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Abstract

Diagnosis and management of adult individuals with low bone mass and increased bone fragility before the age of 50 can be
challenging. A number of these patients are diagnosed with mild osteogenesis imperfecta (OI) through detection of COLIA1
or COLIA2 mutations; however, a clinical differentiation from early-onset osteoporosis (EOOP) may be difficult. The purpose
of this study was to determine the bone microstructural differences between mild OI and EOOP patients. 29 patients showed
mutations in COLIAI or COLIA2 and were classified as OI. Skeletal assessment included dual-energy X-ray absorptiometry
(DXA), high-resolution peripheral quantitative computed tomography (HR-pQCT), and bone turnover serum analyses. Bone
microstructure of 21/29 OI patients was assessed and compared to 23 age- and sex-matched patients clinically classified
EOOP but without mutations in the known disease genes as well as to 20 healthy controls. In the OI patients, we did not
observe an age-dependent decrease in DXA Z-scores. HR-pQCT revealed a significant reduction in volumetric BMD and
microstructural parameters in the distal radius and tibia in both the OI and EOOP cohorts compared to the healthy controls.
When comparing the bone microstructure of OI patients with the EOOP cohort, significant differences were found in terms
of bone geometry in the radius, while no significant changes were detected in all other HR-pQCT parameters at the radius and
tibia. Taken together, adult mild OI patients demonstrate a predominantly high bone turnover trabecular bone loss syndrome
that shows minor microstructural differences compared to EOOP without mutation detection.
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Introduction
Tim Rolvien and Julian Stiirznickel have contributed equally.

Although fracture risk typically increases with age in adults,
individuals with recurrent fractures and low BMD can be
also found among younger adults. An important differen-
tial diagnosis for these individuals is mild osteogenesis
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imperfecta (OI). OI is a rare genetic bone disorder that is
mainly caused by autosomal dominant mutations in the col-
lagen, type I, alpha 1 (COLIAI) or collagen, type I, alpha 2
(COLIA2) gene [1]. While the clinical picture of OI varies,
the most common features are short stature and fractures
after no or low trauma. Clinically, four major types [-IV are
described ranging from mild to lethal forms, which usually
manifest in childhood [2, 3]. Overlapping with the typical
forms of OI being caused by collagen I mutations, early-
onset osteoporosis (EOOP) is a condition involving low bone
mass and the occurrence of fragility fractures before the age
of 50 years. EOOP may be caused by single-gene mutations
(i.e., WNTI [4, 5], LRP5 [6], PLS3 [7]), but in many cases
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no monogenetic bone disorders may be detected. In fact, it
might be challenging to differentiate mild or late-onset OI
from EOOP, especially when dealing with adult patients and
no other symptoms like blue sclerae or teeth abnormalities
are present. The advent of modern techniques such as next-
generation sequencing (NGS) allows parallel screening of
many potential disease genes including collagen I mutations;
thus making the need of a clear clinical diagnosis prior to
genetic testing obsolete.

The first study that had analyzed the skeletal status of
adult OI patients beyond dual-energy X-ray absorptiom-
etry (DXA) has reported an affected cortical thickness and
reduced volumetric bone density in quantitative computed
tomography (QCT) [8]. High-resolution peripheral quanti-
tative computed tomography (HR-pQCT) is a non-invasive
technique that allows a separate quantification of trabecular
and cortical volumetric BMD (Tb.BMD, Ct.BMD) as well as
bone microstructure and geometry of the peripheral bone in
the distal radius and tibia [9]. The microstructural alterations
in bone structure have been found to correlate with fracture
risk in postmenopausal women [10]. In a previous HR-pQCT
study on bone geometry, density, and microarchitecture in
OI type I patients, areal and volumetric BMD, bone area,
and trabecular number were lower in OI type I compared to
healthy age- and sex-matched controls [11]. Furthermore,
the alterations in bone mass and architecture have been
found to differ between the clinical forms of OI type I, III,
and IV [12] and to correlate with collagen structure, based
on quantitative and qualitative collagen analyses from fibro-
blasts and serum [13]. In general a genotype—phenotype cor-
relation between the type I collagen loci (i.e., COLIAI or
COLIA?2) has been addressed previously [14, 15].

