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ABSTRACT: Objective. To investigate the feasibility, safety, and effectiveness of the LimFlow stent-graft system in performing
percutaneous deep vein arterialization (pDVA) for treatment of critical limb ischemia (CLI) patients ineligible for conventional endo-
vascular or surgical revascularization procedures. Methods. Ten no-option CLI patients [mean age, 67 + 11 years; 30% women) were
enrolled. All patients were classified as Rutherford class 5 or 6 and were deemed by a committee of experts to be ineligible for en-
dovascular or surgical procedures to restore blood flow. Eighty percent were categorized as stage 4 [high risk of amputation) based
on Society for Vascular Surgery wound, ischemia, and foot infection (SVS WIfl) scoring index. The primary safety endpoint was
amputation-free survival [AFS] at 30 days. A secondary safety endpoint evaluated AFS at 6 months. Other secondary endpoints
included primary patency, wound healing, and technical success. Results. Amputation-free survival was achieved in 100% of pa-
tients, with no deaths or index limb above-ankle amputations observed at 30 days and 6 months. Technical success rate was 100%.
No procedural complications were reported. Primary patency rates at 1 month and 6 months were 90% and 40%, respectively, with
reintervention performed in 30% of patients. By 6 months, 30% of patients experienced complete [100%) wound healing, half of
patients had 84%-93% wound healing, and 20% of patients experienced 60% healing. Conclusion. pDVA using the LimFlow sys-
tem is a novel approach for treating patients with no-option CLI and may reduce amputation in this population for whom it would
otherwise be considered inevitable. Initial findings from this early feasibility trial are promising and additional study is warranted.
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ritical limb ischemia (CLI) represents the most ad-

vanced form of peripheral arterial disease (PAD). Its

presentation is characterized by ischemic rest pain,
non-healing ulceration, and/or gangrene (Rutherford cate-
gories 4 to 6), attributable to arterial occlusive disease.! Pa-
tients with CLI are heterogeneously complex and frequently
endure chronic comorbidities including hypertension, hyper-
lipidemia, diabetes mellitus, and renal failure.? There is a broad
spectrum of disease severity and, even with the diversity of
contemporary treatment modalities, the therapeutic options
for CLI patients are often limited. End-stage CLI pathology
results in the occlusion of pedal arteries (desert foot), elim-
inating suitable targets for distal bypass. This advanced and
complex disease also commonly results in failure of conven-
tional revascularization treatment.” Even with aggressive local
wound care, patients with severe limb ischemia and chronic
ulceration who do not, or cannot, undergo revascularization
frequently progress to amputation.* Up to 20% of CLI pa-
tients can face “no-option” situations, eg, due to the complex-
ity or location of atherosclerotic lesions, lack of adequate con-
duit, or extensive co-morbidities, currently available surgical
and endovascular techniques are not sufticient and major limb
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amputation is considered as the only viable solution.” With in-
creasing rates of diabetes and renal failure as well as increasing
lifespans, this difficult population of no-option patients may
continue to grow, increasing the need for an alternative option
for limb salvage.®

Increased attention has been focused upon the quality of
life (QoL) of CLI patients. A previous study that focused on
CLI patients’ QoL found that the subset of patients who had
no surgical or endovascular treatment option reported inferior
overall quality of life when compared to patients with milder
forms of PAD, with physical functioning and bodily pain most
severely affected.” Approximately half of patients who un-
dergo below-the-knee (BTK) amputations are able to regain
household mobility, and less than a quarter regain mobility
outside of the home.® Beyond the loss of functional ability,
patients who undergo amputation are at an increased risk of
mortality, with rates reaching approximately 25% of patients at
1 month, 50% at 1 year, and 75% at 5 years.” Considering the
detrimental outcomes of amputation, limb salvage remains the
primary goal of contemporary CLI treatment."

The LimFlow percutaneous deep vein arterialization
(pDVA) approach to treating CLI is an evolution of the
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FIGURE 1. Example of baseline wound and angiographic imaging with limited arterial distal flow.

concept of venous arterialization, a procedure that has been
performed surgically for many years, with the first clinical
surgical cases reported in the early twentieth century.'""?
Multiple small clinical trials on a surgical approach have
been published, and a recent meta-analysis article summa-
rized this work. Despite the promising initial findings that
limb salvage can be obtained with utilization of venous arte-
rialization, the technique has not been widely adopted due
to the technical challenges and potential morbidity of the
surgical operation.'

