of Korea approved this study (no.
KC16RISI0832), and informed consent was obtained from all the sub-
jects.

2.2. BMD assessment

The BMD of the lumbar spine, femoral neck, and total hip was
measured in grams per square centimeter using DXA (Lunar Prodigy,
GE Healthcare, Madison, WI, USA). The coefficient of variation used for
precise assessment of the BMD measurements was 1.0% for the lumbar
spine, 1.50% for the femoral neck, and 0.90% for the total hip. Given
the broad range of ages, the results were expressed as the number of
SDs from normal values of sex-, age-, and ethnicity-matched controls (z-
score) in order not to overestimate age-associated BMD loss. A low BMD
for age was defined as a z-score of —2 or lower at each site. The
changes in BMD during 12 months were expressed as mean = SD with
percentage change in BMD.

2.3. TBS calculation

TBS was extracted from anteroposterior DXA images using TBS
iNsight Software (Medimaps SA, France). A recent review reported that
TBS precision, as the coefficient of variation, ranged from 1.12% to
2.1% [14]. TBS was determined for L1-L4: TBS = 1.35, normal,
1.200-1.350, partially degraded; and < 1.200, degraded trabecular
microarchitecture [14,16,22].

2.4. Transplantation procedure

The conditioning regimens consisted of cyclophosphamide (50 mg/
kg/day to 60 mg/kg/day for 2 days, total of 100 mg/kg to 120 mg/kg)
with fractionated TBI (total of 400-1320 cGy) followed by graft-versus-
host disease (GVHD) prophylaxis with tacrolimus or cyclosporine and a
short-term course of methotrexate (5 mg/m? i.v. bolus on days +1, +3,
+6, and +11). Bone marrow stem cells or granulocyte colony-stimu-
lating factor-mobilized peripheral blood stem cells were administered
on day 0.

2.5. Other assessments

Weight and height were measured with the participants wearing
light clothes at the time of the bone densitometry measurements. The
body mass index (BMI) was calculated as body weight (kg)/height
(m?). The total dose of corticosteroid in equivalent of prednisolone
received from the date of the first to the second DXA examination was
assessed through a review of the medical record. It was summarized as
cumulative milligrams (mg), milligrams per kilogram (mg/kg), and
average milligrams per day (mg/day). The average steroid dose per day
was calculated by dividing the total cumulative steroid dose by the
numbers of days. The presence or absence of gonadal insufficiency in
women was defined by medical chart review. All female subjects who
suffered from gonadal failure were treated with sex hormone replace-
ment therapy by endocrinologists or obstetricians in Seoul St. Mary's
Hospital, Seoul, Korea. However, growth hormone was not routinely
measured in adult patients. Blood samples were obtained on the day of
the first DXA measurement. Fracture was confirmed with physician
medical record documentation. Osteoporotic fracture was defined by
fracture that results from mechanical forces that would not ordinarily
result in a fracture according to National Institute for Health and Care
Excellence clinical guidelines [23]. Infection was defined with body
temperature at least 38 °C and microbiological or clinical documenta-
tion in the medical record [24].
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Table 1

Characteristics of allogeneic hematopoietic stem cell transplantation (alloHSCT) recipients.
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Characteristic Total (n = 68)

Group A (n = 24)

Group B (n = 44)

Male (%) 40 (58.8)
Age at HSCT (years) 42 (18-68)
Height (cm) 165.5 = 9.4
Weight (kg) 61.1 = 12.4
Body mass index (kg/m?) 22.26 + 3.77
Initial diagnosis (%)
Acute lymphoblastic leukemia 27 (39.7)
Acute myeloid leukemia 14 (20.6)
Severe aplastic anemia 7 (10.3)
Myelodysplastic syndrome 14 (20.6)

Non-Hodgkin lymphoma 5(7.4
Type of graft (%)

Bone marrow 11 (16.2)

Peripheral blood 52 (76.5)

Bord blood 5(7.4)
Total body irradiation (TBI) (%)

Without TBI 25 (36.8)
Dosage (400-1320 cGy) 963.7 + 346.1
Transplant-related complications

Acute graft versus host disease 44 (64.7)
Chronic graft versus host disease 41 (60.3)
Gonadal failure 15 (53.6)
Osteoporotic fracture 3(4.4)

