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Objective: To clarify the characteristics of ankle-brachial index 
(ABI), toe-brachial index (TBI), and pulse volume recording 
(PVR) of the ankle with brachial-ankle pulse wave velocity 
(baPWV) in healthy young adults.
Material and Methods: We analyzed ABI, TBI, baPWV, and 
PVR in the ankle of healthy adults aged 20 to 25 years (median, 
20 years) using an automatic oscillometric device between 
2002 and 2013. The ABI, baPWV, and PVR in 1282 legs of 641 
subjects (301 men and 340 women) and the TBI in 474 toes 
of 237 subjects (117 men and 120 women) were evaluated. 
Results: The measured values showed no bilateral differences. 
ABI and baPWV were higher in men than in women, but TBI 
was similar in both sexes. ABI <1.0 was observed in 18.1% of 
the legs in men and in 25.6% in women. TBI <0.7 was observed 
in 16.2% of the toes in men and 19.1% in women. For ankle 
PVR, the % mean arterial pressure was higher in women than 
in men. The upstroke time was <180 ms in most subjects.
Conclusions: For young people, ABI <1.0 or TBI <0.7 may not 
always indicate vascular abnormalities. When evaluating circu-
latory indexes, age and sex should be considered.

Keywords:  �ABI, TBI, baPWV, PVR, healthy young adults

indications of ABI. The cut-off value of ABI for detecting 
PAD has been confirmed as 0.9 with high sensitivity and 
specificity.2) Moreover, ABI is a strong predictor of cardio-
vascular events: the normal ABI range was revised as 1.00 
to 1.40, because patients with ABI ranging from 0.91 to 
0.99 have been shown to be at the borderline of cardio-
vascular risk.2) On the other hand, TBI measurements are 
more cumbersome and are limited to special institutions 
(e.g., vascular laboratories) using different techniques 
including laser Doppler flowmetry, photoplethysmogra-
phy, oscillometric plethysmography, and mercury strain 
gauge plethysmography. Thus, basic data on a uniform 
technique for a large population remain limited. Although 
the cut-off value of TBI for detecting PAD is set at 0.6 or 
0.7, there has been no global consensus.1,3–5)

Although the normal standard ranges of ABI and TBI 
are based on data obtained mostly from middle and 
senior adults,3–6) young patients with lower limb com-
plaints such as coldness, pain, or claudication are also 
primarily examined by ABI and TBI measurements 
because PAD including Buerger disease, Raynaud disease, 
Takayasu arteritis, and even arteriosclerotic diseases can 
occur in young patients, as the prevalence of PAD is esti-
mated to be 1.2% to 4% of people in their late 20s.7) 
However, they occasionally show ABI <1.0 or TBI <0.7 
despite their normal physical findings, making the diag-
nosis confusing. 

The gold standard method for ABI measurement has 
been the Doppler method since the 1980s,2) but on the other 
hand, automated oscillometric sphygmomanometers have 
come into use recently. Moreover, full-automated ABI/TBI 
measuring devices have been developed since the late 
1990s.8,9) We have used the automated ABI/TBI measuring 
devices in our clinical work. The form PWV/ABI® (Colin 
Co., Aichi, Japan) device is equipped with an oscillometric 
pressure sensor and an air plethysmographic sensor con-
nected to the cuffs, performs simultaneous pressure mea-
surement in the brachia and ankles, and routinely records 
the pulse volume waveforms of the brachia and ankles fol-
lowing pressure measurements. This device also calculates 
the following circulatory indexes: (1) brachial-ankle pulse 

Introduction

Measurements of the ankle-brachial index (ABI) and 
toe-brachial index (TBI) are the most common primary 
methods for assessing peripheral artery diseases (PAD).1) 
There have been many lines of evidence regarding the 
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wave velocity (baPWV), which is a potentially powerful 
predictor of arteriosclerotic organ damage and cardiovas-
cular events, as well as carotid-femoral PWV (cfPWV);10) 
(2) % mean arterial pressure (%MAP) and upstroke time 
(UT) as the indexes of pulse volume recording (PVR).11,12) 
Oscillometric blood pressure measurement is equally as reli-
able as Doppler pressure measurement at the ankles13–16) 
and photoplethysmography at the toes.17) Automated devices 
are expected to be fast, simple, and accurate vascular screen-
ing tools.9,18,19)

