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main disease Aims: Angiographic analysis of left main coronary artery (LMCA) stenosis can be hindered by the lack of

any reference segment when the LMCA is short or there is diffuse atheroma. Fractal geometric law (FGL)
enables the theoretic diameter of one bifurcation vessel to be calculated from those of the other two
(Dmother=0.678"(Dy, gentDyaugniero)- APPliEd to the LMCA, the FGL can help the quantification of stenoses.
Methods and results: Fifty-two patients with angiographically mild focal LMCA disease (n=14) or normal to
nearly normal LMCA (n=38) who had undergone intravascular ultrasound (IVUS) were included. IVUS
analysis confirmed all 14 focal stenoses (group C); of the 38 angiographically normal patients, however, 10
were found to present diffuse LMCA disease (group B), the remaining 28 showing a truly healthy LMCA
(group A). LMCA stenosis in groups A,B and C was respectively 3%,4% and 42% on usual quantitative
coronary angiography(QCA) and 5%, 31% and 43% on QCAfractal applying the FGL. In cases of diffuse
atheroma, the FGL corrected the underestimation of LMCA diameter, which averaged 1.2 mm.
Conclusions: Angiographic underestimation of LMCA stenosis can be corrected by applying the FGL to
obtain a theoretic LMCA diameter, thereby unmasking any diffuse atherosclerotic LMCA disease, or to
quantify focal stenosis more precisely where the adjacent segments are also pathological.
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Fractal geometric law applied to QCA in LM disease

Introduction

The spontaneous prognosis of severe left main coronary artery
(LMCA) stenosis (37% survival at three years!) is of sufficient
concern to make a correct diagnosis crucial. Angiography, however,
presents many limitations in assessing LMCA disease?. The main
problem is in the case of diffuse atherosclerotic involvement and the
absence of a normal reference segment, especially when the LMCA
is short3. Stenosis diameter is then difficult to calculate and is often
underestimated®. Other techniques such as intravascular
ultrasound (IVUS) often need to be called upon to confirm the
degree of stenosis and assess the need for revascularisation®.
Although IVUS is the reference examination in assessment and
treatment guidance for angiographically indeterminate LMCA
disease®, it is still not being systematically used for this indication
unless angiography specifically suggests possible LMCA disease,
and is not available in all cathlabs.

The present study sought to apply results based on the fractal
geometry of coronary bifurcations to LMCA angiography, with a view
to enhancing the detection and quantification of diffuse
atherosclerotic LMCA disease. We confirmed the fractal nature of
the geometry of the epicardial coronary artery tree, as well as
providing a simple and accurate fractal ratio between the diameters
of the mother and two daughter vessels such that D_ . .=
0.678" (D, gnientDoagniere)- THis makes it easy to calculate the
precise diameter of any of the three vessels when those of the other
two are known’. Applied to the LMCA, this fractal geometric law
(FGL) provides the true LMCA reference diameter from those of the
left anterior descending (LAD) and left circumflex (LCx) coronary
arteries, enabling the true percentage stenosis to be calculated.

An angiographic and IVUS study was performed on patients whose
LMCA was considered normal or nearly normal, and on patients
presenting intermediate focal stenosis of the LMCA, with a view to
validating the interest of the FGL in LMCA analysis.

Methods
Study population

Fifty-two patients who had undergone quantitative coronary
angiography (QCA) and complete left coronary tree IVUS
exploration, either for angina diagnosis or following acute coronary
syndrome, were included. All patients signed an informed written
consent form, and the study was approved by the institution’s Ethics
Committee.

Procedure

Coronary angiography was performed using a digital flat-panel detector
(INNOVA®; GE Healthcare Ltd, Little Chalfont, Buckinghamshire,
United Kingdom) with a femoral artery approach, with insertion of a
6 Fr sheath and a guiding catheter of the same size. The incidences
were adapted to show up the LMCA and proximal LAD and LCx
segments in two orthogonal planes. Before IVUS examination,
patients received low-dose IV heparin (30 U/kg). Intracoronary
nitroglycerin was administered to avoid coronary spasm. The IVUS
imaging protocol was performed as described previously®, using a
Galaxy® digital imaging console (Boston Scientific Corp., San Jose,
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CA, USA). After angiography, a 0.014-inch guidewire was passed
through the 6 Fr guiding catheter from the LMCA to the LAD then LCx
arteries. The IVUS transducer (mechanical scanning IVUS catheter,
Atlantis 40 MHz) was inserted up to a point beyond the bifurcation
from the LMCA to the LAD then LCx. Pullback images were recorded,
using a motorised system (1 mm per second).

