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Abstract

Osteoporotic vertebral compression fractures (OVCFs) are serious health problems.

We conducted a randomized, open-label, phase I/IIa study to determine the feasibil-

ity, safety, and effectiveness of Wharton's jelly-derived mesenchymal stem cells (WJ-

MSCs) and teriparatide (parathyroid hormone 1-34) in OVCFs. Twenty subjects with

recent OVCFs were randomized to teriparatide (20 μg/day, daily subcutaneous injec-

tion for 6 months) treatment alone or combined treatment of WJ-MSCs (intra-

medullary [4 × 107 cells] injection and intravenous [2 × 108 cells] injection after

1 week) and teriparatide (20 μg/day, daily subcutaneous injection for 6 months).

Fourteen subjects (teriparatide alone, n = 7; combined treatment, n = 7) completed

follow-up assessment (visual analog scale [VAS], Oswestry Disability Index [ODI],

Short Form-36 [SF-36], bone mineral density [BMD], bone turnover measured by

osteocalcin and C-terminal telopeptide of type 1 collagen, dual-energy x-ray absorpti-

ometry [DXA], computed tomography [CT]). Our results show that (a) combined

treatment with WJ-MSCs and teriparatide is feasible and tolerable for the patients

with OVCFs; (b) the mean VAS, ODI, and SF-36 scores significantly improved in the

combined treatment group; (c) the level of bone turnover markers were not signifi-

cantly different between the two groups; (d) BMD T-scores of spine and hip by DXA

increased in both control and experimental groups without a statistical difference;

and (e) baseline spine CT images and follow-up CT images at 6 and 12 months

showed better microarchitecture in the combined treatment group. Our results indi-

cate that combined treatment of WJ-MSCs and teriparatide is feasible and tolerable

and has a clinical benefit for fracture healing by promoting bone architecture. Clinical

trial registration: https://nedrug.mfds.go.kr/, MFDS: 201600282-30937.
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1 | INTRODUCTION

Osteoporosis and osteoporotic fractures lead to decreased life quality

and high health care costs. An osteoporotic fracture can be defined as a

fracture resulting from a fall from a standing height or less, without

major trauma such as a motor vehicle accident. Osteoporotic vertebral

compression fractures (OVCFs) are the most common single osteopo-

rotic fractures worldwide.1-3 The incidence of OVCFs increases with

age, with a higher rate in women than in men, and OVCFs carry an

increased risk of mortality.2 Osteoporosis is thought to be caused in part

by a decreased number of mesenchymal stem cells (MSCs) and their

preferential differentiation into adipocytes rather than osteoblasts in the

aging skeleton.4,5 This could lead to decreased osteoblast number and

function and increased bone marrow fat in the aging bone.4,6 Therefore,

age-related decreases in MSC number and function may result in dimin-

ished bone formation and compromised bone microarchitecture, leading

to further vertebral fractures and reduced fracture healing.4,7

The goals of treatment for OVCFs include back pain relief, resto-

ration of function, and prevention of future fractures. Conservative

treatments, including bed rest, pain medication, and a thoracolumbar

hyperextension brace, are usually recommended to alleviate back

pain. However, the failure of fracture healing after conservative treat-

ment can lead to intractable back pain associated with nonunion and

increased morbidity and mortality rates.8 The incidence of nonunion

after conservative treatments is approximately 13.5%.8,9 Once non-

union advances to osteonecrosis and delayed vertebral collapse

(Kummell's disease), the collapsed vertebrae causes a progressive

kyphotic deformity and severe neural tissue compression with neuro-

logical deficits.10,11 According to previous randomized controlled tri-

als, vertebral augmentation procedures (percutaneous vertebroplasty

or balloon kyphoplasty) cause serious complications, including bone

cement leakage, infection, and pulmonary embolism,8,12 and are not

superior to sham procedures for pain relief.8 In addition, vertebral

augmentation procedures do not affect bone metabolism and cannot

prevent new fractures, but they can increase the risk of adjacent ver-

tebral compression fractures.12 Therefore, vertebral augmentation

procedures may be applied to control back pain for those in whom

conservative treatment fails or, accompanying immobilization, carries

serious risks.12

In terms of fracture healing after osteoporotic fractures, both

MSCs and teriparatide (recombinant human parathyroid hormone

[PTH] 1-34, an osteogenic osteoporosis agent) have been studied.

Transplantation of MSCs has gained considerable attention to treat

osteoporosis and OVCFs because implanted healthy MSCs could be

differentiated into osteoblasts and reduce the susceptibility of frac-

tures by facilitating new bone formation, as has been shown in animal

studies.4,7,13,14 Teriparatide is a form of PTH consisting of the first (N-

terminal) 34 amino acids and is an effective anabolic agent. Compared

with bisphosphonate (antiresorptive drugs), teriparatide has been

proven to induce bone formation through stimulation of osteoblast

proliferation, prevention of osteoblast apoptosis, and increased osteo-

blast activity.11 In addition, teriparatide could be effective in

preventing secondary OVCFs, increasing spine bone mineral density

(BMD), and accelerating fracture healing and union rate in

Lessons learned

• Compared with bisphosphonate (antiresorptive drugs),

teriparatide has been proven to induce bone formation

through stimulation of osteoblast proliferation, preven-

tion of osteoblast apoptosis, and increased osteoblast

activity.

