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Objective. Saphenous vein grafts (SVG) used for cor-
onary artery bypass surgery (CABG) often develop a
gradual luminal narrowing over the first year due to
neointimal hyperplasia (NH). Although the basic sci-
ence of NH is well studied, our clinical understanding
of this issue is limited. The purpose of this cohort
study was to investigate clinical risk factors for NH by
monitoring luminal narrowing within SVG using mul-
tichannel CT angiography (CTA).

Methods. Thirty patients underwent CABG involv-
ing SVG (N � 44) and arterial grafts (N � 36). Patient
variables were recorded and the baseline quality of
each conduit determined intraoperatively by analyz-
ing surplus segments for intima-media thickness ratio
(IMT) by histology and matrix metalloproteinase-2 by
enzyme-linked immunosorbent assay. Percent luminal
narrowing (%LN) was calculated for each patent graft
by comparing the CTA appearance on day 5 to a repeat
study at 1 y.

Results. Compared with arterial grafts, SVG showed
significantly higher IMT at baseline (0.9 � 0.65 versus
0.22 � 0.17, P < 0.0001) and more %LN over the first
year (6.9 � 7.5 versus 25.3 � 13.3% LN, P< 0.0001). Of all
of the measured variables, the only significant predic-
tors of %LN included baseline IMT (r � 0.58, P � 0.002)
and matrix metalloproteinase-2 levels (r � 0.60, P �
0.002) in SVG.

Conclusions. The degree of NH at baseline, a phe-
nomenon exclusive to SVG and not found in arterial
grafts, was significantly related to the development of
lumen loss in the conduit over the first year after
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CABG. The study of SVG using serial CTA may provide
unique insights into the natural history of SVG remod-
eling and to identify factors that influence the long-
term function of this conduit. © 2007 Elsevier Inc. All rights

reserved.
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INTRODUCTION

The success of saphenous vein grafts (SVG) used
during coronary artery bypass surgery (CABG) has
been limited by the development of neointimal hyper-
plasia (NH), a process that leads to a progressive nar-
rowing of the graft lumen [1–3]. Basic science studies
have established that NH is caused by smooth muscle
cell migration and proliferation in response to the in-
troduction of a venous conduit into an arterial environ-
ment [4]. NH in lower extremity veins is also seen as a
process of aging due to the chronic effects of high ve-
nous pressure from valvular incompetence [5]. A pre-
requisite for smooth muscle cell migration is the deg-
radation of the extracellular matrix, which is achieved
by the secretion of matrix-degrading gelatinases in-
cluding matrix metalloproteinase-2 (MMP-2) [6, 7].

While the mechanisms of NH have been thoroughly
studied in animal models [8–10], translation of this
knowledge into a better clinical understanding of this
problem has been negligible [11]. The inability to es-
tablish this link is attributable in large part to the fact
that conventional coronary angiography is an insuffi-
cient tool for the study of this process for several rea-
sons. First, a single angiographic examination at 1 y is

unable to differentiate SVG that failed due to throm-
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bosis versus NH. Second, conventional angiography
only provides an assessment of the SVG luminal diam-
eter (i.e., luminography), which is insensitive to mild-
moderate degrees of NH. While comparison of SVG
lumen at early and late time points using quantitative
coronary angiography may improve the sensitivity,
this invasive protocol is inconvenient for patients, as-
sociated with complications, and costly. The gold stan-
dard method for defining NH, intravascular ultra-
sound (IVUS), is associated with more expense and
morbidity, making it even less applicable for clinical
studies that are appropriately powered to address
pathophysiology. Recent advances in CT coronary an-
giography (CTA) provide a noninvasive and highly ac-
curate means of documenting the patency and luminal
diameter of bypass grafts. The purpose of this cohort
study was to use serial CTA follow-up to investigate
the risk factors for luminal narrowing within SVG in
the first year after CABG.

METHODS

Patient Selection and Enrollment

Informed consent (University of Maryland Institutional Review
Board protocols H25350) was obtained from 30 consecutive patients
undergoing CABG. Exclusion criteria at the time of enrollment in-
cluded patients with chronic renal insufficiency (creatinine �2.0
mg/dL), and allergy to radiographic contrast. Patient variables that
were recorded included age, BMI, history of diabetes, history of
peripheral vascular disease, past history of smoking, current smok-
ing status, and medication regimen.

