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Noninvasive Mathematical Analysis of Spectral
Electrocardiographic Components for Coronary
Lesions of Intermediate to Obstructive Stenosis
Severity-Relationship with Classic and Functional
SYNTAX Score

Masahiro Takeshita,' mp, Norihiro Shinoda,? mp, Hiroaki Takashima, mp,
Akiyoshi Kurita,! mp, Hirohiko Ando,! mp, Ken Harada,? mp, Tadayuki Uetani,’ mp,
Masahiko Gosho,* php, Toyoaki Murohara,* mp, php, and Tetsuya Amano,’* mp, PhD

Objectives: The aim of this study was to evaluate the relationship between the multi-
function cardiogram (MCG), and SYNTAX score (SS) and functional SYNTAX score
(FSS) in detecting the presence of intermediate to obstructive coronary lesions. Back-
ground: Performing coronary angiography (CAG) and measuring fractional flow reserve
(FFR) to calculate the SS and FSS is inherently invasive and adds complexity. Meth-
ods: The MCG was obtained and analyzed before performing CAG in 87 consecutive
subjects with suspected coronary artery disease who were scheduled for elective
CAG. The patients were divided into three groups according to risk based on high, bor-
derline, and low MCG scores. The SS was determined, as well as FSS but only by
counting lesions prone to functional ischemia (FFR < 0.8). The relationship between the
MCG and the SS and FSS was evaluated. Results: The MCG was the only test signifi-
cantly associated with the SS (odds ratio, 2.92 [1.60 - 5.31], P<0.001) and FSS (odds
ratio, 3.66 [1.95 - 6.87], P<0.001). A high MCG score had a specificity of 92.6% (89.0-
96.2%) and 92.3% (89.0-95.6%), and a predictive accuracy of 72.4% (67.6-77.2%) and
82.8% (78.7-86.8%) for the prediction of SS and FSS, respectively. Conclusions: The
MCG showed high specificity and predictive accuracy especially for the FSS, suggest-
ing that it is useful not only in identifying functionally significant ischemia but also in
reducing unnecessary CAGs. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The synergy between percutaneous coronary inter-
vention with taxus and cardiac surgery (SYNTAX)
score (SS) is an anatomic scoring system based the
coronary angiographic (CAG) findings, which not only
quantifies lesion complexity but also predicts adverse
events after percutaneous coronary intervention (PCI)
[1-4]. The potential benefit of revascularization
depends on the presence of myocardial ischemia; there-
fore, careful identification of ischemia-inducing steno-
sis allows for a greater benefit from revascularization
[5-10]. Hence, a recent study demonstrated the superi-
ority of a functional SS (FSS), a fractional flow reserve
(FFR)-guided SS, to a classic SS regarding the predic-
tive value of clinical outcome in patients with multi-
vessel coronary artery disease (CAD) who underwent
PCI [11]. However, these scores have several inherent
limitations because they are obtained using invasive
modalities such as CAG and FFR.

The multifunction cardiogram (MCG) is a new
computer-enhanced, multiphase, resting electrocardio-
graphic (ECG) analysis device that improves the qual-
ity of noninvasive tests. It has been used to determine
the optimal decision-making algorithm for the evalua-
tion of suspected obstructive CAD [12—14]. Recently,
we reported the association between noninvasive MCG
and classic coronary lesion scores [15]. However, the
prognostic impact of the reference for ischemia in our
previous study has not been established in contrast
with SS and FSS.

The aim of this study, therefore, was to evaluate the
accuracy of the MCG in relation to the SS and FSS in
a relatively high-risk population who were scheduled
for elective CAG, taking into account standard ECG
and Framingham risk scores (FRSs).

METHODS
Patients and Study Design

This prospective study was designed to evaluate the
accuracy of the MCG in diagnosing CAD patients with
relevant ischemia as defined by classic SS and FSS ref-
erence standards. Our target population consisted of
103 consecutive subjects with or without known CAD
who were scheduled for elective CAG between Octo-
ber 2012 and December 2013. Thirteen patients with
no significant coronary lesion (<50%) in any of the
three coronary trees on CAG and 3 patients with poor-
quality MCG results were excluded, leaving 87 patients
for the evaluation. This study was approved by the
institutional review board at Chubu Rosai Hospital; all
the patients provided written informed consent, and the
study complied with the principles of the Declaration
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of Helsinki. (Clinical Trial Registration-UMIN ID:
000009992).

