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Introduction

Peripheral artery disease (PAD) is common in 
patients with end-stage renal disease (ESRD). Arterial 
occlusive disease is a manifestation of systemic 
atherosclerosis. Therefore, patients with PAD are more 
likely to develop cardiovascular events such as 
coronary artery disease (CAD) and stroke1-3). As PAD 
leads to a poor prognosis and quality of life, 
noninvasive screening methods involving the ankle-

brachial index (ABI) and skin perfusion pressure (SPP) 
are strongly recommended for hemodialysis (HD) 
patients. Major cardiovascular disease societies 
recommend the ABI as the primary screening method 
for early detection and as an indication for therapeutic 
intervention4, 5). Since blood pressure is usually higher 
at the ankle than at the arm, an ABI ＜0.9 suggests 
the presence of an obstructive disorder, whereas an 
ABI ＞1.4 indicates the presence of non-compressible 
calcified vessels6). In addition, several studies have 
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Measurements and Classification
The SPP was measured at the soles of the feet 1 

h after initiating HD treatment when the patients 
were in a stable and supine position. The 
measurements were performed using a laser Doppler 
probe device and a SensiLase PAD4000 Doppler 
Waveform Analyzer (Kaneka Medix Corp., Osaka, 
Japan). The lowest value for the two feet was included 
in the analysis of the ischemic status. The 
measurements were conducted by well-trained 
operators and were repeated in healthy volunteers. 
The intra-observer variance was 4.21%, the inter-
observer variance was 3.55%, and the average value 
was 78.2±9.2 mmHg15). In contrast, the ABI was 
measured before HD treatment in the supine position, 
with the limbs at the level of the heart. The ABI was 
calculated by dividing the lowest systolic blood 
pressure in both ankles by the systolic blood pressure 
in the arm without vascular access. SPP and ABI 
values were measured on different days, but within 
one year, since our preliminary study confirmed that 
SPP values were stable for at least one year.

We stratified the patients according to the tertiles 
or quintiles of the SPP or ABI values, and compared 
their prognoses. Abnormal SPP and ABI were defined 
as ＜50 mmHg and ＜0.9 or ＞1.4, respectively, based 
on previous guidelines5, 13).

Outcomes
The primary outcome was the time to the first 

composite endpoint event with all-cause mortality and 
any hospitalization for an AVE (including CAD, 
stroke, or PAD). The secondary outcome was time to 
death or an AVE. Cardiologists diagnosed CAD 
including acute coronary syndrome, myocardial 
infarction, percutaneous coronary intervention, and 
coronary artery bypass graft surgery. Neurologists 
diagnosed stroke, including atherosclerotic ischemic 
stroke or intracerebral hemorrhage. Cardiologists also 
diagnosed PAD, including vascular interventions due 
to lower limb ischemia (e.g., endovascular treatment, 
or amputation) and symptoms of critical limb ischemia 
(e.g., pain at rest, intractable ulcers, or gangrene). The 
incidence of all events was determined based on 
electronic medical records from May 2013 to April 
2021, with a maximum follow-up period of five years.

Statistical Methods
The baseline characteristics of the study 

population are presented as the mean±standard 
deviation for normally distributed variables and the 
median (interquartile range) for non-normally 
distributed variables. The relationship between SPP 
and ABI was explored using a scatter plot and 

reported that an abnormal ABI is a reliable marker not 
only for detecting PAD, but also for predicting death 
and cardiovascular events, independent of conventional 
risk factors7-10). However, ABI has some limitations as 
it may produce false negatives in patients with calcified 
arteries, especially in the HD population11, 12). Thus, 
the prevalence of PAD is frequently underestimated 
when assessed using the ABI alone.

The SPP is suitable for the functional assessment 
of local peripheral blood flow. It is a useful alternative 
to the ABI in HD patients because the SPP can be 
assessed even in patients with severe arterial stiffness. 
Okamoto et al. reported that an SPP value of 50 
mmHg is the cutoff value for detecting PAD, with 
84.9% sensitivity and 76.9% specificity13). Moreover, 
we previously reported that low SPP is an independent 
risk factor for atherosclerotic vascular events (AVEs), 
and that an SPP of ＜70 mmHg is associated with 
high mortality and an increased risk of AVEs14, 15). Few 
studies have directly compared the long-term 
prognostic abilities of SPP and ABI16, 17). 

Aim

This study aimed to determine whether a low 
SPP predicts systemic vascular events such as mortality 
and AVEs more accurately than ABI in HD patients.

Methods 

Study Design and Population
This prospective cohort study was performed at a 

single outpatient dialysis center affiliated with Kariya 
Toyota General Hospital (Kariya, Aichi Prefecture, 
Japan). The study was conducted in accordance with 
the principles of the Declaration of Helsinki and was 
approved by the hospital’s institutional review board 
(approval number: 770). The need for informed 
consent was waived because of the observational 
nature of the study.

