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Abstract: The use of minimally manipulated adipose tissue (MM-AT) products is gaining increasing
interest for the treatment of knee osteoarthritis (OA). MM-AT represents an easy way to exploit
adipose tissue properties, although clinical evidence is still limited, as well as their benefits with
respect to more documented orthobiologics like platelet-rich plasma (PRP). A systematic review and
meta-analysis were performed to evaluate the safety and efficacy of MM-AT products for knee OA
management. The risk of bias of the included studies was evaluated using the Dawns and Black
checklist for all the included studies and RoB-2.0 for randomized controlled trials (RCTs). Thirty-three
clinical studies were included in the qualitative analysis: 13 prospective case series, 10 retrospective
case series, 7 RCTs, 2 retrospective comparative studies, and 1 prospective comparative study. An
overall clinical improvement and few minor adverse events were observed. Five RCTs comparing
MM-AT and PRP injections were meta-analyzed, showing comparable results. The analysis also
highlighted the limits of the literature, with only a few high-level trials and an overall low quality.
Even though the current literature is still limited, the available evidence suggests the safety and
overall positive results of the intra-articular injections of MM-AT products for knee OA treatment.

Keywords: adipose tissue; minimally manipulated; micro-fragmented adipose tissue; platelet-rich
plasma; knee; osteoarthritis

1. Introduction

Osteoarthritis (OA) is a chronic, degenerative, and inflammatory joint pathology
representing one of the most disabling diseases and one of the major causes of pain,
reducing patient quality of life and affecting daily living activities [1]. OA prevalence is
increasing over time due to aging, a higher obesity rate, and more frequent sport-related
injuries in the world population [2,3]. Consequently, the number of OA patients requiring
treatment is on the rise. Unfortunately, the available therapeutic strategies often fail to
alleviate patient symptoms, nor alter OA progression [4–6]. This leads patients to require
joint replacement surgery, which is not free from risks and should be reserved instead
for older patients with advanced stages of OA [7,8]. In this context, research efforts have
been made to find new minimally invasive therapeutic solutions for the management of
patients affected by OA. Among these, growing interest is increasingly on the development
of orthobiologic minimally manipulated disease-modifying therapies, including treatments
based on the use of platelet-rich plasma (PRP) and, more recently, mesenchymal stromal
cells (MSCs) [9].
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MSCs show multi-lineage differentiation, self-renewal, immunomodulatory abil-
ities [10], and trophic activity by releasing growth factors and anti-inflammatory cy-
tokines [11]. MSCs can be harvested from several different tissues and, while bone marrow
has been the most commonly used source [12], adipose tissue is gaining increasing interest
thanks to its numerous advantages over bone marrow, being harvested with lower discom-
fort and possessing a higher MSC concentration [13–15]. Adipose tissue-derived injectable
products demonstrated disease-modifying effects in preclinical studies on OA models,
providing objective improvements at both cartilage and synovial membrane levels [16].
In preclinical and clinical scenarios, in vitro culture-expanded MSCs from adipose tissue
(ADSCs) have been employed in musculoskeletal diseases [17]. However, their clinical
use is complicated by legislation requirements, entail a procedure with two surgical steps
(one for cell harvesting and one for injection), take a long time (nearly 2 weeks for culture
expansion), and need specialized laboratories (cell factories) [15]. To overcome these issues,
several companies have developed medical devices to obtain minimally manipulated adi-
pose tissue (MM-AT) products to be injected into the joint in the same surgical session, in a
one-step procedure [18]. These products contain not only ADSCs, but also a heterogeneous
group of other cells including pericytes (precursor of MSCs) [19], as well as growth factors,
cytokines, and angiogenic factors that concur to enhance their therapeutic potential [20].
MM-AT can represent an easy way to exploit adipose tissue properties for the treatments of
OA, although clinical evidence is still limited, as well as their benefits with respect to more
documented orthobiologic procedures like PRP [21,22].

The aim of this study was to analyse the current literature to understand whether MM-
AT injection could represent a safe and effective procedure, with higher clinical potential
compared to PRP for the treatment of patients with knee OA.

2. Materials and Methods
2.1. Data Source and Searches

A search was performed on 06 June 2023 on the following databases, with no time
limits and without any filters: PubMed, Embase, and Web of Science. The following
string was applied: (adipose-derived OR micro-fra* adipose tissue OR microfra* adipose
tissue OR stromal vascular fraction OR SVF) AND (osteoarthritis) AND (knee). Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were
used and a flowchart of the study selection for qualitative and quantitative data synthesis
is reported in Figure 1.

2.2. Study Selection

Duplicates were removed through EndNote. Then, the articles were screened by
reading the title and abstract according to the following inclusion criteria: clinical studies of
any level of evidence, that enrolled more than five patients (case reports with fewer patients
were excluded), written in English, on the intra-articular injective treatment with MM-AT
for knee joints affected by OA of all grades. Clinical studies with associated treatments,
both orthobiologic and surgical ones, were included. Articles were excluded if they were
preclinical studies, reviews, book chapters, comments, or technical notes, as well as all
procedures that concentrated on adipose tissue with different techniques than mechanical
ones, such as those that injected culture-expanded MSCs or stromal vascular fraction (SVF)
obtained through enzymatic digestion. Subsequently, the full texts of articles were read in
case not enough information could be retrieved from the abstracts, using the inclusion and
exclusion criteria listed above. The article selection process was independently performed
by two authors (FV and MS) with disagreement on study eligibility solved by a third
author (LA).
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Figure 1. PRISMA flowchart of the study selection process.

2.3. Data Extraction

Relevant data were independently extracted and collected using a standardized ex-
traction form by two authors (FV and MS). The collected relevant data concerned reference,
study type and blinding, type of adipose product and device used, injected amount, ul-
trasound (US) guidance, associated treatments, control group, patients’ characteristics
(number, sex, age, and body mass index—BMI), number of joints, OA grade, final follow-
up, and main results.

2.4. Risk of Bias

The risk of bias of the studies was assessed independently by two authors (FV and
MS) with disagreements resolved by consensus with a third author (AB), using the Dawns
and Black checklist [23] for all the included studies and the revised tool for risk of bias in
randomized trials (RoB 2.0) [24] approved by the Cochrane collaboration group for the
RCTs included in the study.

2.5. Quantitative Synthesis and Statistical Analysis

A level I meta-analysis was performed on the RCTs to analyze the outcome of MM-AT
injection (treatment group) in comparison with PRP (control group). Statistical analysis
and a forest plot were carried out according to Neyeloff et al. using the Meta XL tool
for Microsoft Excel. The analysis was carried out using random effects [25] for weighted
mean difference of the continuous variables. A statistical test for heterogeneity was first
conducted with the Cochran Q statistic and I2 metric, which considered the presence
of significant heterogeneity with I2 values ≥ 25%. When no heterogeneity was found
with I2 < 25%, a fixed-effect model was used to estimate the expected values and 95% Cis;
otherwise, a random-effect model was applied, and an I2 metric was evaluated for a random
effect to check the correction of heterogeneity. Comparisons among the groups were based
on the analysis of variance [26] of the difference between basal and follow-up score (mean
difference-MD). All statistical analysis was carried out with Microsoft Excel 2010.
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3. Results

As shown in Figure 1, the database search identified 1193 records (282 were found
in PubMed, 518 in Embase, and 393 in Web of Science). After duplicate removal, the rest
of the articles (n = 666) were evaluated by reviewing titles and abstracts according to the
inclusion/exclusion criteria, and 54 full-text articles were assessed for eligibility. Among
these, 21 articles were excluded because they were congress abstracts (n = 2), editorial
comments (n = 1), and about adipose products obtained without mechanical processing
(n = 18) with collagenase or other enzymatic digestion. Thus, a total of 33 studies were
included in the qualitative analysis and 5 of them in the quantitative synthesis (meta-
analysis) (Table 1).