It is currently unknown if adult patients with OI due to
COLIAI or COLIA2 mutations differ in bone microstruc-
ture compared to patients with EOOP without mutations
in known disease genes. In this study, we demonstrate the
skeletal and genetic status of a German cohort of 29 adult
OI patients harboring both known and novel COLIAI and
COLIA2 mutations, while we outline the microstructural
bone alterations of 21 of these OI patients compared to 23
patients with EOOP without mutations in 386 known disease
genes as well as to 20 healthy controls.

Materials and Methods
Patients

This OI study group consisted of 29 patients with COLIA]
or COLIA2 mutations, which were diagnosed with OI (type
I or IV). In fact, all adult OI type I or IV patients from
our outpatient clinic were included in this study, whereas
patients with OI type III were not included. HR-pQCT was

performed in 21 of these 29 OI patients. The EOOP group
consisted of 23 patients with no relevant mutations in 386
disease genes explaining the respective phenotypes. This
group of patients was similar in age, sex ratio, and DXA
results compared to the OI group and represents all sex- and
age-matched mutation negative patients from a database of
patients with EOOP and other monogenetic bone disorders
in the setting of a specialized osteologic outpatient clinic
(National Bone Board). Patients with detected gene muta-
tions in the 386 genes with known impact on bone status,
among others WNTI, LRP5, PLS 3, were excluded from both
groups. Furthermore, patients with peculiar forms of OI (i.e.,
high bone mass OI through collagen I cleavage site muta-
tions [16]) were excluded from the OI group. Other exclu-
sion criteria were glucocorticoid treatment, cancer, other
metabolic bone diseases, renal dysfunction (GFR <60 ml/
min), and severe underweight at the time of the study or any
time in the past.

Data were compared with 20 healthy, age-, and sex-
matched controls. These patients were screened for bone
status due to an upcoming spine surgery (e.g., disc hernia-
tion) and risk evaluation of post-operative screw loosening.
This study was performed in accordance with the local ethics
committee (PV5364) and the Declaration of Helsinki. An
overview of the study groups is shown in Tables 1 and 2.

Genetic Analysis

To test for disease-causing genetic variants, DNA was iso-
lated from the patients’ peripheral blood, and 103 exons and
flanking introns of COLIAI and COLIA2 were amplified
by PCR, followed by Sanger sequencing on an ABI 3730
sequencer (Thermo Scientific). In case no type I collagen
mutation was identified, all of them proceeded to a custom-
designed SureSelect XT gene panel (Agilent, Santa Clara,
CA, USA) comprising 386 genes in which mutations have
been associated with changes in bone mass, skeletal dyspla-
sias, dysostoses, or connective tissue diseases [skeletal dis-
order-associated genome (sDAG) gene panel] as described
recently [17]. The pathogenicity of the prioritized variants
was judged using PhenIX [18], which integrates variant
scoring by PolyPhen, SIFT, and MutationTaster.

Assessment of Skeletal Status

The areal bone mineral density (aBMD) was evaluated in all
patients using dual-energy X-ray absorptiometry at the hip
and spine (DXA, Lunar iDXA, GE Healthcare; Madison,
WI, USA). Biochemical bone turnover markers were ana-
lyzed from all OI patients’ serum (osteocalcin, bone-specific
alkaline phosphatase) and urine (DPD cross links) at initial
presentation. Fracture history and current fracture status was
determined for all patients by comprehensive assessment of
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Table 1 Overview of the 29 OI patients including sex, age, mutation sequence, novelty, and clinical features

