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Abstract

Objective—Although the aortic interposition bypass model has been widely used to evaluate 

biomaterials for bypass grafting, there is no comprehensive description of the procedure or of the 

distribution of intimal hyperplasia that results. The objectives of this study were to (1) review and 

summarize approaches of aortic interposition grafting in animal models, (2) determine the 

pertinent anatomy for this procedure, (3) validate this model in the rat and guinea pig, and (4) 

compare the distribution of intimal hyperplasia that develops in each species.

Methods—A literature search was performed in PubMed from 1980 to the present to analyze the 

use of anesthesia, anticoagulation, antiplatelet agents, graft material, suture, and anastomotic 

techniques. Using 10-week-old male Sprague-Dawley rats and Hartley guinea pigs, we established 

pertinent aortic anatomy, developed comparable models, and assessed complications for each 

model. At 30 days, the graft and associated aorta were explanted, intimal formation was assessed 

morphometrically, and cellularity was assessed via nuclear counting.

Results—We reviewed 30 articles and summarized the pertinent procedural findings. Upon 

establishing both animal models, key anatomic differences between the species that affect this 

model were noted. Guinea pigs have a much larger cecum, increased retroperitoneal fat, and lack 

the iliolumbar vessels compared with the rat. Surgical outcomes for the rat model included a 53% 
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technical success rate and a 32% technical error rate. Surgical outcomes for the guinea pig model 

included a 69% technical success rate and a 31% technical error rate. These two species 

demonstrated unique distribution of intimal hyperplasia at 30 days. Intimal hyperplasia in the rat 

model was greatest at two areas, the proximal graft (54 × 102/μm2; P < .001) and distal graft (28 × 

102/μm2; P < .04), whereas the guinea pig model developed similar intimal hyperplasia throughout 

the graft (45-51 × 102/μm2; P < .01).

Conclusions—In this report, we summarize the literature on the aortic interposition graft model, 

present a detailed description of the anatomy and aortic interposition graft procedure in the rat and 

guinea pig, and describe a unique distribution of intimal formation that results in both species. 

This information will be helpful when designing studies to evaluate novel graft materials in the 

future.

Clinical Relevance—Peripheral arterial disease affects ∼8.5 million Americans and can require 

open surgical bypass grafting. However, vein is often not suitable or available, and expanded 

polytetrafluoroethylene continues to have poor infrapopliteal patency rates, necessitating the 

development of alternative graft materials. Although the aortic interposition graft model has been 

widely used to investigate new materials, the literature lacks a comprehensive description of this 

model. This report summarizes current approaches of aortic interposition grafting described in the 

literature, validates an aortic interposition bypass model in the rat and guinea pig, and compares 

the pattern of intimal hyperplasia that results from each species.

Peripheral arterial disease (PAD) is associated with significant morbidity and mortality, 

affecting ∼8.5 million Americans,1 many of whom require open surgical revascularization. 

The saphenous vein remains the ideal conduit but is not suitable or available in one-third of 

patients, necessitating the use of expanded polytetrafluoroethylene (ePTFE) graft material.2 

However, infrapopliteal patency rates for ePTFE grafts remain poor, with only 30% patent at 

2 years and 12% patent at 5 years.3 Thus, alternative graft materials are needed and must be 

evaluated using appropriate animal models.2

Animal models have been used to evaluate alternative conduits. The appropriateness of using 

animal bypass models to pattern pathology seen in humans has been questioned because 

they exhibit prolonged patency rates.4,5 These differences are related to species-specific 

factors, differences in flow conditions, and rates of endothelialization. However, anastomotic 

intimal hyperplasia is the pathophysiologic process responsible for the intimal formation that 

occurs in animal and human bypass grafts, thus making it a reasonable place to begin initial 

investigations of new therapies and approaches.

The aortic interposition bypass graft model has been used extensively to evaluate new graft 

materials. However, current literature lacks a comprehensive review of the anatomy, detailed 

description of the procedure, and description of the distribution of intimal hyperplasia that 

develops. In this study, we sought to establish and validate a small-animal aortic 

interposition bypass graft model in the rat and guinea pig to evaluate novel biomaterials. The 

objectives of this study were to (1) summarize current approaches of aortic interposition 

grafting, (2) compare the pertinent anatomy for the rat and guinea pig, (3) validate an aortic 

interposition bypass model in the rat and guinea pig, and (4) evaluate and compare the 

pattern of intimal hyperplasia that results in each species.
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Methods

All animal procedures in this study were performed in accordance with the Guide for the 
Care and Use of Laboratory Animals published by the National Institutes of Health (NIH 

Publication 85-23, 1996) and were approved by the Northwestern University Animal Care 

and Use Committee.

