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Abstract

Diabetes affects multiple systems in complex manners. Diabetic foot ulcers (DFUs)

are a result of diabetes-induced microarterial vessel disease and peripheral neuropa-

thy. The presence of arteriosclerosis-induced macroarterial disease can further com-

plicate DFU pathophysiology. Recent studies suggest that mesenchymal stromal cell

therapies can enhance tissue regeneration. This phase I study was designed to deter-

mine the safety and explore the efficacy of local injections of autologous adipose-

derived stromal vascular fraction (SVF) cells to treat nonhealing DFUs greater than

3 cm in diameter. Sixty-three patients with type 2 diabetes with chronic DFU all—

amputation candidates were treated with 30 10— ×
6 SVF cells injected in the ulcer

bed and periphery and along the pedal arteries. Patients were seen at 6 and

12 months to evaluate ulcer closure. Doppler ultrasounds were performed in a subset

of subjects to determine vascular structural parameters. No intervention-related seri-

ous adverse events were reported. At 6 months, 51 subjects had 100% DFU closure,

and 8 subjects had 75% closure. Three subjects had early amputations, and one sub-≥

ject died. At 12 months, 50 subjects had 100% DFU healing and 4 subjects had 85%≥
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healing. Five subjects died between the 6- and 12-month follow-up visits. No deaths

were intervention related. Doppler studies in 11 subjects revealed increases in peak

systolic velocity and pulsatility index in 33 of 33 arteries, consistent with enhanced

distal arterial runoff. These results indicate that SVF can be safely used to treat

chronic DFU, with evidence of efficacy (wound healing) and mechanisms of action

that include vascular repair and/or angiogenesis.
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1 | INTRODUCTION

Diabetes mellitus is a worldwide threat for public health, with projec-

ted global cost by the International Diabetes Federation of US

$825 billion by 2030 and 845 billion in 2045. 1 Angiopathy

(macrovascular and/or microvascular) and neuropathy secondary to

diabetes mellitus contribute to set the stage for diabetic foot ulcera-

tions (DFUs) by initiating repeating cycles of inflammation, ulceration,

infection, and hospitalization, often ending in amputation.2,3 DFUs in

the context of combined neuroischemic disease exhibit worse out-

comes. 4 In the United States, 54% of all amputations are diabetes

related, and in 85% of cases the precipitating factor is a DFU, resulting

in a cost of $9 to $13 billion annually. 5

Peripheral vascular disease (PVD) is a known cause of ischemic ulcers

and is also an aggravating condition for DFU. PVD, either alone or in com-

bination with diabetes, often culminates in recurrent, nonhealing ulcers

and amputations. 6 Approximately 50% of patients with DFU have concur-

rent vascular disease. 7 As surgical revascularization is not always feasible

in these patients, an urgent need exists for the development o f alternative

therapies capable of improving blood supply to the ischemic foot.

Cell-based therapies have gained attention as viable options to pro-

vide the required elements to help restore damaged vessels while induc-

ing the formation of new ones. 8 Cell products may contain endothelial

progenitor cells (EPCs) and/or mesenchymal stem/stromal cells (MSCs),

both critical during vascular repair and formation given the structural par-

ticipation of the former and the documented proangiogenic activity of

the latter. 9 Based on the individual cell-type capabilities documented for

EPCs and MSCs, the use of a combinatorial cell approach in the same

product constitutes an interesting alternative to treat vascula r disease.

Multiple small clinical studies have used autologous or allogenic b one-

marrow mononuclear cells, either directly after bone marrow harvest or

after tissue culture, to treat critical limb ischemia. In general, therapy

resulted in improved symptoms (decre ased pain) 10 and in some studies

improved ankle/brachial index and/or tissue oxygenation. 11,12

Adipose tissue-derived stromal vascular fraction (SVF) stands as a

viable option to treat vascular disease, given its EPC enrichment and

higher titers of MSCs when compared with other sources (eg, bone mar-

row). 13–15 Logistical advantages complement this key multiphenotypic

display, as SVF cells can be obtained from a same-day processing of

readily acces sed and harvested adipose tiss ue without the need of a

good manufacturing practice (GMP) processing f acility to manufacture

an MSC-based product, thus making SVF a “point-of-care” therapy.

I t i s d i f f i c u l t t o t r e a t v a s c u l a r d i s e a s e a n d c h r o n i c u l c e r s c a u s e d

b y P V D a n d / o r d i a b e t  e s i n r  e s o u r c e -  p o o r c o u n t r  i e s s u c  h a s

Lessons learned

• Stromal vascular fraction (SVF) is capable of inducing new

blood vessels under ischemic conditions.

• Local administration of SVF produces accelerated wound

healing in wounds.

• The rate of wound healing does not correlate with wound

size.

• SVF administration distal to the terminal arteries of the

foot (tibialis anterior and tibialis posterior) is associated

with changes in wave form and flow velocity consistent

with new blood vessel induction and reduced distal

resistance.