Clinical studies utilizing LimFlow pDVA for intervention
in no-option CLI patients were first performed in Singa-
pore and Europe, with CE mark approval granted in Octo-
ber 2016. Early experiences resulted in promising outcomes
in high-risk no-option CLI patients with a 6-month limb
salvage rate of 86%° and clinical improvement in 60%." In
2017, a pilot study instituted as part of the Food and Drug
Administration’s early feasibility study program was launched
in the United States. Presented here is the first experience of
the LimFlow system in the United States.

Methods

Design and patient population. The PROMISE I trial
is a single-arm, multicenter, pilot study conducted to inves-
tigate the feasibility, safety, and effectiveness of the LimFlow
stent-graft system. Ten patients with no-option CLI were en-
rolled at three hospitals across the United States (Metro Heath,
Grand Rapids, Michigan; Palmetto Health, Columbia, South
Carolina; and Kaiser Permanente, Honolulu, Hawaii) between
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July 2017 and January 2018, with preliminary results through
6 months reported here (follow-up is ongoing through 24
months). Trial enrollment has since been expanded to 35 sub-
jects with additional United States medical centers included.

Eligible patients were 221 years old with Rutherford clas-
sification (RC) 5 or 6 who were determined to have no fea-
sible option for conventional revascularization. No-option
status was defined as the lack of ability to perform conven-
tional distal surgical bypass or endovascular therapy for limb
salvage due to the absence of a usable pedal artery target
or suitable vein conduit. In addition to the strict no-option
definition, key exclusion criteria included immunodeficien-
cy disorder, thrombophlebitis, deep vein thrombus or coag-
ulation disorder, active infection that would preclude graft
insertion, elevated creatinine, and end-stage renal disease.

The study was conducted in accordance with the Inter-
national Conference of Harmonization Guidelines for Good
Clinical Practice and prospectively registered at Clinical Tri-
als.gov (NCT03124875). Institutional review board approval
was received for each study site. Following signed patient in-
formed consent, all patients were confirmed as no-option by
an Independent Safety Committee (ISC) before enrollment
in the study. The ISC also participated in ongoing review of
study safety data to ensure the rights and welfare of study
patients were protected.

Study device and procedure. No-option CLI patients
who underwent the study intervention presented with both
non-healing wounds and poor arterial run-off (Figure 1).
The pDVA treatment approach was utilized to create an
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FIGURE 2. Components of the LimFlow stent-graft system.
(A) Arterial and venous catheters. (B) Ultrasound console. [C]
Forward-push valvulotome. (D) Electrospun polytetrafluoro-
ethylene stent grafts.
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arteriovenous fistula and generate an alternative conduit
for blood flow to the foot through use of a tibial vein. The
system consists of arterial and venous catheters, an ultra-
sound console, a forward-push valvulotome, and electrospun
polytetrafluoroethylene (PTFE) stent-grafts (Figure 2).

During the procedure, an antegrade femoral arterial ap-
proach is utilized to insert a 7 Fr sheath and a retrograde
tibial venous approach is utilized to insert a 5 Fr sheath.
Both access points are placed under ultrasound guidance and
used as the working channels for the procedure. The arte-
riovenous crossover point is located proximal to the total
occlusion of the artery and is determined by angiography
with consideration of the vascular anatomy. The arterial and
venous catheters are then inserted from opposing directions
and aligned utilizing ultrasound guidance from the console
(Figure 3A).The arterial catheter has a small, single-directed
ultrasonic transmitter as its tip and the venous catheter fea-
tures a 360° ultrasonic sensor, allowing each to detect the
other catheter in the neighboring vein/artery. The catheters
are connected to an ultrasound console that applies short
electrical pulses to the arterial transmit catheter. The signal
received by the venous catheter is displayed on the console
as a waveform, permitting orientation of the two catheters
(Figure 3B). Once complete orientation is achieved, the
crossing needle is extended from the arterial catheter into
the target vein and a crossing wire is advanced through a
support catheter down to the pedal vein (Figure 3C). The
crossover point is then ballooned and serves as the working
channel for the remainder of the procedure.

