Original Article | Open Access

Rare Disease and Orphan Drugs

Journal

Scher et al. Rare Dis Orphan Drugs J. 2026;5:18

DOI:10.20517/rdod].2026.01

A validated disease severity scoring system predicts
risk of fractures in treated adults with type 1 Gaucher

disease

Yosef Y. Scher', Neal J. Weinreb?

Keywords:

Gaucher disease, DS3,
severity score, GRAF score,
enzyme replacement
therapy, Gaucher bone
disease, fragility fracture,
fracture-free survival

Citation: Scher YY,
Weinreb NJ. A validated
disease severity scoring
system predicts risk of
fractures in treated adults
with type 1 Gaucher disease.
Rare Dis Orphan Drugs J.
2026;5:18.
https://dx.doi.org/10.20517
/rdod}.2026.01

Received: 5 Jan 2026
First Decision: 3 Feb 2026
Revised: 2 Mar 2026
Accepted: 22 May 2026
Published: 29 May 2026

Academic Editors:
Daniel Scherman, Bridget
Bax

Copy Editor:

Ping Zhang

Production Editor:
Ping Zhang

M) Check for updates

DS3 Severity Score Better Predicts Fracture Risk Than GRAF in Treated Adults with Gaucher Disease Type 1

PREDICTIVE PERFORMANCE
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Abstract

Aim: Gaucher disease type 1 (GD1) is a lysosomal storage disorder associated with
heterogeneous systemic and skeletal manifestations. Fragility fractures remain an
important source of morbidity, even after initiation of enzyme replacement therapy (ERT).
Validated tools to predict fracture risk in treated patients are limited.

Methods: We retrospectively analyzed 133 adult patients with GDIwho were enrolled in a
previously published Disease Severity Scoring System (DS3) validation study
(NCTO136304). 132 ERT-treated patients were included in fracture-free survival analyses
from which the one miglustat-treated patient was excluded. Baseline DS3 scores and
Gaucher Risk Assessment for Fracture (GRAF) scores were calculated at treatment
initiation. Fracture-free survival was assessed using Kaplan-Meier analysis, and predictive
performance was evaluated using receiver operating characteristic (ROC) analysis,
including combined DS3+GRAF models and Cox proportional hazards regression with age
included as a continuous variable.
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Results: Thirty-three patients (24.8%) experienced at least one fragility fracture during follow-up. Patients with
fractures were older at treatment initiation, had longer delays between diagnosis and treatment, higher baseline DS3
and GRAF scores, and were more likely to have undergone splenectomy. For GRAF tertiles, the overall uncorrected
log-rank test was significant, but Holm-corrected pairwise comparisons were not. ROC analysis showed that both
the baseline DS3 score and the GRAF score moderately predicted fracture risk [area under the curve (AUC) ~0.76,
0.66 respectively]. The combined model modestly enhanced predictive performance, particularly in adults treated
before age 50. The age-adjusted DS3 Cox model demonstrated a C-index of 0.80, compared with 0.78 for the
age-adjusted GRAF model. Inclusion of both scores together resulted in only minimal improvement in discrimination
(C-index 0.80), suggesting limited incremental predictive value of combining the two measures.

Conclusions: Pre-treatment baseline DS3 is a modestly stronger predictor of fracture risk in patients on ERT than
GRAF score (Kaplan-Meier), GD1 severity itself contributes to skeletal fragility beyond the effect of aging alone
(COX), and inclusion of both scores together resulted in only minimal improvement in discrimination (ROC, C-index
comparison).

In clinical practice, DS3 may be preferred for baseline risk stratification, while GRAF may retain value in settings
where full DS3 assessment is not feasible. Because many other fracture risk variables are not included either in DS3
or GRAF, both should be interpreted as complementary rather than stand-alone predictive tools. Reliance on
dual-energy X-ray absorptiometry (DXA)-derived bone mineral density alone as a surrogate for fracture risk
warrants reassessment.

INTRODUCTION

Gaucher disease type 1 (GD1; OMIM #230800) is an autosomal recessive lysosomal storage disorder caused
by deficient activity of glucocerebrosidase due to pathogenic variants in the GBA gene (GBA1; G/L MIM
606463"". GD1 exhibits marked clinical heterogeneity, ranging from asymptomatic disease to progressive
involvement of hematologic, visceral, and skeletal systems. Enzyme replacement therapy (ERT) has
transformed the natural history of GD1; however, responses - particularly with respect to skeletal outcomes -

2-4]

remain variable!

The skeletal manifestations of GD1, chronic bone pain, acute bone crisis, osteonecrosis and fragility fractures
contribute substantially to morbidity and reduced quality of life!>*'. Fragility fractures are related to skeletal
pathophysiology including abnormalities of the bone marrow and the effects of infiltration with
glucocerebroside-engorged macrophages (Gaucher cells); abnormalities of trabecular and cortical bone
including modeling and remodeling defects; loss of bone mineral mass with osteopenia/osteoporosis or lytic
lesions; vasculopathy and osteonecrosis that adversely affects bone structural and mechanical integrity™”*.
Displacement or suppression of bone marrow adipocytes may also inhibit osteoblastic synthesis of new bone
shifting the equilibrium in favor of bone resorption and bone mineral loss.

