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Abstract
Patients with systemic mastocytosis (SM) are at high risk of bone deterioration. However, the evaluation of bone micro-
architecture in this disease remains unclear. We aimed to assess bone microarchitecture in patients with SM. This was a 
cross-sectional study of 21 adult patients with SM conducted in a quaternary referral hospital in Sao Paulo, Brazil. A healthy, 
age-, weight-, and sex-matched cohort of 63 participants was used to provide reference values for bone microarchitecture, 
assessed by high resolution peripheral quantitative computed tomography (HR-pQCT). Total volumetric bone mineral density 
(vBMD), cortical vBMD, and cortical thickness at the radius were significantly lower in the control group compared with 
the SM group (all P < 0.001). Patients with aggressive SM had significantly lower trabecular number (Tb.N) (P = 0.035) 
and estimated failure load (F.load) (P = 0.032) at the tibia compared with those with indolent SM. Handgrip strength was 
significantly higher in patients who had more Tb.N at the radius (ρ, 0.46; P = 0.036) and tibia (ρ, 0.49; P = 0.002), and lower 
who had more trabecular separation at the radius (ρ, −0.46; P = 0.035) and tibia (ρ, −0.52; P = 0.016). Strong and posi-
tive associations between F.load (ρ, 0.75; P < 0.001) and stiffness (ρ, 0.70; P < 0.001) at the radius, and between F.load at 
the tibia (ρ, 0.45; P = 0.038) were observed with handgrip strength. In this cross-sectional study, aggressive SM was more 
susceptible to bone deterioration compared with indolent SM. In addition, the findings demonstrated that handgrip strength 
was associated with bone microarchitecture and bone strength.
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Introduction

Systemic mastocytosis (SM) is a rare hematological disease 
characterized by abnormal proliferation and accumulation of 
mast cells in various organs, mainly skin and bone marrow 
[1, 2]. Patients with SM are at high risk of bone deteriora-
tion and fragility fractures [3–6]. Although the mechanisms 
of bone loss in SM remain unknown [7, 8], it has been sug-
gested that allergic mediators such as histamine and tryptase 
may act by increasing the activity of osteoclasts, leading to 
an increase in bone resorption [9, 10].

A comprehensive assessment of bone in SM is scarce, 
with dual-energy X-ray absorptiometry (DXA) being the 
most used method in previous studies [4–6]. In patients 
with SM, most fragility fractures may occur with normal 
bone mineral density (BMD), which requires assessment of 
bone-related quality parameters. DXA provides information 
on trabecular compartment based on lumbar spine textural 
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index (Trabecular Bone Score, TBS) [11], bone deformation 
(Bone Strain Index) [12], and bone cross-sectional geometry 
(Hip Structural Analysis) [13]. However, volumetric evalu-
ation of bone tissue is not possible by DXA. In this context, 
high resolution peripheral quantitative computed tomogra-
phy (HR-pQCT) emerges as an important technology that 
allows performing in vivo assessment of three dimensions 
high-definition bone structural measures [14]. Furthermore, 
the use of finite element models can estimate biomechanical 
properties of the tissue [14].

The objective of this study was to evaluate bone micro-
architecture and bone strength using HR-pQCT in patients 
with SM, and their associations with clinical and biochemi-
cal parameters of the disease.

Methods

This was a cross-sectional study in which patients with SM 
underwent a comprehensive evaluation of bone and were 
compared with a cohort of healthy individuals. The study 
was approved by the ethics committee of the Hospital das 
Clinicas of the School of Medicine of the University of Sao 
Paulo (#19821519.0.0000.0068, date of approval Septem-
ber 4, 2019) and all the patients provided written informed 
consent before participation.

Participants

Patients with SM who fulfilled the WHO 2016 criteria [15] 
were recruited from Outpatient Hematology Clinic of the 
Hospital das Clinicas of the University of Sao Paulo, and 
were referred to the Rheumatology Division of the same 
institution for evaluation of bone parameters. Our institution 
is a public quaternary referral teaching hospital responsible 
for high complexity care. Patients were enrolled from Octo-
ber 2020 to June 2022, and the final analysis was in June 
2022. To provide reference values for all measurements, we 
included a group of healthy adult participants whose data 
were obtained from a cohort who have participated in studies 
by our research group aimed to establish age-related refer-
ence curves for bone microarchitecture and strength [16, 17]. 
The control group was matched by age, weight, and sex in 
a ratio of 1:3.