Literature search

Details of the literature search are available in the Supplementary Methods (online only)

Surgical procedure for establishment of the animal models

Details of the surgical procedure are available in the Supplementary Methods (online only).

Presurgical setup, positioning, and anesthetic management

Fig 1 depicts the surgical field and equipment, and Fig 2 depicts the surgical instrument 

setup. Table I summarizes all medications used, including species-specific dosing and 

indication.6-11 For the rat model, 10-week-old male Sprague-Dawley rats, weighing 350 to 

400 g, were induced with 5% isoflurane and then maintained on 1.5% to 2.0% isoflurane. 

Preoperative medications included carprofen (5 mg/kg subcutaneously [SQ]) for analgesia 

and atropine (0.01 mg/kg SQ) to reduce airway secretions. For the guinea pig model, 10-

week-old Hartley guinea pigs, weighing 450 to 500 g, were induced with 5% isoflurane and 

maintained on 1.5% to 2.0% isoflurane. Preoperative medications included carprofen (3 

mg/kg SQ) and atropine (0.1 mg/kg SQ). All animals received antibiotic prophylaxis with 

enrofloxacin (5 mg/kg SQ). Guinea pigs are prone to gastroduodenal ulceration and also 

received ranitidine (5 mg/kg) as prophylaxis.12

Abdominal exploration, aortic exposure, and anatomic differences

Fig 3 demonstrates the surgical positioning of the animals. Temperature was maintained in 

all animals using a warming pad (Fig 1). The abdomen was sterilely prepared and draped 

(Fig 4) and opened using scissors, extending cranially to 5 mm below the xiphoid process 

and caudally to above the bladder (Fig 4, A and F). The cecum and small bowel were 

eviscerated, wrapped in gauze, and retracted superiorly (Fig 4, B and G). Retractors were 

placed in the right and left upper and lower quadrants, exposing the retroperitoneum (Fig 4, 

C and H). The small bowel retroperitoneal attachments were divided, and the small bowel 

was retracted to the right upper quadrant. A dissecting microscope (Leica, Buffalo Grove, 

Ill) was used to open the retroperitoneum.

The aortic diameters of the rat and guinea pig have been reported to be similar, ∼1.2 mm and 

1.1 mm, respectively,13 but other anatomic differences were noted (Fig 5). The guinea pig 

lacks iliolumbar arteries and veins, but both species have lumbar arteries and veins. The 

lumbar arteries in the rat arise from the dorsal surface of the aorta, whereas in the guinea pig 

they have a posterolateral orientation. In addition, the spermatic arteries and left renal vein 

are difficult to visualize in the guinea pig due to increased retroperitoneal fat. Lastly, the 

cecum is much larger in the guinea pig compared with the rat (Fig 4, B and G). Fig 5, B 
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depicts a double-barrel inferior vena cava, an anatomic variant more frequently encountered 

in the guinea pig.

After the large left iliolumbar vein was exposed in the rat (Fig 4, D), the dissection was 

carried cranially to expose the spermatic artery and left renal vein. Approximately 1.5 cm of 

the abdominal aorta was mobilized from the spermatic arteries to the aortic bifurcation. The 

left and right iliolumbar and proximal lumbar arteries in the rat and the lumbar arteries in the 

guinea pig were ligated (Fig 4, E and J). Heparin (rat: 100 U/kg; guinea pig: 400 U/kg SQ) 

was administered 20 minutes before aortic cross-clamping.

Creation of the anastomosis and restoration of blood flow

Fig 6 depicts details of the anastomosis, which was created with 12 interrupted 9-0 nylon 

sutures. The distal clamp was applied at the iliac bifurcation, and the proximal clamp was 

applied close to the spermatic arteries. With the approximator clamp (Synovis, Birmingham, 

Ala) in place to reduce tension, the aorta was transected 2 to 4 mm below the left iliolumbar 

artery (Fig 6, B). After the approximator clamp was removed, the aorta was irrigated with 

heparinized saline, and Visibility Background Material (Synovis) was placed behind the 

aorta and approximator clamp to protect the underlying structures while suturing (Fig 6, B).

