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Introduction
Visual estimation of vessel diameter and lesion length supported by

balloon predilation (known length and diameter) has been a

common strategy, when final stent implantation is anticipated.

Quantitative coronary angiography (QCA) being highly accurate and

reproducible1,2 can refine the visual estimate and provide several

important parameters which have been accepted as surrogate

endpoints in many clinical studies on new PCI technologies3-5.

However, stand-alone percent diameter/area stenosis

measurements derived from conventional (single-vessel) two-

dimensional (2-D) QCA analysis fail to predict the functional

significance of coronary vessel obstruction6,7. This holds even more

for the analysis of bifurcation lesions8, where the discrepancy in

vessel size proximal and distal to the carina (step-down

phenomenon) results in stenosis being overestimated in the distal

branches and underestimated in the proximal main vessel (PMV)9.

Dedicated 2-D bifurcation software algorithms have been developed

recently10-12 in order to make up for the shortcomings of 2-D single-

vessel QCA by reporting angiographic parameters separately for the

PMV and each of the distal branches.

The proximal and the distal branches of a single bifurcation often do

not lie on a single plane; thus vessel overlap and foreshortening

together with the lesion eccentricity may compromise the results of

2-D angiographic analysis13. In the last 10 years evidence has

accumulated that three dimensional (3-D) angiographic

reconstruction is accurate, precise and reproducible14-18. Reduced

time requirements for a single 3-D reconstruction facilitates real-

time analysis; single-vessel as well as bifurcation lesions19,20 can be

reconstructed and analysed via dedicated QCA algorithms.

In this short review we will attempt to emphasise the relative merits

of bifurcation QCA compared to visual assessment, report on the

options currently available for 2-D and 3-D bifurcation QCA analysis

and outline the challenges yet to be addressed.

Bifurcation lesions: visual assessment vs. QCA
A first requirement for the accurate and precise interpretation of a

bifurcation lesion is the acquisition of high quality images. Whereas

single-vessel lesions are usually acquired and assessed in two

orthogonal views, optimal visualisation of a bifurcation lesion, and

especially the ostium of the side branch (SB), is increasingly

challenging. Absence of vessel overlap, minimal foreshortening and

widest possible angle between the main vessel and the SB usually

can be found together in one single best view11. In the interest of

reproducibility and possible 3-D reconstruction, an added 1-2

projections separated by an angle ≥30°, should be acquired

according to the aforementioned criteria.

In accordance with the European Bifurcation Club (EBC),

a bifurcation lesion is defined as a coronary artery narrowing

adjacent to, and/or involving, the origin of a significant SB;

significant is a SB that you do not want to lose21. The current

consensus in bifurcation lesion classification is the one proposed by

Medina22. The PMV, the distal main vessel (DMV) and the SB are

visually adjudicated for the presence of narrowing in excess of 50%;

every vessel segment, following the same order, gets appointed with

a binary value of 1 or 0 according to the presence or absence of

significant stenosis, respectively. Lesions with Medina class (1,1,1),

(1,0,1) and (0,1,1), where both the main vessel and the SB display

significant stenosis, are designated as “true” bifurcation lesions.
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A more rigorous Medina classification would have to be based on

percent diameter stenosis (DS) values derived from quantitative

analysis. Already in the early 80s, Serruys et al23 reported a

discrepancy between visual and QCA estimates of DS values in single-

vessel lesions, visual estimate systematically overestimating severe

QCA-assessed stenoses by almost 10%; similar studies corroborated

this finding24,25. The large intra- and inter-observer variability of visual

estimate (SD up to 18%) has been a consistent finding since the late

70s26-28. In order to evaluate the accuracy and precision of DS visual

estimates among experts in the field of bifurcation lesions a survey was

carried out during the fifth annual meeting of the European Bifurcation

Club, held in Berlin in 200929. Thirty-six experts assessed visually the

degree of percent diameter stenosis in cine images of five true

bifurcations lesions in precision manufactured plexiglas phantoms; the

evaluated bifurcation lesions differed in vessel diameter, angulation

and stenosis severity. In total 24.6% of the reported visual

assessments were exact, 25.9% being under- and 49.4% over-

estimations (Figure 1). The DS in the PMV was usually underestimated,

whereas it was almost consistently overestimated in the DMV and the

SB. Visual assessments among this body of experts were considerably

variable, almost 3-fold compared to the performance of dedicated 2-D

bifurcation QCA software.

