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Abstract

Summary Primary hypertrophic osteoarthropathy (PHO) is a hereditary bone disease that is grouped into PHO autosomal
recessive 1 (PHOART1) and PHO autosomal recessive 2 (PHOAR?2) due to different causative genes. Data comparing bone
microstructure between the two subtypes are scarce. This is the first study to find that PHOAR1 patients had inferior bone
microstructure compared with PHOAR?2 patients.

Purpose The primary goal of this study was to assess bone microarchitecture and strength in PHOAR1 and PHOAR?2 patients
and to compare them with age- and sex-matched healthy controls (HCs). The secondary goal was to assess the differences
between PHOAR1 and PHOAR?2 patients.

Methods Twenty-seven male Chinese PHO patients (PHOAR1 =7; PHOAR?2 =20) were recruited from Peking Union Medi-
cal College Hospital. The areal bone mineral density (aBMD) was assessed by dual-energy X-ray absorptiometry (DXA).
Peripheral bone microarchitecture at the distal radius and tibia were evaluated by high-resolution peripheral quantitative com-
puted tomography (HR-pQCT). Biochemical markers of PGE2, bone turnover, and Dickkopf-1 (DKK1) were investigated.
Results Compared with HCs, PHOAR1 and PHOAR?2 patients had distinctively larger bone geometry, substantially lower
vBMD at the radius and tibia, and compromised cortical microstructure at the radius. For trabecular bone, PHOAR1 and
PHOAR? patients showed different changes at the tibia. PHOAR1 patients had significant deficits in the trabecular com-
partment, resulting in lower estimated bone strength. Conversely, PHOAR?2 patients showed a higher trabecular number,
narrower trabecular separation, and lower trabecular network inhomogeneity than HCs, translating into preserved or slightly
high estimated bone strength.

Conclusion PHOARI patients had inferior bone microstructure and strength compared with PHOAR?2 patients and HCs.
Additionally, this study was the first to find differences in the bone microstructure between PHOAR1 and PHOAR? patients.
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167,100) is a hereditary bone disease mainly characterized
by a distinctive trait: periostosis, pachydermia, finger club-
bing, and joint swelling. PHO was first reported by Frie-
dreich in 1868 [1]. The pathogenesis and inherited pattern
were controversial until Uppal et al. identified that muta-
tions in the hydroxyprostaglandin dehydrogenase (HPGD)
gene, which encodes 15-hydroxyprostaglandin dehydroge-
nase (15-PGDH), a prostaglandin E2 (PGE2) degradation
enzyme, could be responsible for PHO autosomal recessive 1
(PHOAR1: MIM: 259,100, 2008) [2]. Subsequently, another
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pathogenic gene, SLCO2A 1, which encodes the prostaglan-
din transporter (PGT) responsible for the uptake of PGE2,
was found to be the cause of PHO autosomal recessive 2
(PHOAR2: MIM: 614,441, 2012) [3]. Both genetic studies
point to the same factor, i.e., PGE2. Biochemical analyses in
PHO patients indicated the critical role of disturbed PGE2
catabolism, which leads to elevated circulating PGE2 levels,
in the pathogenesis in both PHOAR1 and PHOAR? patients
[4,5].

PGE?2 is a critical mediator of several physiologic and
pathologic processes. PGE2 level in the two forms of
PHO patients was found to have remarkable differences.
In Li et al.’s study, PGE2 levels were significantly higher
in PHOAR? patients than in PHOARI patients [6]. In our
previous study, the serum and urinary PGE2 metabolites
(PGEM) in PHOAR?2 patients were also found to be much
higher than those in PHOARI1 patients [7]. Significant dif-
ferences in phenotypes between the two forms of PHO were
suggested by some studies, including onset age, pachyder-
mia, joint pain, and gastrointestinal hemorrhage [6, 7]. PGE2
is well known to activate both osteoclasts and osteoblasts
[8]. In in vivo studies, PGE2 was reported to mainly affect
bone structure and strength. Our previous studies reported
alterations in bone microstructure either in distal inter-
phalangeal joints (short bones) or distal tibia (long bones)
in PHO patients (PHOARI patients and PHOAR?2 patients)
using high-resolution peripheral quantitative computed
tomography (HR-pQCT) [9, 10]. None of the above study
PHO patients had fractures. PGE2 levels were closely related
to alterations in bone microstructure parameters, indicat-
ing the critical role of PGE2 in alterations in bone micro-
structure in PHO patients [9, 10]. However, whether there
were differences in bone structure and bone density due to
the variety of PGE2 levels between the two forms of PHO
patients remains unclear.

Wingless-type (Wnt) signaling is central to bone develop-
ment and homeostasis. Dickkopf-1 (DKK1) is the osteocyte-
produced protein that antagonizes Wnt signaling in osteo-
blasts, leading to inhibition of osteoblast differentiation and
bone formation in humans. Our previous study showed typi-
cal periostosis imaging features with general and symmetri-
cal periostosis in the cortex of the tibia in PHO patients,
indicating high rates of bone formation in PHO patients [10].
However, the mechanism of abnormal bone formation in
PHO patients has yet to be fully elucidated. Studies have
reported that haploinsufficiency of DKKI1 increases Wnt
activity and results in a high bone mass phenotype because
of higher rates of bone formation [11, 12]. We thus hypoth-
esized that DKK1 could play a role in abnormalities of bone
formation in PHO patients, leading to remarkable periostosis
and osteophytes.

