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Critical limb ischemia: an update for interventional radiologists
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ABSTRACT

Critical limb ischemia (CLI) is a growing epidemic with bleak
patient outcomes. A variety of treatment modalities have
been adopted to address CLI based on comorbidities, life
expectancy, and the nature of the arterial disease. With ad-
vances in technology and treatment strategies, the clinical
outcomes of CLI patients have significantly improved over
recent years. However, despite progress, patency rates of
both surgical and endovascular interventions, limb-salvage
and amputation rates are still dismal. We review the epide-
miology, treatment strategies, imaging modalities, and the
microcirculation aspect of CLI.
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USA, most severely affecting persons with calorie-rich diets, diabe-

tes, hypertension, tobacco use, and sedentary lifestyles (1, 2). Near-
ly 20% of all individuals 70 years or older have PAD, although the major-
ity are asymptomatic (2, 3). Identification of asymptomatic PAD patients
is crucial for early risk factor modifications given their increased risk of
cardiovascular events compared to their disease-free peers (2). However,
epidemiology studies have produced varying results of PAD prevalence
in the general population, which only serves to emphasize the difficulty
of detecting asymptomatic PAD (4). Risk factors associated with critical
limb ischemia (CLI) closely mirror those of cardiovascular disease, facil-
itating risk stratification in asymptomatic patients (Table 1). PAD preva-
lence is also significant because it is the precursor of CLI, which develops
in approximately 1% of all PAD cases (5).

CLI specifically refers to patients with chronic ischemic disease, de-
fined as the presence of symptoms such as rest pain and/or ischemic
skin lesions (ulcers, gangrene, etc.) for more than two weeks and is dis-
tinct from acute limb ischemia (4). It is manifested by severe, occlusive
arterial disease and is most often associated with peripheral atheroscle-
rosis, although trauma, vasculitis, and hypercoagulable processes can
also result in CLI (4-6). CLI patients are generally classified at the severe
end of the vascular disease spectrum in Rutherford categories 4 to 6 and
Fontaine Stages III to IV (Table 2) (4, 5, 7). The progression from PAD
to CLI in patients corresponds with a greater risk for cardiac ischemic
events, and subsequently, CLI patients experience significant morbidity
and mortality from cardiovascular events or complications (5, 8). The
resultant economic burden of CLI is significant, accounting for an es-
timated $10-20 billion of healthcare expenditures per year in the USA
alone (9). CLI incidence and the associated economic burden are expect-
ed to rise as the baby boomer population ages and diabetes prevalence
increases (9).

Early and accurate diagnosis, risk factor modifications, and PAD mon-
itoring are imperative for patient survival, particularly because CLI
revascularization and intervention are most effective in the setting of
healthy distal limb tissues (5, 10). Of those CLI patients in whom revas-
cularization is not possible, a quarter will die, and another quarter will
undergo a major amputation within a year of the initial diagnosis (4).

Clinically, CLI is manifested by resting ischemic pain, tissue death
(e.g., extremity ulcers), and compromised hemodynamics (e.g., cold
extremities) (1, 5, 11). The most widely accepted explanation of CLI
proposes that the vascular pathology results from a prolonged, chronic
imbalance of vascular supply versus demand (5, 12). Under this mod-
el, a hemodynamically significant proximal arterial occlusion reduces
distal perfusion for an extended period of time, resulting in the accu-
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Table 1. Associated risk factors and relative risks of critical limb ischemia (4)

Risk factors Relative risk
Diabetes mellitus 4
Tobacco smoking 3
Ankle-Brachial Index <0.7 2
<0.5 2.5
Age (over 65 years) 2
Lipid abnormalities 2

Table 2. Rutherford and Fontaine classifications for peripheral arterial disease (4, 5)

