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BACKGROUND: Single photon emission computed tomography (SPECT)/
computed tomography (CT) imaging allows for assessment of skeletal 
muscle microvascular perfusion but has not been quantitatively assessed 
in angiosomes, or 3-dimensional vascular territories, of the foot. This 
study assessed and compared resting angiosome foot perfusion between 
healthy subjects and diabetic patients with critical limb ischemia (CLI). 
Additionally, the relationship between SPECT/CT imaging and the ankle–
brachial index—a standard tool for evaluating peripheral artery disease—
was assessed.

METHODS AND RESULTS: Healthy subjects (n=9) and diabetic patients 
with CLI and nonhealing ulcers (n=42) underwent SPECT/CT perfusion 
imaging of the feet. CT images were segmented into angiosomes for 
quantification of relative radiotracer uptake, expressed as standardized 
uptake values. Standardized uptake values were assessed in ulcerated 
angiosomes of patients with CLI and compared with whole-foot 
standardized uptake values in healthy subjects. Serial SPECT/CT imaging 
was performed to assess uptake kinetics of technetium-99m-tetrofosmin. 
The relationship between angiosome perfusion and ankle–brachial index 
was assessed via correlational analysis. Resting perfusion was significantly 
lower in CLI versus healthy subjects (P=0.0007). Intraclass correlation 
coefficients of 0.95 (healthy) and 0.93 (CLI) demonstrated excellent 
agreement between serial perfusion measurements. Correlational analysis, 
including healthy and CLI subjects, demonstrated a significant relationship 
between ankle–brachial index and SPECT/CT (P=0.01); however, this 
relationship was not significant for diabetic CLI patients only (P=0.2).

CONCLUSIONS: SPECT/CT imaging assesses regional foot perfusion and 
detects abnormalities in microvascular perfusion that may be undetectable 
by conventional ankle–brachial index in patients with diabetes mellitus. 
SPECT/CT may provide a novel approach for evaluating responses to 
targeted therapies.
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Peripheral artery disease (PAD) is a progressive ath-
erosclerotic disease of the lower limbs that affects 
8 to 10 million Americans1 and is more prevalent 

and progresses more quickly in patients with diabetes 
mellitus (DM).2,3 Microvascular disease is highly prevalent 
in patients with DM, who commonly present with both 
microvascular and macrovascular complications that are 
also accompanied with accelerated endothelial dysfunc-
tion, atherosclerosis, and cardiovascular disease.4,5 These 
disruptions to the microcirculation may play a significant 
role in high rates of lower extremity ulceration and an 
impaired wound healing process that exists in the setting 

of DM.6,7 Critical limb ischemia (CLI), which is defined by 
ischemic rest pain or the presence of a nonhealing arte-
rial ulcer or gangrene of the foot, is an advanced and 
debilitating form of PAD that commonly manifests in the 
setting of DM and is associated with high incidence of 
lower extremity amputation.8 Therefore, prompt treat-
ment of the diabetic foot with revascularization proce-
dures, such as stenting, balloon angioplasty, and surgical 
bypass, can be critical for improving rates of wound heal-
ing and reducing the need for future amputations.

During the last 30 years, the concept of the angio-
some—a 3-dimensional (3D) vascular territory supplied 
by a specific source artery—has evolved and advanced 
the way in which vascular teams are planning revascu-
larization strategies to target ischemic nonhealing foot 
ulcers.9 The angiosome concept, first described by Tay-
lor and Palmer in 1987,10 divides the foot and ankle 
into downstream 3D territories that are supplied by the 
upstream anterior tibial, posterior tibial, and peroneal 
arteries. Clinical trials comparing direct (angiosome guid-
ed) to indirect (nonangiosome) revascularization have 
demonstrated that angiosome-guided revascularization 
of the lower extremities can result in significantly faster 
wound healing,11–13 higher rates of wound healing,14 
and improvement in overall limb salvage outcomes in 
patients with PAD.11,12,15 Additionally, recent meta-anal-
ysis further suggests a reduced risk of major extremity 
amputation in patients with PAD undergoing revascular-
ization using an angiosome-guided approach.16

