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ABSTRACT

Introduction: Bedside tests are recommended to detect peripheral arterial disease in people with diabetes, but medial arterial calcifi-
cation can produce falsely normal results and their accuracy remains uncertain. Methods: Systematic review following PRISMA 2020.
Scopus, PubMed, OpenAlex and Crossref were searched from 2018 to 2026 for diagnostic accuracy studies of the ankle-brachial index,
the toe-brachial index and Doppler waveform analysis against a reference standard. Risk of bias was assessed with QUADAS-2 and re-
sults were synthesized narratively. Results: Fifteen studies were included (60 to 604 participants). Ankle-brachial index sensitivity ranged
from 35% to 95% and specificity from 62% to 98%; in the largest prospective comparison sensitivity was 41% (95% Cl 32-50) and specificity
84% (95% Cl 79-89). Toe-brachial index sensitivity ranged from 55% to 100% and specificity from 57% to 92%. Doppler waveform analysis
detected additional cases, with sensitivity between 63% and 100% in most studies. Conclusions: Bedside tests show high specificity but
limited sensitivity for peripheral arterial disease in diabetes. The toe-brachial index and waveform analysis outperform the ankle-brachial
index and should complement it when calcification is suspected.

Keywords: peripheral arterial disease; diabetes mellitus; ankle brachial index; toe brachial index; diagnostic accuracy; systematic review.

RESUMEN

Introduccion: Las pruebas de cabecera se recomiendan para detectar la enfermedad arterial periférica en personas con diabetes, pero
la calcificacién arterial medial puede producir resultados falsamente normales y su exactitud sigue siendo incierta. Métodos: Revision
sistematica segun PRISMA 2020. Se buscé en Scopus, PubMed, OpenAlex y Crossref entre 2018 y 2026 estudios de exactitud diagnos-
tica del indice tobillo-brazo, el indice dedo-brazo y el analisis de onda Doppler frente a un estandar de referencia. El riesgo de sesgo se
evalué con QUADAS-2 y los resultados se sintetizaron de forma narrativa. Resultados: Se incluyeron 15 estudios (60 a 604 participantes).
La sensibilidad del indice tobillo-brazo varié del 35% al 95% y la especificidad del 62% al 98%; en la mayor comparacion prospectiva la
sensibilidad fue del 41% (IC 95% 32-50) y la especificidad del 84% (IC 95% 79-89). La sensibilidad del indice dedo-brazo varié del 55% al
100% y la especificidad del 57% al 92%. El analisis de onda Doppler detectd casos adicionales, con sensibilidad entre el 63% y el 100% en la
mayoria de los estudios. Conclusiones: Las pruebas de cabecera muestran especificidad alta pero sensibilidad limitada para la enfermedad
arterial periférica en la diabetes. El indice dedo-brazo y el analisis de onda superan al indice tobillo-brazo y deberian complementarlo
cuando se sospecha calcificacién.

Palabras clave: enfermedad arterial periférica; diabetes mellitus; indice tobillo-brazo; indice dedo-brazo; exactitud diagndstica; revision
sistematica.
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INTRODUCTION

Peripheral arterial disease is one of the most consequential vascular complications of diabetes
and the principal driver of the excess risk of foot ulceration, failure to heal and major amputation
that characterizes the diabetic foot.(1)Diabetes is a strong and independent risk factor for atheros-
clerotic disease of the lower limbs, and the combination of chronic hyperglycemia, dyslipidemia,
smoking and kidney disease accelerates the occlusion of the tibial and pedal vessels that supply
the foot.(2)More than half of the people with peripheral arterial disease report no classic claudica-
tion, partly because coexisting neuropathy suppresses the ischemic pain signal, so the condition
frequently goes unrecognized until a foot lesion appears.(2)Retrospective cohorts from diabetic
foot clinics confirm that arterial disease is present in a large share of ulcers at first presentation,
that its presence prolongs healing and that it worsens the risk of amputation and death.(3)Becau-
se neuropathy and altered foot biomechanics convert minor skin damage into limb-threatening
wounds, the early and correct recognition of ischemia is a central component of every contemporary
guideline on the diabetic foot and on chronic limb-threatening ischemia.(4-6)The recognition of
ischemia therefore sits upstream of every subsequent decision, from offloading and revasculari-
zation to the level of amputation, and false reassurance at the bedside propagates into delayed
referral and preventable tissue loss.(4)