Here, we reported 7 unrelated male Chinese PHOAR1
patients and 20 unrelated Chinese PHOAR2 patients,
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of which 20 were previously reported [10]. This study is
aimed at (1) determining bone microarchitecture and bone
strength, measured by HR-pQCT, in the two subtypes of
PHO patients compared to healthy controls; (2) assessing
PGE2 levels, bone turnover markers, DKK1, bone mineral
density (BMD), microarchitecture, and bone strength and
revealing the differences in these parameters between the
two subtypes; and (3) investigating the role of PGE2 levels,
bone turnover marker levels, and DKK1 levels in the BMD,
microarchitecture, and bone strength differences of the two
subtypes of PHO patients.

Methods and materials
Subjects

The study protocol was approved by the Ethics Committee
of Peking Union Medical College Hospital (PUMCH) (zs-
1115). After receiving a full explanation of the purpose of the
study, all participants signed informed consent documents.
Medical history was collected by retrospective review of
medical records and clinical inquiry. X-ray radiography of
the legs was analyzed. Areal BMD (aBMD) of the lumbar
spine and proximal femur were collected (Prodigy Advance;
GE Lunar Corporation, Madison, WI, USA). Genomic DNA
was extracted from the peripheral white blood cells of the
patients for HPGD and SLCO2AI mutation analysis. Seven
male PHO patients were diagnosed based on clinical, radio-
logical, and genetic criteria from 2019 to 2021. Our previous
study described PHO patients’ inclusion and exclusion criteria
in detail [10]. Another 20 male PHO patients reported in our
previous study were also included in this study [10]. Twenty-
seven PHO patients with definitive clinical and genetic diag-
noses in our center were included for comparison between
PHOARI1 and PHOAR? patients.

HR-pQCT scans were performed in age- and sex-matched
healthy controls (HCs, n=27). HCs were drawn from an
HR-pQCT database of a previous study that collected a
population of 249 healthy adult men to establish HR-pQCT
reference parameters in the Chinese population [13].

Biochemistry

Blood samples and 24 h urine were drawn after an over-
night fast for biochemistry measurements. The Roche elec-
trochemiluminescence system measured beta-C-telopep-
tides of type I collagen (B-CTX) (E170, Roche Diagnostics,
Basel, Switzerland). Serum-free soluble receptor activator
of nuclear factor-kappaB ligand (SRANK), osteoprotegerin
(OPG), and DKK1 were measured by an enzyme-linked
immunosorbent assay (ELISA) using standard kits (Human
sRANKL (Total), Human osteoprotegerin, Biovendor, Brno,
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Czech Republic; Human DKK-1 Quantikine, R&D Sys-
tems). Urinary PGE2 and PGEM levels were measured by
competitive ELISA using standard kits (Cayman Chemicals,
Ann Arbor, Michigan, USA). All biochemical parameters
were evaluated in PHO patients. Simultaneously, DKK1,
sRANKL, and OPG were assessed in HCs.

HR-pQCT

We scanned the non-dominant distal radius and distal tibia
in all PHO patients and HCs using an HR-pQCT system
(Xtreme CTII, Scanco Medical AG, Briittisellen, Switzer-
land). Each image was composed of 168 slices with an iso-
tropic resolution of 61 pm. The scan region was positioned
9.0 mm and 22.0 mm proximal to the reference line for the
distal radius and distal tibia, respectively. At the time of
acquisition, image quality was scored after image recon-
struction by two of the authors (PQQ and XYP) using a
visual grading system as suggested by published studies [10,
14]. Briefly, grade 1 has no visible artifacts; grade 2 has vis-
ible artifacts with no discontinuities in the cortical shell but
a small streak in the soft tissue; grade 3 has visible artifacts
with no discontinuities in the cortical shell but a medium-
large streak in the soft tissue; grade 4 and grade 5 have vis-
ible artifacts with both discontinuities and streaks [10, 14].
After evaluation, images with a manual grade of 4 or higher
were deemed insufficient quality and excluded.

Image analysis was performed according to the manu-
facturers’ standard in vivo acquisition protocols [13]. “Tra-
becularization” of cortical bone is the typical image feature
in PHO patients with irregular and spiculated periosteosis
widely around the cortical bone. Automatically generated
contours by built-in software might lead to greater accuracy
errors arising in the segmentation of cortical and trabecular
bone, resulting in a systematic bias with certain parameters,
such as cortical density and thickness. To better define the
cortical and trabecular compartments of the PHOART1 and
PHOAR?2 patients in this study, a snake algorithm (v5.42,
Scanco Medical) was used to generate the periosteal con-
tour and corrected manually as our previous study recom-
mendation. Briefly, cases with cortical fragmentations and
periosteal contour retracts were manually corrected. Bone
fragments was identified as the sharp bone outside the cor-
tical bone surface but adherent to the cortical bone surface.
For the bone fragments analysis, distal tibia and radius
were evaluated on a PACS workstation using the open
source Digital Imaging and Communication in Medicine
(DICOM) OsiriX software (OsiriX MD 10.0; download
from www.osirix-viewer.com). As there were no standard
protocols for defining the volume of the bone fragments of
PHO patients, we measured the volume of the bone frag-
ments using a semi-automated method. The area of a bone
fragment was determined by defining the entire area of the