Group selection

On the basis of angiography, two independent operators
distinguished two populations:

—normal or nearly normal LMCA: LMCA with parallel or nearly
parallel edges on all incidences, without significant atherosclerotic
irregularity and <20% diameter stenosis on QCA;

—mild to moderate LMCA stenosis: reduced focal caliber on at least
one incidence; >20% diameter stenosis on QCA.

IVUS classified the 52 LMCAs into three groups: Group A — Normal
LMCA, with plaque burden <40% along the entire length; Group B —
Diffuse LMCA disease, with plaque burden >40% along the entire
length; Group C — Focal LMCA disease, focal stenosis with plaque
burden >40% in an otherwise normal or nearly normal LMCA.
Quantitative angiographic and IVUS analyses were compared in
each group.

Quantitative coronary angiography analysis

Quantitative coronary angiography was performed off-line, using
computer-assisted edge-detection methods (INNOVA®; GE
Healthcare Ltd, Little Chalfont, Buckinghamshire, United Kingdom).
The contrast-filled 6 Fr catheter was used for calibration. The
minimal lumen and reference diameters of the LMCA were
measured in diastolic frames obtained by angiography before IVUS
examination. Percentage diameter stenosis was calculated. The
diameters of the proximal LAD and LCx segments before the first
collateral branch were measured with the same method.

Quantitative IVUS analysis

The quantitative analyses were performed offline by an investigator
blinded to the QCA findings, using the INDEC® workstation
(TapeMeasure, INDEC Systems, Mountain View, CA, USA),
according to the American College of Cardiology Clinical Expert
Consensus Document on Standards for Acquisition, Measurement
and Reporting of Intravascular Ultrasound Studies®. For each site,
four parameters were measured: lumen cross-sectional area (CSA),
obtained by computed planimetry of the intimal leading edge;
external elastic membrane (EEM) cross-sectional area; plaque-plus-
media (P+M) cross-sectional area, calculated as the difference
between EEM and CSA; and plaque burden (PB%), calculated as
the ratio of P+M to EEM (PB%=P+M/EEMx100). The sites analysed
were the proximal LAD, the proximal LCx, and the LMCA reference
and lesion sites (respectively, the sites where the lumen area was
greatest and smallest). Vessel diameters were calculated from the
IVUS areas, as d=2+/CSA/T.

The fractal geometric law (FGL)

Coronary artery bifurcations present a harmonious asymmetric
geometry that is fractal in nature. Finet et al.” confirmed the fractal



nature of pericardial coronary arterial tree geometry and provided
a simple fractal ratio relating mother-vessel diameter (D) and the
daughter-vessel diameters (D) by the formula: D_=0.678* (D,,+D,,).
These calculations proved exact — more so than those derived from
Murray’s law or the law of conservation of flow, which moreover are
much more complex in their formulations. The present study
applied FGL to derive a theoretic LMCA diameter (LMDfractal) from
the measured reference diameters of the left anterior descending
(LADDref) and circumflex (LCxDref) coronary arteries. Each reference
diameter was located in an artery segment adjacent to the
bifurcation (first 10 mm) in optimised coronary angiographic views.
The formula, applicable to angiographic and to [VUS measurements,
was:
LMDfractal= 0.678*(LADDref+LCxDref)

Statistical analysis

The three groups of patients distinguished on IVUS were compared
in regard to several characteristics. For categorical variables, data
were displayed through contingency tables and a Fisher exact test
was carried out. For continuous variables, results were displayed
as meanz=standard error (SE) and a one-way analysis of variance
(ANOVA) was used to test the overall group effect. When
appropriate (i.e., in case of prior significant ANOVA), post-hoc
multiple comparison was computed, through a Tukey Honestly
Significant Difference (THSD) test, to detail results controlling for
type | error. All statistical analyses were carried out on SAS software
(SAS v9.1, SAS Institute Incorporation, Cary, NC, USA) with 0.05
type-I error.

Results

Details of the 52 subjects are given in Table 1. On angiography, 38
LMCAs were assessed as normal or nearly normal, and 14 as
bearing mild to moderate stenosis. IVUS confirmed these 14 focal
stenoses (group C); 10 of the angiographically normal or nearly
normal LMCAs, however, were found to present diffuse atheroma
(group B), the other 28 being truly healthy (group A). Each of these
three IVUS groups is illustrated by 3 quantitative examples
(Figure 1).

