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Histopathologic studies have demonstrated that vessels
enlarge to compensate for an increase in plaque burden;
this has been confirmed in vivo using intravascular ul-
trasound (IVUS). The initial studies suggested a biphasic
course of lesion formation with (1) preservation of lumen
dimensions up to a plaque burden of approximately
40%, and (2) luminal narrowing as plaque burden fur-
ther increases. In this study, we used IVUS and angiog-
raphy to assess the extent of left main (LM) atheroscle-
rosis in 107 patients undergoing catheter-based
procedures of the left anterior descending or left circum-
flex coronary arteries. Using IVUS, atherosclerotic
plaques were found in all LM arteries, but only 26 (24%)
had varying degrees of luminal narrowing on the an-
giogram. Nevertheless, there was an inverse relation

(r = —0.62, p <0.0001) between the minimal lumen
area and the plaque burden (i.e., plaque + media di-
vided by total vessel area) that was not restricted to
plaque burden values >40% (or >30%), but persisted at
plaque burden values of 20% to 40%. In addition, LM
arteries with a plaque burden <40% had a similar total
vessel area as did LM arteries with a plaque burden
=40% (22.9 + 6.1 vs 21.8 + 4.8 mm?, p = 0.30). These
data suggest that lumen dimensions may not be pre-
served even if plaque occupies no more than 20% to
40% of the total vessel area. Thus, there is more varia-
tion in remodeling response during earlier stages of
plaque accumulation within the LM artery than is com-
monly suggested. ©1997 by Excerpta Medicq, Inc.
(Am J Cardiol 1997;80:1408-1413)

oronary angiography is used to assess lesion faory vascular enlargement may also be important in
matiort; however, early atherosclerosis is angicthe development of arterial stenogé43.15-18The left
graphically sileng-5 Histopathologic studies of dis- main (LM) coronary artery is one of the most impor-

eased arterial segments have demonstrated that céamt targets of atherosclerotic plaque accumula-
pensatory enlargement of the vascular wall occurs tion.5-6.19-25|n this study we used IVUS and quanti-
compensate for the accumulation of atherosclerotigtive coronary angiography to systematically assess
plaquez 6 Intravascular ultrasound (IVUS) provideghe extent and characteristics of LM atherosclerosis in
transmural images of coronary vessels in vivo includ:07 patients undergoing catheter-based interventions
ing the coronary vascular wall, the area of atherosclef significant lesions of the left anterior descending or
rotic plaque, accurate lumen dimensions, and the deft circumflex coronary arteries.

rial changes that occur with the atherosclerotic disease

process—10 Intravascular and epicardial UItrasoum;\AETHODS

studies of atherosclerotic coron&ha1-13and periph-
eral arteries*-17 have provided insights into the con-
sequences of plague accumulation and mechanis
lesion formation. Earlier studies have confirmed t
initial histopathologic findings of a biphasic course o
lesion formation: (1) early preservation of lumen di
mensions until a plaque burden of approximately 40
is reached, and (2) luminal narrowing as plaque b

den further increasest6 More recent studies have
shown evidence that inadequate or absent compen:
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Patient population: Between August 1, 1995, and

artery was performed in 107 patients. There were
4 men (78%) and 23 women (22%) who ranged in
age from 32 to 80 years (mean 3811); all of them

% 31, 1996, a prospective IVUS examination of the

ere symptomatic (87 had chronic stable angina and
0 unstable angina). This patient population repre-
sented a consecutive series of patients with IVUS-
ggi_ded coronary interventions of significant narrow-
ings in the left anterior descending or circumflex cor-
onary arteries. None were considered to have
significant disease of the LM artery. This study was
approved by the local council on human research. All
patients signed a written informed consent form ap-
proved by the medical ethical committee of the Uni-
versity Hospital Rotterdam-Dijkzigt.

