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Abstract

Background: Bone marrow derived cell therapy is an experimental
treatment for critical limb ischemia. Little is known about the
microvascular changes in hematopoietic stem cell (HSC) therapy
obtained from the bone marrow in peripheral arterial disease (PAD)
with non-critical limb ischemia and type 2 diabetes mellitus.

Objective: To evaluate the microvascular effect after the application
of cell therapy with a concentrate of hematopoietic stem cells in
patients with PAD with non-critical limb ischemia and diabetes.

Methods: Patients were randomly to receive HSC therapy, in
addition to standard care, or standard care alone. HSC therapy
consisted of intramuscular application to the lower extremities of a
concentrated obtained from bone marrow stimulated with
granulocyte colony stimulating factor. Microvascular evaluations
were performed after 6 to 8 weeks by means of infrared imaging,
Terahertz imaging and Doppler ultrasound of interdigital arteries.

Results: A total of 24 patients who met the inclusion criteria were
randomized to the study groups. The microvascular effect evaluated
by Doppler ultrasound of the interdigital arteries showed a decrease
in the resistance index of the right foot (0.80 vs 0.71; p = 0.02), of
the left foot (0.83 vs 0.75; p = 0.004), with a beneficial effect on the
therapy group. No beneficial microvascular changes evaluated with
the other methods were demonstrated.

Conclusions: The application of cell therapy with hematopoietic
stem cells in patients with Peripheral Arterial Disease with non-
critical limb ischemia and Diabetes shows beneficial microvascular
changes, under demonstrable evaluation via Doppler ultrasound
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Introduction

Peripheral Arterial Disease (PAD) is defined as the complete or
partial obstruction of one or more peripheral arteries. PAD is also
referred to as an atherosclerotic occlusive disease of the lower
extremities [1]. The prevalence of PAD in patients older than 60 years
is 20%, and this prevalence increases with age [2]. Several
epidemiological studies base the diagnosis of PAD on Ankle Brachial
Index (ABI), which is defined as an ABI <0.9 [3]. PAD is a common
cardiovascular complication in patients with type 2 diabetes mellitus.
The risk of developing PAD is much higher in patients with diabetes,
and the disease is more severe and progresses faster than in non-
diabetic individuals. Moreover, the presence of PAD is a potent
marker of increased cardiovascular risk. If PAD is identified on the
basis of an ABI of <0.90, its prevalence in patients with diabetes may
be as high as 29%[4].

The Therapeutic Angiogenesis using Cell Transplantation
(TACT) trial was the first clinical trial to evaluate the use of
unselected, autologous bone marrow mononuclear cells (BM- MNCs)
in the treatment of PAD. The trial found that there was a statistically
significant improvement in ABI, transcutaneous oxygen pressure
(TcO,), rest pain, and pain free walking time associated with BM-
MNC treatment. This landmark trial was the first to demonstrate
improvement in clinical markers of PAD severity after the
administration BM-MNCs [5]. In recent clinical trials, patients had
critical limb ischemia (CLI), that is the most severe form of
atherosclerotic PAD [6,7].

It is not clear whether administration of stem cells at an earlier
stage of the disease could be more beneficial, and which subset BM-
MNCs is optimal for treatment, (endothelial progenitor cells,
mesenchymal stem cells or hematopoietic stem cell) that can stimulate
angiogenesis.

The physiologic endpoint such as ABI and TcO2 are commonly
used surrogates for microvascular disease in clinical trials, but there
is no gold standard for microcirculatory assessment with which to
compare these methods.

There are many methods used in the assessment of microvascular
disease of lower extremities [8]. Novel technologies such as infrared
imaging, Terahertz imaging, and Doppler ultrasound of interdigital
arteries can evaluate the microvascular effect of stem cell therapy [9-
11].

These three novel technologies were employed to accomplish the
objective of the present clinical trial, which was to evaluate the
microvascular effect of applying cell therapy with a concentrate of
hematopoietic progenitor cells in patients with PAD with non-critical
limb ischemia and type 2 diabetes.