Outcomes

HR‑pQCT

The primary outcome was bone microarchitecture assessed 
by HR-pQCT. The distal radius and distal tibia were scanned 
using a first-generation HR-pQCT scanner (XtremeCT 
I, Scanco Medical AG, Brüttisellen, Switzerland). The 

measurements included 110 slices, corresponding to a 
9.02 mm scan area (voxel size of 82 μm), positioned 9.5 mm 
and 22.5 mm proximal to the reference line for the distal 
radius and distal tibia, respectively. The variables measured 
were volumetric BMD (vBMD), structural parameters, and 
cortical porosity.

Finite Element Models

Finite element models were performed to estimate bone 
strength from HR-pQCT measurements using a specific 
software (Finite Element software v. 1.13, Scanco Medi-
cal AG, Switzerland). Models of the distal radius and distal 
tibia were generated directly from the HR-pQCT images 
(Image Processing Language and Finite Element Extension 
(IPLFE), Scanco Medical AG, Switzerland). The parameters 
obtained were estimated failure load (F.Load) and stiffness.

DXA

BMD Z-score and T-score at the lumbar spine, total hip, and 
femoral neck were measured using a DXA device (Lunar 
iDXA, GE Healthcare, Madison, WI).

TBS was assessed by the software TBS iNsight® version 
2.1 (Medimaps, Bordeaux, France). It was analyzed as the 
mean value of the measurements of the L1–L4 vertebrae in 
the same region as the DXA images of the lumbar spine.

Vertebral fracture assessment (VFA) was obtained by 
lateral DXA scanning of the T4–L4 vertebrae. Assessments 
of vertebral fractures were performed using the method 
described by Genant et al. [18].

Handgrip Strength

Handgrip strength was assessed to obtain the maximum 
isometric strength of the dominant hand using a hydrau-
lic hand dynamometer (SAEHAN SH5001, Saehan Corp.). 
Measurements were obtained with the participants in the 
sitting position and elbow flexed at 90°, and all assessments 
were performed by the same trained technician.

Biochemical Disease‑related Markers

Quantification of KIT D816V mutation was performed by 
digital polymerase chain reaction (dPCR) [19]. Genomic 
DNA was obtained from peripheral blood leukocyte buttons 
collected in an EDTA tube. DNA extraction was performed 
using the QIAamp DNA Midi Kit (Qiagen, Ger) using 
5 × 106 cells, and the concentration of the obtained DNA 
was measured on the NanoDrop 2000 spectrophotometer 
(Thermo Fisher, USA). The search for the D816V mutation 
by dPCR was performed with 50 ng of genomic DNA using 
the QuantStudio™ 3D dPCR mastermix V2 (Thermo Fisher, 
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USA), and the Kit_1314 assay (ID Hs000000039_rm), 
according to the manufacturer's protocol. QuantStudio™ 
3D dPCR AnalysisSuit software was used for the analysis 
of the results.

Serum tryptase levels were measured by fluorimetric 
immunoassay, with reference values between 1 and 15 μg/L 
and values greater than 20 μg/L was considered as a minor 
criterion for systemic mastocytosis.

Mastocytosis Activity Score

Disease activity was measured using the Mastocytosis 
Activity Score [20]. This questionnaire was performed by 
the same trained physician.

Bone Turnover Markers

Serum C-terminal telopeptide of type 1 collagen (CTX) and 
Procollagen type 1 N-terminal propeptide (P1NP) concen-
trations were determined by an automated electrochemilu-
minescence system (E411; Roche Diagnostics, Mannheim, 
Germany). Serum CTX and P1NP limits of detection were 
10 ng/L and 5 mg/L, respectively.

