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Background: Bone marrow aspirate (BMA) concentrate (BMAC) has gained popularity as a treatment modality for various
orthopaedic conditions; however, there are still inconsistencies in its reported therapeutic efficacy. This may be because of the
many different commercial BMAC preparation systems used clinically, which generate dissimilar concentrate products.

Purpose: To compare 3 commercially available BMAC preparation systems: Harvest SmartPrep 3, Biomet BioCUE, and Arthrex
Angel. We evaluated the consistency of each of these systems and compared the composition of their concentrate products.

Study Design: Controlled laboratory study.

Methods: A total of 10 patients donated whole blood and BMA, which were combined and processed with the 3 different BMAC
preparation systems. Samples were taken before and after processing for the measurement of white blood cells (WBC), platelets
(PLT), CD34þ cells, and colony-forming unit–fibroblast (CFU-F). To evaluate consistency, the variances of cell yield and con-
centration increase from baseline for each cell type were compared between systems. To compare concentrate product
composition, differences between the systems’ mean cell yield and concentration increase from baseline for each cell type were
evaluated.

Results: The Harvest system (variance, 0.25) concentrated WBC more consistently than the Arthrex system (variance, 3.25)
(P ¼ .024), but no other differences in consistency were noted between the 3 systems. The Harvest system recovered the greatest
percentage of CFU-F (82.4% ± 18.2%), CD34þ cells (81.1% ± 28.5%), and WBC (77.3% ± 8.6%), whereas the Biomet system
recovered the greatest percentage of PLTs (92.9% ± 27.3%). The Arthrex system concentrated PLT to the greatest degree (11.10 ±
2.05 times baseline), while the Biomet system concentrated WBC to the greatest degree (5.99 ± 1.04 times baseline).

Conclusion: The consistency of the 3 systems was similar for all but 1 of the evaluated cell types. However, the composition of the
concentrate products differed across systems. This may grant each system unique advantages without having to sacrifice
reproducibility.

Clinical Relevance: Understanding the consistency of different BMAC preparation systems and their product makeup may aid in
determining optimal therapeutic doses of different cell types.

Keywords: bone marrow concentration; mesenchymal progenitor cells; autologous bone marrow harvesting; connective tissue
healing; bone healing

As medical knowledge and technological innovation have
progressed, the health care community has continued to
explore the field of regenerative medicine and the many
therapeutic interventions that it has to offer. Within the
realm of orthopaedics, the therapeutic application of bone
marrow aspirate (BMA) has been contemplated ever since
it was discovered that this tissue stored cells with chondro-
genic and osteogenic capacity.6,19,42 It was originally
hypothesized by many health scientists that these cells

could be retrieved and employed to replace lost or damaged
cartilage and bone in other diseased areas of the body. Sev-
eral bones in the human body serve as a repository of these
mesenchymal progenitor cells, which can be diverted
through separate pathways to form adipocytes, chondro-
cytes, or osteocytes, but the iliac crest continues to be the
preferred site of aspiration because of the ease of access, low
rate of adverse events, and relatively higher concentration
of progenitor cells.25,42 Furthermore, studies comparing the
chondrogenic and osteogenic potential of bone marrow–
derived stem cells versus adipose tissue–derived stem cells
have indicated that bone marrow–derived stem cells may
be more suitable for chondrogenesis and osteogenesis
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because of their greater synthesis of type 2 collagen, greater
proliferative rate, and more native-like columnar arrange-
ment after proliferation.1,24

Within the past 2 decades, BMA has been applied to a
variety of disease states, the most common being osteoar-
thritis of the knee.8,14,35,39,40,44 Although a well-defined
mechanism of action is yet to be elucidated, many reports
indicate significant improvements to physical examina-
tion and radiological findings even after long-term
follow-up.8,35,39,40 Other studies, however, suggest that
the results may not be sufficiently positive and that,
despite some tissue regeneration, the new hyaline
cartilage–like tissue may not fully imitate the properties
of native cartilage.14,44

