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Abstract

Knee osteoarthritis (OA) remains a common cause of knee pain and dysfunction. Stem cell-based injections have been
widely used for the treatment of knee OA, but the types and rates of post-injection complications are not well characterized.
We sought to characterize the type and severity of adverse events and quantify the frequency of adverse events associated
with stem cell injections used to treat knee OA. We conducted a systematic review that followed the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines. We searched the PubMed and the Cochrane library
databases for studies on adverse events and complications associated with stem cell-based therapies used to treat knee
OA published from January 2000 through June 2021. Inclusion criteria were the use of intra-articular autologous bone
marrow stem cells (BMSCs) or bone marrow aspirate concentrate (BMAC), autologous adipose-derived mesenchymal
stem cells (ADMSCs) including microfragmented lipoaspirate, concentrated adipose tissue, cultured stem cells, autologous
stromal vascular fraction (SVF), or umbilical or placental derived stem cells in human participants. Primary data extracted
from included studies were patient demographics, methods of treatment, and reported character, duration, and severity
of adverse events. A total of 427 studies were screened, and 48 studies were included, including randomized controlled
trials, prospective studies, and retrospective studies. Among the 1924 patients in the analysis, there was an overall 12.3%
rate of transient adverse events, the most frequent being swelling and pain at the injection site. Umbilical cord—derived
(51.7%) and cultured ADMSC (29.5%) injections had a significantly higher occurrence of these adverse events than BMSC
and SVF injections. No other adverse events, including infection, fat embolism, or medical complications, were reported.
Despite significant heterogeneity of the included studies in terms of the protocol, formulation, timing, and location of
injections, the findings of this systematic review suggest that, in the short term, treatment of knee OA with autologous
mesenchymal stem cell injections poses no risk of major complications (infection, sepsis, neoplasm, embolism, or death)
and poses moderate risk of swelling and pain at the injection site lasting less than 4 weeks. Further long-term studies are
needed to conclusively determine the safety profile of these injections.
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Osteoarthritis (OA) is the most common cause of degenera- arthroplasty presents many postoperative complications,
tive joint disease in the United States, with the knee being  posing the need for novel treatment methods [52]. Thus,
the most common joint affected by loss of function, pain, research into the use of stem cell-based therapies, both
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alone and in conjunction with current knee OA treatment
methods, has grown in the last decade [38].

To date, some studies on stem cell-based treatments for
treating knee OA have reported reduced pain, improved
function, and delayed operative intervention [4,8,43].
Treatments include injections of progenitor cells derived
from stromal vascular fraction (SVF), adipose, bone mar-
row, or umbilical cord blood [1,4,12,13,15,18]. Some of
these treatments involve techniques that expand cells or
alter the microcomposition of the cells prior to injection,
including cell culture, microfractionation, and collagenase
digestion [20,26,58]. There have also been outcomes
reported on the use of stem cell therapy in combination with
other therapies, including knee arthroscopy and associated
procedures, as well as HA or PRP injections [1,12,18,28,48].

With the wide range of sources, preparations, and appli-
cations for stem cell-based treatments for knee OA, the
risks of these treatments are unclear [12,13,15]. As a result,
a consensus on the general safety of stem cell therapies for
knee OA has not been established, and the various stem
cell-based treatments are not regulated by the US Food and
Drug Administration (FDA). As the population of patients
with knee OA continues to grow, the clinical utilization of
stem cell-based treatments for knee OA is expected to
increase. Therefore, it is important to characterize the risks
and safety profiles of these treatments [38].

The goal of this systematic review was to characterize
and quantify the reported adverse events and complications
associated with stem cell-based therapies used to treat knee
OA. The secondary goal was to identify differences in char-
acter, frequency, or severity of adverse events associated
with stem cell injections derived from different sources.
Our specific research questions were: What is the frequency
of adverse events associated with intra-articular stem cell
injections for knee OA? What is the character of these
adverse events, as described by severity, type of symptom,
and time course? Does the frequency or character of the
adverse events differ based on the source of the stem cell
injection? Do these injections show increased rates of
adverse events when paired with surgery, HA, or PRP
injections?

Methods
Search Strategy

This systematic review followed the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA)
guidelines (http://www.prisma-statement.org/). A thorough
search of the existing literature was performed for all com-
plications and adverse events related to stem cell-based
treatments for knee injuries and pathologies. The PubMed
and Cochrane Library digital databases were searched using
the keywords “AD-MSC,” “BM-MSC,” “adipose derived
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stem cells,” “stromal vascular fraction,” “multipotent mes-
enchymal stem cells,” and “knee.” In addition, the refer-
ences from any reviews and meta-analyses found in this
method were reviewed to identify any additional studies fit-
ting the inclusion criteria.

Eligibility Criteria

Our inclusion criteria were clinical studies published from
January 2000 through June 2021 reporting on the use of
intra-articular autologous bone marrow stem cells (BMSCs)
or bone marrow aspirate concentrate (BMAC); autologous
adipose-derived stem cells (ADMSCs) including micro-
fragmented lipoaspirate; concentrated adipose tissue; cul-
tured stem cells; autologous SVF; and umbilical or placental
derived stem cells in human participants. Only stem cell—
based intra-articular injection treatment was included, and
any treatment involving implanted scaffolds were excluded.
We excluded studies with fewer than 10 participants and
those published in a language other than English. In addi-
tion, animal studies, reviews, and responses or letters to the
editor were excluded, as were studies that included pathol-
ogy outside of knee OA.

Data Extraction

Study abstracts were screened using the inclusion and
exclusion criteria, and for those with abstracts fitting our
inclusion criteria, full text articles were screened. Analyzed
studies were separated into 3 categories: stem cell-based
injections alone, stem cell-based injections with PRP and/
or HA, and stem cell-based injections with surgical inter-
vention. Studies that used multiple sources of stem cell—
based biologics were analyzed separately, as were studies
pairing surgery and biologics. The reports were split into
these categories and qualitatively analyzed separately. This
was done to account for the effects from adjunctive surgical
or orthobiologic procedures, as well as any effects from the
combinations of these treatments.