3.1. Study Type

The included studies were published between 2017 and 2023, with a peak in 2022
(n = 11 studies) (Figure 2). Ten studies were comparative trials: prospective RCTs (n = 7),
retrospective comparative studies (n = 2), and a prospective comparative study (n = 1).
The others were prospective case series (n = 13) and retrospective case series (n = 10). The
studies were prevalently not blinded (n = 26); 6 studies were single blinded (n = 6) for the
statistician (n = 1), clinical assessor (n = 4), and radiologist (n = 1), and, in one study, the
blinding was not reported.
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Table 1. Characteristics of the clinical studies on MM-AT products for the treatment of knee OA.

Article Study Type
Blinding

Type of
Adipose
Product
(Device)

Injected mL
US

Guidance

Associated
Treatment

Control
Group Pts/Joints Pts/Joints

(Final F-Up)
Age

(Mean + SD)
Sex

(M/F)
BMI

(Mean + SD)
OA

Grade
Final

F-Up (m)
Main

Results

Aletto,
2022 [27]

Prospective
case series

no

Micro-
filtered AT

Lipocell
(Tiss’You,

RSM)

10–15 mL
no no no 123/123 123/123 57 57/66 27 KL 1–3 6

MM-AT is
safe and

ameliorates
clinical and
functional
scores in
early OA

Barfod, 2019
[28]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

10 mL
no no no 20/20 20/20 49 ± 9 n.r. n.r. n.r. 12

MM-AT is
safe and
improves
functional

scores

Baria,
2022 [29]

RCT
no

MM-AT
(Lipogems

Interna-
tional Spa)

7.9 ± 3.9 mL
yes no LR-PRP 71/71 58/58

51.9 ± 2.4
(LR-PRP);
56.1 ± 1.7
(MM-AT)

28/30

31.0 ± 0.8
(LR-PRP);
31.0 ± 0.9
(MM-AT)

KL 1–4 6

MM-AT and
LR-PRP

show same
clinical im-

provements

Boric,
2019 [30]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

4–15 mL
no no no 17/32 10/18 69 ± 12 7/3 n.r. KL 3–4 24

MM-AT
improves

GAG
content

with
relevant im-
provement

Cattaneo,
2018 [31]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

10 mL
no

AS (n: 21)
MEN (n: 14) no 35/35 35/35

53 ± 12 (AS)
55 ± 11
(MEN)

21/14 27 ± 4 KL 1–3 12

MM-AT is
safe and

adjuvates
surgical

treatment

Dallo,
2021 [32]

RCT
single blind
(statistician)

MM-AT
(Lipogems

Interna-
tional Spa)

n.r.
no no LP-

PRP+HA 50/80 50/80

61.5 ± 9.5
(MM-AT);
62.5 ± 11.3

(LP-PRP+HA)

23/27

26.3 ± 3.6
(LP-PRP+HA);

25.8 ± 5.1
(MM-AT)

KL 1–2 12

LP-
PRP+HA

and MM-AT
show same
clinical im-
provement
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Table 1. Cont.

Article Study Type
Blinding

Type of
Adipose
Product
(Device)

Injected mL
US

Guidance

Associated
Treatment

Control
Group Pts/Joints Pts/Joints

(Final F-Up)
Age

(Mean + SD)
Sex

(M/F)
BMI

(Mean + SD)
OA

Grade
Final

F-Up (m)
Main

Results

Fan,
2023 [33]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

6–8 mL
yes no no 46/50 46/50 66.9 ± 1.0 28/18 32.0 ± 1.0 KL 3–4 12

MM-AT is
safe and

effective in
moderate-
to-severe

OA

Ferracini,
2022 [34]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

3–50 mL
yes Arthroscopy no 101/101 91/91 62.8 ± 10.1 44/47 25.3 ± 3.8 KL 2–3 12

MM-AT,
associated

with
arthroscopy,

reduces
pain in

early/mild
OA

Giorgini,
2022 [35]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

7 mL
no Arthroscopy no 49/50 45/46 52.7 ± 10.0 24/25 n.r. KL 3–4 24

MM-AT,
associated

with
arthroscopy,
is safe and
effective

Gobbi,
2021 [36]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

5–21 mL yes no no 75/120 75/120 Mean 69.6 26/49 Average 28.4 KL 2–4 24

MM-AT
improves
clinical,

functional,
and quality

of life

Gobbi,
2023 [37]

RCT single
blind

(clinical
assessor)

MM-AT
(Lipogems

Interna-
tional Spa)

n.r.
no no LP-

PRP+HA 50/80 50/80 62.38 ± 11.88 39/41 n.r. KL 1–2 24

MM-AT and
LP-

PRP+HA
show same
functional
improve-

ment, and
safety, at
mid-term

f-up
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Table 1. Cont.

Article Study Type
Blinding

Type of
Adipose
Product
(Device)

Injected mL
US

Guidance

Associated
Treatment

Control
Group Pts/Joints Pts/Joints

(Final F-Up)
Age

(Mean + SD)
Sex

(M/F)
BMI

(Mean + SD)
OA

Grade
Final

F-Up (m)
Main

Results

Heidari,
2021 [38]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

6–8 mL
yes no no 220/334 25% pts lost

to follow-up n.r. 125/95 n.r. KL 3–4 24

MM-AT
improves
quality of

life and can
delay TKR

Heidari,
2020 [39]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

6–8 mL
yes no no 110/110 110/110 42–94 60/50 n.r. KL 1–4 12

MM-AT
improves

pain,
function,

and quality
of life

Hudetz,
2019 [40]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

5 mL
no no no 20/20 17/17 n.r. 15/5

<30 (n: 13);
30–35 (n: 5);
>35 (n: 2)

KL 3–4 12

MM-AT
shows

positive
effect in late
stages OA

Hudetz,
2017 [41]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

4–15 mL
no no no 17/32 17/32 69 ± 12 12/5 n.r. KL 3–4 12

MM-AT
improves

GAG
content,

pain, and
clinical
results

Kaszynski,
2022 [42]

RCT single
blind

(clinical
assessor)

MM-AT
(Lipogems

Interna-
tional Spa)

n.r.
no no PRP 54/54 40/40

57 ± 8 (PRP)
55 ± 8

(MM-AT)
n.r.

26 ± 3 (PRP)
27 ± 3

(MM-AT)
KL 2–3 12

MM-AT and
PRP show
same im-

provements
in pain,

symptoms,
and

functions

Malanga,
2021 [43]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

7.6 ± 2.3 mL
yes no no 20/23 20/23 59.8 ± 6.5 11/9 28.6 ± 4.8

Mild,
Moderate,

Severe
12

MM-AT is
safe and
effective
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Table 1. Cont.

Article Study Type
Blinding

Type of
Adipose
Product
(Device)

Injected mL
US

Guidance

Associated
Treatment

Control
Group Pts/Joints Pts/Joints

(Final F-Up)
Age

(Mean + SD)
Sex

(M/F)
BMI

(Mean + SD)
OA

Grade
Final

F-Up (m)
Main

Results

Magnanelli,
2020 [44]

Retrospective
comparative

no

MM-AT
(Lipogems

Interna-
tional Spa)

n.r.
no HTO HTO 85/85 85/85 n.r. n.r. n.r. KL 1–3 12

MM-AT,
associated
with HTO,
improves
the daily

life activity

Mautner,
2019 [45]

Retrospective
compara-

tive
no

MM-AT
(Lipogems

Interna-
tional Spa)

9 mL
yes no BMAC 76/106 76/106

59 ± 1
(BMAC);
63 ± 11

(MM-AT)

36/40 n.r. KL 1–4

21.6 ± 10.6
(BMAC);

13.1 ± 5.9
(MM-AT)

MM-AT and
BMAC

show same
improve-
ment in

pain and
function

Miles,
2022 [46]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

3.5–36 mL
n.r. no no 39/56 37/53 71.1 19/20 28.4 KL 1–4 22

MM-AT
improves

pain,
stiffness,

and
function

Panchal,
2018 [47]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

n.r.
yes no no 17/26 17/26 68.27 ± 7.43 10/7 28.98 ± 4.50 KL 3–4 12

MM-AT is
safe and

effective in
refractory
severe OA

Peretti,
2018 [48]

RCT
(n.r.)