The bedside instruments used for this recognition are the ankle-brachial index, the toe-bra-
chial index and Doppler waveform analysis, all of them non-invasive, inexpensive and feasible in
outpatient and primary care, where imaging and vascular laboratory access are often limited.(7)
The ankle-brachial index is the traditional first-line test because it compares the systolic pressure
at the ankle with that at the arm and therefore estimates the hemodynamic significance of occlu-
sive disease, and its measurement and interpretation are standardized in vascular medicine.(7,8)
Its validity is nonetheless compromised in diabetes, because medial arterial calcification stiffens
the tunica media of the tibial arteries and prevents cuff compression, which inflates the measured
ankle pressure and can yield a falsely normal or falsely elevated index even when occlusive disease
is present.(9)The toe-brachial index and arterial waveform morphology are proposed as alterna-
tives that remain interpretable when the ankle vessels are calcified, because the digital arteries
are relatively spared fromn medial calcification and because waveform shape reflects downstream
resistance regardless of arterial compressibility.(9,10) Existing systematic reviews of these tests in
diabetes report discordant estimates, with sensitivity of the ankle-brachial index ranging from
markedly reduced to acceptable, and they differ on which test should be used first.(11-15)These
syntheses have pooled between 18 and 35 studies and still disagree, partly because the reference
standard and the diabetic populations differ across reports, and several of them flag a high risk of
bias in patient selection.(13,14) An inaccurate bedside test is not a benign convenience, because
the decision to revascularize, to offload or to proceed to amputation often rests on these mea-
surements, and the same instruments are used to monitor patients after intervention.(5,10) To
resolve this uncertainty, this systematic review aimed to synthesize the diagnostic accuracy of the
ankle-brachial index, the toe-brachial index and Doppler waveform analysis for detecting peripheral
arterial disease in people with diabetes.

The scope was restricted to diagnostic accuracy studies published between 2018 and 2026
that compared at least one of the three bedside tests against an imaging reference standard,
and the synthesis was planned as a narrative aggregation of sensitivity, specificity and area under
the curve rather than as a meta-analysis, because the tests, thresholds and reference standards
were expected to be heterogeneous. The objective was therefore to determine whether any single
bedside test, or a combination of them, is accurate enough to detect or exclude peripheral arterial
disease in this population, and to identify the precise circumstances in which each bedside test
should be preferred in routine care. The review complements the largest prospective diagnostic
accuracy study in this population, which reported its primary results within the search window and
is included here, and it extends the comparison across the full set of bedside instruments rather
than a single test.(16,17)

METHODS

The review was conducted and reported in accordance with the PRISMA 2020 statement.
(18)Studies were eligible when they enrolled adults with diabetes mellitus, or mixed populations in
which people with diabetes were included and analyzed separately or as a substantial subgroup,
and when they evaluated the ankle-brachial index, the toe-brachial index or Doppler waveform
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analysis for detecting peripheral arterial disease against a reference standard.

The reference standard had to be an imaging technigue, computed tomographic or magne-
tic resonance angiography, digital subtraction angiography or duplex ultrasonography. Studies of
other index tests, such as pedal acceleration time, maximal systolic acceleration, transcutaneous
oxygen pressure or circulating biomarkers, were excluded, as were protocols, reviews, editorials
and letters. Studies that defined disease with the same hemodynamic measurements under eva-
luation rather than with an independent reference standard were also excluded, because such
designs cannot estimate diagnostic accuracy and they overstate the performance of the tests. No
language restriction was imposed at the search stage, and the publication window was 2018 to
2026 in accordance with the review protocol.

Scopus, PubMed, OpenAlex and Crossref were searched. Each database query combined
terms for the index tests, terms for peripheral arterial disease and terms for diabetes, restricted to
the publication window, and all queries, dates and record counts were recorded for reproducibility.

Search 1. Vascular indices and peripheral arterial disease

- *ankle-brachial index”
- “ankle brachial index”
- “toe-brachial index”
- “toe brachial index”
- “peripheral arterial disease”
- “peripheral artery disease”
- diabet*
Search 2. Doppler waveform analysis
- “Doppler waveform”
- “continuous wave Doppler”
- “waveform analysis”
- “peripheral arterial disease”
- “peripheral artery disease”
- diabet*
Search 3. Diagnostic accuracy and performance
- Yankle-brachial index”
- “toe-brachial index”
- “peripheral arterial disease”
- “peripheral artery disease”
- “sensitivity”
- “specificity”
- “diagnostic accuracy”
- “diagnostic performance”

The reference lists of the retrieved systematic reviews were inspected for additional records
that the database queries might have missed, and the screening records from the databases were
cross-checked against each other so that the same report retrieved from two sources was counted
once.

