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Background. Intra-articular bone marrow concentrate (BMC) and aspirate (BMA) injections have been used with mixed results
to treat osteoarthritis (OA). Given the various aspiration and concentration methods available for preparing bone marrow, more
data are needed to identify the optimal bone marrow harvesting techniques to treat OA. Methods. This retrospective cohort
study examined the effect of using low-volume BMAs harvested using the Marrow Cellution™ (MC) device on 160 patients
(262 knees) suffering from pain due to knee OA, KL grades 2-4, that did not respond to conservative treatment. Changes in
visual analog scores (VAS) for overall daily activity were examined over a six-month time frame in these patients
(63:5 ± 0:97 years of age; 48.1% male). In addition, changes in the Western Ontario and McMaster Universities Arthritis
Index (WOMAC) and Patient Global Impression of Change (PGIC scores) were examined over the same time frame in a
smaller subset of patients (95 patients including 172 knees). Results. There was a statistically significant improvement in VAS
scores for overall daily activity 6 months postprocedure in the study population, 7:29 ± 0:27 vs. 3:76 ± 0:34 (p < 0:0001), as
well as statistically significant improvements in WOMAC scores, 49:3 ± 4:27 vs. 66:3 ± 4:08 (p < 0:0001). On the individual
level, 71% of the cases displayed VAS improvements and 61% of the cases displayed WOMAC improvements that exceeded
levels previous studies determined to be the minimal clinically important difference (MCID) for knee OA treatments. The
improvements in WOMAC scores were also seen in both the WOMAC pain subscore, 52:2 ± 4:39 vs. 72:2 ± 4:36 (p < 0:0001)
and the WOMAC function subscore, 51:6 ± 4:67 vs. 69:0 ± 4:36 (p < 0:0001). In addition, the PGIC scores measuring patient
satisfaction improved from 4:03 ± 0:26 at 6 weeks postprocedure to 4:65 ± 0:28 at 6 months postprocedure (p < 0:0001).
Conclusions. Knee OA patients treated with MC BMA intra-articular injections exhibited significant reductions in VAS pain
scores and significant improvements in WOMAC scores that exceeded the minimal clinically important difference thresholds. In
addition, reductions in VAS pain scores and improvements in WOMAC scores correlated with higher PGIC scores.

1. Background

Osteoarthritis (OA) is the most common form of arthritis and
is one of the leading causes of disability in the USA, with the
knee being the most commonly affected joint [1, 2]. More than
ten percent of Americans over the age of 60 have some form of
knee arthritis-related disability limiting their capacity to per-

form their activities of daily living [3]. OA is a degenerative
disease that is associated with the breakdown of articular
cartilage, a process that is accelerated by both age and injury
[3, 4]. In addition to cartilage damage, OA is also correlated
with pathological changes to periarticular tissues [5, 6].

Historically, osteoarthritis has been managed conserva-
tively with a combination of physical therapy and oral
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pharmacologic intervention that focuses on reducing pain
and inflammation. If conservative modalities fail, intra-
articular injections of corticosteroids or hyaluronic acid
can provide symptom relief; however, they do not tend to
modify the underlying etiology of the disease [7, 8]. For
patients with advanced OA, a total knee arthroplasty
(TKA) can reduce pain and help restore function in the knee
but it carries the risk of severe complications and can limit
the patient’s physical activities afterward [9, 10].

Given the issues and costs associated with TKA, other
less invasive treatment options that can reduce the need
for TKAs would be beneficial [11–13]. Toward this end, a
variety of studies have examined the use of orthobiologics
to treat knee OA [12, 14–17]. In particular, a number of
studies have examined the ability of bone marrow concen-
trates (BMC) to treat OA [18–23]. Bone marrow contains
mesenchymal stem cells (MSCs), platelets, and monocytes,
all of which may contribute to improvements within the
joint [24, 25]. While studies examining the use of BMCs in
treating OA show a low risk of adverse events, recent
meta-analyses have shown promising but often equivocal
results in managing the symptoms of OA [26, 27]. The
variability in outcomes in these studies is largely due to inad-
equacies in study design and variability in the techniques
and systems used to produce BMCs.

Only a few studies have focused on using unprocessed
low-volume bone marrow aspirates (BMA) to treat OA
[28–30]. Given the ease of these BMA preparations over
BMC preparations (no concentration step is needed)
coupled with the fact that clinically relevant amounts of
MSCs can be extracted in low volume aspirates, the use of
low-volume BMAs could have significant clinical and practi-
cal advantages over the use of BMCs [31–35]. However,
more studies are needed on the use of BMAs in the treat-
ment of OA to address this knowledge gap.

This study examined the ability of low-volume BMA
extracted using a novel technique, the Marrow Cellution™
(MC) system, to treat individuals with knee OA. This system
allows for the extract of multiple low-volume draws (2mls)
from a single insertion site. The clinical records of 160 knee
OA patients treated with BMA obtained using the novel MC
aspiration technique were examined retrospectively in this
study. The primary outcome measure was the reduction in
pain as determined by the visual analog scale (VAS) six
months after the procedure. Secondary outcome measures
included the Patient Global Impression of Change (PGIC)
and the Western Ontario and McMaster Universities Arthri-
tis (WOMAC) index.

