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Objectives The aim of this study was to investigate the conformational change of arterial structure in the vasospastic lesion
with optical coherence tomography.

Background Coronary artery spasm plays an important role in the pathogenesis of ischemic heart diseases. The conformational
change of each arterial layer during vasospasm has not been studied in detail.

Methods We assessed 19 coronary arteries (10 spasm and 9 nonspasm lesions) with optical coherence tomography during the
provocation test for coronary spasm. An intimal bump was defined as 1 or more intimal projections into the lumen
that disappeared after the administration of nitroglycerine (NTG). Intimal gathering was defined as a folding/gather-
ing of the intima, resulting in multiple kinks in the luminal contour that resolved after the administration of NTG.

Results The spasm lesion more frequently showed an intimal bump at baseline and intimal gathering during spasm
compared with the nonspasm lesion (spasm 80% vs. nonspasm 0%, p � 0.01, spasm 100% vs. nonspasm 0%,
p � 0.01, respectively). The spasm lesion demonstrated a thicker maximum media thickness (spasm 0.24 �

0.04 mm vs. nonspasm 0.12 � 0.03 mm, p � 0.01) at baseline, whereas no differences were observed after
the administration of NTG (spasm 0.13 � 0.03 mm vs. nonspasm 0.13 � 0.02 mm, p � 0.65).

Conclusions Our results suggest that medial contraction occurs even in an asymptomatic state and facilitates the formation
of an intimal bump in patients with vasospastic angina. Luminal narrowing during spasm is associated with inti-
mal gathering without alteration of intimal area. (J Am Coll Cardiol 2011;58:1608–13) © 2011 by the
American College of Cardiology Foundation

Published by Elsevier Inc. doi:10.1016/j.jacc.2011.06.046
Coronary artery spasm plays an important role in the patho-
genesis of ischemic heart disease, including variant angina,
myocardial infarction with or without ST-segment elevation,
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and ventricular arrhythmia (1–5). Although the etiology of
coronary artery spasm is believed to be due to transient
abnormal or hypersensitive vascular smooth muscle in response
to various stimuli (2,3), the lack of a tool for monitoring spasm
in vivo has hampered our ability to study the pathophysiology
of the vascular wall during spasm.

Optical coherence tomography (OCT) is a new high-
resolution imaging (10 to 20 �m spatial resolution)
modality (6 – 8). Optical coherence tomography has a
unique ability to assess each intima and medial layer
individually in vivo (9). We hypothesized that OCT
could reveal detailed conformational changes that might
occur in each arterial wall layer during vasospasm. The
aim of this study was to use OCT to investigate the
conformational change of the coronary artery wall micro-

structure in vasospastic lesions.
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Methods
Subjects. We enrolled 19 patients who were admitted to

akayama Medical University Hospital or Osaka Ekisaikai
ospital from October 2008 to July 2010 to evaluate

pontaneous chest pain at rest by a provocation test with
cetylcholine or ergonovine (Erg). Our exclusion criteria
omprised severe stenosis in a coronary artery on coronary
ngiography, congestive heart failure, cardiomyopathy,

history of fatal arrhythmia, history of prior myocardial
infarction, history of cardiogenic shock, and chronic renal
failure. This study complies with the Declaration of
Helsinki. The study protocol was approved by the Ethics
Committee of Wakayama Medical University. We also
obtained written informed consent from all participants
before initial coronary angiography.
OCT imaging and provocation protocol. All calcium
channel blockers and nitrates were discontinued 1 week
before angiography. After completion of diagnostic coro-
nary angiography, 1 coronary artery was randomly selected for
the provocation test with OCT imaging (baseline-OCT)
before the provocation test. We assembled special equipment
for conducting the provocation test with OCT (Fig. 1). A
0.016-inch OCT image wire (ImageWire, LightLab Imag-
ing, Westford, Massachusetts) with a continuous-flushing
(nonocclusive) technique for OCT image acquisition was
applied in this study (10). The coronary artery was
imaged with an automatic pullback device traveling at 1
mm/s. After storing all raw data in the LightLab Imaging
M2 console, the raw OCT data were transferred to
open-source software, ImageJ (National Institutes of