Materials and Methods

Study Design: Randomized controlled trial with blinding (for the
observer evaluating treatment goals). The protocol was approved by
The Guanajuato University Ethics Committee (CIBIUG-P14-2018)
and the National Commission for Scientific Research of the Mexican
Institute of Social Security (R-2018-785-031) and registered on
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clinicaltrials.gov (Identifier: NCT03635970). The study was conducted
in accordance with the Declaration of Helsinki. Written informed
consent for participation was obtained from all the patients.

Inclusion criteria: Eligible patients were men and women,
ranging from 50 to 80 years old, with peripheral arterial disease, with
non-critical limb ischemia, and, with more than 10 years of diagnosed
diabetes mellitus.

Exclusion Criteria: Main exclusion criteria were severe sepsis
process, restrictions with the use of filgrastim, and loss of patients
during follow-up.

Procedure for obtaining cell therapy with HSC concentrate:
The treatment procedure involved aspiration and processing of bone
marrow stimulated with granulocyte colony stimulating factor (G-
CSF), and intramuscular injections of autologous bone marrow
CD34+ cell concentrate into the gastrocnemii muscles. The usual G-
CSF dose was 10 pg/kg/ day divided into two subcutaneous injections
for 5 days. On the fifth day of filgrastim administration the procedure
was carried out under conscious sedation and aseptic conditions. A
total volume of 100mL of uncoagulated bone marrow was aspirated
from multiple sites of the posterior superior iliac crest in heparinized
syringes under local anesthesia using an 11-gauge Jamshidi needle.
The product of the bone marrow aspirate is poured into 4 sterile 50
mL falcon tubes inside a laminar flow hood. To the tubes, 15 mL of
6% HES (pentalstarch 6 g/100 mL) was added and gently
homogenized. Falcon tubes with the bone marrow aspirate were
placed in a refrigerated centrifuge at 3,500 rpm for 15 minutes at 8°C.
They were removed from the centrifuge and the supernatant was
aspirated into the laminar flow hood with sterile transfer pipettes. With
an automatic pipette of up to 5 mL and a sterile blue tip, the buffy coat
(from mononuclear cells) was acquired, trying to contain as few red
blood cells as possible, and it was placed in a sterile falcon tube and re-
suspension with plasma of the supernatant was performed. up to a
total volume of 45mL. A small aliquot of 1 mL was collected from the
aspirated bone marrow and sample was analysed for cell counts,
sterility, and viability. The administration of the CD34+ cell
concentrate was performed by intramuscular application in the
gastrocnemii muscles, with a 25-gauge needle and administering 0.5
to 1 mL at each puncture site. This procedure was carried out under
standard asepsis and antisepsis techniques.

Infrared thermographic imaging: The patients stayed for 15
minutes to acclimatize to the room conditions (18°C to 22°C and
humidity of 65%). When the patients arrived at the laboratory, they
removed their shoes, and sat in a normal position waiting for the
acquisition of the infrared images, achieving the time, a stage where
the foot was placed respectively to take infrared images per foot.
These images were acquired with an infrared camera Xenics Gobi 640
with 50 mm lens, the camera was always kept at a distance 53 cm. The
infrared thermographic data were analysed using the MATLAB
software.

Terahertz imaging: A platform was built to emit Terahertz
radiation. Before each measurement, the platform was cleaned with
isopropyl alcohol. The patient was asked to remove their shoes before
climbing onto the platform. Then, the patient was sat in a chair located
on the platform, and placed his bare feet on the platform. Afterwards,
the technician taking the sample accommodated the patient’s feet
within the measurement window. The patient was asked to maintain
contact with the window and avoid foot movement. Finally, the
picture was taken. The scan lasted approximately 10 minutes.

