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ABSTRACT

Purpose The aim of our work was to demonstrate the impor-

tance of artificial intelligence-based analysis of fractional flow

reserves of computed tomographically detected coronary ar-

tery stenosis with regard to their hemodynamic relevance in

patients with unclear chest pain and suspected stable coron-

ary heart disease with a low to medium pre-test probability.

Material and Methods The collective of our retrospective

analysis includes 63 patients in whom coronary artery stenosis

was detected by volume computed tomographic examination

in “one beat, whole heart” mode in the period from March to

October 2022. In these patients, the fractional flow reserve

was also determined by computed tomography, which was

modulated by the use of artificial intelligence.

Results The calculated values of the fractional flow reserve

and the degrees of stenosis determined by computed tomog-

raphy showed a moderate and significant negative correlation

for all three coronary vascular territories (LAD/CX/RCA) (cor-

relation coefficient rho = 0.54/0.54/0.6; p < 0.01 respectively).

In just over a third (37.6 %) of all stenoses classified as high-

grade by computed tomography, the assessment of hemody-

namic relevance by calculating the fractional flow reserve

deviated from the severity of the stenosis diagnosed by com-

puted tomography, while the results in the peripheral areas

“no stenosis/vascular occlusion” were 100 % consistent in

each case.

Conclusion The present results of this work illustrate that

the calculation of the fractional flow reserve based on artificial

intelligence as a supplement to volume computed tomog-

raphy of the heart can make a decisive contribution to further

therapy planning by increasing the specificity of the purely

morphological method by the physiological aspect.

Key Points
▪ Calculation of fractional flow reserve is a useful addition to

computed tomography of the heart.

▪ It provides possibility to dispense with unnecessary further

diagnostics by increasing specificity.

▪ The combination of both procedures leads to therapy op-

timization for patients.

Citation Format
▪ Noblé H, Mühlbauer N, Ehling J et al. The value of AI-based

analysis of fractional flow reserve of volume computed to-

mographically detected coronary artery stenosis with re-

gard to their hemodynamic relevance. Fortschr Röntgenstr

2024; 196: 1253–1261

ZUSAMMENFASSUNG

Ziel Ziel unserer Arbeit war der Nachweis der Bedeutung auf

künstlicher Intelligenz basierender Analyse fraktioneller Fluss-

reserven computertomografisch nachgewiesener Koronar-

arterienstenosen im Hinblick auf deren hämodynamische Re-

Heart
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levanz bei Patienten mit unklaren Brustschmerzen und dem

Verdacht auf eine stabile koronare Herzerkrankung bei niedri-

ger bis mittlerer Vortestwahrscheinlichkeit.

Material und Methoden Das Kollektiv unserer retrospekti-

ven Analyse umfasst 63 Patienten, bei denen im Zeitraum

von März bis Oktober 2022 mittels volumencomputertomo-

grafischer Untersuchung im „one beat, whole heart“-Modus

eine Koronararterienstenose nachgewiesen wurde. Bei diesen

Patienten erfolgte zudem eine computertomografisch ge-

stützte Bestimmung der fraktionellen Flussreserve, die durch

den Einsatz künstlicher Intelligenz moduliert wurde.

Ergebnis Die berechneten Werte der fraktionellen Flussre-

serve und die computertomografisch bestimmten Stenose-

grade wiesen für alle drei koronaren Gefäßterritorien (LAD/

CX/RCA) eine mittelstarke und signifikante negative Korrela-

tion auf (Korrelationskoeffizient rho = 0,54/0,54/0,6; p < 0,01

respektive). In über einem Drittel (37,6 %) aller computer-

tomografisch als hochgradig eingestuften Stenosen wich die

Beurteilung der hämodynamischen Relevanz durch Berech-

nung der fraktionellen Flussreserve vom Schweregrad der

computertomografisch diagnostizierten Stenose ab, während

die Ergebnisse in den Randbereichen „keine Stenose/Ge-

fäßverschluss“ jeweils zu 100% übereinstimmten.