Estimation of fracture prevalence is challenging due to disease and event rarity, heterogeneous reporting, and
limitations of GD1 registry data. Validity of comparisons with control groups is challenged by variable
geographical norms, and changing demographics including age distributions, racial and ethnic composition,
and imbalances in economic and nutritional conditions"’. Retrospective registry studies are compromised by
case under-reporting, cross-sectional rather than longitudinal reporting, incomplete data, and inclusion of
fragility and non-fragility fractures"”. Notwithstanding these caveats, among 706 never treated or pre-ERT
patients with GD1 enrolled in the International Collaborative Gaucher Group (ICGG) Gaucher Registry
before 1998, 15% had a history of fracture"". In a multi-center study in the United Kingdom (UK), 28%
reported fragility fractures”. Among 105 adult GD1 patients in France, 18% had non-vertebral fractures and
15% had vertebral fractures, and in a more recent study of 239 patients, there were more pathological
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Gaucher Disease Type 1 Severity Scoring System (GD-DS3)
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Figure 1. Weighted calculation of DS3 scores for the bone, hematologic, and visceral domains. Note the change in the assessment of bone
mineral density as explained in the text. Reproduced from Weinreb et al.l'®, DS3: Disease severity scoring system; MRI: magnetic
resonance imaging; DXA: dual-energy X-ray absorptiometry; BMB: bone marrow burden; CT: computed tomography; AVN: avascular
necrosis.

fractures but fewer vertebral compression fractures {58 [24.3%], 23 [9.6%]} within the first 15 years after
starting ERT!">"*l. In comparison, from 2017-2020, in US individuals 50 years or older, the prevalence of
fragility fractures (hip, wrist, vertebral) was only 0.8%, 2.2%, 0.4% and non-fragility fractures 0.6%, 1.8%,
0.9%. For individuals younger than 50 years of age, the prevalences for all fractures were 0.7%, 9.8%, 3.0%"°..
This disparity confirms that at all ages, individuals with GD1 have an inordinate number of fractures
compared to those non-affected.

Fracture risk assessment in GD1 has relied largely on dual-energy X-ray absorptiometry (DXA), despite the
complex skeletal pathology characteristic of this disease!"”.. In a case-controlled study in which 319 GD1
patients with a first-time fracture were matched for gender, year of birth, treatment status, and splenectomy
status with 1,233 GD1 patients without a fracture history, only lumbar spine Z-scores < -1 were identified as
a risk factor for fracture [Objective Response (OR) 5.55]"""). Nevertheless, lumbar spine Z score as a
standalone parameter for assessing fracture risk in GD1 is problematic. In children with GD1, DXA bone
density measurements may be underestimated due to low bone size and growth retardation. In adults older
than 50 years, T scores rather than Z scores are a more accurate indicator of osteopenia/osteoporosis and
fracture risk. DXA scores may be falsely elevated in the presence of osteophyte formation, bone sclerosis,
disk space narrowing, and spondylolisthesis. Consequently, the Gaucher Risk Assessment for Fracture
(GRAF) score was developed to estimate fracture risk in patients starting ERT or Substrate Reduction
Therapy (SRT) based on demographic and disease-related factors including sex, age at treatment initiation,
time interval between age at diagnosis and age at treatment initiation, splenectomy status, and pre-treatment
history of bone crises [Figure 1]"*. GRAF score is used most effectively only in conjunction with DXA and
other non-GD-specific risk factors (e.g., smoking, alcohol intake, frailty).
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Separately, the Disease Severity Scoring System (DS3) integrates multisystem manifestations of GD1,
including skeletal involvement and DXA, and has been validated as a measure of overall disease burden and
treatment response"®**). Whether DS3 predicts fracture risk, and how it compares with or complements
GRAF has not been previously examined. Therefore, using retrospective data from the DS3 validation
study", we investigated whether pre-treatment DS3 scores predict fracture risk in adults with GD1 receiving
ERT, whether DS3 outperforms GRAF, and whether combining both measures improves predictive
accuracy.

METHODS

This study was performed as part of the research titled “Validation Study of a Severity Score Index (DS3) for
Adult Patients with type 1 Gaucher disease” (URFLSD-.2010-01) after review of the protocol (WIRB®
Protocol #20100371) and approval of the patient informed consent form dated March 23, 2010 by the
Western Institutional Review Board (WIRB®, now WCG IRB Connexus, Seattle, WA, USA). All consent
forms were signed by the patients. The signed consent form includes patient permission to publish aggregate
anonymized results in scientific journals.

Patient recruitment, eligibility, and calculation of the DS3 scores have been described previously"”. The DXA
and Magnetic Resonance Imaging (MRI) bone marrow infiltration lack of availability was anticipated when
the DS3 score was initially formulated and the score, when appropriately modified, was validated even in the
absence of these two elements"*). Patient eligibility was contingent on enrollment in the ICGG Registry
between 1991-2009. IRB-approved consent forms allowed future retrospective investigations. The study
cohort comprised 133 adult patients with GD1. Demographic characteristics are shown in Table 1.
Comparison with other large population ICGG studies"*** indicates that the DS3 study population is
demographically representative in terms of sex, age at diagnosis, age at first treatment, GBA1 genotype
distribution, and percentage of patients with a history of splenectomy [Table 2]. DS3 scores were calculated
retrospectively using registry and study-specific data according to published criteria [Figure 1 and
Supplementary Table 1]"%. Disease severity was categorized as mild (< 3), moderate (3-5.9), or marked (= 6).
Fractures are entered in the Registry database based on radiological evidence as reported by the site
investigator. A distinction among pathological, fragility, or non-fragility fractures is not included because
detailed clinical information about the circumstances is not captured in the case report forms.

GRAF scores were calculated for each of the 133 patients enrolled in the DS3 study with the tool illustrated in
Figure 2 and per the instructions in Deegan"*.

Statistical analyses included non-parametric tests, y* testing with Holm correction for multiple comparisons,
Kaplan-Meier survival analysis, and sensitivity analyses. In fracture-free Kaplan-Meier (KM) survival
analyses, statistical significance was defined as a two-sided P value < 0.05 after Holm correction.

Receiver Operating Characteristic (ROC) analysis was used to assess the ability of baseline disease severity
indices to predict fractures occurring during ERT in our GD1 patient population. Three predictors were
evaluated: (1) the continuous DS3 score, (2) the ordinal GRAF score (1 = mild, 2 = moderate, 3 = severe), and
(3) a combined model incorporating both measures via multivariate logistic regression.

