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Management of partial‑thickness 
rotator cuff tears with autologous 
adipose‑derived regenerative 
cells is safe and more effective 
than injection of corticosteroid
Mark Lundeen  1, Jason L. Hurd  2, Matthew Hayes  3, Meredith Hayes  3, 
Tiffany R. Facile  4, John P. Furia  5, Nicola Maffulli  6,7,8, Christopher Alt  9,10,11, 
Eckhard U. Alt  9,11,12,13, Christoph Schmitz  10 & David A. Pearce  4,12,14*

Symptomatic, partial-thickness rotator cuff tears (sPTRCT) are problematic. This study tested 
the hypothesis that management of sPTRCT with injection of fresh, uncultured, unmodified, 
autologous, adipose-derived regenerative cells (UA-ADRCs) is safe and more effective than injection 
of corticosteroid even in the long run. To this end, subjects who had completed a former randomized 
controlled trial were enrolled in the present study. At baseline these subjects had not responded to 
physical therapy treatments for at least 6 weeks, and were randomly assigned to receive respectively 
a single injection of UA-ADRCs (n = 11) or a single injection of methylprednisolone (n = 5). Efficacy 
was assessed using the ASES Total score, pain visual analogue scale (VAS), RAND Short Form-36 
Health Survey and range of motion at 33.2 ± 1.0 (mean ± SD) and 40.6 ± 1.9 months post-treatment. 
Proton density, fat-saturated, T2-weighted MRI of the index shoulder was performed at both study 
visits. There were no greater risks connected with injection of UA-ADRCs than those connected with 
injection of corticosteroid. The subjects in the UA-ADRCs group showed statistically significantly 
higher mean ASES Total scores than the subjects in the corticosteroid group. The MRI scans at 
6 months post-treatment allowed to “watch the UA-ADRCs at work”.

Symptomatic, partial-thickness rotator cuff tear (sPTRCT) is a common cause of shoulder pain, loss of function 
and occupational disability1–3. Cadaveric and magnetic resonance imaging (MRI) studies reported the incidence 
of partial-thickness rotator cuff tears between 13 and 25%, with an increasing incidence with age4–6. The majority 
of sPTRCT cases are associated with aging, repetitive overhead use of the arm, sudden and forceful trauma, or 
a combination of these factors1–3.

Current non-surgical and surgical treatment options to address sPTRCT do not offer the potential to naturally 
replace damaged tendon tissue and often do not improve clinical results. Subacromial injection of corticosteroids, 
among the most widely used nonoperative treatment options for sPTRCT​7, can provide short-term pain relief but 
may not modify the course of the condition7. Even worse, subacromial injection of corticosteroid carries the risk 
that a partial-thickness rotator cuff tear develops into a full-thickness rotator cuff tear8. A recent meta-analysis 
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and a recent double-blinded, randomized controlled clinical trial (RCT) concluded that injections of platelet 
rich plasma might also not be beneficial in non-operative treatment of rotator cuff disease9,10. Surgical treatment 
of sPTRCT is generally successful among patients who, for a period of 3–6 months, unsuccessfully underwent 
conservative treatment modalities2. However, surgical intervention presents potential complications and a more 
lengthy recovery, and some authors have argued that results from these procedures may not exceed those obtained 
with conservative management11.

A recent, first-in-human RCT​12 (hereafter: the former study) indicated that management of sPTRCT with 
fresh, uncultured, unmodified, autologous, adipose-derived regenerative cells (UA-ADRCs) isolated from 
lipoaspirate at the point of care is safe and leads to improved shoulder function without adverse effects. This 
study also showed that the risks associated with treating sPTRCT with UA-ADRCs were as low as those associ-
ated with injection of corticosteroid over 12 months post-treatment, with no serious adverse events observed 
for either treatment12.

Unlike most other cell preparations currently under investigation for use in regenerative medicine (including 
cultured adipose derived stem cells (ADSCs), induced pluripotent stem cells, etc.) UA-ADRCs are not expanded 
in culture, and are therefore not exposed to potential, culture-related mechanic and oxidative stress that could 
affect their safety as a medicinal product13. Furthermore, UA-ADRCs do not share the risk of potentially develop-
ing tumors (reported for induced pluripotent stem cells) and immunological defensive reactions (reported for 
allogeneic adult stem cells)14,15. Only 0.001–0.1% of the total population of bone marrow nucleated cells represent 
mesenchymal stromal cells, whereas these cells can represent up to 12% of the total population of UA-ADRCs16,17. 
Additionally, harvesting adipose tissue is typically much less invasive than harvesting bone marrow18.

In the former study12 subjects were not followed up beyond 12 months post-treatment. The present study 
tested the hypothesis that management of sPTRCT with injection of UA-ADRCs is safe and more effective than 
injection of corticosteroid even in the long run, with a minimum follow-up of 36 months.

Methods
Study design
The present study was a long term follow-up study of a first-in-human, two center, prospective, open-label, 
randomized controlled trial12. Both the present and the former studies12 were conducted at Sanford Orthopedics 
and Sports Medicine—Fargo (Fargo, ND, USA; principal investigator (PI): M.L.) and Sanford Orthopedics and 
Sports Medicine—Sioux Falls (Sioux Falls, SD, USA; PI: J.H.).