Schlussfolgerung Die vorliegenden Ergebnisse dieser Arbeit

veranschaulichen, dass die auf künstlicher Intelligenz basier-

ende Berechnung der fraktionellen Flussreserve als Ergänzung

zur Volumen-Computertomografie des Herzens durch Erhö-

hung der Spezifität des rein morphologischen Verfahrens um

den physiologischen Aspekt einen entscheidenden Beitrag zur

weiteren Therapieplanung leisten kann.

Kernaussagen
▪ Die Berechnung fraktioneller Flussreserve ist eine sinnvolle

Ergänzung der Computertomografien des Herzens.

▪ Sie ermöglicht Verzicht auf unnötige weiterführende

Diagnostik durch Erhöhung der Spezifität.

▪ Die Kombination beider Verfahren führt zur Therapieopti-

mierung für die Patienten.

Introduction

Coronary heart disease (CHD) is one of the most common causes
of death among the group of cardiovascular deaths; in 2020, it
was the most common cause of death in Germany [1, 2]. The
technical development of cardiac computed tomography [3–5],
particularly in the last 10 years, has led, given the appropriate
findings, to its replacing invasive left heart catheterization, which
entails increased health risks for patients [6–8], as the recognized
gold standard for evaluating existing coronary artery stenoses;
furthermore, in the current guidelines, computed tomography is
now given a class 1 recommendation in patients with unclear
chest pain and suspected stable CHD according to the pre-test
probability (15–50%) of stenosing CHD [9]. Although cCTA, as a
morphological procedure, has a high negative predictive value of
97–99% [10], there are limitations in the assessment of the phys-
iological aspect, i. e., whether the coronary artery stenosis whose
morphology is captured on CT is actually of clinical relevance – in
other words, whether it has led to ischemia, and, if so, to what ex-
tent. The method of determining fractional flow reserves (FFR)
can be used to better assess the functional relevance of the steno-
ses visualized graphically on CT, and thus to better plan further
treatment, taking into account all of the restrictions and burdens
this may entail for the patient as well as the resulting cost. This
can now also be done as an AI-based non-invasive procedure
(FFRCT) [11]. This procedure enables greater specificity than can
be achieved with cCTA alone. In combination with the clinical as-
pects and the anatomical and morphological findings from cCTA,
it makes a critical contribution to evaluating the relevance of ste-
noses, i. e., whether there is actual ischemia, and thus to deter-
mining the appropriate treatment [12]. Omitting an initial cardiac
catheterization in favor of cCTA does not result in an increased risk
of MACE (major adverse cardiac events); at the same time, it low-
ers the risk of major procedural complications [13]. Studies to this

effect have already been conducted in America; consequently,
FFRCT is already part of American guidelines [14], and is at least
mentioned in the ESC guidelines [15].

The objective of this study was to use retrospective AI-based
analysis of fractional flow reserve based on volume computed to-
mography of the heart to investigate the possibility of assessing
the hemodynamic relevance of coronary artery stenoses con-
firmedmorphologically on CT in patients with stable CHD and ste-
nosis ranging in degree from 40–90% using FFRCT, and, based on
this analysis, the possibility of avoiding additional direct (invasive)
examinations and adapting and optimizing the subsequent thera-
peutic procedure.

Materials and Methods

Patient Cohort

The patient cohort in our retrospective analysis comprises pseu-
donymized data from 63 patients at our hospital in Cologne, in-
cluding 13 women (20.6 %) and 50 men (79.4 %) who underwent
FFRCT between March and October 2022. The indication for this
was established in accordance with the class 2a recommendation
of the American guidelines (2021 AHA/ACC Chest Pain Guideline
[9]) for patients in whom, in the context of diagnostic confirma-
tion of unclear chest pain and suspicion of stable CHD, moderate
to higher-grade (40–90%) stenosis had been detected by means
of cCTA in at least one of the three major coronary arteries, LAD,
Cx, or RCA; for this purpose we classified the degree of stenosis
according to the classification recommendation of the AHA as
0 = no stenosis (< 25%), 1 =mild stenosis (25–50%), 2 =moderate
stenosis (50–75%), 3 = severe stenosis (75–90% and > 90%), and
4 = complete vessel occlusion (100 %). Patients who presented
with unstable angina or acute coronary syndrome were excluded
from the study and received further treatment in accordance with
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the guidelines relating to their clinical picture [9]. As FFRCT and
cardiac CT are not (yet) covered by health insurance in the context
of diagnosing stable CHD, our patient cohort only includes direct
payers and private patients.