Effect measures and synthesis

The planned effect measures were sensitivity, specificity, area under the receiver operating
characteristic curve, and positive and negative likelihood ratios, extracted or derived when reported.
Because the index tests, thresholds, reference standards and populations differed across studies,
the estimates were not pooled in a meta-analysis, and a narrative synthesis stratified by test was
used instead, with ranges reported and the largest prospective comparison serving as the anchor.
Studies were grouped by index test so that the accuracy of the ankle-brachial index, the toe-brachial
index and Doppler waveform analysis could be compared directly across investigations. Studies
were also grouped by reference standard so that the influence of the reference technique on the
estimates could be examined, and the conventional thresholds of 0.9 for the ankle-brachial index
and 0.6 for the toe-brachial index were used as the reference points for the narrative comparison.

Data extraction

One reviewer extracted study design, country, sample size, population, index test, reference
standard, diagnostic thresholds and accuracy estimates into a structured form, together with the
section of each report from which each datum was taken. When a study reported accuracy at
several thresholds, the estimate at the conventional threshold was preferred, and the alternative
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thresholds were recorded to allow the range to be described. Missing data were not imputed.

RESULTS

Across the fifteen included studies, the ankle-brachial index missed a large proportion of
people with diabetes and peripheral arterial disease: in the largest prospective comparison, the
sensitivity of the ankle-brachial index was 41% (95% Cl 32-50) with a specificity of 84% (95% CI 79-
89) against computed tomographic or magnetic resonance angiography.(16)Below that value, the
sensitivity of the same test stood at 35.5% in a Brazilian community cohort referenced to duplex
ultrasonography and at 35.3% in an Indian cohort referenced to computed tomography angiogra-
phy.(20,21)

The anchor study enrolled 604 participants with diabetes and suspected disease between
April 2022 and November 2023 and obtained valid reference imaging in 536 of them, and it evalua-
ted six index strategies in the same cohort.(16)The exercise ankle-brachial index reached a sensi-
tivity of 41% (95% ClI 31-51) and a specificity of 83% (95% Cl 78-88), and a scanning device applied to
a smaller subgroup reached the highest sensitivity of the series at 89% (95% Cl 74-100) at the cost
of a specificity of 69%.(16)Reclassifying all biphasic waveforms as abnormal raised the sensitivity
of visual Doppler from 42% to 72% (95% Cl 64-81) and lowered its specificity to 52% (95% Cl| 45-59),
which demonstrated that the choice of waveform threshold changes the trade-off between missed
cases and false alarms.(16)The anchor study also reported the likelihood-based performance of each
test, and the audible Doppler achieved the highest positive predictive value of 75% (95% Cl 64-87)
and the highest specificity of 93% (95% Cl 90-97), although its negative predictive value remained
72% (95% Cl 66-77), which meant that nearly three of every ten negative audible Doppler readings
were wrong.(16)The toe-brachial index missed 84 of the cases despite being the most sensitive
single bedside test in that cohort, and the ankle-brachial index missed an even larger share.(16)

The upper end of the range reached 95% in a small Indonesian series referenced to angio-
graphy, and a study of people with type 2 diabetes found a sensitivity of 72.7% for the Doppler-de-
rived index.(22,23) The plethysmographic method in that same study reached only 20% sensitivity,
which represented the widest divergence between two measurement techniques applied to the
same population, and the optimal cut-off for the toe-brachial index in that cohort was 0.38 rather
than the conventional 0.6.(23)The sensitivity of the ankle-brachial index across all studies therefore
ranged from 35% to 95%, with most estimates below 70%.

Specificity was the strength of the ankle-brachial index and fell to a lesser extent across
studies, from 62% to 98%, with most estimates at or above 80%.(16,19,20,24,25)In the community
cohort the specificity reached 97.6%, which gave the index a positive likelihood ratio of 14.5 and a
negative likelihood ratio of 0.66.(20)A clearly abnormal index was therefore a dependable marker
of disease even though a normal index did not exclude it. The cuffless estimate derived from the
Doppler acceleration index matched the standard ankle-brachial pressure index and reached a
sensitivity of 97% and a specificity of 96% against ultrasound, confirmed against computed tomo-
graphy angiography with a specificity of 100%, although its sensitivity was numerically lower in the
subgroup with diabetes, at 85% versus 89%.(26)

The toe-brachial index reached a sensitivity between 55% and 100% and a specificity between
57% and 92%.(16,21,25)In the three head-to-head comyparisons its sensitivity exceeded that of the
ankle-brachial index while specificity remained similar or higher.(16,21,25)The retrospective study
of foot ulcer patients reproduced this gradient with a sensitivity of 100% for the toe-brachial index
and of 82% for the ankle-brachial index, and the Canadian wound cohort reported an area under
the curve between 0.82 and 0.87 for the toe-brachial index against Doppler waveform morphology.
(25,27) In the Indian cohort, the toe-brachial index at the conventional threshold of 0.6 reached a
sensitivity of 82.4% and a specificity of 92%, whereas the ankle-brachial index below 0.9 reached
only 35.3% sensitivity, and the toe index showed substantially better agreement with computed
tomography angiography than the ankle index did.(21)

