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Abstract

Introduction—Children undergoing lung transplant are at risk for low bone mineral density
(BMD) and fractures. The effect of lung transplantation on bone health in pediatric patients is
unknown.

Materials and Methods—We performed a retrospective chart review of all patients ages 2-21
years who underwent lung transplantation at our hospital from January 2000 to January 2015.

Results—51 patients were studied. At the time of transplant evaluation, BMD Z-score was
—-2.2+1.4, and 59% of patients had low BMD. BMD Z-score declined in the first year after
treatment and returned to near-baseline by the third post-transplant year. Fractures occurred in 9
patients (18%) before and 15 patients (29%) after transplant. Bisphosphonate use was associated
with improvement in BMD Z-score and lower mortality risk.

Conclusions—~Pediatric patients had a high prevalence of low BMD at the time of lung
transplant evaluation. BMD Z-scores declined in the year after transplant and returned to the pre-
transplant level by the third post-transplant year while remaining below normal levels. Fractures
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were common at sites associated with significant morbidity. These findings support efforts to
optimize bone health before and after pediatric lung transplantation, and future studies are needed
to evaluate the role of bisphosphonates in these patients.
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1. Introduction

Individuals with severe lung disease undergoing evaluation for lung transplantation are at
risk for low bone mineral density (BMD) and fractures. Risk factors for compromised bone
health in this patient population include glucocorticoid use, decreased physical activity,
vitamin D deficiency, and poor nutrition (1, 2). Studies in adults have shown that BMD
declines even further after solid organ transplantation, particularly in the initial 6-12 months
(1-4). In adults, lung transplantation is associated with a 2-5% reduction in BMD and an
18-37% fracture risk in the first year after lung transplant (3, 5, 6). This bone loss is likely
multifactorial, related to immunosuppressant medications, immobilization, and other factors
(7). Because of this rapid bone loss occurring after solid organ transplant, adults are often
treated with medications such as bisphosphonates in order to preserve BMD and prevent
post-transplant fracture (2, 8, 9).

The effect of lung transplantation on BMD and fracture risk in children and adolescents is
currently unknown. Like adults, children have a high prevalence of low bone density prior to
solid organ transplant (10), though there are limited data regarding children with lung
disease in particular. Children with end stage pulmonary disease have many of the same risk
factors for compromised skeletal health as adults, but they also may experience uniquely
pediatric issues such as pubertal delay, compromised growth, and short stature (11). There
have been no studies published to date evaluating the natural history of BMD changes after
lung transplantation in pediatric patients, and whether lung transplantation improves or
worsens skeletal health in children and adolescents is currently unknown. We hypothesized
that children and adolescents may experience significant clinical improvement after
transplant leading to substantial gains in BMD greater than expected for age, potentially
bringing BMD into a more normal range.

Boston Children’s Hospital has one of the largest pediatric lung transplant centers in the
United States and routinely monitors BMD of pediatric patients both before and after lung
transplantation. The goal of this study was to determine the prevalence of low bone density
and fractures in a large cohort of pediatric patients undergoing lung transplant evaluation,
identify risk factors for low bone density and fractures in this population, and determine the
changes in BMD and BMD Z-score occurring after transplant in this population.
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2. Materials and Methods

2.1 Patient Population

This was a retrospective chart review examining all patients ages 2-21 years old who
underwent lung transplantation at Boston Children’s Hospital from January 2000 until
January 2015. Patients were excluded if they had a solid organ transplant prior to January
2000. The protocol was approved by the hospital institutional review board.

The standard lung transplantation evaluation at our institution includes a pre-transplant clinic
visit with full medical evaluation pulmonary function tests, laboratory evaluation including
25-hydroxyvitamin D levels, and assessment of BMD by DXA. As part of routine post-
transplant surveillance, DXA scans along with routine laboratory testing are obtained
annually in lung transplant patients. The majority, but not all, patients received induction
with anti-thymocyte globulin followed by triple immunosuppression therapy with
glucocorticoids, mycophenolate, and tacrolimus. In cases with biopsy proven or suspected
acute vascular rejection, patients were treated with high dose glucocorticoids, generally 20—
30 mg/kg/day for 3 days (with a maximum of 1000mg/day). Over the 15-year period of this
study, there were minimal changes in lung transplant protocols at our institution. The most
significant change was the addition of induction therapy for most but not all patients
included in the study. All patients diagnosed with low BMD are referred to a pediatric
endocrinologist, and bisphosphonate treatment is considered on a case-by-case basis.