Surgery

After median sternotomy, the left internal thoracic artery was
procured in all patients; the saphenous vein was harvested using an
endoscopic (VasoView5; Guidant Systems, Inc., Minneapolis, MN) or
open approach, based on anatomical considerations. Conduits were
stored in heparinized saline after harvest. Proximal anastomoses
were performed using a partial occluding aortic clamp. All distal
anastomoses were facilitated by suction-based exposure and stabi-
lizing devices (Octopus 4.3; Medtronic, Inc., Minneapolis, MN) with-
out intracoronary shunts. Shed mediastinal blood was collected in-
traoperatively using a cell-saving device (Cobe BRAT 2; Cobe

FIG. 1. Representative 3D reconstructions of a SVG obtained us
diameter was measured at four points along the graft (os, proximal, m

as the mean % LN. (Color version of figure is available online.)
Cardiovascular, Arvada, CO), processed, and re-transfused. Graft
flow and pulsatility index (maximum-minimum)/mean blood flow)
were recorded intraoperatively using transit time ultrasound tech-
nology (Medi-Stim ASA, Oslo, Norway). Bypass grafts with flow that
remained less than 10 cc/min and pulsatility index greater than 5,
despite revision, were excluded from the analysis.

Neointimal Hyperplasia and Graft Failure

The luminal diameter (LD) of SVG was assessed by 16-channel
CTA (420 ms rotation, with 100 to 150 mL contrast agent adminis-
tered intravenously at 5 cc/s, and retrospective electrocardiographic
gating; Philips MX8000, Cleveland, OH) at both 5 d (postoperative)
and 1 y (follow-up) after surgery. LD was measured in four areas of
each graft (os, proximal, middle, and distal) by two separate, masked
expert reviewers (C.W. and J.J.). The percent luminal narrowing
(%LN) at each segment of each graft was calculated as %LN �
(LDpostop � LDfollow-up)/(LDpostop). The overall %LN for each graft was
calculated as the average %LN for each of four measured segments in
that graft and the lack of LN was defined as an average LN �15%.
(Fig. 1). Patency at both time points was defined as any flow
through the entire graft regardless of the presence of stenosis. The
graft was classified as nonpatent if a stump was seen or if there
was no contrast in an area known by operative report to contain a
graft, a recently validated definition of postoperative bypass graft
failure [12].

Preexisting Intimal Thickening

Surplus segments from each bypass conduit were stored in bal-
anced salt solution at room temperature for 30 to 60 min, embedded
in cutting compound (Tissue-Tek O.C.T., Redding, CA) and then
frozen in liquid nitrogen. Four separate 5 � thick sections were cut
from each graft. Intimal and media thickness was measured in
hematoxylin and eosin stained sections using image analysis soft-
ware (Bioquant Nova Prime, Nashville, TN) and the intima-media
ratio was calculated for each graft [13].

MMP-2 Tissue Levels

Additional portions of each graft were snap-frozen in liquid nitro-
gen and stored at �80°C until analysis. Two to 3 mm axial ring
segments were ground to a fine powder in liquid nitrogen using a
mortar and pestle, transferred to Eppendorf vials, weighed, and then
incubated with a cell lysis buffer (RIPA lysis buffer; Upstate, Lake
Placid, NY) at room temperature for 1 h. After spinning samples at
16,000 g on a tabletop centrifuge for 10 min, MMP-2 levels in the
supernatant were determined using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (MMP-2 ELISA

serial multi-channel CTA at 5 d (A) and 1 y (B). At 5 d the luminal
dle, and distal) and the % change at 1 y was calculated and averaged
ing
id
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Kit QIA63; Calbiochem, San Diego, CA) and normalized with respect
to the weight of homogenized tissue [14].

Statistical Methods

The primary end point of this trial was an analysis of intraoper-
ative factors associated with the development of luminal narrowing
at 1 y follow-up. Correlations were examined using linear regression
for parametric data. Groups were compared using unpaired Stu-
dent’s t-test for continuous variables and the Fisher’s exact test for
categorical variables. Results are described as mean � standard
deviation. Data points categorized as outliers were excluded as de-
scribed at: http://www.graphpad.com/quickcalcs/Grubbs1.cfm (n �
1). Statistical analysis was performed using the InStat statistical
package with the assistance of a biostatistician.

RESULTS

Patients received an average of 2.7 grafts with an
average of 1.5 SVG. All patients received a LIMA graft,
with 4 right internal mammary arteries and 4 radial
arteries also used.