ROC curves were constructed for each predictor and stratified by age at treatment initiation (< 18, 18-49, and
2 50 years). The area under the ROC curve [area under the curve (AUC)] was used as a summary measure of
discriminative performance. The optimal threshold for classification was determined using Youden’s index (J
= sensitivity + specificity - 1). To assess statistical uncertainty, 95% confidence intervals (CIs) for AUC values
were derived using nonparametric bootstrapping (2,000 resamples). For comparison between predictors, a
bootstrap-based approximation of the DeLong test was used to estimate differences in AUC (AAUC)
between the combined model and each single predictor, with one-sided p-values indicating the likelihood
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that the observed improvement occurred by chance. AUCs 2 0.70 were interpreted as moderate
discrimination, while AUCs 2 0.85 were considered strong discrimination.

Table 1. Baseline (pre-treatment) characteristics of 133 treated patients with GD1 by investigative site™!

Total South Florida Toronto Atlanta Los Angeles Pittsburgh
Patients: N 133 61 25 15 24 8
Patients with splenectomy: n (%) 39(29.3) 17 (27.9) 8(32.0) 5(33.3) 5(20.8) 4 (50.0)
Women: n (%) 81(61) 36 (59) 18 (72) 10 (66.7) 11(45.8) 6 (75)
Ethnicity: n (%)
Ashkenazi Jewish 68 (51.1) 45 (73.8) 4 (16.0) 3(20.0) 15 (62.5) 1(12.5)
Part Ashkenazi 13(9.8) 7 (11.5) 1(4.0) 1(6.7) 4(16.7) 0
Non-Jewish 44 (33.1) 9 (14.8) 19 (76.0) 8(53.3) 2(8.3) 6 (75.0)
Unknown 8(6.0) 0 1(4.0) 3(20.0) 3(12.5) 1(12.5)
Age at diagnosis (y)
Mean (SD) 29.7 (18.8) 34.6 (21.2) 17.0 (19.2) 30.7 (141 32.0(18.4) 23.4(9.1)
Age at first treatment (y)
Mean (SD) 44.5(18.8) 52.2 (16.9) 335(019.3) 37.3(17.2) 43106.3) 38.5(19.0)
Years on treatment
Mean (SD) 13.3(6MD 13.3(6.0) 12.0 (5.6) 143 (6.4) 12.8 (6.8) 17.0 (4.6)
Current age (y)
Mean (SD) 57.8 (18.4) 65.5 (15.5) 45.5(18.9) 51.6 (18.8) 55.9 (16.5) 55.5(19.2)
Genotype: N (%)*
N370S/N370S 52(39.1) 35(57.4) 3(12.0) 5(333) 8(33.3) 1(12.5)
N370S/L444P 24 (18.1) 8 (13.1) 7(28.0) 5(33.3) 2(8.3) 2(25.0)
N370S/84GG 7(5.3) 4(6.6) 2(8.0) 0 1(4.2) 0
N370S/1VS# 4(3.0) 3(4.9) 0 0 0 1(12.5)
N370S/other 31(23.3) 9 (14.8) 10 (40.0) 4(26.7) 7(29.2) 1(12.5)
L444P/other 3(2.2) 101.6) 1(4.0) 0 0 1(12.5)
L444P/L444P 1(0.75) 0 1(4.0) 0 0 0
Other/other 5(3.8) 101.6) 1(4.0) 1(6.7) 0 2(25.0)
Unknown/missing 6(4.5) 0 0 0 6 (25.0) 0
Baseline DS3 score
Mean (SD) 56(2.6) 5.6(2.5) 6.6 (2.9) 4.4(2.3) 48 2.4) 7.2(2.0)

* Genotype nomenclature as was used in 2015.GD1: Gaucher disease type 1; DS3: disease severity scoring system; SD: standard deviation.

Table 2. Demographic comparison showing that the DS3 study population is representative of the North American GD population
depicted in other studies with larger numbers of patients

st
Study N Women (%) Mean age at Diagnosis () Mean age at 1# ERT N370S/ N370S/ Splenectomy

w N370S (%) other (%)
DS3 133 61 29.7 44.5 391 49.6 293
Mistry et al.2*? 1028 52 29.5 46.5 47.3 45.6 313
GRAFUe) 1992 54 27.2 385 334 UNK 30.5

GD1: Gaucher disease type 1; DS3: disease severity scoring system; GRAF: gaucher risk assessment for fracture; ERT: enzyme replacement therapy.

Time to first fracture was also analyzed using Cox proportional hazards regression, with follow-up calculated
from baseline assessment to first fracture or last follow-up. Age was entered as a continuous variable because
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Figure 2. Algorithm for calculation of the Gaucher Risk Assessment for Fracture (GRAF) score. Reproduced with permission from Deegan
et al.tel,

of its established association with fracture risk in the general population. Separate multivariable models were
constructed to evaluate baseline DS3 and GRAF in relation to fracture risk after adjustment for age. An
exploratory model including age, DS3, and GRAF simultaneously was also examined. Hazard ratios (HRs)
and 95%Cls were estimated. Additional sensitivity analyses further adjusted for sex, prior fracture history,
and splenectomy status.

All analyses were conducted in Python (v3.11).

RESULTS

One hundred thirty-three treated patients were enrolled. 132 were treated with alglucerase or imiglucerase
ERT and 1 with miglustat. The miglustat-treated patient was included in the demographic analyses but was
excluded from the fracture-free survival analyses which were restricted to patients treated with ERT. When
patients were started on treatment, neither velaglucerase alfa, taliglucerase alfa, nor eliglustat were
commercially available although some were switched to velaglucerase alfa between 2009 and 2012.