Significance statement

Microvascular disease seen in diabetes has no effective form

of surgical treatment. This article reports the possibility of a

novel therapy for diabetic wounds based on blood vessel

induction in situ that can alleviate the intractable pain

and/or infection associated with these chronic wounds, con-

ditions that are amenable only to amputation. By using stro-

mal vascular fraction (SVF) injection, surgeons can prevent

limb loss, an outcome with devastating socioeconomic con-

sequences for both the patient and society. The SVF proto-

col presented is easy to execute and can be carried out

quickly and safely as an ambulatory procedure, under condi-

tions in the developing world.
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N i c a r a g u a . M o s t p a t i e n t s c a n n o t m a i n t a i n l i m i t e d w e i g h t - b e a r i n g

o r n o n a  m b u l a t o r y s t a t u s b e c a u s e o f t h e e c o n o m i c i m p e r a t i v e t o

w o r k . P a t i e n t s f r e q u e n t l y h a v e t o t r a v e l l o n g d i s t a n c e s u n d e r p o o r

r o a d c o n d i t i o n s t o o b t a i n m e d i c a l c a r e . R e v a s c u l a r i z a t i o n p r o c e -

d u r e s a r e n o t e c o n o m i c a l l y p o s s i b l e f o r m o s t o f t h e p o p u l a t i o n i n

N i c a r a g u a . F u r t h e r m o r e , a d v a n c e d s t e m c e l l p r o c e d u r e s t h a t

r e q u i r e c e l l p r o c e s s i n g f a c i l i t i e s r e p r e s e n t s i g n i f i c a n t l o g i s t i c a l a n d

e c o n o m i c c h a l l e n g e s . U n d e r s u c h c o n d i t i o n s , n o n h e a l i n g i s c h e m i c

w o u n d s p r e s e n t p a t i e n t s a n d p h y s i c i a n s w i t h u n p a l a  t a b l e c h o i c e s :

c h r o n i c p a i n a n d r i s k o f i n f e c t i o n o r a m p u t a t i o n . G i v e n t h e s e f a c -

t o r s , t h e M i n i s t r y o f H e a l t h o f N i c a r a gu a a u t h o r i z e d a p i l o t s t u d y i n

2 0 1 4 t o a s s e s s t h e p o t e n t i a l v a l u e o f fr es hl y is o la te d au t ol og o us

a d i p o s e - d e r i v e d S V F c e l l s a s a n a l t e r n a t i v e a n d c o s t - e f f e c t i v e f o r m

o f t r e a t m e n t f  o r P V D c  a u s e d b y a r t e r i o s c l e r o s i s a n d / o r d i a b e t e s .

SVF cells were obtained using the GID SVF-2 device (The GID Group,

Louisville, Colorado) after lipoaspiration (detailed in Reference 16). SVF

has been shown to contain 35% to 40% mature stromal and vascular cells

(CD45−, CD 3 1−, C D3 4−), 48% to 53% progenitor stromal and vascular

cells (CD45−, CD31− −, CD34+), 7% to 8% endothelial cells (CD4 5 , CD31+,

CD34+), and 5% blood elements such as leukocytes (CD45+). 17,18 SVF

cells were administered to 10 patients with severe PVD and who were

candidates for amputation as determined by clinical findings, ankle/bra-

chial index, and magnetic resonance imaging (MRI) angiography. Six of

the patients also had nonhealing peripheral ulcers. SVF cells were

injected into the plane between the gastrocnemius and soleus muscles.

Nonhealing ulcers had SVF cells injected subcutaneously around and

directly into the wound bed. The results from the initial 18-month

follow-up period 16 have been reported and demonstrated safety of the

intervention, consistent improvement in Rutherford clinical staging, and

complete wound healing by 9 months. In addition, improved ankle/bra-

chial index scores and MRI imaging results were consistent with

neovascularization and new anastomoses to the dorsal and plantar vas-

cular distributions. At the 4-year follow-up, 19 nine patients demon-

strated persistence of the clinical benefits (one subject died at 4 months

into the study of causes unrelated to intervention). By the final 6-year

follow-up, five patients still demonstrated persistence of the clinical

benefits.20 Four of the nine patients had passed away from cardiac

causes.

A d i p o s e - d e r i v e d S V F h a s a l s o b e e n t e s t e d s p e c i f i c a l l y a s a t r e a t -

m e n t f o r D F U . H a n e t a l u s e d u n c u l t u r e d , p r o c e s s e d l i p o a s p i r a t e

c e l l s ( S V F ) t o t o p i c a l l y t r e a t D F U i n a p i l o t s t u d y o f 2 6 p a t i e n t s . 2 1

A u t o l o g o u s a b d o m i n a l a d i p o s e t i s s u e w a s o b t a i n e d v i a

l i p o a s p i r a t i o n . T h e l i p o a s p i r a t e w a s w a s h e d a n d t h e n t r e a t e d w i t h

c o l l a g e n a s e . T h e l i p o a s p i r a t e w a s c e n t r i f u g e d a n d t h e p e l l e t t r e a t e d

w i t h N H 4C L t o l y s e r e d b l o o d c e l l s . T h e r e m a i n i n g c e l l s w e r e t h e n

w a s h e d t w i c e a  n d f i l t e r e d t h r o u g h a 1 0 0 -m n y l o n m e sh ( y i e l d i n g

t h e S V F c e l l s ) . B e t w e e n 4 a n d 8 m i l l i o n S V F c e l l s w e r e e m b e d d e d i n a

f i b r i n o g e n - t h r  o m b i n c a r r i e r a n  d t h e n s p r e a d e x t e r n a l l y o n t h e u l c e r

b e d ( m e a n ± S D s i z e , 4 . 3 ± 2 . 1 c  m 2) . T h e u l c e r s i t e w a s c o v e r e d w i t h

T e g a d e r m . A n o t h e r 2 6 p a t i e n t s ( c o n t r o l g r o u p ) w e r e t r e a t e d w i t h

j u s t t h e f i b r i n o g e n - t h r o m b i n c a r r i e r . U l c e r s i z e f o r t h e c o n t r o l g r o u p

w a s 4 . 0 ± 2 . 1 c m 2. O v e r a l l u l c e r s i z e i n t h e e n r o l l e d s u b j e c t p o p u l a -

t i o n r a n g e d f r o m 1 . 2 t o 1 0 c m 2 . A t 8 w e e k s , c o m p l e t e w o u n d h e a l i n g

o c c u r r e d i n 1 0 0 % o f t h e c e l l t r e a t e d g r o u p , w h e r e a s o n l y 6 2 % o f t h e

c o n t r o l g r o u p h e a l e d (  P < . 0 5 ) . N o a d v e r s e e v e n t s r e l a t e d t o t h e

t r e a t m e n t o c c u  r r e d .