Figure 1 A System for the Provocation Test With OCT

Two coupled Y-connectors make 3 channels; one is for optical coherence tomogra
and the other is for nitroglycerine (NTG), X-ray contrast, and OCT flushing medium.
Health, Bethesda, Maryland)
for image interpretation (11).
After baseline-OCT imaging,
incremental doses of acetylcho-
line (10, 20, 50 �g) or Erg (5,
10, 20, 40, 60 �g) were injected
into the coronary artery from
the tip of the microcatheter to
provoke coronary spasm. Dur-
ing injection of acetylcholine or
Erg, the coronary lumen diameter was simultaneously
monitored under fluoroscopy with the intermittent injec-
tions of X-ray contrast from the tip of the guiding
catheter. When spasm was provoked or the concentration
of drugs reached at maximum dose, an infusion of
provocation drug was immediately suspended and the
administration route was locked. Then, OCT image
acquisition was started (provocation-OCT). Immediately
after the provocation-OCT imaging, a sufficient amount
of nitroglycerine (NTG) was administered from the tip of
the guiding catheter. After coronary spasm terminated,
OCT imaging was repeated (NTG-OCT). The following
conditions were considered to document spasm: 1) more
than 0.2 mV ST-segment elevation was observed in at
least 2 leads; 2) more than 0.1 mV horizontal or
downsloping ST-segment depression; 3) more than 0.2
mV junctional type ST-segment depression; and 4)
occurrence of new chest pain. Depending on the results
of the provocation test, lesions were classified into a
spasm lesion group or a nonspasm lesion group.

CT) image wire, one is for provocation drugs,
illustration by Craig Skaggs.
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OCT image analysis. All OCT images were analyzed by
2 independent investigators (A.T. and M.M.), who were
blinded to the clinical presentations. The site showing
the most stenotic lumen in the provocation-OCT image
was selected for analysis. We coregistered the baseline-
OCT images, the provocation-OCT images, and the
NTG-OCT images with information on the distance
from anatomical landmarks, including side branches, the
guiding catheter, or some morphological features, such as
calcium deposits, vasa vasorum, cardiac veins, or pericar-
dium. To evaluate the medial layer by OCT, we used the
raw OCT images with adequately adjusted contrast and
brightness as well as the logarithm of the OCT data for
quantitative analysis of the media. Maximum intimal
thickness, maximum medial thickness, lumen area, inti-
mal area, and medial area at the site of spasm were
measured by OCT according to previous methods (9).
Reactivity to intracoronary NTG was calculated by the
(lumen area in NTG-OCT) divided by (the lumen area in
baseline-OCT), and reactivity to NTG of maximum
medial thickness was calculated by (the maximum medial

Figure 2 Representative OCT Images of a Spasm Lesion and a

Representative optical coherence tomography (OCT) images of a spasm lesion (A,
deformed the lumen. A thickened medial layer can be seen. (B) Medial thickness
0.38 mm (double-headed arrow). (C) Both intimal bumps and gathering have disa
lesion throughout the provocation test. NTG � nitroglycerine.
thickness with NTG-OCT) divided by (the maximum
medial thickness at baseline-OCT). Intimal bump was
defined as 1 or more smooth projections of the intima
into the lumen that disappeared after the administration
of NTG (Fig. 2A). Intimal gathering was defined as a
gathering or intimal folding that resulted in multiple
kinks in the luminal contour that resolved after the
administration of NTG (Fig. 2B).
Statistical analysis. Statistical analysis was performed with
R version 2.11.1 (R Foundation for Statistical Computing)
and StatView 5.0J (SAS Institute, Cary, North Carolina).
Results are expressed as mean value � SD for approximately
normally distributed variables and median (interquartile
range) for skewed variables, after applying Shapiro-Wilk
test for normality. Qualitative data are presented as numbers
(%). Differences between 2 groups were tested by the
unpaired t test for approximately normally distributed vari-
ables and by Fisher exact test for categorical variables. To
compare the lumen area, the intimal area, the medial area,
maximum intimal thickness, and maximum medial thick-
ness throughout the provocation test within each group, we

pasm Lesion

and a nonspasm lesion (D, E, F). (A) The OCT showed intimal bumps that
ses, causing luminal narrowing with intimal gathering. Medial thickness is
ed. (D, E, F) No obvious morphological change can be seen in the nonspasm
nons

B, C)
increa
ppear
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adopted the Friedman test. A p value �0.05 was considered
tatistically significant.

esults

aseline-OCT imaging. Clinical and lesion characteris-
ics are summarized in Table 1. Coronary spasm was
rovoked in 10 of 19 coronary arteries during the provoca-
ion test. Baseline-OCT successfully imaged all spasm sites
s well as NTG–OCT. The intimal bump was more
requently observed in the spasm lesion group, compared
ith the nonspasm lesion group (spasm 80% vs. nonspasm
%, p � 0.01). The intimal bump site was correlated with

