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Abstract
Purpose—To develop an interventional hindlimb ischemic model and compare its angiogenic
effect versus surgical ligation (SL) and excision of the femoral artery in rats treated with
transplantation of bone marrow mononuclear cells (MNCs) as an angiogenic stimulator.

Materials and Methods—Forty-eight Lewis rats randomly received interventional
embolization (IE) with hydrogel wire or SL and excision of the right femoral artery. Rodents were
intraarterially transplanted with 1.5 × 107 MNCs in 500 μL medium from 24 isogenic donor rats.
Functional and structural recovery was evaluated by laser Doppler imaging (LDI), cytokine/
chemokine assay, and histologic staining.

Results—In vivo microscopic images showed significantly dilated vasa vasorum around the
embolized segment of the right femoral artery at 3 days compared with disorganized tissue
structure in the SL group. However, the LDI index was significantly higher in the SL group at 3
days compared with the IE group. LDI did not significantly differ between the two groups at 2
weeks after transplantation. Cytokine assay showed higher levels of interleukin (IL)–1α and IL-18
in the SL group; the IE group had higher levels of interferon-γ, IL-6, IL-13, and granulocyte
colony-stimulating factor. Histologic examination demonstrated inflammatory infiltration near the
incision within nerve fibers with dilated capillaries, showing nerve degeneration in the SL group.
At 2 weeks, histologic analysis demonstrated massive scarring under the skin spreading into the
musculature in the SL group.

Conclusions—A minimally invasive hindlimb ischemia model has been successfully developed
that preserves tissue integrity and minimizes inflammation and confounding factors in the early
stages of angiogenesis and arteriogenesis.

The prevalence of lower-extremity peripheral arterial disease is approximately 10% in
people younger than 65 years and increases to 20% in people older than 75 years in the
United States (1). Restoration of blood flow through angiogenesis and arteriogenesis may
provide “biological revascularization” in these patients (2). In the past decade, intensive
efforts have been undertaken to achieve neovascularization of ischemic limbs through the
administration of growth factors that promote angiogenesis and/or arteriogenesis. Numerous
animal studies (3– 6) have shown the feasibility of enhancing vessel growth in ischemic
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tissues, and the clinical application of growth factors has shown encouraging results in
several small studies (7).

Vascular endothelial growth factor (VEGF) plays an important role in the process of
angiogenesis and promotes the proliferation and migration of endothelial cells (8); fibroblast
growth factor is also a strong inducer of angiogenesis (9). In addition, it was recently
demonstrated that VEGF and fibroblast growth factor had a synergistic effect on
angiogenesis (10). However, two phase II randomized controlled clinical trials involving
VEGF (11) and basic fibroblast growth factor (12) for intermittent claudication have not
corroborated the results of these smaller studies.

Many issues may have contributed to the lack of success of clinical growth factor therapy
(9,13). However, the problem may also result from inadequate animal models used in these
animal studies. In particular, surgical ligation (SL) of the common femoral artery, frequently
used as a model in such studies (4,5,14,15), may induce a number of artifacts as a result of
extensive inflammatory injury that by itself can promote angiogenesis and alteration of the
vascular bundle structure. Moreover, there is a persistent need for reliable noninvasive
imaging techniques that allow monitoring of vessel development and function in response to
therapy.

Animal models of human disease are a source of great insight, yet they also carry potentially
crucial limitations that may confound experimental data. Useful models should incorporate
the following essential features: (i) clinical relevance, (ii) low cost, (iii) small animal size,
and (iv) provision of sufficient material for the study of cellular and molecular mechanisms.
Rats meet these requirements, which ensure their popularity for models of vascular disease.
However, the existing surgical hindlimb ischemic model is limited to surgical injury and
wound healing in the targeted area. In addition, its clinical relevance to the anatomic and
functional characteristics of intravascular atherosclerotic stenosis or occlusion is
questionable. The present study addresses these issues through the development of an
interventional hindlimb model, which compares the angiogenic effect versus SL and
excision of the femoral artery in rats treated with bone marrow mononuclear cells (MNCs),
an angiogenic stimulator (6).