distal tibia on each image of the bone fragment (Al) or
excluding the bone fragment (A2). The volume of the bone
fragment (V) was calculated as V,=(A1 - A2)xnx0.061,
in which n is the total number of slices with the bone frag-
ments and 0.061 is the height of the slice. Finally, the
average volume of bone fragments in a PHO patient was
Vi/N,, in which N, is the total number of bone fragments
in a PHO patient. PHOARI1 patients’ mean of the bone
fragments volume was 2.07 + 0.78mm? (0.51 ~4. 12mm3)
in distal tibia and was 1.53 +0.36mm? (0.25 ~2.98mm?)
in distal radius. PHOAR?2 patients’ mean of the bone frag-
ments volume was 2.73 + 1.03mm?> (0.38 ~5.63mm?>) in
distal tibia and 1.96 +0.25mm? (0.14 ~ 3.21mm?) in distal
radius. There was no significant bone fragment volume
difference between PHOAR1 and PHOAR?2 patients. And
then, the HR-pQCT images were analyzed twice, including
bone fragments or excluding bone fragments, to confirm
whether the bone fragments could influence the density and
bone strength. Supplementary Table 1 shows no signifi-
cant differences in HR-pQCT parameters and mechanical
properties between the two groups with or without bone
fragments. Cases with spiculated periosteosis (sharp bone
fragments outside the cortical bone surface) that protrude
to a certain extent from the periosteal surface of the cortex
were excluded from the cortical contours [10].

The following parameters were calculated directly and
reported automatically [15]: (1) total bone mineral density
(Tt.BMD), cortical bone mineral density (Ct.BMD), and
trabecular bone mineral density (Tb.BMD) which were
derived from their respective volumes and expressed in
mg hydroxyapatite (mg/cm?); (2) total, trabecular, and cor-
tical bone cross-sectional area, respectively (Tt.Ar, Tb.Ar,
and Ct.Ar; mm?); (3) trabecular microstructure, including
trabecular bone volume fraction (Tb.BV/TV), trabecular
number (Tb.N, 1/mm), trabecular thickness (Tb.Th, mm),
trabecular separation (Tb.Sp, mm), and inhomogeneity of
the trabecular network (Tb.1/N.SD, tmm) (structure model
index (SMI) measured rods and plates in trabecular bone;
studies have suggested that plate structures have greater
mechanical strength than rod structures [16, 17]); and (4)
cortical microstructure, including cortical porosity (Ct.Po,
%), cortical thickness (Ct.Th, mm), and cortical perimeter
(Ct.Pm, mm).

Finite element analysis (FEA) was used to estimate the
failure load in compression, wherein all bone materials were
given a Young’s modulus of 10.0 GPa and a Poisson’s ratio
of 0.3. All FEA was performed using FE-solver included
in the built-in Image Processing Language software (vision
1.13, Finite Element Analysis software, Scanco Medical).
The following are the primary outcomes of mechanical prop-
erties: stiffness (kN/mm), apparent modulus (E,, kN/mmz),
and estimated failure load (FL, kN) [13, 15].
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Statistical analysis

Statistical analysis was performed using SPSS version 22.0.
Data are presented as the mean + standard deviation (SD) or
median (interquartile range (IQR)), as appropriate. We assessed
the distribution of each demographic parameter for PHO
patients, PHOAR1 patients, PHOAR? patients, and HCs via
normality plots and the Shapiro Wilks W test and compared
the two groups using Student’s ¢ test or the Mann—Whitney U
test, as appropriate. Clinical features and biochemical data for
PHOAR1 and PHOAR?2 patients were compared using Stu-
dent’s ¢ test or Mann—Whitney U test, depending on the type and
distribution of the data. Densitometric, geometric, microstruc-
tural, and biomechanical indices among the PHOARI patients,
PHOARR? patients, and healthy controls were compared using
ANOVA with Bonferroni-corrected pairwise comparisons. The
predictive effects of disease features and biochemical markers
on HR-pQCT parameters for subjects with PHO were evalu-
ated in linear regression models at the radius and the tibia as
dependent variables. In addition to the univariate models with
disease features and biochemical markers as independent vari-
ables, multivariable models adjusting for the type of PHO were
considered. Differences with p values less than 0.05 were con-
sidered statistically significant.