• The mechanism involved in bone formation of ter-

iparatide is the activation of resident mesenchymal stem

cells (MSCs); thus, teriparatide may be less effective in

elderly patients with oteoporotic vertebral compression

fractures (OVCFs) because of decreased MSC number

and function.

• Combined treatments of Wharton's jelly-derived MSCs

(WJ-MSCs) and parathyroid hormone (PTH) provided sat-

isfactory functional improvement, including pain relief,

increased bone density of fractured vertebra, and quality

of life for patients with OVCFs at 1-year follow-up.

• The results indicate that combined treatment of WJ-MSCs

and PTH is feasible and tolerable and has a clinical benefit

for fracture healing by promoting bone architecture.

Significance statement

This study was designed as a randomized, open-label, phase

I/IIa study in patients with osteoporotic vertebral compres-

sion fractures (OVCFs). Combined treatment with ter-

iparatide and Wharton's jelly-derived mesenchymal stem

cells (intramedullary [4 × 107 cells] injection, then, 1 week

later, intravenous [2 × 108 cells] injection) provided satisfac-

tory functional improvement, including pain relief and

increased bone density of fractured vertebra, at 1-year

follow-up. This is the first clinical trial of stem cells for

patients with OVCF.

EFFECTS OF STEM CELL ON OSTEOPOROTIC VERTEBRAL COMPRESSION FRACTURE 555



OVCFs.11,15,16 Actually, the mechanism involved in bone formation of

teriparatide is the activation of resident MSCs.4,17,18 Thus teriparatide

may be less effective in elderly patients with OVCFs because of

decreased MSC number and function.4,18 Therefore, combined treat-

ments of MSCs and PTH have been tried to get a synergistic effect by

enhancing MSC migration to heal bone loss, and the preclinical studies

look promising.18,19 However, no clinical trials exploring the effect of

combined treatment of MSCs and PTH in patients with OVCFs have

been performed. Thus, we conducted a proof-of-concept phase I clini-

cal trial to assess the feasibility and efficacy of combined treatment

with Wharton's jelly-derived MSCs (WJ-MSCs) and teriparatide (PTH

1-34) in patients with OVCFs.

2 | MATERIALS AND METHODS

2.1 | Study design

This was a 12-month open-label, randomized, controlled phase I/IIa

study of combined treatment with WJ-MSCs and teriparatide in

patients with recent single-level OVCFs. The present study was per-

formed between July 2017 and June 2019 at CHA Bundang Medical

Center in Seongnam, Korea. Subjects were strictly screened according

to the inclusion and exclusion criteria as defined below. Subjects were

originally randomized on a 1:1 basis to receive teriparatide 20 μg sub-

cutaneously daily (Forteo, Eli Lilly & Co., Inc., Indianapolis, Indiana) or

combined teriparatide and WJ-MSCs. All subjects in both control and

experimental treatment groups received a subcutaneous injection of

teriparatide (20 μg/day) for 6 months. However, all subjects in the

experimental group underwent injection of 4 × 107 WJ-MSCs into

the fractured vertebra at baseline (day 0) and intravenous injection of

2 × 108 cells WJ-MSCs at the first week (day 7). The primary aims of

the study were to determine the safety and tolerability of WJ-MSCs

in combination with teriparatide and to determine the clinical benefit

of combination therapy on bone healing after OVCFs. The study pro-

tocol and subject informed consent documents were approved by the

institutional review board (CHAMC 2015-11-204), and all participants

provided written informed consent. The study was also approved by

the Ministry of Food and Drug Safety of Korea (MFDS

201600282-30937) and was conducted in accordance with the Decla-

ration of Helsinki. The study design is shown in Figure 1.

2.2 | Study population

Subjects with OVCFs admitted to the CHA Bundang Medical Center

were eligible if they fulfilled the following inclusion criteria:

(a) postmenopausal women aged between 50 and 89 years with at

least 36 months since last menses; (b) a recent single-level OVCF

between the fifth thoracic vertebra and fifth lumbar vertebra within

6 weeks after a low energy trauma, as shown by magnetic resonance

imaging (MRI); (c) diagnosis of osteoporosis (BMD T-scores ≤−2.5 at

the spine and total hip) using dual-energy x-ray absorptiometry (DXA);

(d) back pain score ≥4 pain intensity on the 10-point pain visual analog

scale (VAS); (e) Oswestry disability index (ODI) ≥30%; and (f) ability to

provide written informed consent.

Subjects who had the following characteristics were excluded:

(a) subjects who had taken antiosteoporotic drugs (bisphosphonate,

selective estrogen receptor modulator, or parathyroid hormone)

within 6 months of enrollment; (b) subjects with pathological vertebral

fractures; (c) vertebral compression fracture with neurological deficit;

(d) subjects who took drugs that affect bone metabolism, such as ste-

roids; (e) subjects who underwent spinal fixation surgery at the verte-

bral fracture site prior to the clinical trial; (f) psychiatric disorders

currently being treated, such as depression or schizophrenia;

(e) participants in other clinical trials within 30 days of the start of the

trial; and (f) severe comorbidities that could affect or interfere with

therapeutic outcomes, including tumor, infection, uncontrolled hyper-

tension and diabetes, renal disease, or liver disease. After informed

consent was obtained, eligible subjects were randomized to ter-

iparatide treatment alone or in combination with WJ-MSCs. A target

sample size of 20 subjects randomized 1:1 to combination therapy or

treatment with teriparatide alone was selected to be sufficient to pro-

vide an initial assessment of the safety and efficacy of combination

therapy in patients with OVCFs. After random allocation, clinical, rhe-

ological, and radiological evaluations were performed at baseline and

at 1, 3, 6, 9, and 12 months from the start of treatment.

