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Introduction

Worldwide, more than 200 million people suffer from 
peripheral artery disease (PAD).1 In a proportion of these 
patients, the disease evolves into chronic limb-threatening 
ischemia (CLTI) and tissue loss, which is associated with 
major amputation in 30% of the patients; only 20% will 
achieve wound healing at 1 year if left untreated.2

The need to prevent amputations is pressing. A system-
atic review confirmed improved limb salvage rates in CLTI 

patients undergoing revascularization compared with medi-
cally treated patients.3 However, in patients with CLTI, 
revascularization can fail due to severe calcification, early 
recoil after angioplasty, or the absence of distal target ves-
sels. Ferraresi et al4 characterized the problem of large 
artery disease as a failure of “transmission” and small artery 
disease as a failure of “distribution.” The most severe form 
of distribution failure may lead to a “desert foot” and result 
in a “no-option” scenario due to the lack of a viable target 
for either bypass or endovascular therapy.
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Abstract
Purpose: To evaluate the midterm results of patients suffering from no-option chronic limb-threatening ischemia (CLTI) 
treated with a dedicated system for percutaneous deep venous arterialization (pDVA). Materials and Methods: Thirty-
two consecutive CLTI patients (mean age 67±14 years; 20 men) treated with pDVA using the Limflow device at 4 centers 
between 11 July 2014 and 11 June 2018 were retrospectively analyzed. Of all patients, 21 (66%) had diabetes, 8 (25%) 
were on immunosuppression, 4 (16%) had dialysis-dependent renal failure, 9 (28%) had Rutherford category 6 ischemia, 
and 25 (78%) were deemed at high risk of amputation. The primary outcome was amputation-free survival (AFS) at 6 
months. Secondary outcomes were wound healing, limb salvage, and survival at 6, 12, and 24 months. Results: Technical 
success was achieved in 31 patients (96.9%). The median follow-up was 34 months (range 16–63). At 6, 12, and 24 months, 
estimates were 83.9%, 71.0%, and 67.2% for AFS, 86.8%, 79.8% and 79.8% for limb salvage, and 36.6%, 68.2%, and 72.7% 
for complete wound healing, respectively. Median time to complete wound healing was 4.9 months (range 0.5–15). The 
DVA circuit occluded during follow-up in 21 patients; the median time to occlusion was 2.6 months. Reintervention for 
occlusion was performed in 17 patients: 16 because of unhealed wounds and 1 for a newly developed ulcer. Conclusion: 
This study represents the largest population of patients with no-option CLTI treated with pDVA using the LimFlow device 
with midterm results. In this complex group of patients, pDVA using the LimFlow device has been shown to be feasible, 
with a high technical success rate and AFS at 6 up to 24 months coupled with wound healing. In selected patients with no-
option CLTI, pDVA could be a recommended treatment to prevent amputation and heal wounds.
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The prevalence of no-option CLTI among all patients 
with CLTI has been estimated at around 20%, leaving major 
limb amputation as the only viable solution.5 Patients with 
severe CLTI who are left untreated are at risk of having an 
all-cause mortality of 22% at 12 months and amputation 
rates as high as 42%.6 Wound healing in this group is dismal 
and has been reported to be in the range of 10% to 20% at 1 
year.6,7

The venous system is mostly disease free and could be 
considered as an alternative conduit for perfusion of the 
extremities with arterial blood. This procedure, venous arte-
rialization, was shown to be a promising option for revascu-
larizing the lower limb.8–10 LimFlow SA (Paris, France) 
recently developed a dedicated set of tools to perform per-
cutaneous deep venous arterialization (pDVA).11 This endo-
vascular technique showed promising 6-month results in 
the first-in-man study and in the early feasibility trial.12,13 
The aim of the ALPS study was to evaluate the midterm 
results of pDVA performed with the LimFlow device to 
treat no-option CLTI patients with tissue loss.

Materials and Methods

Study Design and Patient Selection

A retrospective chart review was conducted of all con-
secutive patients treated with pDVA using the LimFlow 
device at 4 vascular centers in Alkmaar (Netherlands), 
Leipzig (Germany), Paris (France), and Singapore 
(ALPS) between 11 July 2014 and 11 June 2018. Inclusion 
criteria were Rutherford category 5 or 6 CLTI, no angio-
graphically evident distal target artery for endovascular 
therapy or a distal bypass, and at least 1 patent tibial 
artery in the proximal segment. Exclusion criteria were 
acute limb ischemia, extensive tissue loss or infection 
that precluded limb salvage, known deep vein thrombo-
sis, allergy to aspirin or clopidogrel, and/or contraindica-
tion to anticoagulation.

