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Abstract

Background: Patients with critical limb ischemia often have infrapopliteal (IP) chronic

total occlusions (CTOs). While revascularization is indicated to prevent major amputa-

tion, anterograde crossing of these lesions can be challenging, with high failure rates.

Objective: To develop and validate a scoring system that can adequately predict suc-

cessful anterograde crossing of infrapopliteal CTOs.

Methods and Results: A total of 213 IP CTOs (147 successfully crossed with the antero-

grade approach vs. 66 where anterograde crossing failed) were included in the analysis.

Backwards stepwise selection (p for retention <.05) was used to create a multivariable

logistic regression model for the prediction of successful anterograde crossing using vari-

ables that were found to have a p < .1 in univariate analysis. The model was internally val-

idated with bootstrapping and demonstrated excellent discriminatory ability (C-statistic

0.78 and Hosmer-Lemeshow p value = .61). A point score based on the beta-coefficient

of the model variables was created, with one point assigned for presence of a noncentral

(blunt) stump, one point for severe calcification at the entry site, and two points each for

non-restenotic lesions or lesion length > 200 mm. The score was shown to have an excel-

lent discriminatory ability for successful crossing, with low scores (0–2) associated

with low failure rates (10%) and high scores associated with high failure rates (79%).

Conclusions: The Infrapop-CTO score can stratify the procedural complexity of IP

CTOs based on the likelihood of successful anterograde crossing. This score may help

to direct optimal approaches toward infrapopliteal revascularization of patients with

critical limb ischemia.

K E YWORD S

anterograde crossing, below the knee arteries, chronic total occlusions, infrapopliteal disease,

peripheral artery disease, scoring system

Received: 5 September 2019 Revised: 23 November 2019 Accepted: 20 December 2019

DOI: 10.1002/ccd.28693

748 © 2020 Wiley Periodicals, Inc. Catheter Cardiovasc Interv. 2020;95:748–755.wileyonlinelibrary.com/journal/ccd

https://doi.org/10.1002/ccd.28788
https://orcid.org/0000-0002-1381-4754
https://orcid.org/0000-0001-9123-8038
https://orcid.org/0000-0003-0678-4873
https://orcid.org/0000-0002-5682-8363
mailto:ehrin.armstrong@gmail.com
http://wileyonlinelibrary.com/journal/ccd
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fccd.28693&domain=pdf&date_stamp=2020-01-06


1 | INTRODUCTION

Critical limb ischemia (CLI) is defined as ischemic rest pain or tissue

loss in the setting of reduced limb perfusion and is the most severe

manifestation of peripheral artery disease (PAD) involving over

27 million people in the western societies.1 CLI is associated with

poor outcomes and significant morbidity, with major amputation and

mortality rates up to 67 and 40%, respectively.2,3 A significant por-

tion of CLI is attributed to infrapopliteal (IP) chronic total occlusions

(CTOs). Traditionally, CTOs are the most challenging to treat periph-

eral lesions secondary to an obstructive combination of collagen,

atherosclerotic plaque, and calcification. Two different crossing

approaches can be used for the endovascular therapy of IP CTO

crossing: anterograde and retrograde after tibiopedal access.4 Most

interventionalists prefer to start with the technically easier antero-

grade approach. With failure rates ranging from 20 to 40% across

the literature, a switch to tibiopedal access and retrograde crossing

is often pursued in the event that anterograde crossing is not

successful.4–10 However, this leads to increased operative times,

radiation exposure and contrast use, and to a higher risk for compli-

cations. In contrast to other vascular territories, no scoring system

has been developed to predict successful crossing of infrapopliteal

CTOs.11 The aim of the current study was to develop and validate a

predictive scoring system for the successful anterograde crossing of

IP CTOs.

2 | METHODS

2.1 | Study design and data sources

The data that support the findings of this study are available from the

corresponding author upon reasonable request. This retrospective

study was conducted using data from institutional procedural data-

bases derived from the UC Davis Medical Center and Denver VA

Medical Center. The study protocol was approved by the Institutional

Review Boards of both centers.