Any infection 23 (33.8)
Microbiologically documented infection 4 (5.9)

Posttransplant steroid therapy (range)

Steroid dose during the period (mg) 1621 (0-7246)

Steroid dose per body weight (mg/kg) 27 (0-123)

Steroid dose per day (mg/day) 15 (0-88)
Medication which affects bone (%)

Calcium + vitamin D supplement 35 (51.5)
Serum biochemical assessment

Creatinine (mg/dL) 0.81 + 0.22

Albumin (g/dL) 4.07 = 0.45

Calcium (mg/dL) 8.98 = 0.47

Phosphate (mg/dL) 3.87 £ 0.71

25(0H) vitamin D (ng/mL) 17.90 + 9.97

13 (54.2) 27 (61.4)

42 (18-64) 42 (18-68)
164.2 + 8.2 166.2 + 10.0
65.4 + 15.5 58.8 = 9.9
24.10 *+ 4.53 21.25 + 2.86
8(33.3) 19 (43.2)
8(33.3) 6 (1.36)
3(12.5) 4(9.1)
3(12.5) 11 (25.0)
1(4.2) 4(9.1)

5 (20.8) 6 (13.6)

19 (79.2) 33 (75.0)

0 (0) 5(11.4)

16 (66.7) 27 (61.4)
977.5 + 371.5 955.6 *+ 329.9
13 (54.2) 31 (70.5)

15 (62.5) 26 (59.1)

5 (45.5) 10 (58.8)

3 (12.5) 0 (0)

17 (70.8) 6 (13.6)
2(8.3) 2 (4.5)

2416 (412-7246)

1206 (0-6590)

38 (7-123) 21 (0-119)

33 (9-88) 5 (0-38)

9 (37.5) 26 (59.1)

0.77 = 0.22 0.84 = 0.21
4.05 = 0.37 4.08 = 0.49
8.98 + 0.51 8.98 = 0.45
4.00 = 0.74 3.80 = 0.70
19.90 = 7.71 17.36 = 10.02

Qualitative data were expressed as count and percentages, and qualitative variables were expressed as the mean *+ standard deviation (SD) or median and range.

Steroid dose was expressed in prednisolone equivalents.
2.6. Statistical analysis

Statistical analysis was performed with SPSS version 23.0 (SPSS
Inc.). Qualitative data were expressed as counts and percentages, and
quantitative variables were expressed as the mean * SD or median and
range. A Wilcoxon signed rank test was used to compare changes in
BMD or TBS after one year of follow-up. For the analysis of correlations,
the Spearman's rank correlation coefficient was used to test the asso-
ciation between continuous variables. For categorical characteristics,
statistical testing was conducted with the Mann-Whitney U test.

3. Results
3.1. Patients characteristics

Patient's characteristics are shown in Table 1. The median patient
age at the transplant was 42. The mean body mass index was
22.26 * 3.77kg/m2 The common diagnoses necessitating alloHSCT
were acute lymphoid leukemia (ALL) (22 subjects; 39.7%), acute
myeloid leukemia (AML) (14 subjects; 20.6%), and myeloid dysplastic
syndrome (MDS) (14 subjects; 20.6%), respectively. The stem cell
source for the alloHSCT was peripheral blood, bone marrow, and cord
blood in 52 (76.5%), 11 (16.2%), and 5 (7.4%) subjects, respectively.
TBI was used as part of the conditioning regimen in 63.2% of patients.
Acute and chronic GVHD occurred in 44 (64.7%) and 40 (60.3%) pa-
tients, respectively. Fifteen (53.6%) women suffered from gonadal
failure. Of 68 subjects, overall 5.9% (n = 4) had experienced a fracture
during 12 months study period, all between the baseline and 12 months
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post-alloHSCT. There were 3 osteoporotic vertebral fractures and one
non-osteoporotic fracture in toe arising from major trauma. A total of
23 (33.8%) patients developed infection during 12 months study
period. An average dose of glucocorticoid exposure from time of the
first DXA examination to the second examination was 15mg pre-
dnisolone equivalent per day. 51.5% of patients received calcium and
vitamin D. Mean serum concentration of 25-hydroxyvitamin D (25-
(OH) vitamin D) was 17.9 * 9.97 ng/mL.