The above encouraging results prompted us to further ascertain

the clinical effects of adipose-derived SVF as a point-of-care interven-

tion to treat nonhealing DFU and associated diabetic microangiopathy

in a population of patients (n = 63) with type 2 diabetes who clinically

were approaching the need for amputation.

2 | RESEARCH DESIGN AND METHODS

2.1 Study design and patient population|

This study was designed as a prospective, interventional, open-label, multi-

center, noncontrolled, phase I clinical trial involving three different sites. It

was approved by the Medical Ethics Committee of Universidad Nacional

Autónoma de Nicaragua-León (UNAN-Leon) and by the Ministry of

Health of Nicaragua (MINSA) on November 28, 2018. The procedures

followed were in accordance with the ethical standards of the responsible

committee on human experimentation (institutional and national, UNAN-

León) and the Helsinki Declaration of 1975, as revised in 2008. As the

patient population for this study included subjects who were clinically

approaching the need for amputation, the Medical Ethics Committee of

UNAN-León and MINSA stated that all subjects were to receive active

treatment; thus, there was no control group in this study. Written

informed consent was obtained from all participants in accordance with

standards of MINSA and the Wo rld Health Organization a nd included con-

sent to publish this study in all formats. Patients were enrolled who met

the eligibility criteria as defined by the study protocol from the MINSA.

The primary inclusion criteria were active type 2 diabetes requir-

ing treatment, a nonhealing ischemic ulcer of the lower extremity

≥3 cm 2, the ulcer having longer than 3 months duration, and clinically

approaching the need for amputation. Criteria for exclusion were

age < 30 years, unstable cardiovascular disease at the moment of

enrollment, smoking and/or the presence of chronic pulmonary dis-

ease, ongoing infection and/or sepsis, and uncontrolled diabetes.

Because subjects having multiple ulcers at the time of enrollment was

not addressed by either the inclusion or the exclusion criteria, three

subjects were enrolled having two concomitant ulcers on the same

foot. The largest ulcer was chosen as the study ulcer. Usual care for

these diabetic patients with DFU prior to entry into the study con-

sisted of saline gauze changed twice a day and follow-up with their

local health care provider/clinic. Patients were advised to avoid

weight bearing on the affected limb to the extent possible.

The primary endpoint of this clinical study was the safety of the

GID SVF-2 device processing and associated SVF injection therapy.

Safety was determined based upon reported adverse effects second-

ary to the adipose tissue harvesting procedure (hematoma, infection,

profuse bleeding), the injection of the cell product (vessel puncture,

intravascular administration of the cell preparation with potential

phlebitis and/or distal embolism), and the therapy itself (secondary

local infection requiring antibiotics). The secondary endpoint was to
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e x p l o r e e f f i c a c y a s p e r c e n t w o u n d c l o s u r e a t 1 y e a r . W o u n d c l o -

s u r e w a s d e f i n e d a s i n t a c t e p i t h e l i a l c o v e r a g e w i t h o u t n  e e d f o r f u r -

t h e r d r e s s i n g c h a n g e s . A n e x p l o r a t o r y q u e s t i o n w a s t o e v a l u a t e i f

D F U s i z e l i m i t e d t h e e f f i c a c y o f S V F a s m e a s u r e d b y w o u n d c l o -

s u r e . I n a d d i t i o n , i n a s u b s e t o f p a t i e n t s a t o n e s i t e , t h e e  f f e c t o f

S V F i n j e c  t i o n o n p e d a l a r t e r y s u p p l y w a s s t u d i e d v i a s p e c t r a l c o l o r

D o p p l e r u l t r a s o u n d .

2.2 Isolation of SVF (liposuction and cell|

processing)

T h e s u r g i c a l p r o c e d u r e c o n s i s t e d o  f p r e p a r a t i o n o f t h e h a r v  e s t s i t e

w i t h l o c a l a n e s t h e s i a a n d t u m e s c e n t s o l u t i o n o f R i n g e r ' s l a c t a t e

f o l l o w e d b y l i p o a s p i r a t i o n i n t o a c l o s e d a d i p o s e t i s s u e p r o c  e s s i n g

s y s t e m—t h e G I D S V F - 2 d e v i c e ( T h e G I D G r o u p ) . T h e l i p o a s p i r a t e

c o l l e c t e d i n t h e S V F - 2 d e v i c e w a s t h e n p r o c e s s e d b y ( a ) s e r i a l

w a s h i n g t o r e s t o r e p H a n d r e m o v e o i l , l e u k o c y t e s , a n d e r y t h r o -

c y t e s , t h u s p r o d u c i n g f r e e o f f l u i d s ; ( b ) e n z y m a t i c d i g e s -“d r y f a t”

t i o n w i t h G M P - g r a d e c o l l a g e n a s e ; ( c ) n e u t r a l i z a t i o n b y r  e p e a t

w a s h i n g w i t h l a c t a t e d R i n g e r ' s ; ( d ) a s p i r a t i o n o f t h e S V F p e l l e t f r o m

t h e c e l l c o l l e c t i n g c h a m b e r o f t  h e d e v i c e ; ( e ) r e s u s p e n s i o n o f t h e