2.3 | Preparation of WJ-MSCs

WJ-MSCs were provided by CHA Biotech, Co. Ltd. (Pangyo, Seong-

nam, Korea). Preparations of human WJ-MSCs were conducted in the

Good Manufacturing Practices (GMP) facility, and the isolation and

expansion of human WJ-MSCs were performed according to the

Good Clinical Practice guidelines of the Master Cell Bank. The cells

were suspended at a concentration of 2 × 107 cells per 1.0 mL of

CryoStor CS10/vial. Safety was established through quality control of

the final product based on analysis of genetic stability; fibroblastic

morphology; microbiological, mycoplasma, and endotoxin contamina-

tion; purity; and cell count and viability. All of the WJ-MSCs used in

this study were collected at passage 7. The cells were made and

shipped on the day of injection.

2.4 | Interventions

All participants were admitted to CHA Bundang Medical Center

because of recent OVCFs for about 2 weeks. After informed consent

was obtained, 20 patients with new OVCFs were randomly allocated in

a 1:1 ratio to receive either combination therapy or treatment with ter-

iparatide alone. All subjects in both control and experimental treatment

groups received a subcutaneous injection of 20 μg teriparatide once

daily for 6 months, followed by oral administration of 20 mg

bazedoxifene (Viviant, Pfizer, Inc., New York, New York) once daily for

6 months. All subjects and caregivers who administered teriparatide
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received appropriate training about how to inject teriparatide in the

thigh or abdomen with a prefilled delivery device. The experimental

treatment group received an intramedullary injection of 4 × 107 WJ-

MSCs (direct injection into the recently fractured vertebra) at baseline

(day 0). The procedures were done in the operating room. In brief,

patients were in the prone position, and fractured vertebral bodies were

identified under C-arm guidance. Infiltration of the skin entry site and

muscles was performed with 1% lidocaine after draping with alcohol,

and an 11 gauge Jamshidi bone marrow biopsy needle was advanced

into the center of the fractured vertebra through the pedicle of the

fractured vertebra under C-arm guidance. The cell product (2 × 107

cells per 1.0 mL of CryoStor CS10/vial) and fibrin glue (Greenplast kit,

GC GreenCross Co., Youngin, Korea) were delivered to the operating

room from the GMP facility. We implanted WJ-MSCS (2 vial, 4 × 107

cells) in combination with fibrin glue (2 mL) to prevent cell leakage into

the center of the fractured vertebra. To minimize cell loss, the needle

was left in place for 5 minutes. After stem cell implantation, the patient

was monitored in the recovery room for 1 hour. One week later (day 7),

the patient was transferred to the injection room for intravenous injec-

tion of WJ-MSCs (10 vial, 2 × 108 cells per 1.0 mL of CryoStor CS10/

vial). The patients slowly underwent intravenous injection of stem cells

for 1 hour and were closely monitored for the development of compli-

cations such as pulmonary embolism.

2.5 | Study assessments

The primary endpoints were assessments of the safety and tolerability

of combined treatment of WJ-MSCs and teriparatide among individ-

uals with recent OVCFs. Secondary endpoints that assessed the effi-

cacy of teriparatide alone vs that of combined treatment included

improvement of pain (VAS) and function (ODI, Short Form-36 [SF-

36]), changes in BMD and serum levels of bone turnover markers

(bone formation marker: osteocalcin; bone resorption marker:

C-terminal telopeptide of type 1 collagen [CTX]) from the baseline at

the 6- and 12-month time points after treatment initiation.

2.5.1 | Safety and tolerability

Safety and tolerability were assessed in all subjects who received ter-

iparatide alone or combined treatment of teriparatide and WJ-MSCs at

each visit. Study physicians assessed vital signs and laboratory examina-

tion of blood samples, adverse events (AEs), and serious AEs (SAEs) and

determined whether each AE or SAE was related to the study treatment.

2.5.2 | Measurements of the impact on pain,
function, and health-related quality of life

The impact of study treatment on pain, function, and health-related

quality of life was assessed by a VAS, ODI, and SF-36 questionnaire

from the baseline and at each visit (1, 3, 6, 9, and 12 months after

treatment initiation). Differences in mean VAS, ODI, and SF-36 values

between control and experimental treatment groups were evaluated.

2.5.3 | Bone mineral density measurements
by DXA

BMD was measured at the posteroanterior lumbar spine, total hip, and

femoral neck by DXA using a Hologic QDR 4500A densitometer (Hologic,

Waltham, Massachusetts). All scans of individual subjects were performed

on the same densitometer. Lumbar spine BMDwasmeasured from lumbar

2 to lumbar 4 vertebral bodies. Differences in mean BMD T-scores

between control and experimental treatment groups were evaluated at

baseline and at the 6- and 12-month time points after treatment initiation.