Current clinical imaging tools have limitations related 
to assessment of microvascular disease in patients with 
PAD and are commonly restricted to evaluating micro-
vascular perfusion within superficial tissue or only allow 
for evaluation of major vessel blood flow and morphol-
ogy.17 Although magnetic resonance-based approach-
es, such as blood oxygen level dependent,18,19 arterial 
spin labeling,20,21 and contrast-enhanced imaging,22 are 
capable of quantifying 3D tissue oxygenation and per-
fusion, these approaches do not allow for assessment 
of resting foot perfusion and generally require exercise, 
pharmacological, or reactive hyperemia paradigms to 
produce quantifiable signals. Radiotracer-based perfu-
sion imaging with single photon emission computed 
tomography (SPECT)/computed tomography (CT) offers 
some advantages over conventional imaging techniques 
by allowing for serial volumetric assessment of regional 
microvascular perfusion in the lower extremities under 
resting conditions without the need for iodine- or gad-
olinium-based contrast agents.23

In this study, we present a CT-based image segmen-
tation approach for evaluation of resting microvascular 
perfusion within specific foot angiosomes using hybrid 
SPECT/CT imaging. Additionally, we assess the relation-
ship between SPECT/CT perfusion imaging and a stan-
dard clinical tool for evaluating PAD (the ankle–brachial 
index [ABI]), as well as utilize a previously developed 

CLINICAL PERSPECTIVE

Peripheral artery disease is an atherosclerotic 
disease of the lower extremities that is highly 
prevalent in patients with diabetes mellitus, who 
commonly present with both macrovascular and 
microvascular complications. These disruptions to 
the microcirculation contribute to high rates of 
foot ulceration and poor rates of treatment suc-
cess and limb salvage in patients with diabetes 
mellitus. Lower extremity revascularization pro-
cedures, such as stenting, balloon angioplasty, 
and surgical bypass, are used to target areas of 
the foot that are ischemic and contain nonheal-
ing wounds. Angiosomes, which are 3-dimen-
sional vascular territories that have been defined 
based on specific upstream source arteries, can 
assist in the guidance of targeted revasculariza-
tion strategies; however, no standard imaging 
approach exists for assessing microvascular per-
fusion within downstream vascular territories of 
the foot that are targeted for revascularization. 
In the present study, we demonstrate that radio-
tracer-based imaging with single photon emission 
computed tomography (SPECT)/CT offers a nonin-
vasive approach for assessing regional differences 
in microvascular foot perfusion between healthy 
control subjects and diabetic patients with critical 
limb ischemia and is also capable of detecting focal 
perfusion defects in regions of foot ulceration. 
Additionally, we show that SPECT-derived perfu-
sion values do not significantly correlate with the 
ankle–brachial index, which suggests that SPECT/
CT imaging may offer improved sensitivity over 
conventional peripheral artery disease screening 
tools. Future application of this SPECT/CT imaging 
approach may allow for improved assessment of 
the diabetic foot, as well as offer novel insight into 
revascularization procedures and other therapeu-
tic interventions targeted at restoring perfusion to 
specific angiosomes of the foot.
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image registration technique19,24 for evaluating potential 
variability in the uptake of technetium-99 m (99mTc)-tetro-
fosmin in the DM foot for optimization of lower extrem-
ity SPECT/CT perfusion imaging. We hypothesized that 
SPECT/CT imaging under resting conditions would allow 
for assessment and identification of abnormalities in 
microvascular perfusion within angiosomes of the foot 
in diabetic patients with CLI. We also hypothesized that 
SPECT/CT perfusion imaging would not be significant-
ly correlated to ABI measures in diabetic patients with 
microvascular disease because of the ABI being limited 
to only arterial assessment, whereas SPECT perfusion 
offers a more comprehensive assessment of both the 
macrovasculature and microvasculature.

METHODS
The data, analytic methods, and study materials will not be 
made available to other researchers for purposes of reproduc-
ing the results or replicating the procedure.