Outcomes of Interest

Our primary outcomes of interest were the specific type,
number, and symptom duration for all reported adverse
events. Additional outcome measures included patient demo-
graphics and methods of treatment. When evaluating meth-
ods of treatment, stem cell harvest location, injection location,
concentration/preparation of cells, and patient population
were noted. This review addressed any adverse events
reported in studies, to the degree of detail specified regarding
duration and characteristic. Adverse events were defined as
any unintentional and unfavorable medical effect reported
within the study, including non-severe short-term adverse
events such as stiffness, weakness, swelling, and pain lasting
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Fig. 1. PRISMA flow diagram of included studies.

less than 4 weeks; non-severe long-term adverse events such
as pain and swelling lasting longer than 4 weeks; and severe
adverse events such as infection, sepsis, neoplasm, embo-
lism, and death. All statistical analysis was performed in the
R platform, with significance level P = .05.

Risk of Bias Assessment

Studies were evaluated for quality using the Methodological
Index for Non-Randomized Studies (MINORS) criteria and
the revised Cochrane risk-of-bias tool (RoB 2) for random-
ized trials [53]. The perfect MINORS criteria score for non-
comparative studies is 16 and for comparative studies is 26.
The RoB 2 rates bias as low risk, high risk, or some con-
cern. Two authors evaluated each study using the appropri-
ate assessment tool.

Results

The initial literature search identified 445 studies. After
screening, 48 studies involving 1924 patients matched our
criteria. Of the 48 studies included, 30 used stem cell-based
therapies alone, 12 used stem cell-based therapy in adjunct
to surgery, and 6 used stem cell-based therapy in adjunct to
PRP or HA injections (Fig. 1). Of note, many studies did not
include a specific time frame in which adverse events
occurred, nor did they note duration. Similarly, many stud-
ies did not report details of adverse events or complications.
All studies used in this review were level of evidence II
through I'V.

Studies were further analyzed based on formulation
type: 14 studies used cultured ADMSC (including micro-
fragmented lipoaspirate and cultured stem cells), 15 used
SVEF, 15 used BMSC, 2 used allogeneic stem cells derived
from umbilical cord blood (UC-SC), 1 used both bone

marrow and ADMSC, and 1 used SVF and ADMSC
(Supplemental Table 1). A majority of studies were random-
ized controlled trials (RCTs), case-control studies, large
case series, or cohort studies.

Of the 48 studies in our review, 30 investigated the results
of'isolated stem cell-based injection for knee OA. These stud-
ies included 1152 patients aged 18 to 80 years. Sample sizes
ranged from 10 to 21, with an average sample size of 33.3.
Seven of the studies used ADMSC [11,16,17,30,31,42,51,59],
9 used SVF [3,13,19,20,29,37,46,57,61], 10 used bone mar-
row—derived cells [1,2,6,12,15,40,45,48,50,54], and 2 used
allogeneic umbilical cord—derived cells [24,34]. One study
compared SVF and ADMSC and 1 study compared BMAC
and ADMSC [35,61]. Final follow-up ranged from 6 months
to 3 years after initial injection. Fourteen of the studies
reported stem cell counts that were within injection protocols,
ranging from 2 X 10° to 1 X 10% [1,6,11-13,16,17,29~
31,34,37,40,50,51,57,61]. Injection protocols ranged from
single injections to a series of 2 to 3 injections, taking place
over intervals between 3 and 48 weeks apart [51].

Among the 1152 patients receiving isolated stem cell
injections, the rate of reported adverse events was 14.9%.
The rates of adverse events in the various stem cell source
groups were 29.5%, 10.7%, 51.7%, and 8.1% for cultured
adipose, bone marrow, umbilical cord, and SVF, respec-
tively (Table 1). Compared with other sources, umbilical
cord (51.7%) and cultured ADMSC (29.5%) injections had
the highest rate of adverse events (P < .01).

The vast majority of the adverse events lasted less than 4
weeks, with the most common adverse event being swelling
and pain at the site of injection. Other transient adverse
events included pain and swelling at harvest site for the adi-
pose, SVF, and bone marrow—derived cells groups. In the
ADMSC group, 2 reported adverse events—pain and/or
swelling at the injection site [10]—lasted longer than 4
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Table |. Total adverse events by stem cell source.

Number Number of Number Number of
Parallel intervention Stem cell source  of studies patients of AE SAE Rate of AE Rate of SAE
None Adipose 9 244 72 0 29.50% 0%
(cultured)
None Bone marrow I 533 57 0 10.70% 0%
None Umbilical cord 2 29 15 0 51.70% 0%
None SVF 10 346 28 0 8.10% 0%
HA and/or PRP Bone marrow 3 68 15 0 22.10% 0%
HA and/or PRP SVF 3 345 37 0 10.70% 0%
Surgery Adipose 6 191 6 0 3.10% 0%
(cultured)
Surgery Bone marrow 2 74 0 0 0.00% 0%
Surgery SVF 3 94 6 0 6.40% 0%
Combined total 48 1924 236 0 12.26% 0%

Two studies with no parallel intervention used stem cells from different sources, in different patients. These patients and AE were split up,

respectively.

weeks. In the BMAC group, 1 study showed 4 cases of
swelling that lasted longer than 4 weeks [48]. In the SVF
and umbilical cord—derived groups, no adverse events last-
ing longer than 4 weeks were reported.

