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Abstract

Aim Peripheral blood mononuclear cells (PB-MNCs) therapy is an adjuvant treatment for patients with ischaemic diabetic
foot ulcers (DFUs) and no-option critical limb ischemia (NO-CLI). This study aimed to evaluate factors influencing the
effectiveness of PB-MNC therapy.

Method This prospective, not controlled study included a cohort of patients with DFUs and NO-CLI treated by PB-MNCs.
NO-CLI was defined as the revascularization failure with desert foot (absence of any artery below-the-ankle) or partial desert
foot (absence of a wound-related artery with TcPO, < 30 mmHg) at the final post-procedural angiogram. After one year of
follow-up, the rate of major amputation was evaluated such as clinical, wound, and vascular features of amputees in com-
parison to not amputees. In addition, the factors influencing the risk of major amputation were analyzed.

Results/discussion Sixty-four patients were included. The mean age was 73.8+5.8 years, 75% were male, and all of them
had type 2 diabetes. At one year of follow-up, major amputation was documented in 12.5% of patients. Amputees had a
higher rate of desert foot (vs. partial desert foot) (100% vs. 25%, p<0.0001), higher post-procedural pain (5.7+1.9 vs.
2.24+1.3, p<0.0001), lower TcPO, after PB-MNCs therapy (30+8 vs. 43+8 mmHg, p=0.0001), and more cases of heel
ulcers (75% vs. 21.4%, p=0.002). Independent predictors of major amputation resulted the presence of desert foot, persis-
tence of post-procedural pain, heel involvement with multiple ulcers, and inability to stand or walk without assistance.
Conclusion PB-MNC:s therapy resulted less effective in patients with complete desert foot, persistence of paint after therapy,
heel involvement in persons with multiple ulcers, and impaired walking.
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Introduction

The last decades have documented an evolution of patients
with diabetic foot ulcers (DFUs) by the increase of isch-
aemic subjects in comparison to the neuropathic subjects
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leg/foot arteries [4]. Unsuccessful revascularization failure
increases the risk of major amputation up to 30% [4] and
this group of patients are termed as no-option critical limb
ischaemia (NO-CLI) subjects.

NO-CLI patients are characterized by the presence of
several co-morbidities such as end-stage-renal-disease
(ESRD) and ischamic heart disease (IHD), a multi-level
vascular disease and a frequent involvement of below-the-
ankle (BTA) arteries (>70% of cases) [4].

In the last years, the use of autologous cell therapy
(ACT), specifically peripheral blood mononuclear cells
(PB-MNCs) therapy, in NO-CLI patients has achieved
promising results by reducing the rate of major amputation
and mortality [5, 6].

PB-MNCs includes various cell types such as stem cells
and immune cells, which have regenerative properties.
This type of autologous cells can potentially enhance local
angiogenesis, the formation of new blood vessels, thereby
improving tissue perfusion and oxygenation in the wound
angiosome area [7, 8]. Moreover, PB-MNCs seem to play
a key role in tissue regeneration promoting the polarization
from inflammatory macrophage M1 to the M2 regenerative
phenotype [7, 8].

PB-MNC therapy has been widely used in different set-
tings, in patients with different characteristics and often
without not so close homogeneous criteria among previous
clinical studies.

Nonetheless, there are very few data to well understand
which patients are clearly suitable for having the best effec-
tiveness through PB-MNCs therapy and which factors could
influence the clinical response.

Accordingly, the current study aimed to evaluate the
predictive factors influencing the response to PB-MNCs

Table 1 Inclusion and exclusion criteria for the study enrolment
Inclusion criteria

Exclusion criteria

Ischaemic/neuro-ischaemic DFU stage
1 C-D, 2 C-D, 3 C-D according to Texas
University Classification

Indication to primary
amputation due to
absence of anatomi-
cal suitability for
surgical foot salvage
Absence of any ves-
sels below-the-knee

Unsuccessful revascularization below-the-
ankle: desert foot and/or absence to direct
flow to the wound angiosome area with
TcPO2 <30 mmHg

Patency of at least on vessel below-the-knee
(anterior tibial artery, posterior tibial artery,
peroneal artery)

Reduced life expec-
tancy (less than 6
month)
Immunosuppressive
therapy

Active neoplastic
disease

Severe cognitive
impairment

Lost to follow-up

DFU: diabetic foot ulcer

@ Springer

therapy with the aim to identify which patients are more
eligible for receiving this procedure and achieve better
outcomes.