Results
Basic characteristics

This study recruited 27 patients clinically and genetically diag-
nosed with PHO and 27 age- and sex-matched HCs. According to
the different pathogenic genes, the 27 PHO patients were divided
into PHOAR1 and PHOAR?2 subgroups: PHOAR1 patients
(n=7) resulting from HPGD mutations and PHOAR? patients
(n=20) due to SLCO2AI mutations. All of the participants
were male. The demographic characteristics of the study partici-
pants are shown in Table 1. PHO patients, PHOARI patients,
PHOAR?2 patients, and HCs were comparable according to age,
body weight, and height. The median age of onset in PHOARI1
patients was 1 year old, which was earlier than that in PHOAR2
patients, whose median onset age was 16 years (p <0.001).
Hence, the mean disease duration of PHOAR2 was shorter than
that of PHOAR1 (9.0+5.7 versus 28.1+8.2, p<0.001).

Clinical and biochemical characteristics of PHOAR1
and PHOAR2 patients

The clinical characteristics and main biochemical param-
eters in PHOAR1 and PHOAR2 patients at the time of
diagnosis are listed in Table 2. The clinical phenotypes
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Table 1 Demographic characteristics of patients with PHO and
Healthy controls

Variable PHO PHOARI PHOAR2 HCs

No. of patients 27 7 20 27

Age (y) 27.0(9.0) 27.0(12.0) 27.0(13.0) 26.7 (3.0)
Height (m) 1.75 (0.04) 1.74 (0.06) 1.75(0.07) 1.71 (0.05)
Weight (kg) 61.7+9.7 59.1+7.8 62.6+103 66.5+82
Onset age (y)  16.0 (11.0) 1.0 (4.0) 16.0 (4.0)*** -

Disease 140+10.6 28.1+8.2 9.0£5.7%%* -

duration (y)

HC healthy controls

Data are expressed as the mean+SD or median (interquartile range
(IQR))

***Significant differences to PHOAR1 (p <0.001)

varied between the two subgroups of PHO patients. Seven
PHOARI1 patients were diagnosed with complete clinical
forms featuring periosteosis, pachydermia, and digital club-
bing. Sixteen PHOAR?2 patients were diagnosed with com-
plete clinical forms, and another 4 PHOAR?2 patients were
diagnosed with incomplete clinical forms who lacked the
clinical signs of pachydermia.

The medium urinary PGE2/PGEM levels were nota-
bly higher in PHOARI1 than in PHOAR2. Regarding
age-specific bone turnover markers in healthy Chinese
subjects, serum levels of B-CTX, and the sSRANKL/OPG
ratio in most PHOAR1 and PHOAR?2 patients were above
the age-related established reference range. DKK1 lev-
els in PHOAR1 and PHOAR?2 patients were lower than
the normal reference range. Moreover, PHOAR?2 patients
showed significantly higher p-CTX and DKKI1 levels than
PHOARI patients (all p <0.05 after age, height, and weight
correction) (Table 2).

DXA

Six PHOARI1 patients and 19 PHOAR?2 patients received
dual energy X-ray absorptiometry (DXA) at the lumbar
spine and proximal femur. The aBMD values of PHOAR1
and PHOAR?2 were all within the normal range. Further
subgroup analysis found that no significant differences
in aBMD L1-4 were found at the lumbar spine (g/cm?,
1.09+0.17 versus 1.19+0.15 and Z-score, —0.13 +0.68
versus 1.17+1.36) between PHOAR1 and PHOAR?2
patients. aBMD of the femoral neck (g/cm?, 0.89+0.16
versus 1.06 +0.12, p=0.008 and Z-score, —0.87 +0.65
versus 1.09 +1.39, p=0.002) and aBMD of the total
hip (g/cmz, 0.88+0.15 versus 1.15+0.16, p=0.001 and
Z-score,—0.12+0.62 versus 1.52+1.29, p=0.001) were
significantly lower in PHOARI patients than in PHOAR2
patients (Fig. 1).
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Table2 Comparisons of clinical v, p1eq PHOARI PHOAR2 p value

features and biochemical data (n=7) (n=20)

at diagnosis between PHOAR1

and PHOAR? patients Periosteosis 7 20 _
Pachydermia 7 16 -
Digital clubbing 7 20 -
Urinary PGE2 (ng/mmol Cr) 522.44 (1386.79) 289.57 (787.40) 0.471
Urinary PGE2/PGEM*#* 70.50 (117.27) 1.75 2.31) 0.004
B-CTX (ng/mL)* 0.67+0.10 1.28+0.99 0.011
sRANKL/OPG 198.62 +101.25 309.87+172.44 0.402
DKK1 (pg/mL)* 2051.56 +£927.56 3608.22 +£2953.12 0.027

P-CTX beta-C-telopeptides of type I collagen (0.26~0.512 ng/mL), DKKI Dickkopf-related protein 1

(3880.96 ~6044.21 pg/mL)

sRANKL/OPG (87.12~178.8), Urinary PGE2 (36.4 ~ 85.5 ng/mmol creatinine)

Data are expressed as the mean+SD or median (interquartile range (IQR)). A value of p are adjusted by

height, weight, and age

Boldface indicates statistically significant difference between two groups. *p <0.05; **p <0.01

HR-pQCT measurement of the distal radius and tibia

HR-pQCT data for PHOARI1 patients, PHOAR?2 patients,
and HCs are detailed in Table 3.

