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Introduction

Coronary artery disease (CAD) remains the
entity responsible for most non-accidental deaths
in the world [1]. Despite significant progress in
understanding the pathophysiology of this condi-
tion and in treating its acute presentations, there
is currently no cure for CAD and there is no con-
sistent therapy for slowing its progression.
Hence, considerable interest exists in developing
reliable technologies to assess the effect of new
medical and interventional therapies on the rate
of progression of CAD and on the factors respon-
sible for its destabilization. The matter is further
complicated by the fact that CAD is a process
that predominantly affects the vessel wall, such
that the early phases of the disease are not at all
manifested by impingement on the lumen of the
epicardial coronary arteries and their branches,
which are visualized during invasive coronary
angiography [2—4]. As early as the second decade
of life, changes in endothelial function caused by
exposure to adverse metabolic or hemodynamic
conditions lead to penetration of lipid moieties in
the coronary vessel wall. An inflammatory reac-
tion ensues, marked by accumulation of macro-
phages and oxidation of low-density lipoprotein.
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A fatty plaque is formed, and it is this precursor
of CAD which progresses slowly over decades
until it becomes clinically active. The early and
intermediate stages of this process are almost
entirely invisible to imaging of the lumen of the
coronary artery, particularly when visual esti-
mates are used, because of the compensatory
expansion of the vessel outward [5].

For over 50 years, invasive coronary angiogra-
phy with contrast media has been the mainstay
for evaluation of CAD and accompanied all
the major therapeutic breakthroughs in this field.
The first two decades of the technology were
dedicated to perfecting the techniques for imag-
ing the coronary arteries and for storing this
information on transferable media. Even before
the advent of digital storage of images, consider-
able interest developed in the quantitative aspects
of coronary angiography (QCA), particularly in
order to measure and compare the effects of
medical and interventional therapies on the pro-
gression of CAD.

In this chapter we will review the main princi-
ples of QCA and assess its utility for quantification
of CAD progression or response to intravascular
devices.

Principles of Quantitative
Coronary Angiography

Thirty years ago, Brown and colleagues intro-
duced the first quantitative assessment of coronary
arteries by magnifying 35 mm cine angiograms
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and tracing the contour of the arteries on a large
screen [6, 7]. Early computer software corrected
for pincushion distortion (created by the magnifi-
cation process and leading to “pinching” of the
artery in the middle of the segment) and tracings
were then digitized and reconstructed into a three
dimensional rendering of the coronary arteries,
assuming elliptical geometry. This early prototype
served as the basis for the automated contour
detection software used routinely in QCA today.
As digital acquisition of images became the
standard in invasive cardiology, the need for
digitization of the cine angiograms disappeared.
The images, acquired in a DICOM (Digital
Imaging and Communications in Medicine) for-
mat with 2:1 JPEG lossless compression, are then
calibrated using the dye-filled injection catheter’s
known dimensions as the reference. A calibration
factor (mm per pixel) allows the measurement of
various aspects of the vessel. Each such study
occupies ~500 MB of storage. The most basic
measurements include reference vessel diameter
(RVD), minimal lumen diameter (MLD), and
percent diameter stenosis (DS). RVD determina-
tion is particularly important as it is the basis for
derivation of many of the other parameters.
Typically the interpolation method is used by the
software algorithm to approximate the normal
decrease in vessel diameter as it progresses
distally. The lesion length (LL), defined from
shoulder-to-shoulder (where DS is at least 50 %
of RVD), can also be measured. In every angiog-
raphy core laboratory (ACL), inter- and intra-
observer variability is measured frequently to
ensure consistency of film review. In general, the
inter-observer variability is <0.25 mm for most
automated software. Considering coronary ves-
sels of 34 mm in diameter, this translates in
~5 % variability. Beyond the variability caused
by observer, biological factors play an important
role in our ability to perform adequate QCA.
Acquisition of images is affected significantly by
the quality of the camera, by the consistency of
the acquisition (respiratory variation, quantum
mottling or nonuniform film density, foreshorten-
ing, and out-of-plane magnification), and by the
skill of the angiographer. Inadequate filling of the
artery (streaming), lack of separation of branches,
different angles (important for follow-up studies),
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and vasomotor tone can all influence the precision
of QCA. The two most commonly used systems
for QCA are discussed briefly below.