Of the 133 evaluable patients, 33 (24.8%) experienced at least one fracture during follow-up. Patients with
fractures were significantly older at ERT initiation, had longer delays between diagnosis and treatment, and
had higher baseline age-adjusted Charlson co-morbidity scores”"*?) and higher DS3 and GRAF scores than
those without fractures [Table 3]. Women and patients with prior splenectomy were overrepresented in the
fracture cohort. However, there were no inter-group differences regarding GBA1 genotype distributions or
baseline weight or body mass index (BMI).
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Table 3. Comparison between cohorts of patients with (N = 33) and without (N = 100) fractures following start of ERT

Category Fracture (N = 33) No fracture (N = 100) P value at 0.05

Female sex 25 (75.8%) 54 (54.0%) 0.0239 Z-test
Current age 71.0 (10.7) 53.5(18.2) < 0.00001 t-test
Age at diagnosis 28.3(18.3) 30.0(20.8) NS t-test
Age at 1st ERT 54.7 (121D 41.0 (19.3) 0.0002 t-test
Years from Dx to Rx 25.9 (16.6) 11.0 (12.8) < 0.00001 t-test
Years of follow-up 17.7 (7.61) 14.4 (6.8) 0.02222 t-test
Baseline weight (kg) 66.2 (13.2) 69.3(16.4) NS t-test
Baseline BMI 24.5(3.69) 24.7 (5.10) NS t-test
Age adj comorbidity 2.210.61) 114 (1.59) 0.0012 t-test
Baseline DS3 6.94 (2.20) 5.14 (2.54) 0.0004 t-test
Baseline GRAF 2.33(0.72) 1.92(0.80) 0.0104 t-test
N370S/N370S 14 (42.4%) 40 (40.0%) NS Va
N370S/other 14 (42.4%) 52 (52.0%)

other/other 4 (12.1%) 4 (4.0%)

Missing 1(3.0%) 4(4.0%)

Splenectomy 16 (48.5%) 21(21.0%) 0.0018 Z-test

DS3: Disease severity scoring system; GRAF: gaucher risk assessment for fracture; ERT: enzyme replacement therapy; BMI: body mass index; NS:
not significant.

Table 4. Sites of on-treatment initial fractures and subsequent fractures compared to data in Deegan et al.'!

Adults (=18 y)*

Sites of initial fractures after start of ERT N(n=33) % (n = 239) Subsequent fractures
Spine 12 36.4 98 (41.0) 3

Hip and femur 10 30.3 49 (20.5) 5

Shoulder and humerus 4 121 1

Elbow and wrist 4 121 1

Distal lower extremity 2 6.1 4

Clavicle, ribs 1 3.0 3

All others except spine, hip, femur n 333 86 (36.0)

Total 33 239 17

ERT: Enzyme replacement therapy.

Two-thirds of the fractures involved the spine, hip, or femur [Table 4]. Twelve patients experienced
subsequent fractures, typically at older ages (half 2 67 years old). Fracture distribution was similar to that
reported in larger registry cohorts".

Baseline DXA data were incomplete in a substantial proportion of patients, most of whom enrolled in the
ICGG Registry between 1991-2000 when DXA often was unavailable. This prevented any assessment of the
value of pre-treatment lumbar spine Bone Mineral Density (BMD) for predicting overall fracture risk in our
patient cohort"”. Follow-up DXA measurements (osteopenia-osteoporosis combined per Khan et al."”) did
not differ significantly between fracture cohorts (~ one year prior to a fracture event) and non-fracture
cohorts (last follow-up date) (P = 0.85), indicating that as recently shown by Kahwati et al.”, low Aerial
Bone Mineral Density (aBMD) alone was insufficient to explain fracture occurrence [Table 5].
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Figure 3. Changes in DS3 scores from pre-treatment (baseline) to one year prior to fracture occurrence. The sub-population in this figure
comprises the 33 patients from the total study population of 133 patients who had a fracture after initiation of treatment for GD1. The
baseline DS3 scores are shown in blue. DS3 scores recorded approximately one year before a fracture occurred are shown in red. Five
patients (designated with an “X" below the patient number) had a fracture during the first year of treatment and were excluded from the
subsequent analysis of change in DS3 score. Of the 28 remaining patients, 13 (46.4%) had a decrease in DS3 2 3.15, indicating a minimal
clinically important improvement as defined in the literature*, despite which they nonetheless suffered a fracture. These thirteen patients
are designated with asterisks. The vertical green line separates the 23 patients with a baseline DS3 2 6.00 (severe severity) from the 10
patients with a lower baseline score. Of these, one patient had DS3 < 3.00. The other nine had baseline DS3 3.00-5.99 (moderate
severity). DS3: Disease severity scoring system.

Table 5. Osteopenia/osteoporosis (DXA) at baseline and at time of fracture [in fracture cohort (N = 33) and at baseline and at latest
follow-up for the non-fracture cohort (N=100)]"*

Fracture cohort (N = 33) No fracture cohort (N = 100) P value
Normal BMD (DXA) at baseline 6 18.2% 44 44.0% *0.03
Osteopenia/osteoporosis (baseline) 8 24.2% 26 26.0%
No data at baseline 19 57.6% 30 30.0%
Normal BMD (DXA) at 1st Fx or last F/U 18 54.5% 60 60.0% 0.85
Osteopenia/porosis at 1st Fx or last F/U 11 33.3% 30 30.0%
No data at 1st Fx or last F/U 4 12.1% 10 10.0%

* Multiple imputation and inverse probability weighting (IPW) sensitivity analyses yielded attenuated and nonsignificant differences, suggesting
that the baseline imbalance largely reflected differential ascertainment rather than true biological differences; #* Osteopenia and osteoporosis are
combined to fit the risk factor definition in Khan et al. as lumbar spine Z-score < -117, DXA: Dual-energy X-ray absorptiometry; BMD: bone mineral
density.

Furthermore, after institution of ERT, improvement in DS3 from pre-treatment scores was disassociated
from fracture occurrence [Figure 3]. 23 of 33 fracture patients (69.7%) had pre-treatment DS3 scores in the
severe range (DS3 2 6). Five of these had fractures during the first year of treatment. Of the 28 patients whose
fractures occurred more than one year after starting ERT, 13 (46.4%) had minimal clinically important
improvement in DS3 score as defined in Weinreb"”, before suffering a fracture. Among 10 patients with DS3
< 6, one (baseline DS3 3.25) had a fracture during the first year of ERT (DS3 0.8). Thus, as with DXA, a
clinically significant improvement in DS3 did not prevent fracture events in nearly half of the patients who
started treatment with DS3 scores indicative of high severity GD1. However, the pre-treatment DS3 score is
strongly predictive of continued risk for fractures even after commencement and continued ERT.

