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ABSTRACT

Objective: The histological characteristics of plaqgue may af-
fect the hemodynamic outcome of a given coronary stenosis.
In particular, the potential effect of volumetric calcium content
and the topographical distribution in the lesion segment on
physiological outcome has not yet been investigated. The aim
of this study was to identify any potential correlation between
patterns of calcification and the fractional flow reserve (FFR)
and the coronary remodeling index (RMI).

Methods: A total of 26 stable angina pectoris and 34 acute
coronary syndrome patients without persistent ST-segment
elevation constituted the study population. FFR was used to
assess 70 intermediate coronary stenosis lesions. After ob-
taining hemodynamic measurements, quantitative grayscale
and virtual histology-intravascular ultrasound analyses were
performed. The depth, length, and circumferential distribution
of calcification of the lesions were also recorded.

Results: Within the analyzed segment (area of interest, le-
sion segment), FFR was correlated with maximal thickness
of deep calcification (r=-0.285; p=0.021) and calcification
angle (r=-0.396; p=0.001). In lesions with a calcification angle
>180°, the mean FFR value was significantly lower compared
with those <180° (0.64+0.17 vs. 0.78+0.08; p=0.024). RMI
was correlated with maximal angle of superficial (r=-0.437;
p<0.001) and deep (r=0.425; p<0.001) calcification. RMI was
correlated with maximal thickness of superficial (r=-0.357;
p=0.003) and deep (r=0.417; p<0.001) calcification. RMI was
also correlated with FFR (r=-0.477; p<0.001).

Conclusion: This study demonstrated that the geometry, lo-
cation, and amount of calcification of a plaque could affect
hemodynamic and anatomical outcome measures in function-
ally significant stenoses by affecting vessel wall compliance.

OZET

Amac: Histolojik plak 6zellikleri koroner darliklarinin yol ag-
t1§1 hemodinamik sonuclari etkileyebilmektedir. Kalsiyumun
topografik dagiliminin koroner darliklarinin yol actigi fizyolojik
sonuglari nasil etkiledigi konusunda hentiz bilimsel arastirma
yapilmadi. Bu calisma fraksiyonel akim rezervi (FAR) ile kal-
sifikasyon paternleri arasindaki olasi iligkiyi ortaya koymayi
hedeflemektedir. Ayrica, kalsifikasyon sekillerinin koroner ye-
niden sekillenmesi tzerindeki etkisi de arastiriimaktadir.
Yéntemler: Kararli angina pektorisli 26 ve kalici ST yuksel-
mesiz akut koroner sendromlu 34 hasta bu ¢alismaya dahil
edildi. Orta derece (gbzle %50 ile %80 arasi darliga sahip
oldugu degerlendirilen) 70 lezyon FAR ile degerlendirildi. He-
modinamik élgiimler alindiktan sonra damar igi ultrason ile gri
skala ve gercek histolojik parametreler en kucik limen alani
ve tim lezyon icin degerlendirildi. Lezyonlar kalsifikasyonun
derinligi, uzunlugu ve dairesel dagilimina gére siniflandiridi.
Bulgular: Analiz edilen segmentte, FAR ile en yliksek derin
kalsifikasyon agisi (r=-0.396, p=0.001) ve kalinhg (r=-0.285,
p=0.021) arasinda korelasyon saptandi. Kalsifikasyon acisi
180 dereceden genis olanlarda ortalama FAR degerinin an-
laml derecede daha duslk oldugu tespit edildi (0.64+0.17 ve
0.78+0.08, p=0.024). Koroner yeniden sekillenmesi ile en ylk-
sek ylzeysel (r=-0.437, p<0.001) ve derin (r=0.425, p<0.001)
kalsifikasyon agisi arasinda korelasyon vardi. Koroner yeniden
sekillenmesi ile en yliksek yiuzeysel (r=-0.357, p=0.003) ve
derin (r=0.417, p<0.001) kalsifikasyon kalinligi arasinda kore-
lasyon vardi, koroner yeniden sekillenmesi ile FAR arasinda
korelasyon saptand (r=-0.477, p<0.001).

Sonuc: Bu galisma, koroner arter plagindaki kalsifikasyonun
geometrisi, yerlesim yeri ve dagihminin fonksiyonel olarak an-
lamli darliklarda hemodinamik sonuglari etkileyebildigini gdster-
di. Ayrica koroner arter kalsifikasyon sekilleri ile koroner yeni-
den sekillenmesi arasinda korelasyon olabilecegi ortaya kondu.