Intervention procedures and coronary angiography:

All patients received 250 mg of aspirin and 10,000 U
of heparin intravenously. If the duration of the entire
catheterization procedure exceeded 1 hour, the acti-
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the analysis. This has previously
been described in detdil.
Intravascular ultrasound imag-
ing: After intracoronary injection of
2 mg of isosorbide dinitrate, the LM
artery was examined using a me-
chanical IVUS system (CardioVas-
cular Imaging Systems Inc, Sunny-
vale, California) and a sheath-based
IVUS catheter. The IVUS catheter
incorporates a 30-MHz beveled, sin-
gle-element transducer rotating at
1,800 rpm within a 2.9Fr long mono-
rail imaging sheath. The distal 15-
cm-long sonolucent segment of the
imaging sheath has a common lumen
that alternatively houses the guide-
3.5 : : wire (during catheter introduction) or
FIGURE 1. Examples of plaque formation in left main coronary arteries without (A) the transducer (during imaging after

and with (B luminal narrowing on the angiogram. The angiograms display the the guidewire has been pulled back),
plaque interpolation and minimal lumen detection, as obtained from quantitative cor-  hyt not both. This design avoids di-
onary angiography. The intravascular ultrasound images (inserts) depict the site of rect contact of the IVUS imaging

minimum lumen cross-sectional area; on these images the contours of the lumen and ith th | wall. Bef th
total vessel boundaries as well as the minimum and maximum diameters of lumen core wi 1e vessel wall. berore the
and plaque + media were traced. IVUS imaging run, the guiding cath-

eter was withdrawn from the ostium
of the LM artery to assure complete

vated clotting time was measured; intravenous hepasgnanning of the entire LM artery. All studies were
was administered in order to maintain an activatquerformed using a motorized transducer pullback at
clotting time of >300 seconds. In all patients, suc0.5 mm/s. All IVUS studies were recorded on 0.5-inch
cessful catheter-based interventions of lesions in thegh-resolution sVHS tape for off-line analysis.
left anterior descending (= 91) or left circumflex Intravascular ultrasound analysis: Each videotape
coronary arteries (= 16) were performed (63 with was analyzed off-line by an experienced IVUS analyst
stent placement, 25 with directional atherectomy, arathd overread by 2 independent cardiologists experi-
19 with balloon angioplasty). At the end of the interenced in the use and analysis of IVUS images.
ventional procedure, intracoronary injection of 2 mg QUANTITATIVE ANALYSIS: Validation of manual
of isosorbide dinitrate was administered? angio- measurements by IVUS has been reported previous-
grams of the LM were recorded from opposite (ideallly.2¢ The site of the minimum lumen cross-sectional
orthogonal) views without overlapping side branchesrea was identified by carefully scrolling the tape back
or foreshortening, and the LM artery was interrogateahd forth; if there were multiple image slices with the
using IVUS. There were no procedural or postprocgame minimum lumen cross-sectional area, then the
dural in-hospital complications in these patients. image slice with the largest plaque burden was se-

Angiographic analysis: The angiograms were firstlected. This was the image slice on which the IVUS
interpreted by 3 experienced coronary angiographareasurements were performed (Figure 1). The cross-
who were blinded to IVUS data. All angiographicsectional area measurements included the lumen and
projections were reviewed for the presence of athertptal vessel cross-sectional area (interobserver differ-
sclerosis of the LM artery. If during the visual assesences: 0.1= 0.8 mnf [lumen], 0.0+ 1.1 mnf¥ [total
ment of the LM artery, an indentation of the opacifiedessel]). Plaquet+ media cross-sectional area was
luminal silhouette or a lumen narrowing of any degreealculated as total vessel minus lumen cross-sectional
was noticed, that LM artery was classified as “angicarea, and the plaque burden was calculated as
graphicallyabnormal.” Accordingly, only LM arter- plaque+ media divided by total vessel cross-sectional
ies without such findings were classified as “angicarea. The total vessel diameter was calculated as:
graphically normal.” Decisions for classification ressquare root of [(4 total vessel cross-sectional area)/
quired at least 2 votes. 7]. The minimum and maximum lumen diameters