A major obstacle for BMA therapy may be the low quan-
tity of mesenchymal progenitor cells found in the bone mar-
row, which has been estimated to comprise between 0.001%
and 0.02% of nucleated cells.2,25,42,43 To combat this issue,
several companies have developed devices to concentrate
the BMA, producing BMA concentrate (BMAC). Previous
studies have found that these devices are capable of
increasing the concentration of mesenchymal progenitor
cells between 1.6 to nearly 5 times the concentration in
bone marrow at baseline.4,22 Similarly, these devices have
been found to increase the concentration of CD34þ cells,
white blood cells (WBC), and platelets (PLT) up to 4.4, 5,
and 11 times that of baseline measurements, respec-
tively.4,15,23 However, previous studies lack data describing
the consistency of these devices.

Currently, there exists an overwhelming consensus from
the literature on the need to determine the optimum con-
centrations of cells for mesenchymal progenitor cell ther-
apy.9,14,21,26 Because multiple commercial BMAC devices
are available to the practitioner, it is critical to assess the
consistency with which various cell types can be retrieved
to better determine the effectiveness of BMAC and to quan-
tify optimal progenitor cell therapy. The goal of this study
was to compare 3 commercially available BMAC prepara-
tion systems and evaluate the consistency of their concen-
trate products.

METHODS

Sample Procurement

The informed consent form, as well as blood and marrow
collection protocols, was approved by the LeukoLab Insti-
tutional Review Board (protocol No. 7000-SOP-078). Phle-
botomy and bone marrow aspiration were completed
at StemExpress (Western Institutional Review Board;

No. 601-01). All donors were healthy and were not selected
based on age, sex, or ethnicity. A total of 10 donors (Table 1)
underwent venipuncture, for which 100 mL of whole
blood was collected in 10% anticoagulant citrate dextrose
solution–A (ACD-A), as well as bone marrow aspiration, for
which a heparin rinse was performed and 100 mL was col-
lected in 6% ACD-A. To perform bone marrow aspiration,
patients were placed in a prone position, the posterior
superior iliac spine and sacroiliac joint were palpated, local
anesthetic was injected down to the periosteum, and an
11-gauge needle was inserted through the skin and
subcutaneous tissues until reaching the posterior iliac
crest. The needle was then drilled into the medullary cavity
parallel to the iliac crest. Whole blood and BMA from each
patient were combined to form a single sample of 200 mL of
8% ACD-A whole blood/BMA mix. A sample from each
whole blood/BMA mix was taken to represent the baseline
for each patient. All samples were stored at ambient tem-
perature without ice and were shipped overnight for proces-
sing the following day.

There was 60 mL drawn from the freshly shaken whole
blood/BMA mix to be processed by the Harvest system in
accordance with the company’s instructions for use (IFU;
4003170/0928). Then, 57 mL was drawn from the whole
blood/BMA mix and added to 3 mL of ACD-A, creating a
final solution with 13% ACD-A to be processed by the
Arthrex system in accordance with the company’s IFU
(LM1-00003-EN_A). Finally, 54 mL was drawn from the
whole blood/BMA mix and added to 6 mL of ACD-A, creat-
ing a final solution with 17% ACD-A to be processed by the
Biomet system in accordance with the company’s IFU
(01-50-1465 2010-06).
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TABLE 1
Donor Demographics

Identification
No. Age, y

Body Mass
Index, kg/m2 Sex Ethnicity Smoker

1801 20 26.4 Female White No
1802 18 21.1 Male Hispanic No
1803 35 27.7 Male Hispanic No
1804 46 24.2 Male White Yes
1805 29 26.5 Female White Yes
1806 23 26.1 Male White No
1807 20 27.1 Female White No
1808 30 22.3 Female White No
1809 28 19.7 Female White Yes
1810 27 29.4 Male White Yes
Mean 27.6 25.1
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Sample Processing

