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Background-—Collateral arteries provide an alternative blood supply and protect tissues from ischemic damage in patients with
peripheral artery disease. However, the mechanism of collateral artery development is difficult to validate.

Methods and Results-—Collateral arteries were visualized using micro–x-ray computed tomography. Developmental
characteristics were assessed using confocal microscopy. We conducted a single-center, retrospective, observational study
and assessed the dilatation of collateral arteries on ischemic sides. We quantified the vascular volume in both ischemic and
nonischemic legs. A prominent increase in vascular volume was observed in the ischemic leg using a murine hind-limb
ischemia model. We also performed qualitative assessment and confirmed that the inferior gluteal artery functioned as a
major collateral source. Serial analysis of murine hind-limb vessel development revealed that the inferior gluteal artery was a
remnant of the ischial artery, which emerged as a representative vessel on the dorsal side during hind-limb organogenesis. We
retrospectively analyzed consecutive patients who were admitted for the diagnosis or treatment of peripheral artery disease.
The diameter of the inferior gluteal artery on the ischemic side showed significant dilatation compared with that on the
nonischemic side.

Conclusions-—Our findings indicate that an embryonic remnant artery can become a collateral source under ischemic conditions.
Flow enhancement in the inferior gluteal artery might become a novel therapeutic approach for patients with peripheral artery
disease. ( J Am Heart Assoc. 2018;7:e007800. DOI: 10.1161/JAHA.117.007800.)
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I n peripheral artery disease (PAD), insufficient blood supply
to the lower limb triggers intermittent claudication, a type

of exercise-induced pain, and restricts activity.1 In patients
with PAD, the extent of collateral artery development
influences the severity of tissue damage. Poor collateral
supply results in critical limb ischemia.2,3 However, the
underlying mechanisms of collateral artery development have
not been investigated in detail.

Murine hind-limb ischemia is the standard model used to
assess angiogenic and wound healing capacity after organ
ischemia.4 Thismodel can also be used to assess arteriogenesis.5

However, the development of collateral arteries is not fully
understood. One reason is that collateral artery remodeling
occurs in a location remote from the ischemic tissue. Therefore,
conventional histological analysis is not suitable, making it
difficult to predictwhich vesselwill develop into a collateral artery.
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Micro–x-ray computed tomography (CT) is a useful tool for
assessing morphological changes in a nondestructive
manner.6 Several reports have attempted to apply micro–x-
ray CT to the murine hind-limb ischemia model.7,8 Although
these studies quantified vascular remodeling, they did not
focus on collateral artery development.

In this study, we developed a convenient quantitative
method of murine vascular remodeling by using micro–x-ray
CT. Furthermore, we identified the inferior gluteal artery as a
prominent collateral source whose function is equivalent to
that of the femoral artery from a developmental perspective.
Reactive dilation of the inferior gluteal artery was also
observed in humans. These findings highlight a novel
approach to the treatment of PAD.

Methods
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Animals
Femoral artery ligation was performed in male C57BL/6J or
BALB/c mice, aged 8 to 10 weeks. Jcl:ICR embryos were
harvested for developmental analysis. We mated Jcl:ICR mice,
aged 6 to 10 weeks. The embryonic ages were determined
through timed mating, with the appearance of a vaginal plug
considered embryonic day 0.5. All mice were housed in an
environmentally controlled room at a temperature of 23�2°C
and a relative humidity of 50% to 60% under a 12-hour light/
12-hour dark cycle.

All procedures were performed in accordance with the
Kumamoto University animal care guidelines (approval refer-
ence no. A28-047), which conform to the US National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (publication no. 85-23, revised 1996).

Ligation of the Femoral Artery
The surgical procedures have been described previously.5,9

Mice underwent the procedure at the age of 8 to 10 weeks.
Inhalation anesthesia with isoflurane was performed, and the
left femoral artery was selectively ligated just distal to the
branching point of the proximal caudal femoral artery.5 To
ensure that the mice developed ischemia, we made 2 knots
and cut the thread between them to prevent the formation of
bridging collaterals in the ligated femoral artery.

