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Abstract

Over the last decade, many studies have indicated a therapeutic potential for treating diabetic lower extremity ulcers
with autologous stem cells. The aim of the current study was to conduct a systematic review and meta-analysis of
the treatment of diabetic foot ulcers (DFUs) with autologous stem cells. The search strategy included the Pubmed,
EMBASE, Web of Science, and Cochrane’s Library databases. The endpoint measured was the healing of DFUs.
Six eligible randomized controlled trial (RCT) studies were screened from related published studies and reviewed for
meta-analysis. The overall meta-analysis showed that stem cell administration was significantly favorable for healing
diabetic ulcers (mean difference (MD) 0.52, 95% confidence interval (CI) 0.38–0.65; p < 0.00001). Subgroup analyses
indicated that stem cells seemed to exert similar beneficial effects on patients with ulcer size≥ 5 cm2 (MD 0.76, 95% CI
0.55–0.97; p < 0.00001) and < 5 cm2 (MD 0.43, 95% CI 0.31–0.54; p < 0.00001). Furthermore, stem cells had similar effects
on patients aged≥ 70 years (MD 0.61, 95% CI 0.14–1.08; p = 0.01) and < 70 years (MD 0.47, 95% CI 0.35–0.58; p < 0.00001).
This systematic review and meta-analysis suggests a promising role for stem cells in DFU treatment. This review will pave
the way to further study on the long-term effects of stem cell-based therapy and large-scale RCTs.
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Background
A diabetic foot is a foot with any pathology that results
directly from diabetes mellitus (DM) or any of its
chronic complications [1]. A diabetic foot is caused by
neuropathy and/or peripheral arterial disease, especially
with below-the-knee medium-to-small artery occlusions
[2]. Diabetic foot ulcers (DFUs) occur in 7.2–15% of the
diabetic population [3–5]. Between 5–24% of DFUs in
patients will eventually lead to limb amputation within a
period of 6–18 months after the first evaluation, and
about 50% of amputees die within 5 years [1, 6, 7]. Con-
sidering the environment of multidisciplinary manage-
ment, novel treatment strategies are needed to mitigate
and overcome these disastrous diabetic complications.
The current standard DFU treatment protocol in-

cludes wound debridement, infection management, re-
vascularization procedures when indicated, and ulcer
off-loading [8]. However, given the wound healing

pathological characteristics of multifactorial synergistic
effects, most approaches have focused on one factor,
such as inflammation or growth, which limits the thera-
peutic efficacy [9]. In addition, due to poor outflow,
some DFU patients have no option for percutaneous or
surgical revascularization. For these limitations, stem cell
therapy has shown promise. Clinical and basic science
studies show that cell therapies can provide a compre-
hensive solution by addressing multiple factors during
diabetic wound healing, particularly for limb ischemic
patients with no other options [10].
Some small-scale clinical trials have investigated the

efficacy of applying stem cells to accelerate wound
healing [11, 12]. However, the interpretation of the re-
sults may be biased by the limited statistical power and
scale of the studies. On the other hand, although ad-
vanced age and ulcer size were found to have a negative
effect on the healing of all diabetic foot ulcers in recent
years [13–15], the effect of the age factor and ulcer size
on efficacy of stem cells for treatment of diabetic ulcers
is not clear. Therefore, we conducted a systematic re-
view and meta-analysis of the published randomized
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controlled trials (RCTs) to evaluate the role of autolo-
gous stem cell administration in the treatment of DFUs.

Methods
Literature search
Two reviewers (JG and RH) independently searched the
Pubmed, EMBASE, Web of Science, and Cochrane Li-
brary (Cochrane Center Register of Controlled Trials)
databases, using the terms “stem cell(s)”, “progenitor
cells”, “lipoaspirate cells” or “mononuclear cells” paired
with “diabetic”, and “diabetes” paired with “wound”,
“ulcer”, “foot” or “isch(a)emia”. The search was limited
to clinical trial studies published in English. The final
search was performed on 7 January 2017. Related ori-
ginal and review articles were identified manually, and
references from these publications were also reviewed.
This systematic review and meta-analysis followed the

Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) criteria [16].