Processing and testing of samples were completed at
BioSciences Research Associates. Samples were taken to
be processed by 1 of 3 different separation systems: Harvest
BMAC-60-07 procedure pack (catalog No. 51417; Harvest/
Terumo BCT) with Harvest SmartPrep 3 system (serial No.
SMP#-0213; Harvest/Terumo BCT), Arthrex Angel BMC kit
(catalog No. ABS-10062; Arthrex) with Angel system (serial
No. GB279; Arthrex), and BioCUE platelet concentration sys-
tem (catalog No. 800-0611A; Biomet) with Drucker Model
755VES centrifuge (serial No. 600206-4; Biomet). Samples
were aliquoted in a random sequence during each trial to
ensure that there was no chance of one of the systems
receiving a benefit of the first or last draw.

Each device was loaded according to the manufacturer’s
instructions. The Angel system samples were processed
with a 25% hematocrit setting. All concentrate product
volumes were adjusted to approximately 10 mL by adding
back platelet-poor plasma from each respective donor col-
lected by each respective system. Volumes of the concen-
trate product, added platelet-poor plasma, and final
adjusted product were recorded.

Complete blood counts were performed for baseline sam-
ples and each of the device’s concentrate products with a
Coulter AcT diff2 hematology analyzer (serial No. 465208;
Beckman Coulter). WBC, erythrocyte, and PLT counts and
hematocrit were recorded. Complete blood counts were
completed in duplicate. If the duplicates were not within
10% of each other, then a third replicate was performed.

Baseline samples and concentrate products were pro-
cessed and analyzed for colony-forming unit–fibroblast
(CFU-F) according to the following standard operating pro-
cedures from BioSciences Research Associates (BSR-TM
054) (N. A. Stephens, personal communication, August
22, 2018). Mesenchymal stem cell basal medium (catalog
No. PT-3238; Lonza) was warmed, and mesenchymal stem
cell growth supplement (hMSC SingleQuot Kit; catalog No.
PT-4105; Lonza) was thawed in a 37�C water bath. Then,
50 mL of mesenchymal stem cell growth supplement (cata-
log No. PT-4106E; Lonza), 10 mL of L-glutamine (catalog
No. PT-4107E; Lonza), and 0.5 mL of GA-1000 (catalog No.
PT-4504E; Lonza) were added to 440 mL of mesenchymal
stem cell basal medium to make mesenchymal stem cell
growth medium (MSCGM). Next, 5 U/mL of heparin (cata-
log No. 401586D; APP Pharmaceuticals) was added to
500 mL of MSCGM, and the mixture was filtered. A 2-mL
cell suspension with a concentration of 2e6 total nucleated
cell count (TNC)/mL with MSCGM plus heparin was pre-
pared, and 5 U/mL of heparin was added. Additionally, 3
Falcon T25 tissue culture flasks (catalog No. 353109; Corn-
ing) with 9 mL of MSCGM were prepared. Moreover, 1, 0.5, or
0.25 mL of cell suspension was added to their respectively
labeled flask and cultured at 37�C and 5% CO2 for 3 to 4 days.
Medium was aspirated, and nonadherent cells were removed
before 5 mL of fresh warm MSCGM was added. Flasks were
allowed to continue culturing at 37�C and 5% CO2 until day
10 to 14.

Once sufficient colonies were present, all of the MSCGM
was aspirated from the T25 flasks, and each flask was

