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The goal of this study was to determine the severity of vessel foreshortening in standard
angiographic views used during percutaneous coronary intervention (PCI). Coronary
angiography is limited by its two-dimensional (2D) representation of three-dimensional
(3D) structures. Vessel foreshortening in angiographic images may cause errors in the
assessment of lesions or the selection and placement of stents. To date, no technique
has existed to quantify these 2D limitations or the performance of physicians in selecting
angiographic views. Stent deployment was performed in 156 vessel segments in 149
patients. Using 3D reconstruction models of each patient’s coronary tree, vessel fore-
shortening was measured in the actual working view used for stent deployment. A com-
puter-generated optimal view was then identified for each vessel segment and compared
to the working view. Vessel foreshortening ranged from 0 to 50% in the 156 working
views used for stent deployment and varied by coronary artery and by vessel segment
within each artery. In general, views of the mid circumflex artery were the most foreshor-
tened and views of the right coronary artery were the least foreshortened. Expert-recom-
mended views frequently resulted in more foreshortening than computer-generated
optimal views, which had only 0.5% 6 1.2% foreshortening with < 2% overlap for the
same 156 segments. Optimal views differed from the operator-selected working views by
≥ 108 in over 90% of vessels and frequently occurred in entirely different imaging quad-
rants. Vessel foreshortening occurs frequently in standard angiographic projections dur-
ing stent deployment. If unrecognized by the operator, vessel foreshortening may result
in suboptimal clinical results. Modifications to expert-recommended views using 3D
reconstruction may improve visualization and the accuracy of stent deployment. These
results highlight the limitations of 2D angiography and support the development of real-
time 3D techniques to improve visualization during PCI. Catheter Cardiovasc Interv
2005;64:451–459. ' 2005 Wiley-Liss, Inc
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INTRODUCTION

As with any diagnostic test, the clinical utility of
invasive coronary angiography is dependent on its
ability to identify accurately the presence or absence
of obstructive coronary artery disease. During the past
3 decades, discrepancies between coronary angiogra-
phy and intravascular ultrasound [1,2], physiologic
measurements [3,4], angioscopy [5,6], and autopsy
[7,8] have highlighted important limitations with the
angiographic diagnosis and assessment of atherosclero-
tic lesions. While these limitations have resulted
in the development of other noninvasive diagnostic
techniques [9,10], invasive coronary angiography has
remained the reference standard for the diagnosis
of atherosclerotic disease and the primary imaging
technique used for guidance during percutaneous cor-
onary intervention (PCI).

Conventional coronary angiography utilizes radio-
graphic contrast to display a two-dimensional (2D) sil-
houette of a vessel’s three-dimensional (3D) structure.
While 2D images display certain vessel characteristics,
the combination of vessel tortuosity, overlap, subopti-
mal projections, and individual anatomic variation may
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result in insufficient 2D images and may partially
account for the suboptimal sensitivity and specificity of
coronary angiography [11]. The addition of cranial and
caudal angulation to standard oblique views [12,13]
resulted in improved visualization and led to the recog-
nition that an optimal view (a projection with the least
amount of radiographic vessel foreshortening and radio-
graphic vessel overlap) existed for most vessel segments
[14,15]. Expert-recommended or standardized views for
coronary angiography [16–22] were subsequently devel-
oped to assist in the identification of angiographic
views, improve lesion length assessment and quantita-
tive coronary angiography measurements, and assist in
the selection of accurately sized stents (Fig.F1 1). Because
no reliable method has existed to determine the accuracy
of standard angiographic views, no objective quantifica-
tion of vessel foreshortening or overlap during routine
coronary angiography and stent deployment exists.

Three-dimensional techniques have been developed
to minimize the imaging limitations of 2D angiography

[23–26]. In addition to accurately displaying the com-
plexities of coronary anatomy, 3D methods are capable
of quantifying vessel curvature, measuring vessel seg-
ment length, and identifying the amount of radio-
graphic foreshortening and vessel overlap in any
simulated angiographic projection [27–29]. We have
previously described and validated an online computer
algorithm that produces accurate 3D models from sin-
gle-, biplane, or rotational angiograms and can be used
to identify vessel segment-specific optimal views for
coronary intervention [29–34].