Inclusion and exclusion criteria
Studies were included if: (1) they were reported as an
RCT study; (2) they recruited patients with DFUs who
were assigned to either a stem cell group that accepted
autologous stem cell (derived from bone marrow, per-
ipheral blood, umbilical cord blood, or adipose tissue)
transplantation treatment, or a control group that ac-
cepted only placebo or other medical treatment; and (3)
they reported outcomes regarding the healing of ulcers
and where the relevant data could be estimated. Further-
more, cell therapy-related adverse events were also ex-
tracted. When the same groups of patients were
reported in multiple papers, only the most recent and
complete paper was selected to avoid overlap.
Studies were excluded if: (1) there was no control

group in the study; (2) studies lacked measurement data;
(3) the same test was repeated in published literature or
subgroup analyses; and (4) they were non-English
articles.

Data extraction
According to the inclusion and exclusion criteria, all five
authors (JG, RH, KF, AD, and YG) were involved in the
literature search and data extraction. Quality was
assessed according to the predefined inclusion criteria.
Data regarding the first author, country of the study,
publication date, characteristics of the included patients,
number of participants, details of the stem cell therapy,
follow-up duration, evaluation parameter such as healing
rate, and incidences of adverse events were extracted.

Statistical analysis
The analysis was performed with RevMan 5.3 software
(the Cochrane Collaboration, 2014, Nordic Cochrane

Center, Copenhagen, Denmark). Data were summarized
as frequencies and continuous variables as standardized
mean difference (SMD). The 95% confidence intervals
(CIs) were analyzed as summary statistics. I2 was used to
evaluate interstudy heterogeneity. Both the fixed effects
model and the random effects model were considered in
the analysis depending on the I2 result. If the study was
not statistically homogeneous, we used a fixed effects
model analysis; if there was heterogeneity between stud-
ies, we used a random effects model analysis. Funnel
plots were used to test for publication bias. A two-tailed
p value < 0.05 was considered statistically significant.
From a clinical viewpoint, subgroup analyses were
performed with the following factors: age (≥ 70 years
or < 70 years) and ulcer size (≥ 5 cm2 or < 5 cm2).

Results
Search results and study characteristics
An adapted PRISMA flow diagram [17] shows the litera-
ture screening process used in this report (Fig. 1). After
careful review of the publications, six RCT studies were
eligible and retrieved, including studies of bone marrow-
derived mesenchymal stem cells (BMMSCs; n = 1), bone
marrow-derived mononuclear cells (BMMNCs; n = 2),
peripheral blood-derived mononuclear cells (PBMNCs;
n = 1), bone marrow-enriched tissue repair cells
(BMTRCs; enriched in CD90+ cells; n = 1), and human-
processed lipoaspirate (PLA) cells (n = 1) [18–21].
Among the six studies, three were from China, two
were from Germany, and one was from Korea. The
characteristics of the studies are shown in Table 1.

Quality assessment
The risk of biases of the included studies is shown in
Fig. 2a and b. These data show that the highest risk of
bias was in relation to performance and detection. Six
RCT studies were included and the risk of bias for each
RCT included was low.

Effects of autologous stem cell therapy on the healing of
lower extremity ulcers
As shown in Fig. 3a, the meta-analysis comparing the
stem cell group to the control group showed a mean dif-
ference (MD) of 0.52 (95% CI 0.38–0.65; p < 0.00001),
suggesting that stem cell-based therapy was associated
with improved healing rate.
Figure 3b shows the results of the subgroup ana-

lysis based on ulcer size and age. The ulcer size
was ≥ 5 cm2 in two of the studies (MD 0.76, 95% CI
0.55–0.97; p < 0.00001) and < 5 cm2 in four of the
studies (MD 0.43, 95% CI 0.31–0.54; p < 0.00001). Two
studies included patients ≥ 70 years (MD 0.61, 95% CI
0.14–1.08; p = 0.01) and four studies included patients
< 70 years (MD 0.47, 95% CI 0.35–0.58; p < 0.00001).
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The stability of the results was tested by sensitivity
analysis which was conducted by showing that removing
any one study would not affect the overall results of the
effects of stem cell-based therapy. This suggests that any
single study did not affect the overall results of the
meta-analysis.