Six studies paired stem cell-based injections with con-
current PRP or HA injections. Sample size from studies in
the PRP/HA subgroup ranged from 12 to 242 and included
a total of 413 patients, ages 18 to 80 years. Five of these
studies used PRP [4,28,36,41,49], and 1 study used HA for
concurrent injection [28]. One of the PRP studies described
concomitant injection of “platelet rich in growth factors
(PRGF)” [42]. The follow-up time was at least 6 months for
all studies. Four of the studies reported cell counts, with a
range from 1.7 X 10° to 1 X 10% (Supplemental Table 1)
[4,27,28,49].

Among the 413 patients in this group, a 12.6% rate of
adverse events was reported, with 52 cases noted. No
adverse events lasting longer than 4 weeks were reported.
No complications that led to further surgical intervention or
hospitalization were noted. The rate of adverse event was
22.1% in the bone marrow—derived group and 10.7% in the
SVF group. The most common adverse event was articular
pain at the injection site (n = 25) and included articular pain
within 24 hours of infiltration [4,27,41].

Twelve studies investigated stem cell-based injections
combined with surgical procedures and included 359
patients aged 18 to 75 years. Concurrent surgical treatments
included diagnostic arthroscopy, arthroscopic debridement,
arthroscopic microfracture, and high tibial osteotomy
[25,33,44,56,60]. Six studies used adipose-derived stem
cells (ADSCs) [5,11,25,33,44,47], 2 studies used BMSC
[55,60], 3 studies used SVF [18,23,56], and 1 study used
both BMSC and ADMSC together [47]. Six studies per-
formed cell counts of the stem cell injections, with a range
of 1 X 10° to 1 X 108 [11,18,23,25,44,56]. Minimum

follow-up time ranged from 6 to 36 months, and sample
sizes ranged from 10 to 52 patients [44,47]. All surgical
procedures were performed for an indication of knee OA,
and all injections were performed intraoperatively.

Among the 359 patients in this group, there was a 4.7%
rate of adverse events reported, with 12 total cases noted.
No adverse events were reported lasting longer than 4
weeks. The rates of transient adverse events in each stem
cell-based source group were 3.1%, 0%, and 6.4%, for cul-
tured adipose, bone marrow, and SVF, respectively. All
adverse events lasted less than 4 weeks, the most common
being injection site pain and swelling.

Regarding bias assessment, non-randomized studies
evaluated using the MINORS criteria all had scores >10, a
majority between 12 and 15, indicating moderate to good
quality (Supplemental Table 2). In the RCTs evaluated
using the RoB 2, 2 studies showed high risk of bias, 3 stud-
ies showed some concern, while the remaining showed low
concern for bias (Supplemental Table 3). Risk-of-bias
assessment was performed on the 48 studies used in the
analysis, with evidence level II to I'V. Areas of possible bias
include attrition bias and performance bias.

Discussion

This systematic review found an absence of major compli-
cations reported in the short term with stem cell-based
injections for knee OA. However, within all treatment
groups, minor transient adverse events were noted, regard-
less of harvested stem cell source or concurrent therapy. An
overall combined adverse event rate of 12.3% was observed
among treatment groups; the most frequently reported was
short-term pain or swelling at the injection site. Most tran-
sient adverse events resolved within 1 week, suggesting that
adverse events may not be indicative of long-term tissue
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damage or morbidity, but long-term studies are needed
[17,19,30,31,51]. In addition, no serious complications
such as joint infection, sepsis, neoplasm, embolism, or
death were noted in any study included in this review, but
again further study is needed into the long-term complica-
tions of stem cell-based injections for knee OA.

This study has several limitations. First, treatment proto-
cols in the included studies displayed significant heteroge-
neity, including variations in injection protocol, formulation,
timing, and location. Second, reporting of timing, character,
and rate of adverse events varied significantly among stud-
ies, and thus statistical conclusions could not be drawn on
the rates of these issues among treatment groups. This pres-
ents an opportunity for future research to compare rates and
characteristics of adverse events depending on the formula-
tion of stem cell-based injection treatment. Third, given the
novelty of treatment, minimal long-term data was available
to evaluate for potential late complications, such as neo-
plasm. Finally, the studies used in this review present some
risk of bias, especially attrition and performance bias. As a
review of heterogencous studies including RCTs, cohort
studies, case-control studies, and large case series, a signifi-
cant proportion of the studies are level III or level IV evi-
dence. Further long-term studies will be needed to
conclusively evaluate the safety profile of these injections.

Among the stand-alone injections groups, observed rates
of transient adverse reactions for adipose-derived, bone
marrow—derived, SVF-derived, and umbilical cord—derived
stem cell groups were 29.5%, 10.7%, 8.1%, and 51.7%,
respectively. The data suggest that ADMSC and umbilical
cord—derived stem cells may be associated with higher rates
of short-term reactions. Of note, only the stand-alone stem
cell injection group reported pain and swelling lasting lon-
ger than 4 weeks, with rates of 0.82% and 0.75% in the
adipose-derived and bone marrow—derived groups, respec-
tively [10,48].

For the treatment group in which stem cell-based injec-
tions were given in conjunction with PRP or HA injections,
rates of adverse events were higher than those reported for
isolated stem cell-based therapy, suggesting that multiple
injections may increase the rate of local soft-tissue swelling
and pain. In isolation, both PRP and HA injections have
been shown to cause inflammation, pain, and effusion in the
knee [39]. However, no adverse events were reported to last
longer than 4 weeks, and no serious complications were
reported.

No substantial increase in the rate of adverse events was
reported when the stem cell-based injections were paired
with surgical procedures, with rates ranging from 0% for
bone marrow to 6.4% in studies using SVF. Of note, most
adverse events reported in the injection groups were for
pain and swelling at the injection site, which would be dif-
ficult to isolate from symptoms associated with concurrent
surgery. No long-term adverse reactions or increased rate of

surgical complications were reported when concurrent stem
cell injection was performed, suggesting that stem cell—
based injections may be administered safely in conjunction
with surgery; however, more research and higher level data
are needed on this topic.