S V F c e l l s ; a n d ( f ) c e l l c o u n t . D e t a i l s o f t h e s e p r o c e d u r e s a r e p r o -

v i d e d i n o u r o r i g i n a l r e p o r t . 1 6

2.3 SVF cell injection procedure|

Clin ical ap p lic ati on o f the cel ls wa s car ri ed ou t af ter o bta ini ng a c ell

coun t of the SVF i n th e fo rm of tot al n ucl eate d cel ls and with a ce ll

viab ili ty grea ter tha n 8 5%. The ta rget foo t w as i nje cte d wi th a tot al

d o s e o f 3 0 × 1 0 6 S V F c e l l s . T h e c e l l s w e r e d e l i v e r e d i n a t o t a l v o l -

ume of 60 cc o f l act ate d R i nge r's di str ibut ed as fo llow s ( Figu re 1A) :

( a ) 1 0 × 1 0 6 SVF cell s i n 20 cc we re plac ed i nto the subcu tan eous

t i s s u e s s u r r o u n d i n g t h e p e r i m e t e r o f t h e u l c e r u s i n g a s e r i e s o f s m a l l

vol u me (0. 5 cc) in jec tion s; (b ) 10 × 1 0 6 S V F c  e l l s i n 2 0 c c w e r e

p l a c e d d e e p i n t o t h e u l c e r b e d , e i t h  e r v ia a tra nspl ant ar app roac h or

from the sur face downw ard ( als o usi ng a s eri es of s mall volum e

inj ecti ons ); an d (c ) 5 × 1 0 6 cel ls at the l eve l of t he an kle ( 10 c c) we re

laid d own in pa rall el wi th t he cou rse o f t ibia lis an ter ior a nd i ts con -

t i n u a t i o n t  h e d o r s a l i s p e d i s , a n d 5 × 1 0 6 cell s (10 ) cc alo ngs ide th e

t i b i a l i s p o s t e r i o r .

A

C

B

Patients
Age

(years old)

Wound size 

(cm2)

Time to 

Response

(weeks)

Time to 

Closure

(weeks)

Males
(#25)

Range= 35-70 
Ave = Range= 9-120

Ave=

Range= 2-20
Ave=

Range= 4-32
Ave=Females

(#38)
Range= 36-90 

Ave =

Assessed for eligibility (n = [63])

Excluded (n = [0])

Total lost to follow-up (n = [9])

At 6 months (n = [4]):
-Death (cardiac cause) 2 months after procedure (n = [1]) 
-Amputation 1 week after procedure (n = [3])* 

At 12 months (additional n = [5])
Death (cardiac cause) (n = [5]) 

Allocated to intervention (n = [63])

Received allocated intervention (n = [63])

Did not receive allocated intervention (n = [0])

Analyzed (n = [59])

At 6 months (n = [59])

At 12 months (n = [54])**
Excluded from analysis (n = [0])

No Randomization

A
n

a
ly
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o
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o
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F IGURE 1 Summary of the study and graphical scheme showing sites o f i njection. A, Schematic representation of the s ites of injection o f the

stromal vasc ular fraction cells, corresponding to the margins and bed of the ulcer and the vascular territories of the tibialis anterioris, dorsalis pedis, and

tibialis posterioris. For these vascular structures, the injections run f ioRender.com. B, CONSORT diagram shrom proximal to distal. Created with B owing

the f low of the study. *These three patients were amputated by nontreating surgeon based on previously scheduled surgery, leaving not time to

evaluate the effect of the therapy. **The five patients who passed away between 6 and 12 months had 100% closure of their ulcers by the 6-month

follow-up, so they were included in the final analysis. C, Demographics information of study participants and summary of findings
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2.4 Postsurgical care|

Patients were hospitalized for 48 to 72 hours postprocedure to monitor

for potential adverse effects. Wound care consisted of saline (sodium

chloride 0.9%) dressings with unfilled gauze, changed twice a day.

Patients were discharged with instructions to continue the same regi-

men. No antibiotics were prescribed. A wound care follow-up was done

at 7 to 10 days.

2.5 Study follow-up|

A focused clinical examination was performed at 1, 3, 6, and 12 months

post-treatment. The wounds were evaluated and photographed at 6 and

12 months. Questions were asked regarding symptoms, changes in medi-

cations, and any potential adverse event. Dressing materials were pro-

vided and instructions for home care reinforced.

2.6 Ultrasound analysis|

I n o r d e r t o a s s e s s e v i d e n c e o f n e o v a s c u l a r i z a t i o n , c o l o r D o p p l e r

u l t r a s o u n d w a s u s e d a t o n e s i t e ( M a t a g a l p a H o s p i t a l ) t o d o c u m e n t

1 - y e a r c h a n g e s i  n w a v e f o r m , b l o o d f l o w , a n d e l a s t i c i t y i n t h e d o r -

s a l c i r c u l a t i o n ( t i b i a l i s a n t e r i o r a n d d o r s a l i s p e d i s ) a n d t h e p l a n t a r

c i r c u l a t i o n ( t i b i a l i s p o s t e r i o r ) . P e a k s y s t o l i c v e l o c i t y ( P S V ) c o r r e -

s p o n d s t o t h e m e a s u r e d m a x i m u m h e i g h t o f t h e v e l o c i t y t r a c i n g a s

s e e n i n t h e s p e c t r a l w  i n d o w . P u l s a t i l i t y i n d e x ( P I ) i s a c a l c u l a t e d

f l o w p a r a m e t e r u s e d t o a s s e s s t h e r e s i s t a n c e i n a p u l s a t i l e v a s c u l  a r

s y s t e m c o n s i s t e n t w i t h a d e q u a t e p e r f u s i o n . I t i s d e r i v e d f r o m m e a -

s u r e m e n t o f t h r e e f r e q u e n c y s h i f t s t h r o u g h t h e c a r d i a c c y c l e , m a x i -

m u m , m i n i m u m , a n d m e a n , b y t h e f o l l o w i n g e q u a t i o n : ( p e a k

s y s t o l i c v e l o c i t y − m i n i m a l d i a s t o l i c v e l o c i t y ) / m e a n v e l o c i t y . N o r -

m a l v s p a t h o l o g i c a l v a l u e s f o r P I a r e f o l l o w s : f e m o r a l a r t e r y , 4 t o