No. Sex  Age  Gene Mutation Novel  Vertebral = Extravertebral Childhood Bluesclera  HR-pQCT
fractures fractures fractures
1 m 80 COL1A1 p-Aspl065Glu Yes 4 >4 No No Yes
2 f 51 COL1A1 p-Aspl1065Glu Yes 0 2 No Yes Yes
3 m 40 COL1A1 p-Aspl1065Glu Yes 0 4 No No Yes
4 f 71 COL1A1 p-Pro951fs No 0 6 Yes Yes No
5 m 23 COL1A1 p-Pro951fs No 0 6 Yes No Yes
6 f 50 COL1A1 p-Pro951fs No 0 5 Yes No Yes
7 f 42 COLIA1  c.1054_1056del+2del ~ No 9 1 No No Yes
8 f 74 COL1A1 p-GIn199fs No 2 0 No Yes Yes
9 m 41 COL1A1 p-Asn1254fs Yes 0 8 No No Yes
10 m 51 COL1A1 p-Gly1178fs Yes 0 0 No No Yes
11 f 68 COL1A1 p-Gly233Arg Yes 1 0 No No Yes
12 f 46 COL1A1 p-Pro871fs Yes 0 1 No No No
13 f 35 COL1A1 p-Pro871fs Yes 0 >20 Yes Yes No
14 m 19 COL1A1 p-Gly194Valfs No 0 3 Yes No No
15 f 29 COLIAl1  c.1614+1G>A No 6 8 No No Yes
16 f 57 COL1A1 p-Lys538Argfs Yes 4 >10 Yes No No
17 m 61 COLIA1  ¢.2830-1G>A No 0 3 No No No
18 m 31 COL1A1 p-Tyr1216Thrfs Yes 0 >20 No Yes Yes
19 f 61 COL1A1 p-Tyr1216Thrfs Yes 2 3 No No Yes
20 m 41 COL1A1 p-Pro205Ala No 4 >10 Yes No Yes
21 m 33 COL1A1 p-Gly692Valfs*74 No 5 5 Yes No Yes
22 m 28 COL1A2 p-Gly193Ser No 0 12 Yes No Yes
23 f 31 COL1A2  p.Gly292Ser No 6 1 No No Yes
24 f 58 COL1A2  p.Gly292Ser No 0 No No No
25 f 52 COL1A2  p.Gly772Ser No 0 6 Yes No Yes
26 m 37 COL1A2  p.Lys1288Argfs Yes 6 >35 Yes Yes Yes
27 m 49 COL1A2  p.Gly292Ser No 2 3 No No No
28 f 59 COL1A2  p.Gly724Glu Yes 4 No No Yes
29 m 49 COL1A2 p-Gly1105Ser No 0 No No Yes

medical history as well as radiography or vertebral morpho-
metry by DXA.

Bone microstructure was further analyzed using high-res-
olution peripheral quantitative computed tomography (HR-
pQCT; XtremeCT, Scanco Medical, Switzerland) at the non-
dominant distal radius and tibia in a standardized procedure
as previously described by our group and using the in vivo
protocol [19-21]. HR-pQCT could only be performed in
21/29 OI patients due to i.e., deformities or short extremi-
ties. Bone geometric parameters included cortical bone area
(Ct. bone area, mm?) and trabecular bone area (Tb. bone
area, mm?) and volumetric bone mineral density (vBMD)
measurements included total vBMD (Total BMD, mgHA/
cm?), cortical BMD (Ct.BMD, mgHA/cm3), and trabecular
BMD (Tb.BMD, mgHA/cm3). Bone microstructure values
are similar to those used in bone histology and include bone
volume-to-total volume ratio (BT/TV), trabecular number
(Tb.N, 1/mm), separation (Tb.Sp, mm), and thickness (Tb.
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Th, mm), as well as cortical thickness (Ct.Th, mm) and cor-
tical perimeter (Ct.Pm, mm).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
version 7.0 software (GraphPad Software, Inc., USA). Nor-
mal distribution of the data was tested with the Kolmogo-
rov—Smirnov test. To test for significant changes in bone
microstructural parameters between the groups, ANOVA
was performed. Data are presented as mean =+ standard
error of mean (SEM) and in boxplots to show the variability
within the sample (including the median, the two quartiles
and the two extremes). p Values of <0.05 were considered
statistically significant. Age-dependent changes in DXA
Z-scores were tested using linear regression analysis (Pear-
son correlation).
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Table 2 Patient characteristics of the three study groups including subdivision of the OI cohort in different mutation types