The Cardiovascular Angiography Analysis
System (CAAS, Pie Medical Data, The
Netherlands) is an online and off-line analysis sys-
tem. It has pincushion distortion correction and a
weighted (50 %) sum of the first two derivatives of
the mean pixel density. It provides an interpolated
RVD and has subsegmental and specialty modules
for bifurcation lesions, three-dimensional recon-
struction, and stent analysis.

The Coronary Measurement System (CMS,
MEDIS, The Netherlands) uses similar technology
but also has a two-point user-defined centerline
identification for catheter calibration and vessel
contour.

Beyond RVD, DS, and MLD, typical QCA
parameters used in clinical trials include late
Iumen loss (LLL, defined as the difference between
MLD at baseline minus MLD at follow-up), late
loss index (defined as LLL divided by initial MLD
gain), and binary angiographic restenosis (BAS,
defined as DS>50 % at follow-up). In addition to
these classical parameters of percutaneous coro-
nary intervention (PCI) and atherosclerosis stud-
ies, semiquantitative and quantitative indices have
been devised to describe coronary perfusion at the
epicardial and myocardial (tissue) level. These
include TIMI (thrombolysis in myocardial infarc-
tion) flow grade (0—no flow, to 3—normal flow),
TIMI frame counts (number of frames needed for
contrast to traverse a defined segment of the coro-
nary tree), and myocardial blush grade (MBG,
defined as the penetration of contrast in the
microcirculation supplied by the vessel undergo-
ing PCI). These three indices are particularly
relevant to patients undergoing reperfusion ther-
apy with fibrinolytic therapy or primary PCI for
ST-elevation myocardial infarction.

QCA in Studies of Medical
Treatment of Atherosclerosis

In reviewing this topic, the most important
element to understand is the underlying mecha-
nisms of CAD. As briefly mentioned above,
coronary atherosclerosis develops predominantly
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in the vessel wall before it extends into the lumen.
The coronary artery remodels and expands out-
wardly to accommodate this increased volume of
tissue in its media. As such, coronary angiogra-
phy has limited ability to evaluate changes related
to progression or regression of atherosclerosis,
except when the process is sufficiently advanced
to affect lumen size. Furthermore, changes in
plaque size, or lumen size can be very modest
and yet coexist with dramatic reduction in clini-
cal events. This important observation reflects the
ability of plaque-modifying agents, such as
statins, to reduce the propensity for plaque rupture
or disruption leading to acute coronary syn-
dromes. Thus, much more relevant information
has been obtained in this area by studies utilizing
intravascular ultrasound (IVUS) to detect small
changes in plaque area and volume, including
that residing in the vessel wall. Yet, the begin-
nings of the science of atherosclerosis regression
date back to a time when IVUS was not yet avail-
able and QCA was the best tool available to
assess these changes.

One of the first trials to illustrate the paradox
of minimal changes in MLD and large reductions
inclinical events was HATS (HDL Atherosclerosis
Treatment Study) [8]. Among 146 randomized
men who had apolipoprotein B levels >125 mg/
dL, documented CAD, 120 completed the study,
including baseline and follow-up angiography.
Patients were given dietary counseling and were
randomly assigned to one of the three treatments:
lovastatin (20 mg twice a day) and colestipol
(10 g three times a day); niacin (1 g four times a
day) and colestipol (10 g three times a day); or
conventional therapy with placebo (or colestipol
if the LDL level was elevated). Coronary events
were reduced by 66 % by the combination ther-
apy (6.5 % vs. 19.2 % for placebo) after 2.5 years
of therapy. This dramatic effect was achieved
despite very modest changes in angiographic
parameters: among 1,316 baseline lesions, DS
increased by 2.1 % in the conventional therapy
group and decreased by 0.7 % in the combination
therapy arm (P=0.003), with more effect in
lesions with DS>50 % at baseline. MLD
decreased by 0.05 mm in the conventional ther-
apy group and increased by 0.012 mm in the
combination therapy group among the proximal