2.2 | Study population and data collection

All endovascular treated IP CTO lesions that were attempted to be

crossed first with an anterograde crossing direction were deemed

eligible for this study. Two experienced abstractors extracted data

using electronic medical records and angiograms from the two cen-

ters. Board certified cardiologists verified the data extraction pro-

cess. All relevant data for baseline demographic, clinical, laboratory

and procedural characteristics, and outcomes for all patients

treated for an infrapopliteal CTO were collected. Data from 213 IP

CTO lesions intervened with an anterograde-first endovascular

approach in 190 different procedures and 142 patients were finally

analyzed.

2.3 | Data definitions

Two hundred and thirteen infrapopliteal CTOs were analyzed based on

whether the anterograde-first crossing approach was successful. Four

infrapopliteal arteries were considered as possible CTO targets: anterior

tibial, posterior tibial, peroneal, and tibio-peroneal trunk. Lesions were

grouped with the Trans-Atlantic Inter-Society Consensus (TASC) score

to A/B or C/D. Occlusion length was defined as the distance from the

proximal stump until the distal point where the vessel filled during angi-

ography. Occlusion length was grouped in two different levels: ≤ 199

versus ≥ 200 mm, while the occlusion (vessel) diameter was classified

as <3 or ≥ 3 mm. Calcification at the entry site or within the occluded

route of the CTO was characterized according to the angiography as

none, mild–moderate or severe. For the purpose of the analysis and the

predictive score, calcification was further characterized as evident or

not in the entry site, during the occluded route and in general. The

peripheral arterial calcium scoring system (PACSS) classification for cal-

cification. The proximal CTO stump was initially classified as blunt or

central. Central stumps were further categorized as string, eccentric,

beaded, triangle, or convex according to the angiographic morphol-

ogy.11,12 Other angiographic characteristics assessed were the exis-

tence of bridging collaterals, side braches, side branches <1.5

or ≥ 1.5 mm and the presence of multiple side branches. Antegrade

crossing of infrapopliteal CTOs was attempted using 0.01400 or 0.01800

support catheters (e.g., Quickcross, Spectranetics, Inc.) and the use of a

wire escalation strategy utilizing 0.01400 or 0.01800 wires at the discre-

tion of the operator. For 0.01400 wire strategies, the algorithm was gen-

erally to utilize a Fielder XT wire (Asahi, Inc.) followed by a Pilot

200 (Abbott Vascular Inc.) then a Confianza Pro 12 (Asahi, Inc.). For

0.01800 wires, a Treasure 12 (Asahi, Inc.) or Glidewire M (Terumo, Inc.)

was tried first, followed by a Gladius (Asahi, Inc.) and finally Astato

30 (Asahi, Inc.) wire. Lesion success was defined as crossing and treat-

ment with a final residual stenosis < 30%. Similarly, a procedure was

considered successful if all the intervened lesions had a residual steno-

sis <30% without intraoperative complications.

2.4 | Statistical analysis

The study population was stratified based on successful or unsuccess-

ful anterograde crossing of the target IP CTO lesion. Mean with SD

was used for continuous variables and absolute, and relative frequen-

cies for categorical variables. The Wilcoxon rank sum test and the

t test were used to compare continuous variables, and the Fisher's

exact and chi-squared tests were used for categorical variables. Uni-

variate logistic regression analyses were performed to examine the

association between all the potentially and clinically significant base-

line variables, and successful anterograde crossing of the IP CTOs.

Variables with a p < .1 were used as candidate covariates in a multi-

variate logistic regression model for a risk prediction model. The final

logistic regression model was created with backward stepwise selec-

tion using 1,000 bootstrap samples with replacement, using a p value
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TABLE 1 Angiographic and procedural characteristics

Variable Total (n = 213)

Successful anterograde

crossing (n = 147)

Unsuccessful anterograde

crossing (n = 66) p value

Multivessel intervention 128 (60.4) 91 (61.9) 37 (56.9) .494

Mean # of infrapopliteal lesions treated: 1 58 (47.5) 40 (46) 18 (51.4) .730

Mean # of infrapopliteal lesions treated: 2 52 (42.6) 39 (44.8) 13 (37.1)

