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ABSTRACT
Osteopetrosis is a rare skeletal dysplasia resulting from an osteoclast defect leading to increased bonemass and density. Hematopoietic
stem cell transplantation can rescue the disease phenotype and prevent complications. However, little is known about the skeletal
changes hematopoietic stem cell transplantation induces in patients with this disease. The purpose of this study was to describe
the skeletal changes after hematopoietic stem cell transplantation in a retrospective cohort of patients diagnosed with osteope-
trosis in one medical center over 13 years. For this purpose, all available epidemiological, hematological, biochemical, and radio-
graphic data were collected and quantitatively analyzed. We found a significant early change in bone metabolism markers
coinciding with hematopoietic recovery after stem cell transplantation. Hematopoietic stem cell transplantation induced a later
significant improvement in both skeletal mineral distribution and morphology but did not lead to complete radiological normal-
ization. Presumably, changes in bone metabolism, skeletal mineral distribution, and morphology were the result of renewed oste-
oclast function enabling bone remodeling. We propose that biochemical bone metabolism markers and radiological indices be
routinely used to evaluate response to hematopoietic stem cell transplantation in patients with osteopetrosis. © 2020 American
Society for Bone and Mineral Research.
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Introduction

Osteopetrosis (OP) refers to a heterogeneous group of rare
inherited skeletal dysplasias, characterized by quantitative

or qualitative osteoclast defects that lead to increased bone
mass and density.(1) Multiple genetic defects underlie both the
adult-onset autosomal dominant OP (ADO) and the more severe,
and often fatal if untreated, autosomal recessive OP (ARO).(2)

Most of these mutations are osteoclast-specific defects in late
endosomal trafficking, preventing osteoclast ruffled border for-
mation. The disease phenotype can be rescued by providing a
healthy osteoclast population via hematopoietic stem cell trans-
plantation (HSCT).(3) Without HSCT, secondary complications
may develop, including bone marrow failure,(4) cranial nerve
dysfunction,(5,6) and pathological fractures.(7)

OP is associated with a multitude of skeletal abnormalities.
Pathological fractures and growth retardation with short stature
are common. Cranial pathological features include macroce-
phaly, frontal bossing, and micrognathia. In long bones, charac-
teristic radiographic findings include a “bone-within-bone”
appearance, transverse lucent metaphyseal bands, longitudinal

diaphyseal striations, and Erlenmeyer flask deformities.(8,9) In
the spine, vertebral endplate sclerosis results in a “sandwich” or
“rugger-jersey” appearance. A unique radiographic appearance
was described for a subgroup of patients with TCIRG1mutations
who suffered from OP and rickets. Called osteopetrorickets, the
condition has been found to be caused by reduced gastrointes-
tinal Ca2+ uptake and the consequent inability to fully mineral-
ize newly formed osteoid.(10,11)

In most patients, OP can be diagnosed by combining radio-
graphic findings with genetic analysis of key genes.(3,12) The latter
is also valuable in guiding treatment, as in the case of RANKL-
relatedmutations, which are a contraindication for HSCT.(6,13) Pref-
erably, HSCT is done in children younger than 1 year of age, from
related HLA-matched donors.(14) Recent advances in HSCT have
greatly improved life expectancy and quality of life of ARO
patients, with 10-year survival rate getting as high as 62%, achiev-
ing acceptable social function.(14)

OP patients who have undergone HSCT are followed closely to
establish engraftment and rule out complications including
graft-versus-host disease (GVHD), veno-occlusive disease of the
liver, and graft failure. Hypercalcemia may be found early on,
indicating bone remodeling by functional osteoclasts
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differentiated from transplanted progenitors.(15–17) However, lit-
tle is known about the remodeling process and consequent skel-
etal changes, despite their great impact on patient quality of life.
Radiological improvement after HSCT up to a year after the trans-
plantation has been studied only in case reports and small series
with no quantitative outcomes.(18–20) These studies used qualita-
tive X-ray evaluations to conclude that HSCT results in almost
complete resolution of skeletal abnormalities. Amore comprehen-
sive characterization of the skeletal changes in OP patients after
HSCT could be useful in optimizing treatment, with the ultimate
goal of curing the skeletal abnormalities associated with OP.