In the anchor study the toe-brachial index reached the highest sensitivity of the pressure-ba-
sed tests but still missed 84 of the cases, which indicated that even the best single bedside pressure
test does not close the detection gap.(16)In the Canadian cohort the cut-off points for toe pressure
were lower in people with diabetes, between 78 and 86 mmHg, than in those without diabetes,
which reinforced the need to interpret distal pressures against diabetes-specific thresholds.(27)Toe
pressure performed comparably to the toe-brachial index in that cohort, with a sensitivity between
79% and 90% and a specificity between 67% and 79% at the optimal cut-offs, and the sensitivity and
specificity of the two distal measures did not differ at the established severity thresholds.(27)Of the
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108 patients in that cohort, 55% had diabetes and 40% had a monophasic dorsalis pedis waveform
on the left foot, and the area under the curve was higher when the dorsalis pedis waveform served
as the comparator than when the tibial waveform did.(27)

Doppler waveform analysis detected additional cases that the ankle-brachial index over-
looked. The sensitivity of printed continuous-wave Doppler waveforms was 81.8% (95% Cl 76.8-
85.9) with a specificity of 89.3% (95% Cl 82.6-93.7) in a community sample, and the sensitivity was
similar in the subgroup with diabetes, which indicated that diabetes did not by itself degrade
the waveform reading.(28)The sensitivity against angiography as the reference was 81.7% (95% CI
69.6-90.5), comparable to the estimate against duplex ultrasound.(28) Waveform analysis reached
a sensitivity of 83% and a specificity of 100% in foot ulcer patients.(25)The maximum systolic am-
plitude of pulse volume recordings reached a sensitivity of 91.4% and a specificity of 80.8% against
invasive angiography in diabetic foot syndrome, with an area under the curve of 0.89 at a cut-off
of 0.58 mmHg for any peripheral arterial disease, and abnormal pulse volume morphology judged
semiguantitatively reached a sensitivity of 63.3% and a specificity of 85.7% for severe disease with a
substantial interobserver agreement.(29)A pulse wave handheld Doppler reached 100% sensitivity
against angiography in one small series, and when that handheld Doppler was combined with the
ankle-brachial index the sensitivity was 100% with a specificity of 80%, which illustrated the gain
achievable by pairing a pressure ratio with a waveform reading.(22)

Second, audible and visual Doppler in the anchor study reached only 36% and 42% sensitivi-
ty, which represented the lower boundary of waveform-based performance and showed that the
operator-dependent reading of Doppler signals is not equivalent across settings.(16)A cuffless Do-
ppler-derived index reached an area under the curve of 0.99 in a cohort that included people with
diabetes, and a deep learning classifier applied to handheld Doppler spectrograms identified mas-
ked ischemia in 37 of 40 symptomatic diabetic patients with a normal ankle-brachial index.(26,30)
At the same time, a prospective comparison in a mixed at-risk population found that a portable
Doppler device reached 82.5% sensitivity and 93.9% specificity, both higher than the ankle-brachial
index in the same cohort, and this advantage persisted across the analyzed subgroups, including
the subgroup with diabetes.(31)The pulse volume wave analysis in the type 2 diabetes cohort rea-
ched the highest sensitivity of all the tests examined there.(23)The optimal cut-off of 0.38 for the
toe-brachial index in that cohort was substantially lower than the conventional 0.6, which again
illustrates that the threshold that maximizes sensitivity in a diabetic population is not the threshold
validated in general populations.(23)

The plethysmographic and Doppler methods of obtaining the ankle-brachial index agreed
in most studies, and the automated oscillometric device reached an area under the curve of 0.89
with a specificity of 100% at the conventional threshold, although its sensitivity of 57% remained
limited and the area under the curve in the diabetic subgroup was 0.870.(24)The automated devices
therefore reproduced the Doppler ankle-brachial index but did not escape its underlying sensitivity
limit, and the cuffless method derived from the Doppler acceleration index was the most accurate
single estimate in its cohort, which suggests that waveform-derived indices can recover information
lost by the cuff-based measurement, although it has not yet been validated across centers.(26)The
alternative calculation of the index that combined a low value with the percentage of mean arterial
pressure raised sensitivity from 56.5% to 76.9% in a series referenced to multidetector computed
tomography angiography.(32)In people with diabetes-related foot ulceration, the likelihood ratios
confirmed that the ankle-brachial index and pedal pulses had limited utility for exclusion, with
negative likelihood ratios of 0.53 and 0.75, whereas the distal tibial waveform and the toe-brachial
index approached useful exclusion with negative likelihood ratios of 0.15 and 0.24.(33)