Multifunctional Cardiogram

The MCG test was performed and analyzed before
performing CAG. The angiographers were blinded to the
test results. The MCG (Toray Medical) and associated
computer with the MCG version 2.1.1 software (Premier
Heart Japan) were used. An ECG was performed with
leads II and V5 for 82 sec, and 3-5 tests were performed
at each session. Only those tests with a marginal or bet-
ter quality trace, which was checked automatically by
the system, were sent for analysis to the PH LLC data
center via the Internet. The MCG device and database
used were previously described [16]. In brief, the data-
base against which the incoming MCG data were com-
pared originated from data-gathering trials conducted
from 1978 to 2000 in more than 30 institutions in
Europe, Asia, and North America, among ~ 100,000
individuals of varying ages and degrees of coronary dis-
ease. The MCG reports also indicate the level of myo-
cardial damage and severity integrated into a score; other
information such as coronary damage, area of damage,
and myocardial pathological and pathophysiological con-
ditions are included in the report. An MCG score of 4
was used as the cutoff score in most published clinical
trials [12,17]. In this study, we used the cut-off score of
4 but investigated the scoring method further. The
patients were divided into three groups as follows: high
MCG score, minimum MCG score of >4.0 per session
among the 3-5 tests; borderline MCG score, 4.0 > all
scores > 3.0; low MCG score, maximum score of < 3.0
per session among the 3-5 tests.

CAG and Measurements of SS and FSS

Before performing CAG, an intracoronary injection
of 0.5 mg isosorbide dinitrate was administered to pre-
vent coronary spasms. Cineangiograms were analyzed
by an independent angiographer who was blinded to
the MCG test results. The SS and FSS for each patient
was calculated by 2 independent interventional cardiol-
ogists (M.T. and N.S.) to assess interobserver variabili-
ty. The lesion selected for this calculation were those
producing > 50% diameter stenosis in vessels > 1.5 mm
according to visual estimation from the baseline diag-
nostic CAG and scored separately using the SS score
algorithm from its website. FSS was calculated by sep-
arately adding the individual scores of lesions with an
actual FFR value <0.80 and ignoring lesions with FFR
values >0.80 [11]. FFR was calculated as previously
described [5,9,10]. In brief, equalization was performed
with the guide wire sensor positioned at the guiding
catheter tip. The 0.014-in pressure guide wire (St. Jude

Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).
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TABLE I. Baseline Clinical and Angiographic Data
MCG level
Variable Low n=30 Borderline n =40 High n=17 P value
Clinical
Age (years) 65.8+£10.3 70.74+9.0 743+£59 0.008
Male sex 22 (73) 24 (60) 14 (82) 0.22
Diabetes 18 (60) 14 (35) 6 (35) 0.090
Hypertension 26 (87) 30 (75) 15 (88) 0.42
Systolic blood pressure (mm Hg) 133+£15 130+ 14 137+15 0.28
Dyslipidemia 26 (87) 32 (80) 12 (71) 0.38
Total-cholesterol (mg/dL) 185 +36 189 +£32 187 +33 0.91
HDL-cholesterol (mg/dL) 54416 54+13 48+ 14 0.31
Chronic kidney disease
0 0 (0) 2 (5 0 (0) 0.86
1 2(7) 3(8) 2 (12) -
2 20 (67) 25 (63) 9 (53) -
3 8 (27) 10 (25) 6 (35) -
Smoking 9 (30) 8 (20) 3 (18) 0.60
CCS class
0 12 (40) 10 (25) 6 (35) 0.38
1 10 (33) 13 (33) 2 (12) -
2 5(17) 11 (28) 7 (41) -
3 3 (10) 6 (15) 2 (12) -
Ejection fraction (%) 71.4+6.1 70.5+8.2 71.5£6.6 0.84
Left ventricular hypertrophy 7 (23) 7 (19) 9 (53) 0.034
BNP (pg/mL) 23.4 [17.4-37.3] 25.2 [14.8-39.4] 48.4 [20.4-66.8] 0.25
hs-CRP (mg/dL) 0.12 [0.06-0.34] 0.13 [0.04-0.45] 0.11 [0.06-0.29] 0.97
Calcium channel blocker 11 (37) 21 (53) 6 (35) 0.31
Beta blocker 7 (23) 7 (18) 4 (24) 0.78
ACEI/ARB 22 (73) 16 (40) 6 (35) 0.009
Statin 26 (87) 34 (85) 11 (65) 0.19
Angiography
Indicated lesions per patient 22+1.3 19+1.2 3.1+1.2 0.006
50-75% narrowing 33 (43) 33 (43) 11 (14) 0.60
75-90% narrowing 24 (33) 26 (36) 23 (32) 0.23
90-99% narrowing 8 (22) 15 (42) 13 (36) 0.054
Total occlusion 0 (0) 0 (0) 5 (100) 0.001
Proximal LAD lesion 7 (21) 17 (52) 9 (27) 0.090
Diagnosis test
ECG Negative 24 (80) 35 (88) 11 (65) 0.14
Positive 6 (20) 5 (13) 6 (35) -