Laser Doppler Perfusion Imaging
Mice were placed on a heating plate set at 37°C under
inhalation anesthesia with isoflurane. A laser Doppler imager
(Moor Instruments) was used to measure blood flow. We
measured thenar blood flow in both limbs. Laser Doppler
perfusion imaging was performed at baseline, immediately
after surgery, and at 3, 7, 14, and 28 days after surgery.

Functional Scoring
Functional scoring was performed at 4 weeks after surgery.
We used a mouse limb ischemia grading scale, as follows: 0
indicates autoamputation of greater than half lower limb; 1,
gangrenous tissue of greater than half foot; 2, gangrenous
tissue of less than half foot, with lower limb muscle necrosis;
3, gangrenous tissue of less than half foot, without lower limb
muscle necrosis; 4, pale foot or gait abnormalities; and 5,
normal). We used a modified mouse ischemia grading scale
to detect less severe levels of ischemia, as follows: 0
indicates autoamputation of leg; 1, leg necrosis; 2, foot
necrosis; 3, ≥2 toe discolorations; 4, 1 toe discoloration; 5,
≥2 nail discolorations; 6, 1 nail discoloration; and 7, no
necrosis.8,10

Contrast Medium Injection
We performed contrast injections using a method described
by Weyers et al.11 At 30 minutes before the procedure,
heparin, 1 U/g, was IP administered. Under deep inhalation
anesthesia with isoflurane, the mice were decapitated and a
22-G catheter was introduced into the descending aorta. A
warmed vasodilating solution (papaverine hydrochloride, 4 g/L;
adenosine, 1 g/L; heparin, 1 U/mL) was perfused for 3 min-
utes at a fixed pressure between 13 and 15 kPa, and 4%
paraformaldehyde in Phosphate Buffered Salts (PBS) was
perfused for another 3 minutes. Contrast medium (Microfil)
was prepared just before administration, and 2 mL of contrast
medium was injected at a fixed pressure. The injected mice
were incubated overnight at 4°C. The skin was removed and
stored after further fixation in 10% formaldehyde solution.

Clinical Perspective

What Is New?

• We developed a convenient comparison method for the
murine hind-limb ischemia model by using micro–x-ray
computed tomography.

• From topological data, we found that the inferior gluteal
artery was remodeled and functioned as a prominent
collateral artery on the ischemic side.

What Are the Clinical Implications?

• Arteries in the dorsal side of the human leg, including
inferior gluteal artery, might become a novel therapeutic
target for collateral enhancement therapy.
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X-Ray CT Scan
We used a microfocused x-ray CT scanner (TOSHIBA TOSCAN-
NER 32300 FPD) installed at the X-Earth Center of Kumamoto
University in 2010. This scanner obtains360° radioscopic image
data with an x-ray image intensifier by turning the table while
irradiating the object with x-rays, which allows for the inspection
of an object placed on a sample table. The radioscopic image
data are then used in reconstruction calculations, which result in
cross-sectional images. Because the polychromatic x-ray beam
generatedhas awide rangeof frequencies, corrections aremade
for the beam-hardening effect.

A flat panel detector enables 3-dimensional scanning with a
cone-shaped x-ray beam. The scan speed depends on scanning
conditions. The sample was placed on the table and scanned
with a cone-shaped x-ray beam. During scanning, the table was
rotated to obtain a 360° scan. A back-projection of x-ray
attenuation was detected on the flat panel detector. The x-ray
CT images obtained were free from the ring artifact normally
seen because the scanner applied a filter function during the
image reconstruction process. An x-ray tube voltage of 50 kV
and a current of 600 lA were chosen, and the focus-to-center
distance was defined as 75.2 mm. Therefore, the dimension of
1 voxel was 28.7928.7928.7 lm in this study.

Data Processing
We used Fiji for data processing.12 The threshold of vascular
volume was defined as a value higher than muscular voxel
values and lower than bone voxel values. To measure each
voxel value, we used the right (nonligated) gastrocnemius as
the reference for muscle and the femur as the reference for
bone. For geometric analysis, we used ScanIP (Simpleware,
Ltd) and calculated the diameter of arteries by using the
cross-sectional area function.