2. Materials and Methods

2.1. Patient Inclusion/Exclusion Criteria. Medical records for
all patients who underwent bone marrow treatment for knee
OA using the Marrow Cellution™ (MC) system at the Atlas
Medical Center (Irving, TX) from March 2018 to Dec. 2019
were examined for possible inclusion in this retrospective
analysis. The study received approval from the Franciscan
University of Steubenville Institutional Review Board
(protocol #2020-24, approved 11-17-2020). 202 knee OA

patients who were treated using the MC system during this
time period satisfied exclusion and inclusion criteria and
filled out baseline surveys. Patients were included if they
were over 18 years of age (the age range of patients actually
enrolled was 37-89 years old), had knee pain and radio-
graphically confirmed Kellgren-Lawrence grade II-IV knee
OA (>80% were grade 2 and 3), and had failed at least six
weeks of conservative therapy (activity modification, weight
loss, brace, nonsteroidal inflammatory drugs, and corticoste-
roid injections). The study excluded those who had a major
mechanical axis deviation of more than 50% into either
compartment (varus or valgus) or 7°, an intra-articular injec-
tion into the affected knee within 6 weeks of the BMA injec-
tion, a body mass index of 40 or more or 18.5 or less, fever,
active infection, clinically significant diabetes, cardiovascu-
lar, hepatic, or renal disease, use of antirheumatic medica-
tions (including methotrexate and other antimetabolites)
within 4 days of BMA injection, malignancy or current
chemo or radiation therapy, current drug or alcohol use
disorder, a history of severe anemia or bleeding disorders,
severe metabolic bone disease, and those who were pregnant
or currently breast-feeding. No patients were excluded due
to failure of aspiration based on either quality or quantity.
In all cases, sufficient marrow was extracted to treat the
patient.

Baseline surveys were obtained for 201 patients but 41 of
these patients were lost during follow-up. As a result, a total
of 160 patients representing 262 knees qualified for retro-
spective analysis of VAS scores. Baseline WOMAC and
PGIC scores were only obtained for the most recent 110
patients. Six of these patients were lost during follow-up
leaving 95 patients included in the WOMAC and PGIC
analysis. The complete data set is available in Supplementary
Table 1. Patient characteristics are described in Table 1.

2.2. Bone Marrow Aspiration and Injection. All BMA proce-
dures were performed by two clinicians who each had over a
year of experience with the technique before treating the
study patients. Using local anesthesia in sterile conditions,
the two clinicians followed the same aspiration technique
as described previously [36]. In brief, after sterile skin prep-
aration, 10ml of lidocaine 2% was injected to anesthetize the
periosteum and surrounding tissue. A bone marrow aspira-
tion needle with side ports (Marrow Cellution kit, Ranfac
Corp.) was then advanced to the cortex of the posterior iliac
crest. The needle was inserted through the cortex using a
mallet in a lateral and caudal direction. Once the needle
passed through the cortex, the sharp stylet was exchanged
for a blunt stylet. The needle was then manually advanced
4 cm into the medullary canal. The blunt stylet was replaced
with a fenestrated aspiration cannula. The bone marrow was
then aspirated following the manufacturer’s recommended
technique. This involved aspirating 2ml of bone marrow
and then slowly retracting the needle and aspirating another
2mls of bone marrow from a different region of the bone
marrow within the same insertion site. This was repeated
five times (five small 2ml aspirates) for a total harvest of
10ml of BMA from a single insertion site. This volume is
small enough such that the draw is not diluted with
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peripheral blood [33, 34], but entails a sufficient volume to
treat knee OA as has been done in a previous studies [30].
Previous studies have used between 6 and 20mls of BMA
or BMC [13, 37], although previous research using the
MC system has found that roughly 10mls of BMA using
this technique is sufficient to achieve positive outcomes
[30, 38]. To inject the BMA, the patient was placed supine
and sterilizing the skin of the knee to be treated was sterilized.
A sterile gel was applied and an ultrasound machine with a
linear probe was used to visualize the knee joint superior
recess. A 20-gauge, 1.5 inch needle was then advanced under
ultrasound guidance into the knee joint. The BMA was then
injected through the needle into the knee joint under ultra-
sound guidance. No particular structure such as the MCL
or hub of the ACL was identified and targeted. Six of the
160 patients had minor swelling postprocedure, which
resolved within five days. No significant side effects were
observed at either the aspiration site or the injection site.

2.3. Patient-Reported Outcome Measures. Three different
patient-reported outcome measures (PROMs) were used in
this study and patients completed their PROM surveys on
their own. The primary outcome measure used was the
VAS score associated with overall daily activity. The
WOMAC score and the Patient Global Impression of
Change (PGIC) score were used as secondary outcome mea-
sures. VAS scores for overall daily activity at baseline and at
6 months postprocedure were available for all 160 patients
(262 knees). WOMAC scores, at baseline and at 6 months
postprocedure, were available for the final 95 patients
enrolled in the study. As the WOMAC score evaluates bilat-
eral knee function, the WOMAC scores are presented per
patient rather than per knee. In addition, these 95 patients
(172 knees) also provided PGIC scores 6 weeks after the
procedure and 6 months after the procedure.