FRS Low 13 2 (5 0 (0) 0.040
Intermediate 9 (30) 19 (48) 2 (12) -
High 20 (67) 19 (48) 15 (88) -

SS Low (<6) 12 (40) 10 (25) 2 (12) 0.005
Medium (7-12) 12 (40) 16 (40) 2 (12) -
High (>13) 6 (20) 14 (35) 13 (76) -

FSS Low (<6) 20 (67) 20 (50) 3 (18) <0.001
Medium (7-12) 7 (23) 13 (33) 2 (12) -
High (>13) 3 (10) 7 (18) 12 (71) -

Values are mean = SD or median [interquartile] or number (percentage of total).

The P values were obtained from the analysis of variance, Kruskal-Wallis test, or Fisher exact test.

HDL: high-density lipoprotein; CCS: Canadian cardiovascular society; BNP: brain natriuretic peptide; hs-CRP: high sensitivity C-reactive protein;
ACEI angiotensin-converting enzyme inhibitors; ARB: angiotensin II type 1 receptor antagonists; LAD: left anterior descending; ECG: electrocardio-

gram; FRS: Framingham risk score.

Medical, Minneapolis, MN) was then advanced distally
to the stenosis, and FFR was measured at maximal hy-
peremia induced by intravenous adenosine triphosphate
administered at 150 pg/kg/min through a central or

forearm vein. It was then calculated as the mean distal
coronary pressure divided by the mean aortic pressure
during maximal hyperemia. Functional significance
was defined as FFR values <0.80. FFR measurements
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ANOVA p=0.001
p <0.05
<0.05
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Fig. 1. The SS and FSS according to increasing risks based
on the MCG scores. The SS in A and FSS in B were signifi-
cantly associated with an increasing risk of the MCG score
(ANOVA, P =0.001 and ANOVA, P<0.001). The SS and FSS for
the individual low, borderline, and high MCG scores were

were deferred when vessels had obvious severe lesions
(>99%) with a delayed coronary flow or had no signif-
icant stenosis (<50%) as observed on CAG.

Definition of Clinical Characteristics

Diabetes mellitus was defined as the patient was taking
any antihyperglycemic medication or had previously been
diagnosed with diabetes mellitus. Hypertensive patients
were those with documented blood pressure >140/
90 mm Hg on two or more occasions, or who were al-
ready on antihypertensive therapy. A positive smoking
status was defined as the patient currently smoking or
had quit less than a year before entering the study.
Chronic kidney disease stages were defined according to
estimated glomerular filtration rate levels [18].