Immunohistochemistry
Samples were fixed using 4% paraformaldehyde at 4°C
overnight. Embryo cryosections (10 µm thick) were immunos-
tained using the following probes: Griffonia Simplicifolia
Lectin I (GSL I) isolectin B4, fluorescein isothiocyanate
conjugate (Vector Laboratories FL-1201, 1:200), anti-actin,
a-smooth muscle, Cy3 conjugate (SIGMA C6198, 1:500), and
406-diamidino-2-phenylindole (Dojindo 340-07971, 1:500).
Section images were obtained using BZ-X710 (Keyence).

Whole Immunohistochemistry
Samples were fixed using 4% paraformaldehyde at 4°C. Small
pieces were immersed in a blocking reagent (2% bovine serum
albumin, 0.1% Triton X in PBS[+]) for several hours at 4°C.

Isolectin GS-IB4 (Thermo Fisher I32450, 1:500) and 406-diamidino-
2-phenylindole (Dojindo 340-07971, 1:500) in the blocking
reagent were incubated with the samples at 4°C for 48 hours.

Stained samples were fixed in 2% low-gelling agar, and
CUBIC1 was used for tissue clearing.13 Fluorescent signals
were visualized with a computer-assisted confocal micro-
scope (Leica DMi8). Obtained stacked images were recon-
structed using Imaris (BITPLANE).

Ink Injection
The process of ink injection has been described previously.14

Embryos were collected at appropriate stages and dipped into
heparinized PBS. Then, ink (Kiwa-Guro, Sailor, Japan) was gently
injected into the umbilical vessels or hearts with a glass
micropipette.Sampleswerefixed in4%paraformaldehydesolution.

Patient Analysis
This study retrospectively enrolled and analyzed 101 consec-
utive patients who were admitted to Kumamoto University
Hospital between January 1, 2013 and March 31, 2017 for
the diagnosis or treatment of PAD. We excluded patients
undergoing hemodialysis and those lacking imaging data. We
analyzed 28 patients with ipsilateral lesions at the femoral or
iliac artery. The study flow chart is shown in Figure 1, and
patient background is shown in the Table. We measured the
diameter of the arteries using cross-sectional CT or magnetic
resonance angiography.

All procedures were conducted in accordance with the
Declaration of Helsinki and its amendments. The study
protocol was approved by the human ethics committee of
Kumamoto University (approval no. 1421). The informed
consent requirement was waived because of the low risk of
this study; also, we were unable to obtain direct consent from
all subjects. Instead, we extensively announced the study
protocol in the Kumamoto University Hospital and on our
website (http://www.kumadai-junnai.com) and gave the
opportunity for patients to withdraw from the study.

Statistical Analysis
Data of normally distributed continuous variables are expressed
as mean�95% confidence interval. Two-group comparisons
were analyzed by the Welch’s t test. The data of laser Doppler
perfusion imaging were analyzed by 2-way ANOVA with
repeated measures, followed by multiple comparisons with
the Bonferroni method. The data of diameter of the deep
femoral arteries and inferior gluteal arteries were analyzed by
paired t test. A 2-tailed P<0.05 denoted the presence of a
statistically significant difference. Statistical analyses were
performed using Prism 7 (GraphPad Software Inc).
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Results