3.2. Bone mineral density and trabecular bone score

Mean pretransplant z-score was normal before transplantation at all
sites of measurement in group A. However, 15%, 17%, and 8% of pa-
tients had a low BMD for age (i.e., z-score < —2SD) at the lumbar
spine, femoral neck, and total hip, respectively. In group B, the mean z-
score was normal at 12 months after transplantation. However, 25%,
23%, and 32% of patients had BMD below the expected range for age at
the lumbar spine, femoral neck, and total hip, respectively. In addition,
29% and 34% of patients had a partially degraded lumbar spine TBS
before alloHSCT in group A and at 12 months after alloHSCT in group B,
respectively. However, no subject had TBS in the degraded range at the
baseline examination (Table 2, Supplementary Table 1).

3.3. BMD and TBS changes
Twelve months post-alloHSCT, the average difference in BMD at the

lumbar spine, femoral neck, and total hip was —0.039 = 0.105
(—3.47%), —0.056 = 0.057 (—5.48%), and — 0.072 + 0.063
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Table 2
Prevalence of low BMD for age and partially degraded TBS at the time of
transplant in group A and one year after transplant in group B.

Group A (n = 24) Group B (n = 44)

Low BMD for age

Lumbar spine 1-4 3 (15%) 11 (25%)

Femoral neck 4 (16.7%) 10 (22.7%)

Total hip 2 (8.3%) 14 (31.8%)
Partially degraded TBS

Lumbar spine 1-4 7 (29.2%) 15 (34.1%)

The data are presented as numbers and percentages (%).
Low BMD for age: z-score < —2.
Partially degraded TBS: 1.20 < TBS < 1.35.
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Fig. 1. The average annualized rate of change in BMD and TBS in group A (a)
and B (b).

The rate of change in BMD was expressed as an annualized percentage of initial
value, i.e., percentage change in BMD per year. The data are presented as the
means *+ standard deviations (SDs).

BMD: bone mineral density, TBS: trabecular bone score, L1-4: lumbar spine
1-4, FN: femoral neck, TH: total hip.

(—6.84%) from the baseline, respectively. In addition, the average
difference in TBS was —0.028 = 0.067 (—1.92%) per 12 months from
the baseline (Fig. 1). Although BMD at the femoral neck and total hip
declined from the baseline (all p < 0.001), the differences between
lumbar spine BMD (p = 0.076) and TBS (p = 0.086) were not sig-
nificant (Fig. 2). Between 12 and 24 months post-alloHSCT, the average
difference in BMD at the lumbar spine, femoral neck, and total hip was
0.047 = 0.064 (4.90%), 0.006 *+ 0.048 (0.99%), and 0.017 = 0.045
(2.16%), respectively. In addition, the average difference in TBS was
0.010 = 0.049 (0.78%) between 12 and 24 months post-alloHSCT
(Fig. 1). Although BMD at the lumbar spine (p < 0.001) and total hip
(p = 0.004) was increased compared with the 12 months post-alloHSCT
evaluation, the differing values of femoral neck BMD (p = 0.250) and
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Fig. 2. BMD and TBS at the baseline and 1 year post-alloHSCT in group A.

*: statistically significantly different from the pre-alloHSCT evaluation.

BMD loss during the first year was significant at the femoral neck (p < 0.001)
and the total hip (p < 0.001).

BMD: bone mineral density, TBS: trabecular bone score, L1-4: lumbar spine
1-4, FN: femoral neck, TH: total hip.

20- EA 1 year
' B 2 year
2 1.5
'—
15
o
&
£ 1.0-
°
2
=
o 0.54
0.0-

BMD FN BMD TH TBS L1-4

Fig. 3. BMD and TBS at the 1 year and 2 year post-alloHSCT in group B.

*: statistically significantly different from the 1 year post-alloHSCT evaluation.
BMD increase during the second year was significant at the lumbar spine
(p < 0.001) and the total hip (p = 0.004).

BMD: bone mineral density, TBS: trabecular bone score, L1-4: lumbar spine
1-4, FN: femoral neck, TH: total hip.