Quantitative coronary angiography of 2 angiofinterobserver differences: 08 0.3 mm [minimum
graphic views (ideally orthogonal views without overtlumen], 0.0+ 0.3 mm [maximum lumen]), and the
lapping side branches or foreshortening) was theninimum and maximum plaque- media thickness
performed off-line. End-diastolic frames acquired aftinterobserver differences: 0.0t 0.02 mm [mini-
ter intracoronary application of nitrates and havinghum plaque+ media], 0.01+ 0.09 mm [maximum
homogeneous opacification of the coronary lumeslague + media]) were measured. The total vessel
were selected for analysis. The computer-based Coross-sectional area represents the area within the
onary Angiography Analysis System (CAAS Il, Pieborder between the hypoechoic media and the echore-
Medical, Maastricht, The Netherlands) was used fdlective adventitia. As in many previous studies using
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and linear and nonlinear regression

. . Dat
TABLE I Quantitative Coronary Angiography and Intravascular Ultrasound Data analyses. A p valuez0.05 was con-

Plaque Plaque sidered statistically significant.
Burden Burden
All Patients <40% =40%
(n=107) (h=71) (n = 36) p Value* RESULTS . . .
Overall angiographic and intra-
IVUS vascular ultrasound data: With use of
Lumen CSA (mm2) 151+48 168=47 11.6=28 <0.0001 . h v 26 LM
P+ M CSA (mm?) 75+36 61=29 10332 <ooo0l | coronary anglograpny, ony
Tofl vessel CSA (mm?) ~ 22.6 =57 22.9+6.1 218=48  0.30 arteries (24%) were classified as ab-
Plaque burden (%) 333129 266+94 466+73 <0.0001 normal; however, IVUS revealed
Minimum lumen diameter  3.91 £ 0.75 4.18 + 0.71 3.38 £ 0.54 <0.0001 atherosclerotic p|aques inall 107 LM

(mm) arteries (p<0.0001 vs angiography)
i i 4.65 =075 492070 4.12=0.54 . 1 : ) 2
Maximum lumen diameter 65 +0.75 +0.70 +0.54 <0.000 Twenty-five plaques were classified

(mm) "
Minimum P + M diamefer 0.16 +0.22 0.08 +0.15 0.31=0.25 <0.0001 | as soft, 22 were fibrous, and 50 were
(mm) mixed. Plague calcification was

Maximum P + M diameter 0.99 + 0.42 0.85 +0.37 1.26 = 0.40 <0.0001 found in 30 LM lesions with an arc

(mm) ; ; ° o
Total vessel diameter (mm] 5.32 = 0.65 5.36 + 0.68 5.24 =057 0.34 of calcium ranging from 20° to 120

Arc of plague (%) 296 +83  270+90 348 =22 <0.0001 | IN circumference. Data provided by
Quantitative coronary both quantitative coronary angiogra-
angiography phy and IVUS are listed in Table I.

Ml?r:]n;:;m lumen diameter  3.84 + 0.78 3.98 = 0.70 3.59 +0.86 <0.05 Data of angiographically normal
Reference diameter (nm)  4.17 = 0.75 4.30 = 0.68 3.93 + 0.84 <0.05 versus abnormal main stems: The
Diameter stenosis (%) 80+x70 76+62 88+83 043 IVUS and quantitative coronary an-