2.4. Statistics. The data was analyzed for normality using the
Kolmogorov-Smirnov test and differences between baseline

and 6 months postprocedure were analyzed using a paired
t-test if the data was normally distributed (WOMAC and
WOMAC subgroup data) and using a Wilcoxon matched-
pairs signed rank test if the data was nonnormally distrib-
uted (VAS, PGIC, WOMAC pain subscale, and WOMAC
function subscale data). Post hoc power analysis was per-
formed (G∗Power 3.1 software) on all these comparisons
(Supplementary Table 1). All group data are presented
as mean ± 95%confidence interval ðCIÞ with p < 0:01 being
used to indicate a statistically significant difference between
groups. Correlation analysis was done by calculating the
Spearman’s rank correlation coefficient. All data analyses
were performed using Prism 9.0 (GraphPad Software).

3. Results

3.1. VAS Scores. The VAS scores improved significantly in
this population following MC treatment falling from an
average of 7:29 ± 0:27 at baseline to 3:76 ± 0:34 at 6 months
postprocedure (p < 0:0001) (Figure 1). Of the 262 knees
analyzed, 187 (71%) displayed an improvement in the VAS
score of 2 or more, a magnitude of improvement that is
above what previous studies determined to be the MCID
for knee OA treatments [39, 40].

When analyzed in subgroups, a significant improvement
in VAS scores was seen across all groups including men
(6:98 ± 0:40 to 3:91 ± 0:50, p < 0:0001, and n = 120 knees),
women (7:54 ± 0:36 to 3:63 ± 0:47, p < 0:0001, and n = 142
knees), patients ≥ 65 years of age (7:20 ± 0:38 to 3:72 ± 0:49,
p < 0:0001, and n = 133 knees), and patients < 65 years of
age (7:38 ± 0:38 to 3:80 ± 0:48, p < 0:0001, and n = 129
knees) (Figure 1). The level of VAS improvement was
greater in women than men, however the difference did
not achieve statistical significance (−3:91 ± 0:51 vs. −3:08 ±
0:50, p = 0:026). No significant difference in VAS score
improvement was seen between older vs younger patients
(−3:47 ± 0:55 vs. −3:58 ± 0:47, p = 0:7595).

3.2. WOMAC. In the subgroup of patients who had com-
pleted WOMAC scores, there was a significant improvement
in the scores over baseline at 6 months postprocedure
(Figure 2). Measured on a scale of 0-96, the overall
WOMAC score improved from 49:3 ± 4:27 at baseline to
66:3 ± 4:08 at 6 months postprocedure (p < 0:0001)
(Figure 2). Of the 95 patients analyzed, 58 (61%) displayed
an improvement in the WOMAC score of 12.5 or more, a
magnitude of improvement that is above what previous
studies determined to be the MCID for knee OA treatments
[41, 42]. In addition, both the pain and the functional sub-
scales of the WOMAC showed significant improvements as
well. The WOMAC pain subscale (adjusted to a 0-100 scale)
improved from 52:2 ± 4:39 at baseline to 72:2 ± 4:36 at 6
months postprocedure (p < 0:0001). Likewise, the functional
subscale (adjusted to a 0-100 scale) improved from 51:6 ±
4:67 at baseline to 69:0 ± 4:36 at 6 months postprocedure
(p < 0:0001) (Figure 2).

When analyzed in subgroups, a significant improvement
in overall WOMAC scores was seen across all groups includ-
ing men (54:8 ± 6:20 to 69:1 ± 5:46, p = 0:0002, and n = 42),

Table 1: Patient demographics for the 160 total patients enrolled in
the VAS portion of the study. The demographics are also listed for
the subgroup, 95 total patients, of this population for which
WOMAC and PGIC scores were obtained.

Number of
patients

Average age
(± SEM)

Percent
male

Total VAS 160 63:2 ± 0:97 48.1%

Males 77 62:5 ± 1:44 —

Females 83 64:4 ± 1:31 —

Patients < 65 years old 82 53:3 ± 0:83 52.4%

Patients ≥ 65 years old 78 73:7 ± 0:77 43.6%

Total WOMAC and PGIC 95 64:3 ± 1:25 44.2%

Males 42 64:0 ± 1:85 —

Females 53 64:6 ± 1:71 —

Patients < 65 years old 46 54:2 ± 1:11 50.0%

Patients > = 65 years old 49 73:8 ± 0:99 38.8%
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women (44:7 ± 5:25 to 64:2 ± 5:75, p < 0:0001, and n = 53),
patients ≥ 65 years of age (49:1 ± 6:13 to 65:4 ± 5:56, p <
0:0001, and n = 49), and patients < 65 years of age (49:2 ±
5:54 to 67:4 ± 5:89, p < 0:0001, and n = 46). There were no
significant difference seen in the improvement in WOMAC
scores found in women vs. men (p = 0:2659) or older
patients vs. younger patients (p = 0:6899).