Loose adventitia was removed from the proximal end of the aorta, and the artery was dilated 

with 45° angled forceps. The A-frame approximator clamp was applied to the aorta and 

ePTFE graft (1.53 mm, IND 25 μm, wall thickness 100 μm; Zeus, Orangeburg, SC). Stay 

sutures with 9-0 nylon (BV130 needle; Suture Express, Lenexa, KS) were placed at the 3 

and 9 o'clock positions and secured to the goal posts of the approximator clamp (Fig 6, C). 

A suture was placed at 12 o'clock (Fig 6, D), after which the approximator clamp was 

rotated 180° counterclockwise, exposing the posterior wall (Fig 6, E) to place a suture at 6 

o'clock. Two additional stitches were placed in each of the four quadrants (Fig 6, E-I). The 

distal anastomosis was constructed similarly; however, the last suture placed anteriorly was 

not tied to permit clearance of air and debris proximally and distally. After flushing with 

heparinized saline, the remaining suture was tied, and oxidized regenerated cellulose 

(Surgicel; Suture Express) was placed over the anastomoses for 2 to 3 minutes, allowing for 

hemostasis of the suture line. Additional sutures were added judiciously, with care not to 

narrow the anastomosis. Patency was confirmed by a pulse in the distal aorta and by 

reperfusion of the lower extremities. The urinary bladder was gently decompressed manually 

before the bowel was returned to the peritoneal cavity. The rectus abdominis muscle and 

skin were closed separately with a running 4-0 nylon suture.

Postoperative care

Postoperative care is described in the Supplementary Methods (online only).

Morbidity and mortality assessment

Six complications were recorded: early graft thrombosis (<24 hours), late graft thrombosis 

(>24 hours), hemorrhage, technical complications, bowel and bladder complications, and 

failure to thrive. Technical complications were subcategorized as graft and artery tears, 

misplaced stitched, anesthesia, and insufficient arterial length.
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Harvesting of specimens

At 1 month, animals were anesthetized as previously described and euthanized by bilateral 

thoracotomy. The graft and 5 mm of native aorta proximal and distal to the anastomoses 

were harvested after in situ perfusion-fixation with phosphate buffered saline (500 mL) and 

2% paraformaldehyde (500 mL) through the left ventricle. The specimen was divided into 

proximal and distal segments, frozen in optimal cutting temperature compound using liquid 

nitrogen, and cut into 5-μm sections. Five to six equally spaced sections from six regions 

were stained with hematoxylin and eosin. The six regions included the proximal artery, 

proximal graft, proximal midgraft, distal midgraft, distal graft, and distal artery (Fig 7, A).

Morphometric analysis and assessment of intimal cellularity

This information is available in the Supplementary Methods (online only).

Statistical analysis

Statistical analysis is described in the Supplementary Methods (online only).

Results

Literature search

We identified 37 articles using the search terms specified. Seven articles were excluded: 3 

were in mouse or rabbit, 1 described an anastomotic technique without sutures, 1 procedure 

was part of pancreatic transplant, and 2 were from the same author with similar methods. 

The remaining 30 articles used different species of rats, inserting the grafts at the abdominal 

aorta. These were reviewed and the approaches are summarized in Table II.14-43 Most of the 

studies used an inhalational anesthetic, such as isoflurane (14 of 30), followed by ketamine/

xylazine (7 of 30) and pentobarbital (8 of 30). Twelve studies used heparin, and six used 

intravenous heparin. Antiplatelet agents were described in two studies.

Regarding the aortic dissection, two studies described vessels ligated. Nine studies specified 

the method of aortic transection. Two studies used a beveled transection, and nine used a 

perpendicular transection with the removal of 3 to 15 mm of aorta. The diameter of the 

prosthetic grafts used ranged from 1 to 2 mm. Twenty studies used a graft length of 10 mm. 

Regarding the anastomosis, 11 studies used 10-0 nylon, 7 used 9-0 nylon, and 3 used 10-0 

polypropylene sutures. Concerning stitch type and number of stitches used, 15 studies 

described the type of stitch as continuous vs interrupted, and four studies described the 

number stitches used ranging from 5 to 16.