Rutherford Fontaine
Grade Category Clinical presentation Stage Clinical presentation
0 0 Asymptomatic | Asymptomatic
| 1 Mild claudication lla Mild claudication
2 Moderate claudication IIb Moderate to severe claudication
3 Severe claudication
Il 4 Ischemic pain at rest 11l Ischemic rest pain
1 5 Minor tissue loss \% Leg ulcers or gangrene
6 Major tissue loss

mulation of metabolic waste, hypoxia
and oxidative stress, which eventual-
ly compromises normal vascular and
physiological functions (5, 12). Thus,
the likelihood that tissues distal to the
occlusion will remain viable depends
on the location, duration, and severity
of the occlusive disease and the extent
of collateral blood flow. Lending sup-
port to this explanation are endogenous
mechanisms that respond to ischemia
to preserve tissue viability by attempt-
ing to increase the perfusion of the
ischemic tissue through the formation
of new collaterals (i.e., angiogenesis)
and vasodilation of existing collaterals.
However, these endogenous reperfusion
mechanisms may further exacerbate re-
gions of inadequate tissue perfusion, for
example, by causing tissue edema (5).

Diagnosis

The Inter-Society Consensus (TASC)
II guidelines provide an international
consensus for the diagnosis and man-
agement of patients with PAD (4). In
addition to a thorough history and
physical exam, multiple noninvasive
hemodynamic parameters were pro-
posed by these guidelines to support the
diagnosis of CLI. These hemodynamic
tests include measurements of ankle

pressure (<50-70 mmHg), toe pressure
(<30-50 mmHg), and transcutaneous
oxygen tension (30-50 mmHg) (4).
Commonly used imaging techniques
to characterize the extent of the pe-
ripheral vascular disease in this setting
include duplex ultrasonography, digital
subtraction angiography (DSA), mag-
netic resonance (MR) angiography, and
computed tomographic (CT) angiogra-
phy. Despite the challenges associated
with CLI, outcome measures such as
treatment-related mortality, amputa-
tion rates, and postprocedural hospital
stays have all improved over the past
decade. These incremental successes are
likely due to new treatment strategies
in combination with technological ad-
vancements.

For the evaluation of CLI, a growing
emphasis has been placed on the sta-
tus of the tibial arteries. However, the
small caliber and low flow within the
tibial arteries compared to proximal,
larger arteries present unique imaging
challenges. With these challenges in
mind, the common modalities for CLI
diagnosis are discussed below.

Digital subtraction angiography
DSA is considered the gold standard
imaging technique for the evaluation
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of PAD. Hemodynamically significant
lesions reduce the luminal diameter
of the artery by 50% or more, which
often corresponds to a pressure gradi-
ent of 10-15 mmHg (4). The TASC 1II
guidelines categorize femoropopliteal
lesions depending on their severity
and anatomical location. An endo-
vascular approach is the treatment of
choice for type A lesions, whereas sur-
gery is the treatment of choice for type
D lesions. Endovascular therapy and
surgery are the preferred treatments of
lesions in categories B and C, although
the choice here depends upon the
operator and any comorbidities that
may be present (4).

DSA carries the risk of anaphylactic
reaction to the commonly used iodin-
ated contrast medium (0.7%) as well as
the risk of mortality (0.16%). Arterial
dissection, atheroemboli, contrast-in-
duced renal failure, and access site
complications such as pseudo-aneu-
rysms, hematomas, and arteriovenous
fistulas can also occur, although these
complications have been partially ad-
dressed by technological advances and
the use of alternative contrast medi-
um (i.e., carbon dioxide and gadolini-
um-based contrast medium). Further-
more, DSA only provides a limited
two-dimensional plane of view of the
lesions and often requires prolonged
imaging to view pedal vessels and col-
laterals in the setting of an arterial oc-
clusion, increasing the radiation dose to
the patient (4).

MR angiography

Though the “gold standard” for PAD
diagnosis has conventionally been
DSA, MR angiography is recognized as
a cheaper, faster, and safer diagnostic
alternative (13). Moreover, advances
in MR angiography technology, such
as the improvements of signal-to-noise
ratio techniques driven by a combina-
tion of hardware development, bet-
ter gradients and receiving coils, and
the increased use of gadolinium as a
contrast agent, continue to make MR
angiography based evaluation of the
smaller vessels of the leg an even more
attractive diagnostic option (Fig. 1).