segment lesions (P=0.01). In a similar study—
REGRESS (Regression Growth Evaluation
Statin Study), treatment with pravastatin, com-
pared with placebo, resulted in less progression
of atherosclerosis (change in mean lumen diam-
eter 0.06 mm vs. 0.10 mm, P=0.02, change in
MLD 0.03 mm vs. 0.09 mm, P=0.001) and fewer
cardiovascular events (11 % vs. 19 %, P=0.002) [9].
Reduction in coronary events with statin therapy
has been most pronounced in patients with estab-
lished coronary disease (secondary prevention)
but also occurs in those without it (primary pre-
vention). The benefit of aggressive lipid-lowering
therapy with statins in the former category
was indexed directly to the on-treatment LDL
level. When LDL falls below 100 mg/dL, the
rate of CAD events is below 10 % and reaches as
low as 5 % with the recommended target for
LDL in high-risk patients (70 mg/dL) [10, 11].
For the latter, Brugts et al. compiled data from
ten randomized clinical trials encompassing
nearly 70,000 patients. All-cause mortality was
reduced by 12 % with statins, major coronary
events—by 30 % and cerebrovascular events—
by 19 % [12]. There was no heterogeneity in
response based on gender, age, or the presence
of diabetes mellitus.

When angiography was performed at baseline
and after treatment in studies of primary and sec-
ondary prevention, the changes in angiographic
parameters were consistent with data from HATS
and REGRESS. Gotto performed a systematic
analysis of such trials and showed that while there
was a statistically significant correlation between
change in MLD and on-treatment LDL (R*=0.61,
P=0.001), absolute changes in MLD varied
between —0.01 mm (progression of atherosclero-
sis) and 0.05 mm (regression) [13]. Brown et al.
examined the ability of experienced operators to
distinguish in serial studies between lesions that
definitely changed in severity, those that possibly
changed and those that did not. In FATS (Familial
Atherosclerosis Treatment Study) 120 patients
were randomized to three lipid-lowering strate-
gies. In 81 % of lesions scored as “definitely”
changed by operators, there was more than 10 %
change in DS, as measured by QCA. It appeared
that the threshold for visual classification of
definite changes was 9.3 % [14].
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Lipid lowering may be only one paradigm for
atherosclerosis regression. Correction of other
risk factors for CAD, such as hypertension, may
have a similar effect on atherosclerosis progres-
sion. Amlodipine, a long-acting calcium channel
blocker used to treat hypertension, was found to
have antioxidant effects and to prevent the abnor-
mal accumulation of calcium induced by choles-
terol in smooth muscle cells in animals [15].
In one trial, amlodipine reduced progression of
atherosclerosis in carotid arteries, but not in coro-
nary arteries [16]. The NORMALISE (Norvasc
for Regression of Manifest Atherosclerotic
Lesions by Intravascular Sonographic Evaluation)
trial compared the effects of amlodipine, enala-
pril, and placebo among 431 normotensive
patients followed for 2 years with coronary angi-
ography and IVUS at baseline and at the end of
study, as part of the larger CAMELOT
(Comparison of Amlodipine versus Enalapril to
Limit Occurrences of Thrombosis) study [17].
Only 69 % of patients completed the follow-up
angiographic study. The mean change in MLD
was —0.02+0.13 for amlodipine, —0.03 +0.12 for
enalapril, and —0.03+0.17 mm for placebo
(P=0.40). There were no significant correlations
between changes in MLD and blood pressure
reduction, age, gender, or the presence of diabe-
tes mellitus [18]. An ischemic event, as defined in
the primary endpoint, occurred in 20.2, 24.0, and
25.2 % of the amlodipine, enalapril, and placebo
groups, respectively (P=0.68). The change in
MLD in patients with and without cardiovascular
events (cardiovascular death, nonfatal MI, resus-
citated cardiac arrest, coronary revascularization,
angina or heart failure requiring hospitalization,
ischemic stroke or transient ischemic attack, or a
new diagnosis of peripheral arterial disease),
regardless of treatment assignment, was
—0.05£0.20 mm and —-0.02+0.13 mm, respec-
tively (P=0.48). Thus, there was neither a signifi-
cant change in atherosclerosis burden nor a
reduction in cardiovascular events, regardless of
antihypertensive agent used in this trial.