We hypothesized that HSCT in OP patients induces bone remo-
deling that improves but does not entirely cure the skeletal abnor-
malities associated with OP. To evaluate this hypothesis, we
examined a cohort of HSCT-treated OP patients of the greatest
size and longest follow-up time to date. We investigated hemato-
poietic and bone remodeling recovery after HSCT to evaluate
whether HSCT induced a measurable remodeling effect. Then
we developed novel quantitative indices of bonemineral distribu-
tion and morphology. These indices were used to compare the
skeletal features of HSCT-treated OP patients with healthy age-
matched controls to assess whether HSCT completely cured the
disease phenotype. To the best of our knowledge, this is the first
study to research the skeletal changes after HSCT in OP patients
by quantitatively analyzing biochemical and radiological changes
in a large cohort over a long follow-up period.

Materials and Methods

Patient and transplant characteristics

Radiographs of 35 patients taken between May 2003 and
September 2016 were included in this retrospective study. A clin-
ical diagnosis of OP has been confirmed by radiographic findings
and, from 2008, by genetic analysis. All guardians signed
informed consent before the HSCT. The study was approved by
the Institutional Review Board.

The study population consisted of 35 children diagnosed with
OP. Patient, disease, and transplant characteristics are pre-
sented in Table 1. {TBL 1} Patient sex, parent consanguinity,
and a genetic diagnosis when available (mutations in TCIRG1,
SNX10, CLCN7, OSTM1, or RANK genes) were collected to
describe the patient population. The HSCTs (n = 36) are
described in terms of the patient’s age at the time of the HSCT,
donor HLA-matching, and the conditioning regimen. Peripheral
blood stem cells were mobilized and collected as previously
published.(15)

GVHD prophylaxis and in vivo T-cell depletion

GVHD prophylaxis regimen and use of in vivo T-cell depletion in
the patient group are described in Table 1. Patients received
GVHD prophylaxis with either cyclosporine A only (n = 11,
3 mg/kg per day, intravenously as a single agent, starting on
day –1), or in combination with mycophenolate mofetil (n = 8).
Cyclosporine A administration in patients without signs of GVHD
was continued for at least 3 months and was tapered thereafter.
Acute and chronic GVHD were diagnosed using previously pub-
lished criteria(21) and immediately treated with methylpredniso-
lone (2 mg/kg) and combined modalities. Patients also
received in vivo T-cell depletion in preparation for 31 HSCTs,
using rabbit antithymocyte globulin or Campath-1H in one case.

Serotherapy was given for a total of 3 days, starting from 4 days
before the HSCT, as a part of a conditioning regimen.

Supportive care and follow-up

All patients received trimethoprim-sulfamethoxazole for Pneumo-
cystis jirovecii prophylaxis and acyclovir for Varicella zoster virus
(VZV) prophylaxis for 6 months. Allopurinol was given to all
patients for tumor-lysis syndrome prevention during condition-
ing. Patients were isolated in rooms equippedwith high-efficiency
particulate arrestance (HEPA) filters, and received a regular diet
unless total parenteral nutrition was indicated. Blood product
transfusions including red blood cells, platelets, and intravenous
immunoglobulin (IVIG) were also administered as indicated.

Patientsweremonitored for post-HSCT complications including
GVHD, viral reactivation, veno-occlusive disease, hypercalcemia,
andpulmonaryhypertension.Cytomegalovirus (CMV)PCRwasper-
formedweekly, and in a case of reactivation a preemptive antiviral
treatment, includingeither ganciclovir, valganciclovir, or foscarnet,
was started. Comprehensivemetabolic panelswereused to screen
forelectrolyte imbalancesandespeciallyhypercalcemia,whichwas
initially treated with intravenous fluids and furosemide, whereas
refractory cases required calcitonin and prednisolone.