3.3. PGIC. The self-reported patient satisfaction with the
procedure as measured by PGIC scores improved from 6
weeks after the procedure (4:03 ± 0:26) to 6 months after
the procedure (4:65 ± 0:28) (p < 0:0001) (Figure 3). In this
seven-point scale, a score of 4 indicates stable disease while
scores of 5-7 indicate improvement. When analyzed in sub-
groups, a significant improvement in PGIC scores was seen

across all groups including men (3:73 ± 0:38 to 4:41 ± 0:43,
p = 0:001, and n = 74 knees), women (4:25 ± 0:35 to 4:83 ±
0:36, p = 0:0019, and n = 98 knees), patients ≥ 65 years of
age (3:85 ± 0:35 to 4:36 ± 0:42, p = 0:0118, and n = 92
knees), and patients < 65 years of age (4:24 ± 0:39 to 4:99 ±
0:36, p < 0:0001, and n = 80 knees) (Figure 3). Interestingly,
women reported higher PGIC scores on average as compared
to men while those under 65 reported higher PGIC scores
on average as compared to patients 65 years and older.
However, there was no significant difference in PGIC score
improvement when comparing men vs. women (0:68 ± 0:38
vs. 0:576 ± 0:37, p = 0:2025) or those≥65 vs. those<65
(0:505 ± 0:39 vs. 0:753 ± 0:358, p = 0:2539).

Overall, the PGIC scores were inversely correlated with
VAS scores indicating that patients that reported less pain
also reported greater satisfaction with the procedure
(r = −0:5397; p < 0:0001). In addition, the PGIC scores at 6
months displayed moderate positive correlations with the
6-month WOMAC scores (r = 0:6240; p < 0:0001) and the
6-month WOMAC functional subscale scores (r = 0:6186;
p < 0:0001), indicating that patients that reported greater
functional abilities 6 months postprocedure also reported
greater satisfaction with the procedure.

4. Discussion

In this retrospective study of 161 grade 2-4 OA patients
treated with MC aspirate, no serious adverse events were
observed, which agrees with previous studies using BMA
and BMC to treat knee OA [21, 28, 30, 43]. In addition to
demonstrating safety in this population, patients reported
positive outcomes six months after treatment including
significant reductions in pain and significant improvements
in knee function. While the minimal clinically important
difference (MCID) in VAS and WOMAC scores for knee
OA treatments can vary depending on the treatment and
severity of OA [44], a large percentage of the study
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Figure 1: VAS scores at baseline and at six months postprocedure.
The VAS scores were significantly improved at 6 months as
compared to baseline in the total patient population (left
columns). When broken into subgroups (men, women, patients <
65, and patients ≥ 65), all subgroups showed significant
improvement as well (∗∗∗p ≤ 0:0001).
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Figure 2: WOMAC scores at baseline and at six months
postprocedure. The overall WOMAC scores were significantly
improved at 6 months as compared to baseline. In addition, both
the WOMAC pain and functional subscales were significantly
improved at 6 months over baseline (∗∗∗p ≤ 0:0001).
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Figure 3: PGIC scores at 6 weeks and at six months postprocedure.
The PGIC scores were significantly improved at 6 months
postprocedure as compared to 6 weeks in the total patient
population (left columns). When broken into subgroups (men,
women, patients < 65, and patients ≥ 65), all subgroups showed
significant improvement as well (∗∗∗p ≤ 0:0001; ∗∗p ≤ 0:001; and
∗p ≤ 0:01).
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population displayed improvements that exceeded previ-
ously reported MCIDs for knee OA interventions [39–42].
In the case of VAS changes, 71% of the cases reported
improvements in VAS scores (2 or more points on the 10-
point VAS scale) that exceeded the previously reported
MCID [41, 42]. For the WOMAC, 61% of the patients
reported improvements (>12.5 points) that exceeded previ-
ously reported MCIDs [39, 40].

There was also a significant correlation between VAS
pain and WOMAC pain and between the reduction in both
pain scores and the PGIC patient satisfaction scores suggest-
ing that the pain differences seen here are both meaningful
to the patient and clinically relevant. In addition, the signif-
icant correlation between patient satisfaction and WOMAC
functional score gains indicates these function gains were
meaningful to the patients.

Multiple studies have shown positive improvement for
patients with knee osteoarthritis using BMCs or BMAs
[18, 19, 21, 28, 45, 46]. In fact, recent meta-analyses have
shown promising results in managing the symptoms of
OA, but many of the studies included in the meta-
analyses involved small patient samples, short-term follow
up, and the use of heterogeneous methods that are difficult
to compare directly [26, 27]. While the present study is
likewise limited in its short-term follow-up, it had a large
study population, and it involved a standardized aspiration
technique. The improved patient outcomes seen here are
in general agreement with previous work with BMC injec-
tions. In one previous study, Kim et al. reported improve-
ment in patient outcomes after an autologous BMC
injection, as measured with the VAS, KOOS, and Lysholm
Knee Questionnaire [46]. Likewise, Centeno et al. reported
modest improvements in pain (NPS) and functional (IKDC)
scores following BMC intra-articular injections [43]. Given
that the results of these studies are in general agreement with
the data presented here, this suggests that the use of the low-
volume BMA to treat OA seen here compares favorably to
the use of different BMC preparations.