washed with 4 mL of 1X phosphate buffered saline (catalog
No. 17-516F; Lonza). The 1X phosphate buffered saline
was aspirated, and the flasks were allowed to dry at room
temperature for 4 to 5 minutes. Then, 2 mL of Giemsa stain
(catalog No. 3250-16; Ricca Chemical) was added to each
flask and allowed to incubate for 3 minutes at room tem-
perature, after which the Giemsa stain was aspirated.
Next, 5 mL of distilled water was added to each flask and
allowed to incubate for 4 minutes at room temperature.
Distilled water was aspirated, and washing with water
was repeated to get rid of excess staining. Colonies with
more than 50 cells were considered a CFU-F. The total
number of CFU-F in each flask was counted, and the mean
number of CFU-F per 1e6 TNC for the 3 flasks was
reported. The CFU-F measurement was performed to esti-
mate the quantity of mesenchymal progenitor cells present
in baseline samples and concentrate products.20 Cyto-
metric analysis for CD34þ cell count was also performed
on baseline samples and concentrate products with an
Accuri C6 flow cytometer (BSR No. 106; BD Biosciences).
CD34þ cell count was performed to estimate the quantity
of hematopoietic stem cells (HSC) present in baseline sam-
ples and concentrate products.11

Statistical Analysis

Statistical analysis was performed with SPSS (IBM) and
RStudio software (RStudio). Yields (ie, percentage of cells
recovered) for WBC, PLT, CFU-F, and CD34þ were calcu-
lated as the ratio of the cell count in the concentrate product
times the volume of the concentrate product to the cell
count in the baseline sample times the volume of the sam-
ple processed. Concentration increases (ie, increase in cell
concentration relative to baseline) for WBC, PLT, CFU-F,
and CD34þ were calculated as the ratio of the cell concen-
tration in the concentrate product to the cell concentration
in the baseline sample. The baseline sample was the same
for all devices, and the volume processed was 60, 57, and
54 mL for the Harvest, Arthrex, and Biomet systems,
respectively.

Consistency was defined as a separation system’s ability
to repeatedly recover the same percentage of a particular
cell type or its ability to repeatedly increase the concentra-
tion of a particular cell type to the same degree. Stated
otherwise, greater consistency was reflected by a smaller
variance in cell yields or concentration increases. The
Levene test, which examines whether variances from dif-
ferent samples are equal, was performed to evaluate differ-
ences in consistency between the 3 separation systems with
respect to yield and concentration increase of WBC, PLT,
CFU-F, and CD34þ. Pairwise comparisons were made
using the Bonferroni correction if the Levene test result
was significant. Although other methods such as the Bar-
tlett, Hartley, or F test could be used to perform a similar
analysis, the Levene test was chosen because of its greater
robustness, especially with small sample sizes such as the
ones used in this study, as well as its ability to handle
comparisons between more than 2 groups.

Yields and concentration increases of WBC, PLT, CFU-F,
and CD34þ were compared between the 3 separation
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systems using 1-way analysis of variance (ANOVA), with a
significance level of .05. The post hoc Tukey honest signif-
icant difference test was performed to compare the separa-
tion systems pairwise if ANOVA results were significant.

RESULTS

The comparison of yield consistency, concentration increase
consistency, mean yield, and mean concentration increase
between systems included 9 samples for the Arthrex system
and 10 samples for both the Biomet and Harvest systems.
The results of 1 concentrate product were discarded
because of specimen clotting (CFU: 0.572; CD34þ: 0.055;
PLT: 14.5; WBC: 10.2).

The results of the yield consistency analysis can be seen
in Table 2. The Levene test indicated that there were no
significant differences in variance between the 3 systems
with regard to the yield of WBC, PLT, CFU-F, or CD34þ.
Because there were seemingly large differences in some
yield variances, it is important to note that the lack of sta-
tistical significance may be because of this study’s small
sample size.

The results of the concentration increase consistency
analysis can be seen in Table 3. The Levene test indicated
that there were no significant differences in variance
between the 3 separation systems with regard to the con-
centration increase of CFU-F, CD34þ, or PLT. However,
there was a difference with regard to WBC (P ¼ .013). After
employing the Bonferroni correction, our analysis indicated
that the Harvest system (0.25) had a significantly smaller
variance than the Arthrex system (3.25) (P ¼ .024) with
regard to the concentration increase of WBC. As explained
above, the study’s sample size may have contributed to a lack
of significance between groups with large differences in their
concentration increase variance.