Parameter OI Ol—glycine mutation

Ol—frameshift mutation

OI—other mutation EOOP Control

Number of
patients (w/
HR-pQCT)

Age,year+SD  47.1+15.6
(w/HR-pQCT) (46.2+15.6)

Gender, m/f 14/15 3/5 717

Body height 176.2+5.8 181.3+5.3/161.8+5.8
m/f, cm+SD /159.2+5.5

Multiple 10 2 7
fractures in
childhood, n

Vertebral frac- 14 4 5
tures, n

Other fractures, 25 6 12
n

29 (21) 8 (6) 14.9)

49.3+13.7 449+16.8

No fractures, n 1 0 1

T-score (spinal), —2.58+1.3 —-32+15 -21+12

mean +SD

T-score (hip), —-20+1.4 —-15+1.2 —-19+1.6

mean +SD

Z-score (spinal), —22+1.2 -2+14 -21+1.1

mean+SD

Z-score (hip), —-1.6+1.3 -13+1.1 -1.5+13

mean +SD
Bone-specific 51.7 62.5 57.1
therapy, %

176 +4.9/156.6 +5.7

7 (6) 23 20

49.1+16.9 46.04+10.1 48.8+16.3

4/3 13/10 9/11
172.8+6.2/160.3 +3.1 178.9+10.1/167.9+9.5 177+7.1/169+6.3

1 1 n/a

-31+1.0 -29+0.9 -02+1.3

-2.6+0.9 -2.1+0.8 -02+14

—-1.8+25 -24+1.1 03+1.4

-1.5+19 —-15+1.2 02+1.3

28.6 43.5 0

Results
Ol Patient Characteristics

Within the group of adult OI patients, 10 patients (34.5%)
suffered from multiple fractures in early childhood, while
28 patients (96.6%) suffered from at least one fracture until
the current presentation. 6 patients (20.7%) demonstrated
with blue sclerae. From the patients with multiple fractures
in childhood, some had been clinically diagnosed with
OI during childhood. However, most patients were diag-
nosed with OI as adults. 15 patients (51.7%) had received a
bone-specific therapy throughout their lives. At present, 10
patients (34.5%) received a bone-specific therapy includ-
ing oral and intravenous bisphosphonates (8 patients) and
denosumab (2 patients). Low vitamin D levels (25-OH-
D3 <30 pg/l) were detected in 16 patients at initial pres-
entation; and a daily vitamin D supplementation was pre-
scribed to all. Mean body height was 176.2+5.8 cm (45th
percentile) for male and 159.2 +5.5 cm (25th percentile)
for female patients. The clinical picture in our patients was
compatible with OI type I or I'V. Besides the presented
clinical data (e.g., fracture status, blue sclerae, Table 1),
no further clinical information was available.

Mutation Spectrum

20 different mutations were found in the 29 patients. COLIAI
mutations were found in 21 patients, while in the remaining
8 patients COLIA2 mutations were detected. Nine of these
mutations were novel, of which two were classical qualitative
missense mutations affecting glycine or proline residues within
the triple-helical domain. Six mutations had quantitative
effects through frameshifts. In contrast, one mutation was an
atypical missense mutation, albeit affecting highly conserved
residues and absent or at least of extremely low frequency in
the general population. Overall 14 patients carried either splice
site or frameshift mutations. The quantitative effect of these
mutations is usually associated with mild phenotypes. A com-
prehensive summary of all mutations is given in Table 1. The
OI patients were subdivided in three groups (a) with glycine
mutations, (b) with frameshift mutation, and (c) with atypical
missense (other) mutation (Table 2).