In summarizing the utility of QCA in assessing
the effects of medical treatment of CAD, we can
state that there is considerable dissociation
between the angiographic changes induced by
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statin therapy and their clinical effects, suggesting
that pleiotropic effects of statins are very impor-
tant [19]. These include the prevention of white
blood cells attachment to the endothelial cells,
attenuation of platelet reactivity, and reduction in
secretion of CD40 ligand from platelets and anti-
inflammatory effects. In general, changes in
lumen dimensions are very modest and reflect
the fact that most of the atherosclerotic plaque in
patients with less than critical CAD resides in the
vessel wall, and cannot be reliably imaged with
coronary angiography. While this statement
reflects our current understanding of CAD patho-
physiology, it is notable that even IVUS cannot
detect major changes in plaque volume after
treatment with statins. For example, in
ASTEROID (A Study to Evaluate the Effect of
Rosuvastatin  on Intravascular Ultrasound-
Derived Coronary Atheroma Burden), rosuvas-
tatin lowered LDL from 130 to 60 mg/dL (53 %,
P<0.001). Yet mean percent atheroma volume
(PAV), the primary endpoint, decreased by only
0.98 % (P<0.001) [20]. The totality of these data
suggests that the effect of statins in the medical
therapy of CAD is exerted via stabilization of
plaque and not via significant change in athero-
sclerosis burden.

QCA in Studies of Intravascular
Devices

Ever since PCI became available more than 30
years ago, procedural success was defined by two
important criteria—adequacy of flow in the
treated artery (TIMI flow grade) and residual
diameter stenosis. Furthermore, the long-term
success of the procedure has been defined by the
maintenance of vessel patency at the treated site,
expressed as DS at a follow-up angiogram.
Interventional cardiologists are quite adept at
assessing DS, particularly when classifying it in
major categories based on clinical significance.
Gottsauner-Wolf et al. compared visual estimate
of DS with QCA in 30 patients and found excellent
correlation, supported by functional assessment
with dipyridamole stress test, for stenoses >50
and >75 % [21].
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The most important contribution of QCA to
the field of interventional cardiology is the ability
to consistently and systematically evaluate early
and late results of PCI. LLL has become a surro-
gate endpoint for the efficacy of new interven-
tional devices and was accepted by regulatory
agencies as an important endpoint in clinical tri-
als. The introduction of bare-metal stents (BMS)
in the late 1980s and drug-eluting stents (DES) in
the early 2000s was made possible by this pro-
cess. Compared with balloon angioplasty (PTCA)
alone, stenting with BMS has reduced signifi-
cantly LLL and the incidence of restenosis
(BAR). In the landmark BENESTENT study, 520
patients were assigned to PTCA or BMS. Repeat
angiography was performed in 93 % of the eligi-
ble patients and the primary angiographic end-
point was MLD at follow-up. MLD at follow-up
was 1.73 mm vs. 1.82 mm, respectively, P=0.09
but restenosis decreased from 32 % for PTCA to
22 % with BMS, P=0.02. The study elegantly
demonstrated the principle that BMS achieves a
larger initial lumen after procedure than PTCA
(2.48 mm vs. 2.05 mm, P<0.001) but there is
greater late loss in follow-up (0.65 mm vs.
0.32 mm, P<0.001), resulting ultimately in a
larger MLD at follow-up. The concept was com-
pared by Kuntz et al. to a “higher tax paid on a
higher income,” resulting eventually in a larger
net income [22]. In a similarly designed study, the
STRESS (STent REstenosis Study) Investigators
randomized 410 patients to PTCA or BMS, with 6
month follow-up angiography, which was per-
formed in 88 % of eligible patients. The primary
endpoint was BAR. Patients assigned to BMS had
larger acute gain (1.72 vs. 1.23 mm, P<0.001),
larger late loss (0.74 mm vs. 0.38 mm, P<0.001)
and larger net gain (0.98 mm vs. 0.80 mm,
P=0.01), compared with PTCA patients.
Restenosis occurred in 31.6 % and 42.1 % of the
groups, respectively, P=0.046.

