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Different methods of bone marrow harvesting influence cell

characteristics and purity, affecting clinical outcomes
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ABSTRACT
Background: Bonemarrow (BM)-derived stem cells were implanted to induce angiogenesis in patients with no-option critical
limb-threatening ischemia. Considering the potential for this therapy, conflicting results related to BM harvesting methods
have been reported that could affect stem cell concentrations and quality.

Methods: A total of 75 patients with no-option critical limb-threatening ischemia were treated with BM implantation. For 58
patients, BM was harvested using a BM aspirate concentrate system (Harvest Technologies; group HT) with a standard aspi-
ration needle, followed by an automated centrifugation process, to produce BM aspirate concentrate. For 17 patients, BM was
harvested using the Marrow Cellution system (Aspire Medical Innovation; group MC). CD34þ cells/mL, CD117þ cells/mL, CD133þ

cells/mL, CD309þ cells/mL, hematocrit, and BM purity were compared between the two BM preparations.

Results: The retrospective analysis of a subset group after adjustment for age shows that the quality of BM obtained using the
Marrow Cellution system is better, in terms of purity, than the classic harvesting method before centrifugation. Harvested BM
before centrifugation is characterized by a higher percentage of CD133þ cells compared with BM after centrifugation. In
contrast, the MC aspirate had a larger amount of very small embryonic-like cells, as indicated by the higher percentage of
CD133þ, CD34þ, and CD45� cells. These differences translated into an increased occurrence of leg amputations in group HT
than in group MC and an increase in transcutaneous oxygen pressure in patients treated with BM aspirated using MC.

Conclusions: BM manipulation, such as centrifugation, affects the quality and number of stem cells, with detri-
mental consequences on clinical outcomes, as reflected by the different amputation rates between the two
groups. (JVSeVascular Science 2023;4:100130.)

Clinical Relevance: Critical limb-threatening ischemia is the most advanced form of peripheral arterial disease with major
economic and social effects due to the high amputation rate andmortality. The problem is even greater for diabetic patients,
for whom the expected incidence of amputation is w40% to 50%. Thus, the need for new therapeutic options is urgent. The
present report highlights the striking effects of angiogenic therapy by bonemarrow-derived stem cells obtained using a novel
technology. We found that the choice of bone marrow harvesting method does influence the clinical outcome; however,
further studies are needed. The present study presents a meaningful background for future development.
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Peripheral arterial disease (PAD) is a growing health
emergency. Critical limb-threatening ischemia (CLTI) is
the most advanced form of PAD, with major economic
and social effects due to the high amputation rates
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and mortality.1 Notwithstanding the progress in medical,
vascular, and endovascular treatment, the amputation
rate has remained constant, accounting for 25% of
patients with CLTI.2 The problem is even greater for
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ARTICLE HIGHLIGHTS
d Type of Research: A single prospective, nonrandom-
ized, single-arm, investigational device exemption
study

d Key Findings: Bone marrow harvested using the
Marrow Cellution system has an higher percentage
of very small embryonic-like cells that counteract
the occurrence of leg amputations and increase
the TcpO2 in patients with CLTI.

d Take Home Message: The quality and number of
stem cells is affected by bone marrow harvesting
methods.
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diabetic patients, for whom the expected incidence of
amputation is w40% to 50%; thus, the need for new
therapeutic options is urgent.3 Since the seminal work
of Asahara et al,4 who discovered endothelial progenitor
cells in the blood, therapeutic angiogenesis has been
introduced clinically, with conflicting results. Bone
marrow (BM)-derived stem cells and peripheral circu-
lating stem cells have been used to induce angiogenesis
in patients with no-option CLTI.5,6 The use of BM aspirate
(BMA) concentrate (BMAC) to treat no-option CLTI was
pioneered at our institution beginning in 2008.7

Recently, we have changed our approach to obtain
BMA without centrifugation to avoid any manipulation
steps8 that could negatively affect the quality of the
BM. Moreover, the new method used (Marrow Cellution
System; Aspire Medical Innovation) maximizes stem
and progenitor cell recovery and mitigates peripheral
blood contamination. A recent meta-analysis consoli-
dated the evidence supporting the efficacy of BMAC in
reducing amputation risk.9 This same meta-analysis
also highlighted significant variability in amputation out-
comes, and a punitive cause of this might be related to
the lack of specific guidelines to drive stem cell therapy
forward and the use of inappropriate techniques for
BM collection and preparation. Thus, the primary goals
of the present study were as follows:

1. To assess whether two different approaches to BM
aspiration (ie, the Harvest Technologies BMAC system
[group HT] vs the Marrow Cellution system [group
MC]), influenced the outcomes of leg amputation
for patients with chronic obliterative arterial disease

2. To evaluate whether the stem cell number and
quality differed between the two methods

To meet our goals, we collected BM using the two
different techniques (HT vs MC) from patients with
no-option CLTI. The study was conducted from 2008 to
2019. The first part of the study was performed with the
BMAC system until 2017. The second part of the study
was performed using the MC method to the end of the
study period.

