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Using Multidetector Computed Tomography in a
Swine Model to Assess the Effects of Sublingual
Nitroglycerin and Intravenous Adenosine
on Epicardial Coronary Arteries

Wesley A Clarkson,! Carlos Santiago Restrepo,” Terry D Bauch,? and Bernard J Rubal'”

This study examines the effects of intravenous infusion of adenosine and sublingual nitroglycerin on coronary angiograms
obtained by current-generation multidetector computed tomography. We assessed coronary vasodilation at baseline and after in-
travenous adenosine (140 pg/kg/min) or sublingual nitroglycerin spray (800 pug) in 7 female swine (weight, 40.9 = 1.4 kg) by using
electrocardiogram-gated coronary angiography with a 64-detector scanner (rotation time, 400 ms; 120kV; 400 mA) and intravenous
contrast (300 mg/mL iohexol, 4.5 mL/s, 2 mL/kg). Cross-sectional areas of segments in the left anterior descending, circumflex, and
right coronary arteries were evaluated in oblique orthogonal views. Images were acquired at an average heart rate of 73 + 11 beats
per minute. Changes in aortic pressure were not significant with nitroglycerin but decreased (approximately 10%) with adenosine.
Of the 76 segments analyzed (baseline range, 2 to 39 mm?), 1 distal segment could not be assessed after adenosine. Segment cross-
sectional area increased by 11.3% with nitroglycerin but decreased by 9.6% during adenosine infusion. The results of the present
study are consistent with the practice of using sublingual nitroglycerin to enhance visualization of epicardial vessels and suggest
that intravenous adenosine may hinder coronary artery visualization. This study is the first repeated-measures electrocardiogram-
gated CT evaluation to use the same imaging technology to assess changes in coronary cross-sectional area before and after treat-
ment with a vasodilator. The nitroglycerin-associated changes in our swine model were modest in comparison with previously

reported human studies.

Abbreviations: LAD, left anterior descending artery; MDCT, multidetector computed tomography.

Recent advances in multidetector computed tomography
(MDCT) for coronary angiography, their increased availability,
and the pending release of a new generation of CT scanners con-
tribute to this methodology’s potential for revolutionizing the
early diagnosis and functional assessment of coronary artery
disease.’>'%* However, the benefits of methodologic advances do
not diminish the need to validate and assess the safety, efficacy,
and costs of technology.” In this regard, the present study uses
an animal model with coronary anatomy analogous to that of
humans'* to assess the effects of sublingual nitroglycerin and
intravenous adenosine on coronary epicardial vessel visualization
by using baseline imaging as a control. The radiation exposure
associated with CT procedures precludes human studies that in-
volve repeated measures on the same subjects.

Sublingual nitroglycerin is hypothesized to enhance the visu-
alization of epicardial coronary vessels due to its vasodilatory
properties.®!* Nitroglycerin acts as a nitric oxide generator to in-
duce relaxation of vascular smooth muscle independent of en-
dothelial function.’®? Current evidence supporting improved
coronary visualization with sublingual nitroglycerin is derived
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from clinical cross-sectional studies that compare results in differ-
ent groups of patients with heterogeneous coronary lesions 5616274
A recent survey reported that more than 80% of facilities in the
United States routinely use nitroglycerin in cardiac MDCT an-
giography.®

In contrast to the action of nitroglycerin on epicardial vascular
smooth muscle, intravenous adenosine frequently is used as a
pharmacologic stress to affect vasodilatation within the coronary
microcirculation.?® Although current-generation CT scanners
have limited capability to assess myocardial tissue perfusion, re-
search efforts from advanced imaging centers suggest that future-
generation CT scanners soon will permit myocardial perfusion
imaging.’**? No studies to date have assessed epicardial vessel
changes by MDCT with intravenous doses of adenosine appro-
priate for myocardial perfusion imaging.