The results of the mean yield analysis can be seen in
Table 4. Post hoc testing indicated that the Harvest system
(82.4 ± 18.2) recovered a greater percentage of CFU-F than
both the Arthrex (25.8 ± 12.0) (P < .001) and the Biomet
systems (47.4 ± 16.4) (P < .001) and that the Biomet system
recovered a greater percentage of CFU-F than the Arthrex
system (P ¼ .018). Post hoc testing also showed that the
Arthrex system (36.6 ± 13.7) recovered a smaller percent-
age of CD34þ cells than both the Biomet (71.9 ± 24.4)
(P ¼ .008) and the Harvest systems (81.1 ± 28.5) (P ¼
.001). Conversely, post hoc testing indicated that the Bio-
met system (92.9 ± 27.3) recovered a greater percentage of

PLT than both the Arthrex (58.3 ± 10.8) (P ¼ .002) and the
Harvest systems (66.1 ± 14.6) (P ¼ .012). With regard to
WBC, the Arthrex system (29.7 ± 9.5) recovered a smaller
percentage than both the Biomet (66.4 ± 16.1) (P < .001)
and the Harvest systems (77.3 ± 8.6) (P < .001).

The results of the mean concentration increase analysis
can be seen in Table 5. No significant differences were
found between the 3 systems with regard to CFU-F or
CD34þ cells. However, post hoc testing indicated that the
Arthrex system (11.10 ± 2.05) increased the concentration
of PLT more than both the Biomet (8.39 ± 2.30) (P ¼ .010)
and the Harvest systems (3.85 ± 0.86) (P < .001) and that
the Biomet system increased the concentration of PLT
more than the Harvest system (P < .001). Furthermore,
post hoc testing showed that the Biomet system (5.99 ±
1.04) increased the concentration of WBC more than the
Harvest system (4.49 ± 0.50) (P ¼ .027).

DISCUSSION

The primary purpose of this study was to compare the con-
sistency, as well as to evaluate differences in the concen-
trate products, of 3 commercially available BMAC systems.

TABLE 2
Comparison of the Yield Variance (%2)a

CFU-F CD34þ PLT WBC

Arthrex (n ¼ 9) 1.44 1.89 1.16 0.90
Biomet (n ¼ 10) 2.70 5.97 7.45 2.60
Harvest (n ¼ 10) 3.32 8.12 2.12 0.75
P value (Levene test) .500 .520 .281 .083

aCFU-F, colony-forming unit–fibroblast; PLT, platelets; WBC,
white blood cells.

TABLE 3
Comparison of the Concentration Increase

Variance (� Baseline2)a

CFU-F CD34þ PLT WBC

Arthrex (n ¼ 9) 5.20 6.81 4.18 3.25
Biomet (n ¼ 10) 2.06 4.78 5.31 1.09
Harvest (n ¼ 10) 1.09 2.66 0.74 0.25
P value (Levene test) .088 .258 .112 .013

With Bonferroni correction
Arthrex-Biomet — — — .445
Arthrex-Harvest — — — .024
Biomet-Harvest — — — .142

aDashes indicate no post-hoc testing was performed due to
Levene test result > 0.05. Bold values indicate statistical signifi-
cance. CFU-F, colony-forming unit–fibroblast; PLT, platelets;
WBC, white blood cells.

TABLE 4
Comparison of the Yield (%)a

CFU-F CD34þ PLT WBC

Arthrex (n ¼ 9) 25.8 ± 12.0 36.6 ± 13.7 58.3 ± 10.8 29.7 ± 9.5
Biomet (n ¼ 10) 47.4 ± 16.4 71.9 ± 24.4 92.9 ± 27.3 66.4 ± 16.1
Harvest (n ¼ 10) 82.4 ± 18.2 81.1 ± 28.5 66.1 ± 14.6 77.3 ± 8.6
P value (ANOVA) <.001 .001 .001 <.001