Bone Density and Bone Turnover Markers of Ol
Patients

According to DXA measurements, 25/29 patients had a
Z-score < — 1.0 at the lumbar spine or hip, while 17/29
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patients (58.6%) presented with a Z-score < —2.0. Impor-
tantly, no age-dependent changes in DXA Z-score could be
determined (R2 =0.05, p=0.77, Fig. 1a, b). Bone turnover
analysis revealed a moderate-to-high bone turnover, while
bone formation markers were within normal range in most
patients and bone resorption parameters were elevated in
15 patients (Supp. Fig. 1A—C). From the remaining 14
patients with normal bone resorption markers, 8 patients
were currently on anti-resorptive treatments. Two patients
with elevated levels of BAP were identified to have a very
low vitamin D status and moderate secondary hyperparathy-
roidism, which was balanced within the first 3 months after
the initiation of the vitamin D supplementation.

Differences in Bone Microstructure Regarding Ol
Mutation Type and Between Adult Ol and EOOP
Patients Compared to Healthy Controls

In both cohorts (OI and EOOP), the alterations in bone
microstructure were highly variable compared to healthy

controls ranging from severely impaired trabecular bone to
almost normal trabecular and diminished cortical param-
eters or moderate combined trabecular and cortical bone loss
(Fig. 2a—d). In the OI cohort, the subdivision in three groups
based on mutation types did not reveal major significant dif-
ferences regarding bone microstructure (Supp. Tables 1, 2).

When comparing the OI patients with healthy controls
in the radius, geometrical analysis revealed a significantly
reduced cortical bone area (p =0.033) but no changes with
respect to trabecular area (Table 3). In the microstruc-
tural analysis, we found a significant reduction in BV/TV
(»<0.001), Tb.N (p <0.001), and Tb.Sp (p =0.011), but
not in trabecular thickness (Tb.Th) or cortical thickness
(Ct.Th) (Fig. 3; Table 3). Trabecular volumetric BMD but
not cortical BMD was also significantly reduced in the
distal radius of OI patients (p <0.001; Fig. 3; Table 3).
In the distal tibia, Ct. bone area (p =0.01), BV/TV, Tb.N
(p<0.001), Tb.Th (p =0.046), Tb.Sp (p =0.003), and
Ct.Th (p =0.018) were significantly reduced (Fig. 4;
Table 4). Similar to the radius data, trabecular volumetric

Fig. 1 Bone mineral density A B e COL1A1
expressed by DXA Z-scores in s COL1A2
adult OI patients. a Z-scores +2- +2 -
in the lumbar spine (LS). b — Age = 2 Age -
Z-scores in the hip. No age- 9 0 2.0 4.0 6.0 BIO T 0 20 40 o, 60 o, 80
dependent decrease in DXA \CI-J/ .' . oo Z; v e R )
Z-score was observed G2l o o, A S . ) " -

&) ° o ° O O °

Uu) ¢ e = Uu) : ° °

N -4 < o = - N -4 °

[] L]
6 -6 -

A

Control B Severe/Trabecular

C Moderate/Cortical D Moderate/Combined

Radius

Tibia

Fig.2 High-resolution peripheral quantitative CT scans demonstrate
the heterogeneity of microstructural alterations in OI and EOOP. a
Healthy control. b Severely diminished trabecular microarchitecture
in an OI patient. ¢ Cortical bone loss but almost normal trabecular

@ Springer

bone (OI patient). d Moderate, combined trabecular, and cortical
bone loss (EOOP patient). Note that all three bone loss patterns (b—c)
occurred in both groups
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Table 3 Bone microstructure assessed by HR-pQCT (radius)