In this study, we aimed to determine the amount of
foreshortening in the target lesion segment from the
angiographic projections chosen for coronary stent
deployment by experienced interventional cardiologists.
With 3D coronary reconstruction, we measured the
amount of vessel segment foreshortening in the work-
ing view used for stent deployment. Then we com-
pared the working view to a computer-generated
optimal view with both the least amount of image
foreshortening and overlap. Differences between these
views were then used to define angiographic projec-
tions with improved visualization when compared to
traditional expert-recommended views.

MATERIALS AND METHODS

Patients

Consecutive patients referred for percutaneous cor-
onary stent implantation from January 2002 to Decem-
ber 2002 were eligible for inclusion in this study.
Angiograms were selected for inclusion in this study
from patients who underwent coronary stent deploy-
ment in the proximal or mid left anterior descending
(LAD), the proximal or mid circumflex (CX) artery,
obtuse marginal branches, or the proximal, mid, or
distal right coronary artery (RCA). Patients with a
prior history of coronary artery bypass graft surgery or
cardiac transplantation (n ¼ 26), with acutely or
chronically occluded vessels (n ¼ 54), or with ostial
stenoses, anomalous coronary arteries, or other treated
vessels (n ¼ 46) were excluded. In addition, 19 angio-
grams that were technically insufficient for 3D recon-
struction were excluded. The final study cohort for this
series consisted of 156 angiograms acquired during
stent deployment in 149 patients; 6 patients underwent
multivessel PCI. This retrospective analysis was
approved by the Colorado Multiple Institutional
Review Board.

Coronary Angiography and Stent Deployment

Cineangiograms were obtained with single-plane
digital angiographic systems (Integris H3000 System
or Integris Allura System, Philips Medical Systems,
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Fig. 1. Simplified model of foreshortening. Perpendicular
orientation of the X-ray beam to a vessel segment or lesion of
interest results in minimal distortion of the projection image (A).
Without perpendicular X-ray beam alignment, vessel foreshor-
tening occurs and results in suboptimal projection images that
misrepresent the true length of a lesion or vessel segment (B).
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Andover, MA). Images were acquired at 15 or 30
frames/sec using standard or rotational angiographic
techniques [35]. Gantry information, including field of
view, gantry angle, and focal spot to image intensifier
distance, was recorded with each DICOM image file.
After diagnostic angiography was completed, coronary
stent deployment was performed by one of four experi-
enced interventional cardiologists according to the
operator’s customary fashion. Two of the interven-
tional cardiologists each had over 10 years of angio-
graphic imaging experience (combined experience of
40 years) and performed one-half of the procedures.
The other two interventional cardiologists each had
less than 10 years of experience (combined experience
of 14 years). Six different stent types ranging in length
from 8 to 30 mm were used. All imaging analyses
were performed after completion of the procedure.

Three-Dimensional Reconstruction and Analysis

The 3D reconstruction algorithm has been previously
described and validated [27,29,31,32]. Briefly, two
angiographic projections with complete opacification of
the coronary tree were selected and transferred to a
computer workstation (Indigo2; Silicon Graphics,
Mountain View, CA) for 3D reconstruction. Then, using
the previously described algorithm, a 3D model of each
patient’s coronary arterial tree was constructed for ana-
lysis [32,34]. The angiographic projection selected by
the interventional cardiologist and used to document
coronary stent deployment (the working view) was
identified from the patients’ cineangiography. The gan-
try angles used for the working view were recorded and
the treated coronary segment was recorded and classi-
fied according to the Bypass Angioplasty Revasculariza-
tion Investigation (BARI) coronary artery classification
scheme [36]. Then, the 3D model was rotated to the
gantry angles of the working view. The treated vessel
segment was manually identified on the computer work-
station using the length (mm) of the stent deployed in
each vessel segment. The amount of radiographic vessel
foreshortening (%) of the stented segment was deter-
mined by the computer algorithm. An optimal view of
the same treated segment was generated by the compu-
ter algorithm and the gantry angles, foreshortening (%),
and vessel overlap (%) in the optimal view were
recorded. Previously published studies using phantom
models and patient angiograms have confirmed the
accuracy of this algorithm to predict angiographic
appearances in any projection image [29,34].