Table 1. Population characteristics.
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}v Ex.1 (groupA) ‘ Ex.2 (group B) [ Ex.3 (group C) ‘

= |
AB N\ )PC
E= 0,678*(C+D)
LMDref(A) (mm) 4.80 2.69
LMMLD (B) (mm) 4.70 2.62
| Diameter Stenosis (%) 2 3
LADDref (C) (mm) 3.93 3.32
LCxDref (D) (mm) 31T 2.28
LMDfractal (E) (mm) 4.81 3.80
fg‘c:gl [ piameter stenosis fractal (%) 2 31
LMDref-LMDfractal (mm) -0,01 1,11
-
.
()
LMMLA (F) (mm?) 15.32 6.02
LMMLPB (G) (%) 17 66
LMMLEEM (H) (mm?) 18.45 17.58
LMDref (mm) 4.44 2.88
LMMLD (mm) 4.42 2.77
| Diameter stenosis %) 1 4
LADDref (mm) 3.95 3.70
LCxDref (mm) 3.04 2.60
LMDfractal (mm) 4.74 4.27 4.52
Qivus — =
e I Diameter Stenosis fractal (%) 7 35 48 |
LMDref-LMDfractal (mm) -0.30 =139 -0.43

Figure 1. Examples of normal LMCA (Ex. 1), diffuse LMCA disease (Ex. 2)
and focal LMCA disease (Ex.3). QCA analysis: reference left main
diameter (LMDref); left main minimal lumen diameter (LMMLD);
reference left anterior descending diameter (LADDref); reference
circumflex diameter (LCxDref). QIVUS analysis: Measurements of left
main where the lumen is minimal (left main minimal lumen area
(LMMLA), left main minimal lumen plaque burden (LMML PB), left main
minimal lumen elastic external membrane area (LMML EEM). Diameters
calculated from cross-sectional area by d=2+/CSA/TI for reference left
main, left main minimal lumen, LAD and LCx (LMDref, LMMLD,
LADDref, LCxD ref). Calculation of theoretic LMCA diameter on QCA and
QIVUS by fractal geometric law: (LMDfractal=0.678* (LADDref+ LCxDref).
Stenosis diameter (%) as obtained by relating LMMLD to LMDref
(stenosis diameter) or LMDfractal (fractal stenosis diameter). Difference
between measured and theoretic LMCA diameters.

Percentage stenosis diameter in groups A, B and C was respectively
3%, 4% and 42% on usual QCA and 2%, 3% and 41% on usual
QIVUS (Table 2); applying the FGL, stenosis was respectively 5%,
31% and 43% on QCA and 4%, 33% and 43% on QIVUS. Diffuse
atherosclerotic LMCA disease was unmasked by the FGL in case of

Total Group A Group B Group C pt THSD$
(n=52) (n=28) (n=10) (n=14)
“normal” “diffuse” A-B A-C B-C

Patient age 59.0+13.6 53.5+13.6 67.8+7.4 63.7+12.4 0.0037 *
Male gender (%) 75 82 70 64 0.3604
Weight (kg) 75.2+15.5 77.8+£18.7 75.1+12.2 70.1+8.3 0.3216
Size (cm) 16948 17219 167+7 165+7 0.0397 * *
Diabetes mellitus (%) 19.2 14.3 10.0 35.7 0.2592
Hypercholesterolaemia (%) 67.3 53.6 90 78.6 0.0754
Tobacco (%) 34.6 42.9 0 42.9 0.0304 * *
Obesity (%) 11.5 17.9 10 0 0.2501
Hypertension (%) 48.1 42.9 70.0 42.9 0.3463
History family of CVD (%) 38.5 28.6 90.0 21.4 0.0009 * *

* Significant pairwise comparison using Tukey Honestly Significant Difference (THSD) test; t p-value of the overall ANOVA on group effect; t Tukey Honestly

Significant Difference (THSD) test, computed on condition of significant ANOVA
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Fractal geometric law applied to QCA in LM disease

Table 2. Quantitative coronary angiography (QCA) and quantitative intravascular ultrasound (QIVUS) of the left main coronary arteries (LMCA).