In total, 32 consecutive patients (mean age 67±14 years; 
20 men) with tissue loss met the criteria and were eligible for 
analysis. Of these, 5 patients were treated in Alkmaar, 9 in 
Leipzig, 3 in Paris, and 15 in Singapore. Notable comorbidi-
ties were type 2 diabetes (21, 66%), renal insufficiency (17, 
53%; 5 dialysis-dependent), and immunosuppression (8, 

25%). All patients had tissue loss, and 9 patients (28%) had 
Rutherford category 6 ischemia. More than three-quarters of 
the patients (25, 78%) were deemed high risk according to 
the Society for Vascular Surgery (SVS) wound, ischemia, 
and foot infection (WIfI) classification.14 Twenty-eight 
patients (88%) had undergone unsuccessful percutaneous 
intervention in the past. Patient characteristics are summa-
rized in Table 1.

This study was conducted according to the principles of 
the Declaration of Helsinki and in compliance with local 
regulatory requirements. Institutional review board approval 
was obtained when required, and consent was waived 
because of the retrospective nature of the study.

Table 1. Characteristics of the 32 Patients in the Study.a

Age, y 67±14
Men 20 (62)
Limb  
 Left 16 (50)
 Right 16 (50)
Body mass index, kg/m2 24±4
Comorbidities  
 Hypertension 27 (84)
 Diabetes 21 (66)
 Hyperlipidemia 20 (62)
 Coronary artery disease 15 (47)
 Chronic kidney disease 17 (53)
 Dialysis dependent 5 (16)
 Stroke 4 (12)
 Smoking (n=30) 15 (50)
Immunosuppressant use 8 (25)
Serum creatinine, μmol/L 88 (67, 143)
Rutherford category  
 5 23 (72)
 6 9 (28)
SVS WIfI risk staging  
 High 25 (78)
 Moderate 6 (19)
 Low 1 (3)

Abbreviations: SVS, Society for Vascular Surgery; WIfI, wound, ischemia, 
foot infection.
aContinuous data are presented as the mean ± standard deviation or 
median (interquartile range Q1, Q3); categorical data are given as the 
number (percentage).
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Procedure

The suitability of the patient for the pDVA procedure was 
assessed by an interventionist and/or vascular surgeon with 
at least 5 years of interventional experience. The procedures 
were performed by angiologists, surgeons, or interventional 
radiologists. All patients were treated in a multidisciplinary 
setting with dedicated wound centers in all sites.

The aim of the procedure was to create a connection 
between a tibial artery and a tibial vein to provide pressur-
ized arterial flow to the venous system of the foot. Prior to 
the procedure, patients were placed on at least aspirin and/
or clopidogrel. The choice of performing a venous duplex 
ultrasound of the veins prior to the procedure was left to the 
discretion of the operator. The procedure was performed as 
described previously13,15 and in accordance with the 
LimFlow instructions for use. In brief, antegrade arterial 
access was gained via a femoral artery puncture and the 
introduction of a 7-F sheath, while a distal venous access 
was obtained via an ultrasound-guided puncture of the tar-
get tibial vein at the ankle. Simultaneous digital subtraction 
angiography with contrast injection in both the artery and 
vein was performed to choose an appropriate crossing point 
that preserved significant arterial collaterals. The arterial 
and venous catheters were then advanced to the selected 
crossing point. After alignment using the proprietary ultra-
sound system, a needle from the arterial catheter was 
deployed to cross from the artery to the vein. A 0.014-inch 
guidewire was then passed through the needle into the vein 
all the way down to the foot. A proprietary, over-the-wire, 
forward-cutting 4-F valvulotome was used to lyse the 
valves as distal as the mid foot, allowing antegrade flow 
into the deep venous system of the foot. Self-expanding 
stent-grafts were implanted from the level of the ankle 
toward the crossing point, which was in turn covered by a 
dedicated tapered self-expanding stent-graft. The comple-
tion angiogram would then typically show rapid blood flow 
into the deep venous system of the foot. After the proce-
dure, patients were prescribed lifelong antiplatelet therapy 
(daily aspirin 100 mg or clopidogrel 75 mg) in combination 
with anticoagulation for at least 3 months if possible.