Comparison between PHOAR1 patients, PHOAR2 patients,
and HCs

At the radius, PHOAR1 and PHOAR? patients had larger
total, trabecular and cortical bone cross-sectional areas,
and lower total, trabecular and cortical volumetric BMD in
comparison to HCs. On the assessment of trabecular bone,
PHOARI1 patients showed significantly inferior trabecular
microstructure with lower Tb.BV/TV and Tb.N and greater
Tb.Sp and Tb.1/N.SD when compared with HCs. SMI was
significantly higher in both subtypes of PHO patients than in
HCs. On the assessment of cortical bone, all PHOAR1 and
PHOAR?2 patients had greater Ct.Po than HCs. Regarding
FEA, PHOAR1 and PHOAR?2 patients showed lower Appar-
ent Young’s Modulus than HCs.

At the tibia, total, trabecular, and cortical volumetric
BMD was significantly lower, and total and trabecular
bone cross-sectional areas were enlarged in all PHOARI1
and PHOAR?2 patients when compared with HCs. Ct.Ar
increased in PHOAR? patients, but not in PHOARI patients,
compared with HCs. On the assessment of trabecular bone,
evidence of compromised trabecular integrity was found
in PHOARI1 patients with lower Tb.BV/TV, Tb.N, higher
trabecular spacing, and a more inhomogeneous trabecular
network when compared with HCs. PHOAR?2 patients had
higher Tb.N and lower Tb.Sp than HCs. SMI was signifi-
cantly higher in all PHOAR1 and PHOAR?2 patients than
in HCs. On the assessment of cortical bone, PHOARI1

and PHOAR? patients had increased cortical perimeters.
Ct.Th was significantly lower in PHOARI1 patients, and
more pores were found in PHOAR?2 patients than in HCs.
Regarding FEA, the PHOARI patients had lower estimated
bone strength with lower stiffness, failure load and apparent
Young’s modulus than HCs. The comparisons in HR-pQCT
parameters and biomechanical properties between PHOAR1
patients and HCs and PHOAR?2 patients and HCs are pre-
sented in Fig. 2a, b.

Comparison between PHOAR1 and PHOAR2 patients

At the radius, a significantly lower Tb.N, greater Tb.Sp, and
a more inhomogeneous trabecular network were observed in
PHOARI patients than in PHOAR?2 patients. Almost all of
the indices of volumetric BMD, cross-sectional areas, corti-
cal microstructure, and estimated bone strength were com-
parable between PHOAR1 and PHOAR?2 patients, except
for Tb.BMD, which was significantly lower in PHOAR1
patients than in PHOAR?2 patients.

At the tibia, PHOARI1 patients had significantly lower
Tt.BMD and Tb.BMD than PHOAR? patients. All indices of
trabecular microstructure, except for Tb.Th, were significantly
inferior in PHOARI1 patients than in PHOAR?2 patients, with
percentage differences ranging from—41.7% (Tb.BV/TV)
to 46.2% (Tb.Sp). The SMI value was significantly higher
in PHOARI patients, suggesting a more rod-like trabecular
network. Ct.Th was, on average, —41.8% lower in PHOAR1
patients than in PHOAR?2 patients, and Ct.Po was, on aver-
age, —79.5% lower in PHOARI patients than in PHOAR2
patients. PHOARI patients had lower estimated bone strength,
including bone stiffness, failure load, and apparent Young’s
modulus, than PHOAR? patients.
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Linear regression for disease features and HR-pQCT
parameters