This diminished accuracy of visual assessments can be explained

by the intuitive way even experienced operators interpret ostial

lesions of distal bifurcation branches, wherein distal vessel size and

consequently stenosis severity is overestimated by referring to the

PMV segment. By the same principle PMV lesions can be

underestimated by referring to the distal branches’ size. These

phenomena are also reflected in the way single-vessel QCA analysis

has been applied in the bifurcation lesions; manual extension of

vessel contours from the SB/DMV into the PMV assumes smooth

vessel tapering and not the step-down phenomenon (acute

tapering) inherent in a bifurcation9. In fact, the true size of the PMV,

DMV and SB is dictated by scaling laws, such as Murray’s Law

([PMV]3= [DMV]3+ [SB]3) or the more refined HK model ([PMV]7/3=

[DMV]7/3+ [SB]7/3)30, both based on the minimum energy hypothesis

and conservation of energy under steady-state conditions. The step-

down in reference vessel diameter (RVD) distal to the carina can be

also described by the simplified law of Finet31, wherein

PMV=0.678*(DMV+SB).

Dedicated 2-D bifurcation QCA software
Dedicated 2-D bifurcation QCA algorithms have been recently

developed and integrated into the Cardiovascular Angiography

Analysis System (CAAS) (Pie Medical Imaging, Maastricht, The

Netherlands)10,12 and QAngio XA (Medis medical imaging systems,

Leiden, The Netherlands)11 in order to make up for these

shortcomings. In both software packages, path-lines are drawn

between user-defined delimiter points in PMV, DMV and SB at the

largest possible distance from the bifurcation to be analysed,

usually between adjacent bifurcations; vessel contours are then

traced through edge-detection (ED) techniques following minimum

cost algorithms.

QAngio XA contains two bifurcation models, one for T-shaped

bifurcations and one for Y-shaped bifurcations, following criteria

based on the angulation and diameter ratio between the DMV and

the SB. The outer contours of all vessel segments are defined as a

whole with no interpolation across the SB. Conventional straight

vessel analysis is followed for the arterial diameter calculation, except

for the SB in T-shaped bifurcations, where Medis ostial analysis is

applied. The T model consists in a main vessel with a smoothly

tapering RVD function and a SB with its reference displayed by a

straight line with a proximal flare corresponding to the mouth of the

ostium. In the Y model the bifurcation core is combined with the

PMV resulting in a straight RVD function with a distal flare; the two

distal vessel segments are displayed separately11 (Figure 2).

Figure 1. Agreement between visual assessment and true percent diameter stenosis (DS) values in phantom bifurcation lesions. Modified Bland-

Altman plot, wherein the dotted green line (line of equality) separates the overestimated from the underestimated assessments. All estimates for

the proximal main vessel, the distal main vessel and the side branch are pooled (540 in total) and largely overlapping due to identical values.
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In the CAAS bifurcation QCA software, the bifurcation is delineated

by a left, right and middle contour making no further assumptions.

An instrumental role is reserved for the point of bifurcation; this is

the point, where the centre lines from the vessel segments converge

and is defined as the centre of the largest inscribed circle in the

bifurcation region, touching all three vessel contours. The polygon

of confluence (POC) represents the smallest possible region that

behaves differently from a single vessel segment. In the POC the

diameter is determined by a “minimum freedom” approach; the

RVD function is based on an interpolation technique, assuming a

constant curvature within the POC10. In the interest of simplification,

Serruys et al proposed the extrapolation of the RVD function outside

the obstruction boundaries, separately for each vessel segment;

RVD for each vessel segment is called by one straight line up until

the point of bifurcation12 (Figure 3).