The objective of this study was to provide an animal model
for MDCT studies that permits repeated measures of epicardial
vessels without the limitations of cross-sectional designs or the
complications of heterogeneity of vascular lesions within clinical
populations. This study used routes of administration of nitro-
glycerin and adenosine that are consistent with clinical practice.
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Materials and Methods

Seven female American Yorkshire-Landrace-Duroc swine
(weight, 40.9 + 1.4 kg; Sus scrofa; Midwest Research Swine, Gib-
bon, MN) were used in this study. On arrival from the source facil-
ity, animals were acclimated for a minimum of 72 h and housed in
an AAALAC-accredited facility with environmental enrichment.
Before being released from quarantine, the animals were screened
for zoonotic diseases and normal blood chemistries. All animals
were pathogen-free. In this protocol, the animals were fasted,
with the exception of access to water 12 h prior to anesthesia. All
animals were premedicated with buprenorphine hydrochloride
(0.05 mg/kg IM) and sedated with tiletamine-zolazepam (4 to 6
mg/kg IM; Telazol, Fort Dodge Animal Health, Fort Dodge, IA).
Once sedation was achieved, 5% isoflurane was administered by
mask for intubation and urinary bladder catheter placement. The
swine then were mechanically ventilated to maintain an end-tidal
CQO, pressure of 40 + 3 mm Hg. Vascular access was established by
percutaneous cannulation of a right ear vein for contrast infusion,
left ear vein for administration of adenosine, left femoral vein for
intravenous anesthesia during CT imaging, and right femoral ar-
tery for continuously monitoring arterial blood pressure. Access
was established while animals were maintained on 2% to 3% iso-
flurane and 100% oxygen. In addition, arterial oxygen saturation
and the electrocardiogram were monitored continuously.

After preparation for physiologic monitoring, an intravenous
regimen consisting of ketamine (1000 pg/kg/min) and mida-
zolam (5 mg/h) was established and swine were weaned from
isoflurane anesthesia. Metoprolol tartrate (5 mg IV; Mospira, Lake
Forest, IL) was given as necessary to achieve baseline heart rates
that were as comparable as possible to those of clinical protocols.

The study was approved by the Institutional Animal Care and
Use Committee at Brooke Army Medical Center and was carried
out in accordance with the Guide for the Care and Use of Laboratory
Animals.”

Imaging protocol. With all swine in the dorsal-recumbent posi-
tion, cardiac CT coronary angiography was performed at base-
line, after more than 3 min of intravenous infusion of 140 ug/kg/
min adenosine (Sigma Aldrich, St Louis, MO), and after sublin-
gual administration of 800 ug (2 sublingual sprays) nitroglycerin
(Nitrolingual Pumpspray, Sciele Pharma, Atlanta, GA). Before
each pharmacologic intervention, swine returned to baseline he-
modynamic conditions.

All CT scans were obtained by using a 64-detector MDCT scan-
ner (Aquilion 64, Toshiba Medical Systems, Otawara, Japan) with
a gantry rotation time of 400 ms, tube voltage of 120 kV, tube cur-
rent of 400 mA, detector collimation of 0.5 mm X 64, and with a
variable helical pitch dependent on heart rate. The optimal spa-
tial resolution of 3D volume-rendered and multiplanar images
with this system is 0.35 mm. After initial scans to define optimal
field of view for cardiac volumes and coronary angiography were
completed, a region of interest in the descending thoracic aorta
superior to the tracheal carina was selected for initiation of bolus
tracking by using a threshold of +100 HU. Intravenous contrast
(iohexol, 300 mg/mL; GE Healthcare, Princeton, NJ) was inject-
ed (2 mL/kg at 4.5 mL/s; Mark V, Medrad, Warrendale, PA) by
means of an ear vein. Images were obtained during 15 s of sus-
pended ventilation at end-expiration.

Image analysis. Phase Exact software (Toshiba Medical Sys-
tems) was used to identify images with minimal motion artifact
at baseline. In this study, the best phase images consistently were
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obtained at end-diastole at or near the onset of the Q wave of
the electrocardiogram. Retrospective electrocardiogram-gating
permitted comparisons between baseline and intervention in the
same diastolic phase of the cardiac cycle. Upon completion of
image acquisition, and preview of electrocardiography gate, data
were transferred to a workstation (Vitrea DICOM, Vital Images,
Minnetonka, MN) for offline analysis. To reduce imaging arti-
facts, images were acquired during periods of suspended ven-
tilation (end-expiration), when heart rates were stable (+ 10% of
mean rate).