BMD L1-4

TBS (p = 0.149) were not significant (Fig. 3). The number of subjects
who showed BMD increase was larger than that of subjects who showed
BMD decrease (Supplementary Fig. 1) in group B. In both groups, TBS
change per 12 months was significantly associated with BMD change
per 12months at the lumbar spine (Spearman's rho = 0.399,
p = 0.001), the femoral neck (Spearman's rho = 0.481, p < 0.001),
and the total hip (Spearman's rho = 0.463,p < 0.001) (Supplementary
Table 2).

3.4. Influence of corticosteroid and TBI on bone loss

The cumulative dose of glucocorticoid therapy between the first and
the second bone assessments was associated with loss of BMD at all
measured sites (all p < 0.001) and TBS (Spearman's rho = —0.368,
p = 0.002). In addition, we could show a clear dose-effect relationship
between BMD loss and the cumulative steroid dose per day (p < 0.001)
or per body weight (p < 0.001) applied in both groups. Similarly, TBS
degradation after the first bone examination and the cumulative steroid
dose per day (Spearman's rho = —0.348, p = 0.004) or per body
weight (Spearman's rho = —0.353, p = 0.003) has a negative dose-ef-
fect relationship. However, there was no association between age,
height, weight, prevalence of GVHD, intakes of estrogen, calcium and
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Table 3
Association between patient characteristics and TBS and BMD changes.

Lumbar spine 1-4 BMD Femoral neck BMD Total hip BMD Lumbar spine 1-4 TBS

Spearman's rho® p° Spearman's rho® pb Spearman's rho® p° Spearman's rho® p°

Sex - 0.640 - 0.410 - 0.367 - 0.737
Age at HSCT —-0.315 0.009 -0.137 0.268 —-0.238 0.052 —0.081 0.513
Height 0.044 0.719 —0.099 0.427 —0.090 0.467 0.052 0.673
Weight —0.030 0.808 -0.138 0.266 —-0.150 0.226 —0.166 0.177
Initial diagnosis - 0.631 - 0.746 - 0.753 - 0.555
Total body irradiation dose 0.032 0.798 —-0.076 0.542 —-0.076 0.540 —-0.313 0.009
Posttransplant steroid therapy

Steroid dose during the period —0.484 0.000 —0.498 0.000 —0.535 0.000 —0.368 0.002

Steroid dose per body weight —0.488 0.000 —0.495 0.000 —0.628 0.000 —0.353 0.003

Steroid dose per day —0.536 0.000 —0.546 0.000 —0.355 0.003 —0.348 0.004
Treatment-related complications

Acute GVHD - 0.612 - 0.789 - 0.543 - 0.817

Chronic GVHD - 0.422 - 0.263 - 0.227 - 0.149

Gonadal failure - 0.195 - 0.864 - 0.136 - 0.829

Osteoporotic fracture - 0.035 - 0.031 - 0.056 - 0.008

Any infection - 0.006 - 0.005 - 0.001 - 0.003

Microbiologically documented infection - 0.241 - 0.491 - 0.643 - 0.715
Medication which affects bone

Estrogen - 0.277 - 0.186 - 0.347 - 0.264

Calcium + vitamin D - 0.637 - 0.048 - 0.145 - 0.552

Values in bold indicate statistically significant values.
Steroid dose was expressed in prednisolone equivalents.
HSCT = hematopoietic stem cell transplantation.
GVHD = graft versus host disease.
2 Computed only for covariates that take on continuous values.

b Univariate associations between continuous covariates and BMD or TBS change were assessed using Spearman's rank correlation coefficient. For categorical

characteristics, statistical testing was conducted with the Mann-Whitney U test.

vitamin D and BMD or TBS change. The dose of TBI was negatively
associated only with TBS (Spearman's rho = —0.313, p = 0.009)
(Table 3).

3.5. Treatment related complications and bone loss

The incidence of vertebral osteoporotic fracture was associated with
loss of spine BMD, femoral neck BMD, and TBS (p = 0.035, 0.031, and
0.008, respectively). In addition, the incidence of infection was asso-
ciated with loss of BMD at the spine, femoral neck, and total hip
(p = 0.006, 0.005, and 0.001, respectively) and TBS (p = 0.003).
However, GVHD or gonadal failure was not statistically associated with
TBS or BMD change value (Table 3).