Fracture-free survival differed significantly across DS3 severity category [Figure 4 and Supplementary Figure
1], with higher fracture risk among patients with DS3 2 6. This result supports our hypothesis that DS3 that
includes bone variables such as DXA, chronic bone pain and crises, osteonecrosis, lytic lesions, and
qualitative severity of bone marrow infiltration with Gaucher cells, might outperform GRAF for predicting
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future fracture risk in treated patients with GD1. However, inclusion of history of pre-treatment fractures
could cause confounding due to predictive circularity. Thus, we performed a Kaplan-Meier sensitivity
analysis in which fracture-free survival in all patients with a history of pre-treatment fractures (N = 32) was
compared to all those with no history of fracture (N = 100). There was no difference between the groups (log
rank P = 0.9; Figure 5A). Furthermore, a similar analysis restricted to 58 patients with a baseline DS3 2 6 in
whom the on-ERT fracture risk at 10 years was 30% [Figure 4], also showed no difference between those who
had a history of pre-ERT fracture and those who did not [Figure 5B]. Thus, it is unlikely that history of prior
fracture invalidates DS3 as a predictor of future fracture risk. Furthermore, in exploratory sensitivity analyses
associated with the multivariable Cox model that adjusted for sex, prior fracture, and splenectomy status,
DS3 remained associated with fracture risk.

In the GRAF score Kaplan-Meier fracture-free survival analysis [Figure 6], although the overall log-rank test
was significant, pairwise comparisons among GRAF tertiles were not statistically significant after Holm
correction. Although the fracture-free survival curves suggest that DS3 outperforms GRAF for fracture risk
assessment, the fracture risks at 5, 10 and 15 years are not that discrepant [Table 6]. The differences in the
fracture-free survival curves may partly be a function of patient population differences between the DS3 and
GRAF sub-groups as each GRAF tertile had an admixture of patients with variable DS3 scores and vice versa
[Figure 7]. More importantly, the GRAF score calculation is age dependent and, unlike DS3, patients are
assigned a different risk category according to the age at which treatment for GD is initiated (< 18 years;
18-50 years; > 50 years)!"*). This accords with accepted knowledge that, increasing chronological age,
especially after age 50-60 years, is an important fracture risk factor, although it is a complex surrogate
biomarker comprising menopausal status in women, prevalence of falling, nutritional status, frailty, level of
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physical activity, and concurrent illnesses and medications **.
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Figure 7. (A) Distribution of GRAF scores by DS3 category (3,2,1); (B) Distribution of DS3 severity groups by GRAF score risk category
(3,2,1). For GRAF risk categories, 3 = high; 2 = intermediate; 1 = low. For DS3 severity categories, 3 = marked; 2 = moderate; 1 = mild.
GRAF: Gaucher risk assessment for fracture; DS3: disease severity scoring system; GD: Gaucher disease.

Table 6. Fracture risk predicted by either GRAF or DS3 after initiation of ERT (%)

Pts at risk (N) High risk category % Intermediate risk category % Low risk category %
Year DS3 GRAF DS326 GRAF3 DS33-6 GRAF2 DS3<3 GRAF1
5 107 105 20.5 20.5 9.6 9.8 0.0 5.6
10 79 69 28.7 255 15.7 22.7 0.0 15.0
15 37 4 44.0 42.0 295 353 0.0 19.8
20 8 18 58.6 42.0 295 44.6 20.0 28.7

GRAF: Gaucher risk assessment for fracture; DS3: disease severity scoring system; ERT: enzyme replacement therapy.

We therefore separated each DS3 severity group (severe, moderate, mild) and assessed the risk of fracture 10
years after start of ERT depending on whether treatment was initiated < 18 years, between 18-49 years, or 2
50 years [Table 7]. The only patients at risk for fracture were those older than 50 years with baseline DS3
scores indicative of moderate or high severity and younger adults with baseline DS3 scores 2 6. Forty-nine
percent of the patients with high severity scores who started treatment when older than 50 years, suffered a
fracture within 10 years, a result consistent with that recently reported by Stiles™. None of the 12 patients
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who started ERT during childhood or adolescence suffered a fracture during the 10 years from baseline.
Additionally, regardless of the age at which treatment was begun, no patient with a low severity score had a
fracture 10 years from baseline (although one patient in the > 50 age group did have a fracture event 16 years
after starting ERT).

ROC Curves Comparing DS3, GRAF, and Combined Models by Age Group
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Figure 8. Receiver Operating Characteristic (ROC) curves for DS3, GRAF, and Combined (DS3 + GRAF) models predicting fracture risk
during enzyme replacement therapy. Panels (A-C) depict ROC curves for each age-at-treatment group: A: < 18 years; B: 18-49 years; and
C: 250 years. Each panel compares the predictive performance of the DS3 score (continuous), GRAF score (ordinal 1-3), and the
combined logistic model incorporating both measures. The area under the curve (AUC) is shown for each model. The combined model
modestly improved discrimination relative to single predictors, particularly in adults who began therapy before age 50, as indicated by the
bootstrap-derived AAUC and P-values. Dashed diagonal lines represent the reference line for random classification. GRAF: Gaucher risk
assessment for fracture; DS3: disease severity scoring system.

Table 7. Chance of having a fracture 10 years after starting GD treatment (DS3 severity groups stratified by age groupings)

DS3 group N =132 StartRx<18y/o N =12 Start Rx18-49 y/o N = 61 StartRx=50y/o N =59

Low severity N = 22 0%n=1 0%n =13 0%*n=28
Moderate severity N = 52 0%n=4 6% n =21 26%n =27
High severity N = 58 0%n=7 16% n =27 49%n =23

*One patient had a fracture reported after 16 years of follow up. GD: Gaucher disease; DS3: disease severity scoring system.