MM-AT
(Lipogems

Interna-
tional Spa)

19.1 ± 8.1 mL
n.r. AD AD

39 (of 78 to
be included,

study
ongoing)

16 (8 cases
vs.

8 control)
56.25 ± 8.396 70%/30% n.r. KL 3–4 6

MM-AT
shows en-
couraging
positive

trend

Pintore,
2023 [49]

Prospective
compara-

tive
no

MM-AT
(Tulip Soft

Harvest
GOLD

System)

10 mL
no no BMAC 102/102 102/102

57.64 (BMAC);
61.94

(MM-AT)
46/56

28.76 (BMAC);
26.76

(MM-AT)

KL mean
2.7

(BMAC);
KL mean

2.5
(MM-AT)

6

BMAC and
MM-AT

show same
improve-
ment in

pain and
functions
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Table 1. Cont.

Article Study Type
Blinding

Type of
Adipose
Product
(Device)

Injected mL
US

Guidance

Associated
Treatment

Control
Group Pts/Joints Pts/Joints

(Final F-Up)
Age

(Mean + SD)
Sex

(M/F)
BMI

(Mean + SD)
OA

Grade
Final

F-Up (m)
Main

Results

Priano, 2022
[50]

Retrospective
case series

no

Non
enzymatic

SVF
(Hy-tissue

SVF
Separation
System kit)

8–10 mL
no no no 25/25 25/25 53.2 ± 11.7 10/15 24.7 ± 2.1 KL 2–3 6

MM-AT
relieves

pain and
improves
stiffness

and
functions

Russo,
2017 [51]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

10–15 mL
no

ACLR,
HTO, MEN

(n: 24);
arthroscopy

(n: 6)

no 30/30 30/30 Median 43 31/9 Median 26 ICRS
Grade 2–4 12

MM-AT is
safe and

feasible in
degenera-

tive
chondral
lesions

Russo,
2018 [52]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

10–15 mL
no

ACLR,
HTO, MEN

(n: 24);
arthroscopy

(n: 6)

no 30/30 22/22 Median 43 31/9 Median 26 ICRS
Grade 2–4 36

MM-AT is
safe in de-
generative
chondropa-
thy in the
mid-term

Santoprete,
2021 [53]

Retrospective
case series

no

MM-AT
(MyS-

temTM kit)

n.r.
no no no 84/102 84/102 57.3 ± 4.2 38/46 n.r. KL ≥ 2 12

MM-AT
improves

pain,
stiffness,

and ROM

Screpis,
2022 [54]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

8 mL
no no no 202/216 202/216 54.0 ± 9.0 97/105 26.8 ± 4.2 KL 1–4 24

MM-AT is
safe and

effective for
symptoms

Ulivi,
2022 [55]

RCT single
blind

(radiologist)

MM-AT
(Lipogems

Interna-
tional Spa)

6–8 mL
no AD AD 78/78 66/66 60.7 ± 7.9 44/34 n.r. KL 3–4 13–42

MM-AT,
associated
with AD,
improves
functions
and MRI

appearance
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Table 1. Cont.

Article Study Type
Blinding

Type of
Adipose
Product
(Device)

Injected mL
US

Guidance

Associated
Treatment

Control
Group Pts/Joints Pts/Joints

(Final F-Up)
Age

(Mean + SD)
Sex

(M/F)
BMI

(Mean + SD)
OA

Grade
Final

F-Up (m)
Main

Results

Van
Genechten,
2021 [56]

Prospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

8–10 mL
yes no no 64 56/77 54.2 ± 9.1 31/33 27.2 ± 4.5 KL 1–4 12

MM-AT
shows early
clinical im-
provement

but a
mediocre
response

rate

Vasso,
2022 [57]

Retrospective
case series

no

MM-AT
(Lipogems

Interna-
tional Spa)

10–15 mL
no AD no 23/23 23/23 58 ± 8 8/15 28.0 ± 4.8

ACR
criteria

1–3
22.1 ± 4.2

MM-AT,
associated
with AD,
improves

clinical and
functional

scores

Yu,
2023 [58]

Prospective
case series

single blind
(clinical
assessor)

MM-AT
(Lipogems

Interna-
tional Spa)

6–8 mL
no no no 20/40 20/40 54.63 ± 3.90 8/12 25.5 ± 2.86 n.r. 18

MM-AT
improves
functions
and pain,
but not in
the long

term

Zaffagnini,
2022 [59]

RCT single
blind

(clinical
assessor)

MM-AT
(Lipogems

Interna-
tional Spa)

5 mL
no no PRP 108/108 108/108

54.5 ± 12.1
(MM-AT);
54.1 ± 10.6

(PRP)

64/44

25.9 ± 4.3
(MM-AT)
28.0 ± 5.5

(PRP)

KL 1–4 24

MM-AT and
PRP show
same im-

provements

Abbreviations: ACLR = anterior cruciate ligament reconstruction; ACR = American College of Rheumatology; AD = arthroscopic debridement; AS = arthroscopic shaving; AT = adipose
tissue; BMAC = bone marrow concentrate; BMI = body mass index; f-up = follow-up; M = male; F = female; GAG = glycosaminoglycans; HA = hyaluronic acid; HTO = high
tibial osteotomy; KL = Kellgren–Lawrence; LR-PRP = leucocyte-rich–platelet-rich plasma; m = months; MM-AT = minimally manipulated adipose tissue; MEN = meniscectomy;
MRI = magnetic resonance imaging; OA = osteoarthritis; Pts = patients; RCT = randomized clinical trial; ROM = range of motion; SD = standard deviation; TKR = total knee replacement;
US = ultrasound; n.r. = not reported.



J. Clin. Med. 2024, 13, 67 11 of 22

3.2. Patient Characteristics

The number of patients treated with only a single intra-articular injection of MM-AT
was 1638, while 342 were the patients of control groups. Eighty-one were treated with a
combination of surgical and MM-AT injection treatments. Patients lost at the final follow-up
were 51 for MM-AT and 23 for control groups. Thirteen studies injected MM-AT bilaterally
in some patients [30,32,33,35–38,41,43,45–47,53,54,56,58] and, among them, in one study
the treatment was bilateral in all patients [58]. The ratio between males and females was 1.0
in the MM-AT group and 1.4 for the control groups. The patients’ mean age ranged from a
mean of 49.0 [28] to a mean of 69.9 [36] years for MM-AT, while 51.9 [29] – 62.5 [32] years
was the range for control groups. The mean BMI went from 24.7 [50] to > 35 [40] for MM-AT
and from 26.0 [42] to 31.0 [29] for the control groups (12 studies did not report BMI). Patients
presented different OA grades, often measured with KL classification: nine studies on KL
1–4 [28,29,39,44–46,54,56,59], eight studies on KL 3–4 [30,33,35,40,41,47,48,55], three studies
on KL 2–3 [34,42,50], three studies on KL 1–3 [34,44,51], two studies on KL 1–2 [32,37],
and two studies on KL 2–4 [36,53]. In addition, patients with mild, moderate, or severe
OA grade [43], ICRS grade of 2–4 [51,52], and American College of Rheumatology criteria
1–3 [57] were also evaluated. One study did not report the OA grade [58] and another one
gave only the mean KL grade [49].