Research Subjects
Subject recruitment included healthy subjects (n=9) and dia-
betic patients with CLI (n=42). A medical history was taken 
before subject enrollment to evaluate each subject’s risk fac-
tors for cardiovascular, pulmonary, and metabolic disease, 
which included history of DM, smoking, hypertension, hyper-
cholesterolemia, and family history of coronary artery disease. 
Patients with DM were considered to have CLI based on the 
presence of a nonhealing foot ulcer or resting pain in the 
foot or calf, as well as history of abnormal ABI (<0.9 or ≥1.3). 
Additional inclusion criteria for patients with DM included 
patients ≥18 years of age with previously diagnosed type II 
DM, based on any of the following criteria: fasting plasma 
glucose >126 mg/dL on 2 separate occasions, HbA

1c (glycated 
hemoglobin) ≥6.5%, and 2-hour plasma glucose ≥200 mg/
dL in an oral glucose tolerance test. Exclusion criteria included 
patients <18 years of age, HbA1c <6.5%, concurrent enroll-
ment in another clinical trial, and cognitive deficiencies that 
would impair the ability to provide informed consent. Patients 
were not eliminated from enrollment consideration because 
of common diabetic foot conditions, such as cellulitis, osteo-
myelitis, Charcot foot, and stasis dermatitis.

Healthy control subjects were recruited using a research 
flyer and screened using a standard medical history question-
naire. Healthy subjects were void of PAD, DM, coronary artery 
disease, cancer, hypertension, and smoking history. To ensure 
that healthy subjects were absent of PAD and hypertension, 
all subjects underwent screening that included measurement 
of ABI in both lower extremities and assessment of resting 
brachial artery blood pressure.

The study protocol was approved by the Yale University 
Institutional Review Board for Human Subjects Research and 
Review Committee and the Radiation Safety Committee 
and was in accordance with the guidelines set forth by 
the Declaration of Helsinki. All individuals provided written 
informed consent after receiving an explanation of the experi-
mental procedures and potential risks associated with partici-
pating in the study.

SPECT/CT Clinical Imaging Protocol
Subjects reported for SPECT/CT imaging after an 8-hour fast 
that also consisted of abstinence from caffeine and alcohol. 
All patients and healthy volunteers underwent resting SPECT/
CT imaging at the level of the ankle and foot using a con-
ventional hybrid SPECT/4-slice CT imaging system with large 
field-of-view NaI detectors and general purpose parallel-hole 
collimators (Infinia Hawkeye; GE Healthcare). All subjects 
received a low-dose (547.7±47.9 MBq) intravenous injection 
of 99mTc-tetrofosmin under resting conditions and underwent 
SPECT imaging 15 minutes after radiotracer injection. SPECT 
images were acquired using a 360° step and shoot acquisi-
tion with a 140.5 keV±10% window, 3° projections, and 30 
seconds per stop. Immediately after the SPECT acquisition, 
CT images were acquired with a slice thickness of 5 mm, at 
140 kVp, and 2.5 mA for the purposes of attenuation cor-
rection and future image segmentation of foot angiosomes. 
All SPECT images were reconstructed using iterative recon-
struction, applying corrections for attenuation, scatter, and 
resolution loss. SPECT/CT images were reconstructed using 
system software (Xeleris; GE Healthcare, Buckinghamshire, 
United Kingdom) capable of generating coregistered func-
tional (SPECT) and anatomic (CT) images of the feet. SPECT 
images were reconstructed and fused with CT attenuation 
images for quantification of perfusion within specific angio-
somes of the foot.

For optimization of the ideal SPECT/CT imaging time point 
after radiotracer injection, and for assessing any potential 
delay in the uptake of 99mTc-tetrofosmin in foot tissue in the 
setting of PAD, a subset of healthy subjects (n=8) and patients 
with DM (n=6) underwent serial SPECT/CT image acquisitions 
at both 15 and 45 minutes after 99mTc-tetrofosmin injection 
using identical image acquisition and reconstruction param-
eters as described above.

SPECT/CT Image Processing
SPECT/CT images were analyzed using a previously devel-
oped image analysis toolkit (BioImage Suite, http://www.
bioimagesuite.org) for regional assessment of lower 
extremity tissue perfusion,23,25 oxygenation,19,26 and angio-
genesis.27 Low-dose CT attenuation images were used to 
segment and define angiosomes of the feet (lateral plantar, 
medial plantar, lateral calcaneal, medial calcaneal, and dor-
sal foot; Figure 1). Average radiotracer uptake was assessed 
from coregistered SPECT images within the CT-defined 3D 
angiosome containing the nonhealing ulcer. Average SPECT 
image intensity values were normalized to injected radio-
tracer dose (mCi) and patient body weight (kg) to gener-
ate standardized uptake values. In healthy volunteers who 
did not have foot ulceration, average SPECT activity was 
assessed across the entire 3D volume of the foot from the 
subject’s dominant leg.