In total, 461 patients underwent maintenance 
HD at our facility between May 2013 and April 2021. 
Among them, 286 patients underwent measurement 
of both ABI and SPP within one year. Moreover, 28 
patients diagnosed with PAD and those receiving 
therapeutic interventions were excluded (amputation, 
n=6; gangrene, n=10; and revascularization of the 
lower extremities, n=12). In total, 258 patients were 
included in the analysis. In addition, we performed a 
subgroup analysis of patients whose ABI (n=215) and 
SPP (n=230) values were within the normal range to 
determine whether low SPP or ABI was a risk factor, 
even in patients with normal levels.
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C-index, net reclassification improvement (NRI), and 
integrated discrimination improvement (IDI). This 
assessed whether adding SPP or ABI tertiles to a base 
model with 8 established risk factors improved 
predictability. The incidence rates of composite events 
across SPP and ABI levels in patients with normal ABI 
(215 patients) and SPP (230 patients) were estimated 
using Poisson regression models with restricted cubic 
splines. P values of ＜0.05 were considered to indicate 
statistical significance. All statistical analyses were 
performed using Stata SE/16.1 (Stata Corp., College 
Station, TX, USA).

Results

Predictive Values of SPP and ABI in the Entire 
Cohort

The baseline characteristics of the study 
population are presented in Table 1. Of the 258 

Pearson’s correlation coefficient. Kaplan–Meier failure 
curves were used to estimate the cumulative incidence 
of each outcome. The log-rank test was used to 
evaluate the differences in survival curves over the 
5-year follow-up period. Based on previous studies, we 
collected data for 20 confounding factors that are 
known to be associated with the atherosclerotic risk in 
the HD population, 8 of which were selected as 
adjustment factors in the main analysis (i.e., sex, age, 
systolic blood pressure, prior history of AVE, diabetes, 
albumin, C-reactive protein, and hemoglobin)18, 19). 
All missing values were imputed using multiple 
imputations with a chained equation, and 20 imputed 
datasets were created. Univariate and multivariate Cox 
proportional hazards analyses were used to calculate 
hazard ratios (HRs) and 95% confidence intervals 
(CIs). Schoenfeld residuals were used to test the 
assumption of proportional hazards. Furthermore, we 
compared model performances by calculating Harrel’s 

Table 1. Baseline characteristics of the study population

Characteristics Overall SPP ABI

N=258
T1

n=86
T2

n=89
T3

n=83
T1

n=87
T2

n=89
T3

n=82

SPP, mmHg 72.9 (18.2) 52.8 (11.2) 74.7 (4.1) 91.9 (10.0) 61.5 (17.0) 74.6 (15.7) 83.2 (15.1)
ABI 1.13 (0.99, 1.20) 1.00 (0.73, 1.12) 1.12 (1.04, 1.18) 1.19 (1.13, 1.23) 0.90 (0.71, 0.99) 1.13 (1.09, 1.16) 1.23 (1.20, 1.29)
Age, years 70.8 (62.3, 76.0) 73.4 (63.3, 77.9) 68.8 (63.1, 73.7) 68.2 (59.9, 75.8) 71.6 (63.5, 77.8) 71.2 (59.6, 75.8) 68.1 (61.3, 73.7)
Male sex, n (%) 165 (64.0%) 55 (64.0%) 58 (65.2%) 52 (62.7%) 59 (67.8%) 49 (55.1%) 57 (69.5%)
Duration of dialysis, years 1.8 (0.1, 5.7) 2.7 (0.2, 6.8) 1.9 (0.2, 5.6) 0.8 (0.1, 4.6) 2.6 (0.1, 7.9) 1.5 (0.1, 5.3) 1.7 (0.1, 4.1)
Body mass index, kg/m2 21.9 (19.9, 24.5) 21.4 (19.6, 24.0) 22.6 (20.8, 25.9) 21.7 (19.6, 24.1) 21.7 (20.1, 24.8) 21.9 (19.7, 24.3) 22.2 (19.9, 24.9)
Systolic blood pressure, mmHg 158 (25) 152 (28) 160 (26) 161 (20) 158 (28) 156 (21) 158 (27)
Current smoking, n (%) 34 (13.2%) 13 (15.1%) 7 ( 7.9%) 14 (16.9%) 8 ( 9.2%) 13 (14.6%) 13 (15.9%)
Prior history of 

Any AVE, n (%) 80 (31.0%) 35 (40.7%) 27 (30.3%) 18 (21.7%) 36 (41.4%) 26 (29.2%) 18 (22.0%)
CAD, n (%) 35 (13.6%) 19 (22.1%) 10 (11.2%) 6 ( 7.2%) 20 (23.0%) 什 （12.4%) 4 ( 4.9%)
Stroke, n (%) 51 (19.8%) 17 (19.8%) 20 (22.5%) 14 (16.9%) 18 (20.7%) 19 (21.3%) 14 (17.1%)

Comorbidities
Diabetes mellitus, n (%) 121 (46.9%) 45 (52.3%) 43 (48.3%) 33 (39.8%) 52 (59.8%) 35 (39.3%) 34 (41.5%)
Hypertension, n (%) 167 (64.7%) 44 (51.2%) 60 (67.4%) 63 (75.9%) 57 (65.5%) 57 (64.0%) 53 (64.6%)