3.3. MM-AT Characteristics and Treatment

All studies harvested adipose tissue from abdominal fat. Almost all studies used a
Lipogems (Lipogems International Spa, Milan, Italy) device (n = 29 studies) to process
the adipose tissue. In the other four studies, Lipocell (Tiss’You, RSM) [27], Hy-tissue
SVF Separation System kit (Fidia, Abano Terme, Italy) [50], MyStemTM kit (MyStem,
Wilmington, DE, USA) [53], and Tulip Soft Harvest GOLD System (Tulip Medical, San
Diego, CA, USA) [49] were employed, respectively. Only in four studies was the adipose
tissue characterized before injection: immunophenotype analysis and viability [29,34,40],
total nucleated cell count [29], and histology of lipoaspirate [42] were evaluated. Some
studies did not indicate the amount (ml) of injected MM-AT; when reported, the amount
was very variable, from a minimum of 3 mL [34] to a maximum of 19 mL [46], with 10 mL
being the most commonly injected dose [27,28,30,31,41,44,49–52,57]. MM-AT was injected
through ultrasound (US) guidance in 11 studies [29,33,34,36,38,39,43–45,47,56].

MM-AT injection was compared with other orthobiologic treatments, such as PRP
(n = 5) [29,32,37,42,59] and BMAC (n = 2) [45,49]. Moreover, the augmentation of intra-
articular MM-AT injections to surgical procedures was evaluated in three studies: augmen-
tation to arthroscopic debridement (AD) (n = 2) [48,55] and augmentation to high tibial
osteotomy (HTO) (n = 1) [44]. The other studies had no comparison group (n = 23). Few
studies (n = 6) evaluated the use of MM-AT products with associated arthroscopic proce-
dures [31,34,35,51,52,57] or other surgical treatments, such as ACL/LCL reconstruction,
high tibial osteotomy, and meniscectomy [51,52].

3.4. Safety and Complications

As reported in Table 2, 6 studies did not report complications [30,33,42,44,45,48] and,
among the other studies, 11 studies did not find complications [27,29,32,39–41,46,49,52,54,58].
In the other 16 studies, only one patient had a severe reaction to the injection requiring
an arthroscopic wash-out of the joint. The most common complications were related
to the harvesting procedure, such as cosmetic changes of the abdominal subcutaneous
tissue, abdomen hematoma or pain, swelling/bruising, bleeding, and local erythema,
while the others were related to the injective techniques and were localized at the level of
the knee joint, such as adipose loose bodies, pain, and effusion, crepitus on motion, and
subjective knee instability. In addition, muscle aching in the calves, gallstones, stroke, and
tendinopathy were also observed.
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Table 2. Complications found in each study of the qualitative systematic review. The percentages
refer to patients with complications.

Article Complications Related to
Adipose Tissue Harvesting Procedure

Local or Systemic Complications
Related to MM-AT Injection

Aletto et al., 2022 [27] / /

Barfod et al., 2019 [28] Cosmetic changes to the abdominal
subcutaneous tissue (5%) /

Baria et al., 2022 [29] / /

Boric et al., 2019 [30] n.r. n.r.

Cattaneo et al., 2018 [31] Temporary and small subcutaneous
hematoma (2.9%) /

Dallo et al., 2021 [32] / /

Fan et al., 2023 [33] n.r. n.r.

Ferracini et al., 2022 [34] / Painful adipose loose bodies (2.2%), recurrent
episodes of joint effusion (2.2%)

Giorgini et al., 2022 [35] Hematoma (2.2%) Knee swelling (8.9%)

Gobbi et al., 2021 [36] Donor site pain (49%),
swelling/bruising (28%) Knee prolonged swelling (13%)

Gobbi et al., 2023 [37]

Heidari et al., 2021 [38] Donor site bleeding (4.1%), pain (6.4%) Joint swelling and pain (21.8%), severe reaction
requiring wash-out of the joint (0.45%)

Heidari et al., 2020 [39] / /

Hudetz et al., 2019 [40] / /

Hudetz et al., 2017 [41] / /

Kaszynski et al., 2022 [42] n.r. n.r.

Malanga et al., 2021 [43]
Donor site erythema and swelling (1%),

soreness (52.5%),
and hematoma (15%)

Knee swelling (15%)

Magnanelli et al., 2020 [44] n.r. n.r.

Mautner et al., 2019 [45] n.r. n.r.

Miles et al., 2022 [46] / /

Panchal et al., 2018 [47] / Knee pain and swelling

Peretti et al., 2018 [48] n.r. n.r.

Pintore et al., 2023 [49] / /

Priano et al., 2022 [50] / Knee crepitus on motion (32%) and effusion (4%)

Russo et al., 2017 [51] Donor site hematoma (6.7%) Recurrent knee effusions (3.3%)

Russo et al., 2018 [52] / /

Santoprete et al., 2021 [53] Donor site discomfort and pain (15%) Knee swelling and pain (7%)

Screpis et al., 2022 [54] / /

Ulivi et al., 2022 [55] Donor site small hematoma /

Van Genechten et al., 2021 [56] /
Subjective knee instability (3.6%), muscle aching in the

calves (1.8%), gallstones (1.8%), stroke (3.6%),
tendinopathy (5.4%)

Vasso et al., 2022 [57] Donor site transitory hematoma (8.7%) /

Yu et al., 2023 [58] / /

Zaffagnini et al., 2022 [59] /
MM-AT: mild/moderate knee pain, joint swelling,

and/or effusion (18.5%);
PRP: knee pain, joint swelling, and/or effusion (11.1%)
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3.5. Qualitative Analysis
3.5.1. Non-Comparative Studies: MM-AT Injection

Twenty-three studies evaluated MM-AT treatment alone, without comparison groups.
The final follow-up was from a minimum of 6 months [27,50] to a maximum of 36 months [52].
Most of the studies had a final follow-up of 12 [28,31,33,34,39–41,43,47,51,53,56] months
or longer [30,35,36,38,46,54,57,58], and the clinical score used by most of the studies was
KOOS (n = 12/23 studies).

All the non-comparative studies reported an improvement in the clinical scores at
short-term follow-up, generally also persisting at a longer follow-up [28,30,31,33–36,38–
41,43,46,47,51,53,54,57]. A decrease in scores at 12 months [56] or at longer a follow-up [58]
has been recorded. Three non-comparative studies also analyzed MRI results, reporting
an increased GAG content in hyaline cartilage at follow-up [30,41] and a decrease in knee
edema [58], without significant cartilage regeneration [58]. Clinical improvement was also
reported for advanced OA grade [39,40,47], while negative prognostic factors on the clinical
outcome were found to be an age of over 60 and the presence of synovitis [34].

3.5.2. Comparative Studies: MM-AT Injection vs. BMAC Injection

Two non-randomized studies compared the results of a single injection of MM-AT
versus BMAC [45,49]. In the first one, a prospective comparative study, after a follow-up
of 6 months, a significant improvement of the scores was shown in both groups, without
any difference between the two groups. [49] The OA level was found to correlated with the
clinical outcome, with patients with KL 2 reporting higher scores than those with KL 3 or
4 [49]. Similarly, in the other study, BMAC and MM-AT showed a significant improvement
in scores after a mean of 22 and 13 months of follow-up, respectively, without significant
differences between treatments [45].

3.5.3. Comparative Studies: MM-AT Injection Augmentation to Surgical Procedures

Three studies analyzed the effects of the augmentation of intra-articular MM-AT
injection to surgical treatments, like HTO [44] or AD [48,55]. The adjunct of an MM-AT
injection after HTO significantly improved the clinical outcome in terms of KOOS daily-life
assessment score at 12 months of follow-up compared to patients treated with HTO alone.
Regarding the augmentation to AD, an RCT analyzed the benefits of intra-articular MM-AT
injections after an AD procedure [48,55]. The preliminary results of this RCT on 39 patients
did not demonstrate significant difference between patients treated with AD and MM-AT
injection versus patients treated with AD alone [48]. However, the final results of this RCT
on 78 patients demonstrated better clinical results in terms of KOOS and KSS at 6 months
and in terms of KOOS score at 24 months in favor of AD plus MM-AT injections compared
to AD alone [55]. Moreover, better T2-mapping scores with magnetic resonance imaging
were obtained in the treatment group compared to the control group [55].