With respect to the geometry of the anastomosis, of the 25 studies that described the type of 

anastomosis used, 23 were end-to-end, and only one study described the approach to fashion 

the anastomosis. Concerning duration of implantation, 26 studies described implantation 

times >2 weeks and ranging up to 52 weeks. Although 14 studies evaluated intimal 

hyperplasia, only five specified the areas investigated.
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Surgical care and anesthesia

In the rat model, we used isoflurane, carprofen, atropine, and heparin (100 U/kg). In the 

guinea pig model, we initially used buprenorphine for analgesia, but it resulted in increased 

periods of anorexia, so carprofen was used instead. Despite increased intake, the guinea pig 

continued to exhibit failure to thrive postoperatively. Necropsy by our veterinarian staff early 

in the study revealed evidence of gastroduodenal ulcer formation, so ranitidine was added to 

the guinea pig's regimen for prophylaxis. To address increased early thrombosis rates noted 

in the guinea pigs compared with the rats, heparin was increased incrementally to 400 U/kg.

Procedural approach

In developing our model we focused on five considerations: (1) implantation location, (2) 

graft length, (3) suture size, (4) type of aortic transection, and (5) anastomotic technique. We 

found the ideal location for implantation was 2 to 4 mm below the left iliolumbar artery, 

cranial to the right iliolumbar artery. We evaluated nylon suture sized 8-0 to 10-0 and found 

9-0 suture was optimal for visualization and handling. We evaluated perpendicular vs 

beveled transections of the aorta, and although a beveled transection decreased the incidence 

of back-walled stitches, it increased graft-to-artery size mismatch, so a perpendicular 

transection was used. We also evaluated aortic transection, with and without removal of 10 

mm of native aorta, and found that transection alone resulted in the least amount of 

anastomotic tension. Lastly, we evaluated different anastomotic techniques, including 

interrupted vs continuous sutures and with and without the use of an approximator clamp. In 

our hands, interrupted sutures with the use of the A-frame approximator clamp resulted in 

superior approximation of the anastomosis.

Surgical outcomes for the rat

We used 32 rats to establish the aortic interposition graft model. Of these, 17 animals 

recovered from anesthesia (53%), with 14 surviving 24 hours (44%) and 13 surviving to 30 

days (41%). Complications included early graft thrombosis in 4 (13%), late graft thrombosis 

in 1 (3%), hemorrhage in 4 (13%), and technical errors in 10 (32%). Technical errors 

included 3 graft tears, 4 back-walled stitches, and 3 grafts with excessive anastomotic 

tension.

Surgical outcomes for the guinea pig

We used 35 guinea pigs to establish the aortic interposition graft model. Of these, 24 

recovered from anesthesia (69%), with 22 surviving 24 hours (63%), and 8 surviving 30 

days (23%). Complications included early graft thrombosis in 10 (29%), late graft 

thrombosis in 1, (3%), hematuria in 1 (3%), failure to thrive in 2 (6%), and technical errors 

in 11 (31%). Technical errors included 3 graft tears, 2 back-walled stitches, 3 anesthetic 

deaths, and 3 grafts with excessive anastomotic tension.

Intimal formation and nuclear density

Intimal area varied widely at the six locations analyzed (Fig 7, B and C). In the rat, intimal 

formation was greatest at the proximal graft (54 × 102/μm2; P < .001), followed by the distal 

graft (28 × 102/μm2; P < .04). Mean intimal nuclear density was 1.7 nulcei/μm2 at the 
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proximal graft and 1.4 nulcei/μm2 at the distal graft. In the guinea pig, intimal formation 

developed along the entire length of the graft and ranged from 45 to 51 × 102/μm2 (P < .01) 

throughout the graft. Mean intimal nuclear density was 2.1 nulcei/μm2 at the proximal graft 

and 1.5 nuclei/μm2 at the distal graft.

Comparing the degree of intimal formation between the species, we found that maximum 

intimal formation at any given region was similar between the two animal models, but 

overall, the guinea pig formed more total intimal hyperplasia throughout the graft than the 

rat (194 × 102 vs 107 × 102/μm2, respectively; P < .001). Comparing mean nuclear density 

between the species, the guinea pig exhibited more intimal cellularity at the proximal graft 

than the rat (P < .01). Mean intimal cellularity was similar between the species at the distal 

graft.