Figure 1 shows the flow of subjects in the present and the former studies12 according to the CONSORT 
statement19.

Ethics
The present study received Investigational Device Exemption (IDE) from the U.S. Food and Drug Administration 
(FDA) on 13/05/2019 (no. 16956), received Institutional Review Board (IRB) approval from WIRB Copernicus 
Group, Inc. (Olympia, WA, USA) on 23/07/2019 for study site Sanford USD Medical Center, Sioux Falls, SD, USA 
(IRB Tracking Number: 20191931; Study Number: 1263181) and on 29/09/2019 for study site Sanford Orthope-
dic Sports Medicine Clinic, Fargo, ND, USA (IRB Tracking Number: 20191931; Study Number: 1266705), and 
was registered at Clinicaltrials.gov on 04/09/2019 (NCT04077190). The first subject was enrolled in the present 
study on 21/11/2019, and the last subject on 20/03/2020. The present study was closed on 05/05/2022 at study 
site Sanford Orthopedic Sports Medicine Clinic, Fargo, ND, USA, and on 09/05/2022 at study site Sanford USD 
Medical Center, Sioux Falls, SD, USA.

Written, informed consent to participate was obtained from all subjects.
The former study12 received IDE from the FDA on 23/09/2016 (no. 16956), was registered at Clinicaltrials.

gov on 28/09/2016 (ID NCT02918136), and received IRB approval of Sanford Health (Sioux Falls, SD, USA) 
on 04/11/2016 (Sanford IRB #3 registration number 00007985) in accordance with the Declaration of Helsinki. 
The first subject was enrolled in the former study12 on 04/01/2017, and the last subject on 21/04/2017. The study 
was closed on 07/11/2019. After having received additional IRB approval from Sanford Health on 07/11/2019 
(Sanford IRB #3 registration number STUDY00001869) to re-examine MRI scans, the former study12 was re-
opened on 14/09/2020.

Participants, randomization and interventions
In brief, all the subjects enrolled in the former study12 suffered from a sPTRCT of the supraspinatus tendon at 
baseline, had not responded to physical therapy treatments for at least 6 weeks, and were randomly assigned to 
receive either a single injection of an average 11.4 × 106 UA-ADRCs (in 5 mL liquid; mean cell viability: 88%) 
(n = 11; modified intention-to-treat (mITT) population) (hereafter: UA-ADRCs group) or a single injection of 
80 mg of methylprednisolone (40 mg/mL; 2 mL) plus 3 mL of 0.25% bupivacaine (n = 5 in the former study12; 
n = 4 in the present study; mITT population) (hereafter: corticosteroid group). The UA-ADRCs were isolated 
from lipoaspirate using the Transpose RT system (InGeneron, Houston, TX, USA)15,20. The process of isolating 
UA-ADRCs from lipoaspirate is shown in Supplementary Figs. S1 and S2 online. One subject in the corticosteroid 
group experienced progression of sPTRCT into a symptomatic, massive full-thickness rotator cuff tear during 
the former study12 and was therefore not enrolled in the present study. For this reason, the baseline data of the 
subjects in the corticosteroid group enrolled in the present study (summarized in Table 1) slightly differ from 
the baseline data of those in the corticosteroid group provided in the former study12.
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Outcome measurements and assessments
According to the study protocol the primary endpoints of the present study were long-term safety as indicated 
through the rate of treatment emergent adverse events (TEAEs), and long-term efficacy of pain and function 
through American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form21 (ASES Total score) 
and RAND Short Form-3622 (SF-36) health questionnaires between the UA-ADRCs group and the corticosteroid 
group. The secondary endpoint of the present study was long-term efficacy evaluated through VAS Pain score and 
MRI pre- and post-injection for the therapeutic intent to treat sPTRCT between the UA-ADRCs group and the 
corticosteroid group. Active and passive range of motion (ROM) of the index arm (forward elevation, external 
rotation with the index arm comfortably at side and external rotation with the index arm at 90° abduction) were 
additional endpoints.

Adverse events in the present and the former studies12 were defined as any untoward or unfavorable medical 
occurrence in a subject, including any abnormal sign, symptom or disease temporally associated with the subject’s 
participation in these studies, whether or not considered related to the subject’s participation in these studies.

Figure 1.   Flow of subjects in the present and the former studies12 according to CONSORT19. 
W3/W6/W9/W12/W24/W32/W40/W52 study visits scheduled in the former study12 at 
3/6/9/12/24/32/40/52 weeks post-treatment, FSV first study visit of the present study at 33.2 ± 1.0 
(mean ± standard deviation) months post-treatment, SSV second study visit of the present study at 
40.6 ± 1.9 months post-treatment.
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In the former study12, safety was assessed immediately after treatment and 3 weeks (W3), W6, W9, W12, W24, 
W32, W40 and W52 post-treatment; ASES Total score, SF-36 Total score, VAS Pain score, and active and passive 
ROM were assessed at baseline (BL) and at W3, W6, W9, W12, W24, W32, W40 and W52 post-treatment; MRI 
was performed at BL and at W24 and W52 post-treatment.