The selection flow is shown in the PRISMA diagram (Figure 1). Searches identified 731 records,
and after 155 duplicates were removed, 576 records were screened by title and abstract, of which
548 were excluded at that stage. Of the 28 reports sought for retrieval, 4 could not be retrieved,
and 24 were assessed for eligibility, of which 9 were excluded because no independent reference
standard was used in seven, because the design differed in one and because the index test differed
in one, leaving 15 studies in the review (Figure 1).

The characteristics of the included studies are described in (Table 1). Publication years ran-
ged from 2018 to 2026 and sample sizes from 60 to 604 participants. Eleven studies evaluated the
ankle-brachial index, seven the toe-brachial index and ten a form of Doppler waveform or pulse
volume analysis, with most studies reporting more than one test (Table 1). The reference standard
was computed tomographic or magnetic resonance angiography in four studies, duplex ultraso-
nography in seven, invasive angiography in two, mixed vascular imaging in one and Doppler wave-
form morphology in one (Table 1). The geographic spread was wide, with studies from Europe, Asia,
South America and North America, and the largest investigation was the prospective multicenter
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comparison that enrolled 604 participants with diabetes and suspected disease (Table 1). In terms
of design, most studies were cross-sectional, three were prospective and two were retrospective,
and the populations ranged from community-dwelling adults with diabetes screened in Brazil to
hospital-based cohorts with diabetic foot syndrome referenced to invasive angiography.(20,29) The
prevalence of peripheral arterial disease differed accordingly, from 16% in the community cohort
to 66% in the foot ulcer cohort, which partly explains the spread of the predictive values across
the reports.(20,25)

Table 1. Characteristics of the included studies.

Study (year) Country Design n Population Index test Z:;ir::ée
DM PAD (2026) United Prospective 604 Diabetes, suspected ABI, TBI, audible and CTA or MRA
Kingdom multicenter PAD visual Doppler

Beyond the Cuff . Diabetic, masked Deep learning on .
(2026) Not stated Prospective 120 AT handheld Doppler Imaging
United . . Mixed risk, including
BlueDop (2026) Kingdom Prospective 751 limbs | BlueDop, ABI Full-leg DUS
Cuffless ABI United Retrospective Suspected PAD, with Ultrasound
(2022) Kingdom and prospective g and without diabetes Suiifes Dogieler 2l and CTA
Doppler and
AL V2D @l [PV Iran Cross-sectional 303 Type 2 diabetes plethysmographic ABI, Dojsiplzs
(2020) TBl PVR ultrasound
Comifinueus- United . Suspected PAD, 176 with Continuous-wave DUS and
wave Doppler ; Cross-sectional 396 ) -
(2018) Kingdom diabetes Doppler waveform angiography
DFU screening . . . ABI, TBI, toe pressure,
tests (2025) Italy Retrospective 97 Diabetic foot ulcer waveform DUS
SermEniz) P Germany Cross-sectional 90. . Diabetic foot syndrome Forefoot PVR In_vaswe
(2025) extremities angiography
U=l \(/555215) o India Cross-sectional 175 Type 2 diabetes ABI, TBI CTA
Comt(’;g;;})y el Brazil Cross-sectional 99 Diabetes, community ABI DUS
MESI and Hungar Cross-sectional 17 Incompressible ankle Doppler and DUS, DSA or
Doppler (2023) gary arteries automated ABI, TBI CTA
AEL a(rzwgzli')\NHD Indonesia Cross-sectional 67 PAD patients ABIl, PWHD Angiography
Vriens (2018) Netherlands Prospective 60 D|abetei—|rceelerxted foot AL Tv%;\;cgf%fr;issure, DUS
Toe pressure . Foot wounds, 55% Doppler
(2025) Canada Retrospective 108 felbraies Toe pressure, TBI T —
ABI plus %5MAP . q 215 o Multidetector
(2018) Taiwan Retrospective extremities Suspected PAD ABI, %MAP from PVR cTA

Note: ABI = ankle-brachial index; TBI = toe-brachial index; DUS = duplex ultrasonography; CTA = computed tomography angiography; MRA
= magnetic resonance angiography; DSA = digital subtraction angiography; PVR = pulse volume recording; PWHD = pulse wave handheld

Doppler.