The Computed Tomography Scanner

The cCTA datasets were reconstructed according to routine clini-
cal practice using DLIR (TrueFidelity from GE Healthcare) at high
(DLIR-H) levels (using HD kennels). The scanning parameters
were as follows: 100 kVp tube voltage, a noise index of 37.8,
256 × 0.625mm detector collimation with dynamic focal spot
imaging, and a gantry rotation time of 230ms. The protocol for
CM administration was carried out as follows: 70mL of CM at a
flow rate of 6mL/s, followed by 40mL of NaCl at a flow rate of
3.5mL/s.

The Software

The technology for obtaining FFRCTwas provided by HeartFlow, a
company based in Mountain View, California that uses state-of-
the-art AI technology in the field of image analysis. With reference
to the multicenter study by Nørgaard et al. from 2014 [12] in
which FFRCT calculations obtained from cCTA, called FFRCT,
were compared to the invasive FFRCTused as the reference stand-
ard, the manufacturer indicates an accuracy of 86 % for its FFRCT
calculations [11]. The procedure is standardized. Previously de-
scribed algorithms are used to create an individual digital model
of the coronary arteries of the respective patient; this is then
checked and, if necessary, revised by appropriately trained ana-
lysts. The final result is a color digital 3 D model of the coronary
arteries, which is used to visualize the relevance of stenoses by re-
stricting blood flow.

According to studies, an FFR value of < 0.75 reliably indicates
hemodynamically relevant stenosis, while a value > 0.8 excludes
relevant stenosis [16]. A cut-off value of 0.8 has been established.
This applies to both the invasive measurement and the AI-based
analysis: with the same reference values, the pressure is measured
2 cm distal to the previously described lesion, using AI-based
technology which allows the physiological aspect and thus the
coronary blood flow in the vessels to be simulated from cCTA
[17].

Statistical Procedures

Statistical analyses were carried out using IBM SPSS software ver-
sion 29.0. Categorical variables were presented as relative and ab-
solute frequencies, and ordinal and non-normally distributed nu-

merical variables were presented as quartiles. The independent
subgroups of these variables were compared using the Mann-
Whitney-U test. In order to illustrate the relationships between or-
dinal and metric variables, the calculation was performed using
the Spearman non-parametric correlation. Normally distributed
metric variables were reported as the mean value ± standard de-
viation. Using a t-test for independent samples, 2 groups of inter-
val-scaled variables were each tested for mean value differences.
Pearson’s correlation was used to investigate the relationships be-
tween metric variables. A p-value < 5% (0.05) is considered signif-
icant, and a p-value of 1 % (0.01) or less is considered highly sig-
nificant.

Results

We investigated 63 patients, consisting of 13 women (20.6%) and
50 men (79.4%). The mean age of the patients was 70 years, with
a standard deviation of 8.8 years. At a mean age of 70.5 years (63–
77), the men were descriptively younger than the women, whose
mean age was 76 years (63.5–78.0). With a median BMI of 26.3
(24.1–27.8), the male patients were significantly heavier
(p < 0.001), and the analysis of the calcium score also showed sig-
nificance in terms of gender distribution. The calcium score was
significantly higher in men (p = 0.041). The demographic data
are summarized in ▶ Table 1.

Men were descriptively more likely than women to have at least
moderate stenosis (≥ 50%) in all three vessels. The degrees of cor-
onary artery stenosis found on cCTA and the maximum degree in
gender comparison are illustrated in ▶ Table 2 using the chi-
squared test.

The stenosis of the LAD and Cx, determined on cCTA, was de-
scriptively but not significantly higher in men than in women.

The fractional flow reserve in FFRCTwas also higher on average
in the female patients, as shown by the Mann-Whitney U test.
Here, a significant difference was found not only in the Cx
(p = 0.002), but also in the LAD (p = 0.005), as well as in MinFFRCT
(p = 0.021), see ▶ Table 3.

Furthermore, the Spearman non-parametric correlation
showed a highly significant positive correlation between the de-
gree of stenosis and the respective calcium score (▶ Table 4).