Ligation of the Mid–Femoral Artery Generates
Mild Hind-Limb Ischemia
In this study, we ligated the femoral artery just distal to its
origin at the external iliac artery, where the proximal caudal
femoral artery branches. We made 2 knots and cut the thread
between them to ensure ischemia and to prevent the bridging
by collateral vessels. The laser Doppler image showed an
abrupt reduction in ipsilateral foot blood flow and a partial
restoration at 1 month (Figure 2A and 2B). Functional scoring
did not show any tissue damage in B6 mice (n=11) (Figure 2C
and 2D). BALB/c mice showed slight tissue damage in the
foot region, but severe ischemia in the calf could not be
detected (ischemia score: left, ischemic side, 2.8�0.49;
nonischemic side, 4.8�0.2; P<0.01 [Welch’s t test]; modified
ischemia score: left, ischemic side, 5.4�0.54; nonischemic
side, 6.9�0.1; P<0.05 [Welch’s t test]). Three-dimensional
reconstruction of the micro–x-ray CT images did not show any
destructive changes in the femur and tibia (Figure 2E and 2F).
The long-axis diameter of each bone did not exhibit any sig-
nificant differences between the ischemic and nonischemic
sides (femur: ischemic side, 14.8�0.21 mm; nonischemic
side, 14.9�0.17 mm; P=0.560 [Welch’s t test]; tibia: ischemic

side, 17.9�0.28 mm; nonischemic side, 17.8�0.04 mm;
P=0.794 [Welch’s t test]; n=4). From these data, our model
was assumed to produce definite, but mild, hind-limb
ischemia.

Figure 1. Flow chart. CFA indicates common femoral artery;
EIA, external iliac artery; F, female; M, male; SFA, superficial
femoral artery.

Table. Patient Characteristics

Baseline Characteristics Values (n=28)

Age, y 70.4�8.2

Male sex, n (%) 23 (82.1)

Body mass index, kg/m2 23.2�3.0

Hypertension, n (%) 26 (92.9)

Dyslipidemia, n (%) 21 (75.0)

Diabetes mellitus, n (%) 15 (53.6)

eGFR, mL/min 49.8�19.4

Stroke, n (%) 3 (10.7)

Current smoking, n (%) 10 (35.7)

History of heart failure, n (%) 4 (14.3)

History of PCI, n (%) 10 (35.7)

EF, % 60.9�8.2

LVDd, mm 43.3�5.2

IVSTd, mm 11.2�1.4

E/e’ 13.3�3.3

Hemoglobin, g/dL 12.7�1.6

Hematocrit, % 38.2�4.2

Platelet count, 103/lL 207.9�69.6

Total protein, g/dL 6.8�0.4

Albumin, g/dL 3.8�0.3

TC, mg/dL 174.2�42.1

Triglyceride, mg/dL 140.1�76.0

LDL-C, mg/dL 108.2�33.1

HDL-C, mg/dL 47.2�10.8

ABI findings

Control side 0.89�0.14

Ischemic side 0.66�0.24

Medications, n (%)

b Blocker 7 (25.0)

CCB 6 (21.4)

ACEi 18 (64.3)

ARB 5 (17.9)

Aspirin 10 (35.7)

Dataaremean�SDunlessotherwise indicated.Dataof theseparametersweremeasured at
the point of admission. ABI indicates ankle-brachial index; ACEi, angiotensin-converting
enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; E/e’,
the ratio ofmitral peak velocity of early filling (E) to early diastolicmitral annular velocity (e’);
EF, left ventricular ejection fraction; eGFR, estimated glomerular filtration rate; HDL-C, high-
density lipoprotein cholesterol; IVSTd, interventricular septum end-diastolic thickness;
LDL-C, low-density lipoprotein cholesterol; LVDd, left ventricular end-diastolic dimension;
PCI, percutaneous coronary intervention; and TC, total cholesterol.
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Figure 2. Murine hind-limb ischemia model. A, Serial changes in foot laser Doppler perfusion imaging (B6:
n=11;BALB/c: n=10). Thenonligated right side laserDoppler image (LDI)wasdividedby the ligated left sideLDI.
Two-way ANOVA showed significant differences between B6 and BALB/c mice (P<0.01), and Bonferroni’s
multiple comparisons test revealed significant differences at day21Data aremean�95%confidence interval. B,
Representative images of foot blood flow. C, Ischemic score. We assessed BALB/c mice (n=10) and B6 mice
(n=11) 4 weeks after the procedure. D, Modified ischemic score. We measured BALB/c mice (n=10) and B6
mice (n=11) 4 weeks after the procedure. E, Representative image of 3-dimensional reconstructed femur. F,
Representative image of 3-dimensional reconstructed tibia. *P<0.05. Pre indicates Pre-Procedure; Post, Post-
Procedure.
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Figure 3. Quantitative assessment of vascular volume. A, Regions evaluated for quantitative analysis. The
corresponding 5-mm regions of both sides are compared. B, Vascular volume differences in B6 mice (n=4).
Left: ischemic side, 7.5�0.84 mm3; right: nonischemic side, 4.6�0.47 mm3 (P<0.05 [Welch’s t test]). C,
Vascular volume differences in BALB/c mice (n=4). Left: ischemic side, 11.6�0.49 mm3; right:
nonischemic side, 5.2�0.66 mm3 (P<0.0001 [Welch’s t test]). D, Serial changes in calf laser Doppler
perfusion imaging (B6: n=11; BALB/c: n=10). The nonligated right side laser Doppler image (LDI) was
divided by the ligated left side LDI. Two-way ANOVA showed significant differences between B6 and BALB/
c mice (P<0.01); Bonferroni’s multiple comparisons test revealed significant differences at day 14 and day
21. Data are shown as mean�95% confidence interval. *P<0.05, **P<0.01. Pre indicates Pre-Procedure;
Post, Post-Procedure.
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Quantitative Assessment of Vascular Volume