The ability to treat knee OA successfully using a low-
volume BMA has significant benefits over the use of BMCs.
These benefits include the use of only one insertion site for
harvesting, a lower volume of bone marrow extraction, and
the avoidance of a centrifugation step. Using this technique,
aspirates do not have to be processed following extraction
making them simpler to administer and less subject to the
variability seen in the BMC outputs of centrifugation sys-
tems. Given that much work has shown that small volume
draws have significantly higher MSC and CFU-f counts per
ml than large volume aspirates, which tend to draw signifi-
cant amounts of peripheral blood, the need for a centrifuga-
tion step to enhance bone marrow quality is not obvious
[32–34]. Unfortunately, there are only a limited number of
previous studies that have examined the use of the low-
volume BMA described here to treat knee OA. While these
studies found results similar to the results seen here, they
all involved relatively small sample sizes. One recent study
reported a significant increase in all five subscales of the
KOOS 12 weeks postprocedure as well as a decrease in
VAS scores but only had 17 knee OA patients [28]. Another

related study only involved ten patients but found more than
a 50% reduction in pain 12 weeks postprocedure [29].
Finally, a study following 11 patients (15 knees) with mild
knee OA found that low-volume BMA injections significant
improved KOOS, JR scores and Numerical Rating Scale
(NRS) pain scores out to 12 months postinjection [30].

A common limitation of all of these low-volume BMA
studies, a limitation shared with the present study and the
majority of BMC OA studies in the literature, is the lack of
a proper control group. Toward this end, a large-scale ran-
domized placebo-controlled study in which patients are
stratified based on KL grade is warranted to determine if
the benefits for knee OA described here using low-volume
BMA injections are reproducible in a controlled setting.
While the current study was not stratified, the vast majority
of the patients in this study had KL grades 2-3 OA suggest-
ing that this treatment is beneficial for this population.
Future studies should also establish a standardized rehabili-
tation program postprocedure and should follow patients for
up to two years postprocedure. In addition, studies should
measure the yields of MSCs in the low-volume BMA to
determine if levels of MSCs correlate with patient outcomes
as have been seen in previous studies [47–49]. Finally, the
use of radiographic imaging may help understand if there
are any structural changes that occur in the osteoarthritic
joint following a BMA intra-articular injection and whether
these changes correlate with positive patient reported
outcomes.

5. Conclusions

The intra-articular injection of a low-volume BMA har-
vested using the MC technique was associated with positive
patient outcomes six months postprocedure for patients
with KL Grade 2-4 OA who had failed conservative treat-
ments. The majority of the patients in this study were grades
2-3, indicating that this treatment is beneficial in the short-
term for this population. The study included 161 patients
(263 knees) and demonstrated statistically significant
improvements in pain and function using this low-volume
BMA treatment. In addition, a large percentage of the
patients reported improvements in VAS (71%) and
WOMAC (61%) scores that exceeded the MCID levels
reported in previous knee OA studies. This suggests that
these BMA treatments are a viable option for patients with
grades 2-3 OA. Finally, this novel BMA technique is simpler
and less invasive to perform than BMC techniques that
require (1) an extra centrifugation step and (2) a higher vol-
ume aspiration and/or multiple site aspirations. Despite this
promising data, clinical studies that incorporate longer term
follow-ups along with BMA characterization are needed to
better understand the therapeutic potential of these low-
volume BMAs for the treatment of OA.

Data Availability

The data is available in spreadsheet fashion by contacting
the corresponding author and as a supplementary table.

5Stem Cells International



Ethical Approval

The study was approved by the Franciscan University IRB;
proposal #2020-1.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

AS, JK, and DK were responsible for the study design and
drafting of the manuscript. RH, LM, AM, and AS were
responsible for the data acquisition. PK was responsible for
statistical analysis and ID and AG were responsible for the
manuscript preparation. All authors have given their final
approval of the manuscript to be published in its current
format.

Acknowledgments

The study was funded by the Franciscan Institute for Science
and Health at Franciscan University. The publication fee was
paid for by Endocellutions, the manufacturer of the Marrow
CellutionTM device described in the paper.

Supplementary Materials

Supplementary 1. Supplementary Table 1. Post hoc effect
sizes and power for the various comparisons analyzed in
Figures 1–3.

Supplementary 2. Supplementary Table 2. Raw data for all
patients included in the study. The data set includes age,
sex, as well as WOMAC scores, VAS scores, and PGIC
scores at baseline and 6-month follow-up for all patients.