Statistical Analysis

Data are presented as mean ± SD or median (IQR) and esti-
mated difference between groups with 95% CI for continu-
ous variables and as percentages for categorical variables. 
We used mixed models assuming group as fixed factor 
and subjects as a random factor to compare patients with 
SM and healthy individuals. Subgroup analyses using the 
Mann–Whitney U test were performed to compare patients 
with aggressive SM (aSM) and indolent SM (iSM). Spear-
man rank correlation (ρ) was used to measure the associa-
tions between handgrip strength and disease-related markers 
with bone parameters. Percentages were compared between 
groups using Fisher's exact test. All tests were 2-sided and 
the significance level was set to α = 0.05. Statistical analy-
ses were performed using SAS version 9.4 (SAS Institute, 
Cary, NC).

Results

Patients

Of 30 patients assessed for eligibility in the SM group, 21 
were eligible and included in the study. Of the 9 patients 
not included, 3 died before the assessments, 2 had cutane-
ous mastocytosis, 2 refused to participate, 1 did not have a 
confirmed diagnosis, and 1 did not have personal contact 
in our medical record. Of the 21 patients, 3 (14.3%) were 

men (Table 1), 15 (71.4%) had iSM, 6 (28.6%) had aSM, 6 
(28.6%) had low bone mass, and 3 (14.3%) had osteoporo-
sis (Table 2). No significant differences between the control 
group and the SM group were observed for age, weight, 
body mass index, sex, and race (Table 1).

Primary Outcome

Total vBMD (difference, − 61.0 mgHA/cm3 [95% CI − 91.3 
to − 30.7]; P < 0.001) and cortical vBMD (difference, − 76.0 
mgHA/cm3 [95% CI − 110.1 to − 42.0]; P < 0.001) at the 
radius were significantly lower in the control group com-
pared with the SM group (Table 1). In addition, cortical 
thickness at the same bone site significantly differed between 
the control group and the SM group (difference, –0.27 mm 
[95% CI − 0.36 to − 0.17]; P < 0.001) (Table 1). No signifi-
cant differences between the groups were observed for any 
other bone microarchitecture parameters.

Secondary Outcomes

Stiffness and F.load at the radius and tibia did not signifi-
cantly differ between the groups. BMD Z-score at the lumbar 
spine was significantly lower in the SM group compared 
with the control group (difference, − 0.68 [95% CI, − 1.36 
to − 0.01]; P = 0.047) (Table 1). The SM group had signifi-
cantly more vertebral fractures compared with the control 
group (14.3% vs. 0%, P = 0.014) (Table 1). No other signifi-
cant differences were observed in BMD Z-score, T-score, 
and TBS (Table 1).

Subgroup Analyses and Associations Between 
Handgrip Strength and Disease‑related Markers 
with Bone Parameters

Subgroup analyses demonstrated that aSM group had signifi-
cantly lower trabecular number (Tb.N) (difference, − 0.56 
1/mm [95% CI − 1.04 to − 0.07]; P = 0.035) (Fig. 1A) 
and F.load (difference, − 1269.0 N [95% CI − 3417.0 to 
− 173.0; P = 0.032) at the tibia compared with iSM group 
(Fig. 1B). No significant differences were observed for the 
other parameters of bone microarchitecture, bone strength, 
TBS, and VFA (Table 2). Handgrip strength, biochemical 
disease-related markers, disease activity, and serum bone 
turnover markers did not significantly differ between the 
aSM and the iSM (Table 2).

Handgrip strength was significantly higher in patients who 
had more Tb.N at the radius (ρ, 0.46, [95% CI 0.02–0.74]; 
P = 0.036) (Fig. 2A) and tibia (ρ, 0.49, [95% CI 0.06–0.76]; 
P = 0.002) (Fig. 2B), and lower who had more trabecular 
separation (Tb.Sp) at the radius (ρ, − 0.46, [95% CI − 0.74 
to − 0.03]; P = 0.035) (Fig. 2C) and tibia (ρ, − 0.52, [95% 
CI − 0.77 to − 0.10]; P = 0.016) (Fig. 2D). Also, handgrip 
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Table 1   Characteristics of participants and comparisons between control group and systemic mastocytosis (SM) group