After a wire has been advanced from the artery to the
vein, it 1s advanced into the lateral plantar vein. The wire
is passed through the venous arch through which outflow
will be established once the revascularization is complet-
ed. Wire passage through the pedal venous arch creates the
support that provides a stable and rigid rail for the delivery
of the forward-push valvulotome and the stent-grafts. The
valvulotome is then inserted over the wire and is utilized
to render the venous valves incompetent in order to allow
the retrograde flow of blood into the venous system (Figure
3D). Finally, the length of the vein from above the ankle to
the crossover point is lined with electrospun PTFE-covered
stents (Figure 3E) and the crossover point is covered with
a reverse-conical PTFE stent-graft (Figure 3F), completing
the conduit for blood flow (Figure 3G). Figure 4 demon-
strates a representative angiographic result.

Study endpoints and follow-up. Clinical evaluations
were performed at 1, 3, and 6 months following the proce-
dure. Patient follow-up is currently ongoing, with postpro-
cedure evaluations at 9, 12, and 24 months. Routine sur-
veillance of the wound and index limb is performed during
each follow-up visit, in accordance with the 2006 American
College of Cardiology/American Heart Association periph-
eral disease guidelines. Examinations included assessments
of pulse, pain, RC, oxygenation, wound-healing status, and
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FIGURE 3. Steps of LimFlow percutaneous deep vein arterialization. (A) Arterial and venous catheters aligned. (B) Signal received
by the venous catheter displayed as a waveform, permitting orientation. (C) Crossing needle extension from arterial catheter into
target vein and crossing wire advancement. [D) Valvulotome insertion over crossing wire and utilization to render venous valves
incompetent. (E) Length of vein from above the ankle to crossover point lined with polytetrafluoroethylene (PTFE)-covered stents.
[F) Crossover point lined with conical PTFE-covered crossing stent. (G) Forward flow of blood to foot achieved.
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FIGURE 4. Angiographic imaging of lower-extremity arterial flow post percutaneous deep vein arterialization.

any procedures or complications related to the index limb.
Patients were assessed for wound healing using quantitative
wound measurement and qualitative tissue description.

The primary endpoint was amputation-free survival at 30
days, defined as index limb salvage (freedom from above-an-
kle amputation) and survival (freedom from all-cause mor-
tality). Secondary endpoints included amputation-free surviv-
al at 6 months, primary patency at 30 days and 6 months
(defined as absence of occlusion of the stent-graft without
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prior clinically-driven major reintervention of the graft),
wound healing at 3 and 6 months (defined as complete in-
dex wound healing), and deterioration in renal function at
6 months (25% increase in serum creatinine after using io-
dine contrast agent without another clear cause for kidney
injury). Technical success was also evaluated, and was defined
as completion of the endovascular procedure and immediate
morphological success with successful placement of the ar-
terial and venous catheters and stent-grafts.
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FIGURE 5. Example of wound healing through 6 months post intervention.

Statistical analysis. This pilot study enrolled a small
number of patients to evaluate the device design concept with
respect to initial clinical safety and device functionality; as
such, the statistics are descriptive in nature. Measures of safety
and efficacy were assessed through hospital discharge, at 30
+ 7 days, and at 3 and 6 months (£ 2 weeks) post procedure.
Patient demographics, baseline characteristics, and medical
history are summarized descriptively. Frequencies and pro-
portions are reported for categorical variables.

Results

Ten no-option CLI patients comprised the patient pop-
ulation; a total of 7 patients (70%) were male and 3 patients
(30%) were female, with an average age of 67 + 11 years.
Five patients (50%) were African-American. Comorbidity
and risk factors included diabetes (80%), hypertension (70%),
heart failure (New York Heart Association class I, 60%), his-
tory of stroke (20%), history of cardiac event (myocardial
infarction or coronary artery disease, 30%), and history of
smoking (60%). Average glomerular filtration rate (GFR)
was 62 £ 23 mL/min/1.73 m? and average serum creatinine
level was 1.3 + 0.4 pmol/L. Six patients (60%) were RC 5
and 4 patients (40%) were RC 6. Eight patients (80%) were
categorized as stage 4 (high risk for amputation) according
to the Society for Vascular Surgery (SVS) wound, ischemia,
and foot infection (WIfI) index (Table 1).