Follow-up

Surveillance was performed according to the institutional 
protocol and included clinical evaluation of limb perfusion 
and wound status. Evaluation of stent-graft patency was 
performed using duplex ultrasound and angiography when 
required. In the case of occlusion, reintervention was per-
formed percutaneously with a thrombectomy device sup-
plemented by drug-coated balloon (DCB) angioplasty or 
stenting. Bailout stenting was deemed necessary if subop-
timal angioplasty was performed. Edema was managed 
conservatively with elevation. Assessment of perfusion 

was performed as described previously.15 Transcutaneous 
oxygen pressure (TcPO2) measurements were done every 2 
weeks for the first 2 months and monthly thereafter until 
wound healing was achieved.

Definitions and Study Outcomes

Technical success was defined as the ability to cross from 
the artery in the vein with the LimFlow device and implant 
the stent-grafts, which were considered patent when there 
was flow detected within.

The primary outcome was 6-month amputation-free sur-
vival (AFS), defined as no major (above the ankle) amputa-
tion of the index limb or death (any cause).16 Secondary 
measures were wound healing, limb salvage (freedom from 
major amputation), and survival at 6, 12, and 24 months and 
AFS at 12 and 24 months. Wounds were considered healed 
if they were fully epithelialized.

Statistical Analysis

Continuous data are presented as the mean ± standard devi-
ation or median [minimum–maximum or interquartile range 
(IQR) Q1, Q3] if nonnormally distributed according to 
quantile-quantile plots; categorical data are given as the 
number (percentage). Rates for AFS, limb salvage, survival, 
and wound healing were estimated using the Kaplan-Meier 
method. Patients who died before complete wound healing 
were censored on the date of death. In patients who under-
went major amputation, the time to wound healing was con-
sidered to be infinite.17 TcPO2 data were compared using 
the paired t test. Statistical significance was defined at 
p<0.05. Statistical analyses were performed using IBM 
SPSS software (version 23; IBM Corporation, Armonk, NY, 
USA).

Results

Technical success was achieved in 31 of 32 cases (97%). In 
1 patient, the pDVA procedure failed because the target vein 
did not respond to aggressive balloon dilation, which pre-
cluded stent-graft implantation. This patient was excluded 
from further analysis. General anesthesia was utilized in 
40% of the cases. The average duration of the procedure 
was 3.5 hours. Crossings were predominantly performed to 
the posterior tibial vein (27, 87%) from the tibioperoneal 
trunk (5, 16%) or posterior tibial artery (22, 71%). The 
other crossings were performed from the anterior tibial 
artery to the anterior tibial vein (3, 10%) or from the popli-
teal artery to the popliteal vein (1, 3%).

During the first 30 days, there were 2 non-fatal myocar-
dial infarctions and 2 deaths. One patient died from pro-
gression of foot sepsis. The second death occurred due to a 
perforated diverticulum of the bowel despite laparotomy. 
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Both deaths were deemed by the operator to be unrelated to 
the LimFlow procedure.

The median follow-up was 34 months (range 16–63), 
during which 5 other deaths occurred due to myocardial 
infarction (n=2), pneumonia (n=2), and exacerbation of 
chronic obstructive pulmonary disease (n=1). Among the 
adverse events, 1 patient developed bleeding from a super-
ficial vein adjacent to the granulating wound at 6 months. 
Surgical ligation was performed, but the stent-graft throm-
bosed shortly after ligation. A second patient had infection 
of the stent-graft 10 weeks after the procedure; the primary 
wound on the fifth toe had already healed. The stent-graft 
was explanted, and the resultant large ankle wound contin-
ued to heal. A third patient developed a new wound on the 
forefoot 8 months post-procedure, after the index wound 
had healed. This patient had an occluded DVA circuit and 
was treated with the Rotarex catheter (Straub Medical AG, 
Wangs, Switzerland), thrombolysis, and a Supera stent 
(Abbott Vascular, Santa Clara, CA, USA) in the veins of the 
foot. This new wound subsequently healed.