METHODS
Study design. The ethical committee of the Catholic

University of the Sacred Heart and the Italian Council of
Health approved the study protocol. Overall, 77 consecu-
tive White patients with no-option CLTI underwent
autologous fresh BM implantation at our institution
(Gemelli Molise, Campobasso, Italy). All patients signed
an informed consent form as established by the Catholic
University of the Sacred Heart. All 77 patients had pre-
sented with critical ischemia of the lower limbs using the
Rutheford classification. Previous surgical, vascular, or
endovascular revascularization had failed for all patients.
No further therapeutic options were deemed possible by
the cardiovascular team of our institution, who
performed their examinations independently of the in-
vestigators involved in the present study.

Patient inclusion criteria. The patient inclusion criteria
were as follows: a diagnosis of CLTI not suitable for surgi-
cal or endovascular treatment as determined by the
anatomic criteria (ie, absence of target vessels, absence
of conduits, segmental long occlusions, calcified lesions
predictive of poor results) and/or medical conditions of
high risk (ie, unstable angina, renal insufficiency); and
previous unsuccessful revascularization attempt. Aspirin,
oral anticoagulation drugs, and antihypertensive drugs
were allowed if deemed necessary to maintain stable
values for $1 month of the following: hematocrit
(HCT) $28%, white blood cell count #14,000/mm3,
platelet count $50,000/mm3, international normalized
ratio, #1.6, and partial thromboplastin time <1.5 seconds.

Patient exclusion criteria. The patient exclusion criteria
were as follows: life expectancy <6 months due to comor-
bidities; a history of hematologic disease, contraindicating
BM transplantation; chronic renal insufficiency requiring
dialysis; malignancy; and a high risk for anesthesia or
American Society of Anesthesiologists class V. Additional
exclusion criteria included a life-threatening ischemic
lesion requiring immediate amputation; extensive necro-
sis of the limb or other condition requiring amputation;
complete occlusion of the iliac axis untreated surgically or
endovascularly on the side to treat; and a complete
absence of flow in the Dorsalis pedis artery at the color
Doppler echocardiography evaluation (ankle brachial in-
dex [ABI] 0; the reduced blood flow expressed by an ABI
of 0 could impair the homing and survival of the cells). In
addition, patients with clinically active infection and
antibiotic therapy 7 days before enrollment; patients
receiving immunosuppressive therapy; women who were
pregnant, lactating, or of fertile age; and patients with a
previous cardiovascular accident within 30 days before
randomization were excluded.

Preoperative evaluation. Patient screening included
arterial color Doppler echocardiography of the epiaortic
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vessels and inferior limbs, ABI determination #30 days
before treatment, measurement of transcutaneous oxy-
gen pressure (TcPO2) on the feet, and microbiologic eval-
uation of topical lesions. In addition, computed
tomography angiography, magnetic resonance angiog-
raphy, or arteriography of the inferior limbs was per-
formed 3 months before treatment. An assessment of
the cardiovascular risk profile was obtained during the
2 weeks before treatment, with evaluation of risk factors
such as diabetes mellitus (glycemic value and glycated
hemoglobin), smoking, arterial hypertension, hyperlipid-
emia, and C-reactive protein (hematochemical parame-
ters). Finally, the presence of any malignancy was
excluded. The following examinations performed during
the 12 months before intervention were considered:
prostate-specific antigen testing for male patients aged
>45 years, chest radiography for patients aged >50 years,
mammography for women aged >40 years, and Papa-
nicolaou testing for women aged >21 years.
For the first 58 patients, the BMAC protocol was used

(group HT). For the subsequent 17 patients, we used
BMA (group MC). The BM from the 58 patients in group
HT was aspirated using a standard Jamshidi needle;
240 mL of BM was collected from both iliac crest wings
and subsequently centrifuged. The BM from the remain-
ing 17 patients in group MC was aspirated; 40 mL of BM
was collected using the MC system, without subsequent
centrifugation.