In the present study, the aforementioned endpoints were assessed at 33.2 ± 1.0 (mean ± standard deviation) 
months post-treatment (range, 30.7–34.7) (first study visit; FSV) and at 40.6 ± 1.9 months post-treatment (range, 
36.5–44.7) (second study visit; SSV).

Analysis of MRI scans
Next to the determination of the partial-thickness tear size (calculated as ellipsoid volume), the proton density 
weighted, fat saturated, T2-weighted (PD FS T2) coronal MRI scans of all subjects who were enrolled in the 
present study were transferred in digital and fully anonymized form (compliant with the HIPAA regulation)23 
to C.S. who was only aware of the Subject IDs. Then, C.S. mounted these MRI scans as shown in Supplementary 
Figs. S3–S17 online, evaluated them and indicated hyperintense structures at the position of the supraspinatus 
tendon that were present at W24 post-treatment but not at baseline (arrows in Supplementary Figs. S3–S9 and 
S11–S13 online). Afterwards, the files with the MRI scan montages and the indicated hyperintense structures 
were transferred in fully anonymized form (even without the Subject IDs) to M.H. and M.H., who performed 
an independent, blinded re-analysis of the hyperintense structures at the position of the supraspinatus tendon 
indicated by C.S.

Estimand strategies for handling intercurrent events
In line with the new The International Council for Harmonisation of Technical Requirements for Pharmaceuticals 
for Human Use (ICH) E9 (R1) Addendum on the use of estimands in clinical trials (i.e., a precise description of 
the treatment effect to be estimated from a trial (the question)24–26) a comprehensive estimand was constructed 
for the present study. The four components of this estimand (Population (i.e., the target population for the 
research question), Variables (i.e., the endpoints that were obtained from all subjects), Intercurrent Events (i.e., 
all events that occurred after treatment initiation and either precluded the observation of a variable, or affected 
its interpretation) and Population-Level Summary (i.e., the variables on which the comparison between treat-
ments was based) are outlined in Supplementary Part 9 online.

In short, in case of treatment failures (comprising all intercurrent events that required additional injections 
of corticosteroid into the index shoulder or surgery of the index shoulder that were definitely, probably or pos-
sibly related to the study treatments, including development of a full-thickness rotator cuff tear) subjects’ data 
were handled using a combination of the While-on-Treatment Strategy24–26 and the Composite Strategy24–26. 
Specifically, response to study treatment before the occurrence of the intercurrent event was handled using the 
While-on-Treatment Strategy (i.e., subjects’ data were used as collected), whereas response to study treatment 
after the occurrence of the intercurrent event was imputed according to the Composite Variable Strategy as 
minimum ASES Total score (0), minimum SF-36 Total score (0), maximum VAS pain score (10), minimum 

Table 1.   Characteristics of the subjects enrolled in the present study at baseline (modified intention-to-treat 
population). SD standard deviation, min minimum value, max maximum value, VAS visual analog scale, ASES 
American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form21, SF-36 RAND Short 
Form-36 Health Survey22, VAS visual analogue scale; ROM, range of motion; FE_A, active forward elevation; 
FE_P, passive forward elevation; ER_A, active external rotation with the index arm comfortably at side; ER_P, 
passive external rotation with the index arm comfortably at side; ER_90_A, active external rotation with the 
index arm at 90° abduction; ER_90_P, passive external rotation with the index arm at 90° abduction.

Variable UA-ADRCs group (n = 11) Corticosteroid group (n = 4)

Age, years, median; mean (SD; min; max) 64.6; 62.3 (9.6; 40; 74) 59.0; 56.8 (7.6; 46; 63)

Woman, n (%) 3 (27.3) 0 (0)

Body weight, kg, median; mean (SD; min; max) 93.9; 88.6 (18.1; 51.6; 111.1) 113.9; 109.9 (25.7; 74.5; 133.7)

Body height, cm, median; mean (SD; min; max) 178; 176 (8.8; 157; 188) 178; 178 (4.8; 173; 185)

Body mass index, kg/m2, median; mean (SD; min; max) 29.9; 28.4 (4.1; 20.8; 33.3) 35.7; 34.3 (7.9; 23.4; 42.3)

Affected shoulder, right (%) 9 (81.8) 2 (50.0)

ASES Total score, median; mean (SD; min; max) 56.7; 58.7 (19.2; 30; 92) 46.7; 47.1 (14.6; 30; 65)

SF-36 Total score, median; mean (SD; min; max) 604; 557 (134; 270; 695) 565; 547 (83; 432; 627)

VAS Pain score, median; mean (SD; min; max) 5; 4.7 (2.8; 0; 8) 6; 5.8 (2.1; 3; 8)

ROM—FE_A, degrees, median; mean (SD; min; max) 160.0, 163.4 (10.3; 154; 180) 154.4, 156.0 (6.4; 150; 165)

ROM—FE_P, degrees, median; mean (SD; min; max) 173.9, 174.1 (4.7; 165; 180) 173.9, 172.9 (1.9; 170; 174)

ROM—ER_A, degrees, median; mean (SD; min; max) 68.3, 70.6 (8.6; 50; 80) 68.3, 61.7 (18.1; 35; 75)