Total Group A Group B Group C pt THSD}
(n=52) (n=28) (n=10) (n=14)
“normal” “diffuse” A-B A-C B-C

QCA LMDref (mm) 4.20+0.8 4.57+0.5 3.02+0.7 4.30+0.4 <0.0001 * *

LMMLD (mm) 3.62+1.0 4.43+0.5 2.90+0.6 2.49+0.5 <0.0001 * *

Diameter stenosis (%) 14418 3+0.9 4+1.8 42+10 <0.0001 * *

LADDref (mm) 3.37£0.5 3.51+0.4 3.21+0.6 3.20+0.4 0.0582

LCxDref (mm) 3.28+0.7 3.37+0.6 3.02+0.9 3.29+0.6 0.3739

LMDfractal (mm) 4.52+0.6 4.66+0.6 4.23+0.9 4.40+0.5 0.1338

Diameter stenosis (fractal) (%)  20+18 5+4.9 31+5.9 43+10 <0.0001 * * *

LMDref - LMDfractal (mm) -0.31+0.5 -0.09+0.2 -1.20+0.4 -0.10£0.3  <0.0001 * *
QIVUS LM CSA (mm?) 15.3345.5 18.09+3.9 7.16x2.5 15.63+3.9 <0.0001 * *

LM PB (%) 34414 27+6.9 57+12 32+6.4 <0.0001 * *

LM EEM (mm?) 22.81+5.9 24.89+5.4 16.85+4.3 22.89+5.2 0.0005 * *

LMDref (mm) 4.34+0.9 4.77+0.5 2.98+0.5 4.43+0.5 <0.0001 * *

LM MLA (mm?) 12.19+6.5 17.40+3.9 6.70+2.3 5.69+2.5 <0.0001 3 4

LMML PB (%) 45421 28+7.4 5949.9 69+10 <0.0001 * * *

LMML EEM (mm?) 21.04+5.9 24.2425.4 16.27+3.9 18.04+3.9 <0.0001 * *

LMMLD (mm) 3.78+1.1 4.68+0.5 2.88+0.5 2.64+0.6 <0.0001 * *

RI -0.10+0.2 -0.030.1 -0.03+0.1 -0.28+0.2 <0.0001 * *

Diameter stenosis (%) 13+18 2+1.8 3+2.7 41+8.6 <0.0001 * *

LAD CSA (mm?) 9.78+2.7 10.73£2.5 8.36+2.4 8.89+2.7 0.0184 *

LAD PB (%) 36+9.5 3410 39+6.2 3949.4 0.1556

LADDref (mm) 3.49+0.50 3.67+0.4 3.23+0.4 3.33+0.5 0.0169 *

LCx CSA (mm?) 9.61+3.7 10.17£3.4 8.08+4.6 9.57+3.3 0.3057

LCx PB (%) 3549.1 31+6.8 45+9.8 35+8.3 0.0002 * *

LCxDref (mm) 3.4420.6 3.55+0.6 3.11+0.8 3.44+0.6 0.1904

LMDfractal (mm) 4.70+0.6 4.90+0.6 4.30+0.7 4.59+0.6 0.0277 *

Diameter stenosis (fractal) (%)  20+19 4+4.6 33+7.3 43+8.9 <0.0001 * * *

LMDref - LMDfractal (mm) -0.37x0.5 -0.12+0.2 -1.3320.4 -0.16+0.3  <0.0001 * *

* Significant pairwise comparison using Tukey Honestly Significant Difference (THSD) test; t p-value of the overall ANOVA on group effect; t Tukey Honestly
Significant Difference (THSD) test, computed on condition of significant ANOVA

QCA analysis of each group (Group A: normal LMCA; Group B: diffuse LMCA disease; Group C: focal LMCA disease): Calculation of stenosis diameter (%) from

the minimum LMCA diameter (LMMLD) and measured LMCA reference diameter (LMDref); calculation of fractal stenosis diameter (%) from the minimum LMCA