giographic findings in patients with
Data are expressed as mean = 1 SD. angiographica”y abnormal (ﬁ: 26)
CSA = cross-sectional area; IVUS = intravascular ultrasound; P + M = plaque + media. and normal LM arteries (n: 81)
were then compared. The 2 groups
were similar with regard to age
(59 = 10 vs 57 = 11 years) and
IVUS, plague+ media cross-sectional area was usegender (77% vs 79% men). Patients with an angio-
as a measure of atherosclerotic plaque, because ulgeaphically abnormal LM artery had (1) a smaller
sound cannot measure media thickness accurételyjuantitative angiographic minimal lumen diameter
The circumferential arc of the LM artery containing3.30 + 0.68 vs 4.02+= 0.73 mm, p<0.0001), (2) a
plague was measured (in degrees) using a protract¢onaller quantitative angiographic reference diameter
centered on the lumen. The plaque burden has bgdr01 + 0.74 vs 4.23+ 0.75 mm, p<0.0001), (3) a
termed cross-sectional area obstruction, cross-séigher quantitative angiographic diameter stenosis
tional narrowing, or percent plaque area by othgl7.60+ 6.85% vs 4.88+ 3.15%, p<0.0001), and
investigators. (4) a smaller IVUS minimal lumen cross-sectional
QUALITATIVE ANALYSIS: Plagque composition wasarea (13.0+ 4.9 vs 15.7+ 4.7 mnf, p <0.05). In
assessed visually. The presence of significant amouptgients with an angiographically abnormal LM ar-
of calcium, dense fibrous tissue, or soft plaque wasry, the IVUS plaque burden tended to be higher
tabulated. Calcium produced bright echoes (brighté37.2+ 14.2% vs 32.1+ 14.2%, p= 0.10); however,
than the reference adventitia) with acoustic shadowinige total vessel cross-sectional area tended to be even
(attenuation) of deeper arterial struct$ebe largest smaller (20.9+ 6.4 vs 23.1+ 5.4 mnf, p = 0.10).
arc of calcium within the LM artery was identified andThere was no significant difference in plaque compo-
measured (in degrees) using a protractor centered sition.
the lumen. Although initially an arc of calcium120° Assessment of vascular remodeling: The total vessel
was predetermined to be an exclusion criterion (ross-sectional area by IVUS correlated directly with
assure reliable measurement of the total vessel athé plaque+ media cross-sectional area=r0.54, p
plague+ media cross-sectional area) patient had <0.0001, Figure 2).
this degree of LM calcification. Plaque tissue produc- In addition, the IVUS minimal lumen cross-sec-
ing echoes that were as bright as or brighter than ttienal area correlated inversely with the plaque burden
reference adventitia, but without acoustic shadowing = —0.62, p<0.0001, Figure 3); this relation was
was classified as “fibrous.” Tissue being less densesry similar for the LM artery with a plaque burden
than the reference adventitia was classified as “soft=40% (r= —0.42, y= —0.17x+ 19.0, p<0.01) and
Plagues containing more than 1 type of tissue wefer the LM artery with a plaque burdea40% (r =
classified as “mixed.” —-0.41, y = —0.21x + 22.3, p <0.001). Similar
Statistical analysis: Categorical variables were pre-correlations were found for the LM artery with a
sented as frequencies. Continuous variables were ppotaque burden=30% and<30% (r = —0.48 and
sented as meart 1 SD. Categorical variables were—0.42, respectively, both §£0.01). Various nonlinear
compared using chi-square analysis. Continuous vamegression approaches were tested and did not reveal
ables were compared using the 2-tailed Studdrngst relations with higher or equal significance.

*Plaque burden <40% versus plaque burden =40%.
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FIGURE 2. Correlation between total vessel cross-sectional area
(CSA) and plaque + media cross-sectional area, measured with
intravascular ultrasound in 107 left main coronary arteries.

composition was less frequently soft (8% vs 31%, p
<0.01); the frequency of plaque calcification was
higher (47% vs 18%, p<0.005), and the arc of dis-
eased vessel wall was significantly larger (3482°

vs 270+ 90°, p<0.0001). In addition, in vessels with
plague burder=40%, the lumen cross-sectional area
and diameters were significantly smaller; the plague
media cross-sectional area and diameters were larger,
but the total vessel cross-sectional area was similar
(22.9+ 6.1 vs 21.8+ 4.8 mnf, p = 0.30).