Many subsequent analyses have confirmed that
BMS results in LLL of 0.7-1.0 mm. DES revolu-
tionized interventional cardiology because of their
ability to reduce neointimal proliferation and
restenosis. In a meta-analysis of 29 trials compar-
ing various DES with nearly 9,000 patients under-
going follow-up, protocol-mandated angiography,

LLL proved to be an excellent indicator of BAR
(R*=0.5301; P<0.0001) and target vessel revas-
cularization (TVR-R?>=0.4604; P<0.0001) [23].
These data extended across five major platforms
of DES (Figs. 3.1 and 3.2) and showed LLL of
0.13-0.56 mm. DES containing sirolimus or its
analogues had TVR as low as 2.8 % (Table 3.1).
Importantly, there was no threshold in this rela-
tionship, meaning that the lower LLL was, the
lower the probability for revascularization was as
well. Nearly 75 % of patients with angiographic
restenosis needed TVR.

Beyond measurements of lumen size and
evaluation of restenosis, QCA provides impor-
tant insight into the process of reperfusion in
patients with ST-elevation myocardial infarction
(STEMI). Grading of flow in the infarct-related
artery (IRA) after treatment with fibrinolytic
therapy or with primary PCI provides critical
prognostic information regarding survival. Using
the TIMI classification [24], it was shown con-
vincingly that patients with TIMI 3 flow in the
IRA have better survival than those with lesser
grades. In an analysis of two large STEMI trials
with over 5,000 patients, final TIMI 3 flow increased
survival at 1 year threefold, compared with TIMI
0-2 (HR=3.67 [2.45, 5.48], P<0.001) [25].
Because TIMI flow classification is semiquanti-
tative, a fully quantitative evaluation of flow—
corrected TIMI frame count (cTFC)—was
developed by Gibson et al. [26]. They showed
that flow was disturbed not only in IRA, but also
in non-culprit arteries, compared with normal
arteries in patients without STEMI (39.2+20.0
vs.25.5£9.8 vs. 21.0+3.1, P<0.001), reflecting
the heightened platelet reactivity and vascular
tone in the former group. The same group
extended these observations in patients treated
with fibrinolytic therapy for STEMI and showed
that cTFC was an independent predictor of
survival at 2 years (P=0.01), after adjusting for
important baseline characteristics and revascu-
larization [27].

Even more important than epicardial flow is
the tissue myocardial perfusion after STEMI. Ito
et al. were among the first to demonstrate that
nearly 40 % of patients with successful reperfu-
sion of the IRA have no-reflow at the myocyte
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Fig. 3.1 Relationship between in-stent loss (ISL) and
binary angiographic restenosis (Adapted from Brener SJ,
Prasad AJ, Khan Z, Sacchi TJ. The relationship between
late lumen loss and restenosis among various drug-eluting

stents: a systematic review and meta-regression analysis
of randomized clinical trials. Atherosclerosis. 2011;
214(1):158-62. With permission from Elsevier)
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Fig.3.2 Relationship between in-stent loss (ISL) and tar-
get vessel revascularization (TVR) (Adapted from Brener
SJ, Prasad AJ, Khan Z, Sacchi TJ. The relationship
between late lumen loss and restenosis among various

drug-eluting stents: a systematic review and meta-regres-
sion analysis of randomized clinical trials. Atherosclerosis.
2011;214(1):158-62. With permission from Elsevier)
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Table 3.1 Relationship between late lumen loss and
angiographic or clinical restenosis