The AFS estimates at 6, 12, and 24 months were 83.9% 
(95% CI 71.9% to 97.9%), 71.0% (95% CI 56.7% to 
88.9%), and 67.2% (95% CI 52.4% to 86.2%), respectively. 
The corresponding survival estimates were 93.5% (95% CI 
85.3% to 100%), 83.9% (95% CI 71.9% to 97.9%), and 
80.2% (95% CI 67.2% to 95.8%). The limb salvage esti-
mates were 86.8% (95% CI 75.5% to 99.7%), 79.8% (95% 
CI 66.6% to 95.7%), and 79.8% (95% CI 66.6% to 95.7%) 
in the same period. All major amputations were performed 
within 9 months of the procedure.

A total of 21 wounds were healed within 24 months; the 
estimated wound healing rate was 72.7% (95% CI 49.6% to 
85.3%) at 24 months with a median time to complete wound 
healing of 4.9 months (range 0.5–15). Among the 21 
patients who remained alive without amputation, the major-
ity (18, 85.7%) had completely healed wounds at 12 months. 
Kaplan-Meier curves are shown in Figure 1. An example of 
a typical case is shown in Figure 2.

TcPO2 was measured at baseline and during follow-up in 
13 patients. A total of 142 TcPO2 values were measured 
(mean 10.9 measurements per patient). Six patients had 
TcPO2 measurements that extended to 2 years and beyond. 
At baseline, the average TcPO2 measurement near the 
wound was 14.5±12.7 mm Hg (median 11, range 3–37). As 
illustrated in Figure 3, TcPO2 levels increased after the 
pDVA procedure, reaching 56.1±11.9 mm Hg (median 
57.5, range 36–72) after 2 years. This became statistically 
significantly higher after 45 days (increase of +22.1 mm 
Hg, p=0.027) and remained statistically significantly higher 
during follow-up (increase of +41.7 mm Hg, p<0.001) 
compared with baseline.

The DVA circuit occluded during follow-up in 21 
patients; median time to occlusion was 2.6 months (range 
0.2–19.1). Reintervention for occlusion was performed in 

17 patients: 16 because of unhealed wounds and 1 for a 
newly developed ulcer. In 4 patients no further revascular-
ization was done because the wound had healed or healing 
was imminent. Reintervention for asymptomatic stenosis 
found on surveillance was performed in 2 other patients. A 
variety of techniques and devices were used during reinter-
vention, including thrombolysis (n=6), mechenical throm-
bectomy (n=9), DCB angioplasty (n=10), and stenting 
(n=5).

Discussion

The multicenter ALPS study represents the largest cohort of 
consecutive no-option CLTI patients treated with pDVA by 
interventionists from different subspecialties and followed 
to 2 years. Prior reports of surgical series10 had shown 
venous arterialization to be a viable therapy in no-option 
CLTI, with technical success rates of ~81%.18 In the current 
study, a high technical success rate of 97% was achieved 
with a percutaneous approach using the LimFlow device, 
mirroring the experiences in the initial LimFlow series.13,15

In several cohorts of >300 patients treated by standard 
endovascular techniques, AFS rates of 74% to 76% and 52% 
to 55% at 12 and 36 months, respectively, were reported.19–22 
In the majority of cases, patients were treated using plain 
balloon angioplasty. In the current study, AFS rates of 
83.9%, 71.0%, and 67.2% were achieved at 6, 12, and 24 
months, respectively, in CLTI patients with no further pos-
sibility of conventional revascularization. The results were 
durable up to 2 years despite the high rate of prior failed 
revascularization attempts in these patients.

Alternate techniques of venous arterialization have been 
reported.23–25 In these studies, the arteriovenous fistula was 
created as distal in the tibial artery as possible. Technical 
success varied from 77% to 100%, with clinical success 
rates from 29% to 75% at various time points. The tech-
niques used in these studies varied, and there was no defi-
nite way to assess the continued presence of an arteriovenous 
fistula without the use of a covered stent. In addition, 
Gandini et al25 reported wound healing rates in 6 of 9 
patients with a mean time to wound healing of 20 weeks 
despite a relatively modest TcPO2 of 30 mm Hg compared 
with the higher TcPO2 levels found in our patients. As such 
it is difficult to draw any conclusions regarding the differ-
ent techniques. In our study, good technical success was 
achieved across all centers and different subspecialties.