Recent studies indicate that three-di-
mensional (3D) MR angiography angi-
ography is comparable to convention-
al angiography in the evaluation of
vascular disease. For instance, a pilot
study of 3D MRA showed a 77% overall
sensitivity and 94% specificity to iden-
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Figure 1. a, b. Lower extremity angiography by MRI and DSA in the same patient. MRI (a)
accurately depicts single vessel run-off to the foot and allows multiplanar views for a complete
assessment. DSA (b) of the same leg provides limited information of the run-off from its proximal
extent and allows only limited views, often necessitating additional DSA sequences, which increases
the radiation dose delivered to the patient.

tifty the occlusion, when compared
with conventional angiography (14).
Moreover, in 23% of the cases, 3D MR
angiography detected flow that angi-
ography did not (14). Similarly, in a
separate study on pedal vascular imag-
ing, 3D MR angiography was shown to
offer a better representation of the CLI
anatomy in the calf and pedal regions
than DSA, and even afforded sub-mil-
limeter voxel views (15). Furthermore,
the recent introduction of blood pool
MR angiography contrast agents have
provided a more robust assessment of
smaller vessels when compared to the
more quickly cleared magnetic reso-
nance imaging (MRI) contrast agents
such as gadopentetate dimeglumine
(Magnovist, Bayer, Leverkusen, Germa-
ny). Of these MR angiography blood
contrast agents, only gadofosveset tri-
sodium (Ablavar or Vasovist, Lantheus
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Medical Imaging, North Billerica,
Massachusetts, USA), is FDA approved
and is the first gadolinium-based MR
angiography blood pool agent to be
marketed in the USA (16). By binding
reversibly to human albumin, gado-
fosveset is more slowly cleared from
the blood supply. Advantages of MRI
blood pool agents, such as Ablavar, in
the assessment of small vasculature in-
clude higher resolution, higher signal
per dose, longer imaging window time
frame, and single-dose imaging of mul-
tiple vessel beds (17). Data collected
from four phase 3 clinical trials showed
that MR angiography enhanced with
gadofosveset agreed with convention-
al catheter angiography in most cases
and had an overall accuracy that was
greater than noncontrast, time-of-
flight MR angiography (18). Addition-
ally, a recent trial demonstrated that

gadofosveset-enhanced MR angiogra-
phy offers a diagnostic accuracy that is
comparable to DSA in the lower limb
(19). However, there are disadvantag-
es to MR angiography compared to
DSA, including compromises in signal
intensity in heavily stenotic regions,
more limited spatial resolution and the
risk of gadolinium-associated nephro-
genic systemic fibrosis in patients with
renal failure (13, 20). Importantly, to
date, gadofosveset has not shown an
association with nephrogenic system-
ic fibrosis. This lack of an association
may possibly be related to the compar-
atively smaller dosage of gadolinium
in gadofosveset when compared to
magnovist, which makes it an attrac-
tive alternative given the high coinci-
dence of small vessel disease and renal
failure in these patients.

CT angiography

In the clinical setting, CT angiogra-
phy represents an alternative imaging
modality for PAD and CLI. CT angi-
ography is able to cover large areas at
higher speeds while still retaining a
high degree of resolution (21). Further-
more, CT angiography may be an at-
tractive option for some patients as it
is less expensive than MR angiography,
but may still be able to offer compara-
ble results. For instance, a recent study
on PAD evaluation failed to demon-
strate significant differences in patient
outcome between CT angiography and
MR angiography modalities (22).

CT angiography scans are now large-
ly done with the aid of the multi de-
tector-row  computed tomography
(MDCT) technique, with sensitivities
and specificities ranging from 90%-
99% (23). Additionally, helical acquisi-
tion MDCT allows for better calculation
of blood velocities and can produce ex-
tremely accurate images with high reso-
lution 128-slice 3D reconstruction (24).
However, to obtain an optimal study,
the duration of the injection should be
correlated to arterial transit speed (25).
Other methods of overcoming con-
ventional CT angiography limitations
have been to employ time-resolved CT
(TR-CT) angiography, which has been
shown to provide better images in the
calves and lower leg regions (26).