diameter (LMMLD) and theoretic LMCA diameter (LMDfractal) given by the fractal geometric law and the measured LAD artery (LADDref) and LCx artery
(LCxDref) reference diameters: LMDfract=0,678* (LADDref+LCxDref). Calculation of the difference between the measured LMCA reference diameter and the
theoretic diameter derived from the fractal formula. QIVUS analysis of each group (Group A: normal LMCA; Group B: diffuse LMCA disease; Group C: focal
LMCA disease). Mean values are shown for lumen cross-sectional area and percentage plaque burden for LMCA reference (LM CSA, LM PB), LMCA segment
where lumen is minimal (LMMLA, LMML PB), LAD artery (LAD CSA, LAD PB) and left circumflex artery (LCx CSA and LCx PB). Lumen diameters are derived
from cross-sectional areas as d=2[CSA/TT in the LMCA reference, the LMCA segment where the lumen is minimal, and the LAD and LCx arteries (LMDref,
LMMLD, LADDref , LCxDref). Total vessel areas are shown for the LMCA reference (LM EEM) and lesion (LMML EEM), and the remodeling index is calculated as
RI=(LMML EEM - LM EEM)/LMML EEM. As in QCA, % stenosis diameter is measured by QIVUS from the measured LMCA reference diameter and the theoretic
diameter derived from the fractal geometric law. The difference between the measured LMCA reference diameter and the theoretic diameter derived from the

fractal geometric law is calculated.

stenosis diameters exceeding a 20% cutoff value, mean percentage
stenosis rising from 4% to 31% in this group (Figure 2). In LMCAs
that were normal or presented focal stenosis, there was no
significant difference in reference diameter as measured directly
and as calculated by the fractal formula from the measured LAD
and LCx diameters (Figure 3), validating the FGL on both QCA and
QIVUS for normal and focally lesioned LMCAs. The FGL unmasked
diffuse LMCA disease (group B), where the degree of stenosis was
underestimated by usual QCA. In case of diffuse atherosclerotic
LMCA disease, the mean underestimation on angiographic
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measurement as compared to the theoretic diameter calculated
from the FGL was 1.20 mm on QCA and 1.33 mm on QIVUS.

Nine of the 38 LMCAs (24%) appearing normal or nearly normal on
angiography showed stenosis (MLA<9 mm?) on IVUS, with
MLA<6 mm? in three cases (8%). Applying the fractal law, only 28
angiographies were still considered normal (Figure 4). The negative
predictive value of the FGL was 100%, these 28 LMCAs all
presenting MLA>9 mm? on IVUS, an index known to be of good
prognosis. 15 of the 24 LMCAs assessed as pathological by FGL
were revascularised by bypass or percutaneous intervention (63%).
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Figure 2. Diffuse atherosclerotic left main coronary artery disease
unmasked by application of fractal geometric law to quantitative
coronary angiography. Percentage stenosis diameter calculated from
the minimum and reference LMCA diameters on QCA (A) or from the
minimum and theoretic LMCA diameters (B). The theoretic diameter
is derived from the fractal geometric law and the LAD and LCx
reference diameters.

Discussion

The fractal geometric law was validated for the assessment of
coronary bifurcations’. With this simple linear law, the theoretic
diameter of one arterial segment of a coronary bifurcation can be
derived from the diameters of the other two. The present study
extends the application of this law to the left main coronary artery
(LMCA). In LMCAs confirmed as healthy on IVUS, there was no
significant difference in the diameter as measured and as
theoretically calculated using the FGL, and the same was true of
healthy LMCA segments on either side of focal stenoses. To the best
of our knowledge, only one study, on just 20 LMCA angiograms!©,
has quantified the ratio between the sum of the daughter vessel
diameters and the mother vessel diameter; the ratio came out at
0.65+0.04 — very close to that found by Finet et al”. Applying this law
to the LMCA gets round one of the major problems of angiographic
assessment of stenosis, which is the lack of reference segment. Our
[VUS study confirmed that the minimum measured diameter is to be
assessed against a new reference value given by: LMDfractal=
0.678*(LADref+LCxDref). The FGL is a simple means of unmasking
diffuse atherosclerotic disease in the LMCA or of avoiding
underestimation of a focal lesion as seen on the angiogram. In our
study, the prognostic value of angiography was excellent after
application of the FGL. For an angiographic stenosis diameter of
<20% with respect to the theoretic LMCA diameter given by the FGL,
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Figure 3. Normal LMCA and reference segments in focal LMCA disease
conform to fractal geometry. Interest of the fractal geometric law in
unmasking diffuse LMCA disease. Percentage LMCA stenosis
calculated on QCA (A) from minimum diameter and either measured
reference diameter or theoretic diameter as given by the fractal
geometric law. Percentage LMCA stenosis calculated on QIVUS (B)
from minimum diameter and either measured reference diameter or
theoretic diameter as given by the fractal geometric law. Values are
shown for the whole sample (n=52), and the normal LMCA (n=28),
diffuse LMCA disease (n=10) and focal LMCA disease (n=14) groups.