We euthanized the mice at 1 month, and the arteries in the
lower limb were filled with radiopaque dye. These mice were
then imaged using micro–x-ray CT. The images were processed,
and the vascular density area was extracted. We quantified
vessel volume within 5 mm of the long axis of the tibia
(Figure 3A). Both the B6 and BALB/c mice exhibited a
significant increase in vascular volume on the ischemic side

(B6: ischemic side, 7.5�0.84 mm3; nonischemic side,
4.6�0.47 mm3; n=4; P<0.05 [Welch’s t test]; BALB/c: ischemic
side, 11.6�0.49 mm3; nonischemic side, 5.2�0.66 mm3; n=5;
P<0.0001 [Welch’s t test]) (Figure 3B and 3C). It is known that
postischemic recovery is different among strains and that
BALB/c mice show poorer outcomes than C57BL/6 mice. The
laser Doppler image in the foot showed similar findings in our
study (Figure 2A). We also assessed serial calf flow (B6: n=11;
BALB/c: n=10). Calf laser Doppler image showed a

Non-ischemic side Ischemic side

M
ed

ia
l

A
B

C

D E

Femur

Tibia

Femoral Artery

Saphenous Artery

Femur

Tibia

PCFA

Figure 4. Three-dimensional reconstruction of the murine hind-limb image. A, Whole architecture of the
lower body. The upper body and tail have been removed (bar=4 mm). B and C, Magnified image of the
ligated region. Compared with the right, nonischemic side (B), the mid–femoral artery was cut on the left,
ischemic side (arrowhead, C) (bar=2 mm). D and E, Remodeled arteries in the calf region. The calf regions
are indicated by dashed yellow circles. PCFA indicates proximal caudal femoral artery.
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paradoxically enhanced laser Doppler image ratio in BALB/c
mice (P<0.01, 2-way ANOVA) (Figure 3D).

These data indicate that prolonged ischemia induced
remodeling and enlargement of mid- to large-diameter
vessels, which were detectable with micro–x-ray CT analysis.
Furthermore, BALB/c mice showed paradoxical vascular
remodeling in the calf region, despite poor distal perfusion.
The enhancement of calf blood flow corresponded to
increased vascular volume in the ischemic calf region.
However, this increased vascular volume and flow did not
salvage the distal foot. This finding is an example of
nonfunctional collateral vessel development and suggests
that collateral artery development and also connection to the
microcirculation are important for tissue salvage.