References

[1] J. C. Mora, R. Przkora, and Y. Cruz-Almeida, “Knee osteoar-
thritis: pathophysiology and current treatment modalities,”
Journal of Pain Research, vol. 11, pp. 2189–2196, 2018.

[2] M. Cross, E. Smith, D. Hoy et al., “The global burden of hip
and knee osteoarthritis: estimates from the global burden of
disease 2010 study,” Annals of the Rheumatic Diseases,
vol. 73, no. 7, pp. 1323–1330, 2014.

[3] Y. Zhang and J. M. Jordan, “Epidemiology of osteoarthritis,”
Clinics in Geriatric Medicine, vol. 26, no. 3, pp. 355–369, 2010.

[4] S. Safiri, A. Kolahi, E. Smith et al., “Global, regional and
national burden of osteoarthritis 1990-2017: a systematic anal-
ysis of the Global Burden of Disease Study 2017,” Annals of the
Rheumatic Diseases, vol. 79, no. 6, pp. 819–828, 2020.

[5] K. Onishi, A. Utturkar, E. Chang, R. Panush, J. Hata, and
D. Perret-Karimi, “Osteoarthritis: a critical review,” Critical
Reviews in Physical and Rehabilitation Medicine, vol. 24,
no. 3-4, pp. 251–264, 2012.

[6] J. Pelletier, J. Martel-Pelletier, and S. B. Adramson, “Osteoar-
thritis, an inflammatory disease: potential implication for the
selection of new therapeutic targets,” Arthritis and Rheuma-
tism, vol. 44, no. 6, pp. 1237–1247, 2001.

[7] N. A. Yaftali and K. Weber, “Corticosteroids and hyaluronic
acid injections,” Clinics in Sports Medicine, vol. 38, no. 1,
pp. 1–15, 2019.

[8] R. D. Altman, A. Manjoo, A. Fierlinger, F. Niazi, and
M. Nicholls, “The mechanism of action for hyaluronic acid
treatment in the osteoarthritic knee: a systematic review,”
BMC Musculoskeletal Disorders, vol. 16, no. 1, p. 321, 2015.

[9] D. W. Fabi, V. Mohan, W. M. Goldstein, J. H. Dunn, and B. P.
Murphy, “Unilateral vs bilateral total knee arthroplasty: risk
factors increasing morbidity,” The Journal of Arthroplasty,
vol. 26, no. 5, pp. 668–673, 2011.

[10] K. Gromov, C. C. Jørgensen, P. B. Petersen et al., “Complica-
tions and readmissions following outpatient total hip and knee
arthroplasty: a prospective 2-center study with matched con-
trols,” Acta Orthopaedica, vol. 90, no. 3, pp. 281–285, 2019.

[11] V. I. Sakellariou, L. A. Poultsides, Y. Ma, J. Bae, S. Liu, and T. P.
Sculco, “Risk assessment for chronic pain and patient satisfac-
tion after total knee arthroplasty,” Orthopedics, vol. 39, no. 1,
pp. 55–62, 2016.

[12] K. Huebner, R. M. Frank, and A. Getgood, “Ortho-biologics
for osteoarthritis,” Clinics in Sports Medicine, vol. 38, no. 1,
pp. 123–141, 2019.

[13] P. Hernigou, C. Bouthors, C. Bastard, C. H. Flouzat
Lachaniette, H. Rouard, and A. Dubory, “Subchondral
bone or intra-articular injection of bone marrow concentrate
mesenchymal stem cells in bilateral knee osteoarthritis: what
better postpone knee arthroplasty at fifteen years? A random-
ized study,” International Orthopaedics, vol. 45, no. 2, pp. 391–
399, 2021.

[14] J. Chahla, C. S. Dean, G. Moatshe, C. Pascual-Garrido, R. Serra
Cruz, and R. F. LaPrade, “Concentrated bone marrow aspirate
for the treatment of chondral injuries and osteoarthritis of the
knee: a systematic review of outcomes,”Orthopaedic Journal of
Sports Medicine, vol. 4, no. 1, p. 2325967115625481, 2016.

[15] M. J. Kraeutler, J. Chahla, R. F. LaPrade, and C. Pascual-
Garrido, “Biologic options for articular cartilage Wear
(platelet-rich plasma, stem cells, bone marrow aspirate con-
centrate),” Clinics in Sports Medicine, vol. 36, no. 3,
pp. 457–468, 2017.

[16] R. E. Delanois, J. I. Etcheson, N. Sodhi et al., “Biologic thera-
pies for the treatment of knee osteoarthritis,” The Journal of
Arthroplasty, vol. 34, no. 4, pp. 801–813, 2019.

[17] D. Szwedowski, I. Dallo, E. Irlandini, and A. Gobbi, “Osteo-
core plasty: a minimally invasive approach for subchondral
bone marrow lesions of the knee,” Arthroscopy Techniques,
vol. 9, no. 11, pp. e1773–e1777, 2020.

[18] C. Centeno, J. Pitts, H. Al-Sayegh, and M. Freeman, “Efficacy
of autologous bone marrow concentrate for knee osteoarthritis
with and without adipose graft,” BioMed Research Interna-
tional, vol. 2014, Article ID 370621, 9 pages, 2014.