BM withdrawal. The procedures were performed in the
operating room. After sedation (midazolam and propo-
fol), with the patient in a prone position, the BM was har-
vested bilaterally from the iliac crest.
For group HT, 240 mL of BM was aspirated in accor-

dance with the manufacturer’s protocol and processed
using an automated, point of care device (Harvest Tech-
nologies) to obtain a final concentration volume of 40mL
of BMAC. The BM was harvested from two different
points on both iliac crests (120 mL for each site). The
BM was centrifuged immediately at room temperature
and injected after processing (w15-20 minutes after
withdrawal). The 240 mL of BM was automatically centri-
fuged in one chamber at 1250g for 3 minutes and succes-
sively at 1050g for 9 minutes. During the first phase, the
erythrocytes form sediment and pass through the semi-
permeable septum, which automatically settles at the
plasmaeerythrocyte interface. During the short interim
stop phase of a few seconds, the buffy coat decants by
gravity into the anterior chamber, and the semiperme-
able septum retains the erythrocytes in the posterior
chamber. The second phase of the centrifugation pro-
cess constitutes separation of the cellular components
from the plasma. At the end of the second centrifuga-
tion, the processing kit is extracted from the centrifuge,
excess plasma is removed from the anterior chamber,
and the cell fraction is resuspended in residual plasma
to form a homogeneous solution (volume of 10 mL for
every 60 mL of processed aspirate) of BMAC.
For group MC, 40mL of BM was harvested using the MC

needle, as previously described.8 In brief, BM was har-
vested from one site. The device was inserted to reach
the distal part of the medullary space, and the sharp
point was replaced with a stylet closed at the end and
with side port to harvest the BM from a different level,
twisting at 360� and raising the device, avoiding exces-
sive blood infiltration from the previous level in the BM.
The BM was aspirated using two 20-mL syringes
connected to the MC needle starting at the distal part
of the medullary space (Fig 1). No further processing of
the BMA was performed.

BM injection. Samples of BMAC and BMA were sent to
the laboratory for quantitative analysis of the cellular
concentration. The ischemic limb was geographically
plotted using a dermatologically suitable graphic ink
marker to indicate the various injection points according
to the preoperative angiographic examinations and
angiosomes feeding the ischemic area. The BMAC and
BMA were injected deeply intramuscularly, with a dis-
tance of 1 to 2 cm between each injection point and
1 cm of distance from the vascular bed for a 40 to
80 cm extension of length along the limb. 1 mL of
BMAC or BMA was injected at each point on the leg
using a 21-guage needle of 2 to 4 cm and on the foot
using a 27-guage needle (Fig 2).
At day 7 after treatment, the patients underwent clin-

ical evaluation of reperfusion and pain therapy. At 1,
3, and 6 months of follow-up, the TcpO2 and ABI mea-
surements were repeated. Arteriography was repeated
at 6 months.

Flow cytometric analysis. The cell population was
analyzed using flow cytometry. The membrane antigens
included CD34, CD45, and CD117 for early hematopoietic
cells, CD133 for stem cells, and CD309 (vascular endothe-
lial growth factor receptor 2) for endothelial cells. Cellular
phenotyping was performed using both immunostain-
ing (data not shown) and flow cytometry using
antibody-fluorochrome conjugates for 30 minutes on
ice (Navios; Beckman Coulter Life Sciences). Appropriate
isotype controls were also used (Beckman Coulter). The
stained cells were washed, suspended in phosphate-
buffered saline, and analyzed using a flow cytometer
(Navios Ishage; Beckman Coulter Life Sciences). Standard
Protocols were used for enumerating the cell pop-
ulations. The flow cytometry data were analyzed with an
appropriate software (Beckman Coulter Life Sciences).

BM Purity. BM purity was calculated according to
Holdrinet et al.10 During BM harvesting, a sample of
venous blood was taken. The leukocytes and erythro-
cytes were counted in the BM and peripheral blood (PB).
The purity of BM was derived using the following



Fig 2. Preoperative mapping of the ischemic territory for the injection sites showing the angiosomes.

Fig 1. Bone marrow (BM) harvest using the Marrow Cellution (MC) device. Note the sample at the different levels,
avoiding contamination of blood from the vacuum left in the inferior level from the BM aspirate (BMA).
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formula10: BM purity ¼ [1 � (erythrocytesBM/
erythrocytesPB) � (leukocytesPB/leukocytesBM)] � 100%.