Both QAngio XA and CAAS algorithms break up the bifurcation and

thus the reported results (minimum, maximum and mean

diameters and areas, RVD, percent diameter and area stenosis,

length measurements) over a number of segments. This

segmentation (Figure 3) facilitates more accurate localisation of

minimum lumen diameter and thus more reliable late lumen loss

measurements.

Beyond the diameter derived measures, an added piece of QCA

derived information with significant impact on treatment strategy and

outcome is the angulation between the main vessel and the SB32.

The EBC has adopted a definition, according to which proximal and

Figure 2. Bifurcation lesion analysis in QAngio XA. A. T-shape analysis. Analysis is performed separately for the main vessel, consisting of the

proximal main vessel (PMV), the bifurcation core (BC) and the distal main vessel (DMV), and for the side branch (SB). The main vessel has

a smoothly tapering reference vessel diameter (RVD) function (red line in the diameter graphs), whereas in the SB, RVD function is displayed by

a straight line with a proximal flare corresponding to the mouth of the ostium (Medis, ostial analysis). B. Y-shape analysis. The bifurcation core is

combined with the PMV resulting in a straight RVD function with a distal flare; the two distal vessel segments, D1 and D2, are displayed separately.

(Figures were provided by G. Koning, Medis medical imaging systems)

Figure 3. Analysis of a custom-made plexiglas phantom bifurcation; standard report of CAAS 5 (compilation). A. Analysed frame highlighting the

plaque in yellow, with diameter graphs and numerical results for diameter-derived parameters for the 11-segment model. B. Upper panel: Single-

point local reference obstruction analysis. Diameter graphs for main vessel and side branch for the 11- (left) and 6-segment (right) model. Middle

panel: Model schematics. Lower panel: Bifurcation angle values.
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distal bifurcation angle (BA) are delineated between the PMV and

the SB, and between the DMV and the SB, respectively21 (Figure 4).

However, whereas BA calculations are carried out with digital

calipers in QAngio XA, CAAS has developed a dedicated algorithm,

applicable even in highly tortuous vessels, which adjusts for the

diameter of the vessel segments at the POC boundaries. Shortly,

vectors along the vessel segment centre lines are drawn, starting at

the POC boundaries and directed either from distal to proximal

(PMV) or from proximal to distal (DMV and SB). The size of the

vectors, which can influence the BA calculation, is half the size of the

equivalent luminal diameter at the proximal (PMV) or distal (DMV

and SB) boundaries of the POC, respectively; this is based on the

assumption that the curvature of the vessel is less than its radius.

Proximal and distal angles are delineated between the respective

vectors as already described.

Software validation
Until recently a validation of these dedicated software algorithms

was lacking. For that purpose a series of six plexiglas phantoms

were developed, each of them mimicking a vessel with three

successive bifurcation lesions with variable anatomy and Medina

class (Figure 5). Taking into account literature based specifications,

the phantoms were designed using a computer aided program and

manufactured using precision machining techniques33. Validation

of the latest editions of the CAAS and QAngio XA presented during

the sixth meeting of the European Bifurcation Club rendered highly

accurate and precise results for MLD, RVD and DS

measurements34. Additional validation of bifurcation QCA software

algorithms was sought by re-examining the correlation with invasive

functional testing. Until recently, QCA derived DS values in the SB

ostium were deemed to be discordant with fractional flow reserve

(FFR) measurements, either before or after stenting8,35, as a result

of applying single-vessel QCA algorithms to bifurcation lesions.

A study by Sarno et al36 on patients with bifurcations lesions, where

angiograms and FFR pullbacks in both main vessel and SB were

available, manifested a statistically significant inverse correlation of

DS with FFR values both in the main vessel and the SB, when CAAS

2-D bifurcation QCA analysis was employed; conventional QCA

resulted in a significant, however less powerful correlation only in

the main vessel.