We expect an interventional hindlimb model can not only preserve the tissue integrity, but
also minimize inflammatory reaction from open surgery at the early stages and wound
healing at the later stages, which will be conducive to the exploration of the cellular and
molecular mechanisms in terms of functional and structural regeneration of blood vessels
through pure angiogenesis and arteriogenesis.

MATERIALS AND METHODS
Animals

Seventy-two male inbred Lewis rats (weight, 250 –275 g; Harlan, Indianapolis, Indiana), 10
–12 weeks of age, were used for all experiments. By using an Internet-based source
(http://randomizer.org/form.htm), 48 rats were randomly assigned to undergo interventional
embolization (IE; n = 24) or SL (n = 24). The balance (n = 24) were saved as donors for
MNCs. The study conformed to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (publication no. 85-23, revised 1985) and was
approved by the institutional animal care and use committee.

Hydrogel Coil in Vitro Study
The HydroCoil embolization system (MicroVention, Aliso Viejo, California) consists of a
synthetic, polymeric hydrogel attached to a 0.014-inch platinum coil. Segments 10 mm long
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were cut from the 10-mm × 20-cm complex helical platinum coils. Images were obtained
with the M2Bio three-dimensional microscopy system while the coil was immersed in the
rat’s serum at six different time points: pre-immersion; 10 seconds; and 5, 10, 15, and 20
minutes post-immersion. Axiovision 4.2 software (Zeiss) was used to assess the diameters of
the coil.

Bone MNC Transplantation
Bone marrow was harvested from the femur and tibia of 24 isogenic Lewis donor rats and
MNCs were isolated by Ficoll density gradient centrifugation (Lymphoprep; Nycomed,
Zurich, Switzerland) as described previously (6). MNCs were used as a neovascular
stimulus (6).

Interventional Hindlimb Model in Rats
Rats were anesthetized with intramuscular ketamine hydrochloride 80 mg/kg and xylazine
10 mg/kg. Heparin 100 IU was administered intraperitoneally. By using the sterile technique
and with the assistance of a binocular loupe (magnification ×4; World Precision Instruments,
Sarasota, Florida), a midline incision was made along the neck. The left common carotid
artery was exposed and ligated distally with 4 – 0 silk suture, and a proximal suture was
used to control bleeding during incision. A 2.4-F catheter over a 0.014-inch guide wire
(Guidant, Santa Clara, California) was inserted into the incision and advanced to the
proximal portion of the common femoral artery under C-arm fluoroscopic guidance (OEC
9900 Elite C-arm; GE Medical Systems, Milwaukee, Wisconsin). An angiogram was
obtained with use of 0.5 mL Ultravist (Berlex, Wayne, New Jersey) to save as a roadmap.
One 10-mm HydroCoil segment was loaded manually into a polyethylene tube (PE-50). This
tube was opposite to the hub of the indwelling 2.4-F catheter. The coil segment was
introduced into the artery with the same guide wire. The distal end of the coil segment was
positioned approximately 2– 4 mm proximal to the bifurcation of the popliteal and
saphenous arteries. The catheter was then pulled back to the abdominal aorta. Complete
occlusion of the artery was confirmed by injection of 0.5 mL Ultravist for angiography 20
minutes later. Then, 1.5 × 107 MNCs in 500 μL Dulbecco’s modified Eagle medium was
injected through the same catheter positioned proximal to the bifurcation of the internal and
external iliac artery, followed by another 500 μL Dulbecco’s modified Eagle medium for
flush. The incision was sutured in layers with a 4 – 0 silk suture. Twenty-two of 24
interventionally successful rats were randomly assigned to one of three groups according to
follow-up time: group 1 (n = 5; days 3 and 14) for in vivo microscopic imaging and
histologic study; group 2 (n = 6; day 7) for cytokine measurement; and group 3 (n = 11; day
14) for laser Doppler imaging (LDI).