Laboratory data
Urea nitrogen, mg/dl 59.8 (13.7) 58.9 (13.2) 57.9 (13.4) 62.9 (14.1) 59.3 (13.3) 58.9 (13.8) 61.5 (13.9)
Creatinine, mg/dl 9.7 (2.7) 9.3 (2.6) 9.9 (2.5) 9.8 (2.9) 9.7 (2.6) 9.6 (2.6) 9.9 (2.8)
Albumin, g/dl 3.7 (3.4, 4.0) 3.7 (3.4, 3.9) 3.7 (3.5, 4.0) 3.7 (3.4, 3.9) 3.6 (3.3, 4.0) 3.7 (3.5, 4.0) 3.7 (3.5, 3.9)
C-reactive protein, mg/dl 0.13 (0.05, 0.47) 0.19 (0.07, 0.63) 0.13 (0.05, 0.41) 0.07 (0.04, 0.35) 0.18 (0.07 , 0.57) 0.13 (0.06, 0.54) 0.08 (0.04, 0.21)
Albumin-adjusted Ca, mg/dl 9.0 (0.6) 9.0 (0.7) 9.0 (0.6) 8.9 (0.6) 9.0 (0.7) 9.0 (0.6) 8.9 (0.6)
Phosphate, mg/dl 5.1 (1.3) 4.9 (1.3) 5.1 (1.2) 5.2 (1.4) 5.1 (1.3) 4.9 (1.3) 5.3 (1.3)
Intact PTH, pg/ml 206 (132, 289) 222 (135, 284) 199 (132, 258) 198 (130, 316) 199 (129, 250) 198 (132, 289) 231 (133, 318)
Hemoglobin, g/dl 10.4 (0.8) 10.3 (0.8) 10.5 (0.8) 10.4 (0.9) 10.4 (0.8) 10.5 (0.8) 10.3 (0.8)
Total cholesterol, mg/dl 156 (135, 178) 146 (129, 169) 161 (139, 181) 159 (140, 190) 151 (126, 174) 156 (133, 176) 159 (145, 190)
HDL cholesterol, mg/dl 50 (40, 60) 48 (40, 58) 48 (38, 59) 56 (42, 65) 46 (38, 58) 50 (40, 60) 50 (40, 63)

Values for continuous data are given as mean±standard deviation or median (25-75th interquartile range) and those for categorical data, as count 
(percentage). The cut-off points for tertile divisions were 67 mmHg and 81 mmHg for SPP and 1.06 and 1.18 for ABI.
SPP, skin perfussion pressure; ABI, ankle-brachial index; Tl, 1st tertile; T2, 2nd tertile; T3, 3rd tertile; N, number of all patients; n, number of 
patients in each specific group; AVE, atherosclerotic vascular event; CAD, coronary artery disease; Ca, calcium; PTH, parathyroid hormone; HDL, 
high-density lipoprotein.
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8.1, and 5.1 per 100 PY (p=0.003); and those of 
AVEs were 18.3, 8.8, and 6.0 per 100 PY (p＜0.001) 
[Fig. 1 (A), (B), and (C)]. In the ABI group, the rates 
of composite events during the 5 years were 23.2, 
13.2, and 11.6 per 100 PY (p=0.003), respectively, 
those of mortality were 11.9, 6.3, and 8.5 per 100 PY 
(p=0.069), and those of AVE were 16.0, 9.3, and 6.2 
per 100 PY (p=0.005) [Fig. 1 (D), (E), and (F)]. The 
low tertiles of SPP and ABI were associated with a 
significantly higher incidence of events.

Table 2 presents the results of the Cox 
proportional hazards models for each endpoint in the 
univariate and multivariate analyses of the 258 
patients. As a result of the composite event, with the 
3rd tertile (T3) of SPP as the reference value, the 
adjusted HR (aHR) was 2.58 (95% CI: 1.57–4.23) 
for the 1st tertile (T1) and 1.50 (95% CI: 0.89–2.53) 
for the 2nd tertile (T2). Regarding the ABI, the aHR 
was 1.70 (95% CI: 1.06–2.73) for T1 and 1.36 (95% 
CI: 0.82–2.25) for T2. Adjustment for 20 literature-

participants, 165 (64.0%) were men, with a median 
age of 70.8 years (62.3–76.0) and a median HD 
duration of 1.8 years (0.1–5.7). One hundred sixty-
one (62.4%) patients underwent SPP and ABI 
evaluations within 3 months, and the median absolute 
day gap between these measurements was 63 (19-166) 
days. The mean SPP and median ABI were 72.9±
18.2 mmHg and 1.13 (0.99–1.20), respectively. The 
cutoff values of the tertiles were 67 and 81 mmHg for 
SPP and 1.06 and 1.18 for ABI. A scatterplot showing 
the relationship between the SPP and ABI values is 
presented in Supplemental Fig. 1 with a Pearson’s 
correlation coefficient of 0.56 (p＜0.001). 