ROC analysis showed that both the baseline DS3 score and the GRAF score moderately predicted fracture
risk (AUC ~0.76, 0.66 respectively) [Figure 8, Supplementary Tables 2 and 3]. For patients starting treatment
between ages 18-49 years, the combined logistic model incorporating both DS3 and GRAF improved
discrimination to an AUC of 0.77 (95%Cl, 0.73-0.86), representing a mean AAUC of +0.04-0.09, which was
statistically significant by bootstrap comparison (P < 0.05). Among patients aged 2 50 years, the DS3 and
GRAF models yielded AUCs of 0.74 (95%CI, 0.66-0.82) and 0.62 (95%CI, 0.61-0.79), respectively. The
combined model showed modest improvement (AUC = 0.76, 95%CI, 0.70-0.85), though the gain over single
predictors was smaller (P = 0.10). No reliable estimates could be derived for patients who began therapy
before age 18, due to the absence of fracture events. Thus, both DS3 and GRAF individually predict fracture
risk with moderate accuracy, and in combo, modestly enhance predictive performance, particularly in adults
treated before age 50.
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ROC/AUC shows how well a score discriminates between patients who do and do not fracture. It does not
directly account for follow-up time, censoring, or whether a score predicts fracture independently of age. To
address this, time-to-event analyses were performed using Cox proportional hazards regression with age
included as a continuous variable. Here, baseline DS3 remained independently associated with fracture risk
(HR, 1.21 per 1-point increase; 95%CI, 1.08-1.35; P = .0006). Age was also independently associated with
fracture risk in this model (HR, 1.06 per year; 95%CI, 1.03-1.08; P < 0.001). In a separate model including age
and GRAF, GRAF was significantly associated with fracture risk (HR, 2.33 per unit increase; 95%ClI,
1.31-4.16; P = 0.004), whereas age was no longer statistically significant. This finding is consistent with the
fact that age is incorporated directly into the GRAF score, and age and GRAF were strongly correlated (r =
0.84), indicating substantial overlap between these predictors. Direct comparison of hazard ratios between
DS3 and GRAF should be interpreted cautiously because the scores are measured on different numerical
scales and capture different underlying constructs. DS3 primarily reflects Gaucher disease severity across
multiple organ systems, whereas GRAF incorporates age and history of splenectomy and bone crises to
estimate fracture risk. Thus, differences in HR magnitude do not necessarily indicate superior predictive
performance.

Discrimination of the Cox models was assessed using Harrell’s C-index. The age-adjusted DS3 model
demonstrated a C-index of 0.80, compared with 0.78 for the age-adjusted GRAF model. Inclusion of both
scores together resulted in only minimal improvement in discrimination (C-index 0.80), suggesting limited
incremental predictive value of combining the two measures. Thus, pre-treatment baseline DS3 is a modestly
stronger predictor of fracture risk in patients on ERT than GRAF score (KM survival and ERT), GD1
severity itself contributes to skeletal fragility beyond the effect of aging alone (COX), and inclusion of both
scores together resulted in only minimal improvement in discrimination (ROC, C-index comparison).

DISCUSSION

Observations

The GRAF risk score is the first tool for quantifying risk for fragility fractures after a patient with GD1 starts
ERT. It was also designed for use in medically deprived countries where access to MRI and DXA
technologies is at best limited"*.. Nonetheless, the GRAF authors recognized the additional importance of
adding DXA BMD measurements and Fracture Risk Assessment Tool (FRAX) scores when available with the
caveat that techniques that were not originally designed for GD1 require further validation testing in
GD-specific populations!?. The DS3 integrates multisystem manifestations of GD1, including skeletal
involvement and DXA, and has been validated as a measure of overall disease burden"*". Because the GRAF
score does not incorporate elements of GD skeletal disease that are captured by DS3 (bone pain,
osteonecrosis, lytic lesions, bone marrow infiltration), we hypothesized that DS3 score in a yet untreated
patient with GD1 would provide additive value to GRAF as a predictor of fracture risk after initiation of
ERT. To our best knowledge, fracture-free survival in ERT-treated patients with GD1 as a function of DS3 or
other GD severity score* ™ has not been investigated. Additionally, because, unlike GRAF, DS3 was shown
to correlate with disease progression and therapeutic response*'), we also reviewed the DS3 study data to
test the hypothesis that improvement in DXA and DS3 scores prevents fractures in ERT-treated patients.

This study demonstrates that pre-treatment DS3 score predicts fracture risk in ERT-treated adults with GD1
and provides additive value to the GRAF score. This conclusion was supported by the initial Kaplan-Meier
analyses of fracture-free survival, but whose statistical power was weakened by relatively low patient numbers
and the small number of fracture events. Moreover, unlike GRAF, DS3 for adult patients is age and sex blind.
In our cohort, women were equally over-represented among patients with and without fractures. However,
age stratification demonstrated that fracture risk increased markedly in patients initiating ERT at 2 50 years,
particularly among those with higher DS3 scores. Conversely, no fractures occurred within 10 years among
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patients who began ERT before age 18. This is consistent with observations that, in general, patient age is a
very important determinant of fracture risk particularly in post-menopausal woman and in geriatric patients
regardless of sex”?. Thus, age and a careful assessment for frailty, balance, gait, risk for falls, and muscle mass
should be considered independently of DS3 or GRAF scores when discussing risk for fractures even after a
decision to start ERT/SRT has been agreed on between physician and patient. With that caveat in mind, the
age-stratified ROC analyses confirm our hypothesis that the pre-treatment DS3 score is predictive of fracture
risk in ERT-treated patients with GD1 and that combined use of DS3 and GRAF provides a modest but
clinically dubious improvement in fracture risk prediction.

The Cox regression models provide important additional insight. When age was included as a continuous
covariate, DS3 remained significantly associated with time to fracture, suggesting that Gaucher disease
severity itself contributes to skeletal risk beyond the effect of aging alone. In contrast, the association between
age and fracture risk was attenuated when GRAF was included in the model, consistent with the fact that age
is an explicit component of the GRAF score. Direct comparison of hazard ratios between DS3 and GRAF
should be interpreted cautiously because the scores are measured on different numerical scales and capture
different underlying constructs.