2.2 Clinical Data Collection

All data were obtained from the electronic medical record by a single physician investigator
trained in the interpretation of pediatric DXA scans. Baseline characteristics of patients were
recorded from the patients’ clinic visits at the time of the initial transplant evaluation,
including results of the DXA scan obtained at the closest time point to the pre-transplant
evaluation. The results of each subsequent DXA scan were obtained up to a total of four
scans per patient. If a patient had more than four scans, the most recently acquired scan was
included as the fourth and final scan in order to capture long-term BMD changes. If the
patient required re-transplantation, only the first transplant was considered in the analysis,
and all subsequent transplants were included as part of the follow-up period. At the time of
each DXA scan, clinical and laboratory data were extracted from the medical record
including anthropometric measures, medications (including current glucocorticoid use in
mg/kg), and lab results. The number of pathology-confirmed acute or chronic rejection
episodes occurring during the time period between DXA scans was determined. Patient
charts were electronically searched for all fractures occurring in the pre- or post-transplant
period, and fractures were confirmed by radiology report in the chart. If applicable, date and
cause of death was recorded.

2.3 Assessment of areal BMD

DXA scans were performed at the Boston Children’s Hospital DXA Center. Since 2000, the
original Hologic 4500 model was replaced by a Hologic Discovery A model and ultimately a
Hologic Horizon A model, with appropriate cross-calibration studies. Z-scores were
determined using standard Hologic reference databases. Given that data were collected over
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a 15-year period, the recommended sites for DXA imaging of pediatric patients changed
over time. Although total body less head (TBLH) and spine are currently the recommended
imaging sites in children and adolescents (12), many patients imaged prior to this
recommendation in 2013 were scanned at sites that were previously but are no longer are
recommended, including the hip and whole body. For the baseline assessment of BMD
status, BMD Z-scores were obtained from all imaged sites of each baseline DXA scan (total
hip, whole body, TBLH, and/or spine), and the lowest Z-score for each scan was used to
characterize bone density status for each patient as low (BMD Z-score —2.0 or below) or
normal (BMD Z-score —1.9 or above). For longitudinal analyses, data from the spine and
total hip were analyzed because the most data were available at these sites, and BMD
changes at other DXA sites (total body and TBLH) were not reported due to the limited
number of available scans that included these sites.

2.4 Statistical Analyses

Statistical analysis was performed using SAS 9.4 software (SAS Institute Inc., Cary, NC).
For patients older than 20 years, Z-scores for anthropometric measures (height, weight, and
BMI) were calculated using the 20 year CDC reference data. To evaluate associations
between clinical characteristics and lowest BMD Z-score at baseline, correlations were
performed using Pearson correlation coefficient, or Spearman correlation coefficient in the
case of non-normally distributed data. Logistic regression was used to determine significant
predictors of pre- or post-transplant fractures.

For longitudinal analyses, repeated measures analyses were used to determine change over
time in absolute BMD and BMD Z-scores at the total hip and spine, accounting for within-
subject correlation using compound-symmetric covariance structure. Scans were categorized
into time points based on how many years from transplant they had occurred, and all scans
obtained more than five years after transplant (median 5.4 years, range 5-13 years) were
combined into a single time point given the small number of available scans. Unlike in
adults, in whom BMD would be expected to remain roughly stable until menopause,
absolute BMD is expected to increase with time in growing children; therefore, changes in
BMD Z-score were reported to capture whether changes in BMD were at, above, or below
that expected for age. Number of rejection episodes, height Z-score, and 25(0OH)D levels
were noted to significantly affect BMD Z-score change on univariate screen; therefore,
multivariable analyses were performed adjusting for these variables. Change in BMD Z-
score in the subset of patients treated with bisphosphonates was assessed using paired t-tests.
Unadjusted Cox regression was used to calculate hazard ratios with 95% confidence
intervals (CI) for the effect of fractures or bisphosphonate use on mortality.

Data are reported as mean + standard deviation (SD) unless otherwise noted, and p values
<0.05 are considered statistically significant.
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3.1 Pre-Transplant Patient Characteristics and Bone Density Results

Patient characteristics at the time of their pre-transplant clinical evaluation are presented in
Table 1. A majority of patients had cystic fibrosis (CF) as the etiology of end stage
pulmonary disease, followed by pulmonary hypertension and graft vs. host disease (GVHD)
secondary to bone marrow transplantation. At the time of transplant, patients were on
average 14.7 + 4.8 years old, with ages ranging 4 to 20 years old, and slightly more than half
were female. Patients were shorter than the population average with a mean height Z-score
of -1.1 + 1.4. A majority of patients (71%) reported taking vitamin D supplementation, and
mean 25(OH)D level was 29.7 + 10.6 ng/mL. Fifty-two percent of patients had a 25(0OH)D
level at or above 30ng/mL at the time of lung transplant evaluation. Three patients had
multiple organs transplanted (lung and liver), and five patients required re-transplantation
after their original transplant.