STATISTICAL ANALYSES

On clinical, angiographic, and diagnostic characteris-
tics, variables were stratified according to SS tertiles,
and three groups of FSS were divided by the same cut-
off score based on SS tertiles. Categorical data were
summarized as frequency (%) and continuous data
were expressed as mean and standard deviation, or me-
dian and interquartile range as appropriate. The repro-
ducibility of SYNTAX scoring was evaluated by
calculating interobserver reliability using intraclass cor-
relation. For evaluating the relationship between the is-
chemia level and three tests as predictors, the odds
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8.8+6.1 and 5.1+6.0, 10.9+7.0, and 7.0+7.9, and 17.2+9.7
and 15.4 +10.0, respectively. SS: SYNTAX score; FSS: func-
tional SYNTAX score; MCG: multifunction cardiogram; ANOVA:
analysis of variance.

ratio (OR) was calculated by applying a cumulative
logit regression model on each of the three tests. We
also conducted a logistic regression analysis to estimate
the OR for the need for revascularization. The Akaike
Information Criterion was used to compare the good-
ness of fit between the three models [19,20]. Dicho-
tomized data were used to calculate the accuracy,
sensitivity, specificity, and positive (PPV) and negative
predictive values (NPV), with their 95% confidential
intervals (CIs). Agreement between the SS and FSS,
and the three tests was evaluated by using Cohen’s
kappa coefficient. Sensitivity was calculated by divid-
ing the number of patients with positive test results
and high SS and FSS (considered as a true positive) by
the total number of patients with high SS and FSS.
Specificity was calculated by dividing the number of
patients with a negative test results and patients with
low to intermediate SS and FSS (considered as a true
negative) by the total number of patients with low to
intermediate SS and FSS. We constructed receiver
operating curve (ROC) plots to determine the best cut-
off MCG scores for the prediction of high SS and FSS.
Three MCG score groups (low, borderline, and high)
were evaluated using analysis of variance (ANOVA),
and Fisher least significant difference test for multi-
ple comparisons to determine their associations with
the SS and FSS. A P <0.05 was considered statisti-
cally significant. All statistical analyses were per-
formed using the SAS 9.3 software (SAS institute,
Cary).

Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).



TABLE Il. Cumulative Logit Model Analysis of the Results of
the Three Tests for the Prediction of SS and FSS

Classic SS
OR (95%CI) P value AIC OR P value AIC

MCG 2.92 (1.60-5.31) <0.001 182.5 3.66 (1.95-6.87) <0.001 169.9
ECG 1.58 (0.59-4.26) 0.37 1949 1.60 (0.604.28) 0.35 186.8
FRS 1.16 (0.58-2.32) 0.68 1955 1.09 (0.54-2.22) 0.81 187.5

Functional SS

Test

SS: SYNTAX score; FSS: functional SYNTAX score; OR: odds ratio;
AIC: Akaike information criterion; MCG: multifunction cardiogram;
ECG: electrocardiogram; FRS: Framingham risk score.

RESULTS
Baseline Characteristics

Table I outlines the baseline clinical characteristics of
all the 87 patients with low (n=30), borderline (n =40),
and high MCG scores (n=17). Patients with high MCG
scores were significantly older and had a high prevalence
of left ventricular hypertrophy. Based on CAG findings,
191 lesions were selected for the calculation of SS. The
indicated lesions per patient in the low, borderline, and
high MCG score groups were 2.2+ 1.3, 1.9+1.2, and
3.1£1.2, respectively (P=0.006). The high MCG
scores were significantly associated with the increasing
severity of diameter stenosis.

Reproducibility of the SYNTAX Score (SS)

The mean values of the SS calculated by 2 cardiolo-
gists were 11.4+7.9 and 11.8 £8.4, whereas those of

w0~ A
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FSS were 7.8+8.7 and 7.5+8.4, respectively. An
interobserver reliability of classic SS using the intra-
class correlation analysis was 0.749, 95% CI: 0.412 to
0.875, and that of FSS was 0823, 95% CI: 0.434 to
0.922.

Association between Various Tests and SS and
FSS

Figure 1 shows the association between the three
MCG score groups and the SSs and FSSs. The SSs and
the FSSs in the low, borderline, and high MCG score
groups were 8.8£6.1 and 5.1+6.0, 10.9+£7.0, and
7.0+7.9, and 17.2+£9.7 and 15.4 4 10.0, respectively.
The high MCG score was related to the increasing SSs
(ANOVA, P=0.001) and FSSs (ANOVA, P <0.001).
Table II shows the cumulative logit model analysis of
the results of three tests for the prediction of SS and
FSS. The MCG was the only test significantly associ-
ated with SS (OR, 2.92 [1.60-5.31], P <0.001) and
FSS (OR, 3.66 [1.95-6.87], P < 0.001).