Across all modes of treatment and stem cell formula-
tions, no reports of serious complications such as sepsis,
infection, neoplasm, hospitalization, or death were
described for nearly 2000 patients. This reflects the largest
review on the topic to date and demonstrates that these
injections may be safe to use in the treatment of knee OA.
Unfortunately, given the poor characterization of short-term
adverse events in the literature, no statistical conclusions
could be drawn regarding the relative rates of these events
between groups. Dedicated research comparing short-term
reactions to various injections is needed to definitively
characterize the relative profile of these reactions. Previous
studies have found that the rate of serious complications
following biologic injections, such as joint infections, is
higher than anticipated, while others have found no serious
complications following patients up to 2 years [7].

Underreporting and minimization of risks in the current
literature can lead to dangerous consequences for patients
treated with stem cell-based therapies [9]. Honest reporting
of complications and adverse events resulting from stem
cell-based injections is crucial to ascertain their effective-
ness and risk profiles; clinical utilization currently outpaces
the scientific evidence. Eliasberg et al [7] reported on 14
patients across the United States who experienced infection
or sterile inflammatory responses resulting from intra-artic-
ular injections, with umbilical cord blood being the most
common source of these infections. That study discussed a
lack of standardization and oversight as potential contribut-
ing factors to the serious complications observed in off-the-
shelf stem cell-based treatments. Other studies have shown
that stem cell-based injections demonstrate low risk, simi-
lar to the findings of this study. Song et al reported on the
efficacy and safety of stem cell-based injections for knee
OA. The review evaluated RCTs, cohort studies, and retro-
spective studies, including 584 patients and 15 studies [52].
No significant complications were reported across all stud-
ies. Like this present study, Song’s review noted reports of
transient adverse events such as pain, bleeding, swelling,
and additional symptoms at the injection site. Meta-analysis
found no statistical difference in the frequency of these
adverse events between control and treatment groups.
Gobbi et al [14] reported on adverse events of autologous
microfragmented adipose tissue injections with long-term
follow-up, finding a rate of 12.5% short-term bruising last-
ing less than 3 days, and no major adverse event on 2-year
follow-up. Jiang et al published a meta-analysis evaluating
9 randomized controlled trials using mesenchymal stem cell
(MSC) injections from multiple sources to treat knee OA.
This study demonstrated a similar safety profile between
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MSCs harvested from different sources, and no statistical
difference in minor adverse events between control groups
and treatment groups. One case of infection was reported in
this study, which was characterized as a significant adverse
event [22]. When comparing the safety of stem cell-based
injections with other commonly used injection, stem cell—
based injections appear to pose no increased risk. Meta-
analysis review of adverse event rates with other commonly
used injections by Ma et al [32] found adverse event rates
for HA injections of around 27.7%, and event rates for cor-
ticosteroid injections of around 14.3%.

In conclusion, this systematic review of 48 studies found
nearly 2000 patients treated with stem cell-based injec-
tions, with no reports of serious complications such as sep-
sis, infection, neoplasm, hospitalization, or death. This
result was observed when stem cell-based injections were
given in isolation and when combined with concurrent sur-
gery or HA/PRP injections. The rate of transient adverse
events across all studies was 12.3%, and the highest rate of
adverse events occurred after isolated umbilical cord
(51.7%) and cultured ADMSC (29.5%) injections. This
review suggests that the treatment of knee OA with autolo-
gous mesenchymal stem cell injections is safe in the short
term; however, further studies are needed to better quantify
their short-term adverse events and confirm long-term
safety.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of this
article: Dean Wang, MD, reports relationships with American
Academy of Orthopaedic Surgeons, American Orthopaedic
Society for Sports Medicine, Arthrex, Cartilage Inc., Immunis,
International Cartilage Regeneration & Joint Preservation Society,
Mitek, Newclip, National Institutes of Health, Overture
Orthopaedics, and Vericel. The other authors report no potential
conflicts of interest.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

Human/Animal Rights

All procedures followed were in accordance with the ethical stan-
dards of the responsible committee on human experimentation
(institutional and national) and with the Helsinki Declaration of
1975, as revised in 2013.

Informed Consent

Informed consent was not required for this systematic review.

Level of Evidence

Level IV, systematic review of level II-1V studies

Required Author Forms

Disclosure forms provided by the authors are available with the
online version of this article as supplemental material.

ORCID iD

Maddison McLellan https://orcid.org/0000-0002-2803-8284

Supplemental Material

Supplemental material for this article is available online.

References

1. Al-Najar M, Khalil H, Al-Ajlouni J, et al. Intra-articular injec-
tion of expanded autologous bone marrow mesenchymal cells
in moderate and severe knee osteoarthritis is safe: a phase
/1T study. J Orthop Surg Res. 2017;12(1):1-6. https://doi.
org/10.1186/s13018-017-0689-6.

2. Anz AW, Hubbard R, Rendos NK, Everts PA, Andrews
JR, Hackel JG. Bone marrow aspirate concentrate is
equivalent to platelet-rich plasma for the treatment of
knee osteoarthritis at 1 year: a prospective, randomized
trial. Orthop J Sports Med. 2020;8(2):1-9. https://doi.
org/10.1177/2325967119900958.

3. Barfod KW, Blend L. Treatment of osteoarthritis with
autologous and microfragmented adipose tissue. Dan Med J.
2019;66(10):1-5.

4. Bastos R, Mathias M, Andrade R, et al. Intra-articular
injections of expanded mesenchymal stem cells with
and without addition of platelet-rich plasma are safe
and effective for knee osteoarthritis. Knee Surg Sports
Traumatol Arthrosc. 2018;26(11):3342-3350. https://doi.
org/10.1007/s00167-018-4883-9.