Statistical Analysis

All data are expressed as mean 6 SD for continuous
variables and frequencies or percentages for discrete
variables. The differences between groups were

assessed by the t-test for continuous variables. A
P value < 0.05 was considered statistically significant.

RESULTS

The baseline clinical and angiographic characteristics
are displayed in Table T1I.

Vessel Foreshortening in Operator-Selected
Working Views

Image foreshortening of the 156 vessel segments
ranged from 0 to 50% in the working views selected
for stent deployment. For a 16 mm vessel segment,
50% image foreshortening would result in an apparent
8 mm vessel segment. Angiographic views used during
stent deployment in the circumflex artery had the most
foreshortening (mean, 14.1% 6 11.7%; range, 0–50%),
while right coronary artery working views had minimal
amounts of foreshortening (5.2% 6 6.2%; range, 0–32%;
Fig. F22). The severity of foreshortening also varied by the
vessel segment treated (Fig. F33). No statistically significant
difference in the severity of vessel foreshortening existed
between the four individual cardiologists.

In Figure F44, the frequency of 0 –10%, 11–19%, or �
20% foreshortening present in the working view is dis-
played for each vessel. In all, 26 (17%) of 156 stented
segments had � 20% foreshortening and an additional
31 segments (20%) had 11–19% foreshortening in the
views selected for stent deployment. Working views of
the RCA had the least amount of foreshortening while
imaging of the CX was the most challenging, with
one-third of working views foreshortened by � 20%.

The use of general categories of gantry position [left
anterior oblique (LAO)-cranial, right anterior oblique
(RAO)-caudal, etc.] for specific vessel segments pro-
duced significant variation in the degree of foreshorten-
ing (Fig. F55). The LAO projection with cranial (CRA)
angulation was frequently selected as the working view
for proximal and mid LAD interventions and resulted
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TABLE I. Study Population Characteristics

Patients (n ¼ 149)

Age (years) 59 6 12

Male (%) 72

Vessels (n ¼ 156)

LAD proximal (n) 32

LAD mid (n) 35

CX proximal (n) 4

CX mid (n) 18

OM (n) 14

RCA proximal (n) 11

RCA mid (n) 26

RCA distal (n) 16

Stents (n ¼ 176)

Diameter (mm) 3.42 6 0.50

Length (mm) 16.10 6 5.02
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in more foreshortening than other projections. For the
RCA, the LAO projection with shallow CRA or shal-
low caudal (CAU) angulation was used almost exclu-
sively for working views and resulted in minimal
degrees of foreshortening.

Computer-Generated Views vs.
Physician-Determined Views

An optimal view with the least amount of foreshor-
tening and overlap was able to be generated for each
vessel segment by the computer algorithm (Fig.F6 6). In
contrast to the working views selected by the interven-
tional cardiologist, the computer-generated views had
0.5% 6 1.2% foreshortening (range, 0–6%) and
1.7% 6 3.2% overlap (range, 0–18%). Of the 156 ves-
sel segments, the computer was able to identify views
with � 3% foreshortening in 93%. Furthermore, the
optimal view generated by the computer differed from

the working view selected by the interventional cardi-
ologist by � 108 in 141 (90.4%) of the 156 proce-
dures. When classified by the quadrant (RAO-CRA,
LAO-CAU, etc.) in which the working view was
obtained, the computer identified an optimal view in
an entirely different quadrant in 73 (47%) of cases.