Recently, CT angiography detection
of PAD has been further improved
through the use of dual-energy CT
(DE-CT) angiography, producing a
specificity of 94.1%, sensitivity of
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97.2%, and accuracy of 94.7% when
compared with DSA; all of these values
exceed DSA reported values by at least
20% (23). DE-CT angiography employs
two CT scanners with differing tube
voltages, allowing for subtle density
differences to be exploited to provide
more accurate differentiation between
iodine contrast, soft tissue, bones, and
vessel wall (23). Similarly, another
improvement to CT angiography im-
aging has come through the develop-
ment of arterial-specific algorithms,
which can allow for more precise eval-
uation of the shape and layout of the
arteries. In a recent study, Raman et
al. (27) developed an algorithm that
combined arterial wall thickness and
flow-path data to generate reliable cal-
culations of noncalcified plaque size:
reports indicated an absolute error of
only 1.942.3% and an inter-observer
variability of 3.943.6%. This algorithm
could provide clinicians with an opti-
mal prognostic tool, as it may be used
to measure potential plaque formation
in asymptomatic patients who may
later develop PAD and CLI.

A major pitfall of CT angiography is

the lack of resolution produced when
evaluating vascular segments contain-
ing moderate-to-severe calcifications
or metallic stents. Use of appropriate
windowing (approximately 1500 win-
dow width) may be helpful to reduce
the artifact caused by high signal struc-
tures, such as calcified vessels. Another
disadvantage of CT angiography is the
use of ionizing radiation; however, the
radiation doses are significantly lower
than invasive catheter angiography.
Overall, CT angiography and MR
angiography are ideal for noninvasive,
preoperative assessment in many situa-
tions and have generally replaced DSA,
though DSA still remains the “gold
standard” for PAD diagnosis (23).

Treatment

Generally speaking, the overarching
treatment goal of CLI is arterial revascu-
larization and limb preservation. How-
ever, clinical management must be tai-
lored to a patient’s risk-benefit profile
and prognosis because not all patients
who undergo a revascularization proce-
dure will achieve positive clinical out-
comes (5, 12). Clinical results may be

compromised by ischemic-reperfusion
injury, capillary injury or disease, or
insufficient capillary perfusion, which
can occur despite adequate proximal
arterial revascularization (28, 29). In pa-
tients with failed revascularization at-
tempts, 40% will undergo amputation,
and 20% will die within six months of
CLI presentation (4). Great care needs
to be taken when choosing the level of
amputation to ensure wound healing
and preserve adequate limb length to
accommodate a prosthesis; individuals
with an above-the-knee amputation
have a likelihood of independent am-
bulation less than 50% (4). Overall,
however, the long-term prognosis of
below-the-knee amputation is grim,
with only 30% surviving after two years
of the first major amputation (4).

In conjunction with these dismal
prognoses, the advent of new and ef-
ficacious treatment options have re-
shaped patient treatment discussions
and have further fueled the debate of
the most appropriate CLI treatment
strategy: surgical bypass versus endo-
vascular techniques. Although surgical
bypass of the infrainguinal arteries us-

Figure 2. a-d. A 62-year-old patient being investigated for nonhealing ulcerations in the foot. DSA (a) demonstrates complete occlusion of
the superficial femoral artery with extensive collateral vascularization and reconstitution of the distal outflow as indicated by the white arrow.
Superficial femoral artery (b) was revascularized (white arrow) following extensive percutaneous transluminal angioplasty (PTA) and placement
of a covered stent. Run-off to the foot (c) proceeded via the peroneal artery. Both the anterior and posterior tibial arteries were revascularized
using a combination of PTA and atherectomy. The atherectomy device is indicated by the white arrow (c). DSA (d) demonstrates marked
improvement of flow to the foot via successful revascularization of the anterior (white arrow) and posterior (black arrow) tibial arteries.
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ing autologous veins has and contin-
ues to be considered the most favor-
able treatment for CLI, endovascular
techniques, including percutaneous
transluminal angioplasty (PTA), have
improved and now rival surgical by-
pass in terms of patient risk factors
(11, 30, 31) (Fig. 2). The merits of each
treatment strategy are discussed below.
Surgical management