Predictive Values of MCG, ECG, and FRS for SS
and FSS

Table III shows the values predictive of high SS and
FSS that were measured using the MCG (high vs. bor-
derline/low), ECG (positive vs. negative), and FRS
(high vs. intermediate/low). The high MCG scores (>
4.0) had specificity rates of 92.6% (89.0-96.2%) and

w0l B

Sensitivity

0 ’ 1 L 1 L 1
(1] 20 40 60 80 100
100-Specificity

Fig. 2. ROC analyses of the MCG scores for the prediction of high SS and FSS. The area
under the ROC curve of the MCG scores for the prediction of high SS (> 13) in A and high
FSS (> 13) in B were 0.69 (0.58-0.77) and 0.76 (0.65-0.84), respectively. The optimal cutoff
value identified though the ROC analysis was 4.4 and 4.8, respectively, which produced a
sensitivity of 48.5 and 59.1%, and a specificity of 85.2 and 89.2%, respectively. ROC: receiver
operating curve; MCG: multifunction cardiogram; SS: SYNTAX score; FSS: functional SYNTAX

score.
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A

Fig. 3. Representative images of CAG from the patient who
showed no resting ECG abnormality with functional ischemia
in A and without functional ischemia in B. The resting ECG of
both patient A and patient B showed no abnormality. The av-
erage MCG score of patient A was 5.0 and the multivessel
disease was found on CAG. The SS and FSS of patient A were

Catheterization and Cardiovascular Interventions DOI 10.1002/ccd.

26 and 19, respectively. The average MCG score of patient B
was 0.0, and no significant stenosis was found on CAG. The
SS and FSS of patient B were 15 and 0, respectively. CAG:
coronary angiography; ECG: electrocardiography, MCG: multi-
function cardiogram; SS: SYNTAX score; FSS: functional SYN-
TAX score.

Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).



Relationship of MCG to Functional SS 7

TABLE lll. Predictive value of the SS and FSS measured using the MCG, ECG, and FRS

Kappa coefficient
Test (95%CTI) P value Accuracy Sensitivity Specificity PPV NPV
Classic SYNTAX score
MCG 0.35 724 39.4 92.6 76.5 714
(H vs. B/L) (0.16-0.55) (67.6-77.2) (30.9-47.9) (89.0-96.2) (66.2-86.8) (66.0-76.8)
ECG 0.14 0.14 63.2 27.3 85.2 529 65.7
(P vs. N) (—0.06-0.33) (58.0-68.4) (19.5-35.0) (80.4-90.0) (40.8-65.0) (60.0-71.4)
FRS 0.02 0.002 48.3 63.6 38.9 38.9 63.6
(H vs. I/L) (—0.16-0.21) (42.9-53.6) (55.3-72.0) (32.3-45.5) (32.3-45.5) (55.3-72.0)
Functional SYNTAX score
MCG 0.51 82.8 54.5 92.3 70.6 85.7
(H vs. B/L) (0.29-0.72) (78.7-86.8) (43.9-65.2) (89.0-95.6) (59.5-81.6) (81.5-89.9)
ECG 0.18 0.017 71.3 31.8 84.6 41.2 78.6
(P vs. N) (—0.05-0.41) (66.4-76.1) (21.9-41.7) (80.1-89.1) (29.2-53.1) (73.7-83.5)
FRS 0.01 <0.001 44.8 63.6 38.5 259 75.8
(H vs. I/L) (—0.14-0.17) (39.5-50.2) (53.4-73.9) (32.4-44.5) (20.0-31.9) (68.3-83.2)

SS: SYNTAX score; FSS: functional SYNTAX score; OR: odds ratio; AIC: Akaike information criterion; MCG: multifunction cardiogram; ECG:

electrocardiogram; FRS: Framingham risk score.

