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smoke, hypertension, dM, CKd-hd) with the prevalence 
of lesions across different arterial districts.

a hierarchical model building approach was used to 
test the association between vessel disease localization 
DQG�&/,�� ,Q� WKH� ¿UVW� VWHS��ZH�PRGHOOHG� VHYHUDO� XQLYDUL-
ate logistic regression models (one for each Pad localiza-
tion). in the second step, we adjusted each initial model 
for potential cardiovascular risk factors (i.e. age, gender, 
BMi, smoke, hypertension, dM, CKd-hd). in the third 
step, we included all vessel disease localizations and car-
diovascular risk factors in the same model to evaluate the 
independent association of vessel disease localization with 
Cli odds. The latter model allowed discriminating the ef-
fect of each vessel disease localization independent of the 
occurrence of vessel disease in different regions of the 
lower limb arterial tree. P values <0.05 were considered 
VWDWLVWLFDOO\�VLJQL¿FDQW��$OO�DQDO\VHV�KDYH�EHHQ�FDUULHG�RXW�
with sas 9.2®.

The study protocol was approved by the local ethic 
Committee. The study was investigator initiated and re-
ceived no funding. data were gathered by the investigators 
during their clinical practice. data analysis was performed 
by an independent biostatistician (lN).

figure 3.—example of severe sad. Tibial arteries are patent. dorsalis 
pedis artery is occluded, the plantar arteries are diffusely diseased. The 
arch is occluded, only diseased fragments of the small arteries can be 
LGHQWL¿HG�

table i.— Patients’ characteristics.
Characteristics Value

N. patients 1613
age 72.4±10.8
Women 502 (31.1%)
diabetes 1264 (78.4%)
smoke history 820 (50.8%)
high blood pressure 1429 (88.6%)
CKd-hd 286 (17.7%)
underweight 128 (7.9%)
overweight 398 (24.7%)
obese 303 (18.8%)

table ii.— Limb characteristics.
Characteristics N. (%)

N. limbs 1915
fontaine score

2 183 (9.6%)
3 90 (4.7%)
4 1642 (85.7%)

study of big foot arteries 1711 (89.3%)
study of small foot arteries 1640 (85.6%)

table iii.— Prevalence of lesions and lesion severity across arte-
rial districts in 1915 limbs.

Parameter stenosis occlusion any disease

aTg 187 (9.8%)
Common iliac 27 (1.4%) 23 (1.2%) 50 (2.6%)
external iliac 61 (3.2%) 37 (1.9%) 98 (5.1%)
Common femoral artery 61 (3.2%) 24 (1.2%) 85 (4.4%)

sfa 871 (45.5%)
Proximal 204 (10.7%) 322 (16.9%) 526 (27.5%)
Medial 233 (12.2%) 424 (22.2%) 657 (34.3%)
distal 228 (11.9%) 353 (18.5%) 581 (30.3%)

P-TPT 886 (46.3%)
Proximal 148 (7.7%) 198 (10.4%) 346 (18.1%)
Mid 223 (11.7%) 184 (9.6%) 407 (21.3%)
distal 171 (8.9%) 197 (10.3%) 368 (19.2%)
Tibial-peroneal trunk 291 (15.2%) 313 (16.4%) 604 (31.5%)

anterior tibial 1398 (73.0%)
Proximal 430 (22.5%) 811 (42.4%) 1241 (64.8%)
distal 281 (14.9%) 901 (47.7%) 1182 (61.72%)

Posterior tibial 1549 (80.9%)
Proximal 364 (19.1%) 989 (51.9%) 1353 (70.65%)
distal 275 (14.7%) 1020 (54.7%) 1295 (69.4%)
infra-malleolar 272 (14.8%) 965 (52.5%) 1237 (67.2%)

Peroneal 845 (44.1%)
Proximal 302 (15.8%) 376 (19.6%) 678 (35.4%)
distal 199 (10.5%) 341 (18%) 540 (28.2%)
dorsalis pedis* 262 (15.3%) 381 (22.3%) 643 (37.6%)
lateral plantar* 329 (19.2%) 663 (38.8%) 992 (58.0%)
Medial plantar* 269 (15.7%) 567 (33.2%) 836 (48.9%)
small foot arteries** 271 (16.5%) 143 (8.7%) 414 (25.2%)

data are presented as number of cases (percentage).
*Base, N.=1711 legs with the study of big foot arteries; **base, N.=1640 legs with 
the study of small foot arteries.

