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Background: Platelet-rich plasma (PRP) and bone marrow concentrate (BMC) are orthobiologic therapies with numerous growth
factors and other bioactive molecules. Before the clinical utility of PRP and BMC is optimized as a combined therapy or mono-
therapy, an improved understanding of the components and respective concentrations is necessary.

Purpose: To prospectively measure and compare anabolic, anti-inflammatory, and proinflammatory growth factors, cytokines,
and chemokines in bone marrow aspirate (BMA), BMC, whole blood, leukocyte-poor PRP (LP-PRP), and leukocyte-rich PRP
(LR-PRP) from samples collected and processed concurrently on the same day from patients presenting for elective knee surgery.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: Patients presenting for elective knee surgery were prospectively enrolled over a 3-week period. Whole blood from
peripheral venous draw and BMA from the posterior iliac crest were immediately processed via centrifugation and manual extrac-
tion methods to prepare LR-PRP, LP-PRP, and BMC samples, respectively. BMA, BMC, whole blood, LR-PRP, and LP-PRP sam-
ples were immediately assayed and analyzed to measure protein concentrations.

Results: BMC had a significantly higher interleukin 1 receptor antagonist (IL-1Ra) concentration than all other preparations (all
P\ .0009). LR-PRP also had a significantly higher IL-1Ra concentration than LP-PRP (P = .0006). There were no significant differ-
ences in IL-1Ra concentration based on age, sex, body mass index, or chronicity of injury in all preparations. LR-PRP had sig-
nificantly higher concentrations of platelet-derived growth factor AA (PDGF-AA) and PDGF-AB/BB than all other preparations (all
P \ .0006). LR-PRP also had significantly higher concentrations of matrix metalloproteinase 1 (MMP-1) and soluble CD40 ligand
than all other preparations (all P \ .004). LP-PRP had significantly higher concentrations of MMPs, namely MMP-2, MMP-3, and
MMP-12, than all other preparations (all P \ .007).

Conclusion: BMC is a clinically relevant source of anti-inflammatory biologic therapy that may be more effective in treating oste-
oarthritis and for use as an intra-articular biologic source for augmented healing in the postsurgical inflammatory and healing
phases, owing to its significantly higher concentration of IL-1Ra as compared with LR-PRP and LP-PRP. Additionally, LR-PRP
had a significantly higher concentration of IL-1Ra than LP-PRP. In cases where increased vascularity and healing are desired
for pathological or injured tissues, including muscle and tendon, LR-PRP may be optimal given its higher overall concentrations
of PDGF, TGF-b, EGF, VEGF, and soluble CD40 ligand.

Keywords: platelet-rich plasma (PRP); leukocyte-poor PRP (LP-PRP); leukocyte-rich PRP (LR-PRP); bone marrow aspirate
(BMA); bone marrow aspirate concentrate (BMC); growth factors; cytokines; chemokines

Platelet-rich plasma (PRP) has become increasingly utilized
as an adjunct to potentially promote musculoskeletal tissue
healing, given the presence of growth factors and other bio-
active molecules that perform a range of regenerative func-
tions, including proliferation and recruitment of stem cells,
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activation of cellular pathways in fibroblasts, modulation of
local inflammatory and fibrotic responses, and stimulation
of neovascularization.51,66 A growing number of randomized
clinical studies have demonstrated the efficacy of PRP in the
knee to reduce pain and improve functional outcomes in the
treatment of osteoarthritis (OA).§

Likewise, bone marrow concentrate (BMC) has emerged
as a minimally manipulated source of cells, growth factors,
and cytokines that is not strictly regulated by the US Food
and Drug Administration and does not require premarket
approval. While there are substantially fewer clinical trials
for BMC relative to PRP, good to excellent outcomes have
been reported with BMC treatment of early knee
OA13,26,53,62,83 and moderate- to high-grade focal chondral
defects.16,31,32,42-46,64,96,97 Although the clinically relevant
properties need to be defined, BMC—as compared with
PRP—reportedly has a significantly greater concentration
of interleukin 1 receptor antagonist (IL-1Ra), which inhibits
IL-1b and its proinflammatory and catabolic effects (tissue
degeneration).12,83

Another possible advantage of BMC over PRP is that it
contains small numbers of mesenchymal stem cells
(MSCs), which have demonstrated benefits in the regener-
ation of musculoskeletal tissues.20,38,108,110 The anti-
inflammatory and immunomodulatory properties of
MSCs are a major area of scientific and clinical interest.
MSCs were reported to improve clinical outcomes among
patients undergoing high tibial osteotomy for genu varum
with cartilage defects,112 increase meniscus volume after
partial meniscectomy,106 and provide good to excellent out-
comes in the treatment of chondral defects and early-stage
OA.16,18 Despite the growing focus in the lay press on the
reported use of stem cells in orthobiologic injections, only
0.001% to 0.01% of mononuclear cells in bone marrow aspi-
rate (BMA) represents MSCs.71,88 Moreover, culture
expansion may be necessary to increase stem cell numbers
for any cellular-based biological effects to occur; however,
no minimum therapeutic threshold concentration of stem
cells currently exists. A recent study reported that while
culture-expanded cells from BMC underwent chondrogen-
esis in vitro, minimally manipulated preparations from
the same donors did not.22 These data emphasize the
importance of defining and quantifying the other clinically
relevant factors that stimulate tissue healing and remodel-
ing, such as cytokines, chemokines, and growth factors.

Before the clinical utility of PRP and BMC is optimized
as a combined therapy or monotherapy in orthopaedics, an
improved understanding of the components and their

respective concentrations is first necessary to determine
which biological treatments are best suited for specific
pathological conditions. To date, the comparison of BMA
and BMC composition has been limited.12,37,58 Thus, the
purpose of this study was to prospectively measure and
compare anabolic, catabolic, anti-inflammatory, and proin-
flammatory growth factors, enzymes, cytokines, and che-
mokines in BMA, BMC, whole blood, leukocyte-rich PRP
(LR-PRP), and leukocyte-poor PRP (LP-PRP) samples col-
lected and processed concurrently from patients present-
ing for elective knee surgery. We hypothesized that there
would be significant differences in the content of key bioac-
tive molecules between BMC and PRP. Abbreviations used
in this article are defined in Table 1.