Ultrasound microvascular evaluation of interdigital arteries:
A linear transducer with a variable ultrasound frequency of 9-15 MHz
was used. The transducer was placed over an artery for cross-
sectional analysis and is then rotated 90° for longitudinal analysis. The
operator had to rotate or move the transducer gently to maintain
visualization of the artery. The evaluation was usually carried out with
the patient placed in a supine position. The measurement of the 5
interdigital arteries of the right and left foot was performed, with
which the following values were obtained: peak systolic velocity
(PSV), velocity at the end of diastole (EDV), and resistance index (IR).
No previous studies, were identified that, specify the normal limits of
these variables, in the territory of interdigital arteries; however, it is
stated in analogy to other arterial territories that greater IR, leads to a
greater degree of arterial obstruction.

Endpoints: The primary endpoint of this clinical trial was to
assess the microvascular effect after the application of cell therapy
with a concentrate of hematopoietic progenitor cells in patients with
PAD with non-critical limb ischemia and type 2 diabetes mellitus.
This microvascular evaluation was carried out by 3 novel non-invasive
imaging methods infrared imaging (energy emissivity in Joules),
Terahertz imaging (percentage of hydration) and Doppler ultrasound
of interdigital arteries (resistance index).

Statistical Analysis: Continuous variables were described as
medians and interquartile ranges and categorical variables were
summarized as proportions. Medians were compared using the Mann
Whitney U test, and percentages using the y2test and Fisher’s exact
test. All analyses were performed using the SPSS software (version 22).

Results

From August 2018 to November 2019, 90 patients with type 2
diabetes mellitus over 10 years from diagnosis were evaluated, in
which the determination of the ABI was performed and 24 patients
(27%) with altered ABI (0.99- 0.6) were identified and considered to
establish the diagnosis of PAD with non-critical limb ischemia.

Patients who met the inclusion criteria were randomized ina 1: 1
ratio in the study groups (control group and cell therapy group), and
their data remained blinded to the observer who evaluated the
treatment goals. In each study group, an initial evaluation of  the
microvascular characteristics was carried out by each of the 3
evaluation methods (ultrasound of the interdigital arteries, Terahertz
image and infrared image), and they were evaluated over a period of
6 to 8 weeks with the same imaging methods. There were no losses to
follow up (Figure 1) shows the distribution of patients in each of the
study groups.

Baseline clinical characteristics of the enrolled patients are
summarized in (Table 1). the baseline biochemical characteristics
such as HbA1c, lipid profile and blood chemistry were similar in both
groups.

Components of cell therapy administered in the experimental
group: The HSC concentrate administered to the cell therapy group
resulted in a median mononuclear cell doses of 297 x10¢ (interquartile
range,188 to 500); median CD34+ cell doses of 1.84 x 10° (interquartile
range, 0.79-2.84), and median cell viability of 59.5% (interquartile
range, 39.4-76.2).

Adverse Events: There were no adverse effects in the cell therapy
treatment group, with the exception of mild lower limb edema that
resolved within a few days after HCT administration, 2 patients in the
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Table 1: Patient demographic and clinical characteristics.

Control Group Cell therapy group

Characteristic P-value
(n=12) (n=12)
Age, median years (IQR) 69 (53-74) 64 (53-69) 0.68*
Female sex, n (%) 9 (75) 7 (58.3) 0.38**
BMI, (kg/m?), median (IQR) 28.3 (24.9-28.8) 28.0 (26.2-30) 1*
Hypertension, n (%) 4(33.3) 4 (33.3) il
Smoking, n (%) 2(17) 6 (50) 0.08**
Dyslipidemia, n (%) 2(17) 3(25) 0.61**
Comorbidities, n (%)
Ischemic heart disease 0 (0) 0 (0) 0.98**
Stroke 0 (0) 0 (0)
Chronic renal insufficiency 2(17) 1(8)
Amputation 1(8) 1(8)
TASC Il recommendations, n (%)
Lipid lowering drugs 3(25) 2(17)
Antihypertensive drugs 5 (42) 5 (42)
Antithrombotics 5 (42) 4 (33.3) 0.98***
Dietary recommendations 7 (58.3) 7 (58.3)
Exercise therapy 6 (50) 7 (58.3)
Fontaine classification, n (%)
1 12 (100) 12 (100) 1%
nnv 0 (0) 0 (0)
Rutherford classification, n (%)
0/1 12 (100) 10 (83.3)
2/3 0(0) 2 (17) 0.33**
4/5 0 (0) 0 (0)
Abnormal ABI (<1), n (%)
Right ABI involvement 5(42) 3(25)
Left ABI involvement 2 (16) 2 (17) 0.66**
Bilateral ABI involvement 5(42) 7 (58)