Surgical Hindlimb Ischemia Model
Surgical procedures were performed in 24 rats under anesthesia and sterile conditions. A
vertical longitudinal incision was made in the right hindlimb (2–3 cm long). The right
femoral artery and its side branches were dissected and ligated with 4 – 0 silk sutures spaced
10 mm apart, and the vessel segment between the ligatures was excised. By using the same
technique as described in the previous section, 1.5 × 107 MNCs in 500 μL Dulbecco’s
modified Eagle medium were transplanted in the bifurcation of the internal and external iliac
artery via a transcarotid access.

The rats were randomly assigned to one of three groups according to follow-up time: group
4 (n = 6; days 3 and 14) for in vivo microscopic imaging and histologic study; group 5 (n =
6; day 7) for cytokine assay; and group 6 (n = 12; day 14) for LDI.
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Multiplex Assays Specific for Rat Cytokines and Chemokines
In group 2 (IE; n = 6) and group 5 (SL; n = 6), an intravenous catheter (PE-50) for sampling
blood from the ischemic hindlimb was inserted and positioned at the iliac vein bifurcation
through the right external jugular vein under fluoroscopic guidance. This catheter and the
occluder were tunneled subcutaneously and exteriorized between the scapulas. Time points
for blood sampling included before arterial occlusion and days 1, 3, 5, and 7 after the
procedure. At each time point, 0.5 mL blood was drawn and 0.5 mL saline solution was
supplied for flush. In preparing serum samples, blood, collected in a sterile tube, was
allowed to clot for 30 minutes at minimum before centrifugation for 10 minutes at 1,000g.
Serum was removed immediately, divided into aliquots, and stored at −80 °C until cytokine
assay.

Multiplexed immunoassays with the use of fluorescent microspheres and the Luminex-100
system (Luminex, Austin, Texas) were performed on 60 samples of serum in six IE-group
rats and six SL-group rats. Multianalyte profiling was performed on the Luminex-100
system, and acquired fluorescence data were analyzed by MasterPlex QT software (version
1.2; MiraiBio, San Francisco, California). Serum concentrations of the following 24
cytokines/chemokines were simultaneously quantified by using the multiplex assay kit (cat.
RCYTO-80K) per the manufacturer’s instructions: eotaxin, granulocyte colony-stimulating
factor (GCSF), granulocyte–macrophage colony-stimulating factor, keratinocyte-derived
chemokine/growth regulated oncogene, interferon (IFN)– γ, leptin, interleukin (IL)–1α,
IL-1β IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-17, IL-18, IFN-inducible
protein–10, monocyte che-moattractant protein-1, macrophage inflammatory protein–1β,
regulated upon activation normal T cell expressed and secreted, tumor necrosis factor–α,
and VEGF.

Assessment of Blood Perfusion by LDI
We scanned the rear paw and the front side of the thigh for rats in groups 3 and 6 with an
LDI analyzer (Moor Instrument, Wilmington, Delaware) before and after the interventional
or surgical procedure (days 0, 3, 7, and 14). This method has been validated extensively in
rodent models of hindlimb ischemia and is considered a reference standard for perfusion
assessment (4,15,16). Measurement of blood flow with LDI has been previously described
(16). Low or no perfusion is displayed as dark blue, whereas the highest degree of perfusion
is displayed as red. These images were quantitatively converted into histograms that
represented the amount of blood flow on the x-axis and the number of pixels on the y-axis in
the traced area. The average blood flow in each histogram was calculated and the LDI index
was determined as the ratio of ischemic to nonischemic hindlimb blood perfusion.

Histologic Analysis
Six rats (n = 3 in groups 1 and 4) were anesthetized as mentioned previously at day 3 and an
additional five rats (n = 2 in group 1 and n = 3 in group 4) were anesthetized at day 14.
Under binocular loupe guidance, the arterial region was visualized and digitally
photographed after a vertical longitudinal incision was made in the right hindlimb. These
rats were killed with an overdose of ketamine and xylazine. At necropsy, adductor muscles
and the region including nerve, artery, and vein with surrounding tissue were harvested
separately. These structures were cut into 5-mm-thick blocks and the coil segments were
carefully extracted from the femoral artery. After paraffin embedding, 6-μm-thick sections
were cut from each sample with muscle fibers oriented in the transverse direction, stained
with hematoxylin and eosin, examined at magnifications of ×100 or ×400, and analyzed by
the research core service from the department of pathology for tissue response to different
intervention.
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Statistical Analysis
Data were expressed as means ± SD. Measurements of LDI and cytokines were compared
between two models (SL vs IE) with unpaired Student t test by using SPSS version 11.0
software (SPSS, Chicago, Illinois), with differences significant at P < .05.