2.5.4 | Bone turnover markers

Fasting morning blood samples were obtained at each visit (baseline,

3, 6, 9, and 12 months after treatment initiation). Serum osteocalcin, a

marker for bone formation, was measured via electrochemiluminescent

F IGURE 1 The study design. BMD, bone mineral density; CT, computed tomography; IM, intramedullary; IV, intravenous; ODI, Oswestry
Disability Index; SC, subcutaneous; V1, visit 1‐ screening; V2, visit 2‐ stem cell injection into the fractured vertebra; V3, visit 3‐ intravenous stem
cell injection; V4, visit 4‐ 4 weeks after stem cell injection; V5, visit 5‐ 12 weeks after stem cell injection; V6, visit 6‐ 6 months after stem cell
injection; V7, visit 7‐ 9 months after stem cell injection; V8, visit 8‐ 12 months after stem cell injection; VAS, visual analog scale
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immunoassay (Meso Scale Discovery, Rockville, Maryland). Serum CTX, a

marker for bone resorption, was measured via a fully automated electro-

chemiluminescent immunoassay (Roche Diagnostics, Indianapolis,

Indiana).

2.5.5 | Computed tomography imaging of
fractured vertebra

BMD can also be assessed with quantitative computed tomography (CT),

but quantitative CT was not available for BMD measurements at our hos-

pital. Spine CT was performed at baseline and 6-month and 12-month

follow-ups to assess the occurrence of new fractures and fracture pro-

gression and to determine changes in BMD of the index level of the

OVCF using radiomic feature extraction.20-22 Via Picture Archiving and

Communication System, the average Hounsfield unit (HU) was obtained.

We collected axial images of the index level of the OVCFs at baseline and

6 and 12 months after treatment initiation (Figure 2). Because the HU of

the CT images used in this study had a value of −1024 ~ 1024, it was

normalized to a value of 0 ~ 255 pixels for the purpose of the extraction

of radiomic features.22 To analyze bone architecture from the normalized

CT image, the region of interest (ROI) was defined as the rectangular box

in an axial plane of the fractured vertebra, and the ROI was extracted

using rectangle manual segmentation (Figure 2). Radiomic feature extrac-

tion was performed using the PyRadiomics 2.2.0 library to analyze the

texture in the ROI and included first-order statistics and gray-level co-

occurrence matrix (GLCM).20,21 A total number of 43 features were

extracted from each modality (first-order statistics: 19 features; GLCM:

24 features) Because the ROI mask in the form of a rectangle was used,

shape features were not used. Detailed information on the radiomic

features used in this study can be found at https://pyradiomics.

readthedocs.io/en/latest/features.html.23

2.6 | Statistical analysis

Data are presented as means ± SD. Intergroup comparisons of cate-

gorical variables were performed using Fisher's exact test. The

unpaired t test was used to analyze parametric continuous variables,

and the Mann-Whitney U test was used to analyze nonparametric

continuous variables. The Wilcoxon signed-rank test and paired t test

were used to compare pre- and post-treatment values (VAS, ODI,

physical component summary, mental component summary, and BMD

values). When tests were repeated measures, P values were corrected

to adjust for multiple testing using the sequentially rejective

Bonferroni method. For analyzing the significant difference BMD of

fractured bone between the control and experimental groups, a two-

way repeated measures analysis of variance (ANOVA) with two fac-

tors (month and feature value) was used.24 Using the two-way

repeated measures ANOVA, the P value was less than .05. It was

interpreted that the control and experimental groups showed a signifi-

cant difference, and the specific features were selected.

3 | RESULTS

3.1 | Baseline characteristics

Twenty-eight subjects with OVCFs were assessed for eligibility, and

20 subjects were enrolled through the randomization: 10 in the control

F IGURE 2 The process of extracting region of interest (ROI) using rectangle ROI mask. A, Normalized computed tomography image. B,

Rectangle ROI mask. C, Overlay mask on image. D, Target region
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group (teriparatide alone) and 10 in the experimental group (combined

treatment with teriparatide andWJ-MSCs) (Figure 3). Of the 20 subjects

enrolled in the study, 14 (control group, n = 7; experimental group,

n = 7) completed a 12-month follow-up period. Three control subjects

dropped out because of side effects of teriparatide including nausea,

vomiting, and dizziness. In the experimental group, three subjects

dropped out after intramedullary and intravenous injection of WJ-MSCs

because of the following reasons: one subject withdrew her consent

and underwent vertebroplasty in another hospital in the first month of

follow-up, another subject did not come to the hospital at the 3-month

visit and was lost to follow-up, and the other subject dropped out

because of an incidental finding of pancreatic cancer in the first month

of follow-up. Demographic characteristics for each group are presented

in Table S1. There were no significant differences in the baseline char-

acteristics between control and experimental groups.

3.2 | Safety outcome

AEs occurred in four (40%) subjects in the experiment group and three

(30%) subjects in the control group (Table S2). According to the Com-

mon Terminology Criteria for Adverse Events (CTCAE), version 5.0,

there were no grade 4 or 5 AEs. In the control group, three subjects

complained of similar AEs such as nausea, vomiting, or dizziness after

subcutaneous teriparatide injection, and they dropped out of the study.