Publication bias
Publication bias was qualitatively examined using a fun-
nel plot. As shown in Fig. 4, the distribution of the fun-
nel plot was nearly symmetrical, suggesting no obvious
evidence of publication bias.

Discussion
According to a report from the World Health
Organization, an estimated 422 million adults were
living with DM in 2016 [22]. In the United States, 9.3%
of the population has diabetes [23]. In China, 11.6% of

adults are diabetic, making China’s prevalence rate of
DM the highest in the world [24]. The prevalence of dia-
betes is increasing rapidly; the prevalence among adults
was high at 14.3% in the United States [25]. DFU is a
major complication of DM, occurring in 15% of those
with diabetes and preceding 84% of all diabetes-related
lower leg amputations [4]. In the United States, DFUs
represent a substantial cost burden among Medicare
beneficiaries with diabetes, suggesting a 1-year cost of
US$9–13 billion, in addition to the costs associated with
the disease itself [26].
We present here the results of a systematic review and

meta-analysis of RCTs complete with figures and a table
(all original work from our team) where autologous stem
cell treatment was administered to patients with DFUs.
Our analysis suggests that stem cell treatment is safe and
significantly helps diabetic ulcer healing, without any in-
creased risk of treatment-related adverse events. To our
knowledge, our study is the first meta-analysis evaluating

Fig. 1 An adapted PRISMA flow diagram of the study selection process. RCT randomized controlled trial

Table 1 Characteristics of the included studies

Study Mean age
(years)

Participant cases
(treatment group)

Stem
cell type

Baseline ulcer
size (cm2)

Cell number Delivery method Placebo Follow-up
duration (weeks)

Adverse
events

Lu et al., 2011, China [18] 65 11 BMMNCs 4.3 NA i.m. N.S. 24 No

Lu et al., 2011, China [18] 63 11 BMMSCs 4.2 NA i.m. N.S. 24 No

Huang et al., 2005,
China [19]

71 18 PBMNCs 2.7 3 × 109/leg i.m. PGE1 12 No

Kirana et al., 2012,
Germany [20]

69 12 BMMNCs 9.6 3 × 108/leg i.m. No 45 No

Kirana et al., 2012,
Germany [20]

71 12 BMTRCs 7.7 8 × 107/leg i.m. No 45 No

Han et al., 2010,
Korea [21]

67 26 PLA cells 4.3 > 4 × 106/ulcer Ad.us.ext. No 8 No

Ad.us.ext. ad usum externum (for external use), BMMNCs bone marrow-derived mononuclear cells, BMMSCs bone marrow-derived mesenchymal stem
cells, BMTRCs bone marrow-enriched tissue repair cells, i.m. intramuscularly, NA not available, N.S normal saline, PBMNCs peripheral blood-derived
mononuclear cells, PGE1 Prostaglandin E1, PLA human processed lipoaspirate
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the use of autologous stem cells as an effective treatment
strategy for DFUs. The stem cell treatment was not associ-
ated with any increased risk of adverse events.
The prevalence of leg ulcers in the general population

is 0.12%, but this rises to 1.2% in the population over
70 years of age. Two-thirds of pressure ulcers occur in
patients who are over 70 years of age [27, 28]. Older
adults with diabetes have significantly higher rates of
major lower extremity amputation [29]. Considering the
increasingly worsening general conditions and higher
risks of traditional therapy, some older diabetic patients
have a more immediate need for receiving stem cell
treatment. However, advancing age negatively impacts
stem cell function, and such age-related alterations may
be detrimental for successful stem cell therapy [30, 31].
Duscher et al. [32] found that age-related changes in the

mesenchymal stem cell population dynamics result in an
impaired therapeutic potential of the aged progenitor
cell. For older DFU patients, the efficacy of autologous
stem cell transplantation is a clinical topic deserving at-
tention. Our subgroup analysis suggests that stem cell
treatment can effectively improve ulcer healing in dia-
betic patients < 70 years of age, as well as those ≥ 70 years
of age. There are several possible reasons for this. First,
biological functions of stem cells derived from an aged
donor may be inferior to those derived from a younger
donor, but both can enhance wound healing, especially
in the hostile diabetic wound environment where many
complicated factors may offset the difference in cells de-
rived from aged and young donors. Second, only two re-
search studies were included in our RCT subgroup of
patients ≥ 70 years of age, where the mean ages were