The correlation coefficients showed a moderately to highly sig-
nificant negative correlation between the FFRCTvalues and the re-
spective degrees of stenosis on cCTA, which means that FFRCT re-
flects the results of cCTA well in general (▶ Table 5).

▶ Table 1 Patients demographics and risk factors.

m (n =50) w (n = 13) total (n = 63)

Age 70.5 [63.0–77.0] 76.0 [63.5–78.0] 71 [63–77]

BMI 26.8 [25.3–28.1] 22.7 [22.4–24.9] 26.3 [24.1–27.8]

Calcium score 440 [163–982] 130 [65–521] 389 [108–827]
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The degrees of stenosis found on cCTA showed the following
hemodynamic relevance for individual coronary vessels on FFRCT
(▶ Table 6):

In the LAD, 65.2 % of the moderate-grade stenoses (grade 2)
described on cCTA were not hemodynamically relevant on FFRCT,

compared to 29.4 % of the stenoses described as high-grade
(grade 3) (▶ Fig. 1). ▶ Fig. 1–3 illustrate the proportion of steno-
ses classified as hemodynamically relevant or non-relevant ac-
cording to FFRCT for the respective stenosis grades according to
cCTA.

▶ Table 3 Mean flow reserve in coronary vessels in gender comparison.

Arteries Sex N Average SD

LAD (FFR CT) w 13 0.84 0.07

m 50 0.76 0.14

CX (FFR CT) w 13 0.92 0.06

m 50 0.85 0.09

RCA (FFR CT) w 13 0.89 0.07

m 49 0.88 0.09

MinFFR w 13 0.82 0.07

m 50 0.75 0.14

▶ Table 2 Degrees of stenosis in the cCTA broken down by gender.

Degree of stenosis cCTA w m total

LAD

0 (< 25%) 0 (0 %) 3 (6.0 %) 3 (4.8 %)

1 (25–50%) 4 (30.8 %) 15 (30.0 %) 19 (30.2%)

2 (50–75%) 8 (61.5 %) 15 (30.0 %) 23 (36.5%)

3 (75–90 and > 90%) 1 (7.7 %) 16 (32.0 %) 17 (27.0%)

4 (100%) 0 (0 %) 1 (2.0 %) 1 (1.6 %)

CX

0 (< 25%) 7 (46.2 %) 14 (29.2 %) 20 (32.8%)

1 (25–50%) 6 (46.2 %) 13 (27.1 %) 19 (31.1%)

2 (50–75%) 1 (7.7 %) 13 (27.1 %) 14 (23.0%)

3 (75–90% and > 90%) 0 (%) 8 (16.7 %) 8 (13.1%)

4 (100%) 0 (0 %) 0 (0 %) 0 (0%)

RCA

0 (< 25%) 8 (61.5 %) 18 (36.0 %) 26 (41.3%)

1 (25–50%) 0 (0 %) 11 (22.0 %) 11 (17.5%)

2 (50–75%) 4 (30.8 %) 16 (32.0 %) 20 (31.7%)

3 (75–90% and > 90%) 1 (7.7 %) 5 (10.0 %) 6 (9.5 %)

4 (100%) 0 (0 %) 0 (0 %) 0 (0%)

MaxCoro

0 (< 25%) 0 (0 %) 2 (4.0 %) 2 (3.2 %)

1 (25–50%) 3 (23.1 %) 8 (16.0 %) 11 (17.5%)

2 (50–75%) 8 (61.5 %) 19 (38.0 %) 27 (42.9%)

3 (75–90% and > 90%) 2 (15.4 %) 20 (40.0 %) 22 (34.9%)

4 (100%) 0 (0 %) 1 (2.0 %) 1 (1.6 %)
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▶ Table 4 Relationship between degree of stenosis and calcium score in the Spearman correlation.

CT calcium score LAD (CTA) CX (CTA) RCA (CTA) MaxCoro (CTA)

Correlation coefficient ρ 0.348** 0.599** 0.566** 0.388**

Sig. (2-sided) 0.005 0.000 0.000 0.002

** significant at the level of 1 %.

▶ Table 5 Relationship between cCTA and FFRct.