Table 1 Patient and Transplant Characteristics

Patients (n = 35)

Sex, n (%)
Male 25 (71)
Female 10 (29)

Consanguineous parents, n (%) 17 (49)
Mutation, n (%)

TCIRG1 20 (60)
SNX10 6 (18)
CLCN7 3 (9)
OSTM1 1 (3)
RANK 3 (9)

Age (years) at HSCT, median (range) 1.1 (0–13.4)
Donor match, n (%)

Matched sibling donor 13 (36)
Matched family donor 5 (14)
Mismatched family donor 7 (19)
Matched unrelated donor 6 (17)
Mismatched unrelated donor 3 (8)

Conditioning regimen, n (%)
Fludarabine-busulfan-melphalan 1 (3)
Fludarabine-busulfan 6 (17)
Fludarabine-busulfan-thiotepa 8 (22)
Fludarabine-treosulfan-thiotepa 18 (50)

GVHD prophylaxis, n (%)
Cyclosporine A 27 (75)
Cyclosporine A–mycophenolate mofetil 9 (25)

In vivo T-cell depletion, n (%) 31 (86)
Age (years) at radiographic follow-up, n (%)

<2 38 (40)
2–5 35 (37)
6–10 17 (18)
11–15 4 (4)

Follow-up (years), median (range) 4 (0–15)

HSCT = hematopoietic stem cell transplantation; GVHD =
graft-versus-host disease.
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Finally, the distribution of patient age during radiographic
follow-up, based on radiographs available for densitometry anal-
ysis and follow-up length, were analyzed (Table 1). The latter was
defined as the time between the first X-ray taken and the last
follow-up visit.

Control group characteristics

Forty-six patients (28 males and 18 females, ages 0 to 15 years
[median age 9 years]) evaluated at the Hadassah Hebrew Univer-
sity Medical Center from November 2006 to August 2016, for
whom a normal anterior-posterior thigh X-ray was available were
included as the control group. Radiographs were grouped into
the following four groups based on the patient’s age (years):
0–3 (n = 14), 4–7 (n = 8), 8–11 (n = 12), and 12–15 (n = 12).

Hematopoietic recovery

The number of days between HSCT and the first stable absolute
neutrophil counts (ANC) above 0.5 × 109/L (Fig. 1A, {FIG1} normal
laboratory values: 2–7.5 × 109/L) and platelet (PLT) counts above
20 × 109/L (Fig. 1B, normal laboratory values: 140–400 × 109/L)
were used to study HSCT engraftment kinetics. Counts were
deemed stable if they were above the cut-off for a minimum of
3 consecutive days. Data were available for 28 patients, and a
paired t test was used to compare the number of days between
HSCT and the first stable absolute neutrophil counts.

Bone metabolism analysis

Available serum calcium (Fig. 2A, {FIG2} normal laboratory values:
2.15–2.55 mmol/L, n = 30–32), phosphate (Fig. 2B, normal labo-
ratory values: 0.8–1.4 mmol/L, n = 27–30), and alkaline phospha-
tase (Fig. 2C, ALP, normal laboratory values: 40–200 U/L, n = 28)
measurements were compared for each patient on the day of
their HSCT (denoted t0) and on the day of the maximal calcium
measurement for each patient (denoted t1) using an unpaired
t test. The number of days for each patient between HSCT and
calcium peak was also recorded.

Orthopedic/radiological follow-up

All patients had supine radiographs of the lower extremities
before HSCT as a baseline. Additional radiographs were obtained
in 3- to 6-month intervals, in conjunction with routine clinical
follow-up. All radiographs taken before the first radiological

follow-up at 3 months post-HSCT were termed “early,” whereas
all radiographs taken after 3 months post-HSCT were termed
“late.” Radiographs were used to assess the morphological and
cortex-to-medullary density changes after HSCT.