METHODS

Patient Enrollment and Demographics

After institutional review board approval (Vail Health Hos-
pital), all consecutive patients (32 patients total) between 18
and 50 years of age presenting for elective knee surgery
were screened and enrolled for combined LP-PRP and
BMC injection therapy over a 3-week period. One patient§References 14, 15, 23, 24, 48, 52, 60, 67, 85, 89, 90, 98, 107.

TABLE 1
Abbreviations Used

Definition

BMA Bone marrow aspirate
BMC Bone marrow concentrate
CD40 Cluster of differentiation 40
EGF Epidermal growth factor
FGF Fibroblast growth factor
GRO Growth-regulated protein
IL Interleukin
IL-1Ra Interleukin-1 receptor antagonist
IP10 Interferon gamma-induced protein
LP-PRP Leukocyte-poor platelet-rich plasma
LR-PRP Leukocyte-rich platelet-rich plasma
MCP Monocyte chemoattractant protein
MIP Macrophage inflammatory protein
MMP Matrix metalloproteinase
MSC Mesenchymal stem cells
PDGF Platelet-derived growth factor
PRP Platelet-rich plasma
TGF-b Transforming growth factor beta
TNFa Tumor necrosis factor alpha
VEGF Vascular endothelial growth factor
WB Whole blood
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was eliminated owing to a history of a chronic inflammatory
condition (Sjögren syndrome), leaving 31 patients. Patient
demographics, including sex, age, height, weight, and
body mass index (BMI), were collected from each study par-
ticipant (Table 2). Comorbidities were collected, including
diabetes, blood dyscrasias, and inflammatory conditions,
as well as anti-inflammatory medication use and tobacco
smoking and/or marijuana use. Patients were excluded
from the study if they had a current or previous history of
blood dyscrasia or immunosuppression disorders, cancer,
osteonecrosis or avascular necrosis, chronic inflammatory
disease, rheumatoid arthritis, nonsteroidal anti-inflamma-
tory drug use within 5 days of surgery, a hemoglobin level
\11 g/dL, or a platelet concentration \150 3 103/mL.
This study followed the Minimum Information for Studies
Evaluating Biologics in Orthopaedics (MIBO) guidelines79

(Appendix Table A1, available in the online version of this
article). This study was funded through a research endow-
ment (see funding). Patients were not financially obligated
for these injections.

Hematologic Analysis

Platelet concentration was significantly higher in LR-PRP
than in all other preparations (P\ .0002). BMC had a signif-
icantly higher concentration of leukocytes (all P \ .00002)
and monocytes (P \ .0002) than all other preparations
(Table 3).

Whole Blood Collection

Preoperatively, a certified phlebotomist cleansed the intra-
venous port with an alcohol swab, and 80 mL of whole
blood was slowly and steadily drawn into 2 separate
60-mL disposable syringes with Luer-Lok tips (Becton,
Dickinson and Company) prefilled with 3 mL of anticoagu-
lant citrate dextrose solution formula A (ACD-A) with
a 20-gauge 1.5-inch needle (Insyte Autoguard; Becton, Dick-
inson and Company). These syringes were capped and taken
immediately to a separate on-site laboratory for processing.
Sixty milliliters of whole blood was processed into 6 mL of
LP-PRP for reinjection into the patient’s operative knee.

The remaining 20 mL of whole blood was processed into
LR-PRP for research testing and analysis only.

Whole Blood Processing Technique

All whole blood samples were processed with centrifugation
and manual extraction methods. Under a biosafety hood,
the 80 mL of whole blood was distributed into two 30-mL
samples and one 20-mL sample in separate 50-mL conical
centrifuge tubes (Falcon). A 0.8-mL sample of whole blood
was pipetted into a sterile microcentrifuge tube (1.5 mL;
Seal-Rite) for hematology analysis with a Cell-Dyn Ruby
hematology analyzer (Abbott Diagnostic Division) to per-
form a complete blood count (CBC), allowing measurement
of platelets, leukocytes, and 6 differentials, including neu-
trophils, lymphocytes, monocytes, eosinophils, and baso-
phils in 3103/mL and erythrocytes in 3106/mL (Table 3).
Then, 200 mL of whole blood sample was pipetted into
a microcentrifuge tube for multiplex immunoassay and
analysis.

LP-PRP Processing Technique

The two 30-mL samples of whole blood were then centri-
fuged at 500g for 10 minutes with a Sorvall ST 8 benchtop
centrifuge (ThermoFisher Scientific). After the completion
of this initial ‘‘separating’’ centrifugation, the conical tubes
were taken under a biosafety hood, and a pipette (pipet
controller; Falcon) was used to manually extract the excess
platelet-poor plasma (PPP) layer lying just above the leu-
kocyte layer. The leukocyte layer was purposely disrupted
to release the platelets that comingle in the leukocyte layer
and the top fraction of the red blood cell layer. The plasma
was transferred to a 50-mL conical tube, and a second ‘‘con-
densing’’ centrifugation was performed at 3000g for 6
minutes to further concentrate the platelets. After the com-
pletion of this second centrifugation, the excess plasma and
leukocyte layer were extracted and discarded. The cell pel-
let was resuspended in the resultant 6 mL of PPP, provid-
ing 6 mL of LP-PRP. Next, 0.8 mL of LP-PRP was
transferred into a microcentrifuge tube for hematology
analysis of the final product. Of the 0.8 mL of LP-PRP,
200 mL was pipetted into a microcentrifuge tube for immu-
noassay and analysis.

LR-PRP Processing Technique

Twenty milliliters of whole blood was centrifuged at 1500g
for 10 minutes. After the initial ‘‘separating’’ centrifuga-
tion step, the PPP layer, leukocyte buffy coat layer, and
top fraction of the erythrocyte layer were extracted and
transferred into a 15-mL conical centrifuge tube (Falcon).
The leukocyte-rich contents were then concentrated by
centrifugation at 3000g for 6 minutes, followed by final
manual extraction of the excess top fraction of PPP.
Approximately 1 to 1.5 mL of PPP, the leukocyte layer,
and a minute fraction of erythrocytes that adhere to the
leukocyte layer were extracted and transferred to a

TABLE 2
Patient Demographics and Type of Knee Surgery

Mean (Range) or n

Age, y 34.8 (18-50)
Male:female 18:13
Body mass index, kg/m2 26.4 (19.5-39.7)
Time from injury to surgery, wk 31.8 (0.5-200)

\6 wk 12
.6 wk 19

Knee surgery
Ligament reconstruction 2
Meniscus repair 8
Cartilage procedure 4
Combined 17
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15-mL conical tube. This resulted in approximately 2 mL of
LR-PRP. Approximately 0.8 mL of LR-PRP was trans-
ferred into a microcentrifuge tube for hematology analysis
of the final product. Of the 0.8 mL of LR-PRP, 200 mL was
pipetted into a microcentrifuge tube for immunoassay and
analysis.