Materials and methods

The current study is a prospective non-controlled study
including a population of diabetic patients affected by
neuro-ischaemic DFUs and NO-CLI managed between
March 2019 to December 2022 in the Department of Endo-
crinology, Diabetology and Metabolic disease, a tertiary
level diabetic foot service, at the University Polyclinic of
“Tor Vergata” serving Rome, Italy.

Included patients were those with desert foot (absence of
any vessels below-the-ankle such as pedal artery and plantar
arteries) and/or those with failed direct revascularization of
“wound related artery” with persistent foot ischemia in the
wound angiosome area defined by TcPO2 levels<30 mmHg
[9]. The evaluation of foot artery disease, so the presence
of desert foot or partial desert foot (failed direct revascu-
larization of “wound related artery””) has been defined by
angiographic criteria after the evaluation of post-procedural
angiograms Table 1.

In addition, only patient with at least a patent artery
below-the-knee (anterior tibial artery, peroneal artery and
posterior tibial artery) were considered for the administra-
tion of ACT. Included patients were also those with isch-
aemic/neuro- ischaemic DFUs belonging to stage 1 C, 2 C,
3 C and 1D, 2D, 3D according to Texas University Classi-
fication [10]. Inclusion and exclusion criteria were reported
in Table 1.

All patients were managed by a multi-disciplinary foot
team through a pre-set limb salvage protocol based on the
International Working Group on the Diabetic Foot IWGDF)
guidelines including antibiotic therapy (and surgery if
required) in the case of infection, offloading of affected
foot, local wound care, and management of concomitant co-
morbidities [11, 12].

At the baseline demographic, clinical and wound charac-
teristics were recorded.

Clinical features

Hypertension was considered if the patient was currently
receiving anti-hypertensive therapy or in the case of blood
pressure>140/90 mmHg. Hypercholesterolemia was
defined in the case of statin therapy assumption or elevated
low-density lipoprotein (LDL) level at the assessment
(>55 mg/dl) requiring statin therapy. Patients with a history
of an acute coronary syndrome, prior revascularization for
ischaemic heart disease (IHD), typical angina or suggestive
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electrocardiographic findings (such as ST elevation, ST
depression, pathological Q waves, T wave inversion) or
new left bundle branch block were considered to have IHD.
A diagnosis of heart failure was made on the basis of typi-
cal symptoms and echocardiographic findings, including
LVEF<40% (or normal/mildly reduced LVEF) with ele-
vated biomarkers BNP>35 pg/ml and/or NT-proBNP>125
pg/ml not explainable by other causes a non-dilated left
ventricle associated with significant structural heart disease
(e.g.: left ventricular hypertrophy or left atrial enlargement),
and/or diastolic dysfunction. Smoker status was recorded as
a baseline characteristic if the patient reported smoking at
the time of assessment. Patients with history of cerebrovas-
cular ischemia, previous carotid artery revascularization
or new diagnosis of atherosclerotic plaque occluding more
than 70% of carotid arteries were considered as patients with
cerebrovascular disease. Additionally, the rate of patients
with end-stage renal disease (ESRD) requiring dialysis was
reported as well as the distribution of patients in the differ-
ent classes of chronic kidney disease.

Wound assessment

Wounds features were recorded at the first assessment
according to IWGDF definitions [11]. Diagnosis of infec-
tion has been done according to clinical signs (redness,
warmth, swelling, induration, tenderness, pain, purulent
secretion). Osteomyelitis was considered in the case of deep
ulcer involving the bone, confirmed by radiological evalu-
ation (x-ray or magnetic resonance) and positive microbio-
logical analysis [13].