In subjects who underwent SPECT/CT perfusion imag-
ing at 15 and 45 minutes after radiotracer injection, serial 
images were coregistered utilizing a previously published 
automated approach of image registration to ensure pre-
cise analysis of perfusion within the same 3D image space 
over time.19,24 Specifically, the image registration approach 
utilizes a 2-step process of global rigid alignment followed 
by nonrigid image registration that ultimately corrects for 
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any changes in foot position that may occur between image 
acquisitions (Figure 2).

Measurement of ABI
The ABI was assessed in healthy and DM subjects by manual 
measurement of the systolic blood pressure from both bra-
chial arteries, as well as from both the dorsalis pedis and pos-
terior tibial arteries, after a minimum of 10-minute rest in the 
supine position. Pressures were measured using a standard 
blood pressure cuff and a handheld 8-MHz Doppler probe 
(Dopplex D900; ArjoHuntleigh, Inc, Addison, IL). All pres-
sures were acquired by the same experienced investigator to 
limit variability between subjects. ABI measurements were 
acquired in all healthy subjects (n=9) and a subset of diabetic 
patients with CLI (n=30).

Statistical Analysis
Unpaired t tests were used to compare baseline demograph-
ics between healthy subjects and diabetic patients with CLI, 
and general linear model was used to identify differences in 
baseline SPECT perfusion values (standardized uptake values) 
between healthy and CLI groups after controlling for age. 
Serial SPECT measurements acquired at 15 and 45 minutes 
post-radiotracer injection were assessed for the discrep-
ancy and the consistency of the repeated 2 measures using 
Bland–Altman plot and intraclass correlation coefficient 
(ICC), respectively. Pearson correlation coefficient was used 
to assess the relationship between resting SPECT perfusion 
values and ABI measurements. Normality was assessed for all 
continuous variables using the Kolmogorov–Smirnov test. All 
statistical analyses were performed using commercially avail-
able software (GraphPad Prism v7.0 for Mac OS X; GraphPad 
Software, La Jolla, CA; SAS/STAT v9.4 for Windows; SAS 
Institute, Inc, Cary, NC). Statistical significance for all analy-
ses was set at P<0.05. All values are expressed as means±SD 
unless stated otherwise.

RESULTS
Subject Demographics
Medical history questionnaires, along with ABI and 
blood pressure screening, confirmed that all healthy 
subjects were void of cardiovascular, metabolic, and 

pulmonary disease and did not have significant risk 
factors for cardiovascular disease. Alternatively, all 
patients with CLI had previously diagnosed type II 
DM (HbA1c, 8.7±2.1%) and presented with numerous 
cardiovascular comorbidities, which included hyper-
tension (92.9% of patients with CLI), hyperlipidemia 
(66.7%), coronary artery disease (52.4%), renal dis-
ease (35.7%), prior stroke (21.4%), and history of 
tobacco use (64.3%). Additionally, several enrolled 
patients with CLI presented with Charcot foot (n=3), 
stasis dermatitis (n=6), osteomyelitis (n=2), and cellulitis 
(n=2). Diabetic patients with CLI also presented with 
significantly reduced ABI values when compared with 
healthy subjects (healthy, 1.05±0.1; patients with CLI, 
0.63±0.2; P<0.0001). No statistically significant differ-
ences existed between subject groups for body mass 
index (healthy, 27.5±3.7; patients with CLI, 29.9±6.4; 
P=0.3), systolic blood pressure (healthy, 123.8±14.0; 
patients with CLI, 136.6±20.4; P=0.1), and diastolic 
blood pressure (healthy, 76.5±9.9; patients with CLI, 
71.4±12.0; P=0.3). However, significant differences in 
age existed between healthy subjects and patients with 
CLI (healthy, 49.7±9.7; patients with CLI, 67.0±12.7; 
P=0.0003).