3.6. Quantitative Analysis: MM-AT vs. PRP

Five RCTs compared a single injection of MM-AT to PRP treatment. Follow-up was at
6 [29], 12 [32,42], and 24 [37,59] months. Regarding complications, two studies did not find
AEs [29,32] in both treatment groups, and one study did not report complications [42]. In
one study, in the group treated with LP-PRP+HA knee swelling, redness, and mild pain
were observed in 48% of cases and synovitis in 8%. In the group treated with MM-AT, donor
site ecchymosis and bruising were observed in 20% of the cases [37]. In another study,
the MM-AT group presented mild AEs (mild or moderate knee pain and joint swelling
and/or effusion) in 18.5% of cases, while pain and edema in the treated knee requiring
hospitalization for one day and the use of oral analgesics were observed in one patient. No
severe AEs were observed in the PRP group, while knee pain and swelling and/or effusion
were present in 11.1% of the cases [59].

The study of Dallo et al. [32] was excluded from the meta-analysis because of overlap-
ping data with the study by Gobbi et al. (follow-up study at longer follow-up) [37].
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All the authors of the four included studies employed KOOS subscales and the VAS
score to evaluate clinical improvements at 6 months, and three of them employed KOOS
subscales and the VAS score for pain at 12 months and the IKDC subjective score at 6 and
12 months.

Analysis of VAS score did not demonstrate a significant difference between MM-AT
and PRP groups at 6 and 12 months of follow-up in terms of improvements from baseline
values. Similarly, analysis of the improvement of the subscales KOOS Pain, Koos ADL, and
KOOS Sport at 6 and 12 months also did not present a significant difference between the
two orthobiologic groups. Conversely, the subscales KOOS Symptoms and KOOS QOL
demonstrated a significantly higher improvement in the MM-AT group at 6 months of
follow-up (p = 0.017 and p = 0.041, respectively). However, the mean difference for both
subscales (4.9 for KOOS Symptoms and 4.6 for KOOS QOL) did not reach the minimal
clinically important difference (8.4 for KOOS Symptoms and 10.3 for KOOS QOL) [60].
Finally, the IKDC subjective score showed a tendency in favor of MM-AT at 6 months but
without reaching statistical significance (p = 0.084), while no differences were found at
12 months of follow-up. All quantitative analyses are reported in Figure 3.
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3.7. Risk of Bias

A summary of the risk of bias assessment of the RCTs included in the systematic
review is illustrated in Figure 4. Six studies had “some concerns” regarding risk of
bias [32,36,42,48,55,59] and one study had a high risk of bias [29]. Evaluation with the
Downs and Black checklist showed an overall poor quality of the included studies, with an
average score of 20.9 (range: 13–26), as reported in Table 3.
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Table 3. Evaluation of the included studies using the Downs and Black checklist.

Article Reporting External
Validity

Internal
Validity Bias

Internal
Validity

Confounding
Power Total Score

Aletto C et al., 2022 [27] 7 3 5 3 0 18

Barfod KW et al., 2019 [28] 8 3 5 3 0 19

Baria M et al., 2022 [29] 10 3 5 5 1 24

Boric I et al., 2019 [30] 9 3 4 3 0 19

Mautner K et al., 2019 [45] 8 3 5 4 0 20

Cattaneo G et al., 2018 [31] 10 3 5 3 0 21

Dallo I et al., 2021 [32] 10 3 6 5 1 25

Fan F et al., 2023 [33] 7 3 6 3 0 19

Ferracini R et al., 2022 [34] 11 3 5 4 1 24

Giorgini A et al., 2022 [35] 11 3 5 4 0 23

Gobbi A et al., 2023 [37] 10 3 6 5 1 25

Gobbi A et al., 2021 [36] 10 3 5 3 1 22

Heidari N et al., 2021 [38] 10 3 5 4 0 22
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Table 3. Cont.

Article Reporting External
Validity

Internal
Validity Bias

Internal
Validity

Confounding
Power Total Score

Heidari N et al., 2020 [39] 9 3 5 3 0 20

Hudetz D et al., 2019 [40] 9 3 5 3 0 20

Hudetz D et al., 2017 [41] 10 3 5 3 0 21

Kaszyński J et al., 2022 [42] 9 3 6 4 1 23

Magnanelli M et al., 2020 [44] 4 2 4 3 0 13

Malanga GA et al., 2021 [43] 10 3 5 3 0 21

Miles MR et al., 2022 [46] 11 2 5 4 0 22

Panchal J et al., 2018 [47] 7 3 5 2 0 17

Peretti GM et al., 2018 [48] 7 3 4 3 0 17

Priano V et al., 2022 [50] 9 3 5 3 0 20

Russo A et al., 2017 [51] 10 3 5 3 0 21

Russo A et al., 2018 [52] 9 3 5 3 0 20

Santoprete S et al., 2021 [53] 9 3 4 3 0 19

Screpis D et al., 2022 [54] 11 3 5 4 0 23

Ulivi M et al., 2022 [55] 10 3 5 4 1 23

Van Genechten W et al., 2021 [56] 10 3 5 4 0 22

Vasso M et al., 2022 [57] 11 2 5 4 0 22

Zaffagnini S et al., 2022 [59] 11 3 6 5 1 26

Pintore A et al., 2023 [49] 10 2 4 3 0 19

Yu Y et al., 2023 [58] 9 2 6 3 1 21

4. Discussion

The main finding of this systematic review and meta-analysis is that the available
clinical evidence suggests the safety and overall positive results of intra-articular injective
treatment with MM-AT products for the management of patients affected by knee OA.
However, the meta-analysis comparing MM-AT products with PRP injections did not
demonstrate the overall superiority of one product over the other. Moreover, the analysis
also highlighted the limits of the literature, with only a few high-level trials and an overall
low quality of the available clinical studies.

The MM-AT approach is becoming a popular strategy for knee OA to exploit the
biological potential of adipose tissue directly as a one-step treatment. This systematic
review highlighted a growing interest in this field, with an increasing number of studies
published over the years. Nevertheless, clinical evidence is still limited and does not
support the large use of these products in orthopedic clinical practice. The quality of the
included studies is low, with only seven RCTs published. Among these, five compared MM-
AT injections versus PRP treatment. PRP injections present substantial evidence supporting
the clinical efficacy in treating patients with knee OA, showing clinically superior benefits
compared to placebo as well as to corticosteroids and hyaluronic acid [61]. The overall
comparison with PRP did not show the superiority of MM-AT products, except for the
subscales KOOS Symptoms and KOOS QOL at 6 months of follow-up. However, for
both scores where a difference was detected in favor of MM-AT, this did not overcome
the MCID. Accordingly, this difference may not be interpreted as clinically relevant for
most patients. In addition, this study reported minor local or systemic complications
related to the tissue harvesting procedure and to MM-AT injections. Thus, clinicians should
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adequately inform their patients about all the possible risks that this therapeutic approach
entails. In light of these results and considering the relative invasiveness of the MM-AT
approach, the potential side effects, and the higher costs compared with PRP, these adipose-
tissue-derived products should not be considered as a first line for the injective treatment
of knee OA patients.

In recent years, great interest has been directed towards intra-articular injective treat-
ments for the management of knee OA, aiming to delay or avoid surgery. Several conserva-
tive treatments have been proposed to obtain clinical improvement, such as nonsteroidal
anti-inflammatory drugs (NSAIDs) or intra-articular injections of corticosteroids or vis-
cosupplementation, which are routinely applied in clinical practice [62]. However, they
provide only limited clinical benefits, with low satisfaction often decreasing over time
and variable results among patients [62]. This has induced researchers and clinicians to
look for new conservative strategies. In this scenario, increasing attention has been turned
towards MSC-based therapy, which is potentially able to target the degenerative processes
underlying the pathology.