First, we tested whether the disease duration could explain the
HR-pQCT parameters. Significantly, correlations were found
for the univariate model with Tb.BMD and Tb.N at the radius
and tibia as the explained variable. Besides, significant cor-
relations were also found for the univariate model with Tb.Ar
and Tb.BV/TV at the tibia as explained variable. Moreover,
these effects persisted after adjustment for the type of PHO.
Second, we investigated the predictive effect of bio-
chemical markers on the HR-pQCT parameters. Urinary
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PGE2/PGEM were significantly associated to Tb.BMD,
Tb.N, and Tb.BV/TV at the radius and tibia in the uni-
variate model and the model adjusted for type of PHO.
Additionally, we found significant predictive effects of uri-
nary PGE2/PGEM on biomechanical properties, stiffness,
and failure load at the tibia in the univariate model and
the model adjusted for type of PHO. DKK1 was signifi-
cantly associated to Ct.BMD at the radius, but this effect
did not persist in the multivariable model. p-CTX was
significantly associated to Ct.Ar at the radius and tibia in
the univariate model and also after adjustment for type of
PHO. Data are shown in Table 4.
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Table 3 HR-pQCT parameters for PHOAR1 patients, PHOAR?2 patients, and healthy controls (HCs)
No. of participants PHOARI PHOAR2 HCs p value p value p value
(n=17) (n=20) (n=27) Group 1 vs. Group 2 vs. Group 1 vs.
Group 1 Group 2 Group 3 group 3 group 3 group 2
Distal radius
vBMD (mgHA/cm?)
TtBMD 217.37 £66.61 254.27+79.03 347.55+64.99 0.0002 0.0001 0.714
Tb.BMD 87.64 +49.26 146.67 +47.09 183.76 +41.50 0.0001 0.017 0.0016
Ct.BMD 769.34 +90.05 713.72+104.81 891.65+57.83 0.002 0.0001 0.371
Cross-sectional geometry (mm?)
Tt.Ar 573.7+130.72 566.75+196.82 332.62+63.01 0.0002 0.0001 1.000
Tb.Ar 469.89+125.53 470.55+173.47 259.88+60.15 0.0003 0.0001 1.000
Ct.Ar 109.73 +£20.76 102.14 +44.71 76.89+11.26 0.025 0.010 1.000
Trabecular microstructure
Tb.BV/TV 0.15+0.06 0.21+0.07 0.27+0.06 0.0001 0.007 0.066
Tb.N (mm™) 0.91+0.36 1.37+0.27 1.43+0.21 0.0001 1.000 0.0004
Tb.Th (mm) 0.23+0.02 0.24+0.04 0.25+0.02 0.280 0.723 1.000
Tb.Sp (mm) 1.32+0.69 0.75+0.19 0.65+0.11 0.0001 0.702 0.0001
Tb.1/N.SD (tmm) 0.79+0.63 0.32+0.12 0.26+0.05 0.0001 1.000 0.0001
SMI 1.84+0.31 1.76 +£0.39 1.25+0.58 0.022 0.005 1.000
Cortical microstructure
Ct.Th (mm) 1.29+0.23 1.31+£0.45 1.17+0.18 1.000 0.363 1.000
Ct.Po (%) 2.83+1.54 320+2.19 0.58+0.32 0.001 0.0001 1.000
Ct.Pm (mm) 112.21+30.23 105.65+29.37 76.44+7.71 0.0005 0.0001 1.000
Biomechanical indices
S (kN/mm) 96.78 +£26.53 92.75+40.62 92.18+16.41 1.000 1.000 1.000
FL (kN) 523+1.32 4.92+2.16 5.04+0.85 1.000 1.000 1.000
E, (kN/mm?) 1.424 +0.490 1.456+0.541 2.015+0.392 0.013 0.001 1.000
Distal tibia
vBMD (mgHA/cm?)
TtBMD 141.97 £55.87 257.19+£58.60 334.71+61.10 0.0001 0.0001 0.0003
Tb.BMD 79.02+38.56 157.72 +37.68 193.42+43.06 0.0001 0.011 0.0004
Ct.BMD 719.23+86.71 724.68 +£64.17 921.18£37.25 0.0001 0.0001 1.000
Cross-sectional geometry (mm?)
Tt.Ar 1534.73 +£204.07 1290.34 +343.48 776.88+130.57 0.0001 0.0001 0.091
Tb.Ar 1363.98 +172.10 1081.62+£317.56 632.31+133.13 0.0001 0.0001 0.024
Ct.Ar 151.95+56.08 216.74+78.10 150.26 +23.87 1.000 0.0002 0.033
Trabecular microstructure
Tb.BV/TV 0.14+0.05 0.24+0.06 0.29+0.06 0.0001 0.010 0.002
Tb.N (mm™) 1.11+0.26 1.58+0.23 1.35+0.27 0.119 0.011 0.001
Tb.Th (mm) 0.23+0.01 0.24+0.03 0.27+0.03 0.001 0.002 0.545
Tb.Sp (mm) 0.95+0.23 0.65+0.11 0.73+0.15 0.004 0.164 0.0001
Tb.1/N.SD (tmm) 0.39+£0.09 0.27+0.05 0.31+£0.07 0.016 0.265 0.001
SMI 2.10+0.27 1.53+0.56 0.76 +0.60 0.0001 0.0001 0.105
Cortical microstructure
Ct.Th (mm) 1.10+0.36 1.89+0.56 1.62+0.31 0.023 0.091 0.001
Ct.Po (%) 2.83+1.19 5.08+£2.58 2.03+0.94 0.918 0.0001 0.022
Ct.Pm (mm) 227.68 +126.80 154.86+30.24 108.73 £9.10 0.0001 0.002 0.002
Biomechanical indices
S (kN/mm) 163.87+73.47 265.89+69.58 251.21+47.12 0.006 1.000 0.002
FL (kN) 9.13+4.06 14.44 +3.63 13.50+2.43 0.009 0.972 0.002
E, (kN/mm?) 1.216 +0.304 2.002+0.577 2.844+0.570 0.0001 0.0001 0.012

BMD bone mineral density, 7b trabecular, Ct cortical, Ar area, Tb.BV/TV trabecular bone volume fraction, N number, Th thickness, Sp separa-
tion, SMI structure model index, Po porosity, Pm perimeter, Th.1/N.SD inhomogeneity of trabecular network, S stiffness, FL estimated failure
load, E, apparent Young’s modulus

Data are expressed as the mean + SD. Groups were compared using ANOVA with Bonferroni-correct pairwise comparisons

p<0.05 is considered statistically significant indicated in bold
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Discussion the Wnt signaling pathway and inhibition of DKK1 secretion

This study used HR-pQCT to assess bone structural parameters
and estimated bone biomechanics of the appendicular skeleton
in PHOARI1 and PHOAR?2 patients. This study represents a
continuation of our previous report that described alterations
in bone quality in PHO patients [10]. While the previous study
mainly focused on evaluating bone microarchitecture at weight-
bearing distal tibia in PHO patients, the current study involved
the aim of comparing bone microarchitecture and bone strength
at both non-weight-bearing distal radius and weight-bearing
distal tibia sites between PHOAR1 and PHOAR?2 patients.
Moreover, for the first time, this study evaluated the influence of
Wht signaling (DKK1) on alterations in bone quality in patients
with the two subtypes of PHO.