Vascular assessment and definition and cell therapy
procedure

Technical failure of revascularization procedures was
defined as the inability to achieve successful recanalization
of stenosed or occluded vessel specifically not allowing an
adequate blood flow to the foot in the wound angiosome
area.

In the case of unsuccessful peripheral revascularization,
included patients received the adjuvant cell-therapy using
a concentrated solution of autologous PB-MNCs in the
affected limb. PB-MNCs used in the recruited population
was produced by point of care HemaTrate ® Blood Filtra-
tion System (Cook Regentec Indianapolis, Indiana—USA).
The cell product obtained by gravity filtration has been pre-
viously extensively characterized in terms of composition,
recovery, and cytofluorimetric cell population analysis [ 14].

One hundred and twenty ml of acid-citrate-dextrose
(ACD)-anticoagulated peripheral blood was loaded in the
upper blood bag and gravity filtration was allowed. The

captured MNCs were harvested by sterile saline back- flush
and immediately implanted. All the procedures were per-
formed in the operatory/surgery room by an anaesthesio-
logic support if retained or the use of a peripheral block.

PB-MNCs were administered through a “below-the-
ankle approach” in the affected foot along the wound related
artery according to the angiosome theory [15]. The treat-
ment was repeated for three times 21-42 days apart. Within
2-4 weeks after the last PB-MNC treatment, all patients
received the surgical treatment (toe amputation, ray ampu-
tation, sequestrectomy, bone resection, trans-metatarsal
amputation, etc.) based on each specific clinical framework,
otherwise the local treatment was performed by secondary
intention according to the characteristics of the target ulcer.

The foot blood perfusion, specifically in the wound angio-
some area, was evaluated through TcPO2 before starting
PB-MNCs therapy and 2—4 weeks after the last procedure.
At the same time, the foot pain before starting PB-MNCs
therapy and 2—4 weeks after the last procedure was evalu-
ated through the numerical rating scale (NRS).

The study was performed according to the Declaration of
Helsinki and was approved by the Ethics Committee (proto-
col number MC-01-2016; 151/16).

Outcome measures

After 1-year of follow-up the rate of major amputation was
reported. Accordingly, patients were divided in two groups,
amputees and not amputees. Baseline characteristics were
compared between groups. In addition, predictive factors of
major amputation were analysed.

Statistical analysis

Statistical analysis was conducted using SAS software
(JMP12; SAS Institute, Cary, NC). Data were presented as
means+standard deviation (SD). Univariate logistic regres-
sion analysis was employed to assess all potential predic-
tor variables, with odds ratios (ORs) and 95% confidence
intervals (Cls) provided to evaluate their association with
the outcome of interest (major amputation). Subsequently,
all potential predictors of outcome were included simulta-
neously in a multivariate logistic regression model, which
identified the variables that most effectively predicted the
outcomes. A p-value of less than 0.05 was considered statis-
tically significant for all analyses.
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Table 2 Comparison between amputees and not amputees

Variable Whole Amputees Not p-value
population 1 (%) amputees
n (%) 8 (12.5%) n (%)
64 (100%) 56 (87.5%)
Age (Years) 73,8+58 76.5+4.7 734+6 0.1
Sex (Male) n (%) 48 (75) 6 (75) 42 (75) 1
Diabetes (Type 64 (100) 8 (100) 56 (100) 1
2)
Diabetes Dura-  21.6+6 26+5 21+£6.7 0.08

tion (Years)

Hbalc mmol/mol 43 £23 (6.1 45+21 43+£23(6.1 0.2

(%) +4.3) 6.3+ +4.3)

4.1)
Anemia 22 (34) 6 (75) 16 (28.6) 0.01
Hypertension 64 (100) 8 (100) 56 (100) 1
IHD 56 (87.5) 6 (75) 50 (89.3) 0.2
Cerebrovascular 42 (65.6) 8 (100) 34 (60.7) 0.006
Disease