All PRP samples were processed within 1 hour of the
blood draw. Hematology analysis included quantification
of the final CBC, which was used to quantify the platelet
fold difference from baseline CBC. Platelets were not acti-
vated with calcium chloride or thrombin, because these fac-
tors were reported to possibly influence the biological
effects of PRP.1 Moreover, in previous quantitative analy-
sis of platelet-derived growth factor AB (PDGF-AB),
PDGF-BB, and transforming growth factor b1 (TGF-b1),
no significant differences in concentrations were reported
between inactivated and activated platelets.68 No other
diluents were added that could change the viscosity of
the cell suspension or induce Rouleau-formation among
erythrocytes. The PRP samples were then immediately
assayed and analyzed for quantification of cytokine, che-
mokine, and growth factor composition and concentration.
Whole blood and PRP were in liquid form at room temper-
ature for processing and analysis. No samples were frozen
because freezing was demonstrated to alter factor profiles
(unpublished data from our center). Moreover, it was
reported that bioactive growth factor and cytokine concen-
trations remain stable in whole blood, LR-PRP, and LP-
PRP up to 4 hours from blood draw (K.E. Whitney, BS,
unpublished data, 2019).111

Bone Marrow Aspiration Technique

BMA was harvested with a previously reported technique.17

Each patient was positioned prone. Light conscious sedation
was administered and monitored by an anesthesiologist.
After palpation of the bony landmarks of the posterior iliac
crest and sacroiliac joint, the procedural site was sterilely
prepared and draped. The skin and soft tissue were then

injected down to and including the periosteum of the harvest
site with approximately 6 to 7 mL of 1% lidocaine without
epinephrine with a 22-gauge needle (BD SafetyGlide; Becton,
Dickinson and Company). The BMC aspiration kit (Marrow-
Stim; Biomet Biologics) and the BMC aspiration drill (Pow-
ered Bone Marrow Biopsy System; Arrow OnControl) were
sterilely draped. The provided 18-gauge BMA trocar and
18-gauge needle were percutaneously inserted until they
reached the posterior iliac crest. The drill was then used to
insert the trocar and needle into the medullary cavity of
the posterior iliac crest. A syringe preloaded with 1 mL of
ACD-A was injected into the inserted trocar to minimize
the risk of coagulation. Approximately 60 mL of BMA was
steadily aspirated into two 30-mL syringes (BD Luer-Lok
tip; Becton, Dickinson and Company) preloaded with 5 mL
of ACD-A. Syringes were capped and directly taken to an
on-site laboratory for processing and analysis. For testing
purposes, 200 mL of BMA was collected into a microcentrifuge
tube with a pipette.

Bone Marrow Processing Technique

Centrifugation and manual extraction methods were used
to isolate BMC. Under a biosafety hood, BMA was trans-
ferred into two 50-mL conical tubes, and 0.8 mL was pipet-
ted into a microcentrifuge tube for hemanalysis with the
Cell-Dyn Ruby hematology analyzer. A CBC with differen-
tial was automatically recorded before processing. The
BMA was centrifuged with a Sorvall ST 8 benchtop centri-
fuge at 1500g for 10 minutes. After the completion of the
soft spin centrifugation, the top fraction of PPP was
extracted until 5 mL of PPP remained. All remaining levels
were resuspended with the PPP layer and transferred to
a 60-mL syringe preloaded with 2 mL of ACD-A. This sam-
ple was then filtered through an 18-mm blood filter (Hemo-
Nate; Utah Medical) into a 50-mL conical tube to filter
potential clots. A second centrifugation was performed at
3000g for 6 minutes. After this hard spin centrifugation,
excess PPP from the top fraction was discarded, and the

TABLE 3
Hematology Results for Blood and Bone Marrow Sourcesa

WB LR-PRP LP-PRP BMA BMC P Value

Platelets, 103/mL 212 1450 599 164 901 \.0002
(185, 236) (1221, 1653) (504, 737) (135, 190) (596, 1073) \.002b

Total leukocytes, 103/mL 5.5 26 1.6 15.9 85.7 \.00002
(4.6, 6.2) (22.6, 32) (1, 2.4) (13.5, 21) (63.2, 94.8) \.003b

Monocytes, 103/mL 0.4 3.3 0.2 1.1 6.8 \.0002
(0.4, 0.5) (2.6, 4.1) (0.1, 0.4) (0.8, 1.5) (5.9, 9) \.0002b

Neutrophils, 103/mL 3.0 9.1 0.2 10.6 45.1 \.00002
(2.4, 3.9) (5.6, 12.8) (0.1, 0.6) (8.7, 14) (35.9, 57.5) \.00002c

Erythrocytes, 106/mL 4.3 2 0.1 3.9 2.4 \.00002
(4.1, 4.6) (1.7, 3) (0.1, 0.3) (3.7, 4.3) (2.1, 2.9) \.00002d

aResults are given as median (first quartile, third quartile). Values given in bold are significantly higher than all other preparations.
bAll pairwise comparisons were significant.
cAll pairwise comparisons were significant except LR-PRP vs BMA.
dAll pairwise comparisons were significant except LR-PRP vs BMC.
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remaining 5 mL of PPP and leukocyte layer were extracted
together, resulting in 6 mL of BMC. A 0.8-mL sample of
BMC was transferred into a microcentrifuge tube used
for hematology analysis of the final BMC product. Of the
0.8 mL of BMC, 200 mL was pipetted into a microcentrifuge
tube for immediate immunoassay and analysis. BMA was
processed within 1 hour of the blood draw. Hematology
analysis included quantification of the final CBC. No other
diluents were added that could change the viscosity of the
cell suspension or induce Rouleau formation among eryth-
rocytes. BMA and BMC were in liquid form at room tem-
perature for processing, immunoassay, and analysis.