Figure 4. Bifurcation angle (BA) calculation. A. In CAAS, following the EBC definition, angles are delineated between vessel size adjusted vectors

of direction; proximal BA between the proximal main vessel (PMV) and the side branch (SB), distal BA between the distal main vessel (DMV) and

the SB. For different vector lengths, different angle values would be calculated. B. In CardiOp-B 3-D QCA algorithm, weighted vectors of direction

are employed. The weighted vector (Tw) is calculated as the sum of two vectors, each of them connecting the junction point with distal points

along the vessel centre line, distant by 5 mm (T1) and 10 mm (T2), respectively. C/D. BA calculation in a 3-D reconstructed distal left main

bifurcation lesion before (C) and after treatment (D). The distal BA, delineated between the left anterior descending (LAD) and the left circumflex

(LCX), gets narrower after treatment (CardiOp-B). EBC=European Bifurcation Club
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3-D QCA
Accurate lesion assessment with 2-D QCA is limited by vessel

overlap, foreshortening and out-of-plane magnification37.

Inaccuracy in RVD, lesion length and BA determination coupled

with suboptimal working projections may result in erroneous sizing

and deployment of stents; this could translate into either incomplete

lesion coverage and need for additional stents, or excessive stent

length, jailing of a SB and increased restenosis rates17,38-40.

Throughout the last 10 years, 3-D QCA software algorithms have

been developed, that integrate two or more single-plane images,

acquired by mono-plane or biplane system15-17,40.

Most of them do not create a volumetric reconstruction of the true

morphology of the vessel lumen, which still is computationally

demanding and cannot be made available online, but rather a 3-D

model, which is based on the reconstruction of 3-D center-line data;

the diameter and 3-D structure of the vessel is subsequently

derived with a computer algorithm.

The accuracy of these 3-D modelling algorithms heavily rely on the

lack of geometric distortion on digital flat panels and the geometric

information available from the DICOM headers of the angiographic

system. Coronary 3-D reconstruction algorithms purely based on the

3-D system information, the so-called epipolar geometry

reconstruction technique, provide only accurate reconstructions in

those cases, where the vessel is roughly perpendicular to the X-ray

beam20. A limitation of this technique is the erroneous assumption

that the projected coronary artery from the acquired views is spatially

identical14,41. In practice, even in biplane gantries, there is almost

always an isocentre offset between planes due to system distortion

(mainly gravity). Moreover due to (relatively large) respiratory

motions and cardiac contraction motions, spatial correspondence

between the two projections cannot be satisfied. In order to correct

for the isocentre offset, we usually identify 1-3 pairs of reference

points representing corresponding anatomical landmarks in the

selected projections, for example bifurcation points. In order to

correct for epipolar mismatch, dedicated 3-D geometric algorithms

are employed; lastly ECG-gated, time adjusted frames from both

acquisitions are combined into a 3-D reconstruction20,40.

Notwithstanding subtle differences between available algorithms,

a standard operator procedure for a 3-D reconstruction of a coronary

lesion consists in the following four steps: 1. Two 2-D projections of

the target vessel segment (possibly a bifurcation), separated by an

angle ≥30°, with minimal foreshortening and overlap, are selected.

2. If needed, calibration on one of them is performed against the

catheter38. However, full automatic calibration is the default (and

only) choice in most algorithms. 3. In one of the projections, the

target lesion is traced via the local contour detection algorithms;

automatically a region of interest in the second 2-D image projection

is indicated in order to assist the user in selecting the correct vessel

segment within the second projection. 4. The 3-D model is created

rendering an image and data on vessel diameter, lengths and

angulation. Reduced time requirements (<60 sec for a single 3-D

reconstruction) make the results readily available in real time.