Reconstructed 3-Dimensional Images Indicate
the Geographical Characteristics of the Ischemic
Region

To assess the development of collateral arteries, we
reconstructed the stacked images obtained with micro–x-
ray CT into their corresponding 3-dimensional architecture
(Figure 4A, Video S1). We confirmed that the ligation was
performed at the proper position just distal to the site of
the branching of the proximal caudal femoral artery
(Figure 4B and 4C, Video S2). The reconstructed images
also indicated significant development of remodeled vessels
in the calf region on the ischemic side (Figure 4D and 4E,
Video S2).

A B

C D E

Left (Ischemia) Right (Non-Ischemia)

Left (From Medial Side) Left (From Lateral Side)
CIA

IIA

EIA

Femur

Iliofemoral

Iliofemoral
Spine

FA

Figure 5. Anatomical characteristics of the inferior gluteal artery. A and B, Lateral side views of the left (A) and right (B) gluteal
regions. The inferior gluteal artery is shown in red. C and D, Magnified images of the inferior gluteal artery (yellow arrowhead, red
artery) from medial (C) and lateral (D) sides. The iliofemoral artery is also shown in Figure 4D. E, The inferior gluteal artery in a
2-dimensional computed tomography image (yellow arrowhead). F, Comparison of the cross-sectional areas of the inferior
gluteal artery in B6 mice (n=4) (left: ischemic side, 0.026�0.0010 mm2; right: nonischemic side, 0.014�0.0011 mm2; n=4;
P<0.001 [Welch’s t test]). G, Comparison of the cross-sectional areas of the inferior gluteal artery in BALB/c mice (n=4) (left:
ischemic side, 0.030�0.0020 mm2; right: nonischemic side, 0.020�0.0015 mm2; n=4; P<0.05 [Welch’s t test]). H, Comparison
of the cross-sectional areas of the inferior gluteal artery in B6 mice (n=4) (left: ischemic side, 0.030�0.0012 mm2; right:
nonischemic side, 0.025�0.0024 mm2; n=4; P=0.139 [Welch’s t test]). I, Comparison of the cross-sectional areas of the inferior
gluteal artery in BALB/c mice (n=4) (left: ischemic side, 0.029�0.0019 mm2; right: nonischemic side, 0.027�0.0016 mm2;
n=4; P=0.465 [Welch’s t test]). CIA indicates common iliac artery; EIA, external iliac artery; FA, femoral artery; IGA, inferior
gluteal artery; and IIA, internal iliac artery.
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Inferior Gluteal Artery Functions as a Prominent
Collateral Artery
We then focused on the source of collateral arteries. A
prominent collateral artery was found on the lateral gluteal
side (Figure 5A and 5B). This artery originated from the
common iliac artery and traveled through the greater sciatic
foramen (Figure 5C and 5D). It then branched and ran along
the lateral surface of the gluteal and thigh regions (Figure 5E).
From these anatomical characteristics, we identified this
collateral as the inferior gluteal artery. The cross-sectional
area of the inferior gluteal artery on the ischemic side was
significantly dilated compared with that on the control side
(B6: ischemic side, 0.026�0.0010 mm2; nonischemic side,
0.014�0.0011 mm2; n=4; P<0.001 [Welch’s t test]; BALB/c:
ischemic side, 0.030�0.0020 mm2; nonischemic side,
0.020�0.0015 mm2; n=4; P<0.05 [Welch’s t test])
(Figure 5F and 5G). However, other prominent arteries did
not show significant dilatation (iliofemoral artery, B6:
ischemic side, 0.030�0.0012 mm2; nonischemic side,
0.025�0.0024 mm2; n=4; P=0.139 [Welch’s t test]; BALB/
c: ischemic side, 0.029�0.0019 mm2; nonischemic side,
0.027�0.0016 mm2; n=4; P=0.465 [Welch’s t test]) (Fig-
ure 5H and 5I). From these data, the inferior gluteal artery
functioned as the major collateral feeding artery.

Murine Inferior Gluteal Artery Is the Remnant of
the Ischial Artery
In humans, the inferior gluteal artery is also known as the
remnant of the proximal ischial artery.15 A recent report
showed that bone and vessel formation cooperatively proceed
at the same time.16 However, detailed developmental char-
acteristics of the murine inferior gluteal artery are unknown.
Therefore, we assessed the serial changes in the ischial artery
and the development of the inferior gluteal artery by using 2-
or 3-dimensional optical techniques.