With Tukey HSD test
Arthrex-Biomet .018 .008 .002 <.001
Arthrex-Harvest <.001 .001 .649 <.001
Biomet-Harvest <.001 .658 .012 .123

aData are shown as mean ± SD unless otherwise indicated. Bold
values indicate statistical significance. ANOVA, analysis of vari-
ance; CFU-F, colony-forming unit–fibroblast; HSD, honest signifi-
cant difference; PLT, platelets; WBC, white blood cells.
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To strengthen the validity of the results, a single-donor
model was utilized in which each separation system pro-
cessed a fraction of the same sample from each donor. This
is in contrast to a prior investigation that used different
samples for each separation system.22

Prior studies have indicated varying effectiveness of
BMAC therapies, and many have argued for the need to
determine the optimum amount and type of cell required
for best clinical therapy.9,14,21,26 To begin such determina-
tions, it is vital for clinicians to make use of BMAC systems
that will yield desirable concentrate products in a consis-
tent manner. In general, our results indicate that, of the 3
systems that we assessed, differences in consistency were
limited to 1 cell type between 2 of the systems. However, the
concentrate products differed significantly in their compo-
sition across systems, revealing that each system holds par-
ticular advantages for the recovery and concentration of
particular cell types.

An evaluation of each system’s consistency was felt to be
of substantial importance, as, to our knowledge, there is no
currently available literature on the topic. Furthermore, it
can indicate the reproducibility of a particular separation
system’s concentrate product with regard to repeatedly
recovering the same percentage of a particular cell type or
repeatedly increasing the concentration of a particular cell
type to the same degree. To evaluate any differences in
consistency, our study compared the variances of yield and
concentration increase across the 3 separation systems.
Our results indicate that although different systems may
recover a different percentage of each cell type, they each
perform this recovery with similar consistency. Similarly,
while different systems increased the concentration of some
cell types differently, they performed this concentration
increase with similar consistency for 3 of the 4 cell types
evaluated. In fact, only the Arthrex and Harvest systems
showed any difference in consistency, which was limited to
the concentration increase of WBC. These findings argue
for the similar reproducibility of the 3 separation systems.

To identify any potential advantages of the different
separation systems, we compared their ability to recover
and concentrate 4 cell types with different biological

function and clinical relevance. Mesenchymal progenitor
cells, which can differentiate through adipocytic, chondro-
cytic, and osteocytic lineages, have been isolated from
human bone marrow.6,42 Moreover, cells with these prop-
erties have been discovered specifically in CFU-F and
adherent and nonphagocytic cells, which replicate quickly
and produce many of the proteins found in the bone matrix
such as collagen type 1 and collagen type 3.7,12,20 Although
CFU-F may contain a heterogeneous set of cells, they are
used as a marker for mesenchymal progenitor cells within
BMAC products, as they are believed to be positive pre-
dictors for therapy.28 Furthermore, early studies have
demonstrated host and exogenously administered mesen-
chymal progenitor cells’ presence within acutely injured
tissues, suggesting that they may play a role in the tissue
repair process.29 Clinically, they have shown promise as a
treatment for a variety of diseases, especially osteoarthri-
tis of the knee.8,31,35,39,40 For these reasons, an ability to
recover and concentrate mesenchymal progenitor cells
efficiently and consistently is desirable to clinicians and
researchers. Our study indicates that the Harvest system
recovers a greater percentage of the total CFU-F popula-
tion than the other 2 systems but that there is no differ-
ence in concentrating ability between any of the systems.
Because the optimal amount and frequency of BMAC ther-
apy have not yet been determined, understanding the dif-
ferences in each system’s capabilities may lead to future
optimization.10