We had lectures and practicum for our medical students 
regarding these instruments. The students measured ABI 
or TBI among themselves using form PWV/ABI®. We 
noted that the ABI they obtained was occasionally <1.0. 
The mechanism underlying ABI ≥1.0 is not yet fully clari-
fied;2) however, not only the difference in the distance from 
the heart to the brachium and ankle, but also some differ-
ences in arterial characteristics between the arm and the 
leg including vascular resistance and arterial stiffness pos-
sibly play certain roles. Some studies have shown that ABI 
is higher in men than in women2,20) and suggested that ABI 
may increase with age in childhood,20,21) likely similar to 
PWV which increases with age and the increase is more 
rapid in men than in women.18,22) However, data regarding 
age-related ABI characteristics of young people are lim-
ited. baPWV data of people in their early 20s are also lack-
ing. Furthermore, the effects of age and sex on TBI are 
almost unknown.4,23)

In this study, we clarified the characteristics of ABI, TBI, 
and PVR of healthy people in their early 20s together with 
baPWV using data measured from our medical students. 
We also discussed their ankle %MAP and UT, and the 
implications of these measurements.

Materials and Methods

Healthy medical students of Kawasaki Medical School 
and Kawasaki College of Allied Health Profession had a 
lecture and practicum of ABI and TBI measurements using 
form PWV/ABI® between May 2002 and January 2013. 
The measurement principals of this device were previously 
described.19,24)

The students measured ABI and TBI among themselves 
under the appropriate supervision of skilled doctors at 
room temperature (25 °C). Each subject was examined in 
the supine position with the pressure cuffs wrapped on the 
bilateral brachia and ankles when measuring ABI. Age, 
sex, and height were inputted into the device for the calcu-
lation of baPWV, which is measured together with PVR 
following pressure measurement in the series of programs. 
The name and identity number of the subjects were not 
inputted. Weight was inputted optionally. Ankle %MAP 
and UT were routinely calculated from the PVR. %MAP 

was calculated using the following formula:

%MAP (%) = �area enclosed with a pulse volume curve  
  and its initial base

		�  ÷ (time length of a pulse × height of a  
  pulse volume amplitude) × 100.

UT indicates the time interval from the onset to the 
peak of a pulse volume wave.25) For TBI measurement, 
2.5-cm-wide pressure cuffs were connected to the device in 
place of the ankle cuffs and were wrapped on the bilateral 
first toes without pretest heating. Brachial pressures were 
also measured simultaneously. The higher value of either 
the left or right brachial pressure was used for calculating 
ABI and TBI.

We extracted and retrospectively analyzed the data of 
937 students whose measurements were recorded in a com-
puter system of form PWV/ABI®. The study protocol was 
approved by the Research Ethics Committee of Kawasaki 
Medical School and Hospital. 

Statistical analyses were performed using JMP statisti-
cal software (version 10.0.2; SAS Institute, Cary, NC, 
USA). Normally distributed values identified using the 
Shapiro-Wink test were presented as means ± standard 
deviation (SD). Values with non-normal distribution were 
presented as medians (quartile 1–3 [Q1–Q3]). The means 
were compared using the two-sided t-test. The medians 
were compared using the Wilcoxon rank-sum test. The fol-
lowing associations were calculated using linear regression 
analysis: between height or heart rate (HR) and ABI or 
TBI, and between baPWV and ABI. The correlations 
between baPWV, limb blood pressures, ankle %MAP, and 
ankle UT were also analyzed. A P-value of >0.01 indicated 
a statistically significant difference in all the analyses.