[19] S. Sampson, J. Smith, H. Vincent, D. Aufiero, M. Zall, and
A. Botto-van-Bemden, “Intra-articular bone marrow concen-
trate injection protocol: short-term efficacy in osteoarthritis,”
Regenerative Medicine, vol. 11, no. 6, pp. 511–520, 2016.

[20] A. M. Bhosale and J. B. Richardson, “Articular cartilage: struc-
ture, injuries and review of management,” British Medical
Bulletin, vol. 87, no. 1, pp. 77–95, 2008.

[21] A. W. Anz, R. Hubbard, N. K. Rendos, P. A. Everts, J. R.
Andrews, and J. G. Hackel, “Bonemarrow aspirate concentrate
is equivalent to platelet-rich plasma for the treatment of knee
osteoarthritis at 1 year: a prospective, randomized trial,”

6 Stem Cells International

https://downloads.hindawi.com/journals/sci/2022/5394441.f1.docx
https://downloads.hindawi.com/journals/sci/2022/5394441.f2.pdf


Orthopaedic Journal of Sports Medicine, vol. 8, no. 2,
p. 232596711990095, 2020.

[22] A. Gobbi, I. Dallo, and V. Kumar, “_Editorial commentary:_
biological cartilage repair technique –an "effective, accessible,
and safe" surgical solution for an old difficult biological prob-
lem,” Arthroscopy, vol. 36, no. 3, pp. 859–861, 2020.

[23] M. Hussein, C. F. van Eck, and V. N. Kregar, “Bone marrow
aspirate concentrate is more effective than hyaluronic acid
and autologous conditioned serum in the treatment of knee
osteoarthritis: a retrospective study of 505 consecutive
patients,” Applied Sciences, vol. 11, no. 7, p. 2932, 2021.

[24] A. I. Caplan, “Adult mesenchymal stem cells for tissue engi-
neering versus regenerative medicine,” Journal of Cellular
Physiology, vol. 213, no. 2, pp. 341–347, 2007.

[25] P. K. Gupta, A. K. Das, A. Chullikana, and A. S. Majumdar,
“Mesenchymal stem cells for cartilage repair in osteoarthritis,”
Stem Cell Research & Therapy, vol. 3, no. 4, p. 25, 2012.

[26] C. Cavallo, A. Boffa, L. Andriolo et al., “Bone marrow concen-
trate injections for the treatment of osteoarthritis: evidence
from preclinical findings to the clinical application,” Interna-
tional Orthopaedics, vol. 45, no. 2, pp. 525–538, 2020.

[27] M. E. Awad, K. A. Hussein, I. Helwa et al., “Meta-analysis and
evidence base for the efficacy of autologous bone marrow mes-
enchymal stem cells in knee cartilage repair: methodological
guidelines and quality assessment,” Stem Cells International,
vol. 2019, Article ID 3826054, 15 pages, 2019.

[28] N. H. Varady, G. Cate, A. Barghi et al., “Positive early clinical
outcomes of bone marrow aspirate concentrate for osteoar-
thritis using a novel fenestrated trocar,” The Knee, vol. 27,
no. 5, pp. 1627–1634, 2020.

[29] R. E. Colberg, J. A. Jurado Vélez, K. P. Walsh, and G. Fleisig,
“Short-term outcomes after pure bone marrow aspirate injec-
tion for severe knee osteoarthritis: a case series,” Regenerative
Medicine, vol. 15, no. 7, pp. 1851–1859, 2020.

[30] K. Wells, M. Klein, N. Hurwitz et al., “Cellular and clinical
analyses of autologous bone marrow aspirate injectate for knee
osteoarthritis: a pilot study,” PM&R, vol. 13, no. 4, pp. 387–
396, 2020.

[31] N. Ahmadbeigi, M. Soleimani, F. Babaeijandaghi et al., “The
aggregate nature of human mesenchymal stromal cells in
native bone marrow,” Cytotherapy, vol. 14, no. 8, pp. 917–
924, 2012.

[32] M. Scarpone, D. Kuebler, A. Chambers et al., “Isolation of clin-
ically relevant concentrations of bone marrow mesenchymal
stem cells without centrifugation,” Journal of Translational
Medicine, vol. 17, no. 1, p. 10, 2019.

[33] P. Hernigou, Y. Homma, C. H. Flouzat Lachaniette et al.,
“Benefits of small volume and small syringe for bone marrow
aspirations of mesenchymal stem cells,” International Ortho-
paedics, vol. 37, no. 11, pp. 2279–2287, 2013.

[34] G. F. Muschler, C. A. Boehm, and K. A. Easley, “Aspiration to
obtain osteoblast progenitor cells from human bone marrow:
the influence of aspiration volume,” The Journal of Bone and
Joint Surgery, vol. 79, no. 11, pp. 1699–1709, 1997.