First, we assessed the lower-limb buds at embryonic day
11. Section images revealed that the axial artery was formed
by coalescing mesenchymal cells (Figure 6A through 6C). At
this stage, obvious vascular remodeling has not yet occurred.
Three-dimensional reconstruction and orthogonal images
revealed that capillaries were uniformly distributed and
formed the reticular vascular plexus (Figure 6D and Video S3).

At embryonic day 13.5, avascular condensed mesenchyme
appeared in each segment of the limb buds (Figure 6E
through 6J). Whole-mount vascular imaging revealed a sym-
metrical axial artery split at the stylopod and zeugopod
(Figure 6K and 6L, Videos S4 and S5).

At embryonic day 15.5, ink injection revealed that
prominent remodeled vessels appeared on the dorsoventral
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Figure 6. Vascular development in the lower limb. A through C, Section staining at embryonic day 11.5 (bar=100 lm). D,
Whole-limb bud staining and orthogonal view at embryonic day 11.5 (bar=50 lm, see also Video S3). E through J,
Section staining at embryonic day 13.5. K and L, Whole-limb bud staining at embryonic day 13.5 (K) and orthogonal view (L)
(see also Videos S4 and S5). M and N, Remodeled arteries in the ventral (M) and dorsal (N) sides at embryonic day 15.5. A
prominent artery was formed at the midline in each side (arrowheads). O, Section staining at embryonic day 15.5 (arrow,
femoral artery [FA]; arrowhead, ischial artery). P and Q, Magnified image of the major sciatic space. The major sciatic space is
indicated as a dashed circle. CM indicates condensed mesenchyme; Coxa, coxal bone; DAPI, 406-diamidino-2-phenylindole;
F, femur; GSL1, Griffonia Simplicifolia Lectin I; IA, iliac artery; and IGA, inferior gluteal artery.
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surfaces (Figure 6M and 6N). Section images also revealed
that these prominent vessels developed simultaneously
(Figure 6O) and corresponded to the ischial artery/vein and
femoral artery/vein. The ischial artery crossed the major
ischial space and communicated with the common iliac artery
in the same manner as the inferior gluteal artery (Figure 6P
and 6Q). From these data, the murine inferior gluteal artery
was also considered as a remnant of the proximal part of the
ischial artery.

Reactive Dilatation of the Inferior Gluteal Artery
in Humans
Up to this point, we found the inferior gluteal artery to be
dilated after femoral artery ligation in the murine model.
Therefore, we assessed reactive dilatation of the inferior
gluteal artery in humans with PAD. We retrospectively
enrolled 101 patients and analyzed 28 who had ipsilateral
stenosis or occlusion between the external iliac and super-
ficial femoral arteries (Figure 1, Table). In the case of an
occluded external iliac artery (Figure 7A), the inferior gluteal
artery connected to the branches of the deep femoral artery

(Figure 7B and 7C). Then, the diameters of both arteries were
compared. We did not detect significant changes in the
diameters of the deep femoral arteries (P=0.271 [paired t
test]) (Figure 7D); however, the inferior gluteal artery on the
ischemic side was significantly dilated compared with that on
the nonischemic side (P<0.05 [paired t test]) (Figure 7E).
From these data, we discovered that the human inferior
gluteal artery also functioned as a significant collateral artery.

Discussion
In this study, we developed a convenient comparison method
for the murine hind-limb ischemia model by using micro–x-ray
CT. From topological data, we found that the inferior gluteal
artery was remodeled and functioned as a prominent
collateral artery on the ischemic side. We also found that
the architecture of the murine inferior gluteal artery was
homologous to that of the ischial artery, which is a prominent
dorsal vessel in mice. Furthermore, the inferior gluteal artery
was also reactively dilated in humans with PAD.