The posterior tibial artery and vein were the most
commonly used target vessels (60%), followed by the an-
terior tibial (30%), and the peroneal (10%). The majority
(90%) of procedures were performed under general an-
esthesia. Most patients (80%) required arterial prepara-
tion (including balloon angioplasty and stenting to treat
inflow disease) prior to the use of the LimFlow system,
and 30% required venous preparation (including balloon
angioplasty to treat venospasm).
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Among the 10 patients enrolled in this pilot study,a 100%
technical success rate was observed in the revascularization
of the foot and all maintained amputation-free survival
through 6 months. No patients experienced a deterioration
of renal function. Postprocedure adverse events included
access-site pain and bleeding, edema, and pain in the tar-
get limb. There were no procedural complications or post-
procedure severe adverse events reported. The only severe
adverse events reported through the 6-month follow-up
were for reintervention to restore patency. One patient re-
fused in-person follow-up at 6 months, but was followed via
phone interview for the primary endpoint.

At 1-month follow-up, primary patency was maintained
in 90% of patients; at 6 months, primary patency was 40%.
Thirty percent of patients underwent reintervention within
the 6-month timeframe, with 1 patient undergoing 2 reinter-
ventions. Two of the 3 patients had a pulse present by Doppler
distal to their occluded stent at the time of reintervention. At
the 6-month follow-up, only 1 patient had an absent pulse
distal to the stent-graft (assessed by duplex ultrasound). Thir-
ty percent of patients required transmetatarsal amputation (1
patient at 1 month post intervention, 2 patients at 3 months
post intervention) and 20% underwent digit amputation (1
patient at 3 months post intervention, 1 patient at 5 months
post intervention).

At 6 months, all patients experienced progressive wound
healing, with complete wound healing occurring in 30% of
patients. Half of the patients had 84%-93% wound healing
by 6 months and 2 patients were noted with approximate-
ly 60% overall healing. Throughout the follow-up, healthy
granulation tissue, an indicator of healing,'® was found in
the wounds of all patients. Figure 5 shows an example of tar-
get-wound healing. Noted acceleration in healing occurred
after the postprocedure 1-month follow-up, which was like-
ly a result of maturation of the arterialization.
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Table 1. Baseline patient characteristics and outcomes.

Variable (n=10)
Demographics
Age [years) 67 +11
Gender, male 7 (70%)
Ethnicity, African American 5 (50%)
SVS WIfl high-risk staging
High risk (clinical stage 4) 8 (80%)
Moderate risk [clinical stage 3) 1(10%)
Low risk [clinical stage 2) 1(10%)
Comorbidities
Diabetes 8 (80%)
Smoking history 6 (60%)
Body mass index (kg/m?) 26 + 4
Cardiac event history 3 (30%)])
Hypertension 7 (70%)
Stroke history 2 (20%)
Dialysis 0 (0%)
Kidney function
eGFR [(mL/min/1.73 m?) 62 + 23
Serum creatinine (pmol/L) 1.3+0.4
Outcomes
Amputation-free survival at 1 & 6 months 10 (100%)
Technical success rate 10 (100%)
Primary patency at 1 month 9 [(90%)
Primary patency at 6 months 4 (40%)
Complete wound healing at 6 months 3 (30%)
Reintervention required 3 (30%)
Transmetatarsal amputation required 3 (30%)
Minor amputation (toe) required 2 [20%)

Data provided as mean + standard deviation or number (%).
eGFR = estimated glomerular filtration rate; SVS WIfl = Society for
Vascular Surgery wound, ischemia, and foot infection score.