The accuracy estimates are summarized by test in (Table 2) and in (Figure 2). Risk of bias was
low for the reference standard domain in fourteen studies and for patient selection in five, whe-
reas the flow and timing domain was rated low in five studies and the remaining judgments were
unclear because the reports did not state the interval between the index test and the reference
standard (Table 3). One study used waveformm morphology rather than imaging as its reference,
which raised applicability concerns, and one study used a case-control spectrum that contrasted
established disease with healthy controls, which inflated the reported accuracy (Table 3). No study
reported a meta-analyzable bivariate estimate that could be pooled across investigations, and the
wide variation in the reported cut-offs reinforced the decision to keep the synthesis descriptive
rather than quantitative.
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Table 2. Diagnostic accuracy of the bedside tests across the included studies.

Study (year) Test Sensitivity (95% ClI) Specificity (95% Cl) AUC
DM PAD (2026) ABI 41 (32-50) 84 (79-89) NR
DM PAD (2026) TBI 55 (46-64) 78 (72-83) NR
DM PAD (2026) Audible Doppler 36 (27-45) 93 (90-97) NR
DM PAD (2026) Visual Doppler 42 (33-51) 86 (81-91) NR
BlueDop (2026) BlueDop 825 93.9 NR
BlueDop (2026) ABI 583 87.4 NR
ABI, TBI and PVR (2020) Doppler ABI 727 NR NR
ABI, TBI and PVR (2020) PVR 81.8 NR NR
Continuous-wave Doppler (2018) Waveform 81.8 (76.8-85.9) 89.3 (82.6-93.7) NR
DFU screening tests (2025) ABI 82 64 NR
DFU screening tests (2025) TBI 100 57 NR
DFU screening tests (2025) Waveform 83 100 NR
Segmental PVR (2025) PVR morphology 63.3 85.7 NR
Segmental PVR (2025) PVR amplitude 9.4 80.8 0.89
TBI versus ABI (2024) ABI 35.3 (21-52) NR 0.67
TBI versus ABI (2024) TBI 82.4 (66-92) 92 (87-96) NR
Community ABI (2024) ABI 355 97.6 NR
MESI and Doppler (2023) Doppler ABI 67.1 97.4 0.89
MESI and Doppler (2023) Automated ABI 57.0 100 0.89
ABI and PWHD (2021) ABI 95.2 80 NR
ABIl and PWHD (2021) PWHD 100 100 NR
Toe pressure (2025) TBI 85-90 64-77 0.82-0.87
Toe pressure (2025) Toe pressure 79-90 67-79 0.80-0.85
ABI plus %MAP (2018) ABI 56.5 NR NR

https://doi.org/10.62486/p0d2026278

Note: ABI = ankle-brachial index; TBI = toe-brachial index; Cl = confidence interval; AUC = area under the curve; NR = not reported. Values
are percentages unless stated otherwise.
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Figure 2. Sensitivity and specificity of the ankle-brachial index and the toe-brachial index across
included studies.

Table 3. QUADAS-2 risk of bias summary of the included studies.

Study (year) Selection Index test Reference standard Flow and timing
DM PAD (2026) L L L L
Beyond the Cuff (2026)
BlueDop (2026)
Cuffless ABI (2022)
ABI, TBI and PVR (2020)

Continuous-wave Doppler (2018)

DFU screening tests (2025)
Segmental PVR (2025)
TBI versus ABI (2024)
Community ABI (2024)

MESI and Doppler (2023)
ABI and PWHD (2021)
Vriens (2018)

Toe pressure (2025)
ABI plus %MAP (2018)

c|lC|r|C|C|r|lC|C|C|Cc|Cc|r|Cc|T
r | CcC|r|C|r ||| |C|r |C || |
r | T |||
c | CcC|r|Cc|Cc|r|r|r|Cc|Cc|Cc|r|Cc)|C

Note: L = low risk; U = unclear risk; H = high risk. Domains: selection, index test, reference standard, flow and timing.

DISCUSSION

The clinical implication of the main finding is that a normal or near-normal ankle-brachial
index cannot be used to exclude peripheral arterial disease in people with diabetes, because the
test leaves roughly half of the cases undetected. This conclusion follows directly from the anchor
study and from the community and imaging-referenced cohorts that reproduced the same pattern.
(16,20,21)At the same time, the consistently high specificity means that a clearly abnormal index
is a reliable marker of disease, which preserves the test as a rule-in instrument but disqualifies it
as a screening gate for exclusion in this population. The practical consequence is that a normal
ankle-brachial index in a person with diabetes and a foot ulcer should trigger additional testing
rather than reassurance, a message that is already present in the diabetic foot guidelines but is
not yet reflected in routine practice.(4)