Cortical width is determined by modeling the endocortical
and periosteal surface [18]. Periosteosis is a typical imaging
feature of PHO patients. In the current study, all PHOAR1
and PHOARR? patients showed distinct periosteosis imaging
features with periosteosis in the cortex of long bones. Bone
microarchitecture evaluation revealed higher Ct.Ar and Ct.Pm
but lower Ct. BMD in PHOAR1 and PHOAR? patients than in
HCs, consistent with our previous PHO study, indicating “tra-
becularization” of cortical bone and excessive accumulation
of unmineralized osteoid in the cortical compartment [10].
Subgroup comparison analysis of PHOAR1 and PHOAR2
patients revealed higher Ct.Pm but lower Ct.Ar at the tibia in
PHOARI patients than PHOAR? patients, indicating more
irregular cortical bone formation of PHOARI at the tibia.

Notably, the present study found that DKK1 was signifi-
cantly associated to Ct.BMD at the radius and the association
was affected by the type of PHO. Regarding DKK1 level, the
PHOAR? patients showed higher level than the PHOARI1
patients. Urinary PGE2/PGEM level was higher in PHOAR1
patients than in PHOAR?2 patients. These data corroborate pre-
vious studies showing a role for high PGE2 level influencing

@ Springer

[19]. HR-pQCT measurement revealed a higher Ct. BMD in
PHOARI patients than in PHOAR? patients. The observation
of high DKK1 level and decreased Ct. BMD in PHOAR? patients
suggesting DKK1 could be a biomarker of compromised cortical
bone. Moreover, bone resorption marker, 3-CTX, showed signifi-
cantly associated to Ct.Ar at the radius and tibia in the univariate
model. In the current study, f-CTX level increased in PHOAR1
and PHOAR?2 patients. Both PHOAR1 and PHOAR?2 patients
had larger Ct.Ar than in HCs. The observation of elevated level of
B-CTX and lower DKK1 level in PHO patients reflected imbal-
ances in bone remodeling, which might be another reason for
the discrepancy in cortical bone microstructure (larger Ct.Ar and
lower Ct. BMD) in PHO patients.

Apart from abnormal findings in the cortical compartment,
abnormal bone microarchitecture in the trabecular compart-
ment was also noted in PHOAR1 and PHOAR?2 patients. In
the weight-bearing tibia, the alterations in trabecular micro-
structure in PHOAR1 and PHOAR?2 patients were in opposite
directions. PHOARI1 patients were associated with significant
deficits in the trabecular compartment, resulting in lower esti-
mated bone strength at the weight-bearing tibia than HCs.
The findings in PHOARI patients indicated a disproportionate
loss of trabecular bone. However, in PHOAR?2 patients, the
trabecular bone microstructure improved with a higher Tb.N
and narrower Tb.Sp at the weight-bearing tibia than in HCs,
indicating enhanced trabecular bone formation in PHOAR?2
patients. The underlying cause for this discrepancy was
unclear. One of the reasons was probably the impact of the
skeletal anabolism of PGE2. Significant relations between uri-
nary PGE2/PGEM and trabecular bone microstructure were
found in the present study, suggesting that urinary PGE2/
PGEM level could be a predicted marker for reflecting the
trabecular changes of PHO patients. In the current study, the
urinary PGE2/PGEM ratio in PHOAR]1 patients was signifi-
cantly higher than that in PHOAR?2 patients. SLCO2A1, the
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pathogenic gene for PHOAR?2, is responsible for transport-
ing extracellular PGE2 into the cell, functions intracellularly,
and is subsequently degraded by 15-PGDH, which HPGD
encodes, the causative gene for PHOARI, in the cell into
PGEM [4, 5]. The observation of a significantly higher PGE2/
PGEM ratio in PHOARI1 patients suggested that PHOAR1
patients had more active PGE2 accumulating and function-
ing intracellularly. Additionally, the mean disease duration
of PHOARI patients in this study was 28 years, which was
much longer than that of PHOAR?2 patients. All the above
results indicated that in PHOAR1 patients, more active PGE2
accumulated in the cells and acted for a long time. Association
analysis revealed significantly correlations for disease dura-
tion with trabecular compartment including Tb.BMD, Tb.N,
Tb.Ar, and Tb.BV/TV. Tian et al. in animal studies [20] found
that continuous PGE2 treatment via the Infu-DiskTM pump
decreased cancellous bone mass and architecture. Intermittent
PGE2 administration by subcutaneous injection for the same
days increased cancellous bone architecture, reflecting that
bone gain or bone loss largely depended on the route of PGE2
administration and the concentration of PGE2. Therefore, the
time- and concentration-dependent PGE2 skeletal anabolism
might in theory explain the discrepancy in trabecular bone
microstructure between PHOAR1 and PHOAR?2 patients.
Trabecular formation primarily occurs during endochondral
ossification at the growth plate-metaphyseal bone interface, fol-
lowed by refinement of the structure by modeling and remod-
eling [21]. Bone remodeling is a maintenance process entail-
ing the sequential activity of osteoclasts and osteoblasts on the
same surface of the trabeculae [22]. Inferior trabecular bone
microstructure of PHOARI1 patients at the weight-bearing tibia
indicates negative trabecular bone balance, with the increase in
bone resorption exceeding the increase in bone formation. In