Quantification of Growth Factor
and Cytokine/Chemokine Composition

The LR-PRP and LP-PRP from the separate 200-mL sam-
ples were pipetted into microcentrifuge tubes for Luminex
multiplex immunoassays (EMD Millipore Corp) that mea-
sured the concentrations of growth factors, cytokines, and
chemokines. Specific immunoassay kits (EMD Millipore
Corp) used were a human cytokine/chemokine magnetic
bead panel, TGF-b magnetic bead panel, MMP magnetic
bead panel 1, and MMP magnetic bead panel 2. Factors ana-
lyzed are listed in Tables 3 to 5 and Appendix Table A2
(available online). A standard manufacturer’s protocol for
the Luminex 200 (Luminex Corp) multiplex instrument
was utilized as previously published.78 All reagents were
prepared and stored according to the manufacturer’s
instructions. Briefly, background, standards, and controls
were added in duplicate to the appropriate wells with serum
matrix solution. The unknown samples were subsequently
added in duplicate, with premixed growth factor, cytokine,
and chemokine antibody-immobilized magnetic beads. The
plate was sealed and covered with foil during incubation
with agitation at 600 rpm. With a handheld magnet, the
plate was washed 2 times with the 13 wash buffer provided.
Detection antibodies were added to the plate and incubated
at room temperature for 30 minutes at 600 rpm. Streptavi-
din-phycoerythrin solution was added and incubated at
room temperature for 30 minutes at 600 rpm. After 2 plate
washes, drive fluid was added to resuspend the beads at 300
rpm for 5 minutes. Finally, the plate was analyzed with the
Luminex 200 xPONENT 3.1 system (Luminex Corp) with
xPonent software (EMD Millipore Corp), which created
a standard curve for each analyte via a 5-parameter logistic
curve-fitting method with the median fluorescent intensity.
Growth factor, cytokine, and chemokine concentrations in
the unknown samples were calculated with this method.

Quantification Metrics for BMC and PRP
Relative to Starting Samples

The composition, total volume, and concentration of nucle-
ated cells, platelets, and erythrocytes in the BMC and
PRP samples were compared with the baseline samples of
BMA and whole blood, respectively (Appendix Table A1,
available online). The fold change in cell concentration in
BMA, BMC, whole blood, LR-PRP, and LP-PRP was

determined. The growth factors and proteins with approxi-
mately �80% detectable data were delineated (Table 3).
Finally, the growth factor and protein composition and con-
centrations of BMC, LR-PRP, and LP-PRP were compared
(Tables 4-6).

Biologics Delivery

After each patient’s elective knee surgery, 6 mL of LP-PRP
and 6 mL of BMC were injected into the operative knee
while the patient was still under anesthesia. A 10-mL 1:1
dual-injection syringe and FibriJet applicator assembly
(Nordson Medical) were used, and no additional media
were injected.

Statistical Analysis

An a priori power and sample size calculation was made as
informed by data from a similar previous study.12 For the
primary comparison of IL-1Ra level in BMC versus BMA,
an estimated observed effect size of d = 1.0 was reported.
To make this estimation, the approximation SD ’ (Q3-Q1)
/ 1.35 was used, and a correlation of 0.5 was assumed
between IL-1Ra in BMC and BMA samples in the same
patient. For this study, we conservatively assumed a Bonfer-
roni correction among all 10 pairwise comparisons, 2-tailed
testing, and an overall alpha level of .05. Eighteen patients
were sufficient to detect this magnitude of effect size with
80% statistical power. In the same study, the comparison
between BMC and PRP exhibited a larger effect size; thus,
we assumed correspondingly higher statistical power to
test this co–primary hypothesis. Our plan was to prospec-
tively enroll all patients over a 3-week period such that at
least 18 patients would be included.

Many factors exhibited varying degrees of skew and
missing or nondetectable values. We report only the factors
with �80% detectable values (within the detectable range
for each factor, measured in pg/mL). Factors that had
\80% detection (values that were above or below the stan-
dard curve) were excluded from the final analysis. We tested
an array of factors and cytokines with multiple bead panels
specific for certain factors. Nondetect results were believed
to be due to bead aggregation (clumping), which occurs
more often when there are several bead panels present.
There were also several factors with low concentrations
that were out of range of the standards but were still largely
within detectable limits of the fitted curve. In these factors,
nondetect results may have been due to low concentrations
and/or bead aggregation. Among the factors exhibiting
highly detectable data, subthreshold values, or values not
in the detectable range, were excluded from final analysis.
The Skillings-Mack test, a nonparametric method for block
designs with missing observations and reserved for
repeated measures, was used to test the overall null hypoth-
esis of equivalency among the 5 preparations. When that
was statistically significant, pairwise comparisons were con-
ducted with the dependent-samples Wilcoxon signed rank
tests and Holm method to account for multiple comparisons.
Secondarily, Spearman correlation and Mann-Whitney U
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TABLE 4
Inflammatory/Catabolic Factors, Enzymes, and Cytokines in Whole Blood, LR-PRP, LP-PRP, BMA, and BMCa