MSCs are considered a biological approach to address articular cartilage pathologies
due to their multi-lineage differentiation potential, self-renewal, immunomodulatory ca-
pacity, and their ability to release some factors with paracrine effect, which could stimulate
cartilage formation by stimulating resident chondrocytes or other cells, angiogenesis, and
inhibit joint inflammation [10]. There are several preclinical [63] and clinical [64] studies
underlining the potential of in vitro culture-expanded MSCs in OA, showing the poten-
tial therapeutic benefit of MSCs for cartilage repair and positive clinical outcomes, with
improved joint function, pain level, and quality of life. Despite these positive results, the
use of culture-expanded MSCs is limited in clinical practice, considering the presence of
strict regulations and the problems related to cell manipulation and expansion with the risk
of infection and of allogeneic diseases [15]. Thus, in recent years, minimally manipulated
approaches are gaining interest, with the additional advantages of the ease of collection
and handling and the minimally invasive procedure required. Treatment with minimal ma-
nipulation allows bone marrow or adipose tissue-derived products to be obtained directly
in a one-step procedure in the operating room, showing promising results in preclinical
and clinical studies performed on OA pathology [65].

Adipose tissue is considered to be an MSC source that is easier to recover and to be
handled than bone marrow, which is less affected by aging and which maintains the ability
to be differentiated in vitro into osteoblasts, chondrocytes, and adipocytes, according to the
different stimuli received [15]. Even though culture-expanded ADSCs and stromal vascular
fraction (SVF) are the most studied ways to deliver MSCs and other adipose tissue cells
into an affected joint, in recent years great attention has been paid to the use of MM-AT. In
preclinical research, MM-AT showed promising results in cartilage repair [21] and induced
more synovitis reduction and improvement in articular cartilage status, with no histological
differences in comparison to the results offered by SVF and ADSCs [66,67]. MM-AT
contains a heterogeneous cell population including fibroblasts, macrophages, adipocytes,
endothelial progenitors, pericytes and MSCs, and a low number of leukocytes, which
concur to activate anti-inflammatory and pro-regenerative processes [68]. It contains a high
number of cells and GFs without requiring culture expansion or enzymatic treatment, thus
preserving the integrity of cells and tissue microarchitecture. MM-AT is obtained through
lipoaspiration, rinsing with saline to remove blood and oil, and passage through a filter [69].
More in detail, both mechanical and enzymatic methods to process and transfer adipose
tissue cells can be employed. However, enzymatic methods give adipose tissue products
with higher cell viability and differentiative potential, and destroy the extracellular matrix,
which explains why mechanical methods are becoming more attractive and more easily
adopted in clinical practice. In addition, mechanical methods induce tissue regeneration
stimulation by inducing MSCs to secrete cytokines and angiogenic factors [70]. MM-AT
products also have the advantage of preserving the structural properties and integrity
of the microarchitecture of the original tissue. In particular, the adipose “niche”, which
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represents the main structural and morphological adipose unit, can be preserved, favoring
the therapeutic effects of the residing MSCs [71,72]. Moreover, MM-AT products can reduce
friction between cartilage surfaces thanks to their viscosupplementation activity, improving
the lubrication of the articular compartment and ultimately alleviating loads on the cartilage
surface [20,73].

Thanks to the advantages of MM-AT products, their use in clinical practice is growing
for the treatment of patients with knee OA. However, their clinical use is regulated by
specific legal requirements which differ among countries and national regulatory agencies.
In the United States, ADSCs fall in the category of human cells, tissues, or cellular- and
tissue-based products, and currently no such device is approved for clinical use [74].
On the contrary, the European Medicines Agency (EMA) in the European Union defines
that non-manipulated tissues are considered as homologous products and approved for
clinical application [75]. The potential of cell-based products like MM-AT shows promise
to overcome the benefits offered by blood-derived products more broadly applied in
clinical practice.

Blood derivatives are orthobiologic treatments used to reduce inflammation and stim-
ulate an anabolic microenvironment. Platelet-derived growth factors, contained in platelets’
alpha granules, together with cytokines, chemokines, and other proteins, possess regen-
erative, antibacterial, and antifungine properties [76]. PRP is one of the commonly used
orthobiologic therapies in orthopedics because of the safe, simple, low-cost, and minimally
invasive way to obtain a natural concentration of GFs and bioactive molecules, such as
fibroblast growth factor-2 (FGF-2), platelet-derived growth factor (PDGF), transforming
growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), and insulin-like
growth factor (IGF). It has anti-inflammatory, anti-catabolic, and anabolic properties and
induces chondroprotection, supporting its role in the treatment of degenerative conditions
such as OA [61,77]. PRP has shown the possibility to delay the progression of OA with
promising results, as observed in several preclinical studies, and to offer clinical benefits
in clinical trials [29,37,42,61,77]. In a recent meta-analysis, PRP injections provided better
results than other injectable options like placebo, hyaluronic acid, and steroids, at both 6
and 12 months after treatment [61]. Accordingly, PRP was used as a reference to measure
the potential of MM-AT. To this regard, meta-analysis comparing these two orthobiologics
products could be of clinical relevance to understand the most suitable injective option for
knee OA patients. Meta-analytic approaches have demonstrated benefits in addressing the
limitations of study size, can include diverse populations, and are more valuable than any
single study contributing to the analysis [78]. Therefore, the inclusion of high-level trials
with the same scores at the same follow-ups allows a comparison to be performed with the
highest statistical quality among different treatments.

In the current meta-analysis, the investigation of RCTs comparing the clinical results of
MM-AT versus PRP did not confirm the higher potential of a cell-based approach, showing
no significant differences between the two groups. Both PRP and MM-AT injections
have been investigated as treatment options for knee OA; however, there is no general
agreement on their therapeutic efficacy, and no long-term high-level studies are available
yet. This, together with the paucity of high-level evidence and heterogeneity in terms of
patients included and procedures employed, shows that caution should be taken in drawing
conclusions about the potential of MM-AT. These adipose-derived products might exhibit
significant variability in terms of cellular composition and growth factor content, based on
the employed processing techniques and patients’ characteristics. This heterogeneity could
affect clinical responses and consistency of results. Moreover, despite promising theories
on their therapeutic potential, clinical results on MM-AT injections are still limited and
inconclusive. Therefore, until high-level studies show better results for MM-AT products,
this approach should be considered a second-line treatment to address knee OA.
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5. Conclusions

The available clinical evidence suggests the safety and overall positive results of intra-
articular injective treatment with MM-AT products for the management of patients affected
by knee OA. However, the analysis also highlights the limits of the literature, with only
few high-level trials and an overall low quality of the available clinical studies. Moreover,
the meta-analysis comparing MM-AT products with PRP injections does not demonstrate
the superiority of one product over the other.
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42. Kaszyński, J.; Bąkowski, P.; Kiedrowski, B.; Stołowski, L.; Wasilewska-Burczyk, A.; Grzywacz, K.; Piontek, T. Intra-Articular
Injections of Autologous Adipose Tissue or Platelet-Rich Plasma Comparably Improve Clinical and Functional Outcomes in
Patients with Knee Osteoarthritis. Biomedicines 2022, 10, 684. [CrossRef] [PubMed]

43. Malanga, G.A.; Chirichella, P.S.; Hogaboom, N.S.; Capella, T. Clinical evaluation of micro-fragmented adipose tissue as a
treatment option for patients with meniscus tears with osteoarthritis: A prospective pilot study. Int. Orthop. 2021, 45, 473–480.
[CrossRef] [PubMed]

44. Magnanelli, S.; Screpis, D.; Di Benedetto, P.; Natali, S.; Causero, A.; Zorzi, C. Open-Wedge High Tibial Osteotomy Associated
With Lipogems®Intra-Articular Injection For The Treatment Of Varus Knee Osteoarthritis—Retrospective Study. Acta Biomed.
2020, 91, e2020022.