Variable Control group (n = 63) SM group (n = 21) Estimated Difference (95% CI) P value

Age, y 46.9 ± 12.6 47.3 ± 13.1 − 0.44 ( − 6.83 to 5.95) 0.8907
Weight, kg 68.8 ± 12.7 71.7 ± 18.6 − 2.84 ( − 10.0 to 4.37) 0.4351
Body mass index, kg/m2 27.1 ± 4.5 27.8 ± 6.8 − 0.77 ( − 3.38 to 1.84) 0.5588
Sex, No. (%)
 Women 54 (85.7) 18 (85.7) –  > 0.999
 Men 9 (14.3) 3 (14.3)

Race, No. (%)
 White 52 (82.5) 19 (90.5) – 0.5020
 Black 11 (17.5) 2 (9.5)

Coexisting diseases, No. (%)
 Obesity 14 (22.2) 3 (14.3) – 0.5422
 Hypertension 4 (6.3) 3 (14.3) 0.3591

Diabetes 1 (1.6) 2 (9.5) 0.1528
Tobacco-smoking 12 (19.0) 3 (14.3) – 0.7512
Medications, No. (%)
 Cytoreductive therapy 0 (0) 4 (19.0) – 0.0031

Glucocorticoid 0 (0) 7 (33.3)  < 0.0001
 Antihistaminic 0 (0) 18 (85.7)  < 0.0001

Radius bone microarchitecture
 Tt.vBMD, mgHA/cm3 304.9 ± 59.2 365.9 ± 64.0 − 61.01 ( − 91.31 to − 30.71) 0.0001
 Tb.vBMD, mgHA/cm3 165.9 ± 42.7 155.8 ± 41.7 − 10.14 ( − 11.15 to 31.43) 0.3463
 Ct.vBMD, mgHA/cm3 853.6 ± 73.9 929.6 ± 44.4 − 76.02 ( − 110.08 to − 41.97)  < 0.0001
 BV/TV 0.138 ± 0.035 0.130 ± 0.035 0.008 ( − 0.009 to 0.026) 0.3528
 Tb.N, 1/mm 1.95 ± 0.33 1.82 ± 0.38 0.13 ( − 0.04 to 0.31) 0.1243
 Tb.Th, mm 0.070 ± 0.011 0.075 ± 0.028 − 0.004 ( − 0.013 to 0.004) 0.3340
 Tb.Sp, mm 0.457 ± 0.104 0.536 ± 0.309 − 0.078 ( − 0.167 to 0.011) 0.0833
 Ct.Th, mm 0.67 ± 0.18 0.94 ± 0.21 − 0.27 ( − 0.36 to − 0.17)  < 0.0001

Tibia bone microarchitecture
Tt.vBMD, mgHA/cm3 296.4 ± 59.7 307.4 ± 58.7 − 10.97 ( − 40.77 to 18.82) 0.4657
 Tb.vBMD, mgHA/cm3 153.6 ± 38.9 159.3 ± 49.4 − 5.62 ( − 26.54 to 15.29) 0.5941
 Ct.vBMD, mgHA/cm3 905.8 ± 54.0 900.9 ± 60.9 4.92 ( − 23.04 to 32.88) 0.7273
 BV/TV 0.128 ± 0.032 0.133 ± 0.041 − 0.004 ( − 0.022 to 0.013) 0.5950
 Tb.N, 1/mm 1.69 ± 0.35 1.79 ± 0.35 − 0.10 ( − 0.28 to 0.07) 0.2526
 Tb.Th, mm 0.076 ± 0.014 0.075 ± 0.022 0.001 ( − 0.007 to 0.009) 0.7600
 Tb.Sp, mm 0.542 ± 0.140 0.505 ± 0.119 0.037 ( − 0.031 to 0.105) 0.2781
 Ct.Th, mm 1.18 ± 0.30 1.24 ± 0.34 − 0.06 ( − 0.21 to 0.10) 0.4458