Ol (n=21) EOOP (n=23) Control (n=20) p Value p Value p Value
OI vs. EOOP OI vs. control EOOP vs. control

Bone geometry

Ct. bone area (mm?) 51.89+2.74 69.13+7.21 61.77+3.56 0.037 0.033 0.387
Tb. bone area (mm?) 234.3+19.2 366.4+41.87 264.5+13.91 0.008 0.214 0.035
Cortical and trabecular microstructure
Ct.Th (mm) 0.684+0.034 0.707 £0.044 0.784+£0.039 0.691 0.061 0.206
Ct.Pm (mm) 76.6+2.71 89.48+3.36 78.63+1.94 0.007 0.551 0.014
BV/TV (ratio) 0.106 +0.007 0.108 +£0.008 0.158 +£0.008 0913 <0.0001 <0.0001
Tb.N (1/mm) 1.636+0.086 1.672+0.087 2.233 +0.066 0.774 <0.0001 <0.0001
Tb.Th (mm) 0.066+0.003 0.063 +0.002 0.071+0.003 0.375 0.248 0.034
Tb.Sp (mm) 0.624 +0.085 0.563+0.056 0.385+0.015 0.552 0.011 0.007
Volumetric bone mineral density
Total BMD (mg HA/cm?®) 437.6+150.8 276.6+13.26 332.9+12.65 0.272 0.504 0.004
Ct.BMD (mg HA/cm®) 813.8+12.64 807.7+15.22 818.8+9.363 0.761 0.753 0.55
Tb.BMD (mg HA/cm?) 127.4+£7.93 129+9.58 190£9.97 0.9 <0.0001 <0.0001

Bold indicates significant differences (p < 0.05)

Data are presented as mean + SEM

Fig. 3 Differences in bone A B

microarchitecture in the distal * *

radius of OI patients compared 251 . S 31 - *

to patients with early-onset T

osteoporosis (EOOP) and 207 I%

healthy controls. Differences

~ €

£ £ | '
in a BV/TV, bone volume N < L
per tissue volume; b Tb.N, ; 10+ 1 Z I

o 217

trabecular number; ¢ Tb.Th,

trabecular thickness; d Ct.Th, 5 <
cortical thickness; e Tb.BMD,
trabecular bone mineral density; 0 T T T 0 T T
f Ct.BMD, cortical bone min- ol EOOP  Control ol EOOP Control
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presented in boxplots
0.1517 1.51
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Fig. 4 Differences in bone A B
microarchitecture in the distal * *
tibia of OI patients compared 25 - 3 1 *
to patients with early-onset T I
osteoporosis (EOOP) and 204 €
healthy controls. Differences in X —I— g 2 4 T |
a BV/TV, bone volume per tis- > 154 = I | I
sue volume; b Tb.N, trabecular = 10 z |
number; ¢ Tb.Th, trabecular 5 i o 14
: ) : . [
thickness; d Ct.Th, cortical 5
thickness; e Tb.BMD, tra- |
becular bone mineral density; £ 0 ' . . 0 T T T
dCt-BMD: Corgcé‘; bone mineral ol EOOP  Control ol EOOP  Control
ensity; *p <0. C D
*
0.15 1 2.0 1 *
*
— = 1.54
€ A S —I—
é 0.10 é
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BMD but not cortical BMD were significantly lower in
the distal tibia (p =0.011; Fig. 4; Table 4).

We next compared the OI patients with the EOOP
cohort that was similar in age, DXA values, and frac-
ture status (Table 2), but without any relevant mutation
in 386 disease genes for skeletal disorders including col-
lagen type 1. This cohort demonstrated severe alterations
in bone microstructure compared to healthy controls
including a significant reduction in BV/TV and Tb.N in
the radius and tibia as well as a decrease of Tb.Th in the
radius and Ct.Th in the tibia (Figs. 3, 4; Tables 3, 4).
When comparing the OI and EOOP cohort, Ct. and Tb.
bone area as well as Ct.Pm were significantly lower in
OI patients in the radius (Table 3). All other HR-pQCT
parameters were essentially not different between OI and
EOOP.