Our findings demonstrate the conventional use of micro–x-
ray CT for the assessment of collateral artery development. We

A C D

E

B

Figure 7. Reactive dilatation of the inferior gluteal artery in patients. A through C, Representative images
of the inferior gluteal artery. The left external iliac artery was occluded (A, yellow arrowheads). The backside
view shows the left inferior gluteal artery (yellow arrowhead) compared with that on the right side (yellow
arrow) (B). C, The left inferior gluteal artery connects to the branches of the left deep femoral artery. D,
Diameter of the deep femoral arteries (n=28). P=0.271 (paired t test was performed). E, Diameter of the
inferior gluteal arteries (n=28). P<0.05 (paired t test was performed).
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Figure 8. Summary illustrations. A, Conventional theory: “switch-and-regress” model. B, Our observation:
“split-and-remodeling” model. C, Anatomical comparison between rodents and humans. IGA indicates inferior
gluteal artery; and Pop. A., popliteal artery.
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also identified the inferior gluteal artery as a useful site to
assess when attempting to locate the collateral feeding artery.
Furthermore, we also confirmed that reactive dilatation occurs
in humans. These findings provide a novel therapeutic approach
for collateral enhancement therapy. In animal experiments,
microscopic observation restricts the evaluation fields and
quantitative analysis is difficult in some cases. In this study, we
developed a convenient evaluation method for the entire hind
limb. By comparing the corresponding regions of both sides, the
vascular volume can be easily quantified. Furthermore, micro–x-
ray CT facilitates the analysis of remote parts. These advan-
tages enable the analysis of collateral artery development.

In limb development, the axial artery is primarily generated
and then switches to the femoral artery. Most of the axial
artery disappears, and the proximal remnant portion is thought
to be the inferior gluteal artery.17 This “switch-and-regress”
concept is considered the conventional theory (Figure 8A).
However, our observation of murine hind-limb vessel develop-
ment revealed that the femoral artery and the dorsal ischial
artery developed at the same time. Their developmental
pattern exhibited a mirror image to that of the ventral-dorsal
axis. The axial artery was located at the center of the limb bud
and seemed to have split into the femoral and ischial arteries.
In rodents and humans, the femoral artery becomes the chief
artery of the lower (hind) limb. However, the ischial artery is
the chief artery of the hind limb in many vertebrates.18 These
ontogenetic and phylogenetic characteristics provide a new
“split and remodeling” concept (Figure 8B).

Compared with the murine model, the development of the
inferior gluteal artery in humans is not as extensive. In
particular, it was difficult to detect sufficient collateral
development in the thigh region. A previous report showed
that the morphological changes of the hip joint restricted the
remnant of the ischial artery.19 We further hypothesized that
bipedal walking and standing posture influence the develop-
ment of collateral arteries. Bipedal walking is a human
characteristic.20 In a murine model, the inferior gluteal artery
courses along the outermost lateral surface and travels to the
calf region in an abbreviated manner. However, the standing
posture of humans increases the distance from the gluteal
region to the calf region. These changes might have
evolutionarily limited the collateral growth of the inferior
gluteal artery (Figure 8C).

Furthermore, a supine position is related to some
diseases.21 Gravity is involved in the pathogenesis of acute
respiratory distress syndrome, and release from gravity has
been tested in treatment.22 The inferior gluteal arteries are
dorsal arteries, and a supine position easily disturbs their
flow. Therefore, posture may be involved in the insufficient
growth of collaterals in humans.

Our study has several limitations. Our model is that of mild
acute hind-limb ischemia. However, the pathogenesis of PAD

proceeds chronically. We observed the same phenomena in
both situations, but another model of chronic hind-limb
ischemia will be required for further analysis. Angiogenesis
and collateral artery development are regulated by humoral
factors, mesenchymal stem cells, mechanical stress, and
other factors.23–25 We did not investigate their roles in our
ischemic model, and further study will be required.

Many invisible arteries also developed in our experiments.
This finding indicates that small collateral channels can be
remodeled by specific stimuli. Through the identification of
factors that enhance collateral artery development, a novel
therapeutic approach may be developed for patients with
PAD.
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