Mean # of infrapopliteal lesions treated: 3 12 (9.8) 8 (9.2) 4 (11.4)

Anterior tibial 106 (49.7) 71 (48.3) 35 (53) .392

Posterior tibial 63 (29.6) 42 (28.6) 21 (31.8)

Peroneal 25 (11.7) 21 (14.3) 4 (6)

TP trunk 19 (8.9) 13 (8.9) 6 (9.1)

TASC A–B 32 (21.3) 23 (23.7) 9 (17) .336

TASC C–D 118 (78.7) 74 (76.3) 44 (83)

Run-off, mean (SD) 0.97 (.8) 0.98 (.8) 0.95 (.7) .923

FP > 50% stenosis 66 (48.9) 41 (45.1) 25 (56.8) .200

Thrombus 5 (2.4) 4 (2.7) 1 (1.5) .507

Restenosis intervention 21 (9.9) 20 (13.7) 1 (1.5) .003

Calcification in general yes (vs. no) 174 (83.1) 115 (78.2) 62 (93.4) .005

Calcification at the entry site: None 31 (15.5) 25 (18.4) 6 (9.4) .026

Calcification at the entry site: Mild–mod 83 (41.5) 61 (44.9) 22 (34.4)

Calcification at the entry site: Severe 86 (43) 50 (36.8) 36 (56.3)

Calcification during occluded route: None 29 (14.3) 24 (17.4) 5 (7.8) .060

Calcification during occluded route: Mild–mod 90 (44.5) 64 (46.4) 26 (40.6)

Calcification during occluded route: Severe 83 (41.1) 50 (36.2) 33 (51.6)

Stump central (non-blunt) 133 (63) 99 (67) 34 (54) .075

Blunt 60 (28.2) 39 (26.5) 21 (31.8) .09

Stump central: String 91 (42.7) 67 (45.6) 24 (36.4)

Stump central: Eccentric 38 (17.8) 29 (19.7) 9 (13.6)

Stump central: Beaded 15 (7) 6 (4.1) 9 (13.6)

Stump central: Triangle 9 (4.2) 6(4) 3 (4.6)

Stump central: Convex 0 0 0

Bridging collaterals 171 (80.3) 122 (83) 49 (74.2) .098

Side branches 198 (93) 136 (92.5) 62 (94) .479

Side branches <1.5 mm 180 (84.5) 122 (83) 58 (87.9) .362

Side branches >1.5 mm 136 (63.9) 95 (64.6) 41 (62.1) .725

Multiple side branches 176 (82.6) 120 (81.6) 56 (84.9) .567

Pedal access 33 (16) 0 33 (52) <.001

Flouro time 44.2 (23) 38.3 (21) 57.2 (24) <.001

Contrast 191 (90) 193.2 (91) 188.2 (89) .757

Target lesion stenting 31 (14.6) 25 (17) 6 (9.1) .130

Cutting balloon 20 (9.5) 13 (8.9) 7 (10.9) .408

Atherectomy 42 (19.9) 35 (24.1) 7 (10.6) .022

Thrombolysis 7 (3.3) 7 (4.8) 0 .070

Access site hematoma 6 (3) 3 (2) 3 (5) .361

Target lesion complications 22 (10.3) 10 (6.8) 12 (18.2) .009

Perforation 8 (3.8) 2 (1.4) 6 (9.1)

Dissection 13 (6.1) 8 (5.4) 5 (8)

Other 1 (0.5) 0 1 (1.5)

Final crossing success 162 (76) 143 (97) 19 (30) < .001

Target lesion success 167 (78.4) 142 (96.6) 25 (37.9) < .001

Procedural success 165 (85.9) 132 (98.5) 33 (56.9) < .001
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of <.05 for inclusion. A forward stepwise selection to create the multi-

variate model was also used with a p < .05 for retention and it

resulted in the same variables. A receiver operator curve was used to

characterize discrimination of the model. Goodness of fit testing for

the calibration of the model was performed with the use of the

Hosmer-Lemeshow test. The initial model was fitted to the entire data

set and validation was performed by refitting the model in 1000 boot-

strap sample with replacement.13 The final reported estimates of

model discrimination and calibration were reduced to account for

optimism.14 The lineal calibration slope was multiplied with the model

coefficients in order to adjust for model overfitting. Then a risk score

was developed based on a point system that corresponds to the coef-

ficients of the final model, using previously defined methods.15 The

point score was subsequently compared with the length only of the

CTOs to compare discriminatory ability (C-statistic). All analyses were

performed using STATA software (Version 14.1; STATA Corporation,

College Station, TX) or R 3.0.3 (http://www.R-project.org).