Studies have demonstrated that open
surgical bypass produces the best long-
term patency rates, with the use of the
autologous saphenous vein serving as
“the gold standard” (32). However, to
date, the Bypass versus Angioplasty
in Severe Ischemia of the Leg (BASIL)
trial remains the only randomized pro-
spective trial comparing the success of
open surgical bypass versus endovas-
cular therapy for CLI (7). BASIL includ-
ed 452 patients who underwent either
primary interventional angioplasty or
bypass surgery and were followed un-
til an amputation above the ankle or
death occurred (7, 33). At 12 months,
only 107 of 216 patients (49.5%) who
had received angioplasty maintained
clinical success, compared to 110 of
195 patients (56.4%) undergoing surgi-
cal procedures (32, 33). The initial BA-
SIL report found that amputation-free
survival and quality of life rates were
similar in both groups at six months
(33). However, in the long-term, for
patients who survived beyond two
years, surgery offered a significantly
increased overall survival benefit of ap-
proximately seven months (5, 7). De-
spite superior outcomes, the option of
surgical repair remains limited to a se-
lect cohort of patients healthy enough
to withstand an invasive procedure.
Based on this trial of operable candi-
dates, only those patients with life ex-
pectancies greater than two years are
likely to realize a survival benefit from
surgery compared to angioplasty (7).

Similar estimates for bypass sur-
gery clinical outcomes are revealed in
the PREVENT III study, a multicenter
phase 3 study, demonstrating primary
patency, primary assisted patency, sec-
ondary patency, and limb salvage rates
in 61%, 77%, 80%, and 88% of pa-
tients at one year, respectively (5, 34).
The PREVENT III study also produced
a risk scoring method that places surgi-
cal bypass candidates into low-, mid-,
or high-risk patient groups depending
on other indications, such as age and
comorbidities (35, 36).
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Given the current data, therapeu-
tic decisions regarding CLI generally
hinge on whether a patient can with-
stand invasive surgery, the availability
of an autologous saphenous vein and
the patient’s life expectancy. However,
given the complexities of the current
healthcare environment, cost concerns
are increasingly factoring into clinical
decisions. A recent manuscript consid-
ering cost implications of surgical ver-
sus endovascular management of CLI
demonstrated that while there are ini-
tial cost benefits to endovascular man-
agement, open surgical procedures are
more cost-effective over the long-term
when cost per patient-day of patency
was used as a proxy for overall treat-
ment costs (37). Thus, open surgery
may hold cost benefits in addition to
survival benefits for patients who are
surgical candidates with life expectan-
cies of greater than two years.

Endovascular therapy

PTA remains a less invasive option
and is preferred for nonsurgical candi-
dates and for surgical candidates whose
life expectancy is less than two years
(12). Although endovascular therapy
offers reduced morbidity, decreased
lengths of hospital stay, and lower ini-
tial costs compared to bypass surgery,
it is unable to provide the primary pa-
tency durability of open repair (5, 12,
35, 38). For example, PTA patency for
primary tibial artery disease has been
demonstrated to be as low as 20%-60%
(38). However, these patency rates are
for traditional PTA techniques, which
may prove inferior to newer endovas-
cular techniques.

A study comparing endovascular and
surgical techniques for the treatment of
severe aorto-iliac occlusive disease re-
vealed that while the surgical approach
benefits from a higher primary paten-
cy rate (89% vs. 100%), secondary pa-
tency rates are similar (96% vs. 96%)
at three years after the procedure (39).
Kedora et al. (40) also described their
experience with self-expandable stents
versus femoral-popliteal above the
knee bypass, reporting similar limb sal-
vage, with comparable primary (73.5%
vs. 74.2%) and secondary patency rates
(83.9% vs. 83.7%) at one year with
both techniques. Lepantalo et al. (17),
however, reported significantly lower
patency rates for stent grafts compared
to bypass surgery, with a peri-opera-
tive mortality rate of 2.7%, resulting

in the premature termination of their
randomized clinical trial. Other studies
also reported that despite the reduced
primary patency, limb salvage rates
remain comparable to surgical bypass
and range from 74% at five years to
84.7% at eight years (41-43).