Figures F77 and F88 compare the working views used
for stent deployment and the optimal views generated
by the computer algorithm. In general, optimal views
had greater degrees of RAO projection for the LAD
and more caudal angulation for the RCA when com-
pared with the selected working views. For the circum-
flex, the optimal views occurred most commonly in
the LAO-CAU projection. As the variability of views
used for the same vessel segments demonstrates, each
view was independently selected and modified by the
interventional cardiologist to optimize imaging during
stent deployment. When categorized by BARI vessel
segment, additional differences between the optimal
and working views were evident. For the mid LAD,
the working views chosen by the interventional cardi-
ologist tended to have more LAO orientation than the
optimal RAO-CAU projection identified by the compu-
ter algorithm (Fig. 8).

To determine the accuracy of expert-recommended
views, a composite of expert-recommended views for
specific vessel segments was derived from published
guidelines [16–22]. Use of the composite view for
each vessel segment in this series resulted in signifi-
cant image foreshortening, which frequently exceeded
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Fig. 3. Vessel foreshortening by BARI segment in the chosen
working view (mean 6 SD).

Fig. 4. The proportion of working views with 0–10%, 11–19%,
and ≥ 20% vessel foreshortening in the LAD, CX, and RCA.

Fig. 2. The mean value and range of vessel foreshortening
(%) present in each working view used for stent deployment
in the LAD (diamonds), CX (squares), and RCA (circles).
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20% (TableT2 II). While the LAO-CRA view for the
proximal and mid LAD resulted in large amounts of
foreshortening, the RAO-CRA view resulted in lesser
foreshortening. Similarly, the RAO-CAU view for the
mid CX and LAO 60 view for the proximal RCA
resulted in large amounts of foreshortening.

DISCUSSION

The ability to evaluate the proficiency of cardiolo-
gists in finding the appropriate patient-specific angio-

graphic view for coronary stent placement has
previously not existed. In this study, we used a 3D
technique to evaluate the performance of individual
cardiologists and to determine the accuracy of expert-
recommended views that have been accepted and pub-
lished without objective or quantitative validation. To
our knowledge, this is the first study to demonstrate
the inaccuracy of subjectively chosen views and the
limitations of expert-recommended angiographic views.

In this series, vessel foreshortening ranged from 0 to
50% in the working views selected by experienced
interventional cardiologists. While most views of the
RCA had minimal amounts of foreshortening, over
40% of views used for stent placement in the mid cir-
cumflex were foreshortened by more than 20%. Fore-
shortening in views of the LAD varied between 0 and
39% and was highly dependent on the chosen gantry
angle. Importantly, the computer algorithm was able to
identify better views with less than 3% foreshortening
in over 90% of vessel segments. These data suggest
that the 2D imaging limitations of conventional coron-
ary angiography are unrecognized and more prevalent
than previously realized.

Expert-recommended views were initially published
to guide invasive cardiologists in the efficient selection
of optimal angiographic projections while minimizing
contrast and radiation usage. While several reports have
subjectively demonstrated improvements in visualization
with standard views [14,15], no scientific measurement
of the accuracy of expert-recommended views has ever
been published. Using an objective 3D method, our data
suggest that modifications of expert-recommended
views may further improve imaging accuracy during
diagnostic and therapeutic angiography with the caveat
that anatomical variations necessitate some individuali-
zation of views. Specifically, the addition of shallow
(10–158) caudal angulation to the standard LAO projec-
tion may result in less foreshortening of RCA working
views. For the circumflex and obtuse marginal (OM)
branches, the traditional RAO-caudal view results in
significant amounts of vessel foreshortening. Our data
suggest that replacement of these traditional views with
an LAO-caudal projection will result in less foreshorten-
ing. Because of its anatomic orientation, optimal
imaging of the proximal and mid LAD can be challen-
ging. In our series, working views that appeared to be
optimal actually had significant amounts of foreshorten-
ing that was imperceptible to the operator and difficult
to recognize retrospectively when viewing the angio-
graphic data. While the RAO-caudal projection resulted
in the least amount of foreshortening for the proximal
LAD, the practical use of this view is also dependent on
avoiding overlap from high diagonal branches. For the
mid LAD, a 20–308 RAO orientation with 208 cranial
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Fig. 5. In the proximal (top) and mid (bottom) LAD, commonly
used views resulted in variable degrees of vessel foreshorten-
ing (mean). The RAO-CAU view had the least amount of fore-
shortening for the proximal LAD (P < 0.001 vs. LAO-CRA view),
while the RAO-CRA view had the least foreshortening in the
mid LAD (P < 0.03 vs. LAO-CRA view).
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angulation resulted in less foreshortening than views
with LAO orientation. In many cases, the variable anat-
omy of the proximal and mid LAD combined with the
variable orientation of the heart in the thorax make the
identification of a generalized recommended view for
these vessel segments especially challenging.