LAD (FFR CT) CX (FFR CT) RCA (FFR CT) MinFFR (mini-
mum of FFR-CT
results)

LAD (CoroCT) Correlation coefficient –0.542** –0.394** –0.394** –0.540**

Sig. (2-sided) 0.000 0.001 0.002 0.000

CX (CoroCT) Correlation coefficient –0.399** –0.540** –0.511** –0.572**

Sig. (2-sided) 0.001 0.000 0.000 0.000

RCA (CoroCT) Correlation coefficient –0.102 –0.274* –0.604** –0.344**

Sig. (2-sided) 0.428 0.030 0.000 0.006

MaxCoro (maxi-
mum of CoroCT
results)

Correlation coefficient –0.433** –0.530** –0.615** –0.596**

Sig. (2-sided) 0.000 0.000 0.000 0.000

** significant at the level of 1 %.

▶ Table 6 Hemodynamic relevance of stenosis degrees according to cCTA per coronary vessel.

Degree of stenosis cCTA FFRct > 0.8
(hemodynamically non- relevant)

FFRct ≤0.8
(hemodynamically relevant)

LAD

0 (< 25%) 3 (100%) 0 (0%)

1 (25–50%) 17 (89.5%) 2 (10.5 %)

2 (50–75%) 15 (65.2%) 8 (34.8 %)

3 (75–90% und > 90%) 5 (29.4%) 12 (70.6%)

4 (100%) 0 (0%) 1 (100%)

CX

0 (< 25%) 20 (100%) 0 (0%)

1 (25–50%) 19 (100%) 0 (0%)

2 (50–75%) 10 (71.4%) 4 (28.6 %)

3 (75–90 and > 90%) 4 (50.0%) 4 (50.0 %)

4 (100%) 0 (0%) 0 (0%)
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In the Cx, hemodynamic relevance was found in 28.6 % of pa-
tients with moderate stenosis, and was excluded in 71.4 %. Of the
high-grade stenoses, 50% were found to be hemodynamically rel-
evant; in the other 50%, hemodynamic relevance could be ruled
out (▶ Fig. 2).

The assessment of the stenosis grades 0 (no stenosis) and 1
(mild stenosis) determined on cCTA was also consistent for the
RCA, and hemodynamic relevance was excluded in each case.
FFRCT showed that 85% of the moderate stenoses were not he-
modynamically relevant, while 15 % were. In the case of severe
stenosis, absence of hemodynamic relevance was found in 33.3%
of cases (▶ Fig. 3).

As an example, invasive confirmation in the case of undetected
stenosis is shown in ▶ Fig. 4 and detected stenosis in ▶ Fig. 5.

Conclusion

Our study showed that the FFRCT values correlate to the cCTA val-
ues to a highly significant degree, i. e., FFRCT generally reflects
the results of cCTA.

Furthermore, it was shown that the assessment of hemody-
namic relevance by FFRCT differed from the severity of the steno-
sis diagnosed by cCTA in a good third of all stenoses described as
high-grade on computed tomography. The discrepancies were

greatest for all 3 vessels in the range of moderate to high-grade
stenosis, while results in the marginal range “no stenosis/vascular
occlusion” were 100% consistent in each case.

The available data illustrate that FFRCT, which is regarded as a
validated method in the literature [13, 18, 19], used as a supple-
ment to cCTA in accordance with national and international

▶ Table 6 (Continuation)

Degree of stenosis cCTA FFRct > 0.8
(hemodynamically non- relevant)

FFRct ≤0.8
(hemodynamically relevant)

RCA

0 (< 25%) 26 (100%) 0 (0%)

1 (25–50%) 11 (100%) 0 (0%)

2 (50–75%) 17 (85.0%) 3 (15.0 %)

3 (75–90% and > 90%) 2 (33.3%) 4 (66.7 %)

4 (100%) 0 (0%) 0 (0%)

▶ Fig. 3 Degrees of stenosis and hemodynamic relevance of frac-
tional flow reserve in the Arteria coronaria dextra (right coronary
artery, RCA).

▶ Fig. 1 Degrees of stenosis and hemodynamic relevance of frac-
tional flow reserve in the Ramus interventrikularis anterior (left
anterior descending, LAD).