During the follow-up period [median, 3.7 years 
(1.4–5.0) years], 119 composite events occurred, 74 
patients died, and 73 AVEs occurred (Supplemental 
Table 1). Across the tertiles of SPP, the incidence rates 
of composite events during the 5 years were 27.5, 
13.3, and 9.1 per 100 person-years (PY), respectively, 
(log-rank: p＜0.001); those of mortality were 13.4, 

Fig. 1. Cumulative incidence of outcomes stratified by SPP and ABI tertiles in all patients
Kaplan–Meier failure curves show the cumulative incidence of outcomes. In terms of the composite event at the 5-year time point, the tertiles 
were 0.74, 0.48, and 0.38 for SPP T1, T2, and T3, respectively (p＜0.001) (A), and 0.70, 0.48, and 0.44 for ABI T1, T2, and T3 (p=0.003) 
(D). For all-cause death, the tertiles were 0.52, 0.34, and 0.23, respectively for SPP (p=0.003) (B), and 0.47, 0.28, and 0.36 for ABI 
(p=0.069) (E). For AVEs, the tertiles were 0.60, 0.35, and 0.27, respectively, for SPP (p＜0.001) (C) and 0.56, 0.37, and 0.26 for ABI 
(p=0.005) (F). 
SPP, skin perfusion pressure; ABI, ankle-brachial index; AVEs, atherosclerotic vascular events; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile.
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p=0.712). These model performance comparisons 
clarified that the SPP outperformed the ABI in 
predicting mortality and cardiovascular outcomes in 
the HD population.

Subgroup Analysis of Patients with Normal ABI 
and SPP Levels

We performed subgroup analyses of patients with 
normal ABI values (n=215) and normal SPP values 
(n=230), and divided them into tertiles. The cutoff 
values of the SPP were 71 and 83 mmHg in a normal 
ABI group, while those of the ABI were 1.06 and 1.18 
in a normal SPP group. Supplemental Table 3 shows 
the characteristics of the patient backgrounds of the 
normal ABI group, comparing SPP T1 to SPP T2+T3. 
Significant differences were observed in old age, low 
systolic blood pressure, prevalence of CAD and 
diabetes, and low cholesterol. Across the SPP tertiles, 
the incidence rates of composite events were 20.3, 9.9, 
and 9.8 per 100 PY (log-rank: p=0.002), and those of 
mortality were 11.2, 5.5, and 5.4 per 100 PY 
(p=0.025). Across the ABI tertiles, the incidence rates 
of composite events were 19.0, 12.7, and 10.5 per 100 
PY (log-rank: p=0.041), and those of mortality were 

based covariates did not substantially alter the results 
(Supplemental Table 2). Similarly, the HRs for 
mortality and AVEs are shown; the effec  t sizes for SPP 
were larger than those for ABI. Moreover, we 
determined the aHR of composite outcomes across 
quintiles using multivariate analyses, as shown in 
Fig. 2. With the 4th quintile (Q4) as the reference 
value, the aHR for SPP increased stepwise up to the 
1st quintile (Q1), whereas that for ABI was not 
significantly different from the 2nd through 5th 
quintiles (Q2–Q5).

Table 3 presents the discrimination parameters 
of the prediction models for the composite endpoints. 
The addition of SPP or ABI tertiles to the basic model 
with established risk factors (SPP or ABI model) 
improved the model performance. Notably, the SPP 
model showed greater improvement than the ABI 
model in terms of Harrell’s C-index (0.721 vs. 0.703), 
NRI (0.330 vs. 0.275), and IDI (0.045 vs. 0.012). 
Furthermore, the addition of the SPP to the ABI 
model significantly improved the NRI (0.359, 
p=0.004) and IDI (0.033, p=0.003), whereas the 
addition of the ABI to the SPP model did not improve 
them (NRI: 0.109, p=0.382, and IDI: 0.001, 

Table 2. Hazard ratios by SPP and ABI tertiles in all patients

Outcomes

Tertile

Overall patients (N=258)

SPP ABI

HRs 95% CI p value HRs 95% CI p value

Composite event Non-adjusted T1 3.05 (1.90, 4.89) ＜0.001 1.99 (1.28, 3.11) 0.002
T2 1.46 (0.88, 2.43) 0.141 1.14 (0.70, 1.85) 0.595
T3 ref. ref.

Adjusted T1 2.58 (1.57, 4.23) ＜0.001 1.70 (1.06, 2.73) 0.028
T2 1.50 (0.89, 2.53) 0.129 1.36 (0.82, 2.25) 0.240
T3 ref. ref.

All-cause mortality Non-adjusted T1 2.70 (1.45, 5.00) 0.002 1.40 (0.82, 2.41) 0.218
T2 1.62 (0.84, 3.14) 0.149 0.74 (0.40, 1.36) 0.326
T3 ref. ref.

Adjusted T1 1.79 (0.93, 3.45) 0.084 1.07 (0.59, 1.93) 0.822
T2 1.52 (0.77, 3.03) 0.230 0.74 (0.39, 1.42) 0.364
T3 ref. ref.

Atherosclerotic vascular events  Non-adjusted T1 3.00 (1.63, 5.51) ＜0.001 2.59 (1.39, 4.81) 0.003
T2 1.45 (0.76, 2.78) 0.262 1.5 (0.78, 2.91) 0.226
T3 ref. ref.

Adjusted T1 2.82 (1.49, 5.33) 0.001 2.38 (1.24, 4.56) 0.009
T2 1.44 (0.74, 2.83) 0.287 1.79 (0.90, 3.58) 0.097
T3 ref. ref.

Cox proportional hazard models were adjusted for eight covariates: sex, age, systolic blood pressure, prior history of AVE and diabetes, albumin, 
C-reactive protein, and hemoglobin levels. The HRs are presented in the 3rd tertile as a reference. The effect sizes for SPP are larger than those for ABI.
SPP, skin perfusion pressure; ABI, ankle-brachial index; HR, hazard ratio; CI, confidence interval; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile;  
ref, reference; BP, blood pressure; AVE, atherosclerotic vascular event.