The mean BMD Z-score for all patients who had a baseline DXA scan prior to transplant
(n=27) was —2.2 + 1.4. Fifty-nine percent of patients had low bone density defined as a
BMD Z-score at any site below —2.0.Significant predictors of pre-transplant BMD Z-score
were height Z-score (r 0.69, p <0.01) and FEV1 (r 0.42, p 0.04). Median time interval
between baseline DXA scans and lung transplantation was 0.9 years (range 0.1-3.8 years).
Medical indication for transplant, 25(OH)D level, BMI Z-score, hemoglobin Alc, age, and
gender were not significant predictors of pre-transplant BMD Z-score.

3.2 Pre-Transplant Fractures

Nine patients (17%) reported a fracture in the 1.3 £ 1.4 years prior to transplant. These
fractures involved the vertebrae in six patients, hip in one patient, wrist in one patient, and
ankle in one patient. Medical indication for lung transplantation, gender, age, BMI and
height Z-scores, and BMD Z-score were not predictive of pre-transplant fracture (p>0.05 for
all), though the small number of patients with fractures limits power to detect significant
predictors. Four of the nine patients who reported fractures had a pre-transplant DXA scan,
and all four of these patients had low bone density based on this scan, with BMD Z-scores
ranging —2.9 to —4.9.

3.3 BMD Z-score changes after transplant

Changes in absolute BMD and BMD Z-score at the spine and hip after lung transplantation
are presented in Figure 1 and Figure 2, respectively. There was a mild decline in absolute
BMD in the first year after transplant, followed by increases in BMD thereafter. BMD Z-
score started off low and then declined further in the first year after transplant, indicating
that expected gains in BMD did not occur during this time period. This was followed by
increases in BMD Z-score to close to baseline by the third post-transplant year. This pattern
was significant at the total hip (p=0.017) but not at the spine (p=0.13) (Figure 2a). Height Z-
score, 25(0OH)D, and number of acute rejection episodes significantly affected BMD Z-score
change over time, and multivariable adjustment for these covariates further strengthened this
pattern at the hip (p=0.016) and spine (p=0.07). After multivariable adjustment, BMD Z-
score at =5 years post-transplant was improved compared to baseline but did not normalize
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(Figure 2b). Age, gender, glucocorticoid dose (mg/kg) at the time of the scan, BMI Z-score,
hemoglobin Alc, multiple organ transplant, re-transplantation, and bisphosphonate use were
not significant predictors of BMD change on univariate analysis. There was no change in
height or BMI Z-scores after transplant (p=0.99 and p=0.15, respectively), suggesting that
patients did not experience significant catch-up growth after transplant (data not shown).

3.4 Fractures after transplant

Fifteen patients (29%) suffered 18 fractures in the post-transplant period, occurring on
average 1.6 + 1.6 years after transplant. These fractures included seven of the spine, three of
the hip or pelvis, three of the ribs, three of the upper extremity, and two of the lower
extremity. Age, gender, baseline BMD Z-score, indication for transplant, pre-transplant
fracture, and baseline height and BMI Z-scores were not significant predictors of post-
transplant fracture (p>0.05 for all). Four of the nine patients who had a pre-transplant
fracture suffered one or more additional fractures in the post-transplant period.

3.5 Bisphosphonate use

3.6 Mortality

Fourteen patients were treated with bisphosphonates in the peri-transplant period: twelve
received alendronate 35mg PO weekly, and two patients received a single dose of
pamidronate intravenously. Eight patients started treatment on average 0.4 £+ 0.3 years prior
to transplant, and six patients started treatment in the post-transplant period approximately
1.5 £ 1.3 years after transplant. The mean duration of treatment for patients on alendronate
was 1.9 + 1.0 years. Indication for bisphosphonate treatment included low BMD alone in
eight patients and low BMD plus fracture in six patients. Mean BMD Z-score prior to or at
the time bisphosphonate treatment was started was —3.7 + 1.4. Patients treated with
bisphosphonates had a significant increase in lowest BMD Z-score from —3.7 to —2.9
(p=0.04) with treatment; however, six patients incurred fractures despite current or prior
bisphosphonate use, all of whom started bisphosphonate treatment in the post-transplant
period.