Small Artery Disease Is Common
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Severity of Runoff Disease Has Changed
Due to Diabetes and Renal Failure Kim and Schneider. J Endovasc Ther 2020

Small Artery Disease is Common and
Is a Major Risk Factor for CLTI

> 50% 2-3 BTA 
vessel disease

25% arch disease

Angiographic 
evaluation

of 1915 Limbs

SAD = Plantar arch and the 
small arteries rising from it

Any 
plantar/DP + 
SAD at high

risk for 
developing

CLTI:
Odds Ratio 13
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2.27; p ¼ 0.065). The optimal change in TBI cutpoint
of was 0.21 (AUC: 0.56), which was significantly
associated with increased wound healing during
follow-up (HR: 1.57; 95% CI: 1.01 to 2.43; p ¼ 0.044),
as well as less risk of MALE (HR: 0.27; 95% CI: 0.10 to

0.78; p ¼ 0.015). There was no significant association
between an increase in TBI $0.21 and need for sub-
sequent PTA. After multivariable adjustment for
presence of diabetes, age, glomerular filtration rate,
history of smoking, and Rutherford class, and base-
line TBI, an increase in TBI $0.21 remained inde-
pendently associated with improved wound healing
(HR: 1.63; 95% CI: 1.02 to 2.59; p ¼ 0.039) and less
MALE (HR: 0.27; 95% CI: 0.09 to 0.14; p ¼ 0.014), but
not less need for subsequent PTA.

On Kaplan-Meier analysis the probability of wound
healing was significantly greater in patients with a
TBI increase $0.21 (log-rank p ¼ 0.042) (Figure 4A). In
addition, there was substantially less need for MALE
in patients with an increased TBI $0.21 (log-rank
p ¼ 0.0094) (Figure 4B).

DISCUSSION

Hemodynamic assessment of lower extremity perfu-
sion in patients with CLI remains a challenge;
although TBI has been shown to have better accuracy
for the diagnosis of CLI than for ABI (4,7–9,12,13), the
value of ABI and TBI in post-intervention surveillance
and prognostication is less clear. This is the first
study to demonstrate the use of serial pre- and post-
procedural ABI and TBI testing for the prediction of
wound healing and MALE following endovascular
therapy for CLI. We demonstrate that an increase in

FIGURE 4 Kaplan-Meier Analysis of Wound Healing and MALE Post-Procedure According to Change in TBI

(A) The cumulative probability of wound healing was greater in patients with a toe-brachial index (TBI) increase of at least 0.21 following
endovascular revascularization. (B) Likewise, patients with an increase in TBI of at least 0.21 has a lower probability of major adverse limb
events (MALE) during follow-up.

FIGURE 3 Distribution of TBI Pre- and Post-Procedure

Violin plot demonstrating there was a significant increase in
mean and median toe-brachial index (TBI) post-procedure
compared to pre-procedure. The shaded yellow area describes
TBI probability density, the blue box with notches the median
and interquartile range, the red dot the mean, the vertical
line "1.5 interquartile range, and the individual dots the
outliers.
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Minimal or No Improvement in TBI=
Poor Wound  Healing and Higher MALE

Reed et al. JACC Cardiovasc Interv 2017;10:2451

P50.03) were associated with an ankle pressure improvement of

>73. We also performed a multivariable analysis adjusting for all clini-

cal characteristic in Table I, specific angiographic data (number of dis-

eased vessels and status of plantar arch), baseline ankle pressure, and

for the study arm (drug-coated balloon versus angioplasty only).

Higher baseline ankle pressure (RR50.97, P<0.0001) and history of

hyperlipidemia (RR53.62, P50.007) remained associated with an

improvement in ankle pressure in addition to smoking (RR50.42,

P50.04). Owing to small number of patients with available toe pres-

sure measurements, only univariate analyses were executed and

found smoking (RR55, P50.02) to be the only significant predictor

of toe pressure increase.

4 | DISCUSSION

In the international, multicenter, randomized, core-laboratory adjudi-

cated IN.PACT DEEP trial of patients with CLI and infrapopliteal dis-

ease, we found that the majority of the patients had small incremental

improvement in their hemodynamic parameters post-revascularization;

however, only an improvement in toe pressure or TBI, not ankle pres-

sure or ABI, was protective against future major adverse limb events

even after adjustment for important clinical variables. These changes

were quantitatively small with few patients ever reaching normal toe

pressure or TBI as defined by the ACC/AHA guidelines (Fig. 4 and Sup-

porting Information, Fig. 4) [12]. Our findings highlight the need for

better perfusion assessment in patients with CLI to guide revasculariza-

tion and to hemodynamically monitor patients both intraprocedurally

and in follow-up.