Comparison of Resting Foot Perfusion 
Between Healthy Subjects and Patients 
With CLI
Qualitative analysis of 99mTc-tetrofosmin SPECT/CT 
images demonstrated the ability to noninvasively 
detect resting perfusion defects in sites containing 
nonhealing foot ulcers in patients with CLI (Fig-
ure 3). Further application of lower extremity SPECT/
CT imaging in both healthy subjects and patients 
with CLI demonstrated the capability of identifying 
qualitative (Figure 4A through 4C) and quantitative 
(Figure  4D) differences in microvascular foot perfu-
sion between subject groups under resting condi-
tions. The 2 subject groups had unequal variances 
(F=4.37; P=0.03), and the mean difference of SPECT 
perfusion between groups was significantly different 

Figure 1. Volume rendered foot 
angiosomes overlaid on X-ray 
computed tomography attenua-
tion images acquired in a patient 
with critical limb ischemia.  
A, Medial, (B) lateral, and (C) pos-
terior views display the medial heel 
(orange), lateral heel (yellow), dorsal 
foot (green), medial plantar (blue), 
and lateral plantar (red) angiosomes.
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(P=0.0007) by unpaired t test with the Satterthwaite 
approximation for degree of freedom. By eliminating 
1 outlier in the CLI patient group that was respon-
sible for the unequal variance, the mean difference 
between groups was still significant (P=0.003) with 
a pooled SD. Additionally, the group differences in 
SPECT perfusion remained statistically significant 
after controlling for age (P=0.01), with age-adjust-
ed means of 0.23 (SE=0.025) and 0.15 (SE=0.01) in 
healthy subjects and patients with CLI, respectively.

Assessment of Uptake Kinetics of  
99mTc-Tetrofosmin in Diabetic CLI
The Bland–Altman plot (Figure 5) displays the difference 
between 2 serial tests (test 1−test 2) against the mean 
perfusion values measured for all foot angiosomes. 
The mean differences for patients with CLI (mean, 
0.000; 95% confidence interval, −0.004 to 0.003) and 
healthy subjects (mean, 0.008; 95% confidence inter-
val, 0.006–0.011) is also displayed. The 95% limits of 
agreement were −0.018 to 0.018 and −0.008 to 0.024 
in patients with CLI and healthy subjects, respectively. 
The ICCs of >0.99 obtained in all angiosomes represent 
an excellent consistency of SPECT/CT perfusion imaging 
values acquired at 15 and 45 minutes post-radiotracer 

Figure 2. Serial registration of x-ray computed tomog-
raphy foot images for assessing test–retest reliability 
of single photon emission computed tomography/CT 
perfusion imaging.  
Registration was achieved using points from outer skin 
surfaces. Pictured are lateral and posterior views of rendered 
surfaces from 2 separate imaging studies (green, scan 1 foot 
position; and red, scan 2 foot position) at the (A) starting 
position before registration, (B) after global rigid registration, 
and (C) after nonrigid registration.

Figure 3. Resting 99mTc-tetrofosmin single photon 
emission computed tomography (SPECT)/computed 
tomography (CT) perfusion imaging in a critical limb 
ischemia patient with a nonhealing foot ulcer.  
A, Coronal, (B) axial, and (C) sagittal views of fused SPECT/
CT images reveal a relative perfusion defect (denoted by 
white arrows) located in the (D) region of the nonhealing 
wound (denoted by yellow arrow) that extends along the 
plantar aspect of the foot.
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injection. After controlling for each angiosome region, 
ICC values in both healthy subjects (ICC=0.946) and 
patients with CLI (ICC=0.929) demonstrated a strong 
level of agreement.

Relationship Between SPECT/CT 
Perfusion Imaging and ABI
The relationship between SPECT/CT perfusion imaging 
and ABI was assessed under resting, baseline condi-
tions. Correlational analysis, including both diabetic 
patients with CLI and healthy subjects, demonstrat-
ed a significant and positive relationship between 
SPECT-derived angiosome foot perfusion and the ABI 

(r=0.41, P=0.01; Figure 6A). However, individual cor-
relational analysis of SPECT and ABI measures specifi-
cally within the diabetic CLI patient population did 
not demonstrate a significant relationship (r=0.25, 
P=0.19; Figure 6B).

DISCUSSION
In the present study, we demonstrate for the first time 
the application of radiotracer-based imaging for the 
quantitative assessment of microvascular perfusion 
within specific angiosomes of the foot by using a CT-
based image segmentation approach and serial image 
registration. We also demonstrate that SPECT/CT imag-
ing of the foot is a useful noninvasive technique that 
allows for detection of regional abnormalities in resting 
microvascular perfusion in the setting of DM and CLI, 
as well as quantifiable differences in perfusion between 
diabetic patients with CLI and healthy subjects. Addi-
tionally, we show that in the setting of DM, SPECT/CT 
imaging of microvascular perfusion is not significantly 
correlated with the ABI—a standard clinical tool for 
assessing large-vessel PAD.