4. Discussion

In this study, we evaluated BMD and TBS changes for a twelve-
month period from the time of alloHSCT and from one year later in
group A and B, respectively. In group A, BMD of the femoral neck and
total hip evaluated at the time of 12 months posttransplant declined
from the baseline. In group B, BMD of the lumbar spine and total hip
increased between 12 and 24 months post-alloHSCT. In both groups,
TBS change was significantly associated with BMD changes at all
measured sites. The incidence of fracture, cumulative dose of gluco-
corticoid therapy, and the dose of TBI were negatively associated with
TBS.

In the present study, mean pretransplant z-score was normal before
transplantation at all sites of measurement. The majority of the patients
showed normal BMD at the spine (85%), femoral neck (83%), and total
hip (92%) at the time of transplantation. This result was consistent with
earlier studies, which showed that mean BMD was within normal limits
before transplantation [7,19]. In addition, no subject had TBS in the
degraded range. However, 29% of patients had a partially degraded
TBS before alloHSCT.

In this study, subjects in group A experienced a decrease in femoral
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neck and total hip BMD between the time of alloHSCT and 12 months
post-alloHSCT. In contrast, spine BMD decline was not significant. The
spine site is predominantly a measure of trabecular bone (66%), while
the neck of femur site is predominantly a measure of cortical bone
(75%). Trabecular bone is the most metabolically active part of the
skeleton, with a high rate of turnover and a blood supply that is much
greater than that of cortical bone [25]. Therefore, the bone loss of
postmenopausal and glucocorticoid-induced osteoporosis showed a
predominant decline in BMD of the trabecular site [20,26]. However,
bone loss in alloHSCT recipients in our study shows a unique pattern
and is consistent with previous studies. In previous studies, the average
annualized bone loss was higher at the femoral neck than at the spine
during the two years posttransplantation [4,27]. In particular, our study
is consistent with previous studies that showed decrease in proximal
femoral BMD despite insignificant change in spine BMD one year
posttransplantation. However, other studies that examined BMD at
6 months after alloHSCT showed decrease in lumbar spine BMD
[6,7,19]. We assumed that lumbar spine BMD might quickly decline
and then start to recover before the following DXA examination at
12 months post-alloHCT. Therefore, we could not demonstrate a sig-
nificant loss in lumbar spine BMD in group A.

In this study, subjects in group B experienced an increase in lumbar
spine and total hip BMD between 12 and 24 months post-alloHSCT.
Bone recovery at the spine and total hip, the regions with higher
amounts of trabecular bone and higher metabolic activities, was more
pronounced, while bone loss at the femoral neck occurred. This ob-
servation is consistent with a previous study that showed more sig-
nificant bone loss at the femoral neck compared to at the spine during
the second year of transplantation [7].

Twelve months after alloHSCT, the value of TBS was not sig-
nificantly reduced, although the value of hip BMD was lower compared
to the baseline. Because TBS provides an indirect index of the trabecular
microarchitecture [14], disproportionate cortical bone loss is con-
sistently shown not only in the context of macroarchitecture but also in
the context of microarchitecture. A potential explanation might be
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related to the avascular necrosis (AVN) of the hip. Restriction of vas-
cular profusion at the proximal femur could cause disproportionate
cortical bone loss. Further study evaluating the association of micro-
architecture at the proximal femur and the incidence of AVN is re-
quired.

We could demonstrate several factors were associated with bone
loss in alloHSCT recipients. The cumulative dose of glucocorticoid
therapy associated with a decrease in BMD at all measured sites. It is
postulated that the most important risk factor for osteoporotic fractures
might be the long-term use of corticosteroids in association with acute
or chronic GVHD in alloHSCT survivors [1]. The greatest effects of
glucocorticoids are on bone metabolism, with the result being reduced
bone quantity and quality. Reduced bone formation and increased bone
resorption results from glucocorticoid-induced inhibition of osteoblasts
and increase of osteoclast lifespan [28-30]. It is recognized that glu-
cocorticoids concurrently upregulate RANKL and that they suppress
OPG in the osteoblastic cells in vitro [31]. In fact, during the early post-
HSCT period, the steroid dose was associated with the RANKL levels
and the RANKL/OPG ratio [9].