Despite only comprising about 1.6% of bone marrow,
CD34þ cells are critical to human health because of their
role in hematopoiesis, as they have been shown to be mar-
kers of HSC.11,30,33 Increasing the quantity of CD34þ cells
in BMAC products may be clinically useful, as it may pro-
vide the patient with a greater capacity to generate a host of
myeloid and lymphoid lineage blood cells. Surprisingly,
HSC have also been shown to display plastic behavior and
an ability to change their differentiation pattern depending
on their environment. This has been used to explore their
possible application as a therapeutic approach for demye-
linating and motor neuron diseases, which have shown
some early promising results.38 Other diseases for which
CD34þ cell treatment has demonstrated encouraging
results include Crohn disease and type 1 diabetes melli-
tus.13,17 Our results suggest that the Biomet and Harvest
systems may be preferable to the Arthrex system if a
greater absolute number of CD34þ cells is desired but that
none of the systems is definitively preferable if the objective
is to use the greatest concentration of CD34þ cells.

The hemostatic and wound-healing properties of PLT
have long been observed and used in medical therapy.5

Furthermore, PLT have recently been observed to produce
factors that aid in mesenchymal progenitor cell prolifera-
tion and regulate vascular growth and degeneration.27,34

These factors, which include fibroblast growth factor,
platelet-derived growth factor–a and –b, vascular endothe-
lial growth factor, and insulin-like growth factor–1 and –2,
among others, may contribute to the beneficial effects
observed when platelet-rich plasma is employed as a ther-
apy for some musculoskeletal diseases, including but not
limited to articular cartilage damage, osteoarthritis, and

TABLE 5
Comparison of the Concentration Increase (� Baseline)a

CFU-F CD34þ PLT WBC

Arthrex (n ¼ 9) 4.91 ± 2.28 6.95 ± 2.61 11.10 ± 2.05 5.64 ± 1.80
Biomet (n ¼ 10) 4.30 ± 1.43 6.49 ± 2.19 8.39 ± 2.30 5.99 ± 1.04
Harvest (n ¼ 10) 4.79 ± 1.05 4.71 ± 1.63 3.85 ± 0.86 4.49 ± 0.50
P value (ANOVA) .689 .073 <.001 .028

With Tukey HSD test
Arthrex-Biomet — — .010 .806
Arthrex-Harvest — — <.001 .119
Biomet-Harvest — — <.001 .027

aData are shown as mean ± SD unless otherwise indicated.
Dashes indicate no post-hoc testing was performed due to ANOVA
test result > 0.05. Bold values indicate statistical significance.
ANOVA, analysis of variance; CFU-F, colony-forming unit–
fibroblast; HSD, honest significant difference; PLT, platelets;
WBC, white blood cells.
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rotator cuff tears.16 Despite encouraging results, the exact
mechanism of action, as well as the optimal therapeutic
quantity, of PLT continues to be uncertain.16,18 For this
reason, knowledge of the amount of PLT given in BMAC
therapies, based on the separation system used, can prove
to be of substantial benefit. Our study suggests that the
Biomet system is preferable when a greater absolute quan-
tity of PLT is desired but that the Arthrex system should be
employed if a greater concentration of PLT is necessary.
Interestingly, our results also demonstrate that a system’s
ability to more effectively recover a particular cell type may
not guarantee it the ability to more effectively increase the
concentration of that same cell type and vice versa.

The role of WBC in a variety of orthopaedic therapeutic
settings has been explored, and it has been suggested that
their presence within concentrate products leads to the
increased expression of inflammatory cytokines, resulting
in inferior outcomes when compared with leukocyte-poor
preparations.36,45,46 In particular, researchers have noted
an increased presence of interleukin-1b and tumor necrosis
factor–a and an increased activation of the NF-kB path-
way.46 Yet, others argue for the need for WBC to adequately
elicit the body’s natural healing responses. Specifically, it
has been noted that the presence of neutrophils is neces-
sary for the production of leukotrienes, which are then
converted to lipoxin by PLT and serve a powerful anti-
inflammatory role.32,41 Additionally, the role of monocytes
has been shown to modulate between a proinflammatory
one in the presence of active infections and injuries to an
anti-inflammatory one that enhances the body’s reparative
processes when the initial threat has been dealt with.3,32,37

Because of these opposing views and the potential for
advantages or deleterious effects, the quantification of
WBC in a BMAC product is of great clinical relevance. Our
study indicates that the Arthrex system allows for the
greatest removal of WBC during processing and that the
Biomet system contains a greater concentration of WBC
than the Harvest system. Employment of these findings
should be kept in mind when selecting between the differ-
ent systems, especially if enhancing or limiting inflamma-
tion at the therapeutic site is of importance.