Active Smoke 10 (15.6) 0 (0) 10(17.8)  0.08

Heart Failure 8 (12.5) 2 (25) 6 (10.7) 0.03
ESRD 0(0) 0(0) 0(0) 1
CKD class 3 38(59.4) 5(62.5%) 33(58.9) 04
CKD class 4 17 (26.5) 2 (25%) 15 (26.7) 0.2
CKD class 5 1(1.5) 0 1(1.8) 0.5
Diabetic 54 (84.4) 8 (100) 46 (82.2) 0.08
Retinopathy

Inability to stand 12 (18.7%) 4 (50%)  8(14.2%) <0.0001
or walk without

help

Ulcer Size (>5 52 (81.2) 8 (100) 44 (78.6) 0.05
Cm?)

Infection 52 (81.2) 8 (100) 44 (78.6) 0.05
Osteomyelitis 32 (50) 4(50) 28 (50) 1
Gangrene 60 (93.7) 8 (100) 52(92.8) 0.2
Heel involvement 18 (28.1) 6 (75) 12 (21.4) 0.002
in association to

multiple ulcers

Desert Foot 22 (34.4) 8 (100) 14 (25) <0.001
Pedal Disease 48 (75) 8 (100) 40 (71.4) 0.02
Plantar Arteries 50 (78.1) 8 (100) 42 (75) 0.03
Disease

Baseline TcPO2  17.6 +6 10+£4 18+5 0.0003
(mmHg)

TcPO2 After 41+8 30+ 8 43 +38 0.0001
Treatment

(mmbhg)

Baseline Pain 7.1+£18 72+23 7118 0.8
(NRS)

Pain (NRS) After 2.6+ 1.3 5719 22+13 <0.0001
Treatment

IHD: Ischaemic heart disease; ESRD: end-stage-renal-disease;
CKD: chronic kidney disease; TcPO2: transcutaneous oxygen pres-
sure; NRS: numerical rating scale
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Table 3 Multivariate analysis on outcomes of interest of independent
factors found at the univariate analysis
Variables

Major amputation
OR 95% CI p value

Desert foot (vs. indirect revascularization) 3.7 1.2-7.2  0.0002
Persistence of post procedural pain 2.8 1.1-4.8 0.0006
Multiple ulcers with heel location 2.8 1.7-4.1 0.008
Inability to stand or walk without help 39 1.5-8.6 0.0002
Heart failure 14 08-19 0.6
Results

Overall, 64 patients were included in the study. The major-
ity of them were aged (>70 years), with a great prevalence
of males. All participants were diagnosed with type 2 dia-
betes with a long diabetes duration exceeding 20 years.
Several co-morbidities were found in the whole population,
including specifically a history of IHD, hypertension, and
dyslipidemia. For that concerning wound characteristics,
the majority were infected (approximately 81%), 93%, had
a gangrene, 30% had a heel location. Regarding the vascu-
lar characteristics, 34.4% of patients reported a condition of
desert foot, while 65.6% had a wound angiosome ischaemia
after receiving indirect revascularization. Table 2.

At the one-year follow-up, 71.9% of patients healed
and survived, 3.1% healed and died, 9.4% did not heal and
died, 12.5% unhealed and underwent major amputation, and
3.1% unhealed without requiring major amputation. Com-
paring the group of patients who received major amputation
and those who achieved limb salvage, amputees showed a
higher rate of heel location, higher rate of desert foot, higher
post-procedural pain, and lower TcPO2 values after PB-
MNCs therapy. Table 2.

At the multivariate analysis the following factors resulted
independently related to a poor response to PB-MNCs ther-
apy and increased risk of major amputation: the presence of
desert foot (in comparison to the presence of residual wound
angiosome ischaemia after indirect revascularization), the
persistence of post-procedural pain requiring analgesic ther-
apy, the heel involvement in association to multiple ulcers,
and the inability to stand or walk without help. Table 3.