Discussion

In this study, we reviewed and summarized the existing approaches to aortic interposition 

grafting. We established the aortic anatomy in the rat and guinea pig, documenting key 

anatomic differences and highlighting landmarks for performing this procedure. We also 

evaluated the anesthetics, anticoagulation, antiplatelet agents, and details of the approaches 

used in the literature, including conduit length, suture type, method of aortic transection, and 

the anastomotic techniques. To our knowledge, this is the first work to describe this model in 

the guinea pig and to analyze the distribution of intimal hyperplasia that develops throughout 

the entire specimen, revealing a unique pattern of intimal formation for each species.

Although the rat and guinea pig models both exhibited comparable rates of recovery from 

anesthesia and technical errors, the 30-day survival rates were higher in the rats. We attribute 

this to increased postoperative complications in the guinea pig, including early and late graft 

thrombosis, urinary retention, and failure to thrive. The most striking difference was a 

twofold increase in the early graft thrombosis rate, which required increased heparin 

administration in the guinea pig model. Differences in the coagulation cascade and platelet 

activation between rats and guinea pigs may also explain this increased heparin requirement. 

The prothrombin time is similar in rats (15.9 seconds) and guinea pigs (16.8 seconds) but is 

considerably shorter than the prothrombin time in humans (35.9 seconds).

The thrombin times in rats (66 seconds), guinea pigs (35.2 seconds), and humans (15.4 

seconds) are also very different.44,45 The shorter thrombin time in the guinea pig may 

explain the increased thrombosis rate observed. Although not the primary site of action of 

heparin, prolongation of thrombin time has been observed with high doses of unfractionated 

heparin and might explain why such a high dose of heparin was required to see an effect on 

early thrombosis rates in the guinea pig.

Comparing our model with those in the published literature with respect to anesthesia and 

preoperative medications, we found that isoflurane offered the best anesthetic control. 

Heparin was needed to decrease early thrombosis, but antiplatelets agents were not required. 

Although most studies described inserting the graft below the renal arteries and above the 

iliac bifurcation, we identified that the optimal level of aortic transection and graft insertion 
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was 2 to 4 mm below the left iliolumbar artery. Transection of the aorta more cranially 

hindered visualization of the proximal aorta due to variable aortic retraction, whereas 

transection more caudally hindered mobility of the distal aorta due to tethering at the iliacs. 

Most of the studies used a perpendicular aortic transection, but two studies described a 

beveled transection.26,29 We evaluated beveled transection of the artery, with and without 

beveled transections of the graft, to improve graft and artery size matching, but in our hands 

found that perpendicular transection of the artery and graft resulted in more consistent size 

matching.

Unlike the nine studies that removed variable amounts of aorta on 

transection,14,19,26,29,31,38,40,42,43 for consistency between animals and to prevent any 

anastomotic tension, we transected the aorta without removing any native artery. With 

respect to details of the anastomosis, most of the studies used 10-0 nylon suture, but we 

found 9-0 was better visualized than 10-0 and was more manageable than 8-0 in fashioning 

the anastomosis. Similar to 11 of the prior studies,14,19,25,26,29-31,37,41,42 we used interrupted 

sutures and found that 12 interrupted sutures were sufficient to fashion each anastomosis.

Of the 30 studies reviewed, only Enomoto et al31 discussed details of the anastomotic 

approach. Thus, most of our approach was established from the available microsurgical 

literature. Using the same technique of triangulation initially described by Carrel,46 

MacDonald47 recommends placing stay sutures at the 10 and 2 o'clock positions to fashion 

the anastomosis to prevent coaptation of the lumen, whereas Yonekawa et al48 recommend 

placing stay sutures on diagonally opposite sides of the anastomotic plane. Similar to 

Yonekawa et al, Yagi et al38 describes sutures 180° apart, at the 12 and 6 o'clock positions, 

which necessitates a left/right wall approach, precluding the use of the approximator clamp 

and requiring repetitive manipulation of stay sutures to assess alignment. Repetitive 

manipulation of the stay sutures increased graft needle holes, confounding the evaluation of 

hemostasis once flow was restored. Alternatively, we placed these at the 9 and 3 o'clock 

positions, approximating the sides of the artery and graft. This facilitated the use of an A-

frame approximator clamp, which allowed for securing of the stay sutures, and the use of a 

posterior/anterior wall approach as described by Enomoto et al.31

Several details regarding anastomotic creation highlighted in the microsurgical literature are 

worth noting. Most importantly, to restore blood flow, the cross-clamps should be removed 

gradually to permit resolution of bleeding from the suture line and needle holes in the graft. 