In addition, the cumulative dose of glucocorticoid therapy asso-
ciated with a decrease in TBS. This is consistent with a previous study
which showed that TBS was reduced in 484 women aged 55-79 years
on systemic glucocorticoid treatment compared with healthy controls,
even when BMD was similar between the groups [32]. In fact, it is well
known that the increase in fracture risk associated with glucocorticoids
occurs before BMD loss, which can be measured by DXA [33]. This
observation could be related to glucocorticoid-induced changes in bone
microarchitecture. In addition, glucocorticoids result in preferential
trabecular bone loss with reductions in bone volume fraction, trabe-
cular thickness, and connectivity [20]. Prior studies have demonstrated
that the degree of trabecular network disruption correlates with cu-
mulative exposure to oral glucocorticoids [34].

In this study, the dose of TBI was negatively associated with TBS:
the lower TBS was associated with a higher dose of TBI exposure. It is
well established that TBI exposure is associated with deteriorated bone
microarchitecture. In one study, alloHSCT survivors treated with TBI
exhibit the markedly increased marrow adiposity, abnormal bone mi-
croarchitecture, and abnormal fat distribution [35]. In another study,
substantial deficits in trabecular vBMD and cortical geometry by pQCT
were more pronounced in survivors with a history of TBI exposure [5].
These deteriorations in bone microarchitecture result from an im-
balance of hormone axes. TBI exposure leads to abnormality of the
growth hormone/insulin-like growth factor 1 (IGF-1) axis, a major
determinant of bone mass [36] in alloHSCT survivors [37]. In addition,
TBI exposure leads to gonadal failure in alloHSCT recipients [38]. The
bone-sparing effect of estrogen is mainly related to its ability to block
bone by decreasing osteoclastogenesis and diminishing resorptive ac-
tivity of mature osteoclasts [39]. Therefore, a higher dose of TBI-related
growth hormone deficiency and hypogonadism may contribute to lower
value of TBS in our study. However, in the present study, gonadal
failure was not statistically associated with TBS or BMD value. Because
our subjects with a diagnosis of gonadal failure were on appropriate
hormone replacement at the time of follow-up DXA examination, hor-
mone replacement therapy might inhibit bone loss [40].

In this study, incident osteoporotic vertebral fracture during the
12 months study period was associated with decrease of BMD and TBS.
This observation is consistent with previous studies that showed TBS as
a risk factor of fracture [15,17]. However, further study evaluating the
association of BMD or TBS change and fracture incidence is required
because of insufficient our study period.

In the present study, the incidence of infection is associated with
decrease of BMD and TBS. In contrast, a previous study showed higher
TBS correlated with a faster drop of the leukocyte count, and higher T-
score correlated with a higher risk of infection [41]. Because our re-
cipients experienced profound neutropenia following myeloablative
conditioning alloHSCT, bone health could not be associated with drop
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in the leukocyte count. In addition, glucocorticoids are known to in-
crease the risk of infection by impairing phagocyte function and sup-
press cell-mediated immunity [42]. Furthermore, the cumulative dose
of glucocorticoids was associated with a decrease in BMD and TBS in
this study. Therefore, decrease of BMD or TBS correlated with an in-
creased risk of infection, contrast to the previous study [41].

To our knowledge, this is the first original study to assess TBS in
adult patients who received alloHSCT. We delineated the longitudinal
microarchitectural change of bone structure occurring in the context of
alloHSCT. Although this study provided important results, it has some
limitations. The first limitation is the retrospective cohort design;
therefore, treatment modality including conditioning regimen was
heterogeneous. The second limitation is that there are two groups with
distinct time point of evaluation after transplantation because of the
insufficient (12 months) study period. An additional limitation is the
relatively small number of patients and the heterogeneity of the sample
in relation to the underlying diagnosis. Finally, the lack of bone marker
measurements made it impossible to assess bone remodeling rate or
mineralization. Nonetheless, this study establishes the need for further
studies of bone microarchitectural deficits in alloHSCT recipients.

4.1. Conclusions

In summary, this study delineated the insignificant loss and re-
covery of TBS in the two years following alloHSCT. Therefore, we
consistently showed a disproportionate cortical bone loss in the context
of microarchitecture. In addition, TBS change was positively associated
with BMD change and negatively associated with the cumulative dose
of glucocorticoid and dose of TBI. Therefore, further longitudinal stu-
dies with TBS conducted beyond two years post-alloHSCT are required.
The accurate characterization of fracture and identification of risk
factors in alloHSCT survivors are also required.
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