6 v s ≤4 ; p o p l i t e a l a r t e r y , 6 t o 1 2 v s < 6 ; t i b i a l i s a n t e r i o r a n d t i b i a l i s

p o s t e r i o r , 7 t o 1 2 v s < 7 . 2 0

2.7 Statistical analysis|

D e s c r i p t i v e s t a t i s t i c s ( m e a n s , f r e q u e n c i e s ) w e r e u s e d t o s u m m a r i z e

d e m o g r a p h i c c h a r a c t e r i s t i c s o f t h e s t u d y p o p u l a t i o n . C o r r e l a t i o n

c o e f f i c i e n t w a s c a l c u l a t e d w i t h t h e S p e a r m a n r a n k c o r r e l a t i o n t e s t .

W o u n d h e a l i n g w a s s i m i l a r l y c h a r a c te r i z e d a t 6 a n d 1 2 m o n t h s

p o s t p r o c e d u r e . P a i r e d t t e s t s w e r e u s e d t o m e a s u r e p r e - t o - p o s t

p r o c e d u r e c h a  n g e s i n P S V a  n d P I i n t i b  i a l i s a n t e r i o r , d o r  s a l i s p e d i s ,

a n d t i b i a l i s p o s t e r i o r . S t a t i s t i c a l s i g n i f i c a n c e l e v e l w a s s e t a t

P < . 0 5 . S t a t i s t i c a l a n a l y s e s w e r e p e r f o r m e d u s i n g G r a p h P a d P r i s m

v e r s i o n 8 . 1 . 0 f o r M a c , G r a p h P a d S o f t w a r e ( S a n D i e g o , C a l i f o r n i a ) ,

w w w . g r a p h p a d . c o m , a n d R v e r s i o n 4 . 0 . 2 .2 0

F IGURE 2 Ulcer characteristics and responses. Frequency distribution of diabetic foot ulcer based on size (cm 2) (A) and time (weeks) to an

observable response and final closure (B). C, Spearman rank correlation test evidencing lack of correlation between ulcer size and time to an

observable response and final closure
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3 | RESULTS

3.1 Patient characteristics and study flow|

Figure 1B,C shows the flow of the study (ie, CONSORT diagram), as

well as the general characteristics of the study population and main

data. Sixty-three patients were enrolled after providing informed con-

sent and were treated with SVF at three teaching hospitals: Leon

(n = 28), Matagalpa (n = 14), and Managua (n = 21). There were 25

men and 38 women ranging in age from 35 to 70 years. The full

data set of the 63 patients analyzed is presented in Table S1.

3.2 Safety|

No serious adverse events were observed/reported related to the

liposuction procedure, the SVF-2 device, or the accompanying SVF

injections. Before the 6-month time point, three patients underwent

amputation within the first 2 weeks of the procedure by a nonpro-

tocol surgeon based on previously scheduled surgery, and one addi-

tional patient passed away from cardiac causes <2 months after the

intervention. Over the course of 1 year, in this high-risk population

with advanced diabetes, six more patients died from cardiac causes

between 6 and 12 months. Study team evaluation concluded that

these serious adverse events (deaths) were unrelated to the SVF

treatment as they were all ascribed to the underlying disease. No con-

cerns were raised regarding these adverse events by the Ministry of

Health.

3.3 Wounds|

A s d e s c r i b e d i n p a t i e n t c h a r a c t e r i s t i c s , t h e 6 3 p a t i e n t s h a d w o u n d s

r a n g i n g i n s i z e f r o m 9 c m 2 ( 3 c m × 3 c m ) t o 1 2 0 c m2

( 1 5 c m × 8 c m ) w i t h a n a v e r a g e w o u n d s i z e o f 3 2 . 9 c m 2 ( F i g u r e 2 A

s h o w s t h e f r e q u e n c y d i s t r i b u t i o n o f u l c e r s i z e ) . A t 6 m o n t h s , 5 9 o f

t h e 6 3 s u b j e c t s e n r o l l e d w e r e e v a l u a b l e f o r c l o s u r e ( a s a b o v e ,

t h r e e s u b j e c t s h a d a m p u t a t i o n , a n d a f o u r t h s u b j e c t d i e d l e s s t h a n

2 m o n t h s a f t e r t h e i n t e r v e n t i o n f r o m u n r e l a t e d c a u s e s ) . O f t h e

e v a l u a b l e s u b j e c t s , 5 1 a c h i e v e d c l o s u r e ( i e , 8 6 % o f s u b j e c t s h a d

c o m p l e t e c l o s u r e ; 9 5 % c o n f i d e n c e i n t e r v a l = 0 . 7 4 5 - 0 . 9 3 6 ) . O f t h e

r e m a i n i n g e i g h t s u b j e c t s , t h r e e a c h i e v e d 9 5 % c l o s u r e, t h r e e

a c h i e v e d 8 5 % c l o s u r e , a n d t w o a c h i e v e d 7 5 % c l o s u r e . A t

1 2 m o n t h s , 5 4 o f t h e e n r o l l e d 6 3 s u b j e c t s w e r e e v a l u a b l e f o r c l o -

s u r e ( f o u r a d d i t i o n a l d e a t h s o c c u r r e d b e t w e e n 6 a n d 1 2 m o n t h s ) .