Discussion

Since the 1nitial findings reported by Halstead and Vaughan
regarding use of venous arterialization for limb salvage,'” sev-
eral mechanisms have been noted to support utilization of this
technique. Use of the venous bed as a conduit for perfusion
has been found to successfully increase flow through exist-
ing collateral vessels, improve tissue perfusion and nutrition
in the capillary beds, and stimulate angiogenesis."'*!” A me-
ta-analysis of 15 studies that included 768 CLI patients who
had venous arterialization performed for lower-limb salvage
found that the pooled limb-salvage rate at 12 months was
75%. These findings were promising for patients presenting
with no arterial reconstruction options. Within the 15 studies,
venous arterialization was performed surgically.” Kum et al
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reported the initial clinical findings of pDVA performed on
7 no-option CLI patients in Singapore. Technical success and
primary safety endpoints were achieved in 100% of patients,
with no above-ankle amputations, deaths, or major reinter-
ventions required at 30 days. Compete wound healing was
noted in 57% of patients at 6 months and 71% of patients at
1 year. Within this small cohort of patients, pPDVA appeared
to be a safe and feasible approach for limb-salvage treat-
ment.” The evolution from surgical to percutaneous venous
arterialization offers the benefit of lower procedural risks
and eliminates the need to create a surgical wound in the
ankle or foot of a critically ischemic limb."” In addition, the
development of contemporary devices for pDVA enhanc-
es the potential for clinical success. Ultrasound-guided dual
catheters offer a reliable approach for arteriovenous fistula
creation, the reverse valvulotome allows for a less traumatic
approach than barotrauma to render the valves incompetent,
and extension stent-grafts create a large-caliber shunt analo-
gous to a surgical bypass.'

The interim findings reported here represent the first 10
patients to be treated with the LimFlow pDVA system in
the United States. At the time of screening for the feasibility
trial, all patients were evaluated for surgical or endovascular
intervention by the treating investigator and the Indepen-
dent Safety Committee and were deemed to have no feasible
options for revascularization. Treatment of the patients’ pre-
senting wounds with a minor (toe or transmetatarsal) am-
putation was not a viable approach in these ischemic limbs
without a corresponding intervention to improve wound
perfusion. Without the pDVA endovascular procedure, con-
servative wound treatment, leading most likely to major
amputation, was the only medical therapy available to these
no-option patients. All patients treated with the LimFlow
system experienced successful revascularization of the foot
and were alive and amputation free at the 6-month end-
point. Those patients who did not maintain patency and/
or required revascularization continued to heal and met the
primary endpoint, indicating that occlusion that occurred
once the healing process had initiated did not appear to
translate to worsening outcomes. It is feasible that the in-
crease in oxygenated flow allowed for collateral growth, but
there is additional work to be done to determine the mech-
anism behind this observation.

The primary goals of CLI treatment are preservation of a
functional limb with minimization of tissue loss and promo-
tion of wound healing.'® Utilization of pDVA endovascular
revascularization resulted in a 100% 6-month limb salvage
and a progression toward complete wound healing for all
patients. Patients diagnosed with CLI face a substantial clin-
ical burden, with 4-year survival rates of 46%.'" The rates
of morbidity and mortality remain substantially higher for
patients whose clinical course results in a major amputation
(mortality of 13.5% vs 6.9% at 1 month, 48.3% vs 24.2% at
1 year, and 70.9% vs 43.2% at 3 years), and the continued
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reduction of these amputations could predict continued re-
duction in overall patient mortality.?” Although QoL mea-
surements were not included in this pilot study, one can ex-
trapolate that the promising outcome of limb salvage with
wound-healing progression would also result in a rise in the
patient’s functional and overall QoL. Thus, pDVA endovas-
cular revascularization with the LimFlow system appears
to offer a promising treatment modality for no-option CLI
patients who currently face a poor prognosis.

Study limitations. The initial analysis of the PROM-
ISE I trial was limited to a small sample size with enrollment
performed at three medical centers. Despite the small num-
ber of medical centers included, the investigators had varied
specialties, including endovascular interventionists and vas-
cular surgeons. The current data only extend to 6 months.
Patient enrollment is ongoing, with inclusion of addition-
al medical centers, and long-term follow-up will continue
through 2 years.

Conclusion

The LimFlow stent-graft system is a novel treatment mo-
dality for no-option CLI patients. The initial feasibility trial
outcomes revealed complete avoidance of major amputation
at 6 months with progressive wound healing. The treatment
was performed safely, with no instances of procedural com-
plication or decreased renal function in patients. These are
promising findings in a subset of patients for whom ampu-
tation would otherwise be considered inevitable. Additional
study through ongoing enrollment and follow-up in the early
feasibility trial, as well as a larger-scale trial, is warranted. In
this initial cohort, the LimFlow treatment was technically fea-
sible, safe, and effective for the revascularization of no-option
patients suffering from severe CLI.
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