CT Angiographic Follow-Up

Initial postoperative CTA analysis on postoperative
day 5 showed a 98% SVG patency rate (1/46 failed)
compared with a 100% arterial patency rate (0/34
failed). One year CTA analysis showed an 86% SVG
patency rate (6/46 failed) compared with a 97% arterial
graft patency rate (1/34 failed) with one failed radial
artery graft. Kaplan-Meier analysis revealed that the
patency rate over this timeframe for SVG was signifi-
cantly poorer compared to arterial grafts (Fig. 2).

All 30 patients completed follow-up at both early and
late CT angiographic time points. This allowed a com-
parison of the luminal diameter of each patent graft.
When compared with arterial grafts, the presence of
luminal narrowing above our threshold for detection
(9% versus 73%, P � 0.0001) and the severity of lumi-
nal narrowing (6.9 � 7.5 versus 25.3 � 13.3% LN, P �

FIG. 2. A Kaplan-Meier survival curve analysis of graft patency
rate over 1 y. Patency was determined at two time points, 1 and 52
wk, using CT angiography. SVG performed significantly poorer com-

pared with arterial grafts.
0.0001) were significantly more severe in SVG over this
timeframe. The degree of luminal narrowing was rela-
tively homogenous throughout a given SVG (i.e., low
intra-graft variation) with a 17% coefficient of varia-
tion noted for the four points of measurement (os, prox-
imal, middle, and distal graft). However, in those pa-
tients receiving more than one SVG, a comparison of
the average luminal narrowing for each graft showed a
31% coefficient of variation between grafts (i.e., high
inter-graft variation).

Risk Factors for Luminal Narrowing

Analysis of surplus graft segments obtained intra-
operatively revealed significantly more thickened in-
tima in venous compared with arterial segments
(0.9 � 0.65 versus 0.22 � 0.17 IMT, P � 0.0001)
(Table 1). Intraoperative intima-media ratio was
shown to have a strong linear correlation with the
degree of graft luminal narrowing at 1 y (r � 0.58,
P � 0.002) (Fig. 3). None of the clinical variables that
were analyzed were associated with the development
of luminal narrowing at 1 y (Table 2). The baseline
level of MMP-2 in the SVG was found have a strong

TABLE 1

SVG Versus Arterial Graft Analysis

Saphenous
vein grafts

Arterial
grafts P-value

Preoperative
Intima-media ratio 0.9 � 0.65 0.22 � 0.17 �0.0001

At one year
Grafts with luminal

narrowing 73% 9% �0.0001
Mean % luminal

narrowing 25.3 � 13.3 6.9 � 7.5 �0.0001

FIG. 3. Using hematoxylin and eosin staining of surplus graft
segments and imaging software, intraoperative graft intimal, and
medial thickness was measured and an intima-media ratio was
calculated. Intimal thickening showed a strong linear correlation

with the degree of LN at 1 y.
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linear correlation with both the degree of luminal
narrowing at 1 y (r � 0.6, P � �0.002) and intima-
media ratio measured from intraoperative surplus
graft segments (r � 0.61, P � 0.002) (Fig. 4).

DISCUSSION

Prior studies have proven that CTA is a highly
sensitive method for detecting bypass graft occlu-
sions due to thrombosis early after CABG and focal
stenoses due to atherosclerotic lesions at late
follow-up [15, 16]. The novel approach of this study
was the use of serial CTA to compare the luminal
diameter of the same bypass graft at 1 wk and 1 y
following CABG. Unlike the focal stenoses reported
in prior studies, we noted that �70% of SVG devel-
oped widespread caliber narrowing during that time-
frame. The relationship to risk factors that have
been previously linked to NH in other studies (ve-
nous versus arterial grafts, preexisting intimal dis-
ease, MMP-2) suggests that this luminal narrowing
identified by CTA is the direct result of NH. Of
particular interest was the association between NH
and baseline MMP-2 expression [17]. MMP-2 breaks
down the extracellular matrix of the basement mem-
brane, allowing smooth muscle cells to proliferate
and migrate into the intimal layer reducing the lu-
minal diameter. This observation illustrates the po-
tential of serial CTA to provide a novel, noninvasive
tool that can be exploited to establish the link be-
tween our basic science understanding of NH and the
long term success of CABG.