Statistical analysis. The end point of the present study
was the occurrence of leg amputation after the injection
of stem cells obtained using two different sampling tech-
niques for BM aspiration (HT vs MC). First, we compared
the baseline characteristics of the two groups to detect
factors other than the technique used for BM aspiration
that might influence the occurrence of leg amputation.
Continuous variables are reported as the median and
interquartile range (IQR) and categorical variables as fre-
quencies and percentages. Continuous variables were
compared using the Mann-Whitney U test for indepen-
dent samples and the Wilcoxon signed rank test for
paired samples. Categorical variables were compared
using the c2 test. Statistical significance was set at P < .05.

RESULTS
Patient characteristics. Overall, 77 patients were

referred to our department for treatment with BM to
avoid amputation due to CLTI. Two of these patients
received both BM treatments and were excluded from
the group analysis but were included in the global assay
of BMAC efficacy to treat patients with CLTI with no alter-
native indication to amputation. Of the remaining 75 pa-
tients, 58 were in group HT and 17 were in group MC.
The patients in group HT were significantly older (me-

dian age, 74 years; IQR, 63-80 years), by w10 years, than
the patients in group MC (median age, 64 years; IQR,
53-70 years; P ¼ .0049). The major risk factors for arterial
disease and comorbidities were balanced in the two
groups (Table I). Because of the possible influence of
the effects of age on our results, a secondary analysis
was conducted of a subgroup of HT patients matched
by age with MC patients. For the subset analyses, we
included 33 patients from the HT group and 15 patients
from the MC group. The patients in the HT group were
not significantly older (median age, 65 years; IQR,
54-72 years) than those in the MC group (median age,
63 years; IQR, 53-69 years; P ¼ .3217). The incidence of
chronic kidney disease was significantly more frequent
in the MC group (2 of 33; 6.1%) than in the HT group (4
of 15; 26.7%; P ¼ .0454). The major risk factors for arterial
disease and comorbidities were balanced between the
two groups (Table I).

Circulatory angiogenetic cells. Flow cytometric analysis
for expression of the markers CD34þ for hematopoietic
stem cells, CD133þ for stem cells, CD117þ for BM stem/pro-
genitor cells, and CD309þ for endothelial cells shows that
CD133 expression is significantly higher in the BM har-
vested before the centrifugation steps compared with
the BM after centrifugation (Table II). Moreover, expres-
sion of the samemarker, CD133, in the BM harvested after
centrifugation is significantly higher compared with the
aspirated BM using both paired and unpaired
nonparametric tests (Table III). No significant results were
found for the other markers.
The analysis of HCT and BM purity (Figs 3 and 4) also

shows a significant difference in the BM before (HCT,
33.2%; BM purity, 71%) vs after (HCT, 26,6%; BM purity,
93%) centrifugation (P ¼ .0003 and P ¼ .0001, respectively;
Table II), with no significant differences between the BM
harvested after centrifugation and the aspirated BM
(group MC).

Very small embryonic-like cell quantification. Cells
positive for CD34 and CD133 and negative for CD45
were considered to be very small embryonic-like (VSEL)
cells (Fig 5). Quantification analysis of this cell population
shows a significant difference (P ¼ .0237) between BMAC
compared with BMA (group MC).

Matched age groups. In the subgroup analysis matched
for age, the CD133þ cells of group MC were significantly
different than those from group HT using both paired
and unpaired nonparametric tests (Tables IV and V). In
addition, the BM purity of the patients in the MC group
was significantly different than that in HT group only using
the paired nonparametric test (Table V).

Amputation. Leg amputation was significantly more
frequent among the patients in group HT (20 of 58;
34.5%) than among the patients in group MC (1 of 17;
5.9%; P ¼ .0209; Table VI). Furthermore, group MC also
showed a significantly higher post-transplant TcpO2

(median, 41 mm Hg; IQR, 38-46 mm Hg) compared with
group HT (median, 28 mm Hg; IQR, 21-38 mm Hg;
P ¼ .0004; Table VI). However, the need for postoperative
debridement was more likely for group MC during the
folow up (5 of 17; 35.3%) than for group HT (5 of 58; 8.6%;
P ¼ .0063; Table VI). No statistically significant differences
were found in mortality, with 5 of 58 patients (8.6%)
dying in group HT and none of 22 patients (0.00%) dying
in group MC (P ¼ .2102; Table VI). This result was likely
influenced by the insufficient power to detect differ-
ences and might be improved with longer follow-up.
Multivariable logistic regression analysis confirmed that

the MC technique (group MC) is independently associated
with an 88% reduced probability of leg amputation
compared with the harvested BMAC technique (group
HT), even when corrected for patient age (odds ratio, 0.12;
95% confidence interval, 0.006-0.7001; P ¼ .077; Table VII).