5. Cattaneo G, De Caro A, Napoli F, Chiapale D, Trada P,
Camera A. Micro-fragmented adipose tissue injection asso-
ciated with arthroscopic procedures in patients with symp-
tomatic knee osteoarthritis. BMC Musculoskelet Disord.
2018;19(1):1-7. https://doi.org/10.1186/s12891-018-2105-8.

6. Chahal J, Gomez-Aristizabal A, Shestopaloff K, et al. Bone
marrow mesenchymal stromal cell treatment in patients with
osteoarthritis results in overall improvement in pain and
symptoms and reduces synovial inflammation. Stem Cells
Transl Med. 2019;8(8):746—757. https://doi.org/10.1002/
sctm.18-0183.

7. Eliasberg CD, Nemirov DA, Mandelbaum BR, et al
Complications following biologic therapeutic injections: a
multicenter case series. Arthroscopy. 2021;37(8):2600-2605.
https://doi.org/10.1016/j.arthro.2021.03.065.

8. Fodor PB, Paulseth SG. Adipose Derived Stromal Cell
(ADSC) injections for pain management of osteoarthritis in
the human knee joint. desthet Surg J. 2016;36(2):229-236.
https://doi.org/10.1093/asj/sjv135.

9. Freedman KB. Editorial commentary: risks of biologic thera-
pies in sports medicine: landmines on the road to the Holy Grail.
Arthroscopy. 2021;37(8):2606-2607. https://doi.org/10.1016/j.
arthro.2021.06.003.

10. Freitag J, Bates D, Wickham J, et al. Adipose-derived mesen-
chymal stem cell therapy in the treatment of knee osteoarthritis:


https://orcid.org/0000-0002-2803-8284
https://doi.org/10.1186/s13018-017-0689-6
https://doi.org/10.1186/s13018-017-0689-6
https://doi.org/10.1177/2325967119900958
https://doi.org/10.1177/2325967119900958
https://doi.org/10.1007/s00167-018-4883-9
https://doi.org/10.1007/s00167-018-4883-9
https://doi.org/10.1186/s12891-018-2105-8
https://doi.org/10.1002/sctm.18-0183
https://doi.org/10.1002/sctm.18-0183
https://doi.org/10.1016/j.arthro.2021.03.065
https://doi.org/10.1093/asj/sjv135
https://doi.org/10.1016/j.arthro.2021.06.003
https://doi.org/10.1016/j.arthro.2021.06.003

Riggle et al

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

a randomized controlled trial. Regen Med. 2019;14(3):213—
230. https://doi.org/10.2217/rme-2018-0161.

Freitag J, Wickham J, Shah K, Li D, Norsworthy C, Tenen A.
Mesenchymal stem cell therapy combined with arthroscopic
abrasion arthroplasty regenerates cartilage in patients with severe
knee osteoarthritis: a case series. Regen Med. 2020;15(8):1957—
1977. https://doi.org/10.2217/rme-2020-0128.

Garay-Mendoza D, Villarreal-Martinez L, Garza-Bedolla A,
et al. The effect of intra-articular injection of autologous bone
marrow stem cells on pain and knee function in patients with
osteoarthritis. /nt J Rheum Dis. 2018;21(1):140-147. https://
doi.org/10.1111/1756-185X.13139.

Garza JR, Campbell RE, Tjoumakaris FP, et al. Clinical efficacy
of intra-articular mesenchymal stromal cells for the treatment of
knee osteoarthritis: a double-blinded prospective randomized
controlled clinical trial. Am J Sports Med. 2020;48(3):588-598.
https://doi.org/10.1177/0363546519899923.

Gobbi A, Dallo I, D’Ambrosi R. Autologous microfrag-
mented adipose tissue and leukocyte-poor platelet-rich
plasma combined with hyaluronic acid show comparable clin-
ical outcomes for symptomatic early knee osteoarthritis over a
two-year follow-up period: a prospective randomized clinical
trial. Eur J Orthop Surg Traumato. 2023;33(5):1895-1904.
https://doi.org/10.1007/s00590-022-03356-2.

. Goncars V, Kalnberzs K, Jakobsons E, et al. Treatment of

knee osteoarthritis with bone marrow—derived mononuclear
cell injection: 12-month follow-up. Cartilage.2019;10(1):26—
35. https://doi.org/10.1177/1947603517746721.

Hernigou P, Auregan JC, Dubory A, Flouzat-Lachaniette
CH, Chevallier N, Rouard H. Subchondral stem cell therapy
versus contralateral total knee arthroplasty for osteoarthritis
following secondary osteonecrosis of the knee. Int Orthop.
2018;42(11):2563-2571. https://doi.org/10.1007/s00264-018-
3916-9.

Higuchi J, Yamagami R, Matsumoto T, et al. Associations of
clinical outcomes and MRI findings in intra-articular admin-
istration of autologous adipose-derived stem cells for knee
osteoarthritis. Regen Ther. 2020;14:332-340. https://doi.
org/10.1016/j.reth.2020.04.003.

Hong Z, Chen J, Zhang S, et al. Intra-articular injection of
autologous adipose-derived stromal vascular fractions for
knee osteoarthritis: a double-blind randomized self-con-
trolled trial. Int Orthop. 2019;43(5):1123—1134. https://doi.
org/10.1007/s00264-018-4099-0.

Hudetz D, Bori¢ I, Rod E, et al. Early results of intra-artic-
ular micro-fragmented lipoaspirate treatment in patients
with late stages knee osteoarthritis: a prospective study.
Croat Med J. 2019;60(3):227-236. https://doi.org/10.3325/
cm;j.2019.60.227.