45. Mautner, K.; Bowers, R.; Easley, K.; Fausel, Z.; Robinson, R. Functional Outcomes Following Microfragmented Adipose Tissue
Versus Bone Marrow Aspirate Concentrate Injections for Symptomatic Knee Osteoarthritis. Stem Cells Transl. Med. 2019, 8,
1149–1156. [CrossRef] [PubMed]

46. Miles, M.R.; Lee, J.W.; Mistretta, K.L.; Desale, S.; Boucher, H.R. Conversion to Knee Arthroplasty Following Intra-Articular
Injection of Microfragmented Adipose Tissue in Patients with Knee Osteoarthritis. Muscles Ligaments Tendons J. MLTJ 2022, 12,
165–172. [CrossRef]

47. Panchal, J.; Malanga, G.; Sheinkop, M. Safety and Efficacy of Percutaneous Injection of Lipogems Micro-Fractured Adipose Tissue
for Osteoarthritic Knees. Am. J. Orthop. 2018, 47.

48. Peretti, G.M.; Ulivi, M.; De Girolamo, L.; Meroni, V.; Lombardo, M.D.; Mangiavini, L. Evaluation of the use of autologous
micro-fragmented adipose tissue in the treatment of knee osteoarthritis: Preliminary results of a randomized controlled trial. J.
Biol. Regul. Homeost. Agents 2018, 32, 193–199. [PubMed]

49. Pintore, A.; Notarfrancesco, D.; Zara, A.; Oliviero, A.; Migliorini, F.; Oliva, F.; Maffulli, N. Intra-articular injection of bone marrow
aspirate concentrate (BMAC) or adipose-derived stem cells (ADSCs) for knee osteoarthritis: A prospective comparative clinical
trial. J. Orthop. Surg. Res. 2023, 18, 350. [CrossRef]

50. Priano, V.; Priano, F. Autologous adipose tissue enriched in stromal vascular fraction in knee osteoarthritis. Minerva Orthop. 2022,
73, 416–425. [CrossRef]

51. Russo, A.; Condello, V.; Madonna, V.; Guerriero, M.; Zorzi, C. Autologous and micro-fragmented adipose tissue for the treatment
of diffuse degenerative knee osteoarthritis. J. Exp. Orthop. 2017, 4, 33. [CrossRef]

52. Russo, A.; Screpis, D.; Di Donato, S.L.; Bonetti, S.; Piovan, G.; Zorzi, C. Autologous micro-fragmented adipose tissue for the
treatment of diffuse degenerative knee osteoarthritis: An update at 3 year follow-up. J. Exp. Orthop. 2018, 5, 52. [CrossRef]
[PubMed]

53. Santoprete, S.; Marchetti, F.; Rubino, C.; Bedini, M.G.; Nasto, L.A.; Cipolloni, V.; Pola, E. Fresh autologous stromal tissue fraction
for the treatment of knee osteoarthritis related pain and disability. Orthop. Rev. (Pavia) 2021, 13, 9161. [CrossRef]

54. Screpis, D.; Natali, S.; Farinelli, L.; Piovan, G.; Iacono, V.; de Girolamo, L.; Viganò, M.; Zorzi, C. Autologous Microfragmented
Adipose Tissue for the Treatment of Knee Osteoarthritis: Real-World Data at Two Years Follow-Up. J. Clin. Med. 2022, 11, 1268.
[CrossRef] [PubMed]

55. Ulivi, M.; Meroni, V.; Viganò, M.; Colombini, A.; Lombardo, M.D.M.; Rossi, N.; Orlandini, L.; Messina, C.; Sconfienza, L.M.;
Peretti, G.M.; et al. Micro-fragmented adipose tissue (mFAT) associated with arthroscopic debridement provides functional
improvement in knee osteoarthritis: A randomized controlled trial. Knee Surg. Sports Traumatol. Arthrosc. 2023, 31, 3079–3090.
[CrossRef] [PubMed]

56. Van Genechten, W.; Vuylsteke, K.; Martinez, P.R.; Swinnen, L.; Sas, K.; Verdonk, P. Autologous Micro-Fragmented Adipose Tissue
(MFAT) to Treat Symptomatic Knee Osteoarthritis: Early Outcomes of a Consecutive Case Series. J. Clin. Med. 2021, 10, 2231.
[CrossRef] [PubMed]

https://doi.org/10.1155/2021/9921015
https://doi.org/10.1155/2020/8881405
https://doi.org/10.3325/cmj.2019.60.227
https://doi.org/10.3390/genes8100270
https://doi.org/10.3390/biomedicines10030684
https://www.ncbi.nlm.nih.gov/pubmed/35327486
https://doi.org/10.1007/s00264-020-04835-z
https://www.ncbi.nlm.nih.gov/pubmed/33026537
https://doi.org/10.1002/sctm.18-0285
https://www.ncbi.nlm.nih.gov/pubmed/31328447
https://doi.org/10.32098/mltj.02.2022.10
https://www.ncbi.nlm.nih.gov/pubmed/30644302
https://doi.org/10.1186/s13018-023-03841-2
https://doi.org/10.23736/S2784-8469.22.04219-5
https://doi.org/10.1186/s40634-017-0108-2
https://doi.org/10.1186/s40634-018-0169-x
https://www.ncbi.nlm.nih.gov/pubmed/30569417
https://doi.org/10.4081/or.2021.9161
https://doi.org/10.3390/jcm11051268
https://www.ncbi.nlm.nih.gov/pubmed/35268359
https://doi.org/10.1007/s00167-022-07101-4
https://www.ncbi.nlm.nih.gov/pubmed/36040510
https://doi.org/10.3390/jcm10112231
https://www.ncbi.nlm.nih.gov/pubmed/34064010


J. Clin. Med. 2024, 13, 67 22 of 22

57. Vasso, M.; Corona, K.; Capasso, L.; Toro, G.; Schiavone Panni, A. Intraarticular injection of microfragmented adipose tissue
plus arthroscopy in isolated primary patellofemoral osteoarthritis is clinically effective and not affected by age, BMI, or stage of
osteoarthritis. J. Orthop. Traumatol. 2022, 23, 7. [CrossRef]

58. Yu, Y.; Lu, Q.; Li, S.; Liu, M.; Sun, H.; Li, L.; Han, K.; Liu, P. Intra-Articular Injection of Autologous Micro-Fragmented Adipose
Tissue for the Treatment of Knee Osteoarthritis: A Prospective Interventional Study. J. Pers. Med. 2023, 13, 504. [CrossRef]

59. Zaffagnini, S.; Andriolo, L.; Boffa, A.; Poggi, A.; Cenacchi, A.; Busacca, M.; Kon, E.; Filardo, G.; Di Martino, A. Microfragmented
Adipose Tissue Versus Platelet-Rich Plasma for the Treatment of Knee Osteoarthritis: A Prospective Randomized Controlled Trial
at 2-Year Follow-up. Am. J. Sports Med. 2022, 50, 2881–2892. [CrossRef]

60. Boffa, A.; Andriolo, L.; Franceschini, M.; Di Martino, A.; Asunis, E.; Grassi, A.; Zaffagnini, S.; Filardo, G. Minimal Clinically
Important Difference and Patient Acceptable Symptom State in Patients With Knee Osteoarthritis Treated With PRP Injection.
Orthop. J. Sports Med. 2021, 9, 23259671211026242. [CrossRef]

61. Filardo, G.; Previtali, D.; Napoli, F.; Candrian, C.; Zaffagnini, S.; Grassi, A. PRP Injections for the Treatment of Knee Osteoarthritis:
A Meta-Analysis of Randomized Controlled Trials. Cartilage 2021, 13, 364S–375S. [CrossRef]

62. Testa, G.; Giardina, S.M.C.; Culmone, A.; Vescio, A.; Turchetta, M.; Cannavò, S.; Pavone, V. Intra-articular injections in knee
osteoarthritis: A review of literature. J. Funct. Morphol. Kinesiol. 2021, 6, 15. [CrossRef]