[35] D. Batinić, M. Marusić, Z. Pavletić et al., “Relationship
between differing volumes of bone marrow aspirates and their
cellular composition,” Bone Marrow Transplantation, vol. 6,
no. 2, pp. 103–107, 1990.

[36] R. G. Henderson and R. E. Colberg, “Pure bone marrow aspirate
injection for chronic greater trochanteric pain syndrome: a case
report,” Pain Management, vol. 8, no. 4, pp. 271–275, 2018.

[37] B. Shaw, M. Darrow, and A. Derian, “Short-term outcomes in
treatment of knee osteoarthritis with 4 bone marrow concen-
trate injections,” Clinical Medicine Insights: Arthritis and Mus-
culoskeletal Disorders, vol. 11, p. 117954411878108, 2018.

[38] T. Dwyer, G. Hoit, A. Lee et al., “Injection of bone marrow
aspirate for glenohumeral joint osteoarthritis: a pilot random-
ized control trial,” Arthroscopy, Sports Medicine, and Rehabil-
itation, vol. 3, no. 5, pp. e1431–e1440, 2021.

[39] F. Tubach, P. Ravaud, G. Baron et al., “Evaluation of clinically
relevant changes in patient reported outcomes in knee and hip
osteoarthritis: the minimal clinically important improve-
ment,” Annals of the Rheumatic Diseases, vol. 64, no. 1,
pp. 29–33, 2005.

[40] A. Concoff, J. Rosen, F. Fu et al., “A comparison of treatment
effects for nonsurgical therapies and the minimum clinically
important difference in knee osteoarthritis: a systematic
review,” JBJS Reviews, vol. 7, no. 8, article e5, 2019.

[41] V. J. Williams, S. R. Piva, J. J. Irrgang, C. Crossley, and G. K.
Fitzgerald, “Comparison of reliability and responsiveness of
patient-reported clinical outcome measures in knee osteoar-
thritis rehabilitation,” The Journal of Orthopaedic and Sports
Physical Therapy, vol. 42, no. 8, pp. 716–723, 2012.

[42] R. Salehi, L. Valizadeh, H. Negahban, M. Karimi, S. Goharpey,
and S. Shahali, “The Western Ontario and McMaster universi-
ties osteoarthritis, Lequesne Algofunctional index, arthritis
impact measurement scale-short form, and visual analogue
scale in patients with knee osteoarthritis: responsiveness and
minimal clinically important differences,”Disability and Reha-
bilitation, pp. 1–7, 2022.

[43] C. J. Centeno, H. Al-Sayegh, J. Bashir, S. Goodyear, and M. D.
Freeman, “A dose response analysis of a specific bone marrow
concentrate treatment protocol for knee osteoarthritis,” BMC
Musculoskeletal Disorders, vol. 16, no. 1, p. 258, 2015.

[44] J. Dekker, “The minimal clinically important difference re-
considered,” Osteoarthritis and Cartilage, vol. 27, no. 10,
pp. 1403-1404, 2019.

[45] S. A. Shapiro, S. E. Kazmerchak, M. G. Heckman, A. C. Zubair,
and M. I. O'Connor, “A prospective, single-blind, placebo-
controlled trial of bone marrow aspirate concentrate for knee
osteoarthritis,” The American Journal of Sports Medicine,
vol. 45, no. 1, pp. 82–90, 2017.

[46] J. D. Kim, G. W. Lee, G. H. Jung et al., “Clinical outcome of
autologous bone marrow aspirates concentrate (BMAC)
injection in degenerative arthritis of the knee,” European
Journal of Orthopaedic Surgery and Traumatology, vol. 24,
no. 8, pp. 1505–1511, 2014.

[47] K. A. Pettine, M. B. Murphy, R. K. Suzuki, and T. T. Sand,
“Percutaneous injection of autologous bone marrow concen-
trate cells significantly reduces lumbar discogenic pain
through 12 months,” Stem Cells, vol. 33, no. 1, pp. 146–156,
2015.

[48] P. Hernigou, A. Poignard, F. Beaujean, and H. Rouard, “Percu-
taneous autologous bone-marrow grafting for nonunions,”
The Journal of Bone and Joint Surgery-American, vol. 87,
no. 7, pp. 1430–1437, 2005.

[49] P. Hernigou, C. H. Flouzat Lachaniette, J. Delambre et al.,
“Biologic augmentation of rotator cuff repair with mesenchy-
mal stem cells during arthroscopy improves healing and
prevents further tears: a case-controlled study,” International
Orthopaedics, vol. 38, no. 9, pp. 1811–1818, 2014.

7Stem Cells International


	Short-Term Efficacy of Using a Novel Low-Volume Bone Marrow Aspiration Technique to Treat Knee Osteoarthritis: A Retrospective Cohort Study
	1. Background
	2. Materials and Methods
	2.1. Patient Inclusion/Exclusion Criteria
	2.2. Bone Marrow Aspiration and Injection
	2.3. Patient-Reported Outcome Measures
	2.4. Statistics

	3. Results
	3.1. VAS Scores
	3.2. WOMAC
	3.3. PGIC

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