1708

Hiratsuka et al.

composite events showed an aHR of 1.97 (95% CI: 
1.13–3.41) for SPP T1 relative to T3 and 1.69 (95% 
CI: .02–2.81) for ABI T1 relative to T3 
(Supplemental Table 4). Again, the effect size of SPP 
T1 was larger than that of ABI T1. Supplemental 
Fig. 3 shows that patients with SPP ＜70 mmHg had 
a higher risk of composite events among normal ABI 
patients, and that patients with ABI ＜1.0 were also at 

8.4, 7.2, and 7.2, respectively, per 100 PY (p=0.866) 
(Supplemental Fig. 2). These findings show that the 
event rate was significantly higher in patients with 
SPP T1, even if their ABI was within the normal 
range. Similarly, in the normal SPP group, ABI T1 
was associated with a higher incidence of composite 
events; however, this was not the case for all-cause 
mortality. Cox proportional hazards models of 

Fig. 2. Hazard ratios for composite events across the SPP and ABI quintiles in all patients
Forest plots show the HRs and 95% CIs for each quintile group. The HRs are presented in the 4th quintile as a reference. The Cox 
proportional hazard models were adjusted for eight covariates: sex, age, systolic blood pressure, history of AVEs and diabetes, albumin, 
C-reactive protein, and hemoglobin.
SPP, skin perfusion pressure; ABI, ankle-brachial index; HR, hazard ratio; CI, confidence interval; ref, reference; Q1, 1st quintile; Q2, 2nd 
quintile; Q3, 3rd quintile; Q4, 4th quintile; Q5, 5th quintile; AVE, atherosclerotic vascular event.

Table 3. Discrimination parameters  of four models for predicting the composite outcome

Harrell ’s
C

95%CI NRI p value IDI p value

Model 1 Established risk factors 0.700 (0.656, 0.744) Model 1 ref. ref. ref. ref.
Model 2 Model 1 + ABI 0.703 (0.658, 0.749) Model 2 vs. Model 1 0.275 0.028 0.012 0.073
Model 3 Model 1 + SPP 0.721 (0.677, 0.764) Model 3 vs. Model 1 0.330 0.008 0.045 ＜0.001
Model 4 Model 1 + ABI + SPP 0.721 (0.677, 0.765) Model 4 vs. Model 2 0.359 0.004 0.033 0.003

Model 4 vs. Model 3 0.109 0.382 0.001 0.712

We established risk prediction models for the composite event of death and AVEs. Model 1 includes the eight risk factors identified as in Table 2. In 
Models 2--4, the factors of SPP and/or ABI tertiles are added to Model 1.
Harrell ’s C, Harrell ’s C-statistic; NRI, net reclassification  improvement;  IDI, integrated  discrimination  improvement;  CI, confidence interval; 
ref., reference; ABI, ankle-brachial index; SPP, skin perfusion pressure; AVEs, atherosclerotic vascular events.
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clinical practice in comparison to the ABI even when 
the study population includes patients with normal 
ABI values. A low SPP value with a normal ABI 
reflects older age, a reduced cardiac function, and the 
prevalence of diabetes (Supplemental Table 3), all of 
which are commonly recognized as atherosclerotic 
promoters in patients with ESRD. Therefore, the SPP 
may be more suitable than the ABI as a routine 
screening parameter in HD practice. In addition, the 
ABI should be evaluated secondarily for patients 
whose SPP values are normal, because ABI also 
provides further risk classification (Supplemental 
Table 4 and Supplemental Fig. 3).

We considered why the assessment of the SPP 
was superior to that of the ABI. The SPP is the 
pressure required to restore microcirculatory blood 
flow after the carefully controlled release of occlusion. 
This technical feature can potentially assess the 
peripheral endothelial function more accurately, 
whereas the ABI quantifies only the blood pressure 
ratio between the upper and lower extremities. This 
principle is similar to flow-mediated dilation in terms 
of a blood flow-dependent vasodilatory response22). 
Therefore, the SPP might allow us to stratify the risk: 
SPP ＜30 mmHg indicates delayed wound healing23, 24), 
SPP ＜50 mmHg suggests PAD13), and SPP ＜70 
mmHg implies an increased risk of systemic vascular 
events14, 15).

The present study was associated with several 
limitations. First, a patient selection bias may have 
existed during enrollment. The SPP is routinely 
measured in all patients, whereas the ABI is not 
measured regularly. It is typically measured in patients 
with unstable SPP values or shortly after the initiation 
of dialysis. The median duration of dialysis for 
enrolled patients was 1.8 (0.1–5.7) years (Table 1), 
suggesting that well-conditioned outpatients were 
included in the study. Second, the generalizability of 
the study findings is limited because the study 
population was limited to Japanese HD outpatients. 
Regional characteristics and local treatment techniques 
may have influenced the outcomes. Future studies 
with larger sample sizes of patients with different 
ethnicities should be conducted.

Conclusion

ABI and SPP measurements have a high clinical 
utility in predicting mortality and atherosclerotic 
outcomes in patients undergoing HD. Furthermore, 
the SPP enables the detection of potential risks that 
cannot be assessed by the ABI alone. Measurement of 
the SPP rather than the ABI may contribute to a 
better understanding of how the overall status of the 

a higher risk among normal SPP patients. These 
results indicate that additional SPP and ABI 
measurements are useful tools for further risk 
stratification, even in patients with normal ABI and 
SPP levels.