Preparation, pg/mL

WB LR-PRP LP-PRP BMA BMC P Value

Eotaxin 351.8 253.3 121.2 232 177.6 \.00006

(316.5, 449.8) (197.3, 305) (103.7, 175.9) (179, 291.3) (158.9, 214.7) \.002b

FGF-2 61.71v# 100.7~# 90.4v 176.2^ 229.6^~1 .010^

(35.7, 211.6) (57.9, 208.5) (49.3, 294.7) (68.5, 272.4) (166.6, 541.1) .006~

.0131

.0009v

.006#

GRO 423.41v 976.1^v 944.7~1 246.7c 440.5^~ \.04c

(306.7, 704.5) (539.5, 1795.5) (655.7, 2143) (197.8, 331.9) (270.6, 611.9) .004^

.0003~

.000041

.0003v

IL-8 9.31 12.5~ 9.7^ 7.6^~1 10.2 .03^

(6.3, 15.8) (5.6, 23) (4.7, 17.2) (3, 10.2) (4.9, 13.9) .04~

.00061

IP10 166.4~ 188.4 194.2^~ 164.7^ 204.5 .008^

(126.2, 231.5) (146.2, 266.3) (158.6, 292) (132.8, 224.2) (140, 297.6) .002~

MCP1 903.2 145.9~ 196.91 476^~1 283.6^ \.00006

(748.9, 1312) (108.3, 362.6) (158.4, 263.9) (351.5, 717.5) (119.7, 377.1) .001^

.0007~

.000021

MIP1b 20.8v#& 31.71# 24~v 11.2^~1& 32.2^ .03^

(13.1, 37.8) (25.8, 42) (12.5, 69.2) (6.6, 20.9) (21.8, 54.9) .0004~

.0031

.03v

.02#

.001&

MMP-1 11571v 3125 1731~v 1104^~1 1501^ \.004

(746.6, 2817) (2595, 6987) (1117, 3081) (448.4, 2199) (619.9, 2622) .010^

.0004~

.0051

.012v

MMP-2 57,222 63,288 95,962 29,842 12,045 \.00006

(40,168, 75,359) (23,999, 107,452) (58,876, 132,642) (11,604, 48,581) (3575, 34,557) \.0002d

MMP-3 11,171~v 9909^1 19,292 66781v 6176^~ \.007

(8997, 15,708) (6759, 14,791) (8457, 26,915) (3096, 9122) (2130, 8464) .001^

.001~

.0171

.013v

MMP-12 231.4~v 264.8^1 582.7 126.51v 97.6^~ \.003

(159.1, 363) (196, 337.3) (332.2, 927.7) (95.5, 138.4) (88.5, 160.1) .005^

.006~

.002

.002v

sCD40Le 1809v 5523 2187~1 458.6^1v 1669^~ \.005

(1251, 2468) (2833, 8022) (1218, 3698) (310.1, 1024) (1233, 2615) .0003^

.040~

.000031

.00003v

TNFa 7.1v#3 8.91# 10.7^~3 4.6~1v 4.2^ .031^

(4.5, 10.7) (7, 14.5) (7, 15.9) (3.6, 5.4) (2.5, 7.7) .023~

.0311

.031v

.031#

.00083

aResults are given as median (first quartile, third quartile). Values given in bold are significantly higher than all other preparations in pairwise comparisons.

Additional shared symbol between groups corresponds to the shared P value based on significant pairwise comparison.
bAll pairwise comparisons significant (P \ .002) except LR-PRP vs BMA.
cBMA was significantly lower in GRO than all other preparations (P \ .04).
dAll pairwise comparisons significant (P \ .0002) except LR-PRP vs whole blood.
esCD40L is also angiogenic.
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tests were used to test for associations between factors and
demographic covariates. The statistical software R was used
for all analyses.84

RESULTS

Patient Demographics

Thirty-two patients were enrolled in the study. One
patient was eliminated owing to a history of a chronic
inflammatory condition (Sjögren syndrome), leaving 31
patients included in the analysis. Patient demographics
are listed in Table 2.

All pairwise comparisons for leukocyte concentration
were significantly different between preparations (all P \
.003). All pairwise comparisons for monocyte concentration
were significantly different between preparations (all P \
.0002). Finally, all pairwise comparisons of erythrocytes
were significantly different (all P \ .00002), except
between LR-PRP and BMC (P = .06).

There was a median (first quartile, third quartile) 2.9-fold
increase (2.5, 3.3) in platelet concentration and a median 0.3-
fold decrease (0.2, 0.4) in leukocyte concentration in LP-PRP
as compared with whole blood. There was a median 7.2-fold
increase (5.7, 7.8) in platelet concentration in LR-PRP and
median 5.1-fold increase (4.2, 6.0) in leukocyte concentration
in LR-PRP as compared with whole blood.

Proinflammatory Factors, Cytokines,
and Chemokines Analysis

Appendix Table A2 (available online) lists the catabolic/proin-
flammatory factors and cytokines as well as MMPs. IL-1b is
an important and clinically relevant proinflammatory cyto-
kine that was largely nondetectable, with a high subthreshold
nondetect rate (66.4%). Because of these missing data, we did
not include this cytokine in our final analysis. For eosinophil
chemotactic protein (eotaxin) and monocyte chemoattractant
protein 1, whole blood had significantly higher respective con-
centrations than all other preparations (all P \ .00006). BMA
was significantly lower in growth-regulated oncogene than all

TABLE 5
Anabolic Growth Factors in Whole Blood, LR-PRP, LP-PRP, BMA and BMCa

Preparation, pg/mL

WB LR-PRP LP-PRP BMA BMC P Value

EGF 34.2v 69.7^~v 34.51 23.5~1 26.5^ .007^
(18.5, 53) (35.5, 126.6) (22.4, 75.8) (14.4, 41.2) (14.9, 50.3) .013~

.0281

.007v

PDGF-AA 5152 20,347 11,535 2942 11,358 \.0004
(4261.5, 7717) (14,159, 32,861) (7383, 15,137) (1770, 3921) (8825, 14,421) \.001b

PDGF-AB/BB 103,666~v 376,949 170,3741v 86,008^1 190,942^~ \.0006
(68,012, 146,308) (243,203, 645,125) (92,479, 297,433) (57,097, 105,234) (123,493, 293,249) .0006^

.0005~

.0031

.003v

TGF-b1 51,902~#3 226,9591# 184,077v3 46,679^1v 230,974^~ .0001^
(28,779, 71,182) (154,992, 323,105) (125,981, 240,741) (17,943, 69,419) (126,265, 286,380) .00008~

.000071

.00004v

.00004#

.000043

TGF-b2 97701’q 42,698v3’ 28,685~#3q 9002^v# 36,093^~1 .00003^
(5632, 14,319) (26,764, 54,318) (16,307, 37,604) (3859, 12,544) (20,737, 51,453) .027~

.000021

.00004v

.00003#

.0083

.00002’

.00002q

VEGF 55.2~ 126.7 138.1^~ 51.6^ 91.1 .025^
(28.6, 250.5) (60.3, 250.2) (53.2, 508) (36.5, 298) (64.2, 237.9) .0004~

aResults are given as median (first quartile, third quartile). Values given in bold are significantly higher than all other preparations in
pairwise comparisons. Additional shared symbol between groups corresponds to the shared P value based on significant pairwise
comparison.

bAll pairwise comparisons were significant (P \ .001) except LP-PRP vs BMC.
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other preparations (all P\ .04). For MMP-1 and sCD40L, LR-
PRP had significantly higher concentrations than all other
preparations (all P \ .004). For 3 of 4 MMPs (ie, MMP-2,
MMP-3, and MMP-12), LP-PRP had significantly higher con-
centrations than all other preparations (all P \ .007). BMC
had a significantly lower concentration of MMP-2 than all
other preparations (all P \ .00006) (Table 4).