▶ Fig. 2 Degrees of stenosis and hemodynamic relevance of frac-
tional flow reserve in the Ramus circumflexus (CX).
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guidelines on the treatment of CHD, can make a decisive contri-
bution to the planning of further treatment.

Discussion

The rapid technical developments, particularly over the last 10–
15 years, have necessitated a fundamental rethink, especially in
the diagnosis of CHD. As the advent of volume computed tomog-
raphy has opened up new possibilities [20], the recommendations
in the guidelines have also changed over time, both nationally and
internationally [9, 14, 15]. Based on study results with appropriate
data, there has been a slow but steady change in the recommen-
dations on the diagnosis of patients with unclear chest pain and
suspected stable CHD and with a low to moderate pre-test prob-
ability. With a sensitivity of 93% and specificity of 86% [21], cardi-
ac CT has developed as a true alternative to cardiac catheteriza-
tion, also due to the increasingly lower radiation exposure [4].
However, as a purely morphological procedure, it lacks the phys-
iological aspect, i. e., the assessment of the actual hemodynamic
relevance of a detected stenosis. Here, FFRCT has become in-
creasingly important as a non-invasive method for AI-based deter-
mination of hemodynamic relevance. By calculating the fractional
flow reserve from the collected cardiac CT data, this technique

can model the hemodynamic relevance of stenosis, thus making
a decisive contribution to further treatment planning in accord-
ance with the recommendations set out in the guidelines.

Even though the former gold standard, cardiac catheterization,
is only recommended as an invasive procedure in the National
Care Guideline for Chronic CHC [5], and is no longer used for diag-
nostic purposes, to date only cardiac catheterization is covered by
health insurance. Cardiac CT is not. Nevertheless, there is a broad
consensus at the medical and professional level concerning the
usefulness of this technology, and both access to high-end equip-
ment and the guarantee of the necessary professional expertise
by radiologists and cardiologists qualified in this specialty are
now ensured throughout Germany [22].

A wide range of studies [13, 18, 19] has ultimately led to FFRCT
already receiving a class 2a recommendation in the 2021 Ameri-
can guidelines on the diagnosis of patients with unclear chest
pain and suspected stable CHD, and is already mentioned in the
2019 European guidelines. There is no recommendation (yet) in
the 2022 German National Healthcare Guideline [9, 14, 15].

Against the backdrop of the current body of study data [13, 18,
19] and the recommendations in the respective guidelines [9, 14,
15], our study shows the benefit of combining cCTA and FFRCT so
as to optimize the findings by supplementing the morphological
data with the physiological aspect; this makes it possible to avoid

▶ Fig. 4 Invasive confirmation of the result of FFRct by invasive FFR using the example of non-relevant coronary artery stenosis.
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unnecessary invasive, risky, and costly procedures in the diagnosis
of unclear chest pain and suspected stable CHD in patients with a
pretest probability of 15–50 %, while still managing to achieve
high sensitivity and specificity with no demonstrable increased
risk for patients [13, 23–25].

The final assessment of these findings, obtained at the highest
quality level, is the responsibility of qualified specialists from the
fields of radiology and cardiology who determine the further pro-
cedure for each patient individually in the context of interdisci-
plinary consensus.

CLINICAL RELEVANCE OF THE STUDY

▪ Cardiac CT is becoming increasingly relevant due to ongo-

ing technical developments; the morphological assess-

ment it provides can be supplemented using FFRCT which

provides the physiological aspect, namely the hemody-

namic relevance of the detected stenosis.

▪ By increasing the specificity of cardiac CT through AI-

based calculation of the hemodynamic relevance of ste-

nosis, FFRCT makes it possible to avoid unnecessary inva-

sive, risky, and costly procedures, with no demonstrable

increased risk for patients.

▪ The results of this study may help to ensure that in future

FFRCTwill at least be mentioned in the National Healthcare

Guidelines in addition to cardiac CT, in line with the 2021

American guidelines and the 2019 European guidelines.
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▶ Fig. 5 Invasive confirmation of the result of FFRct by invasive FFR using the example of a relevant coronary artery stenosis.
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