Discussion

We investigated the long-term prognostic ability 
of SPP and ABI to predict mortality and AVEs in 
patients undergoing HD. The main findings of this 
study are as follows: First, low SPP and ABI values 
were independently associated with a high incidence 
of death and AVEs. This finding could improve the 
model performance in predicting the composite 
outcome beyond the established risk factors. Second, 
the SPP model outperformed the ABI model in terms 
of Harrell’s C-index, NRI, and IDI. Third, as many as 
83% (215/258) of the patients had a normal ABI, and 
the lowest tertile of SPP (T1) was associated with a 
poor prognosis. For these reasons, we suggest that 
physicians assess the SPP as the primary screening 
method in clinical practice, not only for PAD but also 
for prognostication. The ABI should be evaluated 
secondarily to improve screening accuracy for patients 
with normal SPP values.

Worldwide, measurement of the ABI is an 
established screening method for the evaluation of 
atherosclerosis. Several investigators have reported it as 
an independent prognostic factor in patients with and 
without renal dysfunction7-10). Regarding SPP, few 
investigators have described the relationship between 
atherosclerosis and mortality only over a limited 
observation period in patients with ESRD. 
Hatakeyama et al. reported the 2-year prognosis16), 
whereas our follow-up period was 5 years. Otani et al. 
showed associations between ABI and SPP and 
mortality, whereas we assessed the atherosclerotic 
vascular risk17). Furthermore, our previous studies 
have revealed that a low SPP is related to a poor 
prognosis and the incidence of AVEs, and that the 
cutoff value for an increased risk is approximately 70 
mmHg14, 15). To the best of our knowledge, this study 
is the first report to directly compare the ABI and SPP 
while describing the long-term prognosis and 
cardiovascular risk.

ABI measurements still have several limitations 
that make them less sensitive in the HD population 
than in the general population20, 21). The most relevant 
finding of our study was that the SPP could 
compensate for these shortcomings of the ABI in a 
population with severe arterial calcification. It should 
be noted that the SPP enables a more accurate 
assessment of the risk of cardiovascular events in 
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N=258

Supplemental Fig. 1. Correlation between SPP and ABI values
The scatterplot shows the relationship between SPP and ABI values. Pearson's correlation coefficient was calculated to be 0.56 (p＜0.001). 
Blue circles represent patients who did not experience any composite event of death and AVE, whereas red triangles represent those who did. 
We found that the blue circles were concentrated where both SPP and ABI were high.
SPP, skin perfusion pressure; ABI, ankle-brachial index; AVE, atherosclerotic vascular event.

Supplemental Table 1. Description of the primary causes of death and the occurrence of AVEs 

Primary causes of death Number of patients (%) Atherosclerotic vascular events Number of patients (%)

Peripheral artery disease 2 (2.7) Peripheral artery disease 23 (31.5)
Coronary artery disease 6 (8.1) Coronary artery disease 20 (27.4)
Stroke 11 (14.9) Stroke 30 (41.1)
Congestive heart failure 11 (14.9)
Sudden unexpected death 8 (10.8)
Infection 11 (14.9)
Cancer 14 (18.9)
Other 11 (14.9)

total 74 (100) total 73 (100)

Primary causes of death   Atherosclerotic vascular events 

We presented findings on the primary causes of death and the occurrence of AVEs. Cardiovascular events accounted for more than half of all cases 
of mortality. Additionally, the most prevalent AVE was stroke.
AVE, atherosclerotic vascular event; PAD, peripheral artery disease; CAD, coronary artery disease; CHF, congestive heart failure.
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Supplemental Table 2. Hazard ratios for composite events by SPP and ABI tertiles in all patients

Tertile

SPP ABI

Adjusted for 8 factors Adjusted for 20 factors Adjusted for 8 factors Adjusted for 20 factors

HR 95％ CI p value HR 95％ CI p value HR 95％ CI p value HR 95％ CI p value

T1 2.58 (1.57, 4.23) ＜0.001 2.82 (1.62, 4.92) ＜0.001 1.70 (1.06, 2.74) 0.028 1.65 (1.00, 2.74) 0.052
T2 1.50 (0.89, 2.54) 0.129 1.56 (0.89, 2.73) 0.122 1.36 (0.82, 2.25) 0.240 1.36 (0.80, 2.31) 0.253
T3 ref. ref. ref. ref.