Some investigators have suggested other treatments for 
no-option CLTI. Benoit et al7 reviewed no-option CLTI 
patients treated with vasoactive drugs and stem cell ther-
apy and showed an AFS of between 53% and 55% in stud-
ies published after 2006, which were lower than the rate in 
our study. Other treatment modalities exist for no-option 
CLTI patients, including spinal cord stimulation, lumbar 
sympathectomy, intermittent pneumatic compression, and 
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hyperbaric oxygen therapy.26 However, the efficacy of 
these treatment options remains low, and they are there-
fore not recommended routinely for the treatment of 
CLTI.26

Wound healing rates are poorly reported in historical 
CLTI series and not at all for no-option CLTI patients. In a 
randomized controlled study of prostaglandins used in no-
option CLTI patients, Brass et al27 reported wound healing 
rates of <25% in both treatment and placebo arms at 6 
months (n=181 in each arm). However, wound healing rates 
at 1 year were not reported. In our study, Kaplan-Meier esti-
mates of complete wound healing were 36.6%, 68.2%, and 
72.7% at 6, 12, and 24 months, respectively. Eighty-six per-
cent of the survivors without amputation had healed wounds 
at 12 months.

Our wound healing rates and time to wound healing 
were reasonable compared with existing CLTI registries.19 
For example, a large-scale registry of Japanese patients 

Figure 1. Kaplan-Meier curves for (A) amputation-free survival, (B) survival, (C) limb salvage, and (D) wound healing.

Figure 2. Transcutaneous oxygen pressure (TcPO2) levels at 
baseline and follow-up.



Schmidt et al 663

with CLTI (but not no-option CLTI) reported a wound heal-
ing rate of 86% at 1 year with a median time to wound heal-
ing of 97 days. In our study, the median time to wound 
healing was 150 days, and a reasonable wound healing rate 
of 68.2% was achieved at 1 year despite having patients 
with advanced ischemia and no other revascularization 

options, in addition to a quarter of patients on immunosup-
pression and 28% with Rutherford category 6 wounds.

We hypothesize that a remodeling process takes place after 
pDVA. Ferraresi et al8 reported the possibility of an angio-
graphically detected remodeling process after DVA associated 
with clinical wound healing and high TcPO2 measurements. 

Figure 3. Angiographic and clinical results of percutaneous deep venous arterialization with the LimFlow device. (A) Perfusion 
angiogram of a patient with no-option chronic limb-threatening ischemia having failed conventional therapy. (B) Preprocedure 
photograph showing a wound that had failed to heal for 6 months. (C) Perfusion angiogram of the same patient treated with the 
LimFlow device showing rapid flow of blood into the venous circulation of the foot. (D) Complete wound healing of the same patient 
was achieved after 3 months.
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We believe that longer time to wound healing in our study 
could be related to this remodeling process. Our TcPO2 results 
seemed to rise to significant levels after 45 days, which could 
be explained by this same phenomenon. TcPO2 has been 
shown to be a reliable predictor of wound healing.28

Reintervention rates in patients with CLTI have been 
reported in several registries. At 1 year, Iida et al20 had a 
40% reintervention rate and Fernandez et al29 reported 50%. 
In our study, reintervention rates were comparable (59.4%) 
to the rates reported in the initial series (71%).5 The main 
cause of reinterventions was the venous outflow in the 
majority of cases.

Limitations

Although the ALPS study is the largest evaluation of 
pDVA to date, the sample size is still relatively small, 
which is one of the weaknesses of the study. Due to its 
retrospective nature, recall bias is possible. Slight differ-
ences in treatment among the centers existed, especially 
in wound care, which reduced the internal validity of the 
study. On the other hand, it was a multicenter study with 
a cohort of consecutively treated patients. Further studies 
could include a larger sample size with longer follow-up. 
A control group could be considered but would be diffi-
cult to implement due to small numbers and ethical 
considerations.

Conclusion

This study presents midterm results from the largest popula-
tion of patients with no-option CLTI treated with pDVA 
using the LimFlow device. In this complex group of 
patients, the LimFlow device demonstrated high technical 
success and AFS rates coupled with good wound healing at 
up to 24 months. In selected patients with no-option CLTI, 
pDVA is a safe and effective treatment to prevent amputa-
tion and heal wounds.
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