AEs or SAEs were found in four subjects in the experimental group.

One subject was diagnosed with urinary tract infection due to Candida

albicans 2 weeks after stem cell injection and fully recovered after anti-

fungal therapy. However, the subject dropped out because of follow-up

loss thereafter. Another subject complained of redness, itching, pain, and

swelling at the site of injection after intravenous infusion of stem cells.

The injection site reaction was mild and disappeared within 2 weeks. In

another subject in the experimental group, pulmonary emboli were found

on chest CT during the study. Five years before the start of the clinical

trial, a lung examination was performed because of blood-tinged sputum

and had shown no significant radiological findings. At day 30 after intrave-

nous infusion of stem cells, a chest CT scan was performed because of

blood-tinged sputum appearing after taking pain relief medications

(Ultracet, Janssen, Titusville, New Jersey) and vomiting. It revealed pulmo-

nary embolism (grade 3 by the CTCAE scale). So, the subject took

rivaroxaban (15 mg twice a day, Xarelto, Bayer AG, Leverkusen, Germany)

for 2 weeks and had no more significant blood in the sputum when clear-

ing the throat during the study. The other subject in the experimental

group was incidentally diagnosed with small pancreatic cancer (size

1.5 cm) because the subject underwent an abdomen CT scan because of

acute epigastric pain at 3 months after stem cell injection. Gastrointesitinal

endoscopy showed a gastric ulcer in the antrum, and MRI of the pancreas

revealed a cancerous lesion in the pancreatic tail. The subject refused fur-

ther assessment and treatment of pancreatic cancer and dropped out.

3.3 | Clinical outcomes

The mean ± SD VAS was 6.4 ± 1.1 in the experimental group and

7.1 ± 1.1 in the control group, and there was no statistical difference

(P = .368) at baseline. From the first month of the treatment, the experi-

mental group improved significantly compared with the control group.

Although subjects in the control group improved during the study period,

F IGURE 3 The study flow diagram. WJ-MSC, Wharton's jelly–derived mesenchymal stem cell
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the pain score (VAS) in the experimental group significantly decreased

over 12 months compared with that of the control group (Figure 4). The

ODI for disability significantly decreased in both control and experimen-

tal groups, but the subjects in the experimental group significantly

improved during the study period compared with the control group

(experimental group: from 68.88 ± 19.81 to 17.77 ± 0.08; control group:

from 81.22 ± 10.20 to 34.44 ± 9.81) (Figure 4). SF-36 was used to mea-

sure the quality of life. The physical component score at 12 months sig-

nificantly increased from the baseline in both experimental and control

groups (experimental group: from 16.6 ± 4.6 to 68.2 ± 12.6; control

group: from 10.4 ± 3.9 to 40.2 ± 8.4). The mental component score at

12 months significantly increased from baseline in the experimental

group. However, subjects in the control group did not significantly

improve during the study period (Figure 4).

3.4 | Biomarkers for bone turnover

Figure 5A,B shows the median change in serum osteocalcin and

CTX in the control and experimental groups during the 12-month

follow-up period. The osteocalcin levels for the experimental and

control groups were 16.3 ± 6.5 and 15.4 ± 4.7, respectively, at

baseline (P = .795). The mean osteocalcin increased after

treatment in both groups and was the highest at 6 months after

treatment (45.9 ± 5.1 in the experimental group and 41.3 ± 15.0 in

the control group) and then gradually decreased until final follow-

up. The two groups showed similar patterns and did not show sta-

tistical differences. Mean changes in the bone resorption marker

CTX in the experimental and control groups were 0.48 ± 0.16 and

0.42 ± 0.14, respectively, at baseline (P = .537). After treatment,

the two groups showed an increase in CTX up to 6 months, which

then decreased and showed no statistical difference.

3.5 | BMD by DXA

Figure 5C–E shows the median change in BMD in the control and exper-

imental groups during the 12-month follow-up period. BMD was mea-

sured by three methods, the lowest value in the lumbar spine, the mean

value from lumbar 1 to lumbar 4, and the value in the left femur neck.

The lowest value BMD in spine improved from 0.72 ± 0.15 to 0.78

± 0.19 in the experimental group and improved from 0.65 ± 0.15 to

0.77 ± 0.15 in the control group, with no statistical difference between

the two groups. For the mean BMD of lumbar 1 to lumbar 4, the

F IGURE 4 Changes in VAS, ODI, and SF-36 during the 12-month period in the control and experimental groups. A, VAS for back pain. B
ODI. C, SF-36 physical component summary (PCS) score. D, SF-36 mental component summary (MCS) score. M, month; MCS, mental component
summary; ODI, Oswestry Disability Index; PCS, physical component summary; SF-36, Short Form-36; VAS, visual analog scale
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experimental group increased from 0.84 ± 0.19 to 0.91 ± 0.24 and the

control group increased from 0.82 ± 0.13 to 0.91 ± 0.16, with no statisti-

cal difference between the two groups. Hip BMD showed similar results.

The experimental and control groups were, respectively, 0.70 ± 0.07 and

0.72 ± 0.08 at baseline and 0.70 ± 0.13 and 0.64 ± 0.19 at the last

follow-up, with no statistical difference between the two groups.