Age 1.03 (1.01, 1.04) 0.003 1.02 (1.00, 1.04) 0.069 1.03 (1.01, 1.05) 0.003 1.02 (1.00, 1.04) 0.059
Male sex 1.26 (0.82, 1.92) 0.289 1.40 (0.76, 2.57) 0.281 1.32 (0.85, 2.04) 0.217 1.53 (0.82, 2.85) 0.180
Body mass index 0.96 (0.89, 1.03) 0.212 0.97 (0.91, 1.04) 0.428
Activities of Daily Living 1.08 (0.74, 1.58) 0.707 1.18 (0.81, 1.73) 0.389
Current smoking 1.03 (0.55, 1.94) 0.932 1.23 (0.67, 2.27) 0.505
Systolic blood pressure 1.00 (1.00, 1.01) 0.436 1.00 (0.99, 1.01) 0.736 1.00 (0.99, 1.01) 0.776 1.00 (0.99, 1.01) 0.854
Prior history of AVE 1.16 (0.79, 1.72) 0.443 1.08 (0.71, 1.67) 0.715 1.20 (0.81, 1.78) 0.367 1.10 (0.72, 1.70) 0.653
Diabetes mellitus 1.20 (0.81, 1.77) 0.36 1.30 (0.82, 2.06) 0.266 1.14 (0.77, 1.69) 0.506 1.27 (0.82, 1.99) 0.287
Albumin 0.41 (0.25, 0.66) ＜0.001 0.41 (0.24, 0.70) 0.001 0.43 (0.27, 0.70) 0.001 0.44 (0.26, 0.74) 0.002
C-reactive protein 1.09 (0.96, 1.24) 0.169 1.15 (0.99, 1.33) 0.077 1.12 (0.99, 1.26) 0.064 1.13 (0.97, 1.31) 0.123
Hemoglobin 0.78 (0.62, 0.99) 0.044 0.72 (0.54, 0.95) 0.020 0.76 (0.60, 0.96) 0.022 0.72 (0.55, 0.95) 0.019
Erythropoietin resistance index 0.99 (0.97, 1.02) 0.671 1.00 (0.97, 1.03) 0.886
Calcium-phosphate product 1.01 (0.99, 1.03) 0.222 1.00 (0.99, 1.02) 0.702
Intact parathyroid hormone 1.00 (1.00, 1.00) 0.850 1.00 (1.00, 1.00) 0.936
Antihypertensive drugs 1.06 (0.66, 1.70) 0.814 0.90 (0.57, 1.43) 0.651
Antilipemic drugs 1.11 (0.65, 1.89) 0.708 1.11 (0.64, 1.91) 0.714
Calcium-containing phosphate binders 0.9 (0.49, 1.63) 0.721 0.87 (0.50, 1.51) 0.618
Dialysis time per session 1.00 (0.98, 1.01) 0.699 1.00 (0.98, 1.02) 0.716
Quantity of blood flow in treatment 1.00 (0.99, 1.02) 0.643 1.00 (0.99, 1.02) 0.669
Single pool Kt/V urea nitrogen 1.40 (0.30, 6.56) 0.666 1.62 (0.37, 6.99) 0.520

Cox proportional hazard models were adjusted for 20 literature-based covariates: age, sex, body mass index, activities of daily living, current 
smoking, systolic blood pressure, prior history of AVE and diabetes, laboratory data of albumin, C-reactive protein, hemoglobin, calcium-phosphate 
product, intact parathyroid hormone, erythropoietin resistance index, single-pool Kt/V urea nitrogen, medication status of antihypertensive drugs, 
antilipemic drugs, calcium-containing phosphate binders, dialysis prescription of therapy time per session, and quantity of blood flow per minute. 
Of these 20 factors, we selected eight confounders for assessing model performance (Table 3) or other statistical analyses. We confirmed that the 
HRs were consistent across models, adjusting for 8 or all 20 variables. 
SPP, skin perfusion pressure; ABI, ankle-brachial index; HR, hazard ratio; CI, confidence interval; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile; 
AVE, atherosclerotic vascular event. 
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Supplemental Table 3. Baseline characteristics of patients with normal ABIs in a subgroup analysis 

Characteristics Overall
N=215

SPP T1
n =74

SPP T2 + T3
n =141

p value

SPP, mmHg 76.4 (16.5) 58.9 (9.8) 85.6 (10.9) ＜0.001＊

Age, years 70.1 (60.8, 76.0) 73.6 (61.6, 79.2) 67.6 (60.6, 73.2) 0.004＊

Male sex, n (%) 138 (64.2%) 51 (68.9%) 87 (61.7%) 0.290
Duration of dialysis, years 1.6 (0.1, 5.4) 1.9 (0.2, 5.7) 1.2 (0.1, 5.0) 0.250
Body mass index, kg/m² 21.9 (19.7, 24.6) 21.6 (19.4, 25.0) 22.1 (20.0, 24.4) 0.690
Systolic blood pressure, mmHg 157 (24) 152 (26) 160 (22) 0.028＊