Radius cortical porosity, % 1.88 ± 1.21 1.72 ± 1.09 0.15 ( − 0.44 to 0.74) 0.6115
Tibia cortical porosity, % 4.15 ± 1.90 4.37 ± 2.60 − 0.22 ( − 1.27 to 0.82) 0.6733
Radius estimated bone strength
 Stiffness, kN/mm 76.8 ± 20.5 81.5 ± 24.2 − 4.64 ( − 15.41 to 6.14) 0.3943
 F.load, N 3685.5 ± 993.0 3862.8 ± 1139.7 − 177.29 ( − 693.94 to 339.35) 0.4967

Tibia estimated bone strength
 Stiffness, kN/mm 204.6 ± 50.9 213.9 ± 67.8 − 9.32 ( − 37.15 to 18.51) 0.5073
 F.load, N 9717.6 ± 2351.0 10,156.6 ± 3051.1 − 439.1 ( − 1712.0 to 833.9) 0.4946

BMD Z-score
 Lumbar spine  + 0.2 ± 1.2 − 0.5 ± 1.8 0.68 (0.01 to 1.36) 0.0474
 Total hip  + 0.1 ± 0.9  + 0.4 ± 1.4 − 0.28 ( − 0.81 to 0.26) 0.3061
 Femoral neck  + 0.1 ± 1.0 0.0 ± 1.3 0.12 ( − 0.41 to 0.65) 0.6562

BMD T-score
 Lumbar spine − 0.5 ± 1.2 − 0.8 ± 1.8 0.28 ( − 0.41 to 0.98) 0.4187
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strength was strongly and positively associated with F.load 
(ρ, 0.75, [95% CI 0.46–0.89]; P < 0.001) (Fig. 3A) and stiff-
ness (ρ, 0.70, [95% CI 0.37–0.87]; P < 0.001) (Fig. 3B) at 
the radius, and with F.load at the tibia (ρ, 0.45, [95% CI 
0.02–0.74]; P = 0.038) (Fig. 3C).

Serum tryptase levels were significantly and negatively 
associated with F.load at the radius (ρ, − 0.46, [95% CI, 
− 0.74 to − 0.01]; P = 0.040) (Fig. 3D). No significant asso-
ciations were observed between the age of the patients, the 
allele burden of the KIT D816V mutation, Mastocytosis 
Activity Score, and TBS with bone parameters and with 
handgrip strength.

Discussion

In this cross-sectional study, we found that SM group sig-
nificantly differ in some bone structural measurements when 
compared with healthy individuals. Trabecular compart-
ments of the tibia were lower in the aSM, possibly causing 
a reduction in bone strength. In addition, handgrip strength 
was associated with trabecular parameters and bone strength 
of the radius and tibia. To our knowledge, this is the first 
study to comprehensively assess bone using HR-pQCT in 
SM.

In SM, the accumulation of mast cells increases the levels 
of histamine, tryptase and cytokines, which may have a role 
in bone impairment. Approximately 0.5% of all causes of 
osteoporosis are derived from SM [10]. However, in young 
males, SM is responsible for 6% of secondary osteoporosis. 
Cohort studies show that patients with SM have 20–28% 
osteoporosis and 28–37% fragility fracture [5–8, 21].

Degboé et al. showed that bone marrow tryptase levels 
are associated with fragility fractures [6]. Our study did not 
show this relationship, but we observed an inverse associa-
tion between serum tryptase levels and F.load at the radius.

Studies with knockout rodents of the enzyme histamine 
decarboxylase showed a lower number of osteoclasts and 
an increase in bone formation, indicating the role of this 
mediator on bone metabolism [22]. Moreover, histamine is 
involved in activating the RANK-RANKL system, which 
stimulates osteoclastogenesis [23]. Finally, in vitro studies 
using H1 and H2 histamine receptor antagonists showed a 
reduction in the number of osteoclasts [24].

In our study, although some cortical compartments of the 
radius were higher in SM, lumbar spine Z-score were lower 
compared with the control group, suggesting that SM may 
decrease the trabecular bone to a greater extent. Subgroup 
analyses may support this observation, as the Tb.N at the 
tibia was more affected in the aSM, possibly leading to a 
reduction in the F.load. Our findings corroborate with other 
studies that show impaired BMD at the lumbar spine and 
vertebral fractures in patients with SM when compared with 
healthy individuals [8, 10, 25].