RESULTS
Operation Technique and Postoperative Recovery

The operation success rates were 100% (n = 24) for the SL model and 92% (n = 22) for the
IE model (Fig 1). Of the two animals in the IE group who were excluded from further
studies (one in group 1, the other in group 3), one had a misembolization and the other had a
vascular spasm attributable to malpositioning of the guide wire and catheter. After both
procedures, the animals recovered well and there were no distal tissue losses.

Hydrogel Coil in Vitro Study
The initial diameter of the hybrid HydroCoil was 0.014 inches. During the first 5 minutes,
the diameter increased dramatically to approximately 0.032 inches. The coil expanded
moderately but gradually until the total outer diameter reached 0.040 inches (Fig 2). Our
bench data suggested that the time frame for repositioning (ie, partial deployment and
retraction back into the catheter) is limited to 5 minutes.

Blood Flow Recovery
LDI was used to measure blood flow in the foot and upper leg in both groups to 14 days
after embolization or after ligation and excision (Figs 3, 4). For the rats in the IE group,
blood flow was lowest at the foot immediately after embolization (21.6% ± 1.4) and
recovered to 58.2% ± 8.2 at day 3. Blood flow recovered more slowly during the resting
period at day 14, achieving a final ratio of 88.6% ± 8.8. Conversely, a different pattern of
blood flow recovery occurred in rats from the SL group: blood flow recovered much faster
compared with the IE group at day 3 (74.6% vs 58.2%; P < .01). There were no significant
differences at any other time points (P > .05; Fig 3b).

SL led to decreased arterial and venous blood flow signals with disruption of flow around
the incision as determined by LDI. Images from the same surgical area clearly showed
hyperemia around the excised artery 3 days later that regressed by day 7. In contrast to this
finding, the IE model clearly demonstrated that perfusion imaging gradually recovered with
intact venous signal (Fig 4).

Histologic Findings
In vivo microscopic images demonstrated that tissue integrity was maximally preserved in
the IE model on day 3. In addition, the femoral nerve, artery, and vein were not damaged. In
response to the blockage of the femoral artery, the vasa vasorum outside the blocked artery
was substantially dilated. In contrast, the SL model clearly showed disordered structures in
place of the vacant artery without visible vasa vasorum (Fig 5). On day 14, dilated vasa
vasorum regressed to normal in the IE hindlimb. With the exception of the resulting scar,
there was no histologic difference in the findings between days 3 and 14 in the SL hindlimb.

Histologic analysis showed a few inflammatory cells that penetrated into the femoral arterial
wall (ie, adventitial layer) with hydrogel attached to the luminal side and no wire in the
middle of lumen in the IE model on day 3 (Fig 6, middle). The accompanying nerve was
intact. In comparison with the IE hindlimb, histologic evaluation of vasculature and
musculature in the SL hindlimb showed that inflammatory cells spread inside the incision
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and penetrated into the nerve fiber, causing slight nerve degeneration and dilation of
capillaries (Fig 6, right).

On day 14, histologic images clearly showed neointima forming inside the embolized
segment of the femoral artery as a result of constant stimulation of the hydrogel in the IE
hindlimb (Fig 7a, left). In contrast, histologic evaluation of vasculature and musculature in
the thigh of the SL hindlimb demonstrated disorganized scarring with inflammatory cells
and dilated arterioles occupying the space of the excised artery (Fig 7a, right). In addition,
inflammatory cells also migrated into the musculature, extending the scar formation Fig 7b).

Inflammatory Cytokines
Measurements of serum proinflammatory cytokine levels demonstrated distinct differences
between the two groups. The SL group had higher levels of IL-1α and IL-18, whereas the IE
group had higher levels of INF-γ, IL-6, IL-13, and GCSF (Fig 8). There was no difference
between the two models with regard to the rest of cytokines not mentioned.