Growth Factor Analysis

Appendix Table A2 (available online) lists the growth fac-
tors. For epidermal growth factor (EGF), LR-PRP had a sig-
nificantly higher concentration than whole blood, BMA,
and BMC (all P \ .05). LR-PRP also had significantly
higher concentrations of PDGF-AA and PDGF-AB/BB
than all other preparations (all P \ .0006). There were
no significant differences among BMC, LP-PRP, and LR-
PRP for TGF-b1. For TGF-b2, LR-PRP and BMC had sig-
nificantly higher concentrations than whole blood, LP-
PRP, and BMA (all P \ .04) (Table 5).

Interleukin 1 Receptor Antagonist

BMC had a significantly higher IL-1Ra concentration than
all other preparations (P \ .0009). All pairwise compari-
sons among preparations were significant (P \ .003).

BMA had a significantly higher concentration of IL-1Ra
than whole blood, LR-PRP, and LP-PRP (P \ .003). LR-
PRP also had a significantly higher IL-1Ra concentration
than LP-PRP (P = .0006). There were no significant differ-
ences in IL-1Ra concentration based on age, sex, BMI, or
chronicity of injury (Table 6, Figure 1).

DISCUSSION

The most important finding of this study was that there were
specific growth factors, cytokines, and chemokines present in
variable concentrations depending on the biologic prepara-
tion. In particular, BMC provided a significantly higher con-
centration of IL-1Ra as compared with whole blood, LR-PRP,
LP-PRP, and BMA. There were no significant differences in
IL-1Ra when grouped by age, sex, BMI, or chronicity of
injury for all preparations. LR-PRP also had a significantly
higher IL-1Ra concentration than LP-PRP. In addition, our
study demonstrated that LP-PRP had significantly higher
concentrations of MMP-2, MMP-3, and MMP-12 than all
other preparations, while BMC had a significantly lower con-
centration of MMP-2 than all other preparations. LR-PRP
had significantly higher concentrations of MMP-1, sCD40L,
PDGF-AA, and PDGF-AB/BB than all other preparations.
Moreover, LR-PRP and BMC had significantly higher con-
centrations of TGF-b2 than whole blood, LP-PRP, and BMA.

TABLE 6
IL-1Ra Concentration Across Biologic Preparations and Results Based on Age, Sex, and Injury Chronicitya

Preparation, pg/mL

IL-1Ra WB LR-PRP LP-PRP BMA BMC P Value

Overall 143 257.8 48.9 463 796.6 \.0009
(72.4, 195.4) (100.7, 408.6) (34.3, 76.8) (328.7, 560.2) (579.2, 1288) \.003b

Age, y ..440
\35 (n = 15) 124.9 257.8 55.1 492.3 842.1

(74.2, 163.3) (92.2, 408.6) (28.1, 77.1) (362.1, 602.9) (619.1, 1050)
.35 (n = 16) 172.4 239.2 41.5 419.3 679.6

(66.3, 255.6) (113, 389) (35.7, 71.7) (313.1, 541.4) (463.5, 1353)
Sex ..15

Male (n = 18) 145.9 267.7 55.3 478.1 973.4
(73.4, 200.1) (111.6, 426.9) (36, 104.7) (377, 626.8) (683.2, 1375)

Female (n = 13) 142.4 176.5 35.8 352.6 616.3
(58.7, 176.3) (85.2, 374.6) (31.6, 67.9) (173.4, 499.1) (366, 1006)

BMI, kg/m2 ..20
\25 (n = 11) 124.9 281.2 48.9 383 790.9

(56.4, 177) (67.5, 396.8) (35.8, 77.1) (216.5, 511) (295.6, 1050)
.25 (n = 20) 155.6 229.3 46.2 463.4 796.6

(78.3, 217.1) (110.6, 407.8) (34.1, 75) (334.1, 730.1) (605.2, 1462)
Chronicity ..21

Acute (n = 12) 152.7 188.7 47.5 494.3 1063
(87.1, 338.9) (64, 349.9) (34.4, 94.3) (307.8, 605.9) (506.9, 1505)

Chronic (n = 19) 124.9 281.2 48.9 383 784
(72.4, 177) (107.1, 417.3) (34.7, 70.8) (328.7, 544.1) (607, 1040)

aResults are given as median (first quartile, third quartile). Values given in bold are significantly higher than all other preparations.
There are no significant differences based on age, sex, BMI, or chronicity of injury, with the lowest P value among the preparations listed
in the table. Acute, \6 weeks; chronic, .6 weeks.

bAll pairwise comparisons were significant (P \ .003).
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In the current study, BMC had significantly higher con-
centrations of monocytes, neutrophils, and total leukocytes
versus the other biologic preparations. The higher concen-
tration of monocytes in BMC is intuitive given that it rep-
resents one of the most readily available minimally
manipulated sources of MSCs used in common orthopaedic
practice.16 MSCs are a type of monocyte that constitutes
only a limited component of the total monocytes present
in BMC.71,88 Other clinically relevant factors and cyto-
kines, including IL-1Ra, have been implicated in the
anti-inflammatory and regenerative processes.12,16 To
date, the degree to which MSCs secrete growth factors
and anti-inflammatory molecules in response to inflamma-
tory molecules is still being defined.