Figure 3 Reactivity of Lumen Area and Maximum Medial Thick

(A) Reactivity of lumen area to nitroglycerine (NTG). The spasm lesion group tends
The reactivity of maximum medial thickness to NTG in the spasm lesion is signific

Patient CharacteristicsTable 1 Patient Characteristics

Spasm
(n � 10)

Nonspasm
(n � 9)

p
Value

Age (yrs) 64.8 � 8.0 68.2 � 4.5 0.27

Male 7 (70%) 6 (67%) 0.99

Hypertension 4 (40%) 6 (67%) 0.37

Diabetes mellitus 2 (20%) 2 (22%) 0.99

Hypercholesterolemia (�220 mg/dl) 4 (40%) 6 (67%) 0.37

Smoking 5 (50%) 2 (22%) 0.35

Acetylcholine/ergonovine 6/4 4/5 0.66

Target coronary artery (LAD/RCA/LCx) 5/0/5 4/1/4 0.56

Medication

Long-acting Ca channel blocker 3 (30%) 4 (44%) 0.65

Long-acting nitrates 1 (10%) 0 0.99

Statin 2 (20%) 3 (33%) 0.63

Nicorandil 2 (20%) 3 (33%) 0.63

Beta- blocker 0 2 (22%) 0.22

Angiotensin receptor blocker 3 (30%) 4 (44%) 0.65

Time from latest chest pain to OCT (days) 11.9 � 11.2 10.1 � 10.3 0.81

Values are mean � SD or n (%).
Ca � calcium; LAD � left anterior descending; LCx � left circumflex; OCT � optical coherence

tomography; RCA � right coronary artery.
he sites showing maximum intima thickness in 70% of the
pasm lesion group. Baseline- and NTG-OCT measure-
ents are summarized in Table 2. Reactivity to NTG

ended to be larger in the spasm lesion group than in the
onspasm lesion group (spasm 1.92 � 1.23 vs. nonspasm
.07 � 0.20, p � 0.06) (Fig. 3). Reactivity to NTG
emonstrated by maximum medial thickness was smaller in
he spasm group than in the nonspasm group (spasm 0.59 �
.16 vs. nonspasm 1.13 � 0.27, p � 0.01) (Fig. 3).
he conformational change of vascular structure through-

ut the provocation test. Provocation-OCT imaging could
ot be performed due to spontaneous spasm during prepara-
ion for the provocation in 1 case and due to a tight stenosis
uring spasm in 2 cases. Ultimately the change in coronary
rtery wall morphology could be analyzed in 7 of 10 (70%)
pasm lesions and 9 of 10 (100%) of the nonspasm lesions. All
pasm lesions showed intimal gathering during spasm (spasm

to NTG

more sensitive to NTG. (B) Reactivity of maximum medial thickness to NTG.
educed, compared with the nonspasm lesion.

OCT MeasurementsTable 2 OCT Measurements

Spasm
(n � 10)

Nonspasm
(n � 9) p Value

Intimal bump 8 (80%) 0 �0.01

Baseline-OCT

Maximum intimal thickness (mm) 0.35 � 0.29 0.25 � 0.13 0.35

Maximum medial thickness (mm) 0.24 � 0.04 0.12 � 0.03 �0.01

Lumen area (mm2) 4.02 � 1.39 7.34 � 1.88 �0.01

Intimal area (mm2) 2.15 � 1.13 2.60 � 1.24 0.42

Medial area (mm2) 2.39 � 1.04 1.36 � 0.45 0.01

NTG-OCT

Maximum intimal thickness (mm) 0.22 � 0.14 0.19 � 0.09 0.66

Maximum medial thickness (mm) 0.13 � 0.03 0.13 � 0.02 0.65

Lumen area (mm2) 6.38 � 1.27 7.71 � 2.19 0.12

Intimal area (mm2) 1.89 � 0.88 2.34 � 0.85 0.27

Values are mean � SD or n (%).
NTG � nitroglycerine; OCT � optical coherence tomography.
ness

to be
antly r
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100% vs. nonspasm 0%, p � 0.01). Although no morpholog-
ical changes were observed in the nonspasm lesions throughout
the provocation test, the lumen area and the medial thickness
of the spasm lesion group were changed throughout the
provocation test (Fig. 4).