F i f t y o f t h e e v a l u a b l e s u b j e c  t s a c h i e v e d c l o s u r e a t 1 2 m o n t h s

( 9 3 % ; c o n f i d e n c e i n t e r v a l = 0 . 8 1 3 - 0 . 9 7 6 ) . T h e r e m a i n i n g f o u r e v a -

l u a b l e s u b j e c t s h a d w o u n d c l o s u r e o f ≥8 5 % . T h e r e s i d u a l w o u n d s

w e r e l o c a t e d a t t h e p l a n t a r h e a d o f t h e f i r s t m  e t a t a r s a l a n d t h e

d i s t a l - m e d i a l a s p e c t o f t h e g r e a t t o e , b o t h k n o w n p r e s s  u r e p o  i n t s

F IGURE 3 Pre- and postprocedure images of the ulcers. Graphical demonstration of closure of diabetic foot ulcer, presenting 3 of the

52 cases with 100% closure and 3 of the 7 cases with incomplete (85%-95%) closure. The remaining cases showed comparable results
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f o r s h o e w e a r i n g . O f n o t e , t h e t h r e e p a t i e n t s w i t h c o n c o m i t a n t

u l c e r s a l l h a d 1 0 0 % c l o s u r e o f b o t h u l c e r s . T h e r e w e r e n o c a s e s o f

r e l a p s e a f t e r t h e w o u n d s w e r e c l o s e d . A l t h o u g h n o t a d e s i g n a t e d

e n d p o i n t i n t h i s s t u d y , s u b j e c t s r e p o r t e d a n i n i t i a l r e s p o n s e t o t h e

t h e r a p y ( e g , u l c e r b l e e d i n g , s t a r t o f h e a l i n g , a n d / o r n o l o n g e r n e e d -

i n g d r e s s i n g c h a n g e s ) b e t w e e n w e e k s 2 a n d 2 0 w i t h a n a v e r a g e

t i m e o f 6 . 8 w e e k s . F u r t h e r m o r e , u l c e r c l o s u r e t o o k p l a c e b e t w e e n

4 a n d 3 2 w e e k s w i t h a n a  v e r a g e t i m e t o c l o s u r e o f 2 1 . 6 w e e k s .

F i g u r e 3 d e m o n s t r a t e s r e p r e s e n t a t i v e c a s e s o f c o m p l e t e a n d

i n c o m p l e t e c l o s u r e s . A n o  b s e r v a t i o n w a s m a d e t h a t h e a l i n g w a s

e v i d e n c e d t o t a k e p l a c e n o t o n l y f r o m t h e w o u n d p e r i p h e r y b u t

a l s o b y g r o w t h f r o m w i t h i n t h e w o u n d b a s e . S p e c i f i c a l l y , i t w a s

n o t e d i n a l a t e r a l a n k l e w o u n d w i t h e x p o s e d t e n d o n s ( F i g u r e 3 C ,

u p p e r t i e r ) t h a t t h e b a s e o f t  h e w o u n d e x t e n d e d u p w a r d , c o v e r i n g

t h e t e n d o n s t o r e a c h a l e v e l e q u a l t o t h e s u r r o u n d i n g s o f t t i s s u e

b o r d e r .

3.4 Vascular examination by ultrasound|

A t s i t e 3 , 1 1 p a t i e n t s w e r e f o l l o w e d u p f o r 1 y e a r w i t h s p e c  t r a l

c o l o r D  o p p l e r u l t r a s o u n d t o a s s e s s t h e c i r c u l a t i o n i n t h e a r t e r i a l

s y s t e m i n t h e t r e a t e d f o o t . A l t h o u g h n o n e o f t  h e 6 3 s u b j e c t s h a d

c l i n i c a l e v i d e n c e o f p r o x i  m a l d i s e a s e ( c l a u d i c a t i o n o r r e s t p a i n ) ,

t h e 1 1 s u b j e c t s s t u d i e d w i t h u l t r a s o u n d h a d s o m e e v i d e n c e o f

m a c r o a n g i o p a t h y a s i n d i c a t e d b y v a r y i n g d e g r e e s o f s t e n o s i s i n

t h e p r o x i m a l a r t e r i a l t r e e . T h a t s a i d , t h e f o c u s w a s d i r e c t e d t o

t h e p e d a l a r t e r i e s : ( a ) t i b i a l i s a n t e r i o r i s , ( b ) i t s c o n t i n u a t i o n t h e

d o r s a l i s p e d i s , a  n d ( c ) t i b i a l i s p o s t e r i o r i s . C o m p a r i s o n w a s m a d e

b e t w e e n p r e o p e r a t i v e a n d 1 2 - m o n t h w a v e f o r m s i n t h o s e v e s s e l s

( n = 3 3 v e s s e l s i n t o t a l : 1 1 p a t i e n t s × 3 v e s s e l s / p a t i e n t ) , t h e i r

r e s p e c t i v e f l o w s ( a s m e a s u r e d b y P S V i n c m / s ) , a n d a r t e r i a l w a l l

e l a s t i c i t y ( a s d e t e r m i n e d b y t h e P I ) . I n t h e 3 3 v e s s e l s a n a l y z e d ,

w a v e f o r m s c o n s i s t e n t w i t h e n h a n c  e d d i s t a l r u n o f f w e r e

o b s e r v e d a f t e r S V F t r e a t m e n t . P S V w a  s s i g n i f i c a n t l y a u g m e n t e d

i n 3 2 o f 3 3 ( 9 7 % ) v e s s e l s ( F i g u r e 4 A ) , w i t h m a r g i n a l c h a n g e s a t

t h e t i b i a l i s a n t e r i o r i s ( 1 1 . 4 % c h a  n g e ) a n d m o r e p r o n o u n c e d