Received: July 20, 2016 Accepted: June 22, 2017

Correspondence: Dr. Ahmet Demirkiran. istant_)ul Universitesi Istanbul Tip Fakiiltesi,
Kardiyoloji Anabilim Dali, Istanbul, Turkey.
Tel: 490 212 - 414 20 00 / 31422 e-mail: aademirkiran@gmail.com

© 2017 Turkish Society of Cardiology




Hemodynamic effects of coronary calcification patterns

607

Fractional flow reserve (FFR) has been recognized
as the gold standard modality to evaluate the isch-
emic potential of epicardial coronary stenosis and can
substantially influence the decision-making process
in clinical practice. This measurement, however, may
be affected by hemodynamic irregularities caused by
both vessel- and lesion-related factors, such as lesion
eccentricity, surface geometry, and plaque composi-
tion. Determination of the potential factors that could
affect the hemodynamic outcome produced as a result
of any given coronary stenosis may provide further
insight into understanding the interplay between the
anatomical substrate and physiological consequences.

In the literature, there are only a limited number of
studies that sought to examine the interaction between
coronary lesion composition and FFR.'* Earlier stud-
ies examining the effect of VH-IVUS reported that
plaque composition in intermediate coronary lesions
did not demonstrate any relationship to FFR. However,
it has recently been demonstrated that for a given coro-
nary stenosis geometry, plaque composition may influ-
ence hemodynamic outcome measures in functionally
significant stenoses. In particular, necrotic core and
calcium content were shown to be related to hemo-
dynamic consequences of a given coronary stenosis.
Furthermore, in this aforementioned study, the nega-
tive relationship between dense calcium (DC) content
and FFR was also demonstrated to be associated with a
calcium-induced decrease in arterial wall compliance.
However, beyond the volumetric calcium content, the
potential effects of its topographical distribution in the
lesion segment on physiological outcome and anatom-
ical vascular remodeling have not yet been clarified.

To this end, the present study aimed to examine
the potential influence of patterns of calcification on
both physiological (FFR) and anatomical (coronary
remodeling) consequences of coronary stenosis.

METHODS

Patient population

Twenty-six patients seen between June 2012 and June
2013 with stable angina pectoris and 34 acute coro-
nary syndrome patients without persistent ST-seg-
ment elevation treated between 2010 and 2012 for in-
termediate stenosis (50%—-80%) detected in clinically
indicated coronary angiography were included in this
study. Patients underwent intravascular ultrasound

(IVUS) and virtual histol-
Ogy (VH) IVUS 1maglng CSA Cross-sectional area
during routine diagnostic DC
catheterization procedure EEM  External elastic membrane
p X ’ FFR  Fractional flow reserve
The hemodynamic sever- jyys
ity of the stenoses was  MLA  Minimal lumen area
evaluated 36 to 48 hours F&M  Flaqueplus media
. RMI  Remodeling index
after an acute event in vy
patients who presented
with non-ST elevation acute coronary syndrome. Pa-
tients with previous coronary artery by-pass surgery
or severe valvular disease were excluded. The study
was conducted in accordance with the Declaration of
Helsinki, and the local ethical review board approved
the study protocol. Written informed consent was ob-
tained from all patients.

Abbreviations:

Dense calcium

Intravascular ultrasound

Virtual histology

Study protocol
Intracoronary hemodynamic measurements

For the assessment of hemodynamic significance of a
given coronary stenosis, a pressure sensor equipped
guidewire (PressureWire; St. Jude Medical Inc., MN,
USA or ComboWire; Volcano Therapeutics, Rancho
Cordova, CA, USA), was advanced across the lesion.
Aortic pressure was obtained from the guiding cath-
eter and distal intracoronary pressure was recorded
from the pressure sensor. All hemodynamic signals
were recorded at baseline and during maximum hy-
peremia induced by a bolus of intracoronary papaver-
ine (20 mg for the left system and 15 mg for the right
coronary artery and).

Pressure signals recorded on the device console
(Radi Analyzer Xpress; St. Jude Medical Inc., St.
Paul, MN, USA or ComboMap; Volcano Corp., San
Diego, CA, USA) were extracted from the digital ar-
chive and analyzed offline after the procedure. FFR
was calculated as the ratio of mean distal to mean aor-
tic pressure during maximum hyperemia.