PHOARI1 Patient PHOAR? Patient Healthy Control

auoq [BI1.10)

u0q Je[NIIQRI],

Distal radius

Fig.3 3D visualization of cortical bone and trabecular bone in repre-
sentative PHOARI patient (a, d, g, j), PHOAR2 patient (b, e, h, k),
and healthy control (c, f, i, 1) in distal radius and tibia, respectively.
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contrast, the larger Tb.Ar, higher Tb.N, and narrower Tb.Sp at
the weight-bearing tibia in PHOAR?2 patients reflect numer-
ous new bone formations in the trabecular compartment.
Conversely, lower Tb.Th and Tb.BV/TV found in PHOAR2
patients suggested enhanced bone resorption. The estimated
bone strength of PHOAR? patients was normal or slightly high.
The increased bone formation and bone resorption but normal
or slightly high bone strength in PHOAR?2 patients might be
explained by the following reasons: (1) positive trabecular bone
balance with an imbalance of resorption and formation in favor
of formation and (2) the newly formed bone in the trabecular
compartment might be less mineralized and haphazardly organ-
ized woven bone. Additionally, higher Tb.N and reduced Tb.Sp
were observed in PHOAR?2 patients at the weight-bearing tibia
but not at the non-weight-bearing radius. Tang et al. found a
synergistic effect between minor overloading and PGE2 levels
in stimulating bone formation [23]. The significant differences
in trabecular bone microstructure involvement of weight-bear-
ing and non-weight-bearing skeletal sites could result from the
synergistic effect between mechanical loading and PGE2 levels.

There were some limitations to this study. First, Xu et al.
revealed that biallelic mutations or monoallelic mutations in
SLCO2A1 cause PHOAR2, and PHOAD (PHO autosomal
dominant) is the pathogenesis of PHO [24]. However, due to the
small sample size, the comparison of PHOAR2 and PHOAD
in clinical features, biochemical markers, and bone micro-
structure was not involved in this study. Second, periosteosis
and trabecularization of the cortical bone in PHOARI and
PHOAR? patients might impact the evaluation of HR-pQCT
images. Additionally, the FEA solver in this study assumed
fixed, homogeneous material properties that were likely not
true, especially for PHOAR1 and PHOAR?2 patients. Third,
HR-pQCT only allowed investigation at the peripheral site and

PHOAR?2 Patient Healthy Control

PHOARI1 Patient

Distal tibia

The enlarged bone geometry and compromised cortical bone com-
partment evident in both PHOAR1 and PHOAR?2 patients. The com-
promised trabecular compartment is apparent in PHOARI1 patients
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did not provide a direct measure of bone quality at the hip and
spine, which are more common sites of fragility fracture. Liu
et al. reported that the HR-pQCT measurement at the radius
correlated well with the measurement by central QCT at the
spine [25]. The radius was a non-weight-bearing region, and
HR-pQCT measurement at the distal radius was unlikely to be
significantly affected by body weight and BMI. Bone density,
microarchitecture, and mechanical properties at the distal radius
could reflect the mechanical competence of the spine and hip
of PHOAR1 and PHOAR?2 patients [25]. Finally, remodeling
mechanisms in PHOAR1 and PHOAR?2 patients would have
required a biopsy, which was not undertaken in this study.

In summary, this study utilized HR-pQCT to investi-
gate alterations in density, geometrical, microstructural,
and biomechanical competence at the distal radius and
tibia in patients with the two subtypes of PHO. We found
that PHOAR1 and PHOAR?2 patients had distinctively
larger bone geometry and substantially lower volumetric
BMD at the radius and tibia compared with HCs. Trabecu-
lar bone microstructure was altered differently in PHOAR1
and PHOAR?2 patients at the distal tibia. PHOARI1 patients
showed compromised trabecular microstructure than HCs.
However, the trabecular microstructure tends to be improved
in PHOAR? patients (Fig. 3). Alterations in bone microstruc-
ture in PHOAR1 patients translated into lower estimated bone
strength. Conversely, PHOAR? patients showed preserved or
slightly high estimated bone strength. For the first time, the
study revealed the bone microstructural differences between
the two subtypes of PHO and revealed that PHOARI1 patients
had more inferior bone microstructure and bone strength than
PHOAR? patients. All the findings expanded our understand-
ing of the bone pathophysiology in PHOAR1 and PHAOR?2
patients and filled the gap in PHO classification.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00198-023-06784-w.
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