Matched age groups. Leg amputation was also signifi-
cantly more frequent in the age-matched groups in the
HT group (11 of 33; 33.3%) than in the MC group (1 of 15;
6.7%; P ¼ .0480; Table VI). Multivariable logistic regression
analysis confirmed that the MC technique is indepen-
dently associated with a 88% reduced probability of leg
amputation compared with the HT technique when
corrected for patient age (odds ratio, 0.12; 95% confi-
dence interval, 0.017-1.231; P ¼ .077; Table VII).



Table I. Baseline patient characteristics

Parameter HT MC P value

Total population n ¼ 58 n ¼ 17

Age, years 74 (63-80) 64 (53-70) .0049

Risk factor

Smoke 24 (41.4) 6 (35.3) .6524

Hypertension 51 (87.9) 15 (88.2) .9729

Comorbidities

Thromboangiitis obliterans 10 (17.2) 4 (23.5) .5585

COPD 45 (77.6) 10 (58.8) .1240

DM 32 (55.2) 11 (64.7) .4846

CKD 11 (19.0) 6 (35.3) .1573

CAD 20 (34.5) 5 (29.4) .6965

Clinical status

TcpO2 (before transplant), mm Hg 12 (7-15) 12 (9-17) .2840

Ulcers 17 (29.3) 6 (35.3) .6380

Necrosis 25 (43.1) 3 (17.6) .0564

Gangrene 7 (12.1) 1 (5.9) .4674

Site of ischemia

Inferior right 17 (29.3) 5 (29.4) .9936

Inferior left 17 (29.3) 7 (41.2) .3564

Inferior, nonspecified 24 (41.4) 5 (29.4) .3729

Subgroups n ¼ 33 n ¼ 15

Age, years 65 (54-72) 63 (53-69) .3217

Risk factors

Smoke 16 (48.5) 6 (40.0) .5845

Hypertension 27 (81.8) 13 (86.7) .6761

Comorbidities

Thromboangiitis obliterans 10 (30.3) 4 (26.7) .7972

COPD 26 (78.8) 9 (60.0) .1746

DM 16 (48.5) 9 (60.0) .4592

CKD 2 (6.1) 4 (26.7) .0454

CAD 7 (21.2) 4 (26.7) .6769

Clinical status

TcpO2 (before transplant), mm Hg 11 (9-13) 14 (11-18) .0900

Ulcers 11 (33.3) 5 (33.3) 1.0000

Necrosis 13 (39.4) 3 (20.0) .1864

Gangrene 5 (15.2) 1 (6.7) .4100

Site of ischemia

Inferior right 11 (33.3) 5 (33.3) 1.0000

Inferior left 8 (24.2) 6 (40.0) .2656

Inferior, nonspecified 14 (42.4) 4 (26.7) .2959

CAD, Coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; HT, Harvest Tech-
nologies bone marrow aspirate concentrate system; MC, Marrow Cellution system; TcpO2, transcutaneous oxygen pressure.
Data presented as median (interquartile range) or number (%).
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Furthermore, the MC group (median, 42 mm Hg; IQR,
39.5-46 mm Hg) also showed a significantly higher post-
transplant TcpO2 compared with the HT group (median,
28.5 mm Hg; IQR, 23.5-40 mm Hg; P ¼ .0021; Table VI).
No statistically significant differences were found in
mortality between the age-matched groups, with no pa-
tients in either group dying (0 of 33 in the HT group
[0.00%] and 0 of 15 in the MC group [0.00%]; Table VI).



Table III. Laboratory findings using Mann-Whitney U test for total population

BM characteristics After HT (n ¼ 53) MC (n ¼ 14) P value

CD34 0.93 (0.62-1.30) 1.02 (0.78-1.15) .7702

CD133 0.10 (0.06-0.20) 0.02 (0.01-0.02) <.0001

CD117 0.77 (0.51-1.15) 1.10 (0.63-1.48) .1660

CD309 0.01 (0.00-0.03) 0.01 (0.00-0.03) .4323

CDTOT 1.83 (1.45-2.42) 2.25 (1.38-2.94) .4328

HCT, % 26.6 (22.4-36.7) 34.0 (32.9-38.1) .0547

BM purity, % 93.0 (92.0-97.0) 95.0 (90.0-97.0) .5605

BM, Bone marrow; HCT, hematocrit; HT, Harvest Technologies bone marrow aspirate concentrate system; MC, Marrow Cellution system.
Data presented as median (interquartile range).