e f f e c t s a t m o r e d i s t a l l e v e l s i n v o l  v i n g t h e d o r s a l i s p e d i s ( 3 1 . 1 %

c h a n g e ) a n d t i b i a l i s p o s t e r i o r i s ( 4 7 . 8 % c h a n g e ) ( T a b l e S 2 ) . S i g n i f i -

c a n t c h a n g e s i n e l a s t i c i t y w e r e a l s o o b s e r v e d a s e v i d e n c e d b y

i m p r o v e d P I v a l u e s i n 3 3 o f 3 3 a r t e r i e s ( 1 0 0 % ) ( F i g u r e 4 B ) , w i t h

s i g n i f i c a n t c h a n g e s i n a l l t h r e e a r t e r i e s : t i b i a l i s a n t e r i o r i s ( 9 2 . 9 %

c h a n g e ) , d o r s a l i s p e d i s ( 1 9 6 % c h a n g e ) , a  n d t i b i a l i s p o s t e r i o r i s

( 8 2 . 4 % c h a n g e ) ( T a b l e S 2 ) .

4 | DISCUSSION

Arteriosclerosis and diabetes contribute to the pathophysiology of

DFU. The presence of ischemia because of underlying PVD negatively

affects the outcomes of DFU, evidenced in lower probability and lon-

ger duration to heal, ulcer recurrence, and risk of amputations.4,6

F IGURE 4 Peak systolic velocity

and pulsatility index. Peak systolic

velocity (A) and pulsatility index

(B) assessed in tibialis anterior,

dorsalis pedis, and tibialis posterior by

Doppler spectral color ultrasound,

comparing pre- and postinjection

results, and evidencing statistically

significant differences in all arteries

examined. PSV, peak systolic velocity
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Consequently, therapeutic efforts must be directed at preventing or

reversing ischemic conditions in the foot.

Adipose-derived SVF is a heterogeneous cell product composed

of different endothelial cell populations, including progenitor and

mature cohorts discriminated by the expression of CD34, added to

hematopoietic and other cells with perivascular and MSC phenotypes

(ie, pericytes and supra-adventitial cells, respectively) and monocytes/

macrophages.23 The angiogenic and vasculogenic potential of SVF has

been documented both in vitro 24 and in vivo in models of ischemic

limb 25 and refractory wound healing. 21 In addition, Han et al demon-

strated complete diabetic wound healing in a 26-patient group treated

with SVF with no reported adverse events. 21

For this phase I safety study, we focused on chronic, nonhealing

DFU (>3 cm2) in a population of patients with type 2 diabetes and

underlying microangiopathy. In our published 2017 study, the SVF

dose used to treat PVD ranged from 30 10×
6 to 158 10×

6 SVF

cells. 16 Based upon the observed clinical responses even for the low-

est dose and taking into consideration the smaller injecting area in the

current study, we used a fixed cell dose of 30 10×
6 SVF cells for this

study. This dose was shown to be safe and demonstrated clear effi-

cacy with closure response rates among evaluable patients of

between 86% and 93% at the 6- and 12-month endpoints. The wound

healing process was observed to heal by two different directions:

from the periphery, as expected, but also by upward proliferation from

the ulcer bed. In several cases, newly developed tissue was capable of

covering previously exposed tendons. Furthermore, even among

ulcers greater than 10 cm 2, virtually all patients achieved 85% closure

or better by 6 months. No correlation between ulcer size and closure

was observed.

A l t h o u g h i t w a s n o t a s p e c i f i e d e n d p o i n t , t h i s s t u d y h a d a n

a m p u t a t i o n r a t e o f 4 . 7 % . I n c o m p a r i s o n t o r e p o r t e d D F U “s t a n -

d a r d - o f - c a r e” h e a l i n g , t h i s s t u d y g e n e r a l l y s h o w e d i m p r o v e d u l c e r

h e a l i n g w i t h S V F t r e a t m e n t . R i a z e t a l r e p o r t e d t h a t o f a l l d i a b e t i c

p a t i e n t s r e f e r r e d t o a t e r t i a r y c a r e d i a b e t e s u n i t i n P a k i s t a n w h o

p r e s e n t e d w i t h o  r d e v e l o  p e d D F U , 5 0 % c o m p l e t e l y h e  a l e d ,

w h e r e a s 1 1 % r e q u i r e d a m p u t a t i o n . 2 6 N o t i m e t o h e a l i n g w a s

r e p o r t e d . J e f f c o a t e e t a l r e p o r t e d o n D  F U o u t c o m e s f r o m a m u l t i -

d i s c i p l i n a r y f o o t c a r e c l i n i c i n t h e U n i t e d K i n g d o m . 2 7 A t 6 m o n t h s ,

5 2 % o f u l c e r s h a d h e a l e d w i t h a 5 . 8 % a mpu t a t i o n r a t e . A t

1 2 m o n t h s , 5 9 . 2 % o f u l c e r s w e r e h e a l e d w i t h a n 8 . 0 % a m p u t a t i o n

r a t e . R e i b e r e t a l c o m p a r e d D F U o u t c  o m e s b e t w e e n t h e V e t e r a n

H e a l t h A d m i n i s t r a t i o n ( V H A ) a n d n o n - V H A c a r e s e t t i n g s . 2 8 O v e r a l l ,

t h e V H A r a t e o f h e a l i n g w a s 7 6 % , w i t h a t i m e t o h e a l o f

1 0 . 9 ± 1 0 . 5 w e e k s . T h e a m p u t a t i o n r a t e w a s 1 8 . 3 % . N o n - V H A r a t e

o f h e a l i n g w a s 8 5 % , w i t h a t i m e t o h e a l o f 1 0 . 6 ± 1 3 . 6 w e e k s . T h e

a m p u t a t i o n r a t e w a s 1 0 . 6 % . T h e d i f f e r e n c e s i n t h e s e p o p u l a t i o n s

w e r e n o t f o u n d t o b e s t a t i s t i c a l l y s i g n i f i c a n t .