DISCUSSION
In the present study, we show that an interventional rather than a surgical method of
hindlimb ischemia induction preserves tissue integrity around the site of arterial occlusion
and leads to a distinctly different serum cytokine profile and pattern of flow recovery.

Hindlimb ischemia can be induced successfully in rats by using a catheter-based technique
with a low-profile expandable hydrogel–platinum coil. This hydrogel coil offers all the
favorable attributes of currently available platinum coils, including ready passage through
microcatheters, radiopacity, atraumatic deployment, and retrievability. For regular coil
embolization, incomplete initial occlusion rates and late re-establishment of patency are two
major limitations (17). The mechanisms likely relate to thrombolysis and recanalization of
thrombus that are initially induced by these kinds of coils (17). However, the hydrogel coil
overcomes both of these important shortcomings. The lumen treated with the hydrogel coil
is completely occluded, similar to SL. This has been demonstrated by in vivo angiography
(20 min after delivery) and quantitative LDI data. Histologic evidence further confirms the
intraluminal occlusion and neointimal development. To the contrary, the expanded hydrogel
excludes thrombus, although some blood cells are trapped within the expanded hydrogel,
eradicating the tendency for recanalization. This is its unique characteristic that has been
applied clinically (18). Our findings suggest that IE caused rapid and complete blood flow
blockage, similar to SL and excision.

This model has advantages versus a standard surgical approach in the absence of nerve
stimulation or venous dissection around the occluded artery and maximal preservation of
tissue integrity. In contrast, during surgical arterial resection, the neural networks were often
injured when the common femoral artery was exposed, dissected, and ligated. We observed
that the nerve bundle was displaced in the surgical hindlimb model at day 3 (n = 3 per
group). In addition, inflammatory cells penetrated into the nerve fibers, and the capillaries
within these bundles were dilated. In contrast, the neural network was kept intact and still
coursed along the vessel in an orderly pattern in our IE model. There was no evidence of
inflammatory reaction inside the nerve bundle. Although not addressed in the present study,
nerves are a major source of VEGF (19) and play an important guiding role in arterial
development (20). Our results suggest that no difference in VEGF levels was found between
the two models.

In addition, preexisting collateral vessels and vasa vasorum within the adventitia were
frequently interrupted and the nearby femoral vein was also injured by the surgical
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procedure. There is considerable evidence indicating participation of the adventitia
vasculature and veins in arterial neovascularization (21,22). Our observation that vasa
vasorum dilation compensated for the occlusion of the embolized conductance artery is
consistent with the role of adventitial vasculature in arteriogenesis. In contrast, vasa
vasorum tends to disappear in our SL model, implying damage to this important structure.
Currently, SL and excision of the femoral artery are the reference standard for the creation
of durable, complete occlusions in the hindlimb ischemia model (23–26).

In some studies, both the femoral artery and vein are dissected and excised (27–29).
However, such an extensive resection and substantial injury results in extensive release of
various growth factors such as basic and acidic fibroblast growth factors, and severe tissue
ischemia leads to high local VEGF production. The extensive accumulation of these factors
may seriously compromise the preclinical efficacy study, unintentionally adding a potent
mix of angiogenic growth factors to a therapeutic molecule. Clearly, this is not a situation
encountered in patients in therapeutic angiogenesis trials. In addition, extensive injury
encourages recruitment of peripheral blood MNCs that can further stimulate arteriogenesis
by secreting pro- and antiinflammatory cytokines, which might mediate endothelial cell
activation, migration, proliferation, and apoptosis (30). In the surgical model, serum
proinflammatory cytokine levels (eg, IL-1α, IL-18) were significantly increased without
alteration of the level of antiinflammatory cytokines. IL-1 α is primarily involved in
regulating intracellular events and is a mediator of local inflammation. In addition, it
promotes angiogenesis in vivo, and the presence of an inflammatory environment is
essential for its angiogenic activities (31). Meanwhile, IL-18 has proinflammatory and
angiogenic effects (32).