Skeletal densitometry

ImageJ 1.47a (US National Institutes of Health, Bethesda, MD,
USA)(22) was used to analyze the cortex-to-medullary density
ratio. All available radiographs in the patient group of the femo-
ral shaft region amounted to 36 radiographs of 25 patients in the
early group, and 47 radiographs of 29 patients in the late group.
In addition to ARO patients’ radiographs, 46 radiographs of
46 patients in the control group were analyzed for comparison.
Standardized regions of interest (10 by 30 pixels) were used to
measure the density of the cortex (eg, Fig. 3B–D, {FIG3} denoted
by a yellow square) and medulla (eg, Fig. 3B–D, denoted by a red
square) at the femoral midshaft. Then, the cortical density was
divided by themedullary density andmultiplied by 100. To study
the change in the cortex-to-medullary density ratio over time,
eachmeasurement was plotted against the time it was taken, rel-
ative to each patient’s bone marrow transplant in days. A single
X-ray was analyzed for the patients who had not yet undergone
HSCT at the time of the data analysis. This X-ray was assigned an
X value of 0 to be included in Fig. 3E and was included in the
early group for subsequent analysis. Finally, cortex-to-medullary
density ratios were statistically compared using ANOVA with
Bonferroni correction for multiple comparisons between early,
late, and control groups (Fig. 3F ). Furthermore, the cortex-to-
medullary density ratios were compared between the different
age groups within the control group to exclude aging as a con-
founder of differences between the early and late groups using
ANOVA with Bonferroni correction (Fig. 3A). A single X-ray per
patient was used for each child in the following age groups:
0–3 yo (years old), 4–7 yo, 8–11 yo, and 12–15 yo.

Skeletal morphological analysis

ImageJ 1.47a was also used to analyze femoral width distribu-
tion. There were 25 full-length femur radiographs of 21 patients
in the early group and 36 radiographs of 23 patients in the late
group. In addition, 36 radiographs of patients in the control
group were analyzed for comparison. Each radiograph was first
rotated to a neutral position so the vertical axis is parallel to
the length of the image. The images were cropped to include

Fig 1 Hematopoietic recovery after HSCT. (A) Patients achieved absolute
neutrophil counts (ANC) above 0.5 × 109/L in 4 to 115 days after HSCT
with a median of 28 days. (B) Patients achieved platelet (PLT) counts
above 20 × 109/L in 6 to 165 days after HSCT with a median of 31 days.

Fig 2 Bone metabolism recovery after HSCT. (A) Serum calcium is signif-
icantly increased after HSCT compared with the day of the HSCT. (B)
Serum phosphate is significantly increased after HSCT compared with
the day of the HSCT. (C) No significant difference was found between
alkaline phosphatase (ALP) measurement on the day of the HSCT and
the day of the patient’s peak calcium.
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only the metaphyses and shaft. Then, the width of the femur was
measured at 10 equidistant lines along the length of the cropped
image named 1 to 10 from distal to proximal, respectively
(Fig. 4A–C). {FIG4} For each radiograph, the width measurements
were normalized to the length of the image to allow comparison
of growing patients. These normalized width vectors were statis-
tically compared using ANOVA with Bonferroni correction
between early, late, and control groups (Fig. 5). Furthermore,
cortex-to-medullary density ratios were compared between dif-
ferent age groups within the control group to exclude aging as
a confounder of differences between the early and late groups
(Fig. 6B). A single radiograph per patient was used for each child
in the following age groups: 0–3 yo, 4–7 yo, 8–11 yo, and 12–15
yo. Finally, the standard deviation of each normalized width
distribution was calculated and compared between early, late, and
control groups using ANOVA with Bonferroni correction (Fig. 6A).

Statistical methods

GraphPad Prism 5.0f software (GraphPad Prism, San Diego, CA,
USA) was used to analyze the data. When box and whiskers are
shown, whiskers represent the full range of values, the box
extends from the 25th to 75th percentiles, and the line in the
box is the median. To assess significance, p < 0.05 was considered
statistically significant.

Data availability

The data sets generated and analyzed during the current study
are not publicly available because of the need to protect
research participants’ privacy but are available from the corre-
sponding author upon reasonable request.