The CT angiograms of the 3D volume-rendered coronary ar-
teries of the left anterior descending (LAD), left circumflex, and
the right coronary artery in each animal were viewed in multiple
orthogonal views to facilitate reproducibly identifying vessel seg-
ments, as defined in the 1999 Guidelines for Coronary Angiography.*
The maximal intensity projections were adjusted for visualization,
and cross-sectional area calculations were performed at the same
maximal intensity projection. Curved multiplanar reconstruc-
tion was used to confirm consistent vascular locations relative to
vessel branch locations for measurement of cross-sectional area
after each intervention. Because repeated scans were performed
with animals in the same position, once baseline image segments
were selected, baseline image ‘snapshots” were obtained, and the
oblique projections angles recorded at each site to reproduce mea-
surement sites after interventions. A single investigator obtained
3 cross-sectional area measurements at each site and the mean
reported as the site measurement.

Statistical analysis. In this study, repeated-measures ANO-
VA was used to assess hemodynamic changes and differences
in vessel segment cross-sectional areas between baseline and 2
pharmacologic challenges (adenosine infusion and sublingual ni-
troglycerin). Parametric data are presented as mean = 1 SD; Dunn
test was used for post hoc comparisons with baseline values. Dif-
ferences with P values less than 0.05 were considered significant.
Pharmacologic changes in vessel cross-sectional area were as-
sessed as a function of baseline vessel size by regression analysis.
Data were analyzed by using commercially available software
(Sigma Stat version 3.11 for Windows, Systat Software, Chicago,
IL). Slopes of regression lines for nitroglycerin and adenosine
responses were compared with the line of identity by using meth-
ods of Zar.* In addition, changes in cross-sectional area changes
were assessed according to the size of the baseline conduit vessel,
with areas of 2 to 5.5 mm?, 6 to 10 mm?, and larger than 10 mm?
representing the distal, mid, and proximal segments of coronary
arteries, respectively. Data lacking normal distribution are pre-
sented as box plots.

Results

Coronary angiograms were obtained from all 7 female swine.
Table 1 describes the hemodynamic status of animals immediate-
ly prior to CT angiography. Images were acquired at an average
heart rate of 73 + 11 bpm. Although the sample size of this study
was not sufficient to detect hemodynamic differences with use
of vasodilators, little difference was noted in heart rates or blood
pressure with the administration of nitroglycerin. However, a
trend (P < 0.07) was noted for decreased (by approximately 10%)
aortic diastolic blood pressure after adenosine infusion.

CT angiograms were obtained successfully from all 7 swine
and were timed to occur during drug interventions to achieve
maximal pharmacologic efficacy. Images were obtained more



Table 1. Hemodynamic parameters measured (mean+1SD; n =7)

Epicardial coronary visualization with nitroglycerin and adenosine

Adenosine Nitroglycerin
Baseline (% change relative to baseline) (% change relative to baseline) P (ANOVA)
Heart rate (bpm) 70+3 76 £ 18 (8.5) 7215 (2.4) 0.55
Systolic aortic pressure (mm Hg) 101 £10 91+11(-9.9) 97+9(-3.8) 0.22
Diastolic aortic pressure (mmHg) 55+6 47 £7 (-13.8) 53+5(—4.2) 0.07
Mean aortic pressure (mm Hg) 70+7 62+ 10 (-11.0) 68+7(-2.2) 0.18
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Figure 1. Coronal view of an 8.3-mm maximum intensity projection im-
age of the LAD as it courses through the anterior interventricular sulcus.
In this view, the right ventricle (RV) is superior to the left ventricle (LV)
and the diagonal branches of the LAD are seen traversing inferiorly to
the anterior LV wall. In this projection, the internal mammary arteries
(unlabeled) with distributions to the anterior chest wall also are visible.
The yellow arrows depict an example of a distal site for measurement of
LAD cross-sectional area.

than 3 min after adenosine infusion was started and at 5.2 0.9
min after sublingual administration of nitroglycerin. A total of 76
coronary segments were analyzed. The area of coronary segments
at baseline ranged from 2 mm? to 39 mm? Segments included
the proximal, mid, and distal right coronary artery as well as the
posterior descending artery. In 1 animal, the distal segment of
the posterior descending artery could not be visualized during
adenosine infusion. The left main coronary artery; the proximal,
mid, and distal segments of the LAD; and the left circumflex ar-
teries were identified and assessed in all animals.