3 | RESULTS

In total, 213 IP CTO lesions were included in the analysis. For all these

lesions an initial attempt was made to cross in an anterograde direc-

tion (success in 147/213, 69%). After anterograde crossing failure in

66 cases, a retrograde crossing strategy was applied in 33 of these

cases (50% were abandoned). Among these 33 cases, 19 were crossed

successfully in a retrograde direction (58%). The final overall success

rate was therefore 76.4%. Basic demographic characteristics (age,

gender, and race) were similar between the two groups, with the

exception that patients with a successful anterograde crossing

attempt were less likely to have a history of coronary artery disease

(CAD) (43.5 vs. 60.6%, p = .021) (Supporting Information Table A).

Angiographic and procedural differences between the two groups are

presented in Table 1 and Table 2. Lesions treated successfully with an

anterograde crossing approach were more likely to be restenosis

(p = .003) and less likely to be calcified (p = .005). The total

flouroscopy time was higher in the unsuccessful anterograde crossing

group (57.2 ± 24 vs. 38.3 ± 21 min, p < .001). As expected, target

lesion complications were more likely in the unsuccessful anterograde

crossing group (18.2 vs. 6.8%; p = .009). The results of the univariate

logistic regression analysis for all the variables that were entered in

the multivariate model with backwards selection are presented in

Table 3.

3.1 | Model development

A multivariate logistic regression model was created using covariates

with clinical significance and p < .1 in the univariate analysis for suc-

cessful anterograde crossing. In order to simplify the model for easier

clinical use, calcification at the entry site and calcification in the

occluded route were incorporated into the model as dichotomous var-

iables (severe calcification vs. none, mild, or moderate calcification).

Similarly, for the location of the infrapopliteal lesion, we found that

peroneal location was associated with unsuccessful crossing on uni-

variate analysis and thus the location was entered as a dichotomous

variable as well (peroneal vs. other infrapopliteal locations). For lesion

diameter, after testing different cutoff points to find the one with the

strongest association with successful crossing, we decided on a cutoff

of 3 mm. Similarly for lesion length, a cutoff of 200 mm was proved to

be the ideal in terms of predicting successful anterograde crossing.

After backwards selection, lesion length > 200 mm (OR: 0.15; 95% CI:

0.07–0.32), restenosis (OR: 18.02; 95% CI: 2.12–153.4), severe calcifi-

cation at the entry site (OR: 0.3; 95% CI: 0.15–0.61), and central

stump (OR: 2.02; 95% CI: 1–4.09) were retained in the model. The

original and bias corrected beta coefficients are presented in Table 4.

3.2 | Model assessment

We calculated the C-statistics for our model in the entire population

(0.78 and 0.76 after corrected for optimism). In Supporting Informa-

tion Figure A, we present the observed versus the predicted probabil-

ity of successful anterograde crossing. A fitted polynomial regression

line between the predicted and observed risk of successful crossing

shows that the bias-corrected model has an appropriate calibration

(Hosmer-Lemeshow p = .61).