The amount of unappreciated vessel foreshortening
is an important surrogate measure of outcome for
studying performance in percutaneous X-ray-based vas-
cular interventions. Inaccurate imaging during thera-

peutic procedures may result in the selection of a stent
that is too short and misses the lesion, or overtreat-
ment with a long stent that increases the risk of reste-
nosis [37,38], creates a hinge point [39], covers a side
branch, or results in an edge dissection [40,41]. While
this study did not assess whether clinical outcomes
from these interventions were compromised because of
the chosen angiographic views, further investigations
to determine if 3D imaging can impact clinical out-
comes are warranted.
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Fig. 6. Determination of the working view vs. the optimal
view. The angiographic working view (LAO 42, CRA 18) used
for stent deployment in the proximal RCA appears to display
the lesion without foreshortening (A). After 3D reconstruction
of the vessel, rotation to the working view gantry angles, and
selection of the 18 mm stented segment, the computer identi-

fied 34% foreshortening in the working view (B). The computer-
generated optimal view (LAO 08, CAU 36) demonstrates 0%
foreshortening in the proximal RCA (C). Note the misrepresen-
tation of the origin of the conus branch in the working view vs.
optimal view. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]
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The selection of a working view incorporates many
clinical, technical, and procedural variables and may
differ from a computer-generated optimal view. Differ-
ent working views may be used at different times dur-
ing a procedure to visualize specifically downstream
flow, the distal end of a stent, or other clinically rele-

vant characteristics. A computer-generated view that
only solves the foreshortening or overlap problems
may be suboptimal because of other variables not
included by the algorithm. For example, the imaging
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Fig. 7. View maps of the LAD, CX, and RCA divided into
quadrants (LAO-CRA, LAO-CAU, RAO-CAU, and RAO-CRA).
Differences between the actual working view (filled square)
and the computer-generated optimal view (open circle) for
each of the 156 vessel segments are apparent.

Fig. 8. Differences between the working (filled square) and
optimal (open circle) views for the mid LAD (top), mid circum-
flex (middle), and proximal RCA (bottom). The optimal view
frequently occurred in different quadrants from the working
view (arrow; matched working and optimal view of the same
patient as in Fig. 4).
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equipment may be physically unable to be positioned
at a computer-identified angle due to collision with the
patient’s body or table. Some computer-identified
views may be limited by image quality, by visually
distracting translational motion such as an RAO view
of the right coronary artery, or by pacemaker or defi-
brillator units that obscure visualization.

This study demonstrates that a significant amount of
unrecognized vessel foreshortening occurs in the work-
ing views selected for stent deployment by experienced
interventional cardiologists. In addition to the subjec-
tive operator-dependent technique of acquiring views,
our results reflect the inherent limitations of 2D angio-
graphy and the associated imaging inaccuracies that
may be imperceptible to the human eye. Three-dimen-
sional reconstruction techniques provide an objective
model from which accurate measurements can be made
and optimal views predicted. The extension of this
powerful imaging tool into the coronary circulation
may result in the use of less radiographic contrast, less
radiation, and more precise characterization and treat-
ment of obstructive coronary artery disease.
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