IVUS and VH-IVUS imaging

After obtaining the hemodynamic measurements, an
IVUS catheter (Eagle Eye Gold; Volcano Corp., San
Diego, CA, USA) was advanced over the pressure
monitoring guidewire and automated pullback was
performed at a speed of 0.5 mm per second. Quan-
titative grayscale and VH-IVUS analyses were per-
formed and reported at the site of minimum lumen
area (MLA) and across the entire lesion segment, ac-
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cording to the recommendations of a consensus docu-
ment on the interpretation and reporting of VH-IVUS
parameters.* External elastic membrane (EEM) and
lumen cross-sectional area (CSA) were measured.
Plaque plus media (P&M) CSA was calculated as
EEM minus lumen CSA, and plaque burden at MLA
site was calculated as P&M divided by EEM CSA.
Volume was calculated using Simpson’s rule. Remod-
eling index (RMI) was expressed as the external elas-
tic membrane CSA at the MLA site divided by the
EEM CSA at the reference site. Lesion length was
measured using the motorized pullback device (InVi-
sion Gold with the model R-100 research pullback de-
vice; Volcano Corp., San Diego, CA, USA).

The 4 VH-IVUS plaque components (fibrous, fi-
bro-fatty, DC, and necrotic core) were measured in
every recorded frame in the entire diseased segment
and expressed as absolute amounts and as a percent-
age of plaque area or plaque volume.

Table 1. Patient characteristics

Statistical analysis

Statistical tests were performed with IBM SPSS
Statistics for Windows, Version 21.0 (IBM Corp.,
Armonk, NY, USA). Continuous variables were ex-
pressed as mean+SD. Relationships between continu-
ous variables were examined using the Pearson cor-
relation or linear regression analysis. Relationships
between hemodynamic parameters (FFR) and plaque
components were examined, controlling for anatomi-
cal factors that may affect hemodynamic outcomes,
including IVUS minimal luminal area (MLA), and le-
sion length by using partial correlation analysis. Sig-
nificance was accepted as p<0.05.

RESULTS

Patient characteristics

Patient demographic details and angiographic find-
ings are summarized in Table 1. Seventy culprit le-

Clinical and demographical characteristics (n=60) n % Mean+SD
Male/All patient 51 85
Age (years) 58.8+10.5
Body mass index (kg/m?) 28.9+4.4
Diabetes Mellitus 30 50
HbA1C (%) 6.7+1.5
Chronic renal disease 9 15
Hypertension 44 73
Dyslipidemia 29 48
Smoking 35 58
Stable angina 26 43
Unstable angina and non-STEMI 34 57
Previous myocardial infarction 5 8
Ejection fraction (echocardiography), (%) 59.6+7.4
Percutaneous coronary intervention 49 70
Stenoses (n=70)
Left anterior descending artery 36 51
Diagonal 1 1.4
Coronary vessels
Intermediate 4 5.7
Circumflex 12 171
Right coronary artery 17 24.3
Stent length, mean (mm) 20.916.1

SD: Standard deviation.
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Table 2. Intracoronary hemodynamic measurements
Stable plaques Unstable plaques Total
(n=36) (n=34) (n=70)
Mean+SD Mean+SD Mean+SD
Mean aortic pressure baseline (mmHg) 102.3+17.6 106.5+15.1 102.3+17.6
Mean aortic pressure hyperemic (mmHg) 93.0+19.0 98.6+15.5 95.4+19.1
Mean distal intracoronary pressure baseline (mmHg) 89.0+23.6 81.8+25.4 86.6+24.2
Mean distal intracoronary pressure hyperemic (mmHg) 68.3+20.2 64.3+20.6 67.3+20.3
Fractional flow reserve 0.72+0.14 0.64+0.14 0.70+0.14

SD: Standard deviation.

sions from 34 patients with acute coronary syndrome
without persistent ST-segment elevation and 26 stable
angina pectoris patients were studied. All acute cor-
onary syndrome patients had a single culprit lesion,
whereas 36 lesions were assessed in the 26 stable
angina pectoris patients. A total of 49 lesions (70%)
were treated with percutaneous coronary intervention
after hemodynamic and morphological evaluation.
Half of the stenoses (51%) evaluated in this study
were located in the left anterior descending artery.