@ Springer

Discussion

In this study, we have demonstrated the in-depth skeletal
phenotype of 29 adult OI patients with confirmed COLIAI
or COLIA2 mutations and their microstructural similari-
ties compared to a cohort of EOOP patients without clear
disease-causing mutations. The genetic spectrum of OI is
continuously growing [22], especially with the availability
of modern techniques such as next-generation sequencing.
Similar to previous reports [23, 24], the adult patients with
mild OI included in this study showed a phenotypic and
bone microstructural overlap with EOOP rather than the
typical features of OI in most cases. We have recently also
reported the detection of typical Ol/collagen type I muta-
tions in women with pregnancy-associated osteoporosis
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Table 4 Bone microstructure assessed by HR-pQCT (Tibia)

Ol (n=21) EOOP (n=23) Control (n=20) p Value p Value p Value
OI vs. EOOP OI vs. control EOOP vs. control

Bone geometry

Ct. bone area (mm?) 96.56 +7.69 89.73+6.92 127.7+7.63 0.512 0.007 0.0007

Tb. bone area (mm?) 695.6+38.16 651.4+63.64 688.1+33.82 0.569 0.883 0.629
Cortical and trabecular microstructure

Ct.Th (mm) 0.875+0.071 0.935+0.061 1.122+0.063 0.525 0.014 0.040

Ct.Pm (mm) 112+£2.83 108 +5.1 114.1+£2.53 0.518 0.583 0.314

BV/TV (ratio) 0.095+0.008 0.113+0.007 0.162+0.01 0.093 <0.0001 0.0001

Tb.N (1/mm) 1.428+0.098 1.628 +0.080 2.143+0.089 0.117 <0.0001 0.0001

Tb.Th (mm) 0.066 +0.004 0.070+0.003 0.075+0.003 0.347 0.046 0.272

Tb.Sp (mm) 0.727+£0.095 0.554+£0.043 0.409+0.023 0.098 0.003 0.006
Volumetric bone mineral density

Total BMD (mg HA/cm?®) 219.9+16.29 246.6+12.56 306.3+13.98 0.196 0.0003 0.003

Ct.BMD (mg HA/cm®) 801.9+25.75 797.9+18.03 820.2+11.39 0.898 0.519 0.319

Tb.BMD (mg HA/cm?) 130.9+20.65 135.3+£8.321 194.4+11.44 0.835 0.011 0.0001

Bold indicates significant differences (p < 0.05)

Data are presented as mean + SEM

[25]. Whether these patients with pathological mutations
in COLIAI or COLIA2 but inconsistent or missing clini-
cal OI characteristics should be diagnosed as mild OI or
as EOOP with collagen type I mutations is therefore still
under discussion especially relating to the clinical picture.

While the evaluation of most variants through the dif-
ferent mutation databases and in combination with the
clinical picture revealed pathogenic mutations, there were
two borderline variants. Namely, the variant p.Pro205Ala
in COLIAI may not be causative but at least phenotype
modifying; however, the phenotype was certainly typical
for OI (Table 1). It has been associated with low bone mass
[26] and was furthermore detected in patients with OI with
an additional clear OI mutation [27]. The pathogenicity
of the novel atypical missense mutation Aspl1065Glu in
COLIA1 was supported by segregation analysis; however,
alternative splicing was not confirmed and the variant may
thus be ranked as potentially pathogenic.