Normal or near normal LMCA,
DS<20%
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Figure 4. Prognostic value of usual QCA and QCA calculated with fractal
geometric law (QCAfractal) in unmasking LMCA lesions precisely
quantified on IVUS as mild (MLA>9 mm?, n=31), intermediate
(9 mm? < MLA < 6 mm?, n=9) or severe (MLA <6 mm?, n=12). In usual
QCA, 9/38 of normal or nearly normal LMCAs (24%) had MLA <9 mn¥,
and 3/38 had MLA <6 mn¥ (8%).The negative predictive value of
fractal QCA was excellent: 100% of the 28 normal LMCAs showed
MLA>9 mm? on IVUS.
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Fractal geometric law applied to QCA in LM disease

the minimum lumen area on IVUS was consistently greater than
9 mm?. The negative predictive value of fractal QCA was 100% in the
present series, none of the 28 LMCA assessed as normal needing
revascularisation in the light of the IVUS findings.

Coronary stenosis is routinely assessed by angiography and visual
or computerised quantification of narrowing with respect to an
adjacent reference segment deemed to be normal, with stenosis
being counted as severe in case of a stenosis diameter of >50%.
The limitations of angiography in the assessment of LMCA disease
are, however, well known and confirmed by anatomic imaging from
histopathological specimens and IVUS studies®. There is significant
inter- and intra-observer variability in stenosis quantification on
coronary angiography!!. Moreover, angiography is just a 2-dimensional
X-ray projection of the contrast-filled arterial lumen. Stenoses might
be incorrectly assessed in case of an excentric lesion, tortuosity or
angulation of the coronary arteries, vessel overlap or bifurcation.
These known limitations are frequently encountered in LMCA
analysis, especially in case of a short vessel with possible diffuse
atheroma and when no disease-free reference segment is available.
Underestimating an LMCA stenosis, however, can be a serious
matter. The CASS registry reported 13.3 years’ median survival in
their surgical group, compared to 6.6 years in the medical group
(p<0.0001) for LMCA with stenosis diameter >50% on angiography!?.
IVUS provides high-resolution cross-sectional images of the coronary
lumen and arterial wall. Several studies have shown the interest of
IVUS in case of ambiguity on angiography and in particular in the
assessment of intermediate stenoses, bifurcation lesions and LMCA
disease®®. Angiography’s limitations in LMCA assessment explain the
poorer correlations with IVUS found in this area’. IVUS is now the
recognised reference examination for LMCA disease assessment
and treatment guidance. The prognostic value of minimal lumen
area (MLA) on IVUS guides revascularisation or continuation of
medical management. According to Nisseng, an LMCA with stenosis
area >50% or absolute area <9 mm? are stenosis severity criteria for
revascularisation®. Abizaid et al®, in a cohort of 122 cases of
moderate LMCA disease, reported a one-year event rate of 14%. The
most important quantitative predictor of cardiac events was the
minimal lumen diameter (MLD) as measured on IVUS. The event
rate was just 3% for MLD >3 mm (corresponding to MLA>7.1 mm?
in a circular lumen), reaching 60% for MLD<2 mm. Fassa et al®
studied the efficacy of IVUS to guide strategy for patients with
angiographically indeterminate LMCA disease. In a cohort of 121
patients, the mean MLA was 16.25+4.30 mm?. The authors
proposed an MLA cut-off of 7.5 mm? as a decision criterion to
proceed with or delay revascularisation; between 7.5 mm? and
9.6 mm? they speak of a “grey zone” where other factors such as
age, smoking status and extent of coronary disease are also to be
taken into account. For Jasti et al'®!®, MLA>5.9 mm? is strong
predictor of survival and event-free survival rates. In the most recent
studies®!’, the MLA cut-off defining severe LMCA stenosis requiring
revascularisation is 6 mm? between 6 and 7.5 mm or 9 mm?,
stenosis is intermediate and treatment should be guided by
additional parameters.

Although indispensable for the assessment of angiographically
ambiguous LMCAs, IVUS is still not widely used. IVUS consoles and
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experimented operators are not available in all centres; and even
where available, IVUS is not always deployed where the angiogram
fails to suggest stenosis by diffuse atheroma.