Fig. 2 Risk of bias for each included RCT. BMMNCs bone marrow-derived mononuclear cells, BMMSCs bone marrow-derived mesenchymal stem
cells, BMTRCs bone marrow-enriched tissue repair cells
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Fig. 3 a Risk difference with stem cell therapy compared to control and interventions. b Risk difference with stem cell therapy compared to control
and interventions by ulcer size and age group. BMMNCs bone marrow-derived mononuclear cells, BMMSCs bone marrow-derived mesenchymal stem
cells, BMTRCs bone marrow-enriched tissue repair cells, CI confidence interval, M-H Mantel-Haenszel
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70.9 years and 71.1 years. Given that both studies had a
mean age close to the age endpoint of 70 years, this may
have interfered with the accuracy of the RCT study re-
sults. Jiang et al. evaluated the effects of autologous stem
cells on lower extremity ulcers and found autologous
stem cell-based therapy was associated with better heal-
ing of lower extremity ulcers [33]; however, this study
focused on patients with lower extremity ulcers that in-
cluded diabetic patients and the non-diabetic population.
Considering diabetes foot ulcers have specificity and dis-
tinctive risk factors, DFU patients should be seen as an
independent observational target. Sun et al. conducted a
meta-analysis concluding that applying autologous stem
cell transplantation for curing limb ischemia does not
show any obvious improvement in the limb ischemia,
but that it can dramatically reduce the rate of amputa-
tion [34]. This meta-analysis has two shortages: one is
that this study only assessed limb ischemia and did not
discuss DFU; another is that this is an early study, pub-
lished in 2015, where all the enrolled articles were pub-
lished before 2012. As new studies on stem cells have
been published more recently, the meta-analysis should
be updated to give physicians more up-to-date informa-
tion and conclusions. To our knowledge, our study is
the first meta-analysis on the associations of diabetic
foot ulcer treatment with autologous stem cells.
Ulcer size may have a negative effect on the healing of

DFUs [1, 15]. The results of Skardal et al. [35] suggest
that stem cells could be an effective treatment for large-
scale wounds. In our analysis of the ulcer size subgroup,
stem cell therapy had similar beneficial effects on
the healing of both large and small ulcers (≥ 5 cm2

or < 5 cm2). This suggests that stem cell therapy may
reduce the size of larger ulcers as well. Large diabetic cu-
taneous lesions typically have a poor blood supply, more

serious tissue necrosis, inflammation, and bacterial con-
tamination. The significant advantages of the application
of regenerative therapies based on stem cells would be apt
for this type of unfavorable environment [36]. As well as
wound size, the wound depth, infection, and ischemia are
also critical factors influencing wound healing [37]. Due
to the limitations in article content, these parameters were
not analyzed in our study.
The current study has several limitations. First, stem

cell sources, the number of delivered cells, and the
routes of cell administration differed among the studies.
Due to these significant heterogeneities, optimized pro-
cedure protocols were not determined. Second, only the
funnel plot was used to qualitatively assess publication
bias, with no further examination by other methods such
as Egger’s regression. Third, the claim about the older
subgroup is not fully justified since the selected studies
were performed on patients aged 63, 65, 67, 69, and
71 years. There is no remarkable difference between
these ages. Looking forwards, we need to include more
studies conducted on patients with a wider age range.
Fourth, the RCTs were small in scale and size, and evi-
dence from larger samples and more rigorous RCTs are
required.

Conclusion
This systematic review supports the promising role of
stem cells in accelerating the healing of DFUs. Further
evidence from larger, well-powered trials with long-term
follow-up are needed to confirm our results.
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Fig. 4 Funnel plot
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