We found that BMC had a significantly greater concentra-
tion of IL-1Ra when compared with LR-PRP and LP-PRP.
Similarly, Cassano et al12 compared IL-1Ra in BMC and
PRP; however, they did not compare BMC with LR-PRP
and LP-PRP. Oliver et al83 also assessed IL-1Ra concentra-
tion in BMC from a small subset of patients but made no
comparisons with other biologics products. IL-1Ra is a com-
petitive antagonist that binds to IL-1b and IL-1a (isoforms
of IL-1) cell surface receptors, thereby inhibiting IL-1 catab-
olism and its proinflammatory effects.12 IL-1Ra represents
a target to reduce IL-1b-mediated inflammation and matrix
degradation.104 IL-1b reportedly induces several inflamma-
tory and catabolic effects, including MMP-3 and tumor necro-
sis factor gene expression,100 nitric oxygen production and
prostaglandin E2 release,47 chondrocyte apoptosis and
inflammation,76 and inhibition of proteoglycan and collagen
synthesis.34,99 In particular, IL-1b is a major inflammatory

cytokine promoting the catabolic activity and intra-articular
destructive effects associated with OA.6 IL-1Ra functions to
neutralize IL-1b and is theorized to be responsible for the
beneficial effects and pain relief with use of BMC.109 Animal
studies reported less articular cartilage erosions associated
with IL-1Ra administration through intra-articular injection
of the protein11 and via gene transfer.86 In an experimental
equine OA model, in vivo delivery of the IL-1Ra gene report-
edly resulted in significant improvement in clinical parame-
ters of pain and disease activity, preservation of articular
cartilage, and beneficial effects on histological parameters
of the synovial membrane and adjacent articular cartilage.39

Moreover, a prospective randomized controlled double-blind
trial of human patients reported that IL-1Ra is more effective
than placebo and/or hyaluronic acid for the treatment of knee
OA.4

Therefore, BMC may serve as a more appropriate anti-
inflammatory biologic to use clinically given the greater con-
centration of IL-1Ra versus LR-PRP and LP-PRP, especially
for intra-articular knee injections for OA. Likewise, clinical
studies reported promising results with the intra-articular
use of BMC for the treatment of knee OA13,26,53,62,83,95 and
as augmented treatment with concurrent cartilage proce-
dures for moderate- to high-grade focal chondral defi-
cits.16,31,32,42-46,64,96,97 Thus, the anti-inflammatory benefit
of BMC appears to have applications in settings of acute
inflammation as well as after the postsurgical inflammatory
and healing phases.

Regarding inflammatory cytokines, we found no signifi-
cant difference among preparations in IL-8, a particularly
potent inflammatory cytokine with increased expression
during times of inflammation.5,91 This was similar to the
finding of Sugaya et al,101 who reported no significant dif-
ference in IL-8 between BMC and PRP, but dissimilar to
that of Cassano et al,12 who reported greater IL-8 concen-
tration in BMC as compared with undetectable levels in
PRP. Similar to the Cassano et al12 work, the current study
found that IL-1b was largely nondetectable in samples
with a high subthreshold nondetect rate of 66.4% in our
data. There were no significant differences among prepara-
tions with respect to this nondetect rate. Given the high
nondetection rate, we chose not to include IL-1b in our
final data analysis. However, with the available detectable
IL-1b data, the IL-1Ra:IL-1b ratio was 443:1. Cassano
et al12 reported an IL-1Ra:IL-1b ratio in BMC ranging
from 249:1 to 17,568:1. Likewise, Oliver et al83 reported
an IL-1Ra:IL-1b ratio in BMC ranging from 193.5:1 to
720.6:1. For effective therapy, an IL-1Ra:IL-1 ratio of
10:1 to 100:1 was reported to be sufficient to inhibit
IL-1.27,50 These data suggest that the concentration of
IL-1Ra in BMC could have a strong net inhibitory effect
on IL-1b and further support its use as an anti-inflamma-
tory for knee OA or in the postsurgical inflammatory and
healing phases.

Our results demonstrated that LP-PRP had significantly
higher concentrations of catabolic proteases, including
MMP-2, MMP-3, and MMP-12, than all other preparations,
while LR-PRP was significantly higher in MMP-1 versus all
other preparations. Prior studies reported higher concentra-
tions of MMP-2, MMP-3, and/or MMP-9 in LR-PRP than in

Figure 1. Interleukin 1 receptor antagonist (IL-1Ra) concen-
tration (pg/mL) in whole blood (WB), leukocyte-poor platelet-
rich plasma (LP-PRP), leukocyte-rich platelet-rich plasma
(LR-PRP), bone marrow aspirate (BMA), and bone marrow
concentrate (BMC). All pairwise comparisons were signifi-
cant (P \ .003), with BMC being significantly higher in IL-
1Ra than all other preparations (P \ .0009). Boxplots repre-
sent median, interquartile range, and extreme values.
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LP-PRP.87,102 The contrasting results observed with MMP-2
and MMP-3 may be partly due to differences in preparation
and activation methods (no platelet activation in our study);
however, higher MMP concentrations are reported to corre-
late with higher leukocyte and platelet concentrations.87,102

MMPs are implicated in normal wound healing but also
chronic nonhealing wounds/ulcers when present in exces-
sive amounts.9,41 These proteases regulate endothelial
extracellular matrix turnover by maintaining physiological
balance between pro- and antiangiogenic factors through
the activation of numerous growth factors, including TGF-
b and VEGF. It was reported that MMPs are also involved
in the recruitment and mobilization of progenitor cells from
bone marrow and their incorporation at sites of injury dur-
ing vascular repair.105 When compared with all other prep-
arations, including LP-PRP, LR-PRP also had
a significantly higher concentration of sCD40L, which was
reported to be both inflammatory and prothrom-
botic,3,30,55,92 as well as angiogenic.8,25,29,75 The CD40L/
CD40 axis has an important role in inflammation primarily
by increasing expression of cell adhesion molecules, proin-
flammatory cytokines, chemokines, and MMPs.2,19,36

In the current study, LR-PRP had significantly higher
concentrations of PDGF-AA and PDGF-AB/BB than all
other preparations and a significantly higher concentration
of EGF than BMA, BMC, and whole blood. PDGF induces
MSC proliferation and angiogenesis37,40 and inhibits IL-
1b-induced chondrocyte apoptosis and inflammation.76