Simple application of the FGL can alert the operator in case of
diffuse atheroma and of additional focal stenosis. In the present
series, three “pure” groups were investigated: normal, or diffuse or
focal LMCA disease. In practice, intermediate focal stenoses are
often found within diffuse atheroma. The FGL, defining a new
reference diameter, can correct the angiographic underestimation
of such stenoses reported in comparative studies against IVUS!. In
our series, which did not include any severe stenoses, LMCA
diameter was underestimated by a mean 1.20 mm in case of
diffuse LMCA disease. Finally, moderate obstructive LMCA disease
not detected by angiography but evident on IVUS is associated with
future cardiac events and poor prognosis'®. The FGL could help to
detect early atherosclerotic LMCA disease and to guide patient
management and follow-up.

Several lessons are to be drawn from the present validation of FGL in
healthy and pathological LMCA analysis. Angiography
underestimates the degree of LMCA stenosis in case of diffuse
atheroma. The FGL unmasks such diffuse stenosis and also
improves the quantification of associated focal lesions. It confirms
IVUS findings on coronary diameters either side of a bifurcation.
Fractal geometry entails a difference of at least 1 mm between
proximal LAD and LMCA diameters. Now that angioplasty offers an
alternative to bypass grafting in the management of LMCA stenosis'?,
this is an important point to be taken into account, requiring a stent
diameter adapted to the daughter-vessel diameter for provisional T-
stenting of a bifurcation, with proximal postdilatation by final kissing
balloon so as to avoid malapposition in the mother vessel.

Study limitations

Applying FGL requires two healthy segments so as to derive the
theoretic diameter of the third. Atheroma extending into the daughter
vessels may induce an underestimation of the mother-vessel diameter
and hence of the degree of stenosis, which the FGL is intended to
correct. In the present series, the absence of LAD and LCx stenosis
on angiography was confirmed by IVUS. This limitation, however,
remains for any QCA stenosis assessment inasmuch as the so-called
reference segment providing the minimal diameter is not always in
fact healthy: Mintz et al’! showed that the reference segment proved
healthy on IVUS in only 6.8% of cases. Even so, QCA is the tool
routinely used, and is the reference in most clinical trials.

The second limitation concerns the impossibility of applying the
FGL in the case of a trifurcation.

Conclusion

Applying the linear law describing the fractal geometry of arterial
bifurcations to the angiographic quantification of a left main
coronary bifurcation enables the real reference diameter to be
approximated. This can unmask diffuse atherosclerotic left main
coronary artery disease on quantitative coronary angiography.
Moreover, focal LMCA stenoses, which tend to be easily detectable,
can be more precisely quantified, avoiding underestimation due to
an adjacent atherosclerotic segment.



References

1. Conley MJ, Ely RL, Kisslo J, Lee KL, McNeer JF, Rosati RA. The
prognostic spectrum of left main stenosis. Circulation 1978;57:947-52.

2. Tobis J, Azarbal B, Slavin L. Assessment of intermediate severity
coronary lesions in the catheterization laboratory. J Am Coll Cardiol
2007,;49:839-48.

3. Abizaid AS, Mintz GS, Abizaid A, Mehran R, Lansky AJ, Pichard AD,
Satler LF, Wu H, Kent KM, Leon MB. One-year follow-up after intravascu-
lar ultrasound assessment of moderate left main coronary artery disease
in patients with ambiguous angiograms. J Am Coll Cardiol 1999;34:707-15.

4. Hermiller JB, Buller CE, Tenaglia AN, Kisslo KB, Phillips HR,
Bashore TM, Stack RS, Davidson CJ. Unrecognized left main coronary
artery disease in patients undergoing interventional procedures. Am J
Cardiol 1993;71:173-6.

5. Sano K, Mintz GS, Carlier SG, de Ribamar Costa J, Jr., Qian J,
Missel E, Shan S, Franklin-Bond T, Boland P, Weisz G, Moussa |, Dangas GD,
Mehran R, Lansky AJ, Kreps EM, Collins MB, Stone GW, Leon MB, Moses
JW. Assessing intermediate left main coronary lesions using intravascular
ultrasound. Am Heart J 2007;154:983-8.

6. Fassa AA, Wagatsuma K, Higano ST, Mathew V, Barsness GW,
Lennon RJ, Holmes DR, Jr., Lerman A. Intravascular ultrasound-guided
treatment for angiographically indeterminate left main coronary artery dis-
ease: a long-term follow-up study. J Am Coll Cardiol 2005;45:204-11.