92.3% (89.0-95.6%), and relatively high NPVs of
71.4% (66.0-76.8%) and 85.7% (81.5-89.9%) for the
prediction of high SS and FSS, respectively. The MCG
showed a predictive accuracy of 72.4% (67.6-77.2%)
for SS and 82.8% (78.7-86.8%) for FSS. The areas
under the ROC curve (AUC) for the MCG scores in
the prediction of high SS and FSS were 0.69 (0.58-
0.77) and 0.76 (0.65-0.84), and the optimal cutoff
value identified though the ROC analysis was 4.4 and
4.8, with a sensitivity of 48.5 and 59.1%, respectively,
and a specificity of 85.2 and 89.2%, respectively (Fig.
2). Figure 3 shows the representative images of CAG
from the patient who showed no resting ECG abnor-
mality with functional ischemia in A and without func-
tional ischemia in B. The average MCG score of
patient A was 5.0 and the multivessel disease was
found on CAG. The SS and FSS of this patient were
26 and 19, respectively. The average MCG score of
patient B was 0.0, and no significant stenosis was
found on CAG. The SS and FSS of this patient were
15 and O, respectively.

DISCUSSION

The major findings in this study are that the MCG
score was significantly associated with not only the SS
but also the FSS in a relatively high-risk population
with or without known CAD. Furthermore, the high
MCG scores showed relatively high predictive accu-
racy for high FSS. These findings could have signifi-
cant clinical implications on the improvement of
noninvasive diagnosis tests in terms of the diagnosis of
relevant ischemic heart disease.

Recently the SS, which is based on coronary anat-
omy and lesion characteristics, was introduced to quan-

tify lesion complexity and to predict clinical outcomes
after PCI in patients with multivessel CAD [1-4].
However, the potential benefit of revascularization
depends on the presence of myocardial ischemia; there-
fore, careful identification of ischemia-inducing stenosis
allows for a greater benefit from revascularization, espe-
cially in patients with stable angina pectoris [5—10]. In
this regard, the FSS, which is the modified SS after
counting only lesions prone to ischemia with
FFR <0.80, has been advocated regarding decision
making in the choice of revascularization strategies [11].
Nevertheless, performing CAG and measuring FFR to
calculate the SS and FSS is inherently invasive and
adds complexity. Hence, in the clinical setting, many
unnecessary CAGs are often performed, resulting in
increased risks of safety and economic problems. Mean-
while, the MCG has been studied as an innovative com-
putational electrophysiological signal analysis tool for
the noninvasive diagnosis of relevant ischemia [12—15].
In the present study, we related the relatively high accu-
racy of the MCG to the FSS, therefore providing an al-
ternative for contemporary noninvasive diagnostic
modalities for the detection of relevant ischemia as a
gatekeeper for CAG, especially in patients who are not
able to perform exercise and have low kidney function.
In this study, the SSs and FSSs were significantly
associated with an increasing from the low- and
borderline-risk groups to the high-risk group based on
MCG scores. This difference seemed to be greater for
the FSS compared with the SS. In addition, the predic-
tive accuracy of the MCG also tended to be higher for
the FSS (82.8%) compared with the SS (72.4%). The
information provided by the MCG indicates the level
of myocardial damage and other information such as
coronary damage, area of damage, and myocardial
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pathological and physiopathological conditions are
indicated in the report. Therefore, the predictive ability
of the MCG might be greater for the FSS, which is
obtained by counting ischemia-provoking lesions, than
for the SS, which is simply angiography based.

Compared with the ischemia level in the previous
reports [12—15], the SS and FSS in the present study
have better prognostic values [1-3,11]. Therefore, the
relationship between the MCG, and the SS and FSS
observed in this study might contribute not only to the
reduction of unnecessary CAGs but also in providing the
potential risk stratification, especially in patients who are
not able to exercise and have low kidney function.

STUDY LIMITATIONS

Even the FSS used ischemia severity score as a ref-
erence for functional ischemia still does not include
patient characteristics. Recent studies have demon-
strated the superiority of the incorporation of clinical
risk factors into scoring systems, such as the clinical
SS [21,22]. However, this was not the subject of this
study; the main focus rather was the comparison
between the MCG and clinical risk factors such as
FRS for the prediction of SS and FSS.

CONCLUSIONS

The MCG could have relatively high predictive val-
ues for functional cardiac ischemia as assessed by the
FSS and thus could contribute to the risk stratification
of patients who are not suitable to undergo invasive di-
agnosis tests.
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