3.3 | Development of the Infrapop-CTO score

In order to develop a predictive score, we assigned to each of the

four variables identified from the backwards and forward selection

an integer score. In order to create a score with positive only values

and avoid complexity for clinical use, we decided to create a score

that predicts increasing difficulty to cross in an anterograde fashion

the infrapopopliteal CTO lesions. Thus, variables that had a positive

association with successful crossing were reversed (restenosis ≥

non-restenosis lesions, central stump ≥ noncentral stump). Following

prior similar attempts, the integer score assigned to each variable

should be in general proportional to the beta coefficient. We

decided to assign one point to noncentral stump, one point to

TABLE 2 Univariate associations for the variables entered in the
multivariate model with backwards selection

Variable OR 95% CI p

Length > 200 0.18 (0.09–0.34) < .001

Diameter > 3 mm 2.20 (0.96–5.06) .063

Peroneal location 2.58 (0.85–7.85) .094

Central stump 1.67 (0.92–3.02) .092

Bridging collaterals 1.69 (0.84–3.41) .098

Restenotic lesions 10.3 (1.35–78.6) .024

Calcification entry 0.36 (0.20–0.65) .001

Calcification route 0.43 (0.24–0.78) .005
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calcification at the entry site, two points for length > 200 mm and

two points for non-restenotic lesions. In this way, the predictive

score for Anterograde Crossing of infrapopliteal chronic total occlu-

sions (Infrapop-CTO score) that was developed can have values from

“0” to “6.” Among patients with an Infrapop-CTO score of 0, 1, or

2, there were 7/68 (10.3%) failures in the anterograde attempts.

Among patients with Infrapop-CTO score of 3 or 4, the failure rate

was 32/110 (29.1%). Finally, among patients with Infrapop-CTO

score of 5 or 6, the failure rate was 27/34 (79.4%) (Figure 1). The

discrimination of the point system was high (C-statistic: 0.77; 95%

CI: 0.71–0.84. Figure 2).

Some of the most common methods to assess the difficulty of a

potential anterograde crossing of an IP CTO are the length, calcifica-

tion of the vessel, and vessel diameter. In order to assess whether the

scoring system we developed can have better clinical utility compared

to these variables alone, we proceeded to a sensitivity analysis com-

paring the C-statistic of our score to C-statistics of these three vari-

ables. Our score was found to have a better discriminatory ability

compared to lesion length > 200 mm (C-statistic: 0.68; 95% CI:

0.61–0.74, p = .0001), lesion diameter < 3 mm (C-statistic: 0.56; 95%

CI: 0.61–0.74, p < .001) and severe calcification (C-statistic: 0.58;

95% CI: 0.54–0.62, p < .001). Figure 3 presents a scoring sheet, which

is a visual representation of our scoring system. Supporting Informa-

tion Figure B represents a successful anterograde crossing attempt in

a patient with low Infrapop CTO score. Supporting Information

Figure C represents an unsuccessful anterograde crossing attempt in a

patient with high infrapop CTO score.

4 | DISCUSSION

Herein we studied baseline demographic, clinical, and angiographic

characteristics of patients with IP CTOs where crossing was initially

attempted in an anterograde fashion. Lesions successfully crossed

were compared to lesions where the anterograde approach failed, and

clinically significant variables with a p < .1 were used to create a multi-

variate model. Ultimately, four simple variables (length > 200 mm,

severe calcification at the entry site, non-restenotic lesions, and

noncentral stump) were used in a model with very satisfying discrimi-

nation and calibration. A point score derived from the model was cre-

ated based on the β-coefficient of each variable. The scoring system

was shown to have better discriminatory ability compared to lone

angiographic characteristics such as lesion length and calcification

used by interventionalists to predict the successful crossing or not.

Even if the failure rate in our cohort (31%) is within the previously

reported range, it is still high. All these angiograms were obtained dur-

ing real-world endovascular intervention and the majority started with

contralateral access. Thus, our score applies mainly to these cases and

TABLE 3 Multivariable Model
Original Bias corrected

β OR (95% CI) β OR (95% CI)

Intercept 1.312 1.160

Length > 200 −1.907 0.15 (0.07–0.32) −1.69 0.18 (0.09–0.39)

Restenosis 2.891 18.02 (2.12–153.4) 2.56 13 (1.53–110.7)

Calcification entry −1.194 0.3 (0.15–0.61) −1.06 0.35 (0.17–0.70)

Central stump 0.705 2.02 (1–4.09) 0.63 1.87 (0.93–3.77)

F IGURE 1 Rates of failures in the anterograde crossing stratified
by the Infrapop-CTO Score. Observed proportion of all lesions that
were not crossed successfully stratified by the cumulative point score