Hemodynamic and morphological findings

a. Effect of calcification pattern on hemodynamic
consequence of coronary stenoses

The mean intracoronary hemodynamic measure-

ments are listed in Table 2. The mean FFR value was
0.7020.14. Functionally significant coronary stenosis,
defined as FFR <0.80, was observed in 50 lesions.
Grayscale and VH-IVUS characteristics are provided
in Table 3. The mean MLA was 2.62+0.8 mm?2, the
mean EEM cross-sectional area was 12.8+4.2 mm?2,
and the mean plaque burden was 78.1+7.7%. The pa-
rameters for calcification patterns were determined as
the maximal angle of superficial and deep calcifica-
tion and maximal length and thickness of superficial
and deep calcium within the analyzed segment (entire
lesion segment and MLA).

The maximal deep calcification angle within the
analyzed segment (area of interest, lesion segment)
was correlated with FFR (r=-0.396; p=0.001) (Figure
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Figure 1. The relationship between deep maximal calcifica-
tion angle and fractional flow reserve (FFR).
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Figure 2. The relationship between fractional flow reserve
(FFR) and maximum thickness of deep calcification.
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Table 3. Intracoronary ultrasonographic characteristics (n=70)

Gray scale measurements

At the minimum luminal cross sectional area
EEM (mm?)
Plaque + media (mm?2)
Plaque burden (%)
Minimal luminal area (mm?)
Volumetric analysis
EEM volume (mm3)
Luminal volume (mm3)
Plaque + media volume (mm?3)
Other gray scale IVUS data
Lesion length (mm)
Attenuated plaque, n (%)
Reference EEM cross sectional area (mm?)
Remodelling index
EEM compliance (mean) (mm?mmHg'x109)
Virtual histology measurements

12.8+4.2
10.2+3.2
78.1+7.7
2.62+0.8

188.5+25.9
54.9+24.5
129.2+83.5

14.9+8.4
17 (24)
12.14+4.04
1.1+0.3
1.9+1.3

At the minimum luminal cross sectional area

Y%

mm?

Fibrous area

Fibro-fatty area

Necrotic core area

Dense calcium area

Necrotic core/dense calcium areas

55.2+14.1
13.5+11.7
21.2+9.0
9.0+10.5
4.7+4.3

4.3+x2.3
1111
1.7+11
0.6+0.5

Volumetric analysis

%

mm?

Fibrous volume

Fibro-fatty volume

Necrotic core volume

Dense calcium volume

Necrotic core/dense calcium volumes

54.2+10.6
14.3+10.8
21.4x7.7
9.9+9.1

48.8+35.5
11.8+10.7

21.3+18.8
8.9+10.4

3.5+2.4

EEM: External elastic membrane; IVUS: Intravascular ultrasonography.

1). This correlation remained significant even after
controlling for ML A using partial correlation analy-
sis (r=-0.373; p=0.002). Maximal thickness of deep
calcification in the area of interest was correlated
with FFR (r=-0.285; p=0.021) (Figure 2). This cor-
relation also remained significant after controlling for
MLA by partial correlation (r=-0.268, p=0.031). Le-
sions were then grouped based on the angle of cal-
cification (>180°<). In lesions with a calcification
angle of >180°, the mean FFR value was significantly
lower compared with those of <180° (0.64+0.17 vs.
0.78+0.08; p=0.024) (Figure 3).

b) Effect of vascular remodeling pattern on hemo-
dynamic consequence of coronary stenoses

RMI was correlated with maximal angle of super-
ficial (r=-0.437; p<0.001) (Figure 4a) and deep
(r=0.425; p<0.001) calcification (Figure 4b). RMI
was also correlated with % DC volume in the en-
tire analyzed lesion segment (r=-0.330; p=0.007)
and with maximal thickness of superficial (r=-0.357;
p=0.003) (Figure 5a) and deep (r= 0.417; p<0.001)
calcification (Figure 5b). There was a negative cor-
relation between RMI and the length of a calcific
segment with >180° angle of calcification (r=-0.277;
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Figure 3. The mean fractional flow reserve (FFR) value
was significantly lower in lesions with calcification angle
>180° with compared to those with <180° (0.64+0.17 vs.
0.78+0.08, p=0.024).

p=0.024). RMI was also correlated with FFR (r=-
0.477; p<0.001 (Figure 6).

DISCUSSION

The findings of this study suggest that patterns of lesion
calcification may substantially contribute to hemody-
namic effects produced by individual coronary steno-
ses and vascular remodeling in the diseased segment.