Discussion

This study confirms the potential effectiveness of PB-MNCs
therapy in NO-CLI patients who have a failure of mechani-
cal revascularization procedure. The current data reported
approximately 72% of healing and 12.5% of major amputa-
tion at 1 year of follow-up.

Even though the rate of major amputation seems to be
higher when compared to patients who receive success-
ful revascularization, the same appears significantly lower
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when compared to NO-CLI treated by conventional therapy
(12.5% vs. 30%) [4].

The rate of major amputation in our population is more
or less similar to that found in other studies evaluating the
effectiveness of PB-MNCs therapy. Monami and Panunzi
found respectively 20% and 18% of major amputation in a
cohort of ischaemic diabetic foot subjects not treatable by
conventional revascularization procedure [16, 17]. Scatena
et al. found 10.5% of major amputation at 2 years of follow-
up in patiens managed by PB-MNCs therapy in comparison
to 39.5% of major amputation in the control group managed
by conventional therapy [18].

The main aim of authors was to better understand the
characteristics of amputees and which factors could influ-
ence the effectiveness of ACT. The group of patients
receiving major amputation did not show different clinical
characteristics when compared to not amputees, except for
the presence of cerebrovascular disecase and heart failure
which were more present in patients who experienced major
amputation. Otherwise, amputees seem to present a more
aggressive vascular disease: they had in all cases a concomi-
tant arterial disease of pedal and plantar arteries (desert foot
at the final angiogram), lower TcPO2 values at the baseline
(10 vs. 18 mmHg) and after cell therapy (30 vs. 43 mmHg),
and higher foot pain after cell therapy (5.7 vs. 2.2 evaluated
through NRS).

The concomitant absence of blood supply from pedal
artery and plantar arteries (medial and lateral), so termed
“desert foot”, is the most severe condition of CLTI and a
documented independent risk factor for amputation [19,
20]. The absence of any vessel BTA leads to a risk of major
amputation up to 40% [20] and BTA revascularization is
mandatory to achieve limb salvage and wound healing. In
addition, the presence of “desert foot” resulted an indepen-
dent risk factor of less effectiveness of cell therapy when
compared to the condition of partial “desert foot” in which
cell therapy was used as adjuvant therapy for patients show-
ing a residual wound angiosome ischaemia after receiving
indirect revascularization. These data reflect what already
documented in recent previous studies in which cell therapy
was greatly effective in patients receiving indirect revas-
cularization where any subject received major amputation
[21], while 16.4% of major amputation was documented in
those patients with complete “desert foot” treated by cell
therapy [15]. These elements highlight that the presence
of at least one good vessel BTA, even if not perfusing the
wound angiosome area, could be a rescue vessel reduc-
ing the severity of ischaemia and allowing higher benefits
from PB-MNC:s therapy which can help to reconstruct small
arteries and the foot vascular network [7, 17]. The other
two vascular variables which highlight the potential less
effectiveness of cell therapy in patients with “desert foot”

receiving amputation are related to the foot oxygenation
defined by TcPO2 parameters and the local pain. In ampu-
tees, TcPO2 values are significantly lower in patients with
“desert foot” and even though cell therapy allowed an evi-
dent increase of blood perfusion (from 10 to 30 mmHg), the
vascular improvement could be in some cases not enough
for saving the foot, especially in the case of extended gan-
grene involving soft tissues and bone. In addition, the per-
sistence of foot pain requiring medical therapy reflects only
a partial improvement of foot ischaemia. The persistence of
a severe or moderate ischaemia not allowing a demolitive/
reconstructive surgical procedure in some specific cases,
and the persistence of local pain resistant to the medical
therapy and impairing the quality of life, can require a major
amputation as usual happens in our clinical experience.