Drug ISLLL (mm) BAR (%) TVR (%)
SES 0.17 8.0 5.7
PES 0.40 13.1 8.4
EES 0.15 4.7 35
ZES 0.56 12.0 6.8
Other platforms  0.44 15.1 11.3

Adapted from Brener SJ, Prasad AJ, Khan Z, Sacchi TJ.
The relationship between late lumen loss and restenosis
among various drug-eluting stents: a systematic review
and meta-regression analysis of randomized clinical trials.
Atherosclerosis. 2011;214(1):158-62. With permission
from Elsevier

ISLLL in-stent late lumen loss, BAR binary angiographic
restenosis, TVR target vessel revascularization, SES
sirolimus-eluting stent, PES paclitaxel-eluting stent, EES
everolimus-eluting stent, ZES zotarolimus-eluting stent
(ENDEAVOR platform)

level, using myocardial contrast echocardiogra-
phy. Patients with no-reflow had adverse ventricu-
lar remodeling, more heart failure, and other
adverse outcomes [28]. Thus, accurate evaluation
of myocardial reperfusion after primary PCI may
help the operator tailor therapy, in the angiogra-
phy suite and after the procedure, to the risk for
adverse events. Myocardial reperfusion, or “blush
score,” can be assessed using two paradigms.
The dynamic method (TIMI myocardial perfu-
sion grade—TMPG) assesses the entry and exit of
contrast from the myocardium distal to initial IRA
lesion [29]. The densitometric method (myocar-
dial blush grade—MBG) compares the density of
contrast opacification of the IRA territory to a ref-
erence territory [30]. Assessment of MBG can be
computerized [31]. Both scales use grades from
0 to 3 and grades 2 or 3 indicate an open microcir-
culation [32]. In the HORIZONS AMI
(Harmonizing Outcomes with Revascularization
and Stents in AMI), myocardial reperfusion was
assessed independently by both methods. Both
TMPG 2 or 3 (HR=0.53 [0.38, 0.73], P<0.0001)
and MBG 2 or 3 (HR=0.54 [0.40, 0.75],
P<0.0001) were significant independent predic-
tor survival at 3 years, even after adjusting for
TIMI flow grade in IRA [33].

The principal limitation of QCA is its insensi-
tivity to the functional significance of coronary

stenoses. Recent advances in CT imaging promise
to resolve this deficiency [34].

In summary, QCA plays a critical role in assess-
ing the efficacy of intravascular devices and proce-
dures. There is a robust correlation between
measures of lumen loss and angiographic and
clinical restenosis, which lead to TVR. QCA can
reliably differentiate between the antiproliferative
effects of various DES platforms and serves as an
excellent surrogate endpoint for stent-vs.-stent
comparisons. QCA-derived parameters of reperfu-
sion are powerful predictors of survival and free-
dom from adverse events after STEMI.

Conclusions

Systematic and consistent evaluation of angio-
graphic parameters has contributed significantly to
improvements in CAD therapy, both for pharmaco-
logical interventions and for intravascular devices
and procedures. Accurate measurement of changes
in lumen and plaque size has highlighted the impor-
tant dissociation between atherosclerosis regres-
sion and prevention of ischemic cardiac events.
Changes in lumen size and even in plaque volume
are small, yet they are associated with an important
reduction in clinical events, suggesting that plaque
modification and stabilization is more important
than the change in size, particularly in earlier stages
of the disease. Technologies geared at assessing
plaque composition and vulnerability are much
more critical to this field than QCA.

In contrast, the development and approval of
intravascular devices is critically linked to QCA.
Surrogate endpoints of most clinical trials incor-
porate angiographic parameters. QCA has proven
able to differentiate between devices with reli-
ability and accuracy. There is robust correlation
between angiographic endpoints of lumen size
and reperfusion and clinical endpoints.
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