Table II. Laboratory findings using Wilcoxon signed rank test for total population

BM characteristics Before HT After HT P value

CD34 (n ¼ 50) 0.96 (0.62-1.40) 0.94 (0.68-1.30) .3491

CD133 (n ¼ 50) 0.15 (0.62-1.40) 0.10 (0.68-1.30) .0040

CD117 (n ¼ 50) 0.79 (0.54-1.03) 0.78 (0.53-1.17) .5559

CD309 (n ¼ 50) 0.01 (0.01-0.03) 0.01 (0.00-0.03) .1032

CDTOT (n ¼ 51) 2.06 (1.22-2.66) 1.83 (1.45-2.42) .9216

HCT (n ¼ 31), % 33.2 (31.1-36.9) 26.6 (22.4-36.7) .0003

BM purity (n ¼ 31), % 71.0 (57.0-83.0) 93.0 (92.0-97.0) <.0001

BM, Bone marrow; HCT, hematocrit; HT, Harvest Technologies bone marrow aspirate concentrate system.
Data presented as median (interquartile range).
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This result was possibly influenced by the insufficient po-
wer to detect differences and might be improved with
longer follow-up.

DISCUSSION
The incidence of PAD is increasing due to diabetes and

aging of the population.11 Notwithstanding the excellent
progress of vascular and endovascular surgery, 20% of
PAD patients develop critical limb ischemia and 4% to
27% require amputation.12 Only 60% of patients affected
by CLTI can be treated using bypass surgery or percuta-
neous transluminal angioplasty. Patients not eligible for
revascularization are treated with vasodilators drugs (ie,
prostanoids), with a partial remission of symptoms in
50% of patients. The remaining 50% of patients require
amputation. New research efforts are directed toward
the following objectives: (1) pain reduction, (2) increased
walking function, and (3) a reduced amputation rate.
Angiogenesis is a physiologic and pathologic process
involving platelets and several tissue and circulating cell
populations. Isner et al13 hypothesized that BM endothe-
lial progenitor cells injected into an ischemic limb could
differentiate with appropriate cytokine signals into adult
endothelial cells, leading to vascular remodeling and
angiogenesis. In the recent years, the paracrine actions
of cells, involved in repairing ischemic damage, have
assumed particular importance.14 The pathophysiologic
process to repair ischemic damage is profoundly altered
in the presence of diabetes and arteriosclerosis.15-18 In pa-
tients with diabetes, a complex derangement of angio-
genesis is present, and mobilization of stem cells from
the BM is reduced. Gallagher et al19 demonstrated that
endothelial nitric oxide synthase phosphorylation in the
BM is impaired in a murine model of diabetes. In the
same study, they observed a reduction of the amount of
cytokine stromal-derived factor (SDF)-1a in epithelial cells
andmyofibroblasts. SDF-1a is a key factor for themobiliza-
tion and homing of stem cells in the side of ischemic
damage.
However, in the absence of flow or the presence of

severely reduced flow, as assessed by angiography and
expressed by an ABI of 0, the homing and survival of
the cells is jeopardized. In a pathophysiologic environ-
ment, it is of paramount importance for the modality
to obtain and deliver the component necessary to repair
the ischemic damage. It has been shown that cells ob-
tained from the blood and BM can lose the homing ca-
pacity due to the isolation method used through the
loss of chemokine receptors.20

Another aspect that must be considered is the presence
of human VSEL cells. Human VSEL cells are a resident
population of pluripotent stem cells in the BM that ex-
press CD133, giving rise to cells from all three germ line-
ages. They can be mobilized from the BM to the



Fig 4. Analysis of bone marrow (BM) purity shows a sig-
nificant difference in the BM before vs after centrifugation,
with no significant differences between the BM harvested
after centrifugation and the aspirated BM.

Fig 3. Analysis of hematocrit (HCT) shows a significant dif-
ference in the bone marrow (BM) before vs after centrifu-
gation, with no significant differences between the BM
harvested after centrifugation and the aspirated BM.

Fig 5. Quantification of very small embryonic-like (VSEL)
cells (CD34þ, CD133þ, CD45�) between group HT (Harvest
Technologies) and group MC (Marrow Cellution system).