DISCUSSION

In the present study, careful IVUS examination
during catheter-based interventions of major epicar-
dial left coronary arteries in a consecutive series of
107 patients revealed the presence of LM plaques in
all and demonstrated the superiority of IVUS in de-
tecting early atherosclerotic changes in viv#.19.20
These data are in agreement with previous IVUS
findings in a smaller study groug.

Adaptive vascular remodeling: The absence of an-
giographic lumen narrowing despite the presence of
ultrasound-confirmed plaque formation is generally
thought to result from compensatory vascular enlarge-

ment. In addition, there were other signs

30

of adaptive remodeling. First, the total

25 +

20 +

LUMEN
CSA 15 ¢+

(mm?)

y =-0.23x + 22.83
r=-0.62

SEE = 3.81mm?

n =107

vessel cross-sectional area measured
22.6 mnft; this is comparable to previ-
ous measurements in diseased LM ar-
teries (22.0 to 23.3 mf,3.2° but larger

than measurements in nondiseased LM
arteries (19.0 mr).2° Second, despite
an average plaque burden of 33%, the
average lumen cross-sectional area was
reduced by 20% compared with that in
nondiseased LM arteriés.

As in previous histopathologic and
IVUS studies?-6 we found a significant
relation between plaque- media and
total vessel cross-sectional area. This
relation, which has previously been un-
derstood as an arithmetic expression of
the adaptive remodeling process, ap-
pears to be less strong in the LM artery
(r = 0.46 to 0.56)> than has been re-

10

1
T

20

30 40

PLAQUE BURDEN (%)

7; ported in other major epicardial coro-
nary branches or in peripheral vessels
(r = 0.63 to 0.8513.14-16|n addition,

FIGURE 3. The minimal lumen cross-sectional area (CSA) by intravascular ultra-
sound correlated inversely with the plaque burden. This relation was observed not
only in the 36 arteries with a plaque burden =40% (r = —0.42, p <0.01), but
also in the 71 arteries with a plaque burden <40% (r = —0.41,
lar correlations were also found for both, arteries with a plaque
and <30% (r = —0.48 and —0.42, respectively, both p <0.01).

<0.001). Simi-
urden =30%

the value of the relation between
plague + media and total vessel area
appears to be limited because (1) corre-
lating plaque+ media with total vessel
cross-sectional area should have a sig-
nificant positive relation because this is
a correlation betweea anda + B, and

Thirty-six of the 107 LM arteries had an IVUS(2) the regression equation will always show steeper

plague burder=40%; 71 had a plaque burdem0%.

slopes for mildly diseased vascular segments, falsely

Both groups were similar with respect to age (681 suggesting overcompensation of total vessel area in
vs 57 = 11 years) and gender (79% vs 78% menjelation to plaque accumulatiG.

Results of quantitative coronary angiography and Variations of remodeling response: However, the
IVUS analysis of these 2 subsets are listed in Tableresults of the current study also suggest that even
In the group with plaque burden40%, IVUS plaque during earlier stages of atherosclerotic plague accu-
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40%, the LM was smaller than thel
° SD margin; this may reflect an inade-
o ' quacy or an early cessation of the adap-
° . +1SD tive remodeling process.
21 ° Variability of the adaptive remodel-
] ing process has previously been sug-
gested by otherg12.15-17Nevertheless,
20 | o\%\ o © NORMAL MEAN because these studies in humans were
observations at one point in time, the
LUMEN °
CSA 151 o
(mm?)

30 5

time course and magnitude of vascular
response to plaque growth remains un-
known.