3.6 | Difference in BMD of fractured vertebra
by CT

We found no occurrence of new fracture and fracture progression

along a sagittal plane. The results of feature analysis using a two-

way repeated measures ANOVA are shown in Table S3, and the

feature values using PyRadiomics are shown by the variance

charts of 10th percentile, mean, and energy (Figure 6). For the

repeated measures ANOVA, a significant difference between the

control and experimental groups was shown with a P value of

less than .05 for 10th percentile, mean, and energy. In the experi-

mental group, all three feature values significantly increased com-

pared with the control group. The results indicate that combined

treatment of WJ-MSCs and teriparatide significantly increased

BMD of the fractured vertebra compared with teriparatide treat-

ment alone. Figure 7 reveals representative CT images of the

control and experimental groups at baseline and at 6- and

12-month follow-ups.

F IGURE 5 Changes in bone turnover markers and BMD during the 12‐month period in the control and experimental groups. A, Changes in
bone formation (osteocalcin) and bone resorption (CTX) markers. B, Changes in BMD. aL14, average BMD between L1 and L4; BMD, bone
mineral density; CTX, C‐terminal telopeptide of type 1 collagen; M, month; sH, single Hip BMD
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4 | DISCUSSION

The most common type of osteoporotic fracture is OVCF, affecting

nearly 25% of the elderly population who are older than 50 years.1,25

OVCF raises the risk for new vertebral fractures 5fold in the first year,

and the presence of two or more OVCFs increases the risk up to

12-fold.26 The number of subsequent fractures is associated with

increased mortality risk.15 Back pain that persists after an OVCF is

partly associated with vertebral instability (nonunion or slow-forming

union) at the fractured site, which may require surgical intervention

such as vertebroplasty or spinal reconstruction. In addition, once non-

union of OVCF progresses to vertebral osteonecrosis, the collapsed

vertebrae cause neurological deficits resulting from a progressive

kyphotic deformity and severe neural tissue compression.10,11 There-

fore, the top priority in the treatment of OVCF is to ensure fracture

healing and preventing secondary OVCFs.8,11

In this study, we compared the efficacy of the combined injection

of WJ-MSCs and teriparatide to that of teriparatide treatment alone.

The primary findings of this study were as follows: (a) combined

treatment with WJ-MSCs and teriparatide is feasible and tolerable for

the treatment of OVCFs; (b) the mean scores of VAS, ODI, and SF-36

significantly improved in the combined treatment group; (c) the level

of bone turnover markers (osteocalcin and CTX) were not significantly

different between the two groups; (d) BMD T-scores of spine and hip

by DXA increased in both control and experimental groups with no

significant difference; and (e) baseline spine CT images and follow-up

CT images at 6 and 12 months showed better microarchitecture of

fractured vertebrae in the experimental group. Our results indicate

that combined treatment of WJ-MSCs and teriparatide in OVCF

patients is feasible and tolerable and combined injection may be more

effective for fracture healing by promoting bone architecture.

MSCs are promising candidates for bone regeneration therapies.

However, the main therapeutic limitations of MSC therapy for OVCFs

include selection of optimal MSCs, selection of best administration

route, insufficient homing, engraftment, and osteogenic differentia-

tion. WJ-MSCs were chosen for this study because WJ-MSCs are

known to have a high proliferation rate and wide multipotency, hypo-

immunogenicity, and immunomodulatory potential compared with

F IGURE 6 The variance chart of mean, 10% percentile, and energy feature. A, Variance chart of mean feature. B, Variance chart of 10%
percentile feature. C, Variance chart of energy feature
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MSCs derived from other sources.27-30 WJ-MSCs express low levels

of human leukocyte antigen (HLA) class I and no HLA-DR leading to

low immunogenicity. Additionally, WJ-MSCs bear better immunomod-

ulatory potential and anti-inflammatory effects by suppressing

mitogen-induced T-cell responses to a greater extent than MSCs from

either bone marrow or adipose tissue.31 In this study, the control

group received only teriparatide (subcutaneous, 6 months, PTH), and

the experimental treatment group received teriparatide (subcutane-

ous, 6 months) and stem cell injections (intramedullary injection of

WJ-MSCs [direct injection into the recently fractured vertebra] at

F IGURE 7 Representative computed tomography (CT) images of the control and experimental groups at baseline and at 6 and 12 months. A,
Representative CT images of the control group. B, Representative CT images of the experimental group
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baseline and intravenous injection at 7 days after intramedullary

injection).

The appropriate route of stem cell administration is an essential

step for a successful treatment. Osteoporosis is a systemic disease,

characterized by a decrease in bone mass and a deterioration in bone

microstructure leading to an increased risk of bone fractures.32 In

elderly patients with osteoporosis, the number of osteoblast progeni-

tor MSCs is decreased, and the capacity of MSCs to differentiate into

osteoblasts was found to be lower than that from healthy people.32 It

has been shown that intravenous transplantation of MSCs signifi-

cantly increased BMD in osteoporotic animals.32 On the other hand,

MSCs were also known to have no capability of spontaneous engraft

and differentiation at osteoporotic bone areas. Thus, direct intrabone

implantation of bone marrow-derived MSCs has been reported to

achieve long-term engraftment (up to 6 months postimplantation),

with the consequent improvement of cortical structure and strength

in mouse bone.5,33 Additionally, Sheyn et al demonstrated that intra-

venous injection of MSCs and PTH in the treatment of osteoporotic

vertebral bone defect significantly increased new bone formation

compared with MSC monotherapy, and PTH was found to induce sig-

nificant migration of systemically administered MSCs to the vertebral

bone defect area.18 In addition, many researchers emphasize early

fracture healing after OVCFs to prevent subsequent recurrent frac-

tures.34 PTH was shown to induce fracture repair in animals by acti-

vating MSCs, and MSCs can also enhance bone repair by modulating

the process of inflammation.18,34 Therefore, we injected PTH and WJ-

MSCs and used two routes of administration of MSCs (intramedullary

and intravenous).