Fig 3 Skeletal mineral distribution changes after HSCT. (A) No significant
differences in femoral cortex to medulla density ratios were found
between different age groups within the controls. (B–D) Follow-up radio-
graphs of a single ARO patient starting 3 months before his HSCT (A), to
14 months after the HSCT (B), and finally 5 1/2 years after the HSCT are
shown (C). Significant changes in cortical (yellow square) and medullary
(red square) mineralization are shown in the femoral midshaft (blue
square, enlarged below). (E) Calculated cortex to medulla density ratio
changes over time after the HSCT. (F) Significant differences in cortex
to medulla density ratios between the early, late, and control groups
were found.

Fig 4 Qualitative skeletal morphometry changes after HSCT. (A–C)
Follow-up radiographs of a single ARO patient starting 3 months before
his HSCT (A), to 14 months after the HSCT (B), and finally 5 1/2 years after
the HSCT are shown (C). Along the length of the femur (marked in green),
10 equidistant lines (denoted in red) are numbered 1 through 10 in each
radiograph. Over these lines, the femur width distribution (highlighted in
yellow) can be seen changing over time.
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Results

Patient and transplant characteristics

Patient, disease, and transplant characteristics are shown in
Table 1. Thirty-five patients, including 25 males and 10 females,
diagnosed with OP were included in this retrospective study.
Almost half of the patients were from consanguineous families.
A genetic diagnosis was available for most patients. Although
five different affected genes were identified in the cohort, the
most common by far was TCIRG1, accounting for more than half
of the identified mutations. Other patients harbored mutations
in SNX10 (n = 6), CLCN7 (n = 3), OSTM1 (n = 1), and RANK (n = 3).

All patients underwent at least one HSCT, except 2 patients for
whom HSCT was contraindicated based on their neurological
status. Three patients underwent a second HSCT because of
engraftment failure. The median age at the time of HSCT was
1.1 years and most patients were transplanted from HLA-
matched donors (24/36). Matched donors included siblings
(n = 13), relatives (n = 5), and unrelated donors (n = 6). Remain-
ing patients for whom a matched donor was not available were
transplanted with either a 9/10 matched family donor (n = 7) or
a 9/10 matched unrelated donor (n = 3). The conditioning regi-
mens were fludarabine-based in all cases. Half of the patients
were conditioned using a combination of fludarabine, treosulfan,
and thiotepa, whereas the rest were conditioned using a combi-
nation of fludarabine and busulfan with or without thiotepa or
melphalan. GVHD prophylaxis in the form of either cyclosporine
A alone (n = 27) or in combination with mycophenolate mofetil
(n = 9) was given in all cases. Finally, most patients received
in vivo T-cell depletion using anti-thymocyte globulin in all cases
but one where Campath-1H was used.

Hematopoietic and bone metabolism recovery after HSCT

Hematopoietic recovery after HSCT was evaluated by studying
the number of days it took patients to achieve stable non-
neutropenic and non-thrombocytopenic counts (Fig. 1). The
median time to stable neutrophil engraftment was 28 days
(Fig. 1A). Similarly, the median time to stable platelet engraft-
ment was 31 days (Fig. 1B).

Bone metabolism recovery was evaluated as the number of
days between HSCT (t0) and peak serum calcium (t1). The
median t1 was 32 days (data not shown) coinciding with hema-
topoietic recovery (Fig. 1). Both serum calcium (Fig. 2A) and
serum phosphate (Fig. 2B) significantly increased (p = 8.54E-13
and p = 5.31E-8, respectively) between t0 and t1. Serum calcium
increased from 2.2 mmol/L to 2.8 mmol/L and serum phosphate
increased from 1.2 to 2 mmol/L. Serum alkaline phosphatase
(Fig. 2C), on the other hand, was not significantly different
between t0 and t1 (p = 0.068).

Skeletal mineral distribution changes after HSCT

No significant differences in cortex-to-medullary density ratios
were found between different age groups in the control group
of radiographs (Fig. 3A, p = 0.81). On the other hand, HSCT had
a dramatic effect on skeletal mineral distribution (Fig. 3B–D).
Before HSCT, femurs were overall sclerotic with increasedmedul-
lary density and transverse lucent metaphyseal bands (Fig. 3B).
After the HSCT, femurs were much less sclerotic overall and the
medullary cavity was visibly less radiodense than the cortex, sug-
gesting significant remodeling and bone mineral redistribution
(Fig. 3C, D). Furthermore, the transverse lucent metaphyseal

bands that were prominent before HSCT were no longer notable
on late radiographs (Fig. 3D).