General features of the patient such as diabetes,

TABLE 2

Risk Factors for Luminal Narrowing

�15% LN �15% LN P-value

Patient characteristics
Age (y) 69 � 11 63 � 13 NS
Gender (M) 67% 88% NS
BMI 30.2 � 6.3 30.3 � 6.3 NS
Diabetes 25% 31% NS
Hypertension (�90 and/or

�140) 92% 88% NS
History of smoking 92% 85% NS
Current smoker 25% 15% NS
Peripheral vascular disease 17% 19% NS

Medications at surgery
ACE inhibitor 58% 42% NS
Aspirin 83% 73% NS
Beta blocker 92% 88% NS
Diuretics 50% 38% NS
Statins 67% 62% NS

Graft analysis
MMP-2 (ng/g) 168 � 50 243 � 98 0.046
Intima-media ratio 0.46 � 0.34 1.18 � 0.84 0.024
HTN, and medical therapies were not found to be re-
lated to NH in the graft. While this study was not
appropriately powered to rule out any impact of these
factors, our data suggest that these clinical variables
are likely to have less of an impact on the end point of
NH when compared with the initial quality of the con-
duit. Furthermore, the effect appeared to be specific to
the vein segment used; SVG within the same individ-
uals who were found to be of higher quality (i.e., lower
IMT at baseline) tended to remain widely patent
whereas those of lesser quality (i.e., higher IMT at
baseline) developed a more severe form of NH.

Despite our current limited understanding of clinical
risk factors, numerous therapeutic approaches have
attempted to manage and treat NH [18–20], with the
largest trial being the PREVENT IV trial using the
gene therapy agent, E2F decoy. While this gene ther-
apy approach was found to be highly efficacious in
several animal models [8, 10], it proved to be no better
than placebo in CABG patients [11]. Our data suggest
that a possible explanation for this difference in the
animal and clinical results may be the more prevalent

FIG. 4. Intraoperative MMP-2 graft tissue levels assessed in
homogenized surplus graft segments using ELISA. MMP-2 tissue
level was found to show a strong linear correlation with both the

intraoperative intima-media ratio (A) and the degree of LN at 1 y (B).
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finding of preexisting NH within SVG even prior to
grafting. Saphenous veins used for CABG are obtained
from elderly CABG patients. Lower extremity veins
procured from young animals may be less likely to
experience the chronic effects of high venous pressure
from valvular incompetence. The ability to block the
progression of NH after grafting that is already estab-
lished in a conduit before grafting is obviously a more
complicated challenge than merely preventing its ini-
tiation in vessel from an animal that is normal at
baseline.

Limitations

There are several limitations to this study. First,
CTA was able to determine luminal narrowing, but
not changes in wall thickness, to the SVG. This
method is insensitive to vessel remodeling that oc-
curs during the early stages of NH. As CTA technol-
ogy improves (e.g., 64-slice scanners), we likely will
be able to directly measure wall thickening more
convincingly and reliably [21]. In addition, our study
did not incorporate a gold standard method for de-
fining NH such as IVUS to confirm that NH was
indeed responsible for the luminal narrowing de-
tected by CTA. IVUS is invasive, expensive, and
potentially morbid when performed on diseased by-
pass grafts. We consider SVG luminal narrowing to
be a clinically relevant finding because it is highly
likely to influence graft function irregardless of how
it is measured or what underlying process it actually
represents. As such, establishing a clear definition of
the risk factors for SVG lumen loss is likely to pro-
vide an important clinical benefit. We enrolled only a
small number of patients in this study. As a result,
this limited our ability to perform a multivariate
analysis to detect unidentified factors that might
have also influenced our study end point. Although
mechanistically consistent, this pilot analysis of the
use of serial CTA to define predictors of NH should
be considered only as hypothesis generating pending
prospective confirmation with a larger cohort that
utilizes these more powerful statistical techniques.

CONCLUSIONS

Serial CTA is a rapid, inexpensive, and noninva-
sive means of monitoring SVG function over the crit-
ical first postoperative year that is widely acceptable
to patients, as illustrated by the 100% follow-up at
1 y in this cohort. Luminal narrowing detected by
serial CTA was related to risk factors that have been
previously linked to NH in other studies (venous
versus arterial grafts, preexisting intimal disease,
MMP-2), suggesting that this CTA finding is the
direct result of NH within the SVG. This preliminary

analysis supports our ongoing use of serial CTA as a
means of further investigating and treating NH, a
major factor that limits the success of CABG.
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