ROM—ER_P, degrees, median; mean (SD; min; max) 75.0, 73.2 (9.0; 50;80) 70.0, 61.3 (17.5; 35; 70)

ROM—ER_90_A, degrees, median; mean (SD; min; max) 75.0, 79.6 (7.2; 70; 90) 72.5, 66.3 (14.4; 45; 75)

ROM_ER_90_P, degrees, median; mean (SD; min; max) 82.5; 83.9 (4.1; 80; 90) 82.5; 79.4 (6.3; 70; 83)

Tear volume, mm3, median; mean (SD; min; max) 47.3; 58.6 (37.4; 19.8; 128.9) 27.0; 25.1 (8.3; 14.6; 31.7)
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active and passive ROM (0) and maximum tear volume measured on MRIs (150 mm3, which was greater than 
all data measured during the present and the former studies12).

In contrast, intercurrent events that required additional injections of corticosteroid into the index shoulder 
or surgery of the index shoulder that were unlikely related or unrelated to the study treatments (e.g., accidents 
that affected the index shoulder) were handled using a combination of the While-on-Treatment Strategy and a 
Hyopthetical Strategy24–26. Specifically, response to the study treatment before the occurrence of the intercur-
rent event was handled according to the While-on-Treatment Strategy, whereas response to the study treatment 
after the occurrence of the intercurrent event was imputed according to a Hypothetical Strategy in which the 
intercurrent event would not occur. Imputation of subjects’ data after occurrence of the intercurrent event was 
performed using the Last Observation Carried Forward approach27,28.

In line with recommendations in the literature29,30, the standard of care of symptomatic, full-thickness rotator 
cuff tears at our clinics is surgery. This was the reason why subjects in the corticosteroid group who experienced 
progression of sPTRCT into a symptomatic, full-thickness rotator cuff tear during the present and the former 
studies12 were not offered to cross over to the UA-ADRCs group. The latter was equally not offered to subjects 
in the corticosteroid group who developed increased pain of the index shoulder at any time post-treatment 
during the present and the former studies12 because of their nature as first-in-human studies with respect to the 
management of sPTRCT with injection of UA-ADRCs.

Statistical analysis
Statistical analysis of the safety data included group-specific comparisons of the following variables: (i) total 
number of TEAEs, (ii) number of TEAEs experienced per subject, (iii) number of TEAEs classified as {mild/
moderate/severe}, (iv) relationship of TEAEs to treatment classified as {not related/unlikely/possible/probable/
definite} and (v) number of TEAEs classified as {mild and unlikely to be related to the investigated treatment/
mild and possibly related to the investigated treatment/moderate and unlikely to be related to the investigated 
treatment/moderate and possibly related to the investigated treatment}. According to the protocol of the pre-
sent study these comparisons were performed for the following time periods: from BL to W24 post-treatment 
(considering only data of the former study12), from BL to FSV in the present study, and from BL to SSV in the 
present study (each considering data of the present and the former studies12). Comparisons were performed 
using Chi-square test or Chi-square test for trend, respectively.

Statistical analysis of the efficacy data included calculation of the group specific mean, standard error of the 
mean and median as well as group-specific comparisons of the following variables: (i) ASES Total score, (ii) 
SF-36 Total score, (iii) VAS pain score, (iv) active and passive ROM and (v) tear volume measured on MRIs. 
According to the protocol of the present study these comparisons were performed at BL and at W24 and W52 
post-treatment (data of the former study12) as well as at FSV and SSV (data of the present study). Given the non-
parametric nature of all efficacy data after imputation according to the estimand, comparisons were performed 
using the Mann–Whitney test.

In all analyses, a p value < 0.05 was considered statistically significant. Calculations were performed using 
GraphPad Prism (Version 9.4.1 for Windows; GraphPad Software, San Diego, CA, USA).

Results
Long‑term safety of treating sPTRCT with injection of either UA‑ADRCs or corticosteroid
The subjects in the UA-ADRCs group reported a total number of 58 TEAEs (35 TEAEs during the former 
study12 and 23 TEAEs during the present study) (details in Supplementary Table S1 online). The subjects in the 
corticosteroid group reported a total number of 25 TEAEs (12 TEAEs during the former study12 and 13 TEAEs 
during the present study) (details in Supplementary Table S2 online).

No TEAE that occurred during the present and the former studies12 was classified as probably or definitely 
related to the investigated treatment. Furthermore, all severe TEAEs that occurred during the present and the 
former studies12 were classified as not related to the investigated treatment.

All subjects reported experiencing at least one TEAE. The number of subjects who experienced 
1/2/3/4/6/7/8/10/12 TEAEs in the present and the former studies12 was 1/0/2/3/1/1/2/1/0 in the UA-ADRCs 
group (5.3 ± 2.7 (mean ± SEM); median, 4) and 0/1/1/2/0/0/0/0/1 in the corticosteroid group (5.0 ± 1.8; median, 
4). These data were not significantly different between the groups (Chi-square test for trend; p = 0.778) (details 
in Supplementary Table S3 online).