Regarding areal BMD measurements by DXA, 58.6% of
the OI patients presented with low bone mass (i.e., DXA
Z-score < —2.0). That OI patients may have a normal BMD
has been shown before [28, 29], and the percentage of
patients with osteoporosis according to DXA results was
higher than expected in our adult cohort. After a decreas-
ing fracture risk of OI patients during puberty and young
adulthood, fracture risk typically rises in these patients
during aging [1], which is due to the presence of additional
risk factors for low bone mass and osteoporosis includ-
ing age and menopause. Nonetheless, we could not detect
an age-related decrease of DXA Z-scores in our adult OI
patients.

In a previous histomorphometric study on iliac crest bone
of OI patients, both cortical width and trabecular bone vol-
ume were clearly decreased in all Ol types; and similarly to
our findings the reduced trabecular bone mass was found
to be largely due to a decreased trabecular number [30]. In
fact, the microstructural HR-pQCT analysis revealed a pre-
dominant decrease in trabecular bone microstructure in both
the OI and EOOP cohorts. In particular, we could detect a
reduction in trabecular number in both cohorts. Compared
to the control group, trabecular thickness at the distal radius
was exclusively reduced in the EOOP cohort, while at the
distal tibia it was exclusively reduced in the OI cohort. Inter-
estingly, when comparing the OI and EOOP cohort, most
HR-pQCT parameters besides bone geometry and corti-
cal perimeter at the distal radius were found to be similar
between the OI and EOOP cohort.

The biology of Ol is different than postmenopausal or
EOOP. This includes, i.e., changes in collagenous ECM
as primary event as well as cellular stress leading to
altered osteoblast function in OI [31, 32] vs. primary bone
remodeling dysregulation in other bone loss conditions.
However, a close monitoring is essential to not miss the
appropriate time for a bone-specific therapy for adult OI
patients, typically bisphosphonates, but also denosumab
or teriparatide, as well as novel drugs like anti-sclerostin
antibodies in the future [33]. Although we did not find an
Ol-specific microstructural pattern, HR-pQCT represents
an additional tool to identify the patients with high risk
of fracture that might not be identified by DXA [10]. The
decision in favor or against a bone-specific therapy should
be made with regard to presence of fractures, bone density,
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and microstructure as well as bone turnover markers. Fur-
ther longitudinal studies are needed to assess the fracture
risk and effectiveness of a bone-specific therapy in the
aging OI population.

We are aware of the fact that Ol is a very heterogeneous
disorder especially regarding mutation types. Glycine sub-
stitution missense mutations lead to deposition of substan-
tial quantities of abnormal collagen into the bone matrix.
In contrast, nonsense mutations and frameshift mutations
frequently lead to nonsense-mediated degradation, result-
ing in a quantitative deficit of predominantly normal col-
lagen. Therefore, we have performed a subdivision in three
groups based on the mutation types as opposed to previous
studies that have compared bone microstructure in relation
to Sillence OI type [12, 13]. However, no clear differences
in bone microarchitecture could be detected between the
mutation groups.

Increases in bone turnover markers have been found
previously in OI patients [34], which was confirmed in our
cohort of adult patients. In fact, the number of patients with
increased bone resorption markers would have been most
likely even higher considering that nearly 50% had received
a bone-specific therapy, mostly anti-resorptive, in the past or
at present. In general, it has to be assumed that bone-specific
treatments could have influenced the bone status (i.e., bone
microstructure) in both the OI and EOOP cohorts.

In conclusion, we here point out that adult OI patients
have a diminished trabecular bone structure, accompanied
by reductions in trabecular number. It is noteworthy that
these patients share many similarities in the microstruc-
tural parameters in comparison to EOOP patients with-
out mutations in known disease genes. While no clear
effects of OI mutation type on bone microstructure could
be detected, it is reasonable to speculate on the differ-
ent phenotypic effects of different COLIAI and COLIA2
mutations as well as of other gene mutations on bone
microstructure. However, further functional analyses of
those mutations, for instance, in knock-in mouse models,
are required to address this question.
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