It cannot be overstated that this study does not suggest
the definitive superiority of one technology over another
(because any such claim would lack supporting evidence)
but rather highlights the differing capabilities of 3 commer-
cially available bone marrow separation systems. In fact,
the scarcity of clinical evidence in this field limits our abil-
ity to comment on whether a greater yield or concentration
increase of certain blood constituents, as well as the consis-
tency with which this is obtained, is of clinical significance.
Although all 3 systems rely on a similar basic process of
centrifugation for the separation of BMA and whole blood
components, each centrifuge and collection system is engi-
neered differently, producing different separation results
between the systems. It is imperative that researchers and
clinicians consider all of these differing attributes when
deciding which system to adopt for each of their varying
objectives. Increased reporting by researchers and clini-
cians on the application and efficacy of each of these tech-
nologies is necessary if optimal therapeutic protocols are to

be established in the future. Without additional evidence of
the efficacy of these varying concentrations of BMAC com-
ponents, health care providers who utilize orthobiologics
will be unable to fully and adequately appreciate the bene-
fits and limitations of these BMAC separation systems.

Several limitations exist in our study, which could
have implications for the interpretation of the results.
The relatively small sample size of our study, which was
largely because of financial constraints, increases the
possibility of a type II error. Additionally, only 9 concen-
trate products from the Arthrex system were included in
our statistical analysis of consistency and concentrate
product composition. The Levene test, which was chosen
for its greater robustness and ability to handle compar-
isons between multiple groups, is not without faults of
its own. For example, this test performs best when com-
paring independent groups, which was not the case for
our study because samples from the same donors were
processed by the 3 different separation systems. It is
possible that using an alternative statistical test to com-
pare variances between groups would have resulted in
more or less significant differences between the 3 sys-
tems. Furthermore, our analysis did not include erythro-
cyte, growth factor, or cytokine evaluations, which may
be of substantial clinical relevance in BMAC therapy.
Finally, this study is unable to propose or support a
range of ideal concentrations for each component of
BMAC therapy, as optimal therapeutic values have not
yet been described with conclusive evidence by prior
studies. However, our study did include a single-donor
model, which allowed for better direct comparison
between separation systems. The analysis also required
duplicate measurements for the baseline and concentrate
products, lending greater validity to our findings. Most
importantly, our evaluation includes an analysis of the
consistency of each system, which, to our knowledge, is
currently absent in the available literature.

CONCLUSION

With regard to consistency, only the concentration increase
of WBC of the Arthrex system was less consistent than
that of the Harvest system. All other comparisons of con-
sistency between the 3 systems failed to demonstrate any
significant differences. Our study revealed that the Biomet
system recovered a greater percentage of CFU-F, CD34þ
cells, PLT, and WBC compared with the Arthrex system but
that the Arthrex system concentrated PLT to a greater
degree. Additionally, the Harvest system recovered a
greater percentage of CFU-F, CD34þ, and WBC than the
Arthrex system, but once again, the Arthrex system
returned a concentrate product with a greater concentra-
tion of PLT. When comparing the Harvest system with the
Biomet system, the former achieved a greater recovery of
CFU-F, while the latter achieved a greater recovery and
concentration of PLT and a greater concentration of WBC.
Further exploration of the optimal BMAC formulation as a
therapeutic option for a variety of diseases is necessary to
continue to improve patient outcomes. Such investigations
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should utilize these results to help validate and strengthen
their findings.
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