Discussion

Morphological features of spasm lesion at baseline. Pre-
vious intravascular ultrasound (IVUS) studies have reported
that the morphological features of vasospastic lesions are diffuse
intimal thickening (12), negative remodeling (13), and in-

Figure 4 Changes of the Spasm and the Nonspasm Lesion Grou

(A) Coronary lumen is changed in the spasm lesion group during the provocation t
0.46). (B) No change is observed in the intimal area throughout the provocation t
the provocation test in either group. (D) The maximum intimal thickness is change
change is noted in the nonspasm lesion. (E) The maximum medial thickness is ch
cant change is noted in the nonspasm lesion. NTG � nitroglycerine.
creased area of sonolucent zone (14). Previous IVUS studies,
however, could not precisely explain what happens to the
vascular structure of the spasm lesion at baseline. Our OCT
study revealed that the spasm lesion shows a larger medial area
and medial thickness at baseline, whereas no other morpho-
logical difference is observed between spasm lesions and non-
spasm lesions. In addition to the changes in the media, the
intimal bump that is associated with the maximum intimal
thickening site is frequently associated with spasm lesions at
baseline. These OCT data suggested that abnormal medial
contraction is already present even when the artery is at an
asymptomatic state and this medial constriction squeezes the

� 0.001), whereas there is no change in the nonspasm lesion group (p �

either group. (C) No significant change is observed in the medial area throughout
e spasm lesion during the provocation test (p � 0.01), whereas no significant
in the spasm lesion during the provocation test (p � 0.01), whereas no signifi-
ps

est (p
est in
d in th
anged
intima and facilitates the intimal bump or the intimal thick-
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ening in vasospastic angina patients. If this mild spasm oc-
curred focally, it could appear by IVUS like negative remod-
eling. Increased medial area also contributes to the increased
intima plus media area and might be involved in the increased
sonolucent zone in IVUS.

Previous human angiography studies have reported in-
creased basal vascular tone of vasospasm lesions (15,16).
Animal studies by Shimokawa et al. (3) reported that increased
ctivities of �-kinase causes hypercontraction of vascular
mooth muscle cells and this might play a central role for the
tiology of vasospasm (17). Kugiyama et al. (18) used NG-
onomethyl-L-arginine, which is an antagonist for nitric

xide, and reported that a deficiency in endothelial nitric oxide
ctivity in spasm lesions might cause hyperconstriction of the
asospastic artery. These previous results are consistent with
ur observations that the media of spasm lesion constricts even
hen spasm has not yet occurred.
Moreover, we speculate that the presence of these early

symptomatic lesions that precede actual spasm may explain
hy various and trivial stimulations can provoke spasm in
umans (2,3,5). After the administration of NTG, such
rterial contraction is completely released, and no difference
n medial thickness was observed between spasm lesions and
onspasm lesions. These findings are consistent with the
bservations from pathology that no abnormalities could be
een in the medial layer of spasm lesions (15). Precursor
edial contraction might be one of the pathophysiological

eatures of spasm.
onformational change of vascular structure during spasm.
revious human studies used luminal diameter for the
ssessment of vascular constriction, assuming that medial
onstriction affected the intima (15,16). Due to the lack of
n appropriate imaging method for studying the intima and
edia separately, it has been unclear how each arterial layer

hanges in accordance with the drastic luminal narrowing
hat occurs in the human vasospasm lesion. For example, an
CT article discussed the possibility that the intimal layer

tself contracted and contributed to the formation of intimal
hickening in vasospastic angina patients (19). However, our
tudy shows that the medial thickness increases as a result of
edial contraction and facilitates the intimal gathering
ithout an alteration of intimal area during vasospasm in

he human coronary artery.
Previous studies reported that hypersensitivity to NTG is

bserved in the spasm lesion (15,16). Since the change of
aximum medial thickness is so large in spastic lesions, it is

easonable to ascribe the luminal narrowing to increased
asal vascular tone, instead of hypersensitivity. Our results
ndicate that direct measurements of the media by OCT
ould be used to better predict the reactivity of drugs
dministered to mitigate spasm.
tudy limitations. First, we only analyzed a small number of
atients with resting chest pain. To avoid endothelial injury,
e inserted the OCT image wire without using the balloon
cclusion catheter in this study. This technique made it

ifficult to explore tortuous lesions or distal lesions. In 3 lesions, s
e could not assess lesion morphology during spasm. We
ould not perform OCT imaging in 3 vessels, because we
xceeded the total amount of OCT flushing media allowed.
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