At the time of final data review, 23 patients were still alive (median 5.4 years after
transplant, range 2.4-16.4 years), and 28 patients were deceased (median 1.9 years after
transplant, range 0-6.2 years). The most common causes of death in these patients were
bronchiolitis obliterans and acute respiratory distress syndrome, and none of the deaths were
directly related to bone disease. Suffering a fracture in the pre-transplant period was
associated with an increased mortality risk of borderline insignificance (HR 2.22, 95% CI
0.92-5.24, p=0.07) whereas use of bisphosphonates before or after transplant was associated
with a reduced hazard rate (HR 0.37, 95% CI 0.14-0.98, p=0.046). Occurrence of one or
more post-transplant fractures did not have a significant effect on mortality risk.

4. Discussion

Children and adolescents had a high prevalence of low BMD and fractures at the time of
lung transplant evaluation. BMD Z-scores declined further in the year after lung transplant
and gradually returned to the pre-transplant level by the third post-transplant year, but BMD
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did not normalize after transplant, even after accounting for height Z-score, vitamin D levels,
and rejection episodes. Fractures in the two years after lung transplant were common and
occurred at sites associated with significant morbidity. Bisphosphonates may improve BMD
and mortality risk in these patients, though the effect on fracture risk is unknown. These
findings support the need for increased efforts to optimize bone health in pediatric lung
transplant patients, both before and after transplantation.

To our knowledge, this is the first study to evaluate BMD changes and fractures in pediatric
lung transplant recipients. The skeletal effects of lung transplantation are much better
described in adult patients. The prevalence of low bone density in adults with advanced lung
disease prior to lung transplantation has been reported to range from 29-61% (5). Studies
suggest that adults experience significant bone loss up to 5% at the hip and spine in the year
after transplant, and that this decline in BMD gradually improves over the following year (3,
6). This pattern is similar to what we observed in children, where the first year after
transplant led to BMD losses, resulting in further reduction in already low BMD Z-scores. A
decline in absolute BMD during childhood and adolescence is notable since BMD should
only increase during growth. Like adults, children similarly had gains in BMD and
improvement in BMD Z-score in subsequent years after transplant, though not to the normal
range. This pattern likely reflects the high dose glucocorticoid use, immobilization, and
immunosuppressant treatment in the first year after transplant, which is gradually reduced
over time allowing for some degree of recovery of BMD thereafter.

Data evaluating bone density outcomes in children and adolescents receiving other types of
solid organ transplants are limited. For example, one study in 13 pediatric patients
undergoing cardiac transplantation found that BMD was reduced after transplant, and two
patients suffered a vertebral fracture (13). BMD changes in pediatric renal transplant
recipients are variable (13-18), likely affected by changes in vitamin D metabolism and
hyperparathyroidism after transplant. In contrast, children and adolescents undergoing liver
transplantation had low BMD prior to transplant but then experienced significant increases
in BMD Z-scores to the normal range in the post-transplant period, likely related to
improvements in vitamin D metabolism as well as significant catch-up growth and increases
in IGF-1 levels (19-23). Unlike pediatric liver transplant patients, pediatric lung transplant
patients in our study did not exhibit significant catch-up growth, and both height and BMD
Z-scores remained low after transplant.

In our study, fractures occurring before and after lung transplant were common and occurred
at a similar rate as that experienced by adult solid organ transplant recipients (approximately
30%) (24-26). Although even healthy children may be prone to fractures during childhood,
in our cohort of patients these fractures occurred at sites that are not typical childhood
fracture sites, most frequently involving the spine, hip, or ribs. Fractures at these sites can
result in significant morbidity, leading to kyphosis, reduced lung volumes, poor airway
clearance, and prolonged immaobilization.

The etiology of compromised skeletal health in pediatric lung transplant patients is likely
multifactorial, affected by underlying disease status, poor nutrition, decreased physical
activity, medication use, and impaired growth. In our study, pre-transplant FEV1 was
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directly correlated with BMD Z-score, which is consistent with other studies in CF (27-30)
and other pulmonary conditions (31, 32). In addition, the number of rejection episodes
significantly impacted change in BMD Z-score, which likely reflects the cumulative dose of
glucocorticoids patients received on top of standard immunosuppressive doses. Steroid
treatment may also impair linear growth and height gain, leading to smaller bone size and
increased fragility.

Interpretation of pediatric DXA scans can be confounded by height differences, since
smaller bones appear less dense on two dimensional DXA imaging. The patients in this
cohort were shorter on average than the general population, and this may contribute to their
low BMD. To account for the confounding effect of short stature on BMD Z-score, we
adjusted the longitudinal analyses for height Z-scores, and this led to some attenuation in
BMD Z-score change, though not to the normal range. The fact that height Z-scores did not
improve after transplant suggests that pediatric lung transplant patients may not experience
significant catch-up growth, and this may contribute to the lack of BMD normalization.
Although shorter height may lead to lower BMD Z-scores, the high fracture rate in these
patients suggests that low BMD in this cohort does in fact reflect true bone fragility and is
not merely an artifact due to short stature.