Handgrip strength is a low-cost, easy-to-implement 
method for accurately measuring muscle strength. A recent 
study demonstrated that handgrip strength was associated 
with bone erosion assessed by HR-pQCT in patients with 
rheumatoid arthritis [26]. Our findings showed associations 
between handgrip strength and Tb.N and Tb.Sp at both 
radius and tibia, in addition to strong correlations with bio-
mechanical parameters, suggesting that this method may be 
useful for estimating bone deterioration in SM.

The limitations of this study include the small sample 
size and single-center observational design. Although the 
SM is a rare disease, with about one case in sixty thousand, 
all patients treated at our referral hospital were included in 
the sample. In addition, the high mortality rate due to the 
poor prognosis of aSM resulted in the death of many patients 
before enrollment in the study, which limited the sample 
size of this subgroup and precluded the use of multiple 
regression analysis models to investigate the relationships 
between outcomes and variables that could represent a bias, 

Data are expressed as mean ± SD or No. of patients (%)
BMD bone mineral density, BV/TV trabecular bone volume fraction, Ct.Th cortical thickness, Ct.vBMD cortical bone mineral density, F.load 
estimated failure load, N Newton, Tb.N trabecular number, Tb.Sp trabecular separation, Tb.Th trabecular thickness, Tb.vBMD trabecular volu-
metric bone mineral density, Tt.vBMD total volumetric bone mineral density, TBS trabecular bone score, VFA vertebral fracture assessment

Table 1   (continued)

Variable Control group (n = 63) SM group (n = 21) Estimated Difference (95% CI) P value

 Total hip − 0.3 ± 1.0  + 0.1 ± 1.5 − 0.47 ( − 1.05 to 0.12) 0.1173
 Femoral neck − 0.5 ± 1.1 − 0.5 ± 1.4 − 0.08 ( − 0.68 to 0.52) 0.7925

TBS L1-L4 1.370 ± 0.119 1.377 ± 0.120 − 0.007 ( − 0.069 to 0.054) 0.8142
VFA T4-L4, No. (%) 0 (0) 3 (14.3) – 0.0140
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Table 2   Comparisons between aggressive systemic mastocytosis (aSM) group and indolent systemic mastocytosis (iSM) group

Variable aSM group (n = 6) iSM group (n = 15) Estimated difference (95% CI) P value

Age, y 57.3 (32.6–61.3) 47.9 (39.6–55.8) 6.8 ( − 17.9 to 31.3) 0.3706
Weight, kg 63.9 (58.1–81.1) 73.3 (58.4–82.5) − 4.7 ( − 25.6 to 16.2) 0.7853
Body mass index, kg/m2 27.9 (25.5–32.9) 25.0 (22.6–30.3) 2.7 ( − 4.2 to 9.6) 0.2933
Sex, No. (%)
 Women 6 (100) 12 (80.0) – 0.5263
 Men 0 (0) 3 (20.0)

Race, No. (%)
 White 6 (100) 13 (86.7) –  > 0.9999
 Black 0 (0) 2 (13.3)

Coexisting diseases, No. (%)
 Obesity 2 (33.3) 4 (26.7) –  > 0.9999
 Hypertension 0 (0) 1 (6.7)  > 0.9999
 Diabetes 0 (0) 2 (13.3)  > 0.9999

Tobacco-smoking 2 (33.3) 1 (2.1) – 0.1842
Medications, No. (%)
 Cytoreductive therapy 4 (66.7) 0 (0) – 0.0025
 Glucocorticoid 3 (50) 4 (26.7) 0.3544
 Antihistaminic 6 (100) 12 (80) 0.5263