The number of TEAEs classified as {mild/moderate/severe} in the present and the former studies12 was 
38/16/4 in the UA-ADRCs group and 17/8/0 in the corticosteroid group. These data were not significantly dif-
ferent between the groups (Chi-square test for trend; p = 0.497) (details in Supplementary Tables S4–S6 online).

The relationship of TEAEs to treatment classified as {not related/unlikely/possible/probable/definite} in the 
present and the former studies12 was 48/6/4/0/0 in the UA-ADRCs group and 20/3/2/0/0 in the corticosteroid 
group. These data were not significantly different between the groups (Chi-square test; p = 0.956) (details in 
Supplementary Tables S7–S9 online).

The number of TEAEs classified as {mild and unlikely to be related to the investigated treatment/mild and 
possibly related to the investigated treatment/moderate and unlikely to be related to the investigated treatment/
moderate and possibly related to the investigated treatment} in the present and the former studies12 was 4/3/2/1 
in the UA-ADRCs group and 3/0/0/2 in the corticosteroid group. These data were not significantly different 
between the groups (Chi-square test for trend; p = 0.757) (details in Supplementary Table S10 online).

The four severe TEAEs that occurred in the UA-ADRCs group during the present and the former studies12 
were non ST elevation myocardial infarction, ST elevation myocardial infarction, ganglion cyst of the non-index 
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shoulder, and pain in the index shoulder. None of these severe TEAEs were related to treatment (details in Sup-
plementary Tables S11–S13 online).

Long‑term efficacy of treating sPTRCT with injection of either UA‑ADRCs or corticosteroid
Four of the 11 subjects (36.4%) in the UA-ADRCs group and three of the five subjects (60.0%) in the corticoster-
oid group developed additional pathologies of the index shoulder (next to sPTRCT) and/or received additional 
injections into or surgery of the index shoulder (next to injection of either UA-ADRCs or corticosteroid) during 
the present and the former studies12. For one of the 11 subjects (9%) in the UA-ADRCs group and two of the 
five subjects (40%) in the corticosteroid group these additional pathologies were considered treatment failure 
(details in Supplementary Tables S14 and S15 online). After these intercurrent events, individual data related 
to the efficacy of the investigated treatment were either missing or unsuitable for assessing treatment outcome 
if they had been collected after the intercurrent event during the present and the former studies12. These miss-
ing data were imputed according to the estimand of the present study outlined in Supplementary Part 9 online.

The individual ASES Total scores, SF-36 Total scores and VAS pain scores as a function of time post-treatment 
are shown in Supplementary Figs. S18–S20 online; imputation of missing data is indicated in these figures. Eight 
of the 11 subjects (72.7%) in the UA-ADRCs group but only one of the five subjects (20%) in the corticosteroid 
group reached an individual ASES Total score of at least 90 at any time of the present and the former studies12. 
An ASES Total score of 100 (representing no pain and maximum function) was reached by five of the 11 subjects 
(45.5%) in the UA-ADRCs group but none of the five subjects (0%) in the corticosteroid group at any time of 
the present and the former studies12.

Statistical analysis demonstrated that compared with the subjects in the corticosteroid group, the subjects 
in the UA-ADRCs group had (i) a significantly higher mean ASES Total score at W24 and W52 post-treatment 
as well as at SSV (i.e., at 40.6 ± 1.9 months post-treatment), (ii) a significantly higher mean SF-36 Total score 
at W24 post-treatment, and (iii) a significantly higher mean VAS Pain score at W24 and W52 post-treatment 
(Fig. 2A–C and Supplementary Tables S16–S18 online). Active and passive ROM data showed no significant 
differences between the subjects in the UA-ADRCs group and the subjects in the corticosteroid group (Fig. 3).

Figure 2.   Tukey boxplots of (A) ASES Total score, (B) SF-36 Total score, (C) VAS Pain score (collected together 
with the ASES score) and (D) tear volume measured on MRIs of subjects treated with injection of either 
UA-ADRCs (gray bars) or corticosteroid (open bars). The red double-arrows indicate corresponding median 
values. p-values < 0.05 are indicated in (A–C); all p-values are provided in Supplementary Tables S16–S18 
online. BL baseline, W24/W52 study visits scheduled in the former study12 at 24 and 52 weeks post-treatment, 
FSV first study visit of the present study at 33.2 ± 1.0 (mean ± standard deviation) months post-treatment, SSV 
second study visit of the present study at 40.6 ± 1.9 months post-treatment.
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Partial thickness rotator cuff tear size as a function of time after treatment with injection of 
either UA‑ADRCs or corticosteroid
The individual tear size as a function of time post-treatment is shown in Supplementary Fig. S21 online; imputa-
tion of missing data is indicated in this figure. Statistical analysis demonstrated no significant differences between 
the subjects in the UA-ADRCs group and the subjects in the corticosteroid group (Fig. 2D and Supplementary 
Table S19 online).