Limitations and potential sources of
error: (1) All patients underwent catheter-
based coronary interventions. Therefore,
we were limited to assessment of LM
arteries in patientsvithout angiographi-
cally significant LM lesions, buwith sig-
nificant lesions of the left anterior de-
0 - scending or circumflex coronary arteries.
0 10 20 30 40 50 60 70 (2) As in previous histopathologic or
IVUS studies of vascular remodelifge
this study was observational and provided
only a “snapshot-like view” on coronary

10 4

PLAQUE BURDEN (%)

FIGURE 4. Intravascular ultrasound normal values from published reports, ob-

tained in 61 main stems with ulirasound-documented absence of plaque forma- artery disease. (3) Measurement accuracy
tion (19.0 =+ 6.5 mm?),2° were used to evaluate the preservation of lumen cross- may be affected by an eccentric position
sectional area (CSA). The illustration displays (1) data of the current study com- or a noncoaxial orientation of the IVUS
pared with (2) mean = 1 SD of the normo(size (3 horizontal lines), (3) a linear catheter. (4) The accuracy of visual as-

regression line, and (4) a dotted line indicating a plaque burden of 40%. In pa- o )
tients with a plaque burden <20% the lumen size was evenly distributed on both sessment of plaque COI’T]pOSItIOﬂ bRl
sides of the mean normal value, and in all patients the lumen was larger than the ~ Ventional IVUS images is known to be

—1 SD margin. This may, to some extent, result from adaptive remodeling. Con- limited, and IVUS tissue classification
versely, in several main stems with a plaque burden between 20% and 40%, the does not necessar”y Correspond to histo-
lumen was smaller than the —1 SD margin, which may reflect inadequacy or logic classification. (5) Intracoronary in-

early cessation of the adaptive remodeling process. L9 :
v P 9P jections of nitrates were used to prevent

vasospasm, and no angiographic changes
mulation (i.e., plaque burden of 20% to 40%), comwere observed before and after the IVUS imaging pro-
pensatory vascular enlargement may be inadequatecéalure; nevertheless, this does not completely exclude
preserve lumen dimensions in a considerable numbecal vasospastic activity.
of cases. For instance, there was a negative correlationClinical implications: Although IVUS inspection re-
between lumen cross-sectional area and plaque burdeals the presence of plaque formation within the LM
(r = 0.62), arelation that was not restricted to patientstery in patients undergoing procedures of major left
with a plaque burden- or <30% or 40%, as previ- coronary branches, the extent of plaque accumulation
ously described:s In the present study, there was als@s variable and should not be equated with hemody-
no significant difference in total vessel cross-sectionabmically significant disease. Nevertheless, our find-
area between (1) LM artery with a plaque burdeimgs underline the standard recommendation to per-
<40% versus LM artery with a plaque burde®0%, form any cannulation of the LM artery with care. The
or (2) angiographically normal versus angiographeurrent study demonstrates that compensatory vascu-
cally abnormal LM arteries. The total vessel crosdar enlargement is a variable phenomenon, explaining
sectional area was even slightly higher in the group smaller lumen cross-sectional area in some cases
with angiographically normal LM arteries. We useeven before the plaque occupies 40% of the total
IVUS normal values from published data, obtainedessel cross-sectional area. Serial IVUS studies will
from 61 LM arteries with IVUS-documented absencbe necessary to gain insight into (1) the time course of
of plaque formation (19.@= 6.5 mnf),2° to evaluate vascular remodeling, and (2) whether plaques with
the preservation of the lumen cross-sectional aredifferent patterns of remodeling require specific or
Figure 4 shows data of the current study compardifferent therapy with respect to the acute procedural
with the mean= 1 SD of the normal LM size. In success and long-term outcome.
patients with a LM plaque burde20%, the lumen
size was evenly distributed on both sides of the mean
normal value; in all patients the lumen was larger thangscaned 3, Baptista J, bi Mario C, Haase J, Ozaki Y, Linker DT, de Feyter PJ,
the —1 SD margin_ This may, to some extent, resuﬁoelalndtJRTC,‘SerrU)tqs PW.lS;gt;nificgnc;fofau@o;‘nated stenoslits de(tﬁ(;pt(ijon during
from adaptive remodeling. Conversely, in several pgio, foososgee ors o oo o intracoronary ulrasaind.
tients with a LM plaque burden between 20% ang stiel GM, Stiel LSG, Schofer J, Donath K, Mathey DG. Impact of compen-
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