Results

Of the 937 subjects, data from those who had complete 
bilateral ABI or TBI measurements were studied. ABI, 
baPWV, and PVR were therefore analyzed in 1282 legs of 
641 subjects (301 men and 340 women, Table 1A). TBI 
was analyzed in 474 toes of 237 subjects (117 men and 
120 women, Table 1B). The subjects were 20–25 years 
old, and their median age was 21 (Q1–Q3: 20–21) years 
for men and 20 (20–21) years for women. The heights and 
brachial blood pressures were significantly higher in men 
than in women.

The measured values showed no significant bilateral dif-
ferences (Table 2). Therefore, the total data for the bilateral 
legs or toes were compared between men and women and 
were expressed with a 2SD range. ABI, ankle pressures, and 
baPWV were significantly higher in men than in women 
(Table 3A). ABI <1.0 was observed in 18.1% of the legs in 
men and in 25.6% of the legs in women. Ankle %MAP 
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Discussion

We clarified the distribution of ABI, TBI, and indexes of 
ankle PVR among healthy young people in their early 20s, 
including sex-related differences. To the best of our knowl-
edge, this study involves the analysis of the ABI, TBI, and 
PVR features of the largest series of healthy young adults 
in Japan.

ABI and TBI in young men and women
Previous studies have shown a higher ABI in men than in 
women.2,18,20) On the other hand, as for age-related ABI 
characteristics, although some large studies among people 
after middle age noted that ABI decreases with age, there 
are as yet only a few studies regarding young people. Kats 
et al. reported a mean ABI of 0.88 in normal infants 
younger than 2.5 years using the Doppler method, and ABI 

was higher in women than in men. Ankle UT was <180 ms 
in most subjects in both sexes (Figs. 1a, 1b). TBI was not 
significantly different between men and women, despite the 
higher systolic pressure and pulse pressure of the toes in 
men than in women (Table 3B). TBI <0.7 was observed in 
16.2% of the toes in men and in 19.1% of the toes in women. 

A moderate negative relationship was observed between 
HR and ABI in both sexes (men: regression coefficient [CR] 
= –0.0039, determination coefficient [r2] = 0.15; women: CR 
= –0.0027, r2 = 0.12), and between HR and TBI only in 
women (men: CR = –0.0026, r2 = 0.03; women: CR = 
–0.0038, r2 = 0.11) by simple linear regression analysis. Nei-
ther ABI nor TBI was associated with height. ABI was also 
not associated with baPWV; the factor with the strongest 
correlation with baPWV was ankle mean pressure (Table 4). 
A moderate correlation was observed between ankle %MAP 
and UT only in men (r2 = 0.39 in men and 0.11 in women).

Table 1  Characteristics and data of subjects
(A)  Ankle brachial index

Total (n = 641) Men (n = 301) Women (n = 340) P-value*

Age, years, median (Q1–Q3) 20 (20–21) 21 (20–21) 20 (20–21) <0.001
Height, cm  164.2 ± 7.8  167.0 ± 5.8 159.0 ± 5.5 <0.001
Heart rate/min      69.2 ± 10.4      69.0 ± 10.4     69.4 ± 10.4 0.58

Brachial blood pressure, mmHg
  Right
    Systolic   113 ± 12   118 ± 11   108 ± 11 <0.001
    Mean   82 ± 9   86 ± 9   79 ± 8 <0.001
    Diastolic   63 ± 7   65 ± 8   62 ± 7 <0.001
    Pulse pressure   50 ± 8   54 ± 7   46 ± 7 <0.001

  Left
    Systolic   111 ± 13   117 ± 13   106 ± 11 <0.001
    Mean     81 ± 11     85 ± 10     78 ± 10 <0.001
    Diastolic   61 ± 9   63 ± 8   60 ± 8 <0.001
    Pulse pressure   50 ± 8   54 ± 8   46 ± 7 <0.001

Values are presented as means ± standard deviation unless otherwise indicated. Q1–Q3, quartile 1–3. *Men vs. women.