F IGURE 2 Receiver-operating characteristic (ROC) Curve for
probability of successful anterograde crossing. The area under the
curve was 0.78 [Color figure can be viewed at wileyonlinelibrary.com]
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can help determine whether such cases could be best approached

with anterograde femoral access in a staged manner, or with retro-

grade access. For example, in cases of a lesion with predicted low risk

of success, it may be prudent to either stage the procedure with

anterograde femoral access or switch to a retrograde crossing strat-

egy. Tibiopedal access and retrograde crossing, even if increasingly

utilized the last few years as a secondary approach, is rarely used as

the first option, despite the fact that the failure rates with an antero-

grade approach can be as high as 40% even with experienced opera-

tors and centers.5–9 However, this strategy increases the operation

time and exposes patients and interventionalists to more radiation,

contrast, and a higher complication risk. With the application of the

Infrapop-CTO score early in the treatment approach and algorithm,

lesions with a high risk for failure with an anterograde approach could

be attempted first with a retrograde approach. This approach would

likely save time for physicians and patients, improve outcomes and

decrease complication rates. Successful crossing of infrapopliteal

CTOs is of paramount importance not only for the procedural success

itself but also for the long-term outcomes of these lesions including

limb salvage and mortality rates.10 Previous studies have shown that a

failure to recanalize an infrapopliteal CTO leads to an increased risk of

major amputation in the target limb, and when an infrapopliteal occlu-

sion is successfully treated, limb salvage and survival rates are similar

to patients with stenosis.10 Considering recent data suggesting the

safety of retrograde tibiopedal access, this approach can provide an

alternative first option in specific, well-selected cases.5

The combination of the four variables that we found can success-

fully predict whether an attempt for anterograde crossing of an IP

CTO will be successful. Even if their combination and the creation of

a scoring system is novel, the variables themselves have also been

shown in the past to have a significant association with successful

crossing. Recently the chronic total occlusion crossing approach based

on plaque cap morphology (CTOP) classification was published by

Saab et al.4 They studied peripheral artery CTOs (not limited to IP)

F IGURE 3 A calculation system for
the Infrapop CTO Score
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and they tried to classify these lesions based on the CTO cap mor-

phology with the help of angiography and duplex ultrasonography.

They classified the lesions to four different types based on the proxi-

mal and distal CTO cap (as encountered from an anterograde

approach). Type I had a concave cap both proximally and distally. Type

II had a concave proximal but a convex distal CTO cap. Type III had a

convex proximal and a concave distal CTO cap. Finally, type IV had a

convex cap both proximally and distally. The researchers found that

type I lesions were the easiest to cross in an anterograde fashion and

type IV the most difficult. For types II, III, and IV, there was a benefit

if retrograde tibiopedal access was utilized. We also tried to apply

their results in our cohort. We were able to classify according to the

CTOP system, 189 of our 213 lesions. In total, 18 (9.5%) were classi-

fied as CTOP I, 127 (67.2%) as CTOP II, seven only (3.7%) as CTOP III,

and 37 (19.6%) as CTOP IV. We examined how the different CTOP

classes were associated with successful anterograde crossing. We did

not find an association for CTOP I (OR: 2.35; 95% CI: 0.66–8.4;

p = .19), CTOP II (OR: 1.43; 95% CI: 0.79–2.59; p = .23) or CTOP III

(OR: 1.1; 95% CI: 0.21–5.87; p = .9). On the other hand, we confirmed

their findings regarding CTOP IV lesions which indeed, were less likely

to be successfully crossed in an anterograde fashion (OR: 0.45; 95%

CI: 0.22–0.92; p = .029). The CTOP report suggested that CTOP IV

lesions were more likely to be crossed successfully in a retrograde

fashion. In our analysis, even we confirm the increase level of diffi-

culty for anterograde crossing in CTOP IV class, we did not find any

association between CTOP IV and successful retrograde crossing

(OR: 2.67; 95% CI: 0.56–12.8; p = .22).