EGF reportedly plays a major role in cell proliferation, dif-
ferentiation, and growth and is involved in promoting
wound healing by stimulating epidermal and dermal repair,
thereby demonstrating its powerful effect on the formation
of granulation tissue.93 LR-PRP and BMC also had signifi-
cantly higher concentrations of TGF-b2 than whole blood,
LP-PRP, and BMA. Regarding TGF-b1, there were no sig-
nificant differences in concentration among LR-PRP, LP-
PRP, and BMC. In contrast, Sundman et al102 reported sig-
nificantly higher TGF-b1 concentration in LR-PRP versus
LP-PRP. PDGF and TGF-b are reported to have anabolic
and anti-inflammatory effects57,73,94 and are important fac-
tors in tendon healing.94 TGF-b is known for its recruitment
of fibroblasts and macrophages during wound healing,63

regulation of MSC proliferation and differentiation,49,59

MMP inhibition and downregulation of proteinase activity63

to increase production of collagen types I and III,63 and it
was identified as a key growth factor involved in the devel-
opment of fibrosis, with TGF-b1 and TGF-b2 being the pro-
fibrotic isoforms.56,69,77 TGF-b1 reportedly stimulates
chondrogenesis of synovium and bone marrow–derived
MSCs,33,65 enhances cartilage healing,21 and inhibits IL-
1b-mediated inflammation.7 Likewise, TGF-b2 is reported
to decrease collagen type 2 cleavage and chondrocyte hyper-
trophy in human OA cartilage through inhibition of IL-1b

and tumor necrosis factor a, thereby demonstrating its
anti-inflammatory effect.103

LR-PRP is frequently used in the treatment of tendon
and muscle injury,66 and our results of significantly
increased PDGF-AA, PDGF-AB/BB, and TGF-b2 support
its use for these applications. Higher concentrations of

PDGF in LR-PRP versus LP-PRP are consistent with prior
literature.102 In addition, LR-PRP and LP-PRP had the
highest concentrations of VEGF, which is a promoter of
angiogenesis and thus tissue healing10,35; however,
VEGF reportedly negatively affects articular cartilage
healing by stimulating vascular invasion and ossifica-
tion.74 With its influence on angiogenesis already substan-
tiated,10,35 VEGF was reported to improve healing and
biomechanical tensile properties over saline injection in
a rat Achilles tendon rupture model.61 Therefore, in addi-
tion to its significantly greater concentration of proangio-
genic sCD40L, our results provide support for the use of
LR-PRP as an overall source of PDGF, TGF-b, EGF, and
VEGF growth factor delivery to diseased tendon or muscle.

The necessity of standardized preparation protocols and
composition reporting that allow comparison among studies
and provide reproducibility has been established for PRP15

and BMC.80 The minimum reporting requirements for bio-
logical outcomes (MIBO) evaluating PRP and MSCs are
also established79 and were adhered to in this study. In con-
trast to standard pharmaceuticals with an established bio-
active substance concentration administered to accomplish
a specific biological effect, most biologics form an extremely
complex milieu of varying composition that is difficult to
characterize. The cumulative effect of the various constitu-
ents in BMC and PRP determines the overall clinical effect.
The composition of BMA obtained also depends on the clin-
ical and biological attributes of the patient, including sex,
age, harvest location, BMA processing technique, and
BMA volume obtained.28,54,70,81,82,113 In addition, similar
variability is reported for PRP.15,72 The substantial hetero-
geneity in procedural designs and reporting standards by
studies conducted with different outcome measures, gener-
ally poor methodology, and a lack of randomized controlled
trials15,18,66,80 provides further limitations of the current lit-
erature. We strove to follow the MIBO guidelines to provide
the best recommended current methodology and reporting
on the harvesting and preparation of these biological
agents.

Limitations to this study primarily center on the exclu-
sion of some factors and cytokines owing to a high rate of
nondetectable, typically subthreshold values. We reported
only the factors/cytokines with approximately �80% detect-
able data (within the detectable range for each factor mea-
sured in pg/mL). We tested for an array of factors and
cytokines using multiple bead panels specific for certain
factor/cytokine groups. As a result, nondetectable data, pri-
marily subthreshold values, were most likely due to bead
aggregation (clumping), which occurs more often when mul-
tiple bead panels are present. We noticed bead aggregation
primarily in the 38-plex kit, where more beads were pres-
ent. Certain kits (ie, 3-plex or TGF-b) had fewer analytes
and were less likely to aggregate. Furthermore, we expect
that the cellular content within the BMA aspirated is not
uniform, with the first 2 to 5 mL of BMA aspirated being
rich in cell content, with that in the remaining BMA lower.
Further studies are required to develop a methodology to
provide a uniform cellular content with the BMA aspiration.
Another area for improvement in future studies is more
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frequent needle adjustment during aspiration. Muschler
et al81 reported that needle adjustment every 1 to 2 mL of
aspirated volume improves osteoblast progenitor cell yield.
Although we did adjust the position of the needle when aspi-
rating between 30-mL syringes, we did not do so every
2 mL. As much as individual patient factors are important
in the quality and content of the BMA, frequent needle
adjustment could improve cell and growth factor yield and
may influence the yield results. Likewise, we had some var-
iability in blood cell concentrations—specifically, the total
white blood cell counts. There was heterogeneity among
BMC preparations and a lack of blood cell concentration
references to follow, thus highlighting the importance of
having preparation protocols and blood cell–referenced val-
ues, which need to be further investigated and standardized
for these products.

Furthermore, we used inactivated samples, which is the
standard for clinical use at our center. When biologic prod-
ucts are introduced to human tissues, platelets degranu-
late and released growth factors and cytokines. The
growth factor and cytokine concentrations, including
MMPs, and the observed relationships among different
products could vary from measured levels after platelet
degranulation.

CONCLUSION

BMC is a clinically relevant source of anti-inflammatory
biologic therapy that may be more effective in treating
OA and for use as an intra-articular biologic source for
augmented healing in the postsurgical inflammatory and
healing phases, owing to its significantly higher concentra-
tion of IL-1Ra as compared with LR-PRP and LP-PRP.
Additionally, LR-PRP had a significantly higher concentra-
tion of IL-1Ra than LP-PRP. In cases where increased vas-
cularity and healing are desired for pathological or injured
tissues, including muscle and tendon, LR-PRP may be opti-
mal because of its higher overall concentrations of PDGF,
TGF-b, EGF, VEGF, and sCD40L.
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