8 Caradonna et al JVSeVascular Science
2023
peripheral blood in CLTI patients and have angiogenic
properties in vivo.21 Human BM VSEL cells isolate and
differentiate in vitro under angiogenic conditions allowing
for production of so-called VSEL-derived cells able to
induce revascularization in an hind limb ischemia model
and Matrigel implant.22 Considering their dimensions,23

we hypothesize that during the centrifugation process
of the harvested method, they are discarded, together
with the erythrocytes,24,25 although the harvested tech-
nique resulted in a higher number of CD133þ cells
compared with the aspirated technique. We could specu-
late that although the CD133þ cells observed with the har-
vested method are the hematopoietic stem cells and
endothelial progenitor cells, the CD133þ cells among the
aspirated cells could also be VSEL cells (Fig 5), as indicated
by the slightly higher HCT in the MC group. In fact, the
VSEL cells would be lost during centrifugation, as
observed by comparing the harvested BM before and af-
ter centrifugation in the HT group.
Moreover, it has been shown that CD133þ cells can

secrete SDF-1.26,27 SDF-1/CXCL12 is a chemokine with
attractant effects on cells that harbor the fusin/CXCR4 re-
ceptor, notably hematopoietic cells20 and uncommitted
neural cells.28 The SDF-1/CXCR4 axis induce hematopoi-
etic cell mobilization and migration,29 adhesion,30

engraftment,31 transendothelial migration,32 retention in
the BM,33 and modulation of hematopoiesis.34 From our
data, we would expect better results in revascularization



Table IV. Laboratory findings using Wilcoxon signed rank test for age-matched subgroups

BM characteristics Before HT After HT P value

CD34 (n ¼ 27) 0.95 (0.67-1.42) 0.93 (0.68-1.37) .5561

CD133 (n ¼ 27) 0.15 (0.09-0.31) 0.10 (0.04-0.20) .0065

CD117 (n ¼ 27) 0.79 (0.53-1.04) 0.93 (0.51-1.20) .5560

CD309 (n ¼ 27) 0.01 (0.01-0.02) 0.01 (0.01-0.02) .6676

CDTOT (n ¼ 28) 2.07 (1.28-2.69) 1.90 (1.46-2.69) .8554

HCT (n ¼ 17), % 32.6 (30.77-36.90) 27.3 (23.87-38.17) .0684

BM purity (n ¼ 17), % 0.72 (0.65-0.83) 0.93 (0.92-0.96) .0004

BM, Bone marrow; HCT, hematocrit; HT, Harvest Technologies bone marrow aspirate concentrate system; MC, Marrow Cellution system.
Data presented as median (interquartile range).

Table V. Laboratory findings using Mann-Whitney U test for age-matched subgroups

BM characteristics After HT (n ¼ 30) MC (n ¼ 12) P value

CD34 0.93 (0.68-1.37) 1.08 (0.90-1.34) .5836

CD133 0.10 (0.04-0.20) 0.02 (0.01-0.02) .0002

CD117 0.93 (0.51-1.20) 1.47 (0.93-1.57) .0574

CD309 0.01 (0.01-0.02) 0.01 (0.01-0.03) .7282

CDTOT 1.90 (1.46-2.69) 2.59 (1.79-3.11) .2499

HCT, % 27.3 (23.87-38.17) 33.5 (31.77-38.90) .2443

BM purity, % 0.93 (0.92-0.96) 0.96 (0.90-0.98) .2213

BM, Bone marrow; HCT, hematocrit; HT, Harvest Technologies bone marrow aspirate concentrate system; MC, Marrow Cellution system.
Data presented as median (interquartile range).

Table VI. Outcomes for total population and age-matched subgroups

Outcome After HT MC P value

Total population

Amputation 20 (34.5) 1 (5.9) .0209

Necrosectomy 5 (8.60) 6 (35.3) .0063

Death 5 (8.60) 0 (0.00) .2102

TcpO2 (after transplant) 28.5 (21.5-38.0) 41.0 (38.5-45.7) .0004

DTcpO2 18.0 (12.0-24.0) 30.0 (22.2-30.0) .0001

Subgroup

Amputation 11 (33.3) 1 (6.7) .0480

Debridement 4 (12.1) 5 (33.3) .0809

Death 0 (0.0) 0 (0.0)