Beyond graphic displays of the 3-D course and geometric relationship

of vessels, quantification of foreshortening and overlap conditions

allows the choice of an optimal view projection40,42, notwithstanding

constraints in gantry and patient positioning37. The accuracy of vessel

length, diameter, and BA determination using 3-D modelling

techniques has already been reported in several studies14-18. Bruining

et al43 in a quantitative multi-modality imaging analysis in patients

receiving a bioabsorbable stent demonstrated the excellent

correlation of 3-D QCA derived measurements for length and

diameter with IVUS and multi-detector computed tomography; 2-D

QCA showed significantly smaller stent lengths, whereas diameters

and areas tended to be smaller as well. Tsuchida et al44 and

Ramcharitar et al17 recently validated two commercially available 3-D

QCA systems, CardiOp-B (Paieon Medical, Ltd., Rosh Ha’ayin, Israel)

and CAAS 5 for single-vessel diameter and area measurements;

CardiOp-B underestimated true values, CAAS 5 being more accurate

and precise.

3-D bifurcation QCA algorithms
Both of these systems also incorporate dedicated 3-D bifurcation

QCA algorithms, which allow sophisticated calculation of BA values

following the EBC definition (Figure 4). CAAS 3-D QCA20, while

following the already described algorithm based on vessel size

adjusted vectors, calculates BA values in 3-D space without

Figure 5. Schematic representation of the six plexiglas bifurcation

phantoms used in the validation process. Medina class and side

branch direction with respect to the distal main vessel are reported for

each bifurcation.
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overlap, therefore theoretically more precisely than 2-D QCA. On the

other hand, in CardiOp-B angle values were computed between the

weighted vectors of direction of the respective vessel segments. The

weighted vector is calculated as the sum of two vectors, each of

them connecting the bifurcation point with distal (or proximal in the

case of PMV) points along the vessel centre line, distant by 5 mm

and 10 mm, respectively. This algorithm was employed in a recent

substudy of the SYNTAX trial, the first ever to describe the 3-D

angulation of the left main before and after intervention and its

impact on 1-year clinical outcome45.

When it comes to the quantification of stenosis, CardiOp-B provides

diameter-derived and cross-sectional (densitometric) data together

with the lesion length; lesion markers can be manipulated, in order

to relocate the region of interest across the main vessel or from the

PMV into the SB. In CAAS 5, a 3-D model of the central bifurcation

area is constructed taking into account the fact that the contour

information obtained from the 2-D projections may contain vessel

overlap, since the bifurcated vessel might be partly obscured in at

least one of the projections. To overcome this problem the 3-D

cross-section shape is created using virtual vessel contours by

virtue of information derived outside the bifurcation region

(Figure 6)20. Cross-sectional area values are calculated on the

assumption that the vessel has an elliptical cross section based on

the luminal diameters from the two different 2-D projections; this

elliptical cross-section is the primary measured parameter. The

equivalent luminal diameter, minimum luminal diameter and

maximal luminal diameter curves are calculated based on

a circularity assumption. Reference vessel lines, up to the entrance

of the POC and within the POC, are based on the 2-D approach

adapted to 3-D.

Challenging cases
Notwithstanding these innovative software algorithms, there are

two special situations in QCA analysis, which still need to be

addressed; a diffusely diseased bifurcation region with no apparent

healthy reference and an ostial stenosis in a short left main stem; it

is not uncommon that both problems coincide in a single case.

Based on the scaling laws of Murray and Finet, the size of any

bifurcation vessel segment could be determined, if the reference of

the other two vessel segments is known. This is not the case in

a diffusely diseased bifurcation region; however, extrapolation of

the reference of the PMV even on the basis of less accurate RVD

values for the DMV and SB could avoid a gross underestimation of

the PMV true size.

In the case of an ostial stenosis in a short left main stem, both

contour detection and sizing could be challenging. Manual contour

corrections would not be unreasonable, especially if there is overlap

with the angiographic catheter. For the RVD determination, either

a user-defined reference outside the obstructions boundaries but

within the left main, or a value back-calculated from the distal

branches reference values can be chosen (Figure 7). In both

situations the experience of the analyst will be of apparent use.
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