Radius bone microarchitecture
 Tt.vBMD, mgHA/cm3 381.0 (372.5–400.9) 353.8 (316.6–396.5) 23.4 ( − 17.9 to 64.7) 0.3706
 Tb.vBMD, mgHA/cm3 143.9 (106.3–160.7) 148.9 (135.5–190.1) 6.3 ( − 40.2 to 52.8) 0.4137
 Ct.vBMD, mgHA/cm3 955.7 (910.1–978.2) 922.9 (886.3–948.5) 30.3 ( − 26.6 to 87.2) 0.1194
 BV/TV 0.120 (0.089–0.134) 0.124 (0.113–0.158) − 0.005 ( − 0.043 to 0.033) 0.4361
 Tb.N, 1/mm 1.78 (1.70–1.85) 1.94 (1.84–2.04) − 0.14 ( − 0.31 to 0.03) 0.1192
 Tb.Th, mm 0.069 (0.052–0.091) 0.063 (0.060–0.091) 0.013 ( − 0.018 to 0.044) 0.9067
 Tb.Sp, mm 0.486 (0.463–0.537) 0.438 (0.422–0.483) 0.043 ( − 0.025 to 0.111) 0.1388
 Ct.Th, mm 1.00 (0.87–1.31) 0.91 (0.76–0.99) 0.04 ( − 0.30 to 0.38) 0.2584

Tibia bone microarchitecture
 Tt.vBMD, mgHA/cm3 303.8 (234.5–310.8) 312.0 (264.1–344.3) − 7.6 ( − 75.0 to 59.8) 0.3706
 Tb.vBMD, mgHA/cm3 133.8 (105.2–154.1) 151.9 (133.0–203.9) − 15.3 ( − 63.4 to 32.8) 0.3305
 Ct.vBMD, mgHA/cm3 884.9 (832.4–973.1) 920.8 (860.8–943.6) − 4.8 ( − 116.1 to 106.5) 0.8456
 BV/TV 0.112 (0.088–0.128) 0.127 (0.111–0.170) − 0.013 ( − 0.053 to 0.027) 0.2928
 Tb.N, 1/mm 1.43 (1.38–1.94) 2.00 (1.57–2.15) − 0.56 ( − 1.04 to − 0.07) 0.0355
 Tb.Th, mm 0.065 (0.055–0.095) 0.069 (0.061–0.085) − 0.003 ( − 0.034 to 0.028) 0.7258
 Tb.Sp, mm 0.602 (0.452–0.662) 0.423 (0.406–0.567) 0.138 ( − 0.033 to 0.309) 0.0565
 Ct.Th, mm 1.12 (0.91–1.31) 1.26 (1.09–1.31) − 0.06 ( − 0.40 to 0.28) 0.4584

Radius cortical porosity, % 1.63 (0.62–2.71) 1.43 (0.70–2.71) 0.79 ( − 1.00 to 2.58)  > 0.9999
Tibia cortical porosity, % 4.49 (2.13–6.08) 2.69 (2.31–6.62) 0.008 ( − 0.010 to 0.026)  > 0.9999
Radius estimated bone strength
 Stiffness, kN/mm 75.36 (70.90–81.09) 76.23 (65.62–89.76) 0.16 ( − 12.9 to 13.2) 0.7261
 F.load, N 3600.5 (3488.0–3814.2) 3513.6 (3135.1–4242.3) 34.8 ( − 515.3 to 584.9) 0.7261

Tibia estimated bone strength
 Stiffness, kN/mm 178.14 (160.00–197.60) 202.59 (180.87–255.90) − 15.1 ( − 61.2 to 31.0) 0.0673
 F.load, N 8379.9 (7666.2–9468.8) 9798.7 (8554.7–12,126.0) − 1269.0 ( − 3417.0 to − 173.0) 0.0323

BMD Z-score
 Lumbar spine − 0.5 ( − 2.7–0.9) − 0.6 ( − 1.0–0.2) 0.0 ( − 2.7 to 2.7)  > 0.9999
 Total hip 0.3 ( − 0.9–0.8) 0.3 ( − 0.6–1.9) 0.0 ( − 2.2 to 2.2) 0.6623
 Femoral neck 0.2 ( − 0.4–0.4) − 0.2 ( − 1.1–0.5) 0.4 ( − 1.7 to 2.5) 0.9650

BMD T-score
 Lumbar spine − 0.9 ( − 2.3- − 0.3) − 0.7 ( − 1.3–0.2) − 0.1 ( − 1.8 to 1.6) 0.7258
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particularly for the handgrip findings. Furthermore, we were 
unable to use bone marrow biopsies for histomorphometric 
analysis, which could elucidate mechanisms of bone loss.