Early research studies that applied gamma cameras 
for the assessment of PAD were primarily accomplished 
by 2-dimensional scintigraphy or used thallium-201, 
without assessing regional variability in perfusion 
within specific 3D vascular territories.17 However, PAD-
focused research in the past decade has begun to use 
the 99mTc-labeled perfusion tracers 99mTc-tetrofosmin 
and 99mTc-sestamibi, which has reduced radiation expo-
sure to patients, increased image quality on gamma 
cameras, and demonstrated clinical utility in the detec-
tion of PAD within the calf,28,29 as well as assisted with 
tracking the response to cell therapy in the foot.30–32 
Additionally, recent preclinical research has established 
and validated methods for assessing serial changes in 
microvascular perfusion within specific lower extrem-
ity muscle groups using SPECT/CT imaging.23 The 
present study represents the next step in translation 

Figure 4. Comparison of resting single photon emission computed tomography (SPECT)/computed tomography 
(CT) perfusion imaging in healthy and critical limb ischemia (CLI) subjects.  
A, Axial, (B) coronal, and (C) sagittal views of 99mTc-tetrofosmin SPECT/CT imaging demonstrate visual differences in foot perfu-
sion under resting conditions. D, Quantitative image analysis reveals significant differences in resting foot perfusion (standard-
ized uptake values) between healthy subjects and patients with CLI.

Figure 5. Evaluation of 99mTc-tetrofosmin uptake kinet-
ics in the feet of healthy subjects and patients with 
critical limb ischemia (CLI).  
The Bland–Altman plot collectively displays perfusion values 
for each angiosome in healthy and CLI subjects. Intraclass 
correlation coefficients of 0.95 (healthy subjects) and 0.93 
(patients with CLI) demonstrated excellent agreement level 
between measurements acquired at 15 and 45 min post-
radiotracer injection. n=8 healthy subjects, and n=6 patients 
with CLI. SPECT indicates single photon emission computed 
tomography; and SUV, standardized uptake value.
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of this SPECT/CT perfusion imaging approach into a 
DM patient population at high risk for lower extremity 
amputation. Our findings that demonstrate the repeat-
ability of quantitative analysis of regional foot perfu-
sion at 15 and 45 minutes post-radiotracer injection 
suggests that SPECT/CT perfusion imaging can be per-
formed in patients with PAD early or late post-injection 
without any significant effect on perfusion results. 
SPECT/CT imaging of angiosome foot perfusion may 
have significant clinical implications by offering a nov-
el approach for evaluating the response to targeted 
revascularization procedures in the lower extremities, 
which could assist interventionalists who are attempt-
ing to target and increase perfusion within specific 
ulcerated regions of the foot in an effort to facilitate 
wound healing and limb salvage. Additionally, SPECT/
CT perfusion imaging performed under baseline condi-
tions may possess value by characterizing viable from 
nonviable foot tissue in patients with CLI, which could 
potentially offer guidance when the location and level 
of amputation is under consideration. Although the 
present work was limited to the setting of CLI, the abil-
ity to identify both qualitative and quantitative abnor-
malities within specific angiosomes of the foot under 
resting conditions may also offer future clinical value 
by detecting subtle abnormalities in perfusion that pre-
cede the development of claudication or the formation 
of ulcers in patients across the entire clinical spectrum 
of PAD. It should also be noted that although the pres-
ent work used 99mTc-tetrofosmin for SPECT/CT perfu-
sion imaging, 99mTc-sestamibi has also demonstrated 
utility for detection of PAD in prior studies and could, 
therefore, serve as an alternative to 99mTc-tetrofosmin 
in future preclinical and clinical investigations.28,29,33