Hudetz D, Bori¢ I, Rod E, et al. The effect of intra-articular
injection of autologous microfragmented fat tissue on proteo-
glycan synthesis in patients with knee osteoarthritis. Genes.
2017;8(10):270. https://doi.org/10.3390/genes8100270.
Hussain SM, Neilly DW, Baliga S, Patil S, Meck RMD. Knee
osteoarthritis: a review of management options. Scott Med J.
2016;61(1):7-16. https://doi.org/10.1177/0036933015619588.
Jiang P, Mao L, Qiao L, Lei X, Zheng Q, Li D. Efficacy and
safety of mesenchymal stem cell injections for patients with

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

osteoarthritis: a meta-analysis and review of RCTs. Arch
Orthop Trauma Surg. 2021;141(7):1241-1251. https://doi.
org/10.1007/s00402-020-03703-0.

Jo CH, Lee YG, Shin WH, et al. Intra-articular injection of
mesenchymal stem cells for the treatment of osteoarthri-
tis of the knee: a proof-of-concept clinical trial. Stem Cells.
2014;32(5):1254-1266. https://doi.org/10.1002/stem.1634.
Khalifeh Soltani S, Forogh B, Ahmadbeigi N, et al.
Safety and efficacy of allogenic placental mesenchymal
stem cells for treating knee osteoarthritis: a pilot study.
Cytotherapy. 2019;21(1):54—63. https://doi.org/10.1016/j.
jeyt.2018.11.003.

Kim YS, Koh YG. Comparative matched-pair analysis of
open-wedge high tibial osteotomy with versus without an
injection of adipose-derived mesenchymal stem cells for varus
knee osteoarthritis: clinical and second-look arthroscopic
results. Am J Sports Med. 2018;46(11):2669-2677. https://
doi.org/10.1177/0363546518785973.

Lacey J, Corbett J, Forni L, et al. A multidisciplinary consen-
sus on dehydration: definitions, diagnostic methods and clini-
cal implications. Ann Med. 2019;51(3—4):232-251. https://
doi.org/10.1080/07853890.2019.1628352.

Lamo-Espinosa JM, Blanco JF, Sanchez M, et al. Phase II
multicenter randomized controlled clinical trial on the effi-
cacy of intra-articular injection of autologous bone marrow
mesenchymal stem cells with platelet rich plasma for the
treatment of knee osteoarthritis. J Transi Med. 2020;18(1):1—
9. https://doi.org/10.1186/s12967-020-02530-6.
Lamo-Espinosa JM, Mora G, Blanco JF, et al. Intra-articular
injection of two different doses of autologous bone marrow
mesenchymal stem cells versus hyaluronic acid in the treat-
ment of knee osteoarthritis: multicenter randomized con-
trolled clinical trial (phase I/I1). J Trans! Med. 2016;14(1):1-9.
https://doi.org/10.1186/s12967-016-0998-2.

Lapuente JP, Dos-Anjos S, Blazquez-Martinez A. Intra-
articular infiltration of adipose-derived stromal vascular frac-
tion cells slows the clinical progression of moderate-severe
knee osteoarthritis: hypothesis on the regulatory role of intra-
articular adipose tissue. J Orthop Surg Res. 2020;15(1):1-9.
https://doi.org/10.1186/s13018-020-01664-z.

Lee WS, Kim HJ, Kim K, Kim GB, Jin W. Intra-articular
injection of autologous adipose tissue-derived mesenchymal
stem cells for the treatment of knee osteoarthritis: a phase
IIb, randomized, placebo-controlled clinical trial. Stem Cells
Transl Med. 2019;8(6):504—511. https://doi.org/10.1002/
sctm.18-0122.

Lu L, Dai C, Zhang Z, et al. Treatment of knee osteoarthritis
with intra-articular injection of autologous adipose-derived
mesenchymal progenitor cells: a prospective, randomized,
double-blind, active-controlled, phase IIb clinical trial. Stem
Cell Res Ther. 2019;10(1):1-10. https://doi.org/10.1186/
s13287-019-1248-3.

Ma X, Long Kuang M, Jie Zhao J, et al. Efficacy and safety
of intraarticular hyaluronic acid and corticosteroid for knee
osteoarthritis: a meta-analysis. Int J Surgery. 2017;39:95—
103. https://doi.org/10.1016/j.ijsu.2017.01.087.

Magnanelli S, Screpis D, Di Benedetto P, Natali S, Causero
A, Zorzi C. Open-wedge high tibial osteotomy associated


https://doi.org/10.2217/rme-2018-0161
https://doi.org/10.2217/rme-2020-0128
https://doi.org/10.1111/1756-185X.13139
https://doi.org/10.1111/1756-185X.13139
https://doi.org/10.1177/0363546519899923
https://doi.org/10.1007/s00590-022-03356-2
https://doi.org/10.1177/1947603517746721
https://doi.org/10.1007/s00264-018-3916-9
https://doi.org/10.1007/s00264-018-3916-9
https://doi.org/10.1016/j.reth.2020.04.003
https://doi.org/10.1016/j.reth.2020.04.003
https://doi.org/10.1007/s00264-018-4099-0
https://doi.org/10.1007/s00264-018-4099-0
https://doi.org/10.3325/cmj.2019.60.227
https://doi.org/10.3325/cmj.2019.60.227
https://doi.org/10.3390/genes8100270
https://doi.org/10.1177/0036933015619588
https://doi.org/10.1007/s00402-020-03703-0
https://doi.org/10.1007/s00402-020-03703-0
https://doi.org/10.1002/stem.1634
https://doi.org/10.1016/j.jcyt.2018.11.003
https://doi.org/10.1016/j.jcyt.2018.11.003
https://doi.org/10.1177/0363546518785973
https://doi.org/10.1177/0363546518785973
https://doi.org/10.1080/07853890.2019.1628352
https://doi.org/10.1080/07853890.2019.1628352
https://doi.org/10.1186/s12967-020-02530-6
https://doi.org/10.1186/s12967-016-0998-2
https://doi.org/10.1186/s13018-020-01664-z
https://doi.org/10.1002/sctm.18-0122
https://doi.org/10.1002/sctm.18-0122
https://doi.org/10.1186/s13287-019-1248-3
https://doi.org/10.1186/s13287-019-1248-3
https://doi.org/10.1016/j.ijsu.2017.01.087