The low sensitivity found here agrees with earlier syntheses of the ankle-brachial index in
diabetes, including a meta-analysis of 33 studies that compared the index with angiography or
colour duplex ultrasound.(11)
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Second, it agrees with the review that described the limited value of the index in diabetes
because of arterial calcification and with the meta-analysis of 18 studies that pooled the perfor-
mance of bedside tests in this population.(12,14) To a lesser extent, the estimates are lower than
those reported in general populations, where the index is regarded as sensitive and specific, a
discrepancy explained by the preferential inclusion of symptomatic patients and by the exclusion
of calcified, incompressible vessels in non-diabetic cohorts.(34,35) The anchor study is informative
here because it recruited consecutive people with diabetes prospectively and referenced every
test to angiography, and it still found no single test with an acceptable combination of sensitivity
and specificity, a result summarized in the published synopsis of that investigation.(16,17) The inter-
pretation of the ankle-brachial index in diabetes is further complicated by the grey zone between
0.91 and 1.40, within which the index is conventionally read as normal but in which color Doppler
studies find hemodynamically significant stenosis.(36)This grey zone is precisely where medial
calcification clusters, so the combination of a borderline index with a history of diabetes should
lower the threshold for additional testing rather than close the investigation.(9,10)

For the toe-brachial index, the superiority over the ankle-brachial index observed in the head-
to-head studies is consistent with the meta-analysis that pooled 35 studies of the ankle-brachial
index and nine of the toe-brachial index across a wide spectrum of populations.(13)Second, the
Cochrane review of the toe-brachial index and toe systolic pressure examined these distal measures
within the suite of non-invasive tests, and the Taiwanese comparison in diabetic kidney disease
reached the same conclusion for the toe-brachial index over the ankle-brachial index.(37,38) Below
that value, the advantage was clearest when the ankle-brachial index fell into the grey zone be-
tween 0.91 and 1.40, the interval in which color Doppler studies also detect disease that the index
misses, because the digital arteries are relatively spared from medial calcification.(9,36) The lower
specificity of the toe-brachial index in the foot ulcer cohort, where it fell to 57%, indicates that the
gain in sensitivity is partly traded against false positives and that the toe index should be interpre-
ted together with the ankle index rather than in isolation.(25)The pathophysiological explanation
for this pattern is that medial calcification in diabetes affects the media of medium-sized arteries
while the digital vessels remain compressible for longer, so the toe pressure remains a valid esti-
mate of downstream perfusion when the ankle pressure is no longer informative.(9)Toe pressure
and the toe-brachial index performed similarly in the Canadian wound cohort, with overlapping
confidence intervals for their areas under the curve, which suggests that either distal pressure can
substitute for the other when the ankle index is unreliable.(27)This equivalence is useful in practice
because toe pressure requires only a small cuff and a photoplethysmographic sensor and can be
obtained where toe-brachial index equipment is unavailable. The optimal thresholds reported in
the primary studies, from 0.38 to 0.6 for the toe-brachial index, show that a single universal cut-off
is not established, and the choice of threshold materially changes the balance between sensitivity
and specificity in a diabetic population.(21,23)

For Doppler waveform analysis, the finding that waveform morphology and pulse volume
recording identify additional cases is supported by the systematic review of bedside investigations
in diabetes, which found no consensus on the most accurate bedside test and examined both
accuracy and reliability.(15)The standardization of waveform interpretation remains incomplete,
however, and a reliability review in patients prone to medial arterial calcification found variable
performance, while consensus processes on portable ankle and toe pressure systems emphasize
that device choice and operator training change the measured performance.(39,40) This explains
why the audible and visual Doppler readings in the anchor study performed below the waveform
estimates reported elsewhere, and it cautions against assuming that any Doppler signal conveys
the same information.(16)The encouraging results of automated and machine learning analyses
of Doppler signhals suggest that removing the subjective reading step may raise the consistency of
waveform-based diagnosis, although these tools remain investigational.(26,30) The clinical guideli-
ne documents for diabetes-related foot disease recommend waveform-based and distal pressure
tests precisely because of the ankle index limitation documented here, and the present synthesis
provides the quantitative basis for that recommmendation.(10,41) The secondary analysis of the anchor
study reinforces a practical point: when biphasic waveforms were treated as abnormal, the sensi-
tivity of visual Doppler rose from 42% to 72% at the expense of specificity, so the reading threshold
can be tuned toward screening or toward confirmation depending on the clinical question.(16)