(B)  Toe brachial index

Total (n = 237) Men (n = 117) Women (n = 120) P-value*

Age, years, median (Q1–Q3) 20 (20–21) 21 (20–21) 20 (20–21)   0.002
Height, cm 164.5 ± 8.3 169.9 ± 6.4 159.3 ± 6.5 <0.001
Heart rate, /min     68.2 ± 10.1   67.4 ± 8.7     69.1 ± 11.3 0.20

Brachial blood pressure, mmHg
  Right
    Systolic   112 ± 12   118 ± 10   107 ± 12 <0.001
    Mean   81 ± 9   86 ± 7   77 ± 8 <0.001
    Diastolic   62 ± 7   64 ± 7   60 ± 7 <0.001
    Pulse pressure   50 ± 8   54 ± 6   47 ± 8 <0.001

  Left
    Systolic   110 ± 14   117 ± 10   103 ± 13 <0.001
    Mean     80 ± 11   85 ± 9     76 ± 10 <0.001
    Diastolic   62 ± 8   64 ± 7   59 ± 8 <0.001
    Pulse pressure   48 ± 8   53 ± 6   44 ± 7 <0.001

Values are presented as means ± standard deviation unless otherwise indicated. Q1–Q3, quartile 1–3. *Men vs. women.
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measurement site of the brachium and that of the ankle. 
However, it was also found that height did not have a signif-
icant effect on ABI similarly to previous reports.2,20) Although 
HR showed a moderate negative relationship with ABI, the 
CRs were very small to have a significant effect on ABI clin-
ically. The same things held true for TBI.

As for TBI in young people, Carter et al. alone studied 
people aged 21 ± 4 years (n = 16) using strain-gauge pleth-
ysmography and reported a mean TBI of 0.86 (2SD range, 
0.62–1.10),6) which was slightly higher than our results. 
Carter et al. heated the toes before their examinations but 
this was not performed in our study because of time con-
straints. As TBI is certainly affected by toe temperature, the 
difference in the results between the study of Carter et al. 
and ours may be due to not only the measuring method but 
also the pretest heating.4) However, under natural tempera-
ture, the toe systolic pressure in our study was sufficiently 
higher than 50 mmHg, suggesting clinical limb ischemia in 
patients with foot ulcer.1) Our study also indicated that TBI 
<0.6 was also observed in only a small proportion even in 
young people. 

No measured values showed significant bilateral differ-
ences in our study. According to some previous reports, 
ABI of the right leg could be slightly higher than that of the 
left leg; however, these results were possibly affected by the 
order of measurements using Doppler methods (usually the 
right leg first).2) Our data suggested that the circulatory 
indexes including ABI would be equal between the bilateral 
legs when those were measured without time difference.

baPWV and ABI 
PWV is strongly associated with age and sex, and sex 

hormones have been shown to cause a slower arterioscle-
rosis progression and PWV increase in young women.26) 
Niboshi et al. showed that baPWV increases with age even 
in childhood and reported a higher baPWV in boys (1041 
cm/sec) than in girls (952 cm/sec) aged 15–17 years.18) 
Tomiyama et al. examined 326 people aged 25–30 years 
and reported a baPWV of 1150 cm/sec in men and 990 
cm/sec in women.8) Although our present results showed 
slightly higher values for women than the values of previ-
ous reports, our overall data corresponded well to the 
results of these previous studies. 

Blood pressure is also a major determinant of PWV 
along with age.22) Our present study showed that mean 
blood pressure at the ankle rather than brachial pressure 
was the most highly correlated factor with baPWV. Natu-
rally, baPWV reflects the condition of not only the aorta 
but also the peripheral arteries,19) and possibly more of the 
leg arteries than the arm arteries. 