Despite the challenges of conducting a study on a rare 
disease, our findings will contribute to the understanding 
of this disease and potential treatment options. The findings 
should be considered exploratory and hypothesis-generating. 
Further studies should confirm our results.

Conclusion

Among patients with SM, bone microarchitecture and bone 
strength were more affected in aSM compared with iSM. 
Associations between handgrip strength and parameters of 
bone microarchitecture and bone biomechanical were also 
observed, suggesting that handgrip strength may be a feasi-
ble method to estimate bone deterioration in the SM.

Data are expressed as median (IQR) or No. of patients (%)
BMD bone mineral density, BV/TV trabecular bone volume fraction, Ct.Th cortical thickness, Ct.vBMD cortical bone mineral density, CTX 
C-terminal telopeptide of type 1 collagen, F.load estimated failure load, MAS mastocytosis activity score, N Newton, P1NP procollagen type 1 
N-terminal propeptide, Tb.N trabecular number, Tb.Sp trabecular separation, Tb.Th trabecular thickness, Tb.vBMD trabecular volumetric bone 
mineral density, Tt.vBMD total volumetric bone mineral density, TBS trabecular bone score, VAF variant allele frequency, VFA vertebral fracture 
assessment

Table 2   (continued)

Variable aSM group (n = 6) iSM group (n = 15) Estimated difference (95% CI) P value

 Total hip − 0.1 ( − 0.3–0.0) 0.1 ( − 0.5–1.9) − 0.2 ( − 1.7 to 1.3) 0.4845
 Femoral neck − 0.1 ( − 0.5–0.0) − 0.6 ( − 1.5–0.4) − 0.5 ( − 0.8 to 1.8)  > 0.9999

TBS L1-L4 1.387 (1.218–1.467) 1.388 (1.357–1.443) 0.064 ( − 0.136 to 0.264) 0.7104
VFA T4-L4, No. (%) 1 (16.7) 2 (13.3) –  > 0.9999
Biochemical disease-related markers and disease activity
 KIT D816V mutation, VAF (%) 2.73 (0.38–4.98) 0.56 (0.15–1.83) 1.80 ( − 1.58 to 5.19) 0.1736
 Tryptase, µg/L 76.1 (33.6–131.0) 45.8 (20.6–108.0) 19.1 ( − 68.4 to 106.6) 0.3641
 MAS 12.5 (11.0–15.0) 7.0 (1.0–16.0) 4.0 ( − 4.0 to 12.0) 0.6492

Handgrip strength, N 19.4 (18.6–22.7) 21.3 (17.8–30.0) − 1.3 ( − 7.5 to 4.9) 0.3915
Bone turnover markers, ng/mL
 CTX 0.38 (0.11–0.84) 0.33 (0.27–0.60) 0.11 ( − 0.44 to 0.67) 0.9070
 P1NP 58.3 (22.5–70.9) 57.0 (41.5–88.3) 9.9 ( − 31.8 to 51.6) 0.7853

Fig. 1   Subgroup analyses. A 
Trabecular number (Tb.N) at 
the tibia. B Estimated failure 
load (F.load) at the tibia. Boxes 
represent median and interquar-
tile range with whiskers extend-
ing to the highest and lowest 
values within 1.5 IQR of the 
25th and 75th percentiles. Outli-
ers are represented with dots

A B
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Fig. 2   Associations between 
handgrip strength and bone 
microarchitecture. A Trabecular 
number (Tb.N) at the radius. B 
Tb.N at the tibia. C Trabecular 
Separation (Tb.Sp) at the radius. 
D, Tb.Sp at the tibia
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C D

Fig. 3   Associations between 
handgrip strength, serum 
tryptase levels and bone 
strength. A Estimated failure 
load (F.load) at the radius. B 
Stiffness at the radius. C F.load 
at the tibia. D F.load at the 
radius
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C D
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