To date, studies examining changes in ABI have tested the associa-

tion between changes in baseline ABI and follow-up (at 6 or 12

months) ABI to predict patency and not quality of perfusion (discharge

minus baseline measurement) [2–6,13,14]. Furthermore, these studies

were mainly conducted in patients with claudication and did not

explore the effect of these changes in patients with CLI and impor-

tantly on outcomes such as MALE. McDermott et al. found that claudi-

cants and patients with asymptomatic PAD who underwent

FIGURE 3 Unadjusted Kaplan–Meier curves among ankle (Panel
A) and toe (Panel B) pressures groups for MALE. The log-rank test
revealed a statistically significant difference between MALE only
among the toe (Panel B), not the ankle (Panel A), pressure groups.
MALE5major adverse limb events [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE II I Incidence of MALE and its subgroups across the different ankle and toe pressures groups

Events Ankle pressure population (n5 270) Toe pressure population (n5 44)

Group 1
(change>
73 mmHg)
(n5 47)

Group 2
(change!
73 mmHg)
(n5223) P value

Group 3
(change>
1 mmHg)
(n5 30)

Group 4
(change!
1 mmHg)
(n514) P value

Male 11 (23%) 81 (36%) 0.13 7 (23%) 7 (50%) 0.09

Death 2 (4%) 24 (11%) 0.27 3 (10%) 1 (7%) 1

TLR 5 (11%) 25 (11%) 1 1 (3%) 3 (21%) 0.09

Amputations (minor or major) 7 (15%) 52 (23%) 0.28 3 (10%) 6 (43%) 0.02

FIGURE 4 Toe pressure values before and after revascularization.
Fourteen (50%) patients had an improvement in their toe pressure
measurements following revascularization; 3 of them had improved
to a toe pressure between 50 and 69 mmHg, and 10 others to a
toe pressure "70 mmHg [Color figure can be viewed at
wileyonlinelibrary.com]

990 | HAMMAD ET AL.

Toe Pressure Not Improved=
Lower MALE-Free Survival

Hammad et al Catheter Cardiovasc Interv 2017;90:986

Hemodynamics from IN.PACT Deep

Intervention does not provide 
improvement in toe pressure:

MALE-Free Survival = 50% at 1 year

TBI increase <0.21:
Wound healing only 50% at 1 year

No Improvement in Foot Perfusion Leads to More Amputation

Non-Target Lesion Ischemia Is More Common
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Figure 2. Amputation free survival after early, late or no reintervention following 352 
endovascular revascularization for critical limb ischemia in 263 elderly patients, (p<0.001) 353 
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Figure 3. Survival after early, late or no reintervention in 263 elderly patients with critical 355 
limb ischemia treated by endovascular revascularization (p=0.047) 356 
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Lack of Clinical and Hemodynamic Improvement Prompts 
Early Reintervention (<3months) 

Reintervention required in 32%

Early (<3months) in 48% of
those requiring reintervention

15% of all CLTI patients 
underwent early reintervention: 
AFS 36% at one year

Non-target lesion ischemia is a cause of early reintervention.
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More Complex Disease=More Risk of Emboli

Embolization Detected Intraoperatively by Pedal Artery Duplex

Courtesy: J Sommerset, RVT

Flow nearly undetectable
after numerous embolic signals

Embolic signals in
lateral plantar artery

Case example

Embolic signature interpretation
Small pHits: thin line above the baseline anytime during the cardiac cycle.  

Large (Gig) pHits:  larger and wider 
signature and occur above the baseline 

anywhere during the cardiac cycle.  

Emboli During Balloon Inflation and Deflation

Case example
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Proximal 
protection

Cessation of antegrade 
flow: Aspiration for flow 
reversal

Popliteal stenosis
Single vessel 
peroneal runoff with 
proximal occlusion

75 yo F R5 non-healing 4th ray amputation `

1.25 micro orbital 
atherectomy crown

No deployment 
site injury

Popliteal DCB
peroneal PTA

Completion 
angiogram

INTERVENTION

Device 
deployment Aspiration 

and flow 
reversal

65 yo M R5 at hallux amp site and medial plantar wound and tibal CTOs

Cessation of 
antegrade 

flow

Retrograde 
collateral 
flow

Popliteal 
deployment site 
after removal à  

no injury Pedal runoff à  
no emboli
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Embolic Material Removed

Plaque

Loose 
clot

Red blood cells

Plaque

RBC’s

<0.1 mm
Micro-emboli

>0.2 mm 
Macro-emboli

Embolization and Micro-Circulatory Injury

Non-target Lesion Ischemia Due to It Embolization

Angiographic Cut-off

Perfusion Deficits
No/Slow Flow

Loss Of Wound Blush

Delayed Wound Healing
Unplanned Amputation

Early Reintervention
No Hemodynamic Improvement from Intervention

Distal Micro-Embolization During Complex Endovascular Procedures – The Underestimated Threat

Conclusion

• Embolization is more common and is doing more 
damage than we think.

• Sensitive embolic detection methods may help us 
find ways to prevent the microcirculatory damage 
and poor outcomes caused by embolization.

•  Proximal embolic protection with flow cessation and 
aspiration is one potential solution.

Distal Micro-Embolization During Complex 
Endovascular Procedures –
The Underestimated Threat

Peter A. Schneider, MD
University of California San Francisco