Although the mechanism underlying ABI ≥1.0 is 
unclear,2) the utility of ABI for detecting PAD is based on 
the actual premise that arteriosclerotic changes affect the 

<0.9 was observed in 58% of these infants.21) Niboshi et al. 
reported an ABI of 1.04 for healthy boys and 1.03 for 
healthy girls of 15–17 years of age using an oscillometric 
device similar to the device we used in our lectures.18) Using 
a new version of the same device, Ishida et al. described 
that the ABI of people aged 20–29 years was higher by 
0.02 than that of the subjects reported in the study of 
Niboshi et al. for each gender. Moreover, ABI <1.0 was 
observed in 8% of the men and in 19% of the women aged 
20–39 years.20) Our results obtained from people who were 
in their early 20s corresponded well to these previous stud-
ies; even so, ABI <0.9 appeared not to be within the stan-
dard as the lower 2SD value showed.

Height increases with age and this possibly affects the 
proportion of the distance from the heart to the pressure 

Fig. 1  �Pulse volume recordings (PVR) of the ankles obtained 
from healthy young adults (a, b) and an aged adult (c). (a) 
Ankle PVRs of a 21-year-old man (166 cm tall) expressed 
with % mean arterial pressure (%MAP) and upstroke time 
(UT). His right ankle-brachial index (ABI) was 1.30 and left 
ABI was 1.28. (b) Ankle PVRs of a 21-year-old woman 
(155 cm tall) expressed with %MAP and UT. Her right ABI 
was 1.04 and left ABI was 0.95. (c) Ankle PVRs of a 
65-year-old man (156 cm tall) with hypertension, dyslipid-
emia, and diabetes mellitus, but without significant arterial 
disease in the lower extremities expressed with %MAP 
and UT. His right ABI was 1.10 and left ABI was 1.08.
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<160–180 ms may indicate PAD.11,12) In our study, the 
lower 2SD value of ankle UT was almost 180 ms in both 
sexes. This supports the suggestion that the normal limit 
of ankle UT is 180 ms. Ankle %MAP also showed a posi-
tive correlation with ankle UT as a theoretical pattern, but 
only in men. Our data revealed that high ankle %MAP 
does not always indicate abnormality in young adults, 
particularly in women. Previous studies of %MAP were 
performed in elderly PAD patients, and defined the 
patients’ opposite leg without a significant disease as the 
control.11,12) The young adults often showed ankle pulse 
waves with a dicrotic notch on a high position of the 
downslope (Fig. 1a) or with a normal waveform in a low 
amplitude (Fig. 1b), possibly accounting for the high 
%MAP. However, we could extract only the calculated 
values of %MAP and UT, and obtain the actual PVRs 
from limited subjects.

Ankle %MAP possibly varies with age, particularly in 
women; therefore, it may be difficult to indicate PAD itself 
in young patients. Moreover, UT is certainly affected by 
cardiac factors including aortic valve stenosis. However, 
%MAP and UT facilitate a more objective PVR reading 
and may help in making a more definitive diagnosis if used 
together with ABI measurement. PVR is a valuable assess-
ment tool even for patients with non-compressive vessels.1) 
Further studies regarding the uses of PVR indexes in elderly 
people in combination with ABI and vascular imaging are 
warranted. 

Strengths and limitations
Our study has some limitations. First, the health statuses of 
the subjects were not confirmed by vascular imaging or 
blood examinations. Weight, obesity, and smoking history 
were also not specifically considered. Smoking can tempo-
rarily increase systemic blood pressure and decrease digital 
pulse wave amplitude, and is also a strong risk factor of 
arteriosclerosis. However, all measurements were per-
formed during the school lectures and thus the subjects 
could not smoke at the last minutes. Moreover, they did not 
have a long history of smoking because Japanese law pro-
hibits people under the age of 20 from smoking. Second, 
although the oscillometric method has been shown to have 
good correlations with the Doppler method in ABI mea-
surement,14,16) a rather high ABI value compared with the 
Doppler method might have been obtained particularly in 

