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Abstract
Hajdu-Cheney syndrome (HCS) is a rare genetic connective tissue disorder caused by gain-of-functionmutations in theNOTCH2
gene. We report a 38-year-old male HCS patient with a history of multiple pathologic fractures, poor bone stock under inter-
mittent antiresorptive therapy, and secondary osteoarthritis (OA) of the knee, in which we successfully performed total knee
arthroplasty (TKA). Next to a detailed skeletal assessment including laboratory bone metabolism markers, dual energy X-ray
absorptiometry (DXA), and high-resolution peripheral quantitative computed tomography (HR-pQCT), undecalcified histologic
and histomorphometric analysis was performed on intraoperatively obtained tibial cut sections. This multiscale assessment
revealed a severe, combined trabecular-cortical microarchitectural deterioration, increased bone turnover indices, and advanced
cartilage degeneration, thus demonstrating the crucial role of Notch2 in skeletal and cartilage homeostasis, which is in line with
the findings of previous mouse models.

Keywords Hajdu-Cheney syndrome . Histomorphometry .NOTCH2 . Osteoarthritis . Osteoporosis . Total knee arthroplasty

Introduction

Hajdu-Cheney syndrome (HCS) is a rare genetic connective
tissue disorder caused by heterozygous gain-of-function muta-
tions of the NOTCH2 gene, resulting in premature translational
termination. Since the deleted domain is required for protein
degradation, these mutations result in Notch2 accumulation
and increased downstream signaling [1, 2]. In skeletal homeo-
stasis, Notch2 hyperactivity expresses constant inhibition of
endochondral ossification (e.g., early skeletal growth, lifelong
fracture healing) and stimulation of osteoclastogenesis, leading

to skeletal developmental disorders and severe early-onset os-
teoporosis (EOOP) [3]. As previously reported, Notch2 serves
as a major signaling pathway not only in skeletal but also in
joint homeostasis [4]. In this regard, increased Notch signaling
has been discussed in the context of osteoarthritis development
[5, 6]. In an HCS mouse model, overactive Notch2 signaling
was found to trigger articular degeneration resembling osteoar-
thritis (OA) [6].

In this case study, we present a HCS patient with EOOP
and posttraumatic knee OA. The objectives were to demon-
strate the feasibility of total knee arthroplasty (TKA) in HCS
and to perform a multiscale, histomorphometric, skeletal char-
acterization (including cartilage status), as there are still no
corresponding detailed data for this rare skeletal disease. We
also aimed to discuss the clinical orthopaedic management in
patients with hereditary low bone mass disorders based on the
case of HCS.

Patient and methods

We here describe a 38-year-old male patient with Hajdu-
Cheney syndrome (HCS), who was diagnosed with HCS at
the age of 13 years based on radiographic examination of the
left hand demonstrating pathognomonic acroosteolysis and
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carpal dysplasia in synopsis with short stature, bathrocephaly,
and facial dysmorphism (comprising a long philtrum,
micrognathia, low-set ears, and hypertelorism) (Fig. 1a). In
2015, molecular genetic analysis for skeletal disorders re-
vealed a frameshift mutation c.6657delC (p.Pro2219fs) of ex-
on 34 of the NOTCH2 gene, located on chromosome 1p13-
p11, confirming the diagnosis of HCS as previously reported
[7]. Due to manifest EOOP based on a severely reduced bone
mineral density (BMD) and osteoporotic fractures of vertebrae
Th8, Th9, L1, and L2, antiresorptive therapy with ibandronate

had been initiated externally in 2011, which had been
discontinued by the patient in 2012. After years without
bone-specific therapy, alendronate was initiated externally in
2018. The patient suffered from progressive acroosteolysis of
both hands, which was not positively affected by
antiresorptive treatment (Fig. 1b). Furthermore, he had under-
gone numerous surgical procedures on both hands (i.e., bilat-
eral radiocarpal arthrodesis and amputation of the right middle
finger), as well as extensive oral and maxillofacial surgery
(i.e., mandibular osteotomy, maxillary and mandibular