Figure 1 is an example maximal intensity projection (8.3 mm) of
the interventricular septal course of the LAD coronary artery in a
coronal view. Figure 2 is a 3D volume-rendered image of the coro-
nary vasculature from the same animal with a 10° left anterior
oblique and cranial projection. The cross-sectional area at the site
of measurement (yellow arrows in both Figures 1 and 2) was 3.1
mm?, the major (2.1 mm) and minor (1.9 mm) dimensions for this
measurement location are presented in the transverse multiplanar
image (Figure 2, upper right corner).

Vitrea®

WiL:240/98
Segmented
LAO10 CRA1D LAD

Figure 2. Three-dimensional volume-rendered view of the right coro-
nary artery (RCA), LAD, and left circumflex (LCX) coronary arteries in a
10° left anterior oblique and cranial projection. The yellow arrows illus-
trate the location of a distal LAD measurement site (same site as Figure
1) in 3D and curved multiplanar maximal intensity projection views of
the LAD. At this site, the cross-sectional area of the LAD was 3.1 mm?2.
The upper right panel presents measurements of cross-sectional area
from the transverse multiplanar reformatted image. The middle right
panel is an example of the anatomical tapering of the LAD (blue line) as
a plot of transverse multiplanar reformatted areas versus vessel length.

When compared with baseline data, overall cross-sectional ar-
eas after pharmacologic intervention differed. The mean cross-
sectional area at baseline of all measurement sites was 10.0 = 6.9
mm?, compared with 9.0 + 6.5 mm? during adenosine infusion
and 11.0 + 7.2 mm? after sublingual nitroglycerin (ANOVA; P <
0.001). The average overall increase in vessel cross-sectional area
with nitroglycerin was 11.3% * 14.1% (P < 0.05), and the average
decrease in vessel cross-sectional area after adenosine was 9.6% +
14% (P < 0.05). Figure 3 illustrates the representative changes in
the cross-sectional area with pharmacologic interventions at a site
in the proximal right coronary artery (white arrow) of 1 animal.
Note in the expanded views (left) that cross-sectional area at base-
line was 20 mm? (Figure 3 A) but 19 mm? after adenosine (Figure
3 B) and 22 mm? after nitroglycerin (Figure 3 C).

Figure 4 presents the nitroglycerin and adenosine responses
as a function of baseline vessel cross-sectional area. These data
demonstrate a significant upward shift in vessel cross-sectional
areas with nitroglycerin throughout the measurement range (y
=1.039x + 0.580; * = 0.972; P < 0.0001), favoring only modest en-
hanced visualization. In contrast, a downward shift in the regres-
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Figure 3. Oblique 0.5-mm maximal intensity projections images of the proximal right coronary artery (RCA) as it traverses the anterior right atrioven-
tricular sulcus. Magnified views demonstrate changes in vessel cross-sectional area (A) at baseline (area, 20 mm?), (B) after adenosine (19 mm?), and

(C) after nitroglycerin (22 mm?).

sion line (y = 0.913x + 0.141; 1> = 0.950; P < 0.0001) was noted with
intravenously administered adenosine. The slopes of both the
nitroglycerin and adenosine responses differed (P < 0.05) from
that of the line of identity. When data were grouped by vessel
size at baseline (2 to 5.5 mm?, 6 to 10 mm?, and greater than 10
mm?, Figure 5), nitroglycerin increased cross-sectional area by
17.7% *+18.7%, 6.4% * 11.3%, and 11.4% + 10.0%, respectively. In
contrast, adenosine decreased cross-sectional area in distal, mid,
and proximal vessels by 3.0% * 12.6%, 15.6% + 15.5%, and 9.1% +
10.8%, respectively.

Discussion
Our study was stimulated by recent clinical case-control stud-
ies suggesting a benefit for sublingual nitroglycerin in MDCT
protocols to enhance visualization of coronary arteries.”*’ Con-
cerns regarding radiation exposure and the effects of contrast
agent with MDCT procedures have precluded definitive studies
in humans. Therefore, we sought to use an animal model that al-
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lowed a repeated-measures study design. Our swine model also
permitted assessment of the effects of intravenous adenosine on
epicardial vessel size with MDCT imaging.