8 HSS Journal®: The Musculoskeletal Journal of Hospital for Special Surgery 00(0)
with lipogems® intra-articular injection for the treatment of 46. Santoprete S, Marchetti F, Rubino C, et al. Fresh autologous
varus knee osteoarthritis—retrospective study. Acta Biomed. stromal tissue fraction for the treatment of knee osteoarthritis
2020;91(4):1-7. https://doi.org/10.23750/abm.v91i14-S.10992. related pain and disability. Orthop Rev. 2021;13(1):44-47.

34. Matas J, Orrego M, Amenabar D, et al. Umbilical cord- https://doi.org/10.4081/0r.2021.9161.
derived mesenchymal stromal cells (MSCs) for knee osteoar- 47. Schiavone Panni A, Vasso M, Braile A, et al. Preliminary
thritis: repeated MSC dosing is superior to a single MSC dose results of autologous adipose-derived stem cells in early
and to hyaluronic acid in a controlled randomized phase I/11 knee osteoarthritis: identification of a subpopulation with
trial. Stem Cells Transl Med. 2019;8(3):215-224. https://doi. greater response. Int Orthop. 2019;43(1):7-13. https://doi.
org/10.1002/sctm.18-0053. org/10.1007/s00264-018-4182-6.

35. Mautner K, Bowers R, Easley K, Fausel Z, Robinson R. 48. Shapiro SA, Kazmerchak SE, Heckman MG, Zubair AC,
Functional outcomes following microfragmented adipose O’Connor MI. A prospective, single-blind, placebo-con-
tissue versus bone marrow aspirate concentrate injections trolled trial of bone marrow aspirate concentrate for knee
for symptomatic knee osteoarthritis. Stem Cells Transl Med. osteoarthritis. Am J Sports Med. 2017;45(1):82-90. https://
2019;8(11):1149—1156. https://doi.org/10.1002/sctm.18-0285. doi.org/10.1177/0363546516662455.

36. Mehling B, Hric M, Salatkova A, et al. A retrospective 49. Simunec D, Salari H, Meyer J. Treatment of grade 3 and 4
study of stromal vascular fraction cell therapy for osteoar- osteoarthritis with intraoperatively separated adipose tissue-
thritis. J Clin Med Res. 2020;12(11):747-751. https://doi. derived stromal vascular fraction: a comparative case series.
org/10.14740/jocmr4354. Cells. 2020;9(9):2096. https://doi.org/10.3390/cells9092096.

37. Michalek J, Vrablikova A, Darinskas A, et al. Stromal vascular 50. Soler R, Orozco L, Munar A, et al. Final results of a phase
fraction cell therapy for osteoarthritis in elderly: multicenter I-I trial using ex vivo expanded autologous mesenchy-
case-control study. J Clin Orthop Trauma.2019;10(1):76-80. mal stromal cells for the treatment of osteoarthritis of the
https://doi.org/10.1016/j.jcot.2018.11.010. knee confirming safety and suggesting cartilage regenera-

38. Mora JC, Przkora R, Cruz-Almeida Y. Knee osteoarthritis: tion. Knee. 2016;23(4):647—654. https://doi.org/10.1016/j.
pathophysiology and current treatment modalities. J Pain Res. knee.2015.08.013.
2018;11:2189-2196. https://doi.org/10.2147/JPR.S154002. 51. Song Y, Du H, Dai C, et al. Human adipose-derived mes-

39. Ong KL, Runa M, Xiao Z, Ngai W, Lau E, Altman RD. Severe enchymal stem cells for osteoarthritis: a pilot study with
acute localized reactions following intra-articular hyaluronic long-term follow-up and repeated injections. Regen Med.
acid injections in knee osteoarthritis. Cartilage. 2021;13(suppl 2018;13(3):295-307. https://doi.org/10.2217/rme-2017-0152.
1):1474S—14868. https://doi.org/10.1177/1947603520905113. 52. Song Y, Zhang J, Xu H, et al. Mesenchymal stem cells in

40. Orozco L, Munar A, Soler R, et al. Treatment of knee osteo- knee osteoarthritis treatment: a systematic review and meta-
arthritis with autologous mesenchymal stem cells: a pilot analysis. J Orthop Translat. 2020;24:121-130. https://doi.
study. Transplantation. 2013;95(12):1535-1541. https://doi. org/10.1016/j.j0t.2020.03.015.
org/10.1097/TP.0b013e318291a2da. 53. Sterne JAC, Savovi¢ J, Page MJ, et al. RoB 2: a revised

41. Pak J, Chang JJ, Lee JH, Lee SH. Safety reporting on tool for assessing risk of bias in randomised trials. BMJ.
implantation of autologous adipose tissue-derived stem 2019;366:14898. https://doi.org/10.1136/bm;.14898.
cells with platelet-rich plasma into human articular joints. 54. Themistocleous GS, Chloros GD, Kyrantzoulis 1M, et al.
BMC Musculoskelet Disord. 2013;14:337. https://doi. Effectiveness of a single intra-articular bone marrow aspirate
org/10.1186/1471-2474-14-337. concentrate (BMAC) injection in patients with grade 3 and 4

42. Pers YM, Rackwitz L, Ferreira R, et al; ADIPOA Consortium. knee osteoarthritis. Heliyon. 2018;4(10):¢00871. https://doi.
Adipose mesenchymal stromal cell-based therapy for severe org/10.1016/j.heliyon.2018.e00871.
osteoarthritis of the knee: a phase I dose-escalation trial. Stem 55. Toan DD, Binh NT, Dung TT, et al. The effectiveness
Cells Transl Med. 2016;5(7):847-856. https://doi.org/10.5966/ of knee osteoarthritis treatment by arthroscopic micro-
sctm.2015-0245. fracture technique in combination with autologous bone

43. Prodromos C, Rumschlag T. Injection of autologous mes- marrow stem cells transplantation. J Back Musculoskelet
enchymal cells for the treatment of arthritis has so far Rehabil. 2020;33(3):397—403. https://doi.org/10.3233/BM
been found to be completely safe. Curr Stem Cell Res R-191665.