The model including both DS3 and GRAF suggested that the two scores may capture partially overlapping
but not identical aspects of fracture risk. DS3 may reflect disease-related skeletal vulnerability, whereas
GRAF represents a broader composite risk measure incorporating age, sex, and delay starting treatment.
However, given the strong correlation between age and GRAF and the relatively limited number of fracture
events, the present analysis cannot establish that combined use of both scores provides clinically meaningful
improvement in fracture prediction.

There is reasonable concern that our observations may be less relevant to current practice in some countries
where with newborn screening programs and increased awareness among pediatricians and geneticists, early
diagnosis and early initiation of therapy before 20 years of age may substantially decrease the incidence of
skeletal complications including fragility fractures. The strongest evidence for this supposition is from the
ICGG GRAF study where adult fracture risk was negligible in patients who started GD treatment before age
18", an observation that we replicated here, with the caveat that follow up was rarely longer than 10 years.
However, there is still no large, prospective, randomized or registry-based study explicitly designed to
compare early (< 20 y) vs adult treatment starters with fracture incidence as a primary endpoint. What is
incontrovertible is that diagnostic and therapeutic delays are associated with higher subsequent risk of adult
fractures and with osteonecrosis. In a recent Spanish study confirming that delayed initiation of ERT is
associated with cumulative and, in many cases, irreversible skeletal damage that may persist despite
long-term therapy, the mean ages at diagnosis and start of treatment were 24.6 years and 31.0 years,
respectively”. Our study included 61 patients who began treatment when 18-49 years old and it was this
group in which the ROC-AUC analysis showed the greatest and statistically significant advantage for DS3
over GRAF for predicting subsequent fracture risk. Worldwide, early diagnosis and early access and
continuity of treatment for GD1 continue to be problematic and documentation of disease severity as a
harbinger of risk for irreversible complications including fractures could be an important determinant for
treatment eligibility. Even as Newborn Screening (NBS) and earlier diagnosis becomes more prevalent, it is
crucial that children, teenagers and adults in whom treatment is not started at the time of diagnosis because
of insufficient severity of current manifestations or failure to conform with treatment guidelines, have
regular and lifetime serial expert-driven evaluations so that should disease progression occur, the risk of
eventual complications, skeletal or otherwise can be minimized.
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Our secondary objective was to examine the hypothesis that DS3 is predictive of fracture risk primarily
because DXA-derived aBMD is a heavily weighted component of the overall bone domain severity score!"®.
In fact, more than half of fractures occurred in patients with normal DXA aBMD at the time of fracture,
underscoring the limitations of relying on DXA alone as a surrogate for skeletal integrity in GD1"*. This
finding is consistent with multiple studies showing that improved DXA aBMD scores are only a partial
explanation for decreased risk for vertebral and non-vertebral fractures in osteopenic and osteoporotic
patients chronically treated with Federal Drug Administration (FDA)-approved drugs®*** and that complex
total compartmental bone pathologies that increase brittleness and decrease elasticity likely contribute to
susceptibility to fracture independent of BMD. These bone abnormalities include dysmorphic trabecular
microarchitecture (number, thickness, connectivity, anisotropy), cortical porosity and thickness, bone
geometry (hip axis length, neck-shaft angle, cross-sectional moment of inertia), and bone matrix material
properties (microdamage, collagen cross-linking, mineralization heterogeneity) that have rarely if ever been
investigated in patients with GD"™. Although none of these cortical and medullary skeletal pathologies have
been incorporated in the DS3 bone domain score, it is possible that parameters other than DXA that are
evaluated in DS3 (intensity of bone pain, history of osteonecrosis, lytic lesions, and fractures, and
semi-quantitation of bone marrow infiltration with Gaucher cells) may indirectly point to the presence of
such pathologies adding to the predictive power of DS3 for fracture risk. However, it should be noted that
fractures occurred in our patient cohort even though DS3 scores improved significantly from pre-treatment
scores indicating the limitations of using surrogate biomarkers and algorithmic calculations to define the
totality of clinical response to treatment"". Specifically, our findings cast doubt on the common assumption
that DXA score or DS3 score improvement is an adequate measure of the efficacy of ERT/SRT for GD
skeletal manifestations including fractures".

Limitations
Over the 18 years since ERT was introduced, corresponding to the years of our study, the prevalence of
splenectomy, bone crises, and the interval between age at diagnosis and age when treatment was started

20,39

significantly decreased and continues to do so***. Post-ERT fractures in patients with GD1 may also be less
common'’. Thus, our estimations of post-treatment fracture risk may need to be re-evaluated using updated
data especially if it will be used as a historical benchmark for clinical trials of new GD treatments including
gene therapies. Our findings are also relevant only to populations in which the distribution of GBA1 variants
and general socioeconomic environment resemble that found in the Caucasian ethnicities in North

Americal*!.

The retrospective design and reliance on registry data introduce potential biases, including inconsistent
documentation of fracture events and missing information on treatment adherence or comorbidities.
Additional limitations include the loss of statistical power resulting from sub-grouping and stratification by
age categories as well as the infrequency and stochastic occurrence of fractures. We were unable to include
serum or plasma biomarkers in the risk assessment. Plasma glucosylsphingosine measurements were not
available for us at the time of the original study and serum chitotriosidase assays are subject to too much
inter-laboratory variation and confounding due to CHIT1 mutations for reliable inter-patient