Figure 3.   Tukey boxplots of (A) active and (B) passive forward elevation of the index arm, (C) active and (D) 
passive external rotation of the index arm with the latter comfortably at side, and (E) active and (F) passive 
external rotation of the index arm with the latter at 90° abduction of subjects treated with injection of either 
UA-ADRCs (gray bars) or corticosteroid (open bars). The red double-arrows indicate corresponding median 
values. A p-value < 0.05 is indicated in (E). BL baseline, W24/W52 study visits scheduled in the former study12 
at 24 and 52 weeks post-treatment, FSV first study visit of the present study at 33.2 ± 1.0 (mean ± standard 
deviation) months post-treatment, SSV second study visit of the present study at 40.6 ± 1.9 months post-
treatment.
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Detection of hyperintense structures on PD FS T2 coronal MRI scans of the index shoulder at 
the position of the supraspinatus tendon after injection of UA‑ADRCs, but not after injection 
of corticosteroid, at 24 weeks post‑treatment but not at baseline
The PD FS T2 coronal MRI scans of the index shoulder of 10 of 11 subjects (90.9%) in the UA-ADRCs group 
and none of the subjects (0%) in the corticosteroid group showed hyperintense structures at the position of the 
supraspinatus tendon at W24 post-treatment but not at baseline. A representative example is shown in Fig. 4; 
all PD FS T2 coronal MRI scans of Subjects A1–A11 (injection of UA-ADRCs) and Subjects C1–C4 (injection 
of corticosteroid) are provided in Supplementary Figs. S3–S17 online. No MRI scans of Subject C5 are shown 
because this subject was not enrolled in the present study, and the study protocol did not allow to re-assess the 
MRI scans of this subject generated during the former study12.

No relationship between treatment outcome and baseline data
Supplementary Figs. S22 and S23 online show individual ASES Total scores as a function of time post-treatment 
together with individual data at baseline (ASES Total score, tear volume, age and body mass index, as well as 
(in case of subjects who were treated with injection of UA-ADRCs) cell yield and cell viability. No relationship 
between treatment outcome and baseline data was found, including those data characterizing UA-ADRCs that 
can be collected with a clinical test.

Discussion
To assess the relevance of the results of the present study in accordance with the current state of knowledge, 
Table 2 summarizes the essential details of all previously published clinical studies on the management of partial-
thickness and full-thickness rotator cuff tears with stem cells12,31–39. In most of these studies, stem cells were 
applied to improve the outcome of surgical treatment. Furthermore, next to the former study12, treatment of 
partial-thickness rotator cuff tears was only investigated in three other studies35,36,38, and only three other studies 
were randomized controlled trials37–39. The mean number of subjects treated with stem cells in the studies listed 
in Table 2 (excluding the former study12) was 19.1 ± 5.0 (mean ± SEM) (median, 13.5; range, 7–45).

With respect to the long-term safety we evidenced that treatment of sPTRCT with injection of UA-ADRCs did 
not result in serious adverse events by 40.6 ± 1.9 months post-treatment. There were no greater risks connected 
with injection of UA-ADRCs than those connected with injection of corticosteroid in treatment of sPTRCT. In 
summary, the results of the present study suggest that the use of UA-ADRCs in subjects with sPTRCT is safe. 
The only other study listed in Table 2 (excluding the former study12) in which UA-ADRCs were applied34 did 
not address the safety of the procedure.

Regarding the long-term efficacy, we evidenced that the subjects in the UA-ADRCs group had significantly 
higher mean ASES Total scores than the subjects in the corticosteroid group at W24 and W52 post-treatment 
as well as at the second study visit of the present study, significantly higher SF-36 Total scores at W24 post-
treatment, and significantly higher VAS-Pain scores at W24 and W52 post-treatment. These findings were in 
line with the findings of the former study12 that treatment of sPTRCT with injection of UA-ADRCs leads to 
improved shoulder function. We hypothesize that the negative outcome (i.e., no significant difference in mean 
data between the groups) observed for the ASES Total score at the first study visit of the present study as well as 
the SF-36 Total score and the VAS Pain score at the first and second study visits of the present study were con-
sequent to the small sample size. Using an adequate sample size of n = 246 subjects an ongoing pivotal clinical 
trial is currently testing the hypothesis that treatment of sPTRCT with injection of UA-ADRCs is more effective 
than treatment of sPTRCT with injection of corticosteroid40.

We would like to point to the following, additional results of the present and the former studies12: (i) The 
results obtained in the former study12 after treatment of sPTRCT with injection of corticosteroid were in line 
with other studies which investigated the efficacy of treating sPTRCT with injection of corticosteroid41–45 (details 
in Supplementary Tables S20 and S21 online). (ii) Six subjects in the UA-ADRCs group but no subject in the 