Ther. 2021;16:1-8. https://doi.org/10.2174/1574888x1666 56. Tran TDX, Wu CM, Dubey NK, et al. Time- and Kellgren—
6210224145104. Lawrence grade-dependent changes in intra-articularly trans-

44. Qiao Z, TangJ, Yue B, et al. Human adipose-derived mesenchy- planted stromal vascular fraction in osteoarthritic patients.
mal progenitor cells plus microfracture and hyaluronic acid for Cells. 2019;8(4):308. https://doi.org/10.3390/cells8040308.
cartilage repair: a phase Ila trial. Regen Med. 2020;15(1):1193— 57. Tsubosaka M, Matsumoto T, Sobajima S, Matsushita T,
1214. https://doi.org/10.2217/rme-2019-0068. Iwaguro H, Kuroda R. The influence of adipose-derived stro-

45. Rajput B. Retrospective analysis of role of autologous mal vascular fraction cells on the treatment of knee osteoar-
bone marrow derived mononuclear stem cells in the man- thritis. BMC Musculoskelet Disord. 2020;21(1):207. https:/
agement of degenerative arthritis of knee. J Stem Cell doi.org/10.1186/s12891-020-03231-3.

Res Ther. 2018;4(2):21-27. https://doi.org/10.15406/jsrt. 58. Vasso M, Antoniadis A, Helmy N. Update on unicompart-

2018.04.00109.

mental knee arthroplasty: current indications and failure


https://doi.org/10.23750/abm.v91i14-S.10992
https://doi.org/10.1002/sctm.18-0053
https://doi.org/10.1002/sctm.18-0053
https://doi.org/10.1002/sctm.18-0285
https://doi.org/10.14740/jocmr4354
https://doi.org/10.14740/jocmr4354
https://doi.org/10.1016/j.jcot.2018.11.010
https://doi.org/10.2147/JPR.S154002
https://doi.org/10.1177/1947603520905113
https://doi.org/10.1097/TP.0b013e318291a2da
https://doi.org/10.1097/TP.0b013e318291a2da
https://doi.org/10.1186/1471-2474-14-337
https://doi.org/10.1186/1471-2474-14-337
https://doi.org/10.5966/sctm.2015-0245
https://doi.org/10.5966/sctm.2015-0245
https://doi.org/10.2174/1574888x16666210224145104
https://doi.org/10.2174/1574888x16666210224145104
https://doi.org/10.2217/rme-2019-0068
https://doi.org/10.15406/jsrt.2018.04.00109
https://doi.org/10.15406/jsrt.2018.04.00109
https://doi.org/10.4081/or.2021.9161
https://doi.org/10.1007/s00264-018-4182-6
https://doi.org/10.1007/s00264-018-4182-6
https://doi.org/10.1177/0363546516662455
https://doi.org/10.1177/0363546516662455
https://doi.org/10.3390/cells9092096
https://doi.org/10.1016/j.knee.2015.08.013
https://doi.org/10.1016/j.knee.2015.08.013
https://doi.org/10.2217/rme-2017-0152
https://doi.org/10.1016/j.jot.2020.03.015
https://doi.org/10.1016/j.jot.2020.03.015
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1016/j.heliyon.2018.e00871
https://doi.org/10.1016/j.heliyon.2018.e00871
https://doi.org/10.3233/BMR-191665
https://doi.org/10.3233/BMR-191665
https://doi.org/10.3390/cells8040308
https://doi.org/10.1186/s12891-020-03231-3
https://doi.org/10.1186/s12891-020-03231-3

Riggle et al

59.

60.

modes. EFORT Open Rev. 2018;3(8):442-448. https://doi.
org/10.1302/2058-5241.3.170060.

Willis-Owen CA, Brust K, Alsop H, Miraldo M, Cobb JP.
Unicondylar knee arthroplasty in the UK National Health
Service: an analysis of candidacy, outcome and cost effi-
cacy. Knee. 2009;16(6):473—-478. https://doi.org/10.1016/j.
knee.2009.04.006.

Wong KL, Lee KBL, Tai BC, Law P, Lee EH, Hui JHP.
Injectable cultured bone marrow-derived mesenchymal stem

61.

cells in varus knees with cartilage defects undergoing high tib-
ial osteotomy: a prospective, randomized controlled clinical
trial with 2 years’ follow-up. Arthroscopy.2013;29(12):2020—
2028. https://doi.org/10.1016/j.arthro.2013.09.074.

Yokota N, Yamakawa M, Shirata T, Kimura T, Kaneshima H.
Clinical results following intra-articular injection of adipose-
derived stromal vascular fraction cells in patients with osteo-
arthritis of the knee. Regen Ther. 2017;6:108—112. https://doi.
org/10.1016/j.reth.2017.04.002.


https://doi.org/10.1302/2058-5241.3.170060
https://doi.org/10.1302/2058-5241.3.170060
https://doi.org/10.1016/j.knee.2009.04.006
https://doi.org/10.1016/j.knee.2009.04.006
https://doi.org/10.1016/j.arthro.2013.09.074
https://doi.org/10.1016/j.reth.2017.04.002
https://doi.org/10.1016/j.reth.2017.04.002