Multiple small studies have examined the use of adipose stem

cells to treat chronic ulcers. 29 These studies include adipose stem cells

obtained by different methods, different routes and treatment doses,

and different causes of the chronic ulcers. Although the time points

for healing evaluation also vary between studies, the reported healing

rates are between 67% and 100%, and where control groups were

included, the adipose stem cell treated group had a higher healing rate

than the control group. The results of this study are comparable to

the other adipose stem cell treatment healing rates.

T h e S V F c e l l s i n t h i s s t u d y w e r e l o c a l l y a  d m i n i s t e r e d a l o n g t h e

v a s c u l a r t r a j e c t o r i e s d i s t a l l y f e e d i n g t h e f o o t , i n a n e f f o r t t o “c o n -

c e n t r a t e” t h e c e l l p r o d u c t a r o u n d t h e d i s e a s e d a r t e r i e s , i n s t e a d o f

t h e i n t r a m u s c u l a r r o u t e u s e d i n o u r p r e v i o u s P V D s t u d y . I n t e r m s

o f t h e i m a g i n g u s e d t o d o c u m e n t t h e n e o v a s c u l a r i t y r e s p o n s e s ,

M R I - b a s e d a n g i o g r a p h y o f f e r s a d i r e c t v i s u a l i z a t i o n o f t h e a r t e r i a l

t r e e a s u s e d i n o u r p i l o t s t u d y . H o w e v e r , w i t h t h e l a r g e r n u m b e r

o f p a t i e n t s i n t h i s s t u d y , t h i s t e c h n o l o g y p r o v e d i m p r a c t i c a l a s a

r e s e a r c h t o o l i n N i c a r a g u a ' s h e a l t h s y s t e m . S p e c t r  a l c o l o r D o p p l e r

u l t r a s o u n d w a s c h o s e n a s i t d e m o n s t r a t e s p h y s i o l o g i c e v i d e n c e

f o r d i s t a l b l o o d v e s s e l f o r m a t i o n , i n t h e f o r m o f d a m p e n i n g p a t -

t e r n s i n t h e w a v e f o r m a n d i n t h e a u g m e n t a t i o n o f b l o o d f l o w a s

m e a s u r e d b y t h e p e a k s y s t o l i c v e l o c i t y ( c m / s ) . M o r e o v e r ,

i m p r o v e d e l a s t i c i t y o f t h e a r t e r i a l w a l l s w a s e v i d e n c e d b y c h a n g e s

i n t h  e P I  . 3 0 T h i s s t u d y p r o v i d e s f u r t h e r e v i d e n c e f o r p h y s i c a l

c h a n g e s i n t h e a r t e r i a l w a l l s c a u s e d b y t h e a n g i o g e n i c e f f e c t s o f

S V F c e l l s b a s e d u p o n t h e i n c r e a s e s i n b l o o d f l o w o b s e r v e d i n t h e

p e d a l a r t e r i e s a s w e l l a s c h a n g e s i n t h e v e s s e l w a l l s p o s i t i v e l y

a f f e c t i n g a r t e r i a l c o m p l i a n c e .

A p o t e n t i a l d r a w b a c k t o t h i s s t u d y w a s t h e l a c k o f a t r e a t m e n t

c o n t r o l g r  o u p , i m p o r t a n t t o d e t e r m i n e t h e r a p e u t i c e f f i c a c y . H o w -

e v e r , g i v e n t h e s t a t e o f t h e s e c h r o n i c n o n h e a l i n g D F U a n d

i m p e n d i n g a  m p u t a t i o n s a s t h e l a s t t h e r a p e u t i c a l t e r n a t i v e , t h e l o c a l

e t h i c s c o m m i t t e e d e t e r m i n e d t h a t i n c l u d i n g a “s t a n d a r d - o f - c a r e”

c o n t r o l g r o u p w a s n o t a p p r o p r i a t e . A d d i t i o n a l l y , t h i s p h a s e I s t u d y

w a s t o c o n f i r m t h e s a f e t y o f t h e S V F - 2 d e v i c e a n d t h e a c c o m p a n y -

i n g S V F i n j e c t i o n p r o c e d u r e s . E v i d e n c e o f e f f i c a c y w a s a s e c o n d a r y

e n d p o i n t . I t w a s r e c o g n i z e d t h a t s u b s e q u e n t r a n d o m i z e d , c o n -

t r o l l e d , l a r g e r t r i a l s w o u l d b e n e e d e d a f t e r m e e t i n g t h e r e q u i r e d

e t h i c a l c o n s i d e r a t i o n s . I n a d d i t i o n , v a s c u l a r s t u d i e s s h o u l d i n c l u d e

b o t h l i  m b s f o r c o  m p a r i s o n o f t r e a t e d / u n t r e a t e d d i s t a l b l o o d v e s  s e l

c h a n g e s . T h i s w o u l d p e r m i t a s s e s s m e n t o f a p r o p h y l a c t i c e f f e c t i n

t h e n o n u l c e r a t e d d i a b e t i c f o o t .

5 | CONCLUSION

This phase I study demonstrated the safety and clinical benefit of

locally injected autologous SVF cells to treat chronic DFU. Doppler

studies document changes in the vascular bed beneath the ulcer and

structural characteristics of the arteries supplying the foot. Recogniz-

ing that further studies are required, this study points to a potential

new standard of care for treatment of nonhealing chronic DFU to

reduce amputations, improve quality of life, and reduce health care

costs.
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