Figure 4.   Proton density weighted, fat saturated, T2-weighted, coronal MRI scans of the index shoulder of 
Subject A4 (injection of UA-ADRCs), showing hyperintense structures at the position of the supraspinatus 
tendon at 24 weeks post-treatment (arrows) but not at baseline. BL baseline, W24/W52 study visits scheduled in 
the former study12.
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corticosteroid group reached an ASES Total score of 100 over time after treatment (Supplementary Fig. S18 
online). Among these six subjects in the UA-ADRCs group, five reported an ASES Total score of 100 both at the 
end of the former study12 and throughout the present study (Supplementary Fig. S18 online). (iii) One subject 
in the corticosteroid group (Subject C5 in Supplementary Figs. S18–S20 online) developed a full thickness 
tear during the former study12, and another subject in the corticosteroid group (Subject C4 in Supplementary 
Figs. S18–S20 online) developed pain in the index shoulder at 1.4 months post-treatment and was treated with 
another injection of corticosteroid at 7.4 months post-treatment during the former study12. In contrast, except 
for one subject in the UA-ADRCs group (Subject A9 in Supplementary Figs. S18–S20 online) who reported an 
accident with involvement of the index shoulder at 1.0 months post-treatment, no subject in the UA-ADRCs 
group required additional treatment of the index shoulder during the former study12. In summary, these results 
reinforce the general need to individually examine the clinical course after an initial treatment, and to identify 
all possible interfering influences that could have negatively impacted the success of the therapy under study. 
Furthermore, these results support our hypothesis that treatment of UA-ADRCs with injection of sPTRCT is 
effective, and is more effective than treatment of sPTRCT with injection of corticosteroid.

The only other published study to date that investigated treatment of sPTRCT with injection of stem cells 
without surgery found no benefit of injection of cultured adipose-derived stem cells (ADSCs) for 24 months 
post-treatment, and the results obtained after injection of ADSCs did not differ from the results obtained after 
injection of saline38. This negative result could have been caused by at least three circumstances: (i) the use of 
allogeneic cells, with the possible inability of new cells derived from the stem cells to integrate into the host tis-
sue because of immunological incompatibility14; (ii) the need for culturing the cells, with the possible reduction 
of the life span of the cells by shortening the telomeres following repetitive cell divisions, and possible negative 
effects on the safety of the cells as a medicinal product13; and (iii) the selection of a single cell type, with the 
consequence of limited functionality of the cells14,46. All this is prevented by the use of fresh UA-ADRCs in the 
present and the former studies12, and may explain the discrepancy between the negative result in38 and the posi-
tive results in the present and the former studies12.

It is beyond the scope of the present study to provide a comprehensive explanation why selection of stem 
cells (i.e., the use of cultured ADSCs or cultured MSCs in general) is inferior to the use of fresh UA-ADRCs in 
treatment of musculoskeletal pathologies. Here we report just three of the most important reasons: (i) unlike 
cultured ADSCs, fresh UA-ADRCs express those growth factors that are needed to stimulate cultured ADSCs 
towards tenogenic differentiation in culture47; (ii) these growth factors are expressed by M2 macrophages48–51, and 
M2 macrophages are contained in the UA-ADRCs used in the present and the former studies12,20, but are missing 
in any cultured stem cells; and (iii) M2 macrophages are mainly involved in anti-inflammatory responses52,53, 
and the presence of M2 macrophages in UA-ADRCs may explain the very early treatment success observed after 
treating sPTRCT with UA-ADRCs in the former study12, which cannot be explained by the formation of new 
tendon tissue (Supplementary Fig. S18 online). In summary, there are a number of possible explanations of the 
discrepancy between the negative result in38 and the positive results in the present and the former studies12 with 
respect to treatment of sPTRCT with injection of stem cells.

Regarding the analysis of MRIs pre- and post-injection, we found no significant improvement of the mean 
tear volume over time, nor any significant difference between the results obtained after injection of UA-ADRCs 

Table 2.   Essential details of all published clinical studies on the management of rotator cuff tears with stem 
cells. RCT​ randomized controlled trial, n number of subjects, SCs stem cells, C control treatment, n.s. not 
specified, F full-thickness rotator cuff tears, P partial-thickness rotator cuff tears, BM bone marrow-derived 
mesenchymal stem cells, UA-ADRCs fresh, uncultured, unmodified, autologous, adipose-derived regenerative 
cells, ADSCs cultured adipose-derived stem cells, MFF microfragmented fat, n/a not applicable, Stat Plan 
statistical analysis of differences between (b) and/or within (w) the groups to assess the therapeutic outcome 
achieved, M12/M120/M6/M29/M24 12/120/6/29/24 months post-treatment, *M24 follow-up study of35, 
**28.3 ± 3.8 months in the injection group and 28.8 ± 4.2 months in the conventional group, ***this study was 
stopped due to adverse effects observed in both groups; most probably the reason was the use of a xenogenic 
scaffold (OrthADAPT Bioimplant; Synovis Orthopedic and Woundcare Inc., Irvine, CA, USA) in both groups.

References 31 32 33 34 35,36* 37 12 38 39

Year of publication 2012 2014 2015 2017 2018, 2020 2019 2020 2022 2022

RCT​ No No No No No Yes Yes Yes Yes

n (SCs/C) 14/– 45/– 8/– 35/35 13/3 + 3 8/5 11/5 7/8 23/23

Tear type n.s. F F F P F P P F

Only SCs No No No No Yes No Yes Yes No

Type of SCs BM BM BM UA-ADRCs ADSCs BM UA-ADRCs ADSCs MFF

Autologous SCs Yes Yes Yes Yes Yes Yes Yes No Yes

Surgery adjunct Yes Yes Yes Yes No Yes No No Yes

Arthroscopy n/a n/a n/a n/a Yes n/a No No n/a

Stat Plan No Yes (b) No Yes (b/w) Yes (b) Yes (w) Yes (b/w) Yes (b/w) Yes (b/w)