7. Finet G, Gilard M, Perrenot B, Rioufol G, Motreff P, Gavit L, Prost R.
Fractal geometry of arterial coronary bifurcations: a quantitative coronary
angiography and intravascular ultrasound analysis. Eurolntervention
2007,3:490-98.

8. Nissen SE, Yock P. Intravascular ultrasound: novel pathophysiologi-
cal insights and current clinical applications. Circulation 2001;103:604-16.

9. Mintz GS, Nissen SE, Anderson WD, Bailey SR, Erbel R, Fitzgerald PJ,
Pinto FJ, Rosenfield K, Siegel RJ, Tuzcu EM, Yock PG. American College of
Cardiology Clinical Expert Consensus Document on Standards for
Acquisition, Measurement and Reporting of Intravascular Ultrasound Studies
(IVUS). A report of the American College of Cardiology Task Force on Clinical
Expert Consensus Documents. J Am Coll Cardiol 2001;37:1478-92.

10. Gazetopoulos N, loannidis PJ, Marselos A, Kelekis D, Lolas C,
Avgoustakis D, Tountas C. Length of main left coronary artery in relation to
atherosclerosis of its branches. A coronary arteriographic study. Br Heart J
1976;38:180-5.

11. Fisher LD, Judkins MP, Lesperance J, Cameron A, Swaye P, Ryan T,
Maynard C, Bourassa M, Kennedy JW, Gosselin A, Kemp H, Faxon D,

Clinical research

Wexler L, Davis KB. Reproducibility of coronary arteriographic reading in
the coronary artery surgery study (CASS). Cathet Cardiovasc Diagn
1982;8:565-75.

12. Caracciolo EA, Davis KB, Sopko G, Kaiser GC, Corley SD, Schaff H,
Taylor HA, Chaitman BR. Comparison of surgical and medical group sur-
vival in patients with left main coronary artery disease. Long-term CASS
experience. Circulation 1995;91:2325-34.

13. Alfonso F, Macaya C, Goicolea J, Iniguez A, Hernandez R,
Zamorano J, Perez-Vizcayne MJ, Zarco P. Intravascular ultrasound imag-
ing of angiographically normal coronary segments in patients with coro-
nary artery disease. Am Heart J 1994,127:536-44.

14. Porter TR, Sears T, Xie F, Michels A, Mata J, Welsh D, Shurmur S.
Intravascular ultrasound study of angiographically mildly diseased coro-
nary arteries. J Am Coll Cardiol 1993;22:1858-65.

15. Jasti V, Ivan E, Yalamanchili V, Wongpraparut N, Leesar MA.
Correlations between fractional flow reserve and intravascular ultrasound
in patients with an ambiguous left main coronary artery stenosis.
Circulation 2004;110:2831-6.

16. Leesar MA, Masden R, Jasti V. Physiological and intravascular
ultrasound assessment of an ambiguous left main coronary artery steno-
sis. Catheter Cardiovasc Interv 2004;62:349-57.

17. de la Torre Hernandez JM, Ruiz-Lera M, Fernandez-Friera L,
Ruisanchez C, Sainz-Laso F, Zueco J, Figueroa A, Colman T. [Prospective
use of an intravascular ultrasound-derived minimum lumen area cut-off
value in the assessment of intermediate left main coronary artery lesions].
Rev Esp Cardiol 2007,60:811-6.

18. Ricciardi MJ, Meyers S, Choi K, Pang JL, Goodreau L, Davidson CJ.
Angiographically silent left main disease detected by intravascular ultra-
sound: a marker for future adverse cardiac events. Am Heart J
2003;146:507-12.

19. Brinker J. The left main facts: faced, spun, but alas too few. J Am
Coll Cardiol 2008;51:893-8.

20. Brunel P, Lefevre T, Darremont O, Louvard Y. Provisional T-stenting
and kissing balloon in the treatment of coronary bifurcation lesions: results
of the French multicenter “TULIPE” study. Catheter Cardiovasc Interv
2006;68:67-73.

21. Mintz GS, Painter JA, Pichard AD, Kent KM, Satler LF, Popma JJ,
Chuang YC, Bucher TA, Sokolowicz LE, Leon MB. Atherosclerosis in
angiographically “normal” coronary artery reference segments: an
intravascular ultrasound study with clinical correlations. J Am Coll Cardiol
1995;25:1479-85.

-715-

monline