In contrast to surgical hindlimb arterial occlusion, IE with hydrogel coil results in a
distinctly different serum cytokine profile with an increase in proinflammatory IFN-γ,
antiinflammatory IL-6 and IL-13, and GCSF. IFN-γ inhibits not only the growth of
endothelial cells, but also angiogenesis (33). IL-6 secreted by lymphocytes and monocytes
and IL-13 secreted by T helper cells have antiinflammatory activities by attenuating
macrophage function. GCSF plays a critical role in the regulation of proliferation,
differentiation, and survival of bone marrow progenitor cells. GCSF also mobilizes
hematopoietic stem cells into the peripheral blood circulation (34). The blood flow
recovered much faster in rats from the SL group than rats in the IE group at the early stage
(day 3), which can be partially explained by increased proinflammatory cytokines (IL-1α
and IL-18). At the intermediate stage (day 7), the difference in blood flow recovery pattern
noted with LDI diminished, but blood flow consistently recovered. This may be a result of
the balance between pro- and antiinflammatory cytokines at higher levels than at the early
stage. At 2 weeks after the procedure, the net effect of pro- and antiinflammatory
components in our interventional hindlimb models tends to be proangiogenic, as data from
LDI and histologic study showed no difference between the two groups.

Angiogenesis and arteriogenesis in adult tissues are complex processes involving multiple
growth factors, receptors, cytokines/chemokines, extracellular matrix, complex intracellular
signaling pathways, and perhaps local and bone marrow– derived endothelial progenitor
cells (35). We speculate that different hindlimb ischemia models might induce different
cytokines/chemokines, which may promote different angiogenic and arteriogenic pathways.
We further speculate that the severe inflammation, nerve stimulation, and venous trauma
occurring in an SL hindlimb model create a proarteriogenic environment at an early stage,
which may explain active arteriogenesis and the straightforward response to therapeutic
angiogenesis interventions in animal studies. The lack of this proarteriogenic environment in
the setting of chronic human peripheral arterial disease may explain the failure of gene
therapies to adequately reverse human critical limb ischemia (11,12).
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An important limitation of the present study was that MNCs were not labeled, so their
potential of differentiation into vascular-forming cells could not be identified by molecular
imaging or immunohistochemistry.

We have developed a clinically relevant rodent hindlimb model by embolizing the common
femoral artery with a hydrogel wire. In contrast to existing hindlimb models, our model
allows controlled, uniform, and reproducible blockage of the conduit vessel without edema
and wound injury, minimizing the inflammatory reaction to the surrounding tissue and
eliminating the wound healing process. Besides its general utility in probing the mechanisms
of angiogenesis and arteriogenesis, this model is uniquely applicable to studies seeking to
relate histologic to genomic outcomes.

Practical Applications
The mini-IE model that simulates human peripheral arterial disease as closely as possible
appears to be promising for the study of true therapeutic angiogenesis and arteriogenesis.
This method could be adequate for the establishment of ischemic models in other vascular
diseases, such as focal cerebral ischemia and coronary infarction. In addition, bone marrow–
derived MNC sources and cell preparations were used in this study, in which encouraging
results might provide the rationale for clinical trials to administer MNCs intraarterially to
patients with atherosclerotic peripheral arterial disease. The emerging field of therapeutic
arteriogenesis may benefit from quantitative LDI because it enables serial assessment of
muscle ischemia noninvasively and without x-ray exposure.
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ABBREVIATIONS