Osteoporosis is characterized by low bone strength, which is

determined by not only bone mass but also bone quality. Bone mass

is mainly expressed by BMD, and bone quality is composed of micro-

architecture, bone turnover rate, mineralization, and microdamage

accumulation.35 Bone turnover markers have been used for monitor-

ing early responses to antiosteoporosis therapy because of a delayed

response of BMD to clinical treatment. Because both BMD and bone

turnover markers are independent and essential, many researchers

have tried to study the relationship between the changes in bone

turnover markers and BMD in treated and untreated patients with

osteoporosis. However, the results of these studies are sometimes

controversial and generally exhibit significant disparity across stud-

ies.36 It has been reported that there is a rapid rise in bone formation

marker during the first month of teriparatide treatment and a subse-

quent increase in bone resorption markers during the entire 24-month

treatment course, and the increase in bone formation markers

exceeds increases in bone resorption markers during the entire

24-month treatment course.37 In this study, the levels of bone forma-

tion (osteocalcin) and resorption (CTX) markers were not significantly

different between the control and experimental groups. In the control

group, the levels of osteocalcin and CTX increased at 1 month after

treatment initiation, maintained similar levels up to 6 months, and

gradually decreased. However, there seemed to be a more rapid rise

in osteocalcin compared with CTX. These findings are consistent with

previous reports demonstrating that increases in bone formation

markers exceeded increases in CTX.37 In the experimental group,

osteocalcin increased rapidly at 1 month after stem cell injection,

gradually increased up to 6 months, and then gradually decreased,

whereas CTX gradually increased up to 6 months and gradually

decreased, showing that the increase in osteocalcin exceeded the

increase in CTX during the study. Both control and experimental

groups showed that early significant increases in osteocalcin (bone

formation marker) were followed by a subsequent increase in CTX

(bone resorption marker), showing that the increase in the bone for-

mation marker exceeded the increase in the bone resorption marker

during the study. BMD T-scores of spine and hip have been reported

to increase significantly after 24 months of treatment with ter-

iparatide.37-39 In terms of the effect of stem cell implantation on

BMD, preclinical studies of the therapeutic role of stem cell therapy in

animal models of osteoporosis have shown inconsistent results, but a

meta-analysis showed that stem cell implantation was associated with

significantly improved BMD as compared with that observed in con-

trols in animal models of osteoporosis.13 In this study, BMD T-scores

of the spine and hip by DXA increased in both the control and experi-

mental groups, but there was no significant difference between them.

The risk factors for vertebral nonunion have been reported to be

associated with thoracolumbar fracture, decreased BMD, and poste-

rior wall fracture.9 Especially, BMD was negatively correlated with the

osteonecrosis (intervertebral vacuum) occurrence rate.9,39 Thus, sensi-

tive detection of changes in BMD is a key issue in monitoring and

evaluating the individual bone health status as well as bone metabo-

lism and bone mineral status.40 Additionally, bone microarchitecture is

very important for the treatment of osteoporosis and OVCF and

assessment of bone microarchitecture in complement to a BMD exam

could improve the prediction of OVCFs.41 Texture analysis has been

reported to be independent and complementary with BMD for deter-

mining the odds ratio of fractures.41,42 Therefore, we assessed bone

microarchitecture in complement to BMD using radiomics-based fea-

ture extraction after collecting baseline CT images and follow-up CT

images at 6 months and 12 months.41,43,44 Repeated measures

ANOVA showed significant differences in 10th percentile, mean, and

energy. Here, the 10th percentile is the tenth lowest intensity value in

the ROI of the axial plane at the index level of the OVCF. The result

can be interpreted as showing that the overall BMD increased in the

area with a low BMD. The mean value means the average intensity

value inside the ROI, and as this value increases, it can be interpreted

as showing that the BMD of the index level of OVCF increased on

average. Energy is a value representing the sum of the total intensity

value of the vertebral region of interest, and as this value increases, it

can be interpreted as showing that the sum of the total BMD of the

index level of OVCF increased. Thus, our radiomic feature analyses

show that combined injection of WJ-MSCs and teriparatide may

accelerate fracture healing by improving bone microarchitecture of

the fractured vertebra (Figure 6).