Follow-up M12 M120 M6 M28** M6/M24 M12 M12 M24 M24

Outcome n/a n/a n/a No n/a *** Yes No Yes
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and those obtained after injection of corticosteroid (Supplementary Table S19 online). Of note, these findings 
are not in line with the results related to the long term efficacy (improvement in ASES Total score) outlined 
above. The main reason for this discrepancy may be the mechanisms of action of UA-ADRCs in tendon repair. 
Initially one could assume that UA-ADRCs would mainly fill the gap in the tendon tissue caused by a partial-
thickness tear. However, the location of the hyperintense structures in PD FS T2 MRI scans at the position of 
the supraspinatus tendon present at 24 weeks post-treatment but not at baseline in 10 of the 11 subjects in the 
UA-ADRCs group (Supplementary Figs. S3–S13 online) and none of the subjects in the corticosteroid group 
(Supplementary Figs. S14–S17 online) indicate that this may not be the case. Rather, these hyperintense struc-
tures in PD FS T2 MRI scans may indicate formation of new tendon tissue following injection of UA-ADRCs in 
a different location than the original tear, possibly primarily following individual biomechanical requirements. 
This may explain why subjects who are suffering from sPTRCT experience fast (the former study12) and lasting 
(the present study) recovery from pain and impaired function without disappearance of the rotator cuff tears on 
MRI scans even at 41 months post-treatment.

The presence of hyperintense structures in PD FS T2 MRI scans at the position of a tendon with partial-
thickness tear a few months after injection of UA-ADRCs has only been reported in a recent single case report54. 
Without additional investigations, it is unclear whether these hyperintense structures in PD FS T2 MRI scans 
indeed represent formation of new tendon tissue. These investigations must be performed on biopsies of tendons 
with partial-thickness tear that were treated with injection of UA-ADRCs. On the other hand, there are two indi-
cations supporting the hypothesis that these hyperintense structures in PD FS T2 MRI scans indeed represent 
formation of new tendon tissue: (i) the analysis of the biopsy reported in the recent case report54 indicated newly 
formed tendon tissue which did not resemble scar tissue (the biopsy was taken at the position of the hyperintense 
structure found in the corresponding MRI scans 10 weeks post-treatment); and (ii) this biopsy showed a dense 
network of newly formed microvessels next to the position of newly formed tendon tissue54. Blood flow in these 
newly formed microvessels may indeed explain the occurrence of hyperintense structures in PD FS T2 MRI scans 
after treatment of sPTRCT with injection of UA-ADRCs. Furthermore, the full or partial disappearance of these 
hyperintense structures in PD FS T2 MRI scans at 52 weeks post-treatment (Supplementary Figs. S3–S13 online) 
may indicate that tendon regeneration was complete, or almost complete, at this time.

In summary, the results of the present study indicate that treatment success after treating sPTRCT with UA-
ADRCs cannot be assessed using measurements of tear volume on MRI scans. On the other hand, PD FS T2 
MRI scans taken a few months after treatment of sPTRCT with injection of UA-ADRCs may allow to “watch 
the UA-ADRCs at work”. The latter finding may inform researchers about optimal times for taking biopsies in 
future research into the mechanisms of action of UA-ADRCs in tendon repair.

Based on the outcome of the analysis shown in Supplementary Fig. S22 online we hypothesize that individual 
treatment success after treating sPTRCT with injection of UA-ADRCs cannot be predicted based on the follow-
ing, individual values at baseline: ASES Total score, tear volume, age and BMI, as well as on the cell yield and cell 
viability of the final cell suspension. This finding is important because it may render individual bedside testing 
of the final cell suspension in clinical use of UA-ADRCs irrelevant.

It is currently unknown whether individual treatment success after treating sPTRCT with injection of UA-
ADRCs can be predicted using the colony forming unit (CFU) assay15 and/or determination of cell surface 
markers using fluorescence-activated cell scanning20. In any case, these analyses take between several days 
(determination of surface markers) and more than 2 weeks (CFU assay). Thus, they are not suitable for clinical 
testing of the final cell suspension in clinical use of UA-ADRCs.

The limitations of the present study are the same as the limitations of the former study12: only a small sample 
of subjects suffering from sPTRCT was investigated, only a limited number of clinical examination methods was 
applied, no power analysis was carried out, and neither the subjects nor the physicians who performed treatment 
and the assessors who performed baseline and follow-up examinations were blinded (only the physicians who 
analyzed the MRI scans were blinded). We believe that the ongoing clinical trial40 will demonstrate with suf-
ficient statistical power that treatment of sPTRCT with injection of UA-ADRCs is more effective than treatment 
of sPTRCT with injection of corticosteroid.

Conclusions
The present investigation further supports treatment of sPTRCT with injection of UA-ADRCs. Once this therapy 
is approved in the US, clinicians should consider injection of UA-ADRCs instead of injection of corticosteroids. 
In the long run treatment of sPTRCT with injection of UA-ADRCs may delay or even prevent surgical treat-
ment of sPTRCT.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request, taking into account any confidentiality.
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