Current smoking, n (%) 29 (13.5%) 10 (13.5%) 19 (13.5%) 0.990
Prior history of

Any AVE, n (%) 59 (27.4%) 28 (37.8%) 31 (22.0%) 0.013＊

CAD, n (%) 22 (10.2%) 13 (17.6%) 9 (6.4%) 0.010＊

Stroke, n (%) 42 (19.5%) 17 (23.0%) 25 (17.7%) 0.360
Comorbidities

Diabetes mellitus, n (%) 96 (44.7%) 40 (54.1%) 56 (39.7%) 0.045＊

Hypertension, n (%) 145 (67.4%) 44 (59.5%) 101 (71.6%) 0.070
Laboratory data

Urea nitrogen, mg/dL 59.9 (13.9) 58.9 (13.5) 60.4 (14.1) 0.450
Creatinine, mg/dL 9.7 (2.7) 9.6 (2.5) 9.8 (2.8) 0.590
Albumin, g/dL 3.7 (3.4, 4.0) 3.7 (3.4, 4.0) 3.7 (3.5, 3.9) 0.900
C-reactive protein 0.12 (0.05, 0.41) 0.13 (0.07, 0.43) 0.08 (0.04, 0.40) 0.066
Albumin-adjusted Ca, mg/dL 9.0 (0.6) 9.0 (0.7) 8.9 (0.6) 0.450
Phosphate, mg/dL 5.0 (1.3) 4.9 (1.3) 5.1 (1.3) 0.370
Intact PTH, pg/mL 206 (129, 296) 207 (118, 274) 206 (132, 300) 0.530
Hemoglobin, g/dL 10.5 (0.8) 10.4 (0.8) 10.5 (0.8) 0.430
Total cholesterol, mg/dL 156 (135, 179) 144 (130, 161) 163 (144, 190) ＜0.001＊

HDL cholesterol, mg/dL 49 (40, 61) 44 (39, 56) 53 (40, 65) 0.020＊

In patients with normal ABI levels, the cut-off points of SPP tertiles were 71 and 83 mmHg. Because those with SPP T1 had a significantly higher 
event rate, the patients’ background characteristics were compared with those of SPP T1 with T2+T3. Differences were assessed using the unpaired 
Student’s t-test, Mann–Whitney test, or chi-square test, as needed. ＊denotes a significance level of p＜0.05. 
ABI, ankle-brachial index; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile; N, number of all patients; n, number of patients in a specific group; SPP, 
skin perfusion pressure; AVE, atherosclerotic vascular event; CAD, coronary artery disease; Ca, calcium; PTH, parathyroid hormone; HDL, high-
density lipoprotein. 
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SPP tertiles in patients with normal ABI levels, n=215 
(A) Composite of death and AVE (B) All-cause mortality 

ABI tertiles in patients with normal SPP levels, n=230 
(C) Composite of death and AVE (D) All-cause mortality 
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Supplemental Fig. 2.  Cumulative incidence of the composite event and mortality stratified by SPP and ABI tertiles in patients 
with normal ABI and SPP

The cut-off points are 71 and 83 mmHg for SPP and 1.06 and 1.18 for ABI. In 215 patients with normal ABI levels, the cumulative 
incidences for the composite events during 5 years were 0.63, 0.40, and 0.41 with p=0.002 (A), and those for death were 0.45, 0.25, and 0.24 
with p=0.025 for SPP T1, T2, and T3, respectively (B). In 230 patients with normal SPP levels, those for composite events were 0.62, 0.47, 
and 0.41 with p=0.041 (C), and those for death were 0.35, 0.31, and 0.32 with p=0.866 for ABI T1, T2, and T3, respectively (D).
SPP, skin perfusion pressure; ABI, ankle-brachial index; AVEs, atherosclerotic vascular events; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile.
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Supplemental Table 4.  Hazard ratios for the composite event and mortality by SPP and ABI tertiles in subgroup analyses of 
normal ABI and SPP levels

(A) Normal ABI patients (B) Normal SPP patients

Outcome Tertile
SPP
HR

95% CI p value ABI
HR

95% CI p value

Composite Non-adjusted T1 2.11 (1.26, 3.52) 0.004 1.80 (1.10, 2.94) 0.018
event T2 1.02 (0.57, 1.81) 0.955 1.20 (0.71, 2.05) 0.484

T3 ref. ref.
Adjusted T1 1.97 (1.13, 3.41) 0.016 1.69 (1.02, 2.81) 0.043

T2 1.08 (0.59, 1.96) 0.791 1.39 (0.79, 2.43) 0.255
T3 ref. ref.

All-cause Non-adjusted T1 2.12 (1.10, 4.12) 0.026 1.15 (0.61, 2.15) 0.663
mortality T2 1.05 (0.49, 2.26) 0.905 0.99 (0.51, 1.79) 0.980

T3 ref. ref.
Adjusted T1 1.53 (0.73, 3.21) 0.255 0.92 (0.47, 1.79) 0.813

T2 1.16 (0.52, 2.57) 0.723 0.97 (0.47, 1.99) 0.939
T3 ref ref.

We performed a subgroup analysis using Cox proportional hazards models to determine whether low SPP or ABI was at risk in patients with 
normal ABI (A) or SPP (B) levels. SPP T1 and ABI T1 were risk factors for composite outcomes, even in patients with normal ABIs and SPPs; 
however, the effect size of SPP T1 was higher than that of ABI T1.
SPP, skin perfusion pressure; ABI, ankle-brachial index; aHR, adjusted hazard ratio; CI, confidence interval; T1, 1st tertile; T2, 2nd tertile; T3, 3rd 
tertile; ref, reference
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Supplemental Fig. 3. The incidence rate of the composite event against SPP and ABI levels in patients with normal ABI and SPP
Incidence rates were analyzed via Poisson regression adjusted for eight risk factors, as shown in Table 2, and presented using a restricted cubic 
spline model. The dashed lines show 95% CIs. The number of patients in the histogram is presented in the second axis. These rates were 
explored across SPP values in patients with a normal ABI (A) and across ABI values in patients with a normal SPP (B). Lower SPP and ABI 
levels were associated with a higher risk, even if ABI or SPP was within the normal range.
SPP, skin perfusion pressure; ABI, ankle-brachial index; CI, confidence interval
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