The lack of a significant relationship between 
SPECT/CT-derived measures of angiosome perfu-
sion and the ABI is not surprising because prior 
ABI-focused publications have demonstrated that 
limitations of ABI include artificially elevated values 

in the presence of noncompressible arteries and the 
inability to detect microvascular disease,34 both of 
which being highly prevalent in the setting of DM. 
Additionally, because of ABI consisting of assessing 
arterial pressures at the level of the arm and ankle, 
SPECT/CT imaging, which reflects both proximal mac-
rovascular disease, as well as microvascular perfusion 
in the foot, should inherently offer a more sensitive 
approach for noninvasively assessing localized abnor-
malities in the microcirculation of patients with DM. 
Indeed, prior radiotracer-based investigations have 
demonstrated that perfusion imaging of the calf on 
gamma cameras is more sensitive than ABI35 and 
Doppler ultrasound28,36 for identifying abnormalities 
in calf microvascular perfusion in both asymptom-
atic35,36 and symptomatic28 patients, which suggests 
that lower extremity SPECT/CT perfusion imaging 
may be capable of detecting subtle changes in skel-
etal muscle physiology in the early stages of PAD that 
could go undetected by conventional ABI. Although 
SPECT/CT perfusion imaging and ABI were not signifi-
cantly correlated, characterization of the relationship 
between these noninvasive tools should clarify how 
our novel imaging approach may fit into the screen-
ing paradigm for PAD, which includes ABI measure-
ment.37 Additionally, even though current guidelines 
for CLI suggest assessment of toe pressures, transcu-
taneous oxygen pressure, or skin perfusion pressure 
for evaluating microvascular disease and wound heal-
ing potential,8 these tools remain limited to superficial 
evaluation of perfusion or do not allow for 3D assess-
ment of perfusion within specific foot angiosomes. 
The findings from the present study associated with 
the use of SPECT/CT imaging for evaluation of tissue 
perfusion within 3D foot angiosomes suggest that 
radiotracer-based imaging may possess potential for 
improving the baseline assessment of microvascular 
disease in patients with PAD, which is particularly rel-
evant to patients with DM and CLI.

Figure 6. Evaluation of the rela-
tionship between single photon 
emission computed tomography 
(SPECT)-derived angiosome perfu-
sion and ankle–brachial index 
(ABI).  
A, Correlational analysis of both 
healthy and critical limb ischemia (CLI) 
subjects demonstrated a significant 
relationship between ABI and SPECT 
angiosome perfusion; however, this 
relationship was not significant in (B) 
correlational analysis of patients with 
CLI only. n=30 patients with CLI, and 
n=9 healthy subjects.
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LIMITATIONS
Although the present study demonstrated use of 
SPECT/CT imaging for the assessment of angiosome 
foot perfusion, the total number of enrolled patients 
was relatively small. Therefore, wider application of 
lower extremity SPECT/CT perfusion imaging is war-
ranted to validate the findings of this study and fully 
assess the diagnostic utility of this imaging approach 
in the setting of PAD. Additionally, although we eval-
uated the relationship between SPECT/CT perfusion 
imaging and ABI in the current work, future work 
should also assess the relationship between SPECT/CT 
imaging and other metrics of perfusion, such as the 
toe–brachial index and transcutaneous oxygen pres-
sure, to fully understand the clinical relevance of our 
imaging approach. In the present study, we used a 
conventional NaI SPECT camera for all imaging. With 
the recent development of cadmium–zinc–telluride 
SPECT cameras that have demonstrated potential for 
quantitative assessment of myocardial perfusion and 
absolute myocardial blood flow,38,39 future investiga-
tions translating cadmium–zinc–telluride technol-
ogy to the lower extremities may allow for improved 
quantitative analysis of skeletal muscle physiology. 
Future work focused on SPECT/CT imaging of foot 
perfusion may also benefit by additional evaluation 
of all foot angiosomes to understand how impaired 
microvascular perfusion within a specific ulcerated 
angiosome may influence perfusion in other angio-
somes of the foot.

CONCLUSIONS
Collectively, the present study demonstrates that 
99mTc-tetrofosmin SPECT/CT imaging is a useful tool 
for assessing regional foot perfusion and can detect 
abnormalities in resting microvascular perfusion that 
may be undetectable by conventional ABI in the set-
ting of DM. Future application of angiosome-based 
SPECT/CT perfusion imaging across the broader clini-
cal spectrum of PAD may provide novel insight into 
the response to targeted revascularization, surgical 
bypass, and novel cell- or gene-based therapies direct-
ed at improving tissue perfusion or promoting angio-
genesis within ischemic tissue of the lower extremities 
that is susceptible to future wound formation and 
amputation.
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