IQR, interquartile range. BMI, body mass index.
*Mann-Whitney U test, **Fisher exact test***, chi? test.
TASC: Trans-Atlantic Inter-Society Consensus Document on Management of Peripheral Arterial Disease

Assessed for eligibility
(n=90)

Excluded (n=66}

= Not meeting exclusion criteria

(n=66)

Randomized (n=24)

Allocation

Allocated to intervention (n=12) Allocated to intervention (n=12)

» Received allocated intervention (n=12) * Received allocated intervention (n=12)

Follow-up

Lest to follow-up (n=0) Lost to follow-up (n=0)

Discontinued intervention (n=0) Discontinued Intervention (n=0)

Analysis

Analyzed (n=12) Analyzed (n=12)

Figure 1: Consort flow chart showing the distribution of patients.
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cell therapy group presented some areas of ecchymosis at declining
sites of the foot that also resolved in a few days. One patient in the
cell therapy group had a toe infection that required amputation as a
therapeutic measure. There were no significant differences in therate
of adverse events between cell therapy group and controlgroup.

Efficacyendpoints: Infraredimaging (energyemissivityinJoules),
Terahertz imaging (percentage of hydration) and Doppler ultrasound
of interdigital arteries (resistance index) were used as non-invasive
techniques for assessing microvascular blood flow and tissue oxygen
tension after autologous bone marrow concentrated intramuscular
treatment. The (Tables 2-4) show the changes in energy emissivityin
Joules, percentage of hydration and resistance index from baseline to
6-8 weeks after the administration of cell therapy, respectively

Discussion

The main results found in this work were that the group of patients
with diabetes and PAD with non-critical ischemia undergoing cell
therapy with a concentrate of HSC showed beneficial microvascular
changes by reducing the resistance index (IR) of their interdigital

arteries and in comparison, with the control group via Doppler
ultrasound. However, we did not find beneficial microvascular
changes in cell therapy when the evaluation was performed either
using infrared imaging or Terahertz.

An analysis of previous clinical trials also establishes a beneficial
effect of stem cell therapy with autologous implantation, in patients
with PAD with critical ischemia of the lower extremities, showing
improvement of ITB, of TcPO2, decrease in the amputation rate, and
increase in ulcer healing rate, the latter two especially in the subgroup
of patients with type 2 diabetes.[7,12]

This work was carried out with the intention of studying the
possible microvascular effect of cell therapy with a concentrate of
CPH and at an earlier stage of PAD, by excluding patients with critical
limb ischemia. This contrasts with previous studies where they
evaluate patients with more severe PAD, especially without treatment
option other than limb amputation [13-19]. It is noteworthy that cell
therapy shows beneficial microvascular effects from earlier stages in
patients with PAD and type 2 diabetes.

Table 2: Microvascular Evaluation Using Infrared Imaging.