The low prevalence of peripheral arterial disease in the community cohort also explains why
the negative predictive value of the ankle-brachial index appeared acceptable there even though
sensitivity was low, because in a low-prevalence setting most negative tests are correct regardless
of the test.(20)In the foot ulcer cohort the higher prevalence of disease made the false negatives
clinically more consequential, which is why the toe-brachial index and waveform analysis were
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preferred in that setting.(25)

The heterogeneity of the estimates is explained by four sources. Patient selection differed,
because case-control designs that contrast severe disease with healthy controls inflate accuracy,
whereas consecutive community cohorts lower it.(20,30) Second, the reference standard ranged
from duplex ultrasonography to catheter angiography, which changes the definition of disease and
the estimated sensitivity, and the guideline documents that describe these reference techniques
differ in the stenosis threshold they apply.(5,8) To a lesser extent, the index thresholds differed
across studies, from 0.9 to 1.0 for the ankle-brachial index and from 0.38 to 0.6 for the toe-brachial
index, and several reports compared automated devices against the Doppler method rather than
against imaging.(42,43) These differences prevented a meaningful pooled estimate and justify the
narrative approach adopted here.

The strengths of this review include the prospective anchor study, which enrolled consecu-
tive participants and referenced every index test to angiography, and the geographic spread of
the evidence, which reduces the risk that a single clinical setting drives the conclusions.(16)The
restriction to imaging reference standards also minimized the verification bias that weakens stu-
dies in which the index test defines the diagnosis. These strengths allow a firmer conclusion than
earlier reviews could draw: the low sensitivity of the ankle-brachial index is not an artifact of any
single study design but a consistent property of the test in diabetes. The inclusion of the largest
prospective diagnostic accuracy study published to date also means that the central estimate is
unlikely to change materially as more small studies accumulate.(16)

The certainty of the evidence is highest for the central conclusion that the ankle-brachial
index is insensitive in diabetes, because it is supported by the prospective anchor study, two in-
dependent imaging-referenced cohorts and three prior systematic reviews that reach the same
conclusion.(11,16,20,21)The certainty is lower for the comparative ranking of the toe-brachial index
and waveform analysis, because those estimates come from fewer and smaller studies with hete-
rogeneous reference standards, and the advantage of the toe-brachial index was not confirmed
in every cohort.(27)A formal grading of certainty was not performed, and the narrative synthesis
should be read with that limitation in mind. For population screening, the low sensitivity of the
ankle-brachial index means that a substantial number of people with diabetes and early arterial
disease would be classified as unaffected, which argues against relying on the index alone in
screening programmes and supports adding waveform or toe pressure measurements when the
pretest probability is high.(27,34)

For bedside decision-making, the results translate into three operating rules. A low ankle-bra-
chial index in a person with diabetes is a reliable sign of arterial disease and should prompt ima-
ging. A normal or borderline index, between 0.91 and 1.40, does not exclude disease and should
be followed by a toe pressure or a waveform assessment. A monophasic or otherwise abnormal
waveform, or a low toe pressure, should trigger imaging even when the ankle index is normal.
(16,25,36)Because these bedside tests are also used to monitor disease progression and the res-
ponse to revascularization, the same sensitivity limit applies to monitoring, and a stable or rising
ankle-brachial index over time does not guarantee that perfusion has improved, which is why
waveform and toe pressure measures are increasingly recommended for serial assessment.(10,41)

For clinical practice, the findings support a sequential strategy in which the ankle-brachial
index is used for rule-in, the toe-brachial index or waveform analysis is added when the index is
normal or when calcification is suspected, and imaging is requested when the bedside tests con-
flict.(4,41) The combined use of tests is supported by the foot ulcer cohort, in which combining two
tests raised sensitivity without reducing specificity, and by the observation that the percentage
of mean arterial pressure adds information to the ankle-brachial index in calcified vessels.(25,32)
Clinicians should also record the device and the operator, because the consensus evaluations of
portable systems show that apparently interchangeable instruments do not always return identi-
cal pressure and waveform readings, and the reproducibility of waveform interpretation depends
on the training of the reader.(39,40) For research, diagnostic accuracy studies in diabetes should
recruit consecutive unselected participants, report sensitivity and specificity at prespecified thres-
holds against angiography, and stratify results by the presence of medial arterial calcification, so
that future syntheses can quantify the gain from combining tests.

CONCLUSIONS

The ankle-brachial index has high specificity but limited sensitivity for peripheral arterial
disease in people with diabetes, and it missed nearly half of the cases in the largest prospective
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comparison. The toe-brachial index and Doppler waveform analysis detect additional cases and
outperformed the ankle-brachial index in head-to-head studies, at the cost of moderate specificity
for the toe-brachial index. Bedside tests should therefore be used in combination and followed by
imaging when they disagree, rather than as standalone rules for exclusion.
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