Previous conventional angiographic studies®*!'° demonstrated
a dose-response relationship for sublingual nitroglycerin and
coronary artery dilation. In these studies, sublingual nitroglycerin
produced changes in coronary artery diameters ranging from
10% to 20%. In another study,* sublingual nitrate spray was more
effective than an equivalent dose of sublingual capsules and as
effective as 0.2 mg intracoronary nitroglycerin in vasodilating
normal coronary arteries (mean diameter increased by at least
13%). Sublingual and intracoronary nitroglycerin often are giv-
en during cardiac catheterization to “decrease coronary artery
spasm, decrease coronary vascular tone, allow better visualiza-
tion of coronary lesions, and allow better visualization of coro-
nary collaterals.”*

Given the established history of nitroglycerin use in cardiac
catheterization laboratories, many institutions empirically ad-
opted the use of nitroglycerin in protocols assessing coronary



arteries as MDCT imaging evolved for the study of coronary ar-
tery disease. This approach appears warranted by cross-sectional
and case-control clinical studies,>”'¢** given the caveats of the
heterogeneity of the vasculature within patient populations, vari-
ations in image gating procedures, and inconsistent timing of
image acquisition with regard to the time course of action of sub-
lingual nitroglycerin.* A study using 64-slice CT in patients with
coronary artery disease suggested that nitroglycerin improved
visualization of branching vessels 5 min after administration of
0.5 mg of a nitroglycerin aerosol preparation.** A retrospective
review reported a 16% increase in the diameter of proximal coro-
nary artery segments in response to nitroglycerin in 10 patients
who had repeat studies for clinical indications over a mean inter-
study interval of 1.9 y.” The authors of a randomized, prospective
case-control study (total n = 42) using 64-row MDCT reported
that sublingual nitroglycerin spray increased (by at least 28%)
the cross-sectional area of proximal right and left coronary artery
segments and enhanced visualization of septal branches.® Others
reported improved diagnostic accuracy (by approximately 5%)
and enhanced visualization of branch vessels with nitroglycerin
when they retrospectively compared patients with and without
nitroglycerin incorporated into a clinical MDCT protocol us-
ing conventional angiography as the reference standard.> More
recently other investigators have reported enhanced coronary
visualization with sublingual nitroglycerin through vessel en-
largement and improved intraluminal contrast density in patient
populations matched for gender and body mass index .*

Each of the studies cited above suggested the benefit of im-
proved coronary artery visualization in MDCT protocols with
nitroglycerin given limitations in their study designs. However,
offsetting these benefits are longer procedure times for patients
and a 10% incidence of side effects (mild headache or dizziness).®
We employed an animal model with coronary anatomy analo-
gous to man,"* that allowed repeated measures of vessel cross-
sectional area at the same anatomical site, using the same image
gating protocol and uncomplicated by heterogeneity associated
with coronary artery disease***?? to assess the effects of sublin-
gual nitroglycerin and intravenous adenosine on epicardial vessel
cross-sectional area.

The present study demonstrated an approximately 11% aver-
age increase in the cross-sectional area of coronary arteries by
MDCT angiography after administration of 800 ug sublingual
nitroglycerin spray. These results are consistent with conclusions
cited by clinical trials*'** and offer the first such evidence of these
benefits in which subjects served as their own controls. In addi-
tion, our model extends observations of nitroglycerin-induced
dilatation to smaller coronary conduit vessels than have been
reported in human studies.>” 6%

The magnitude of change in vessel cross-sectional area with
nitroglycerin in the present study is consistent with the 10% to
20% reported previously*'® with conventional angiography. Con-
ventional angiography provides greater spatial resolution than
do current-generation CT scanners.” However, our observed
changes in vessel area were somewhat less than that reported in
case-control studies. This difference may reflect either a limitation
in the previously reported case-control studies or our selection
of an anesthetic regimen that achieved consistently low baseline
heart rates with minimal use of beta blockade for optimal imag-
ing but that depresses vascular smooth muscle activity® and low-
ers perfusion pressures.**

Epicardial coronary visualization with nitroglycerin and adenosine

IS
)

¥ =1.04x+0.580
#=0.972; P<0.0001

w
o
1

@ Nitroglycerin
O  Adenosine s

¥ =0.913x + 0.141
7 =0.950; P < 0.0001

Vessel Area (mm?) after Treatment
s S

0 T T T
0 10 20 30 40

Baseline Vessel Area (mm?)