Fig. 1 Clinical presentation and diagnostic imaging. a Facial
dysmorphism comprised a long philtrum, micrognathia, premature loss
of teeth, low-set ears, and hypertelorism, and caused the patient to under-
go extensive oral and maxillofacial surgery (i.e., mandibular osteotomy,
maxillary and mandibular prosthesis after multiple tooth extractions). b
After experiencing atraumatic pain of the left hand during childhood,
radiographic examination raised the suspicion of HCS, demonstrating
pathognomonic acroosteolysis and carpal dysplasia. Acroosteolysis
slightly progressed without noticeable positive effects under intermittent
bisphosphonate treatment. Furthermore, he received numerous surgical

procedures on both hands (i.e., bilateral radiocarpal arthrodesis and am-
putation of the right middle finger). c Cone-beam CT of the mandibula
demonstrating the previous osteotomy with plate osteosynthesis as well
as poor tooth status. d Between 2016 and 2020, the patient experienced a
left-sided displaced comminuted patella fracture, e received tension band
wiring and realignment surgery of the patella, f and removal of the
cerclage due to mechanical complications. g Further on, he developed
severe posttraumatic OA, h finally leading to cemented implantation of a
ligament-balanced total knee prosthesis (radiograph obtained 3 months
postoperatively)
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prosthesis and multiple tooth extractions) (Fig. 1c). In 2016,
after experiencing a displaced comminuted patella fracture
(Fig. 1d) due to falling at ground level, the patient underwent
tension band wiring and realignment surgery of the left patella
(Fig. 1e). The cerclage wire was removed in 2018 due to
mechanical complications (Fig. 1f). At presentation at our
surgical department in 2020 after years of frustrating conser-
vative therapy, diagnostic imaging revealed severe posttrau-
matic OA (Kellgren-Lawrence score: grade 4) of the knee
with patellar deformity (Fig. 1g). He complained about chron-
ic immobilizing pain, limping gait, and recurrent joint effu-
sions, significantly restricting daily activities. On clinical ex-
amination, the knee presented with a moderately restricted
range of motion/ROM (extension/flexion: 0-0-110°) with
painful passive movement, and an intact ligamentous appara-
tus. Along the patient’s decision for elective surgery,
ligament-balanced TKA was performed using the Mathys®
knee system balanSys BICONDYLAR (femur size C
cemented, tibia size 70 cemented, polyethylene inlay fix UC
70/13, patella 3 peg flat 28 cemented) (Fig. 1h).

A detailed skeletal characterization of our patient com-
prised the assessment of BMD by dual-energy X-ray absorp-
tiometry (DXA; Lunar iDXA, GE Healthcare, Madison, WI,
USA) at both the lumbar spine and proximal femora, as well
as high-resolution peripheral quantitative computed tomogra-
phy (HR-pQCT; XtremeCT, Scanco Medical, Brütisellen,
Switzerland) at the distal tibia. Laboratory bone metabolism
markers included calcium, phosphate, cholecalciferol, para-
thyroid hormone, osteocalcin, bone-specific alkaline phospha-
tase, alkaline phosphatase, and urinary deoxypyridinoline.
Furthermore, tibial cut sections were obtained intraoperatively
from the HCS patient and a 46-year-old male control patient.
This control patient suffered from advanced-stage varus OA
and had undergone partial meniscectomy several years earlier
with otherwise normal skeletal status. Histomorphometric
analysis was carried out using the OsteoMeasure
histomorphometry system (Osteometrics Inc., USA). The pa-
tients’ clinical outcome was assessed by an age-appropriate
questionnaire, quantifying the Knee Injury and Osteoarthritis
Outcome Score (KOOS).

Results

Before and after surgery, extensive skeletal diagnostics were
performed at our outpatient clinic, specialized in skeletal dis-
orders (the National Bone Board, NBB). Between the initial
presentation in 2014 and follow-up examination in 2020 (in-
cluding 2 years of alendronate treatment), a mild increase in
spinal BMD (T-score 2014: − 5.2; T-score 2020: − 4.8) but no
changes in femoral BMD (T-score 2014: − 3.3; T-score 2020:
− 3.3) were detected (Supp. Tab. 1). During this six-year pe-
riod, the patient did not present to us and the recommendation

of antiresorptive therapy escalation with denosumab due to
pronounced and persistent increase in bone resorption under
bisphosphonates was not implemented. He showed overall
severely reduced trabecular and cortical microstructural pa-
rameters in 2014, with progressive microstructural deteriora-
tion by 2020 (Supp. Tab. 1 and Fig. 2a). In a detailed labora-
tory analysis of bone metabolism, we detected a persistent
high bone turnover state (primarily high bone resorption) de-
spite intermittent antiresorptive treatment and successful nor-
malization of calcium metabolism by vitamin D supplemen-
tation of 20,000 IU per week (Fig. 2b).

During TKA, intraoperative cut sections of the tibia pla-
teaus of the HCS patient (Fig. 2c) and the OA control patient
were obtained for further analysis (Fig. 2d). Histology re-
vealed severe articular cartilage degeneration and subchondral
hyperosteoidosis. Detailed histomorphometry confirmed high
osteoid levels as well as excessive osteoblast and osteoclast
surfaces (Fig. 2e), indicative of increased subchondral bone
turnover.