When the cortex-to-medullary density ratios were plotted
over time with respect to the HSCT, a clear upward trend was
found (Fig. 3E). Before HSCT, medullae were at least as radio-
dense as the cortices, as can be found by a cortex-to-medullary
density ratio of less than a 100 in most analyzed radiographs.
The late radiographs, on the other hand, taken at least 3 months
after HSCT, mostly demonstrated cortex-to-medullary density
ratios of more than 100. When we compared the cortex-to-
medullary density ratio distributions between early (aver-
age = 89), late (average = 101), and control (average = 110)
groups of radiographs, we found significant differences in all
comparisons (Fig. 3F, p = 8.88E-18). This indicated that a signifi-
cant change inmineral distribution between cortices andmedul-
lae occurred after HSCT but was not sufficient to achieve a fully
normalized radiological appearance. The difference between
the early and late groups cannot be attributed to the older age
of the children in the late group of radiographs because mineral
distribution was independent of age (Fig. 3A).

Fig 5 Quantitative femoral width changes after HSCT. Normalized femo-
ral width was compared between the early, late, and control groups. (A–J)
Significant differences in normalized femur widths between the study
groups are shown in all 10 cross sections (1 to 10, respectively).
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Skeletal morphological changes after HSCT

Not only skeletal mineral density but also long bonemorphology
was strikingly changed after HSCT. Before HSCT, Erlenmeyer flask
deformities could be clearly observed, especially in the distal
femoral metaphysis (Fig. 4A), whereas later radiographs
(Fig. 4B, C) showed a gradual widening of the diaphysis and a
narrowing of the metaphysis, transforming the Erlenmeyer flask
deformity into a more normal morphology.

When normalized femoral width distributions were compared
between the early and late groups, significant differences were
found in all 10 width measurement subgroups, suggesting mor-
phological remodeling after HSCT (Fig. 5). {FIG5} Significant dif-
ferences between the late and control groups were also found
in all width measurement subgroups, indicating that femoral
morphology was not completely normalized. This was also evi-
dent by the significant differences in the width distribution stan-
dard deviations between all three groups (p = 8.98E-12,
Fig. 6A). {FIG6}

The standard deviations of normalized femur widths of non-
OP children older than 8 years were found to be significantly
smaller than younger non-OP children (Fig. 6B, p = 0.003). An
average reduction of 0.007 in normalized femoral width standard
deviation was found in children older than 8 years compared
with the younger age groups (Fig. 6B), suggesting that growth
itself could account partially for the differences found between
the early and late groups. However, since the average difference
in standard deviations between the early and late groups and
the late and control groups were about double (0.016 and
0.017, respectively), the difference between the controls youn-
ger than and older than 8 years, it is likely that HSCT accounts
for some of the difference between early and late radiographs.

Discussion

HSCT for OP has dramatically improved patients’ survival and
quality of life.(14,15) Previous publications characterized the
genetics and long-term outcomes of HSCT in terms of survival
and HSCT-related complications. To the best of our knowledge,
this is the first study to address the skeletal changes after HSCT.

In this retrospective cohort, biochemical bone metabolism
markers and radiographic measurements of 35 patients over
15 years of follow-up were quantitatively analyzed. This hetero-
geneous cohort was composed of both males and females diag-
nosed with five different gene mutations, treated with HSCT
from related and unrelated donors (Table 1). The patients were
prepared for HSCT using four different conditioning regimens,
based on previously published findings,(15) and most received
GVHD prophylaxis and in vivo T-cell depletion as per standard
of care.