Figure 4. Plot of nitroglycerin- and adenosine-associated changes in cor-
onary cross-sectional area versus baseline measurements. An upward
shift in vessel cross-sectional area with nitroglycerin (long dashed line
with gray circles) from the line of identity (dark line) favors enhanced
visualization. The downward shift in the regression line for intrave-
nously adenosine (dotted line and open circles) suggests poorer visu-
alization.
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Figure 5. Box plots compare the distribution of distal (2 to 5.5 mm?), mid
(6 to 10 mm?), and proximal (larger than 10 mm?) coronary vessels for
baseline data and after adenosine and nitroglycerin treatment. The line
within each box plot represents median cross-sectional area, and the box
plot whiskers represent 10% and 90% of range values.

Although the current clinical focus of MDCT coronary an-
giography in patients with coronary artery disease has been the
assessment of lesions in epicardial vessels,** rapid advances in
technology will soon permit dynamic perfusion imaging of the
entire heart.”*'** Investigations at various institutions have al-
ready demonstrated the feasibility of myocardial perfusion imag-
ing with MDCT in both acute and chronic ischemic models.'>'**
Adenosine is the agent used most frequently for inducing hype-
remic responses for myocardial perfusion studies.” The effects
of adenosine on epicardial vessels are endothelium-dependent
and secondary to increased shear stress associated with increased
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blood flow through the microvasculature.** Although intracoro-
nary adenosine can induce flow-mediated dilatation of conduit
vessels,**? intravenous adenosine leads to no or minimal dilation
of these vessels.?>** In addition intravenous infusion of adenos-
ine has a systemic effect that induces a transient decrease in blood
pressure and therefore a decrease in the perfusion pressure of
coronary arteries.

In the present study, intravenous adenosine led to a significant
9% decrease in epicardial conduit vessel cross-sectional area. Ab-
sence of or decreased flow-mediated dilatation generally is clini-
cally associated with pathologic epithelial dysfunction.* Because
this was not the case in our young healthy swine, an alternative
explanation is that systemic effects of intravenous adenosine (10%
decrease in blood pressure) reduced perfusion pressures and off-
set evidence of a flow-mediated dilation. The observations of
smaller epicardial vessels after adenosine treatment suggest that
new MDCT imaging protocols evaluating myocardial perfusion
may have an impact on the visualization of epicardial coronary
lesions and small branching vessels.

Because of their coronary anatomic and physiologic similari-
ties to humans, swine have emerged as the large animal model
of choice for studies of chronic cardiac ischemia, angiogenesis,
revascularization, coronary blood flow and anatomy, and myo-
cardial metabolism.”” Advanced imaging modalities®* including
electrocardiogram-gated MDCT imaging are now well estab-
lished for assessing coronary anatomy and ventricular function
in swine.? Although the effects of sublingual nitroglycerin on
coronary vessel diameter in swine have not been reported pre-
viously, the vasoreactivity of intracoronary nitroglycerin®* and
intravenous adenosine® are well reported in studies using ad-
vanced imaging modalities and are similar to those in humans.
Compared with previous studies, advantages of our study design
included better controlled methodologies and an animal model
that permitted repeated measures between baseline and pharma-
cologic interventions at well-defined anatomic sites; however we
did not examine the reliability of CT measures of cross-sectional
area as a function of vessel size. Reliability measures are particu-
larly important when assessing small conduit vessels, which are
identified as the critical “battlefield” for the clinical use of MDCT
coronary angiography.?” In addition, reliability measures are im-
portant because typical heart rates in animal models are often
suboptimal for coronary angiography with the current generation
of MDCT scanners.

In summary, the present study is the first to use repeated mea-
sures in coronary vasculature without heterogeneous disease pro-
cesses to support the use of intravenous nitroglycerin in MDCT
protocols. Although the current results regarding sublingual ni-
troglycerin are consistent with the increased cross-sectional area
reported by using standard angiography, the magnitude of the
response observed (+11%) was more modest than reported in less
well-controlled MDCT cross-sectional studies. In contrast to the
benefits of sublingual nitroglycerin in improving visualization
through increased cross-sectional area, no improvement in visu-
alization of epicardial coronary vessels was noted after treatment
of our swine model with intravenous adenosine.
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