Yonekawa et al48 recommend clamping the distal clip transiently and waiting ∼1 to 2 

minutes for platelet aggregation and sealing of the suture line. This is especially crucial for 

prosthetic grafts, because unlike arterial and venous conduits, prosthetic materials lack an 

elastic component to limit bleeding from needle holes. As did Yonekawa et al,48 we 

recommend placing additional sutures sparingly because this can result in occlusion of the 

anastomosis.49 Another key point is that surgeon's knots give the most control in the 

approximation of the artery and conduit.48 In addition, when prosthetic graft is used, this 

decreases the extension of needle holes onto the graft material. Lastly, use of visibility 

background material to protect the vena cava and other large veins from desiccation or injury 

and the utility of an A-frame approximator clamp for approximation of the anastomosis were 

helpful suggestions from the microsurgical literature.
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Among the published literature, comparison of the amount of intimal hyperplasia and its 

distribution throughout the graft was limited due to differences in the methods used and the 

data analyzed and recorded. Intimal formation differs according to the conduit material, time 

of implantation, and the anastomotic technique. Furthermore, only 14 of the 30 articles 

quantitated some measure of intimal hyperplasia, and only three used ePTFE. Jeschke et al20 

had a comparable model and specified the location investigated, but this was expressed in 

intimal thickness not intimal area. Similarly, none of these studies investigated the 

distribution of intimal hyperplasia that developed throughout the entire graft.

One of the most interesting findings of this study was the different pattern of intimal 

formation observed between the two species. The literature suggests that anastomotic intimal 

hyperplasia is responsible for the intimal formation that develops in animal models and 

humans, and various factors can affect the amount and distribution of the neointima that 

develops. Zilla et al5 summarized the major factors influencing the development of 

anastomotic intimal hyperplasia, such as flow conditions, shear stress, graft material, and 

endothelialization, and highlighted key factors that differ between human and small-animal 

experimental models. Because graft configuration and graft material were similar between 

the two species in our experiments, endothelialization remains a potential etiology for the 

differences observed between the two species.

Transanastomotic endothelialization is the process that establishes endothelialization of the 

graft material. The three most important factors affecting the rate of transanastomotic 

endothelialization include conduit length, species, and age.5 Because conduit length and age 

were controlled for between the rat and guinea pig, the only remaining factor influencing 

endothelialization is species. Thus, we hypothesize that the different patterns of intimal 

hyperplasia observed between the rat and guinea pig may be due to different rates of 

endothelialization between the species. Further study will be necessary to definitively prove 

this hypothesis.

Because we observed different patterns of intimal formation between the species, we 

investigated whether there were differences in the cellularity of the intimal tissue that 

develop between these two species. We did observe an increase in nuclear density at the 

proximal graft in the guinea pig compared with the rat, but the nuclear density at the distal 

graft for both species was similar. Whether the etiology of this increased cellularity in the 

guinea pig is due to increased proliferation of certain cell types or increased cellular 

infiltration is unclear. Further study will be required to delineate these differences.

There are admittedly some weaknesses in our study. Although we have compiled a 

comprehensive review of this procedure, our final model was based on the experience of one 

surgeon. As such, this work is not intended to replace formal microsurgical instruction. We 

have cited the reports we used to establish proper microsurgical techniques.47,48 In addition, 

we refer the reader to review the videos from the Columbia Orthopedics Microsurgery 

Research & Training Laboratory at Columbia University Medical Center (http://

microsurg.hs.columbia.edu/MicrosurgeryVideos.html). Lastly, although we clearly 

demonstrated different patterns of intimal hyperplasia in these two models, we did not 
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provide a mechanism for these differences because that was far beyond the scope of this 

report.