In a recent meta-analysis of infra-pop-
liteal angioplasty for CLI (44), estimates
of primary patency, secondary patency,
and limb salvage rates up to 36 months
demonstrated a lower durability of in-
fra-popliteal angioplasty when com-
pared to popliteal-to-distal bypass graft.
More importantly, the meta-analysis
revealed that the clinical benefit is ac-
ceptable because the limb salvage rate
(82%) at three years was comparable to
that of surgical revascularization. Re-
peated interventions were much more
frequent in endovascular procedures
than with bypass grafts; however, the
main advantage is that the latter is in-
creasingly less feasible (44).

A recent drug eluting stent trial,
Preventing Amputations using Drug
Eluting Stents (PaRADISE) analyzed
the largest published cohort of CLI
patients (Rutherford-Becker scale cat-
egory 4 or greater) undergoing below-
the-knee primary drug eluting stent
placement. At three-years postproce-
dure, the results were promising, with
an amputation rate of only 6+2%, an
amputation-free-survival of 68+5%,
and an overall survival of 71+5% (38).
Moreover, the PaRADISE study report-
ed a 13+3.6% increase in leg salvage
rates over the BASIL trial at three years,
although this comparison is limited by
significant differences in study design
(38). Another study examined the effi-
cacy of laser-assisted angioplasty (Spec-
tranetics, Colorado Springs, Colorado,
USA) on 145 CLI patients (Rutherford
category of 4 and greater) who did not
qualify for surgical reconstruction (8,
30). After laser atherectomy, 110 of the
limbs received PTA, and 70 limbs un-
derwent stent placement. Procedural
success, defined as less than 50% re-
sidual stenosis, was achieved in 86%
of these limbs, and at six months, pa-
tient survival and limb salvage rates
were 92% and 93%, respectively (8).
These results offer encouragement to
a cohort of patients with limited op-
tions who face bleak prognoses (8).
Recent reports have demonstrated the
broadening applicability of endovas-
cular techniques in the ability to treat
increasingly complex femoropopliteal
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and infrapopliteal lesions, which until
recently were considered unapproach-
able by endovascular techniques (45).
Given the promising endovascular
therapy results, Conrad et al. (41) pro-
posed a similar, less invasive treatment
procedure involving first-line, pallia-
tive PTA treatment with the intention
to perform a secondary intervention
to maintain patency. This multistage
approach has largely been consid-
ered only in the aging patient popu-
lation where open bypass surgery is a
less favorable option (41). Under this
consideration, the CLI treatment strat-
egy is shifted towards palliative stent
placement with expected secondary
patency procedures, and open surgery
is limited to patients who have dismal
angioplasty results or who do not qual-
ify for endovascular treatment (41, 46).

Medical management following revascular-
ization

In CLI, aggressive systemic cardio-
vascular risk reduction, including cho-
lesterol reduction, anti-hypertensives,
smoking cessation, and tight glyce-
mic control, should be applied where
necessary, regardless of any revascu-
larization attempts (4). Amputation
rates at 12 months postPTA improved
from 21.1% in patients receiving 250
mg acetylsalicylic acid (ASA) to 11.1%
when 20 mg lovastatin was used in
conjunction with 250 mg ASA (47).

The most effective postoperative an-
ti-thrombotic regimen is contentious.
Platelet inhibition is preferable follow-
ing PTA when compared to vitamin K
antagonists (48). Currently, long-term
aspirin (75-100 mg) or clopidogrel (75
mg) is recommended following PTA, as
this has been shown to improve revas-
cularization patency; however, there
is no evidence that this regimen im-
proves outcomes in CLI (4, 49). Higher
doses of aspirin (300-1000 mg) failed
to significantly improve patency rates
and were associated with higher rates
of gastrointestinal side effects (50). Fol-
lowing successful PTA, patients who
received three months of 2500 IU del-
taparin in addition to 100 mg aspirin
daily exhibited a reduction in resteno-
sis at one year compared to those who
only received 100 mg aspirin. (45% vs.
72%; P = 0.01). However, the addition
of deltaparin only had a beneficial ef-
fect when patients had undergone PTA
for CLI; in less severe PAD, the addi-
tion of deltaparin conferred no benefit

(47). The use of thienopyridines (clopi-
dogrel and ticlopidine) as an alterna-
tive or in combination with aspirin
may be a useful alternative, but data
are currently lacking (51).