All available hematological, biochemical, and radiographic
data from all patients were analyzed without any subgroup anal-
ysis to focus on the effect of HSCT on bone remodeling in skele-
tally immature patients with impaired osteoclast function. This is
the first study to show that hematopoietic recovery after HSCT in
ARO (Fig. 1) coincides with a peak in bone remodeling, evident
by significant changes in serum calcium and phosphate levels
(Fig. 2). These electrolyte measurements are widely available
and already advocated for baseline and monitoring studies.(13)

We suggest that serum calcium and phosphate levels could
be used as auxiliary indicators of engraftment in addition to neu-
trophil counts, platelet counts, and donor chimerism. Although
complete blood counts are readily available, they are also diffi-
cult to interpret in determining stable engraftment achievement,
as they are confounded by blood product transfusions, which are
very common after HSCT.(23) Far less available and more expen-
sive than complete blood counts and serum calcium and phos-
phate analysis is donor chimerism analysis, but it is probably
the most accurate measure of engraftment available. In all,
serum calcium and phosphate could be used in addition to neu-
trophil and platelet counts to provide a widely available and
cost-effective measure of engraftment.

Unlike serum calcium and phosphate levels, the third bio-
chemical bone metabolism marker assessed in this study, ALP,
does not appear to be useful in indicating increased bone remo-
deling after HSCT in OP patients. Although serum calcium and
phosphate levels indicated increased bone remodeling at t1,
the serum ALP measurements were not significantly increased
at t1. There are several possible explanations for the lack of a sig-
nificant difference in serum ALP between t0 and t1 (Fig. 2C).
Eleven of 28 patients were found to have ALP levels above the
upper limit of normal at t0. Increased ALP at t0 could be second-
ary to an increase in the hepatic isoenzyme of ALP as a result of
infection,(24) hepatotoxic medications, or both. Hepatotoxic
medications including allopurinol(25) and trimethoprim-sulfa-
methoxazole(26) were given to all patients in the cohort, and
methylprednisolone(27) was administered as indicated for GVHD.
Because total serum ALP was measured in this study, rather than
the bone-specific isoenzyme levels, increases in the hepatic iso-
enzyme could have increased the total serum ALP, thereby con-
founding HSCT-related changes in ALP. Future studies could use
more specific bone turnover markers(28) such as bone-specific
ALP, osteocalcin, and collagen type I-related peptides to exam-
ine HSCT-related changes in OP patients.

Bone remodeling was directly evaluated by quantifying both
skeletal mineral distribution and morphology based on femur
radiographs. These novel outcomes were found to dramatically
change after HSCT. Interestingly, as early as 90 days after HSCT,
a significant change was found in both bonemineral distribution
and morphology (Figs. 3–6). These rapid changes cannot be the
result of growth alone and are most likely attributable to recov-
ered osteoclasts’ function after HSCT. Presumably, the continued
osteoclast activity throughout the follow-up period is

Fig 6 Femoral width distribution changes after HSCT. (A) Normalized
femoral width distributions were found to be different between controls
younger than 8 years and controls older than 8 years. (B) Significant dif-
ferences in normalized femur width distribution standard deviations
between the early, late, and control groups of radiographs are shown.
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responsible for maintaining the improvement in mineral distri-
bution and bone morphology noted earlier.

This is the first study to show that neither mineral distribution
nor bone morphology were completely rescued after HSCT. This
could be the result of insufficient follow-up length, pathological
bonemodeling that could not be rescued by remodeling, or sub-
optimal HSCT. Future studies could assess skeletal outcomes of
HSCT in OP patients for longer periods of time as well as whether
HSCT could be improved in order to cure the OP-associated skel-
etal abnormalities. Previous publications concluded that the
post-HSCT morphology was completely normal by basing their
observations on qualitative radiological evaluation of small
cohorts and case reports.(18–20,29) The lack of a complete rescue
of the skeletal phenotype should be especially valuable for
orthopedic surgeons who may need to perform procedures on
patients with OP after HSCT. They should consider that these
patients are significantly different from non-OP patients of the
same age. It is important to note that this study analyzed only
femur remodeling and did not account for known radiographic
differences between different forms of OP.(9) Additional limita-
tions of this study included the limited availability of follow-up
data including radiographs.
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