63. Fernández-Pernas, P.; Barrachina, L.; Marquina, M.; Rodellar, C.; Arufe, M.C.; Costa, C. Mesenchymal stromal cells for articular
cartilage repair: Preclinical studies. Eur. Cell Mater. 2020, 40, 88–114. [CrossRef] [PubMed]

64. Hwang, J.J.; Rim, Y.A.; Nam, Y.; Ju, J.H. Recent Developments in Clinical Applications of Mesenchymal Stem Cells in the
Treatment of Rheumatoid Arthritis and Osteoarthritis. Front. Immunol. 2021, 12, 631291. [CrossRef]

65. Cavallo, C.; Boffa, A.; Andriolo, L.; Silva, S.; Grigolo, B.; Zaffagnini, S.; Filardo, G. Bone marrow concentrate injections for the
treatment of osteoarthritis: Evidence from preclinical findings to the clinical application. Int. Orthop. 2021, 45, 525–538. [CrossRef]
[PubMed]

66. Filardo, G.; Tschon, M.; Perdisa, F.; Brogini, S.; Cavallo, C.; Desando, G.; Giavaresi, G.; Grigolo, B.; Martini, L.; Nicoli Aldini, N.;
et al. Micro-fragmentation is a valid alternative to cell expansion and enzymatic digestion of adipose tissue for the treatment of
knee osteoarthritis: A comparative preclinical study. Knee Surg. Sports Traumatol. Arthrosc. 2022, 30, 773–781. [CrossRef] [PubMed]

67. Desando, G.; Bartolotti, I.; Martini, L.; Giavaresi, G.; Nicoli Aldini, N.; Fini, M.; Roffi, A.; Perdisa, F.; Filardo, G.; Kon, E.; et al.
Regenerative Features of Adipose Tissue for Osteoarthritis Treatment in a Rabbit Model: Enzymatic Digestion Versus Mechanical
Disruption. Int. J. Mol. Sci. 2019, 20, 2636. [CrossRef] [PubMed]

68. Polancec, D.; Zenic, L.; Hudetz, D.; Boric, I.; Jelec, Z.; Rod, E.; Vrdoljak, T.; Skelin, A.; Plecko, M.; Turkalj, M.; et al. Immunopheno-
typing of a Stromal Vascular Fraction from Microfragmented Lipoaspirate Used in Osteoarthritis Cartilage Treatment and Its
Lipoaspirate Counterpart. Genes 2019, 10, 474. [CrossRef] [PubMed]

69. Coughlin, R.P.; Oldweiler, A.; Mickelson, D.T.; Moorman, C.T., 3rd. Adipose derived stem cell transplant technique for
degenerative joint disease. Arthrosc. Tech. 2017, 6, e1761–e1766. [CrossRef] [PubMed]

70. Senesi, L.; De Francesco, F.; Farinelli, L.; Manzotti, S.; Gagliardi, G.; Papalia, G.F.; Riccio, M.; Gigante, A. Mechanical and
enzymatic procedures to isolate the stromal vascular fraction from adipose tissue: Preliminary results. Front. Cell Dev. Biol. 2019,
7, 88. [CrossRef]

71. Carelli, S.; Messaggio, F.; Canazza, A.; Hebda, D.M.; Caremoli, F.; Latorre, E.; Grimoldi, M.G.; Colli, M.; Bulfamante, G.;
Tremolada, C.; et al. Characteristics and Properties of Mesenchymal Stem Cells Derived From Microfragmented Adipose Tissue.
Cell Transplant. 2015, 24, 1233–1252. [CrossRef]

72. Tremolada, C.; Colombo, V.; Ventura, C. Adipose Tissue and Mesenchymal Stem Cells: State of the Art and Lipogems®Technology
Development. Curr. Stem Cell Rep. 2016, 2, 304–312. [CrossRef] [PubMed]

73. Via, A.G.; Frizziero, A.; Oliva, F. Biological properties of mesenchymal Stem Cells from different sources. Muscles Ligaments
Tendons J. 2012, 16, 154–162.

74. Trivisonno, A.; Alexander, R.W.; Baldari, S.; Cohen, S.R.; Di Rocco, G.; Gentile, P.; Magalon, G.; Magalon, J.; Miller, R.B.; Womack,
H.; et al. Intraoperative Strategies for Minimal Manipulation of Autologous Adipose Tissue for Cell- and Tissue-Based Therapies:
Concise Review. Stem Cells Transl. Med. 2019, 8, 1265–1271. [CrossRef] [PubMed]

75. Raposio, E.; Ciliberti, R. Clinical use of adipose-derived stem cells: European legislative issues. Ann. Med. Surg. (Lond.) 2017, 24,
61–64. [CrossRef] [PubMed]

76. Anitua, E.; Troya, M.; Tierno, R.; Zalduendo, M.; Alkhraisat, M.H. The Effectiveness of Platelet-Rich Plasma as a Carrier of Stem
Cells in Tissue Regeneration: A Systematic Review of Pre-Clinical Research. Cells Tissues Organs 2021, 210, 339–350. [CrossRef]

77. Boffa, A.; Salerno, M.; Merli, G.; De Girolamo, L.; Laver, L.; Magalon, J.; Sánchez, M.; Tischer, T.; Filardo, G. Platelet-rich plasma
injections induce disease-modifying effects in the treatment of osteoarthritis in animal models. Knee Surg. Sports Traumatol.
Arthrosc. 2021, 29, 4100–4121. [CrossRef]

78. Haidich, A.B. Meta-analysis in medical research. Hippokratia 2010, 14, 29–37.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s10195-022-00628-9
https://doi.org/10.3390/jpm13030504
https://doi.org/10.1177/03635465221115821
https://doi.org/10.1177/23259671211026242
https://doi.org/10.1177/1947603520931170
https://doi.org/10.3390/jfmk6010015
https://doi.org/10.22203/eCM.v040a06
https://www.ncbi.nlm.nih.gov/pubmed/32852776
https://doi.org/10.3389/fimmu.2021.631291
https://doi.org/10.1007/s00264-020-04703-w
https://www.ncbi.nlm.nih.gov/pubmed/32661635
https://doi.org/10.1007/s00167-020-06373-y
https://www.ncbi.nlm.nih.gov/pubmed/33464397
https://doi.org/10.3390/ijms20112636
https://www.ncbi.nlm.nih.gov/pubmed/31146351
https://doi.org/10.3390/genes10060474
https://www.ncbi.nlm.nih.gov/pubmed/31234442
https://doi.org/10.1016/j.eats.2017.06.048
https://www.ncbi.nlm.nih.gov/pubmed/29399463
https://doi.org/10.3389/fcell.2019.00088
https://doi.org/10.3727/096368914X681603
https://doi.org/10.1007/s40778-016-0053-5
https://www.ncbi.nlm.nih.gov/pubmed/27547712
https://doi.org/10.1002/sctm.19-0166
https://www.ncbi.nlm.nih.gov/pubmed/31599497
https://doi.org/10.1016/j.amsu.2017.11.002
https://www.ncbi.nlm.nih.gov/pubmed/29204274
https://doi.org/10.1159/000518994
https://doi.org/10.1007/s00167-021-06659-9

	Introduction 
	Materials and Methods 
	Data Source and Searches 
	Study Selection 
	Data Extraction 
	Risk of Bias 
	Quantitative Synthesis and Statistical Analysis 

	Results 
	Study Type 
	Patient Characteristics 
	MM-AT Characteristics and Treatment 
	Safety and Complications 
	Qualitative Analysis 
	Non-Comparative Studies: MM-AT Injection 
	Comparative Studies: MM-AT Injection vs. BMAC Injection 
	Comparative Studies: MM-AT Injection Augmentation to Surgical Procedures 

	Quantitative Analysis: MM-AT vs. PRP 
	Risk of Bias 

	Discussion 
	Conclusions 
	References