arteries of the upper extremity less frequently than the 
arteries of the lower extremity. An age-related increase in 
PWV was also shown to be larger in the lower extremity 
than in the upper extremity.27) An increase in PWV increases 
the amplitudes of forward and reflected pulse waves. This 
is a major mechanism of age-related increases in both sys-
tolic and pulse pressures.28) Hosseini and Maleki reported 
an ABI of 1.05 in young people (mean age: 22 years) and 
an ABI range of 1.09 to 1.12 in older people (mean age: 59 
years), because the ankle pulse pressure in the young peo-
ple was lower than the brachial pulse pressure and ankle 
pulse pressure in the older people.29) Among people of the 
same age, an issue of interest is whether a person with a 
higher baPWV has a higher ABI owing to the larger pulse 
pressure differences between the brachium and the ankle. 
Indeed, in our present comparison with women, men had a 
significantly higher baPWV, a significantly larger pulse 
pressure difference between the brachium and the ankle 
(men: 9 mmHg, women: 6 mmHg, p <0.01), and a higher 
ABI. Notably, the pulse pressure difference between the 
brachium and the ankle strongly correlated with ABI. 
However, baPWV showed no direct relationship with the 
pulse pressure difference or ABI on overall analysis or upon 
the analysis of each sex.

Taken together, ABI was more likely associated with 
the overall features particularly sex and age and not only 
with the individual factors of baPWV, height, or HR.

Ankle %MAP and UT of PVR
%MAP and UT represent the values quantifying pulse 
waveform. Generally, a normal waveform of PVR shows a 
rapid upstroke with a high amplitude, a sharp systolic 
peak, a prominent dicrotic notch, and a gradual run-off. 
An example of ankle PVRs in an aged adult without PAD 
is shown in Fig. 1c. A decreasing blood flow results in an 
absence of a dicrotic notch and a prolonged systolic 
downslope in early disease. A rounded systolic peak is a 
suspect for a moderate disease. A severe occlusive pattern is 
characterized by a flattened wave with a delayed upstroke 
and run-off.30) Thus, %MAP increase and UT prolongation 
can potentially appear in an early disease.

Previous studies have provided a few more definitions 
and discussion points regarding the clinical significance of 
these PVR indexes.11,12) Some small-scale studies have sug-
gested that ankle %MAP >43%–45% or ankle UT  

Table 4  Correlation coefficients between baPWV and blood pressure of limbs, ankle %MAP, or ankle UT 

Brachia Ankles

% MAP UTSystolic Mean Diastolic PP Systolic Mean Diastolic PP

Men 0.490 0.448 0.448 0.311 0.427 0.503 0.487 0.219 0.127 N.S.
Women 0.307 0.246 0.245 0.221 0.435 0.502 0.461 0.222 0.154 N.S.

baPWV: brachial-ankle pulse wave velocity; %MAP: % mean arterial pressure; PP: pulse pressure; UT: upstroke time; N.S.: not significant (p >0.01)
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the low range,13,15) despite the low ABI values obtained in 
our study. Third, different medical students performed each 
measurement. However, the obtained values showed clear 
normal distributions in all measurement items. Moreover, 
the results of ABI and baPWV corresponded well to previ-
ous reports of children and adults.2,8,18,20) Thus, we consider 
our ABI and baPWV data to be reliable results reflecting the 
characteristics of healthy young adults similarly to previous 
results. This may also hold true for TBI, %MAP, and UT. 
Additionally, our results add support to the advantages of 
an automated ABI/TBI measuring device, that is, even 
beginner technicians can use the device appropriately and 
with ease incurring only a small technical bias.19) 

Conclusions

For young people, ABI <1.0, TBI <0.7, or high %MAP 
may not always indicate vascular abnormalities. Age and 
sex should be carefully considered when evaluating not 
only baPWV but also ABI, TBI, and PVR. When assessing 
lower limb ischemia by ABI or TBI measurement in young 
patients, holistic diagnosis with careful consideration of 
the other clinical findings of subjects and the actual pulse 
waveforms is needed. UT would be sufficiently useful for 
making a diagnosis even in young patients.
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