Control group

Component analyzed* (n=12)
initial final **p-value

Right toes 1,30,330 1,40,407 0.71
Left toes 1,38,012 1,58,526 0.58
Most affected right toe 1,06,795 1,29,047 0.38
Most affected left toe 1,17,857 1,44,157 0.3
Right instep 3,02,049 2,58,258 0.05
Left instep 3,27,338 2,73,354 0.05
Right calf 3,44,113 2,89,403 0.03
Left calf 3,46,534 3,01,981 0.06

Cell therapy group wesintergroup

(n=12) p-value
Initial final **p-value
1,58,259 1,53,968 0.51 0.57
1,67,787 1,35,476 0.23 0.38
1,30,848 1,31,669 0.65 0.9
1,45,721 1,19,030 0.29 0.32
3,25,668 2,62,106 0.007 0.86
3,46,352 2,67,274 0.01 0.8
3,561,104 2,66,764 0.009 0.44
3,54,023 2,71,441 0.02 0.28

*Average energy measured in Joules (J) of the analyzed component; ** Student's t-test for related samples; *** Student's t-test for independent samples with respect

to final evaluations of the control group and the cell therapy group

Table 3: Microvascular evaluation using Terahertz image.

Component analyzed* Control group

(n=12)
initial final **p-value
Right absolute average 47.92 48.25 0.67
Left absolute average 47.5 47.1 0.65
Absolute right toe 57.42 56.75 0.68
Absolute left toe 51 51.75 0.67
Absolute right heel 44.17 48.75 0.33
Absolute left heel 43.42 48.83 0.2
Red left 40 39.17 0.77
Red right 37.5 36.8 0.75
Green left 24.58 225 0.59
Green right 27.42 24.75 0.62

Cell therapy group ***intergroup

(n=12) p-value

Initial final **p-value

49.9 49.5 0.68 0.39
49.3 49.5 0.87 0.12
44.42 47.25 0.74 0.16
49.9 54.58 0.43 0.59
44.33 44.25 0.99 0.48
30.5 50.17 0.87 0.52
31.25 32.33 0.75 0.21
29.08 29.08 1 0.21
28.58 275 0.88 0.54
29.58 28 0.83 0.68

* (%) hydration of the analyzed component; ** Student's t-test for related samples; *** Student's t-test for independent samples with respect to final evaluations of the

control group and the cell therapy group

Table 4: Microvascular evaluation by measurement of interdigital arteries by Doppler ultrasound.

Component analyzed* Control group

Cell therapy group ***intergroup

(n=12) (n=12) p-value
initial final **p-value Initial final **p-value
Average right foot resistance index 0.77 0.8 0.05 0.75 0.71 0.23 0.02
Average left foot resistance index 0.76 0.83 0.0005 0.73 0.75 0.62 0.004

Average of the resistance indices of the interdigital arteries ** Student's t-test for related samples; *** Student's t-test for independent samples, with respect to final

evaluations of the control group and the cell therapy group
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Until now, the measurement of TcPO2 is the most frequently used
method to measure tissue oxygenation in patients with PAD; however,
it is not entirely available in hospital centers to establish itself as a
unique method of evaluating microvascular effects [20]. Due to the
above, we implemented three imaging methods to evaluate
microvascular changes with the use of cell therapy with HSC.

From the parameters analyzed by Doppler ultrasound, we
conclude that the resistance index (RI) of the interdigital arteries isthe
most representative measure of the microvascular state since, up to
now, the normal parameters of these measurements in the vascular
territory of arteries are not precisely known.

The components analyzed by Doppler ultrasound of the
interdigital arteries of both feet were: Resistance Index (IR), Peak
Systolic Speed (PSV) and Speed at the end of Diastole (EDV); of these,
we take IR as the most representative measure of the microvascular
state since, up to now, the normal parameters of these measurements
are not precisely found in the vascular territory of interdigital arteries
[21,22]; We established before and after comparisons in the cell
therapy group and in the control group, a situation that allowed us to
detect changes and evaluate the microvascular effects of the treatment
groups.

Zhang et al, [23] have reported higher RI levels of DMT2 patients
compared to the control group (p <0.001), even the analysis of
subgroups by duration of diabetes greater than 5 years shows higher
levels compared to duration of DMT2 younger than 5 years (p <0.01).