The presence of multiple ulcers/gangrene with the
involvement of the heel and the inability to stand or walk
without help resulted the other factor influencing the risk of
major amputation. The presence of ulcers located in differ-
ent parts/angiosomes of the foot usually require the presence
of sufficient blood perfusion in different anatomical area of
the foot and the paracrine vascular activity of autologous
cell therapy could be not completely sufficient to ensure the
same vascular support for each angiosome, especially in the
case of heel ulcer. Heel ulcers are the most difficult ulcers
to be treated with less chance of healing and longer healing
time when compared to ulcer located in fore and midfoot
[22-24]. This element is usually related to the anatomical
characteristics of the heel defined by a poor vascular perfu-
sion also in physiological conditions (due to the absence of
muscle tissue) and the low chance to be treated by 1st inten-
tion (absence of adequate elastic tissue for covering post-
surgical wounds).

The inability to stand or walk without assistance is a well-
known independent factor for non-healing [25]. This condi-
tion appears often associated to a patient’s frailty, resulting
in the absence or poor amount of muscle tissue. The lack of
adequate muscle tissue reduces the chances of PB-MNCs
being effective in such cases, requiring vascular remodeling
a sufficient muscle scaffold [7].

As we found in our analysis, Pan et al. found that non-
responders to cell therapy showed lower TcPO2 values
in comparison to responders [26]. This data can be eas-
ily related to the poor presence of oxygen in the wound
angiosome area that impair the ability of healing process.
The same research group identify also some other factors
influencing the outcomes, specifically age (>50 yrs), blood
fibrinogen (>4 g/L), arterial occlusion level (above-the-
knee), and the total transplanted CD34" cell count [26].
Similarly, Panunzi et al. reported that patients with high
level of TcPO, (=40 mmHg) showed better outcomes in
terms of healing and limb salvage [17]. Patients with higher
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TcPO2 level presented also a higher frequency of extracel-
lular vesicles at the enrollment, which are known markers
of angiogenesis [17].

A real interesting paper of Dubsky et co-researchers anal-
ysed some factors influencing a successful response to ACT.
The main independent predictors of impaired response to
ACT were found on some thrombotic disorders, specifically
the presence of heterozygote Leiden mutation and homo-
zygote methylenetetrahydrofolate reductase (MTHFR 677)
mutation [27].

Definitely, our data seem to highlight as the severity
of foot ischaemia at baseline (desert foot, lower TcPO2
values), the characteristics of tissue loss (multiple ulcers
with heel location) and patients’ frailty could influence the
response to PB-MNCs therapy. These items reflect some
data documented in previous studies in which the severity of
vascular disease at the assessment influenced the outcomes
of ACT. Nonetheless, the study documented the effective-
ness of PB-MNCs in patients with NO-CLI and its general
effectiveness in terms of limb salvage as widely reported by
the most important research in the field [28, 29].

To the best of our knowledge the current study is the first
one to analyse different clinical and vascular factors influ-
encing the response to PB-MNCs therapy. The population
included is homogeneous such as the protocol of treatment
of each patient, allowing a good overview of responders
and non-responders (or poor responders) in the daily clini-
cal practice.

The use of ACT is now considered a useful adjuvant
therapy in some extreme vascular conditions, although it is
only a specific part of a global treatment, requiring patients
with DFUs a multidisciplinary team approach for allowing
good outcomes in terms of healing, limb preservation and
survival [30].

The study has some limitations. It is a monocentric study,
and the sample is not so large even if adequate when com-
pared to similar studies. Some potential influencing factors
such as haematologic and thrombotic disorders are not ana-
lysed and combined with clinical factors. At the same time,
angiogenic markers at the baseline and the response to ACT
have not been evaluated, therefore authors cannot differenti-
ate clinical response from biological responses.

Conclusions

The study highlights that different factors could influence
clinical outcomes of patients with NO-CLI and DFUs
treated by PB-MNCs, including vascular factors, wound
characteristics, and patient general status. These data can
help clinicians to better identify which patients are easily
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suitable for ACT and which could have poorer results, driv-
ing the potential surgical curative approach.

Further studies will be useful to identify the missing vari-
able such as biological and hematological factors that could
impact on paracrine activity and vascular remodeling by
using cell therapy.
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