[42]

comparisons

The ICGG Registry which was our primary data source does not collect information about risk factors for
fractures such smoking, use of alcohol, or concurrent illnesses save for Parkinson disease. Based on BMI
measurements, we found no evidence for an excess of frailty in our patients with fractures. Information
about use of bisphosphonates in our study population was insufficient for analysis and its absence may have
affected our results. The introduction of new bone-strengthening drugs such as teriparatide, denosumab, or
romosozumab in more recent years should also be considered when applying our results to the current time.
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The effect of such adjuvant therapies on fracture risk in patients with GD1 has yet to be studied'’!. Our
dataset had no information about general risk factors for osteoporosis and fractures including smoking,
excess alcohol intake, poor nutrition including low dietary calcium intake, vitamin D deficiency, inactivity,
sarcopenia, history of falling, family history of osteoporosis or frequent fractures, menopausal status and age
at menopause, hormone replacement therapy, parathyroid hormone levels, and a comprehensive record of
medications in common use that have been linked to fracture risk including corticosteroids, proton pump
inhibitors, L-thyroxin, anticoagulants (warfarin), and various antidepressants and anxiolytics***”.. The
absence of this knowledge either at baseline or at the time of fracture may substantially confound the
observed associations and limit causal interpretation. Thus, the predictive model remains incomplete but a
multifactorial analysis attempting to incorporate all these variables would require a study population that
likely exceeds the currently known number of GD patients worldwide.

Due to patient confidentiality requirements, our study was required to use de-identified data, and we were
unable to assess patient-reported outcomes (PROM) in terms of post-fracture functional recovery and
health-related quality of life. In the pre-ERT era, pathological fractures were often preceded by osteonecrosis,
immobilization and healing was often prolonged, and partial or complete nonunion was common'*..
Orthopedic surgery was sometimes deferred because of concurrent anemia and/or severe thrombocytopenia
requiring splenectomy and complicated by peri- or post-operative bleeding and/or infection and often by
prolonged or irreversible functional disability">**"!. There is little published information about patient
outcomes after GD1-associated fragility fractures in patients treated with ERT/SRT. Of 14 French patients
with GD1 who suffered vertebral fractures while receiving ERT, nine had no subsequent chronic back pain.
Of the five with continued pain, three had multiple vertebral fractures. No patient had spinal cord
compression'”’!. Most reports of hip arthroplasty in patients with GD1 concern elective surgery for
post-osteonecrosis hip arthritis in middle-aged individuals rather than emergency surgery for fractures.
Although outcome reports are generally favorable, especially for first-time surgery rather than revisions, it is
noteworthy that retrospective analysis showed that even in patients receiving chronic ERT, those with GD
required more intraoperative packed RBC transfusions, more intra-and post-operative platelet transfusions
than non-GD arthroplasty patients, and had a higher rate of postoperative infections than matched non-GD1
control patients"****). Beyond annotation of fracture events in patients with GD1, future studies should
include information about acute and chronic clinical and functional outcomes, especially for high-risk
groups such as the elderly.

Neither our study nor the GRAF score study address the issue of risk for fracture in GD1 patients who have
never started ERT/SRT. Dinur et al. described a cohort of 103 Israeli adult GD1 patients with mild disease
severity followed for a median 20 (5-58) years of whom none had ever had ERT/SRT"*. 80.5% were N409S
homozygous. The median age at diagnosis of GD1 was [ 20 (0-60) years and most of the patients were
younger than 50 years old at the time of last follow-up. Based on DXA LS spine T-scores (N = 71), 40.8% had
osteopenia and 9.9% had osteoporosis at last follow-up between 2014-2019. None of the total cohort had any
bone complications, presumably including any fragility fractures. Thus, a clinician could reasonably
conclude that for a patient with a DS3 score indicative of mild severity, watchful waiting is an acceptable
action plan and GD-specific treatment need not be started solely to prevent future fractures. On the other
hand, for patients with DS3 scores 2 3.00, and especially for those older than 50 years at the time of
evaluation, where the risk of future fracture is substantial for those receiving GD-specific therapy, a fortiori
reasoning would suggest that the risk for fracture would be even greater should the patient continue
untreated.
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CONCLUSIONS

Our findings suggest that DS3 captures clinically relevant aspects of Gaucher disease severity that contribute
to fracture risk independently of age, supporting its potential utility as a disease-specific marker of skeletal
risk in patients with Gaucher disease. In clinical practice, DS3 may be preferred for baseline risk
stratification, while GRAF may retain value in settings where full DS3 assessment is not feasible. Combined
use of both measures may slightly improve predictive accuracy in patients who start treatment between ages
18-50 years. However, in clinical practice, either DS3 or GRAF in conjunction with the other assessments
mentioned above is likely sufficient for assessment of fracture risk. These tools may assist clinicians in
identifying higher-risk patients at the time of treatment initiation although DS3, whose total score reflects
severity of hematologic, splenic, hepatic, and pulmonary involvement is better suited for that purpose.
However, as many other fracture risk variables are not included either in DS3 or GRAF, both should be
interpreted as complementary rather than stand-alone predictive tools to assist experienced physicians in
making clinical judgements and recommendations. In that regard, scientific evidence confirms that, at least
for the present, based both on accumulated personal experience and appreciation of contextual skills, the
ability of expert specialist physicians to assess probabilities and identify patients at risk for complications and
progressive disease still trumps that of algorithm-educated, large language model artificial intelligence™”.

Our findings support reassessment of DXA-centric monitoring strategies and highlight the need for
comprehensive skeletal risk evaluation in GD1 and further study of the applicability of published guidelines
for pharmacologic and non-pharmacologic treatments to prevent fractures specifically to patients with
GD1!**** Thus, even as NBS and earlier diagnosis becomes more prevalent, it is crucial that children,
teenagers and adults in whom treatment is not started at the time of diagnosis because of insufficient severity
of current manifestations or failure to conform with treatment guidelines, have regular and lifetime serial
expert-driven evaluations so that should disease progression occur, the risk of eventual complications,
skeletal or otherwise can be minimized. Additional study topics should include patient reported and
professional assessments about post-fracture functional recovery and health-related quality of life, efficacy of
oral eliglustat versus ERT for prevention of GD1-associated fragility fractures, and critical evaluations of
adjunctive interventions such as pharmacotherapies for osteoporosis, vitamin D optimization, and targeted
weight-bearing exercises.
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