Conclusions

In evaluating novel technologies, using models that best simulate the human clinical 

scenario is of utmost importance. Animal models have proven invaluable tools to evaluate 

novel technologies. In this report, we have reviewed and summarized the methods of aortic 

interposition bypass models in the literature and illustrated and compared the rat and guinea 

pig abdominal aorta anatomy, highlighting key differences. We have also presented a 

comprehensive description of aortic interposition grafting in the rat and validated a novel 

model in the guinea pig. Lastly, we characterized the resulting intimal formation that 

developed throughout the entire graft, establishing that a unique pattern develops in each 

species. These data will be helpful when designing studies to evaluate novel graft materials 

in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Operative board setup: (1) sterile tinfoil, (2) light source, (3) heating pad, (4) operative 

board, (5) ocular lubrication, (6) Betadine (Purdue Pharma LP, Stamford, Conn), (7) alcohol, 

(8) nose cone, and (9) thermal insulation to protect from contact burns.
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Fig 2. 
Surgical instrument setup: (A) straight Mayo scissors, (B) Vannas spring scissors, (C) clamp 

applier with approximator clamp and single clamps, (D) rubber shods, (E) cotton swabs, (F) 
sponge on a stick, (G) needle driver, (H) retractors and pins, (I) sterile gauze, (J) 9-0 nylon 

suture, (K) 4-0 nylon suture, (L) smooth and toothed forceps, (M) 45° fine forceps, (N) 
Castroviejo needle driver, (O) heparinized saline, (P) ruler, and (Q) sterile tinfoil.
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Fig 3. 
Animal positioning. Positioning of the (A) rat and (B) guinea pig in the anesthetic nose 

cone. The guinea pig model required addition of a ring stand to suspend the nose cone and 

prevent hyperextension of the neck. Securing of the (C) rat and (D) guinea pig (1) forepaw 

and (2) hind paw to operative board (arrow).
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Fig 4. 
Detailed operative approach to expose the abdominal aorta (A-E) in the rat and (F-J) guinea 

pig. Major steps include: abdominal incision, bowel evisceration, dissection of small bowel 

retroperitoneal attachments [arrow head], aortic dissection, and ligation of iliolumbar and 

lumbar arteries. C and H, The arrowhead indicates small-bowel retroperitoneal attachments; 

the * indicates small bowel; the ** indicates retroperitoneal fat. D, The # indicates the 

iliolumbar vein; the arrows indicate the right and left iliolumbar arteries. E, The arrows 
indicate the ligated right and left iliolumbar arteries. J, The arrow indicates the ligated 

lumbar artery.
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Fig 5. 
Pertinent aortic anatomy of the (A) rat and (B) guinea pig. Limits of the dissection include 

the renal vein and spermatic arteries cranially and the inferior mesenteric arteries and 

bifurcation of the aorta into the iliac arteries caudally. The iliolumbar vein marks the 

location of the iliolumbar artery and the approximate locations of the five lumbar arteries 

that arise from the dorsal surface of the aorta. Branches ligated include the paired iliolumbar 

and proximal lumbar arteries in the rat and the lumbar arteries in the guinea pig. Note the 

common occurrence of a double-barrel inferior vena cava in the guinea pig. The arrowheads 
denote the approximate location of the lumbar arteries ligated in the (A) rat and (B) guinea 

pig.
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Fig 6. 
A-J Detailed steps of the proximal anastomosis in the rat. The anastomosis is created with 

12 interrupted sutures, including five in the posterior wall and five in the anterior wall. The 

distal anastomosis is created in a similar fashion. The same approach is used in the guinea 

pig model. The arrowhead denotes an extended approximator clamp; * indicates the blue 

visibility shield; # indicates approximator clamp rotated 180° counterclockwise; and ## 

indicates approximator clamp returned to neutral position. LAQ, Left anterior quadrant; 

LPQ, left posterior quadrant; RAQ right anterior quadrant; RPQ, right posterior quadrant.

Gregory et al. Page 18

J Vasc Surg. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 7. 
Analysis of graft and artery intimal hyperplasia. A, Graft specimens explanted with 5 mm 

proximal and distal aorta 30 days after insertion were divided into proximal and distal 

segments, and intimal hyperplasia analyzed at six designated locations throughout the artery 

and graft. B, Intimal formation in the rat was greatest at the proximal graft (†P < .001 

compared with the five other locations), followed by the distal graft (‡P < .04 compared with 

the proximal artery, distal midgraft, and distal artery). The guinea pig developed intimal 

hyperplasia similarly throughout the graft (*P < .001 compared with the proximal and distal 

artery). Comparing the two animal models, the guinea pig developed more intimal 

hyperplasia at the proximal midgraft, distal midgraft, and distal graft compared with the rat 

at those similar locations (**P < .001). The range bars show the standard error. C, 

Representative hematoxylin and eosin-stained cross sections (original magnification ×2.5) 

used for morphometric analysis.
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