In contrast to the CTOP study, we did not take into account the dis-

tal cap and our study was concentrated only to the proximal cap. We did

not divide the caps to convex and concave but to central and blunt. We

further classified the central stumps to string, eccentric, beaded, triangle,

and convex stumps. Central stumps were easier to cross compared to

blunt stumps in our experience but among them, a beaded stump was

the least likely to be crossed successfully in an anterograde way. Even if

the CTOP study primarily concentrated on cap morphology, they also

provide associations for other baseline variables and the likelihood of

successful crossing. Lesion length > 100 mm and severe calcification

(defined as “>5-cm-long segment of calcium on both sides of the artery

or acoustic shadowing prohibiting visualization of the vessel lumen or

cap morphology on duplex”) were important predictors of crossing failure

in the multivariate analysis, findings that were similar to ours.

Even if the CTOP study was the first attempt to classify peripheral

artery CTO caps, it did not include only IP lesions. To the best of our

knowledge, our study is the first attempt to study factors associated

with the successful anterograde crossing of IP CTOs and the first pre-

dictive score in that field. For a predictive score to be useful in the clini-

cal practice, three main criteria have to be met: (a) the score should

have a good discriminatory ability; (b) the score should be easy to use

clinically; (c) the score should have a superior discriminatory ability com-

pared to lone variables and clinical or angiographic characteristics that

can be used instead. Our score had a C-statistic of 0.77 which is very

satisfying overall, considering the nature of our study and not really dif-

ferent from the J-CTO score which is successfully used for coronary

interventions.11 Moreover, it is a score based on four only variables,

which makes it easy to use in daily practice. Finally yet importantly,

when compared to other variables commonly assessed by peripheral

interventionalists to determine the likelihood of a successful antero-

grade crossing, our score demonstrated a higher discriminatory ability.

4.1 | Limitations

There are several potential limitations to our study. First, this was an

observational retrospective study and thus is subject to many different

forms of bias. Since this was a cohort derived from two centers with a

lot of experience in peripheral interventions, an operator and site-based

bias cannot be excluded. Since the cohort that we studied included only

anterograde first interventions, our scoring system cannot provide any

guidance for operators who prefer pedal access and retrograde crossing

of infrapopliteal lesions. The angiographic analysis was entirely per-

formed in our centers, without the use of an independent core labora-

tory. The angiographic analysis did not take into account the distal cap

and the possible presence of additional CTO caps after the proximal

cap which could have further increased the crossing difficulty. More-

over, an ultrasound was not used to better assess the morphology and

other characteristics of the lesions in contrast to other recent studies

evaluation cap morphology.4 Restenosis cases were included in this

study even if this could have led to risk for biased results. Even if by

excluding the restenosis cases we could have reached a more homoge-

neous sample, we decided to proceed to the analysis with the resteno-

sis cases included since they are very often encountered in the daily

routine of peripheral interventionalists and we believed that a score on

anterograde crossing of infrapopliteal CTOs should be broad enough to

cover all the cases. Moreover, contrary to previous attempts, this score

did not take into account the time to successful crossing but only the

success itself as a dichotomous variable.11 Since we used an internal

validation of our results and correction for optimization, which has

been previously successfully used by others, we did not proceed to

external validation of our results. Ideally, we would have validated our

results in a validation cohort as well, but unfortunately, we did not have

access to a second cohort with this level of angiographic detail. We

decided to split the seven different point options (0–6) to three differ-

ent risk groups. Even if a seven group point system would be more

detailed, prior experience in similar scores in the interventional commu-

nity suggests that a scoring system characterized by ease of use is pre-

ferred by clinicians that theoretically more accurate but complicated

systems.3

5 | CONCLUSIONS

We developed and validated an easy to use clinical model based on

four angiographic variables. Our findings can help interventionalists

decide on the optimal crossing approach for infrapopliteal CTOs.

Lesions that belong to the easy to treat group have a very high chance

of successful crossing. Lesions belonging to the very difficult to cross

754 KOKKINIDIS ET AL.



group have a very low chance of successful anterograde crossing and

other options (tibiopedal access with retrograde crossing vs. open sur-

gical approaches) should be sought. Further studies in larger cohorts

are needed to validate the Infrapop-CTO score and expand our

findings.
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