TcpO2 (after transplant), mm Hg 28.5 (23.50-40.00) 42.0 (39.50-46.00) .0021

DTcpO2, mm Hg 20.0 (14.50-25.00) 30.0 (21.75-30.00) .0039

HT, Harvest Technologies bone marrow aspirate concentrate system; MC, Marrow Cellution system; TcpO2, transcutaneous oxygen pressure; DTcpO2,
change in transcutaneous oxygen pressure.
Data presented as number (%) or median (interquartile range).
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for group HT because that group had the highest num-
ber of CD133þ cells. However, because many leukocytes
commonly possess CXCR4, SDF-1 could mobilize cells
of the innate immune response to the ischemic region,35

displaying proinflammatory properties. Therefore, if the
harvested BM has a greater number of leukocytes, as
shown by the greater number of total nucleated cells/1
mL,8 the greater content of SDF-1, acting on the
leukocytes, might counteract the revascularization pro-
cess, as shown by the leg amputation frequency.
Several studies have shown that contamination of BM

with red blood cells (RBCs) impairs the functionality of iso-
lated BM cells through the secretion of factors such as
lipids or proteins.36 Thus, the purity of the BM is important.
We showed that aspirated BM using the MC system has a
purity of 96% vs a purity of 72% for the BM before



Table VII. Logistic regression

Risk factors for amputation b OR (95% CI) P value

Total population

Age 0.004876 1.005 (0.9685-1.046) .800

Extraction technique .057

HT Ref Ref

MC �2.091 0.12 (0.006-0.7001)

Subgroup

Extraction technique .077

HT Ref Ref

MC �1.946 0.143 (0.017-1.231)

CI, Confidence interval; HT, Harvest Technologies bone marrow aspirate concentrate system; MC, Marrow Cellution system; OR, odds ratio; Ref,
reference value.
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centrifugation using the HT technique. Moreover, the
different forces that interact during the centrifugation
could damage RBCs.37,38 Destroyed RBCs release several
highly inflammatory hemoglobin split products, such as
heme, ferric-hemoglobin, and iron.39 The presence of
damaged RBCs with their toxic effects could impair the
functionality and salutary effects of the other component
of BM, including stem and progenitor cells.36,40 Another
aspect that should be considered is the pH conditions,
which could be altered by the release of toxic products
with effects on the quality of factors released by stem
and/or progenitor cells and could have a negative thera-
peutic effect.41

Therefore, the superior purity, absence of the damaging
effects of RBCs, and increased number of VSEL cells
could have resulted in the superior clinical results
observed for group MC. The BMA group had a low inci-
dence of amputation, with a more favorable procedure
of postoperative debridement performed during follow-
up. Altogether, these considerations highlight the neces-
sity of characterizing the precise cell population using
rapid and reliable tests for quality control of the cell
product obtained using different extraction methods to
better use the cell sources available.
Finally, the aspiration of a reduced volume of BM in

group MC (40 mL vs 240 mL for group HT) has clinical ad-
vantages, in terms of both decreased stress for patients
and shorter sedation times for these critically ill patients.
These two parameters should be considered when
choosing between these two methods.

Study limitations. The present study has some limita-
tions. However, these do not affect the clinical and scien-
tific value of the observed results. The first limitations are
the study duration and lack of randomization. The Aspire
technology (Aspire Medical Innovation) became avail-
able during our study of BMAC to treat PAD at the
Gemelli Molise Hospital and, based on the available
knowledge, appeared worth using. The present report
was conceived as retrospective review, and the results
strongly support our decision. Second, patient age be-
tween the two overall study groups was significantly
different, a factor that could have affected the outcomes
for the patients in the MC group, who were younger.
However, the subgroup analyses proved the superiority
of the Aspire approach, overruling the age factor. In addi-
tion, the striking effects observed in the MC groups sup-
port its use even for elderly patients whose BM might be
deficient, most importantly, who would be at much
higher risk should a surgical approach be considered.

CONCLUSIONS
BMA is known to aid in the healing of a variety of ortho-

pedic injuries and to promote angiogenesis in ischemic
tissue. However, the technique used for BM harvesting
and preparation is important for the different cell com-
positions. Moreover, manipulation of BM, even minimally,
such as with centrifugation, can affect the quality and
number of stem cells. Thus, it is fundamental to charac-
terize the cell population in relationship to the harvest-
ing method used to understand properly the effects of
BM content for the specific disease treated. In our study,
we showed that BM aspirated with the MC method is
safe. We did not observe any side effects (eg, infection)
due to the procedure. Also, the method mostly resulted
in a better product compared with the classic harvesting
method. We found the MC method capable of counter-
acting the occurrence of leg amputations and increasing
the TcpO2 in patients with CLTI.
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