Following rehabilitation at 4 weeks after TKA, the HCS
patient showed a regular improvement regaining mobility in-
termittently on elbow crutches. At 3-month follow-up, he pre-
sented a satisfactory result with a mostly pain-free physiologic
ROM (extension/flexion: 0-0-130°), as well as great improve-
ment of the KOOS profile (Fig. 2f). Simultaneously, radio-
graphic imaging showed no signs of prosthetic loosening.

Discussion

This is the first available case report demonstrating the feasi-
bility of TKA in a patient with HCS and severe OA of the
knee, explaining challenges and perioperative strategies for
the orthopedic surgeon. Following arthroplasty, loss of
periprosthetic bone stock is seen in the general non-
osteoporotic population [8, 9], and especially patients with
genetic low bone mass diseases (e.g., HCS) present a distinct
high-risk group concerning surgical challenges [10, 11] and
adverse events (i.e., periprosthetic fractures or osteolysis with
implant migration and prosthetic failure) [12]. In the field of
orthopedic surgery, emerging developments highlight the im-
portance of bone health optimization in patients with skeletal
disorders, and a holistic therapeutic approach appears benefi-
cial to optimize postoperative outcome [13].

Growing evidence supports the use of bisphosphonates in
HCS patients [14]. Furthermore, good efficacy of the highly
potent monoclonal anti-RANKL-antibody denosumab had
been previously described in a patient case [15]. The rationale
for continuation of antiresorptive therapy in patients with low
BMD prior to elective endoprosthetic procedures is the pres-
ervation of periprosthetic BMD [9], most likely leading to
improved prosthetic osseointegration and implant survival as
well as postoperative fracture prevention [12]. In our HCS

1901Osteoporos Int (2021) 32:1899–1904



patient, the compromised bone status theoretically jeopardizes
prosthetic osseointegration, substantiating cementation of the
prosthesis at young age. In terms of preventive measures of
peri-implant bone loss for patients undergoing TKA, moder-
ate physical exercise can be recommended, as lean mass pos-
itively modulates periprosthetic BMD [16]. Finally, a close

clinical and radiological follow-up should always be pursued
in risk group patients undergoing orthopaedic surgical
procedures.

This report provides a comprehensive and representative
insight on the skeletal status in HCS, demonstrating the un-
derlying high bone turnover, low bone stock, and the
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deterioration of microstructural parameters under intermittent
antiresorptive therapy. Although histomorphometric findings
are limited to a single case-control study design, they are in
line with the scarce literature on histologic studies in human
patients [14, 17, 18] and the majority of findings in previous
animal studies [7, 19, 20]. Opposed to our findings, solely the
HCS mouse model by Canalis et al. [19] demonstrated de-
creased bone formation, questioning the high-turnover phe-
nomenon and suggesting uncoupling of the skeletal metabolic
processes in the case of HCS. Whether Notch2 exerts further
osteolytic effects specifically on periprosthetic bone remains
uncertain and subject to future research.

Next to the skeletal manifestations, this patient case under-
lines that OA may be a relevant complication of HCS. Our
data confirm previous mouse model findings that have dem-
onstrated potential joint sensitization to OA in Hajdu-Cheney
mutant mice [6]. To allow quantification of a joint compart-
ment that was affected as little as possible by the previous
patella fracture, the articular cartilage from the medial tibia
plateau was histologically analyzed. Although this analysis
revealed advanced cartilage degeneration in the medial joint
compartment and OA was radiologically present in all joint
compartments (medial, lateral, and patellofemoral), it remains
unclear to what extent the previous patella fracture affected
OA development within the knee.

Detrimental effects on articular cartilage and subchondral
bone might be related to the poorly understood pathophysiol-
ogy of acroosteolysis, which involves focal inflammationwith
neovascularization/-innervation, mast cell infiltration, and fi-
brosis [1, 18, 21]. In this regard, it is possible that Notch2

hyperactivity exhibits complex systemic but site-specific
mechanosensitive effects within the musculoskeletal system
and links accelerated osteoarthritic and osteoporotic changes
at the distal phalanges.

In conclusion, this is the first case of HCS in which TKA
has been demonstrated as a successful treatment modality in
order to address the patient’s clinical impairment due to severe
OA. We highlight the importance of adequate preoperative
bone health optimization and present particular challenges to
the orthopaedic surgeon. Moreover, our data provide an accu-
rate skeletal characterization of HCS confirming previous
mouse-model findings in terms of poor bone mass and ad-
vanced secondary cartilage loss. Since the observed severe
OA in our patient may be related to the previous patella frac-
ture, it has to be elucidated whether OA represents a relevant
comorbidity in HCS patients independent of previous trauma.
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