GCSF granulocyte colony-stimulating factor

IE interventional embolization

IFN interferon

IL interleukin

LDI laser Doppler imaging

MNC mononuclear cell

SL surgical ligation

VEGF vascular endothelial growth factor
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Figure 1.
Representative angiograms obtained 20 minutes after coil placement or SL and excision
confirmed complete occlusion of the femoral artery. Left: Tip of a 2.4-F balloon catheter
situated at the bifurcation of the right iliac artery. White arrow indicates 10-mm long
hydrogel coil. Right: The coil is marked by the white arrow. Left: Tip of the same catheter
located at the abdominal aorta. Small black arrow indicates the metal marker in the balloon
catheter. (I, ischemia; NI, no ischemia.)
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Figure 2.
HydroCoil device. Top left: Prehydration image shows initial profile (0.014 inches). Highly
compact hydrogel material was wrapped around a platinum coil (black arrow). Indentations
between platinum helical coils could be seen through the hydrogel polymer. The other
images are posthydration images of the system soaked in rat serum at different time points,
which show marked expansion of the hydrogel polymer, which had become translucent. The
outer edges of the hydrogel are denoted by white arrows. (Scale bars: 200 μm.)
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Figure 3.
LDI analysis of hindlimb perfusion in MNC-treated rats who had undergone an IE or SL
procedure. (a) Representative LDI recorded before and at serial times after the femoral
artery blockage in right (R) and left (L) foot. LDI-revealed perfusion ratios over time (right/
left): SL (bottom row), 0.97 versus 0.13 versus 0.74 versus 0.71 versus 0.92; IE (top row),
1.00 versus 0.20 versus 0.56 versus 0.73 versus 1.00. The color scale of blood flow
variations ranges from minimal (dark blue) to maximal (red). (b) Changes in perfusion
shown as ratio of right to left hindlimb in SL-treated hindlimbs (gray bars) and IE-treated
hindlimbs (black bars). Data shown as means ± SD; n = 11 rats in the IE group and n = 12 in
the SL group (*P < .01, SL vs IE).
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Figure 4.
Representative LDI at serial times after hydrogel wire embolization (top row) and SL
(bottom row). Top row: Perfusion images after the procedure show decreased perfusion
along the arterial course with intact venous signal (black rectangle). Image at day 3
demonstrated substantial blood flow recovery (black circle). Bottom row: Postperfusion
image shows incision as dark blue area (white arrows) with significant decreased signals for
artery and vein (white rectangle). However, after 3 days, imaging clearly demonstrated local
hyperemia around excised artery (white circle). Day 7 image showed regression of local
hyperemia.
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Figure 5.
Representative microscopic images 3 days after intervention (left) and surgery (right). Left:
In vivo microscopic image shows significantly dilated vasa vasorum around embolized
segment of the right femoral artery with intact structure (normal order: nerve, artery, and
vein; shiny reflection within the artery came from the platinum coil and hydrogel). Right: In
contrast to the IE-treated hindlimb, the SL-treated hindlimb displayed a displaced nerve and
vacant artery between two sutures without dilated vasa vasorum. (Available in color online
at www.jvir.org).
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Figure 6.
Representative histologic images at 3 days after SL (right) and IE (middle) hindlimb
treatment. Left: Normal targeted area that served as control. The IE-treated hindlimb showed
limited inflammation with swelled hydrogel attaching to the vascular wall. In comparison
with the IE hindlimb, histologic evaluation of vasculature and musculature in the upper leg
of the SL-treated hindlimb at 3 days demonstrated inflammatory infiltration inside the
incision, especially within the nerve bundle, with dilated capillaries and slight degeneration.
(Hematoxylin and eosin stain; original magnification, × 10 [upper] and × 40 [lower].)
(Available in color online at www.jvir.org).
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Figure 7.
(a) Representative histologic images 2 weeks after IE (left) and SL (right). The IE-treated
hindlimb showed limited inflammatory cells surrounding the embolized artery. Within the
lumen, neointima developed as a result of hydrogel stimulation with the remains of the
hydrogel and vacant wire. The SL-treated hindlimb showed a scar under the incision. Within
the scar, the inflammatory cells spread everywhere with dilated arterioles. (b) Inflammatory
cells penetrated into the musculature and contributed to scar development. (Hematoxylin
and eosin stain; original magnification, × 10 [upper] and × 40 [lower].) (Available in color
online at www.jvir.org).
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Figure 8.
Levels of proinflammatory cytokines IL-1α, IL-18, and INF-γ (upper), and
antiinflammatory cytokines IL-6, IL-13, and GCSF (lower) in the serum differed after the
induction of surgical or interventional ischemia. Results are presented as mean ± SD (*P < .
05, ** P < .01; n = 6 rats per group per time point).
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