This study also presents the largest retrospective review of bisphosphonate use in pediatric
solid organ transplant recipients. Although bisphosphonates have been shown to be an
effective treatment for glucocorticoid induced osteoporosis and for the prevention of bone
loss after solid organ transplant in adults (8, 35-38), data in children are limited. Of the
fourteen patients treated with bisphosphonates in this study, BMD Z-scores improved
significantly with treatment. However, more than half of these patients fractured despite
treatment, which likely reflects the severity of their underlying bone disease. There were no
cases of osteonecrosis of the jaw, atypical femur fractures, or other severe adverse events
associated with bisphosphonate use in this population, though treatment was typically
limited to a relatively short period of approximately two years. These findings support the
need for larger, prospective studies in pediatric patients to determine the safety and efficacy
of bisphosphonate use in this population.

In this cohort, more than half of patients died within six years of their lung transplant,
though several patients remain alive as long as 16 years after transplant. There was a
suggestion of a higher risk of mortality in patients who suffered a fracture in the pre-
transplant period, though not in the post-transplant period. This may in part reflect the
degree of illness and fragility of these patients, predisposing them to fracture even before
undergoing transplantation, rather than an effect of the fracture itself on mortality. The fact
that bisphosphonate use appeared protective in terms of mortality is interesting and warrants
further investigation with a well-designed prospective clinical trial.

The strengths of this study include the relatively large number of pediatric lung transplant
recipients studied, though absolute numbers remain small, and the detailed clinical
characteristics and densitometry results obtained from the electronic medical record.
However, there are also limitations that should be considered. First, the retrospective nature
of the study may lend itself to unintended bias by affecting which patients underwent DXA
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scanning. Although DXA scans were routinely recommended before and after transplant in
all patients, not all patients had the recommended scans, likely related to competing medical
priorities. In addition, pubertal delay, patient compliance with prescribed bisphosphonate
therapy, and physical activity levels before and after transplant could not be assessed
retrospectively in this study. Although dose of glucocorticoid at the time of each DXA scan
was obtained, specific cumulative steroid exposure for each subject could not be estimated
by chart review. Also, although the ISCD recommends the use of height Z-score-adjusted
BMD Z-scores in children with delayed maturation or linear growth (12), which can be
calculated using the Bone Mineral Density in Childhood Study (BMDCS) reference
database (39), a majority of BMD data were extracted from scans not obtained with Hologic
software versions 12.1 or higher and therefore could not be used to calculate height Z-score-
adjusted BMD Z-scores. In addition, DXA reference populations used for generating Z-
scores have changed over this time period, which may affect Z-score calculations. There
may also be an era effect due to evolving transplant practices over this time period. Finally,
although TBLH and spine are currently the recommended DXA imaging sites in children
and adolescents, a majority of patients in this study had total hip and spine measurements as
per older ISCD recommendations, and there were not enough data to present change in
TBLH BMD. Total hip results should be regarded with caution given the recent ISCD
guidelines indicating that this site is not reliable in growing children (12); however, the fact
that hip and spine results were consistent with each other is compelling and suggests that
these data provide useful insight into skeletal changes post-transplant.

5. Conclusions

Lung transplantation has a detrimental effect on skeletal health in children and adolescents,
and these patients are at high risk for fracture before and after transplant. BMD Z-scores fall
in the first year after transplantation followed by some degree of recovery; however, BMD
Z-scores remain compromised even as long as five or more years after transplant. Future
prospective studies will be needed to confirm these findings and to evaluate the role of
bisphosphonates in the care of pediatric lung transplant recipients. Increased attention to
screening for low bone density and optimizing bone health in children will be important
prior to and after lung transplantation.
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Highlights

Children have a high risk of low BMD and fractures before and after lung
transplant.

BMD Z-scores fall in the first year after transplant followed by some degree
of recovery.

However, BMD Z-scores remain low even as long as five or more years after
transplant.

Increased attention to optimizing bone health in these patients will be
important.
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Figure 1.

Changes in absolute BMD at the spine and hip after lung transplantation.
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Figure 2.

Changes in BMD Z-score at the spine and hip after lung transplantation. Unadjusted results
are presented in panel 2a. Multivariable adjusted results after adjustment for 25(OH)D,
height Z-score, and number of rejection episodes are presented in panel 2b.
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