The optimal anti-thrombotic med-
ication for surgical bypass patients
depends on the type of graft used.
Restenosis of venous grafts was best
prevented when oral vitamin K antag-
onists were used (target international
normalized ratio, 3.0-4.5), whereas as-
pirin produced superior results for syn-
thetic grafts (52).

Below-the-knee disease—a unique
subset of CLI

Below-the-knee (BTK) endovascular
therapies that address popliteal occlu-
sions are generally complex because
lower distal pressures and numerous
comorbidities can often complicate
procedural techniques. Bypass surgery
is generally not used in the elderly CLI
population due to increased morbidity,
mortality, and associated risks of BTK
tibial bypass, which include high rates
of graft failure, procedural mortality,
and the risk of a failed procedure, con-
siderably worsening the CLI condition
(53). Limb salvage, a major goal of CLI
procedures, is related to successful dila-
tion of all critical inflow lesions and a
vertical, contiguous outflow to one or
more tibial arteries that is not limited
to the pedal arch.

The angiosome model is being in-
creasingly applied in CLI, resulting in
clinical benefits when the model is used
to direct therapy. The angiosome con-
cept was originally proposed by Taylor
and Palmer in 1987 and emphasizes a
multivascular approach to CLI. When
applied, it has led to improved limb
salvage rates, healing rates and amputa-
tion free survival rates (54, 55). The an-
giosome concept renders the body into
a 3D vascular territory of “composite
units,” which correspond to areas that
vascularize the underlying tissue and
skin layer (55). Taylor and Pan (56) lat-
er defined the angiosomes in the lower
leg, which if considered during the re-
vascularization stages of treatment, may
be able to aid in wound or amputation
healing via the patency of the particular
vessel and collateral vascular supply of
the angiosome. However, despite these
considerations, BTK procedures are still
afflicted by low patency rates, with one-
year patency rates as low as 58% (38).
Moreover, given the high rate of resteno-
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sis, stent placement in the crural arteries
is generally reserved in clinical practice
for bailout procedures after balloon PTA
failure (residual stenosis or flow limiting
dissection) (57). However, in 2004, pri-
mary stent placement was proposed in
BTK patients by Feiring et al., (53) who
reported a 95% success rate, defined as
relief of ischemic pain and tissue heal-
ing. This was the first study to support
primary stent placement in the lower
extremities. More recently, studies have
also demonstrated that balloon PTA
procedures can result in a 77%-100%
technical success rate in BTK interven-
tion (11). Furthermore, the recent in-
troduction of long, low profile angio-
plasty balloon catheters and microwire
systems have improved endovascular
treatment approaches by extending the
range of lesions that are treatable with
a primary endovascular technique (11).
One study of 58 patients treated with
long low-profile 80 - to 120-mm angio-
plasty balloons reported a 15-month
100% limb salvage rate (11).

However, it is well established that
balloon PTA procedures in BTK pa-
tients encounter significant patency
problems in the long-term, with one-
year patency rates as low as 58% (38).
Technical skills, device type, and entry
site all affect the treatment success of
BTK endovascular therapy. Addition-
ally, tissue healing is more demand-
ing of the arterial supply than ulcer
prevention, which may explain why
the short-term benefits of a stent out-
weigh the benefits for low long-term
patency rates. Other advances, such as
cryoplasty and laser-assisted recanali-
zation techniques, have not been fully
accepted to date. There is increasing
interest in debulking atherectomy in
the infrapopliteal arteries. Several de-
vice companies are producing small
atherectomy devices intended for use
in the tibial vasculature and even with-
in the pedal circulation (Fig. 2). Given
the paucity of long-term patency data
in patients treated with these devices,
the extent to which lesion debulking
decreases limb loss and improves qual-
ity of life is unknown, as is the durabil-
ity of these results.