Although 3 previous studies have shown that the
composition of a given coronary stenosis may not
have a significant impact on its hemodynamic ef-
fect,'¥ we recently demonstrated that a necrotic core
component and calcium content in a diseased segment
may influence the hemodynamic effect generated by
physiologically significant coronary stenoses.”! In
particular, in that study, we showed that the FFR val-
ue decreases with an increase in volumetric calcium
content in the area of interest. However, the potential
effect of patterns of calcification (length, angle, and
thickness) in the diseased vascular segment on trans-
lesional pressure drop has not yet been determined.

In addition to the classic physical determinants of
pressure drop across stenosis, such as MLA and le-
sion length, factors that are potentially related to fric-
tional energy loss caused by surface characteristics
may have a considerable effect on the pressure drop
across a stenosis. An individual plaque component
can contribute to the generation of micro-turbulences
at the plaque level that lead to loss of kinetic ener-
gy in the blood flow and an increase in translesional
pressure gradient via increasing surface irregularities,
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Figure 4. Relationship between remodelling index (RMI)
and angle of maximal calcification.
EEM: External elastic membrane; CSA: Cross sectional area; Ref: Reference site.

and therefore, to stenosis resistance. Accordingly,
the presence of ruptured plaques has been shown to
influence the hemodynamic significance of a given
coronary stenosis. In addition, the calcium content of
the diseased segment may influence the magnitude of
the translesional pressure drop via decreasing arterial
wall compliance. It is understood that compliance of
the coronary arteries can exert a remarkable effect on
hemodynamic endpoints, especially in the physiologi-
cally significant lesion subset. In our earlier study, an
inverse correlation found between DC volume and
arterial wall compliance supported the concept that
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the amount of calcification may influence hemody-
namic outcomes by reducing vessel compliance.”! In
line with this finding, it was previously reported that
there was a negative correlation between EEM com-
pliance and magnitude of calcification.'®”! Therefore,
the correlation demonstrated between calcium content
and the magnitude of ischemia generated by the ste-
nosis may partly be explained by the calcium-induced
decrease in arterial compliance. However, beyond its
volumetric magnitude, the topographical distribu-
tion of calcification may also influence the ischemia
generated by a given coronary stenosis. In the current
study, the geographical and geometrical distribution
of calcification within the diseased coronary segment

Clinical studies have shown that positive remodel-
ing in the diseased segment is associated with more
biological activation and unstable clinical presentation
compared with their intermediate and negatively re-
modeled counterparts.® % The current study included
mostly unstable plaques in the positively remodeled
coronary segments and demonstrated a surprisingly
negative correlation between FFR and the remodeling
index. This unexpected finding can be explained by the
complex nature of the unstable plaques with surface ir-
regularities, fissures, and micro-ruptures, which may
cause a disproportionally high frictional energy loss
and pressure drop across the stenosis. In particular, RMI
values decrease with an increase in angle and thickness
of superficially located calcium. On the contrary, RMI
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values increase with an increase in angle and thickness
of the deep/adventitial calcium. These findings imply
that a greater magnitude of calcification at a superficial
level is linked with negative/constrictive remodeling,
but an greater degree of calcification at an adventitial
level is associated with positive remodeling, which is
a hallmark of the vascular wall features of unstable
plaques. These findings may appear to be contradic-
tory. However, in a large study involving patients who
underwent computed tomography coronary angiogra-
phy, lesion calcification was found to be an indepen-
dent predictor of poor prognosis.'"! This result was also
thought to be surprising, as the conventional paradigm
was that soft plaques were thought to be more vulner-
able.""” In the current study, the relationship between
the degree of adventitial calcification and positive re-
modeling suggests that calcium-induced decrease in
compliance at the site of coronary lesions may lead to
a pathogenic rheological state that may predispose to
plaque rupture and cardiac events in the future.

Conclusion

This study demonstrated that for a given stenosis ge-
ometry, the thickness and circumferential distribution
of calcification may influence the hemodynamic rel-
evance of a certain coronary stenosis and vascular re-
modeling in diseased coronary segments.

Limitations

This is a single-center study and included a relatively
small number of patients.

Different plaque characteristics between patients
with stable and unstable angina pectoris may affect
hemodynamic outcome and interpretation of study
results. Circumferential regional differences in com-
pliance were not considered in the present study. To
clarify the difference between superficial and deep
calcium correlation with the remodeling index, we
need further studies that include more patients.

Conflict-of-interest: None declared.
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