In our study, the RI (right and left foot) in the control group
showed a significant increase, which translates into a higher degree of
microvascular obstruction; On the other hand, the IR (of the right and
left foot) of the cell therapy group did not show a significant increase,
which is interpreted as a beneficial change due to the cell therapy.

When making the final comparisons between the control group
and the cell therapy group, we can see that the cell therapy group
shows lower IR; which indicates improvement in the microvascular
component. The reason why no beneficial microvascular changes
were found with the other evaluation methods may have several
explanations.

In the particular case of microvascular evaluation using infrared
imaging of patients with PAD and diabetes, we decided to analyse 4
sites in order to detect microvascular changes: toes, the most affected
toe, the instep and the calf of both feet. The analysed sites did not
show significant changes and therefore no clinical benefit for patients
is concluded, even some components analysed showed areas of
energy decrease with statistical significance, a situation that does not
demonstrate a benefit, contrary to the results found using Doppler
Ultrasound.

Infrared thermographic imaging measures skin temperature and
not perfusion directly, changes in tissue perfusion often result in a
change in tissue temperature. This is the principle of microvascular
imaging thermography, using an infrared thermal imaging camera to
determine the temperature of human body tissue. However, the skin
temperature can also be modified by other factors in addition totissue
perfusion, these factors are mainly inflammatory or infectious,
including factors external to the patient, such as ambient temperature,
a situation that was not controlled in the analysis of the patients. Since
it measures tissue temperature, it is at best a surrogate measure of
change in microvascular perfusion and as such has gained limited
acceptance as an imaging method for microvasculature [24].

Regarding the Terahertz image, a novel method for the evaluation
of diabetic foot syndrome, which has been proposed as a screening
method that could help for the prevention and follow-up of medical
treatment of diabetic foot, more specifically evaluates the degree of
hydration of the feet in patients with diabetes mellitus, and not
directly the microvascular state, of patients with PAD and diabetes
[10].

Indeed, dehydration of the skin of the feet of patients with diabetes
is a central factor in the evolution towards diabetic foot syndrome,
attributed to PAD, but we must recognize that it is not the only factor
associated with dehydration of the skin. However, time domain
spectroscopy in the Terahertz band is a recent technique with high
potential for development and application in different areas, including
biology and medicine, and several studies will be required to define
its role in the evaluation of diabetic foot syndrome.

A patient in the cell therapy group had an amputation of one of
his toes after the application of cell therapy, this amputation was due
to an infectious process that could not be resolved with antibiotics,
this could indicate on the one hand that cell therapy has a medium-
term effect or a lack of response to cell therapy in cases of active
infectious processes.

In our study, we did not find that the dose of CD34 + cells
influenced the response to cell therapy, although there is data
indicating that higher doses of CD34 + cells correlate with a longer
amputation-free survival [25]

To our knowledge, this is the first study that attempts to evaluate
the microvascular effect of cellular therapy with HSC using three non-
invasive imaging methods in patients with PAD with non- critical
ischemia and diabetes.

In our work, the evaluation technique in which significant
differences were found with HSC therapy is the ultrasound of the
interdigital arteries. We believe that it may be a good method to
evaluate the microvascular component.

Future research will often further validate the routine use of
Doppler ultrasound of the interdigital arteries as a method of
evaluating microvascular changes, with the use of novel story
therapies such as cell therapy

Conclusions

This study suggests a beneficial effect of cellular therapy with
HSC in patients with PAD with noncritical ischemia and diabetes. We
propose that this therapy could be used at an earlier stage of PAD to
prevent disease progression.

The application of cell therapy with a concentrate of hematopoietic
progenitor cells in patients with Peripheral Arterial Disease with non-
critical ischemia and Diabetes shows microvascular changes, under
evaluation by Doppler ultrasound of interdigital arteries, specifically
regarding decreased resistance indices
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