MSCs have been reported to be a new therapeutic strategy to

treat osteoporosis and OVCF, mainly because of their ability to

secrete factors that are directly or indirectly involved in bone repair,

as well as their ability to graft into tissues and differentiate into
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functional osteoblasts. Emerging evidence suggests that inflammation

exerts a significant influence on bone turnover, thereby in osteoporo-

sis.5 Once the bone repair process has started, the inflammatory

response must be stopped to avoid more damage.5 In this study, intra-

venous injection of WJ-MSCs (2 × 108 cells) occurred 1 week after

intramedullary injection (4 × 107 cells) because osteoporosis is a sys-

temic skeletal disease. The exact mechanism by which the combined

injection of WJ-MSCs and teriparatide led to improvement of back

pain and bone microarchitecture of the fractured vertebra in the

present study remains unclear. Although we found no significant

difference in BMD by DXA between control and experimental groups

in this study, we assume that teriparatide enhances WJ-MSCs

migration into the fractured vertebra and differentiation of WJ-MSCs

into osteoblasts and intramedullary and intravenous injection of

WJ-MSCs improve fracture healing by inhibiting inflammatory

response.5,18,19

In terms of AEs, stem cell injection-related AEs were reported in

two subjects in the experimental group. After intravenous injection,

one subject complained of an injection site reaction, which was mild

and disappeared within 2 weeks. The other subject was diagnosed

with pulmonary embolism at day 30 after intravenous infusion of stem

cells. Actually, intravenous injection of MSCs leads to the accumula-

tion of fewer than 10% of administered MSCs, with many cells cap-

tured in the lung.33 In this study, all subjects in the experimental

group did not undergo a chest CT scan. One subject had a medical his-

tory of blood-tinged sputum 5 years before the start of the study and

underwent chest CT because of blood-tinged sputum when clearing

the throat 30 days after intravenous infusion of cells. The subject had

no signs and symptoms of pulmonary embolism, such as recurrent

blood-tinged sputum during the study, and completed participation in

this clinical trial. The other subject in the experimental group dropped

out because of a cancerous lesion in the pancreatic tail at 3 months

after stem cell injection. One subject with blood-tinged sputum when

clearing the throat might suffer from a chronic pulmonary embolism,45

and the other subject (an 82-year-old female) with pancreatic cancer

might suffer from a cancer-related aging process. However, intrave-

nous infusion of MSCs could result in pulmonary embolism and even

death in an animal study, and MSCs could cause the development of

tumor tissue.34,46 Thus, we could not entirely exclude the possibility

of complications (pulmonary embolism, pancreatic cancer), and we

should pay careful attention to possible complications such as pulmo-

nary embolism and tumor formation in MSC therapy. We also strongly

recommend screening chest CT prior to enrollment and follow-up

chest CT in case of intravenous injection of MSCs.

Our study is a randomized, open-label, phase I/IIa study to deter-

mine the feasibility and efficacy of combined treatment of WJ-MSCs

and PTH in OVCFs, and thus caution should be applied when drawing

any conclusions regarding long-term safety and efficacy. In addition,

our study has limitations including a limited experimental group with a

small number of participants, an absence of animal study, and insuffi-

cient examination of bone turnover markers. In this study, we did not

include subjects who received WJ-MSCs monotherapy and included

only subjects with PTH monotherapy and subjects with combined

treatments of WJ-MSCs and PTH. Based on the literature18 showing

that MSC monotherapy was less effective for repairing osteoporotic

vertebral bone defect compared with combined treatments of WJ-

MSCs and PTH, we did not include a WJ-MSC monotherapy group.

Second, we did not complete an animal study to explore possible

mechanisms of combined treatments of WJ-MSCs and PTH, including

paracrine action of transplanted WJ-MSCs and bone formation

resulting from engraftment of cells and differentiation into osteo-

blasts. Third, we checked only two bone turnover markers

(osteocalcin and CTX) in our study. Bone turnover markers have been

used as short-term tools for monitoring the adherence and response

to treatment with antiosteoporotic agents. Unfortunately, the levels

of bone turnover markers are highly variable according to multiple

contributors such as patients and time for measurements.47-49 Factors

that can be adjusted and minimized, termed controllable factors,

include circadian rhythm variations, food intake, exercise level, alcohol

intake, seasonal variation, and medications such as oral glucocorti-

coids and aromatase inhibitors.48,49 Factors contributing to

preanalytical variability that cannot be controlled, known as uncon-

trollable factors, include age, degree of mobility/immobility, ethnicity,

presence of fracture, and menopausal state. Additionally, the amino-

terminal propeptide of type 1 procollagen (P1NP), the preferred

marker for bone formation, is more stable compared with

osteocalcin,47 but we did not measure the P1NP level because our

hospital did not provide services for measuring P1NP. Therefore,

large-scale clinical trials assessing the optimal cell dose, optimal cell

administration routes, optimal biomaterials loaded with stem cells, and

relevant clinical endpoints are needed to define the long-term safety

and efficacy of cell therapy for OVCFs. However, we propose that

combined treatments of WJ-MSCs and PTH may provide a feasible

and tolerable treatment for OVCFs.

5 | CONCLUSION

Combined treatments of WJ-MSCs and PTH provided satisfac-

tory improvement of pain, function, and quality of life for patients

with OVCFs at the 12-month follow-up. Therefore, combined

treatment of WJ-MSCs and PTH is feasible and tolerable and has

a clinical benefit for fracture healing by promoting bone

architecture.
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Additional supporting information may be found online in the

Supporting Information section at the end of this article.
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