Measures of success and quality of life

The success of endovascular therapy
is described by patency and amputa-
tion-free survival rates. However, with
the advent of newer and less invasive
tools, the safety and efficiency of each
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procedure should also be considered in
determining the best treatment strat-
egy. One study examined the safety
standard of all percutaneous lower ex-
tremity techniques, including atherec-
tomy devices, primary PTA and PTA
with stent placement, by evaluating
the likelihood of a given procedure
producing a distal embolic event (58).
In this study, the Jetstream Atherec-
tomy Catheter and the Diamondback
360 catheter were associated with sig-
nificantly greater embolization rates
than other tested treatment modalities
(58). Embolic protection devices, pri-
marily used with carotid artery stent-
ing, are available, and some can be
used with both the Jetstream and Sil-
verhawk atherectomy catheters.

When successful, limb salvage pro-
cedures may offer financial advan-
tages. For instance, the postoperative
medical costs of care for an amputee
are considerable and have been esti-
mated as two times greater than the
costs of operative and postoperative
care (5, 9). Unfortunately, CLI patients
commonly suffer from associated co-
morbidities such as renal disease and
diabetes mellitus, which are associated
with decreased rates of limb salvage (5,
12). The microvascular and small-ves-
sel diseases associated with CLI likely
explain the poor clinical outcomes de-
spite revascularization and may serve
as an important prognostic indicator
of treatment success. Thus, there is a
need for innovative diagnostic tech-
niques that can afford views of the
smaller arterial vessels and, if possible,
the capillary bed to allow for better pa-
tient selection.

Microcirculation

Microcirculation is often character-
ized as the system of vessels that in-
cludes the arterioles, the capillaries,
the venules, and the lymphatic vessels.
Skin microvessels, in particular, have
recently been suggested to be good in-
dicators for evaluating systemic vascu-
lar diseases, including CLI (59). Notice-
ably, CLI patients often present with
edema, a possible result of compro-
mised capillary vasomotor responses,
which lead to capillary hypertension
and excess fluid filtration (59).

The endothelium, lining the inner
surface of all vessels, plays a crucial
role in maintaining vascular hemosta-
sis, and its dysfunction is recognized
as an early sign of common vascular
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pathologies such as atherosclerosis,
inflammation, and thrombosis. Under
normal conditions, the endothelium is
in a quiescent state and has a normal
morphology. The blood flows unper-
turbed as the leukocytes and platelets
are in a nonsecretory and nonadher-
ent state. However, in symptomatic
patients with intermittent claudica-
tion, exercise can elicit a symptomatic
response, causing a reduction in the
blood flow to ischemic areas with a
subsequent acute reduction of per-
fusion pressure (60). The endotheli-
um reacts to ischemia by becoming
pro-thrombotic, activating the coagu-
lation cascade and promoting platelet
adhesion (60). It also expresses adhe-
sion molecules favoring leukocyte,
erythrocyte and platelet plugging,
resulting in increased blood viscosity
(60). Furthermore, while leukocyte and
platelet activation may pose a physical
obstruction in microcirculation, acti-
vated leukocytes can also release nox-
ious chemicals, including proteolytic
enzymes, oxygen free radicals and leu-
kotrienes, which promote further endo-
thelial damage, thereby increasing vas-
cular permeability and plasma leakage
(60). As a result, these contributors can
act as a self-perpetuating model that
promotes endothelial injury and in-
creases in vascular permeability, result-
ing in fluid leakage, interstitial edema
and local capillary collapse and further
exacerbating the compromised capil-
lary hemodynamic system. Endothelial
dysfunction also results in the failure
of endothelium-mediated mechanisms
of vascular tone regulation, such as the
synthesis of nitrous oxide.

The relationship between the mac-
roscopic angiographic appearance and
microcirculation as well as the impact
of postural changes to the microcircu-
lation and how those changes can help
better predict the need for amputation,
continues to be poorly understood and
visualized.

Conclusion

Ischemia necessitates an aggressive
treatment plan to restore proper he-
modynamic flow if tissue death and
infection are to be avoided. As a result,
the development of CLI requires im-
mediate action towards revasculariza-
tion. However, successful treatment
will likely hinge on individual patient
evaluations; multiple factors including
age, comorbidities, and quality of life

will all need to be considered to select
the best treatment option.
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