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ABSTRACT

Introduction Current guideline recommend functional
imaging for myocardial ischaemia if coronary CT
angiography (CTA) has shown coronary artery disease (CAD)
of uncertain functional significance. However, diagnostic
accuracy of selective myocardial perfusion imaging after
coronary CTA is currently unclear. The Danish study of
Non-Invasive testing in Coronary Artery Disease 3 trial is
designed to evaluate head to head the diagnostic accuracy
of myocardial perfusion imaging with positron emission
tomography (PET) using the tracers 82Rubidium (’Rb-PET)
compared with oxygen-15 labelled water PET ('30-water-
PET) in patients with symptoms of obstructive CAD and a
coronary CT scan with suspected obstructive CAD.
Methods and analysis This prospective, multicentre, cross-
sectional study will include approximately 1000 symptomatic
patients without previous CAD. Patients are included after
referral to coronary CTA. All patients undergo a structured
interview and blood is sampled for genetic and proteomic
analysis and a coronary CTA. Patients with possible
obstructive CAD at coronary CTA are examined with both
82Rb-PET, "°0-water-PET and invasive coronary angiography
with three-vessel fractional flow reserve and thermodilution
measurements of coronary flow reserve. After enrolment,
patients are followed with Seattle Angina Questionnaires and
follow-up PET scans in patients with an initially abnormal
PET scan and for cardiovascular events in 10 years.

Ethics and dissemination Ethical approval was obtained
from Danish regional committee on health research ethics.
Written informed consent will be provided by all study
participants. Results of this study will be disseminated via
articles in international peer-reviewed journal.

Trial registration number NCT04707859.

BACKGROUND
Approximately 1% of all contacts to general
practitioners are related to chest discomfort.”

2
. Peter L Mgller,® Palle Duun Rohde,’

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The optimal algorithm for diagnosing coronary ar-
tery disease (CAD) is uncertain.

= Functional imaging for diagnosing myocardial isch-
aemia is recommended if coronary CT angiography
(CTA) has shown CAD but diagnostic performance is
not investigated.

WHAT THIS STUDY ADDS

= Head-to-head evaluation of the diagnostic perfor-
mance of ®rubidium-positron emission tomography
(PET) compared with "°0-water-PET.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The results are expected to add knowledge about
diagnostic strategies after coronary CTA.

Consequently, millions of diagnostic tests are
performed worldwide to diagnose obstruc-
tive coronary artery disease (CAD) despite
an overall low pretest probability of disease
in these patients.2 s Coronary CT angiog-
raphy (CTA) is an excellent test to rule out
obstructive atherosclerotic CAD due to a
very high negative predictive value and is
recommended by the European and Amer-
ican guidelines as the initial diagnostic test
to exclude obstructive CAD in the majority
of patients with de novo suspicion of CAD.*®
However, due to the low positive predic-
tive value of coronary CTA, current guide-
lines propose a selective myocardial perfu-
sion imaging strategy after inconclusive/
abnormal coronary CTA to non-invasively
rule-in obstructive CAD.*® The aim of using
the selective myocardial perfusion imaging
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Follow-up: National Patient Register at 1, 3 and 10 years
Seattle angina questionnaire at 3 and 12 months
Reinvestigations with PET at 1 year *

* Reinvestigations with PET only in patients with ischemia at baseline

Figure 1 Design of the Dan-NICAD trial. lllustration of the three Dan-NICAD studies. The design is similar but the studies
distinguishable with more advanced myocardial perfusion modalities, invasive investigation and follow-up in the later Dan-
NICAD studies. CAD, coronary artery disease; CMR, cardiac MR; Dan-NICAD, Danish study of Non-Invasive testing in Coronary
Artery Disease; FFR, fractional flow reserve; ICA, invasive coronary angiography; IMR, Index of Microvascular Resistance;
®0-water-PET, Oxygen-15 labelled water positron emission tomography, #Rb-PET, rubidium-82 labelled positron emission

tomography; SPECT, single-photon emission CT.

is to reduce the rates of unnecessary invasive coronary
angiographies (ICAs) and guide potential revascularisa-
tion. Very few studies, however, have evaluated the clin-
ical utility of a selective strategy of myocardial perfusion
imaging in patients with suspected obstructive CAD at
coronary CTA which is highlighted as a gap in evidence
by the 2019 European Society of Cardiology (ESC) guide-
lines on chronic coronary syndrome.

The Danish study of Non-Invasive testing in Coronary
Artery Disease (Dan-NICAD) trial programme started
in 2014 and aims to study the optimal individualised
diagnostic strategy for diagnosing obstructive CAD
(figure 1). In the Dan-NICAD programme, coronary
CTA is the firstline diagnostic test for all patients with
de novo suspicion of CAD. In patients where coronary
CTA does not exclude obstructive CAD, the diagnostic
accuracy of myocardial perfusion imaging tests has been
investigated with ICA with fractional flow reserve (FFR)
as reference. Hence, from 2014 to 2016, the Dan-NICAD
1 trial compared the diagnostic accuracy of single-photon
emission CT (SPECT) versus 1.5 Tesla cardiac MRI using
a randomised (1:1), controlled, open-labelled design.”®
Subsequently, from 2018 to 2020, the Dan-NICAD 2 trial
compared the diagnostic accuracy of *rubidium positron
emission tomography (**Rb-PET) versus 3 Tesla cardiac
MRI using a head-to-head comparison design.’ ' Simi-
larly, the present Dan-NICAD 3 study compares the diag-
nostic accuracy of ¥Rb-PET versus oxygen-15 labelled
water PET ("’O-water-PET) using a head-to-head design.
For both PET tracers applied in the Dan-NICAD 3 study,
previous investigations have demonstrated high diag-
nostic performances in symptomatic patients with high

Box 1 Study enrolment criteria

Criteria for inclusion

= Patients referred to coronary CTA due to symptoms suggestive of
CAD.

= Qualified patients who have signed a written informed consent form.

Criteria for exclusion

Demography and comorbidity

= Age below 30 years—acute coronary syndrome or unstable angina
pectoris.

= Previous revascularisation or known ischaemic heart disease—pa-
tients having undergone a heart transplantation, or having a me-
chanic heart, or mechanical heart pump.

= Patients not able to sufficient breath-hold (COPD/asthma).

Scan-specific exclusion criteria
Coronary CTA

= Pregnant women, including women who are potentially pregnant or
lactating. Reduced kidney function, with an estimated glomerular
filtration rate <40 mL/min. Allergy to X-ray contrast medium.

PET

= Very severe symptoms or critical 3 vessel or left main stem CAD at
coronary CTA evaluated at the site reading.

= Contraindication for adenosine (severe asthma, advanced AV block
or critical aorta stenosis).

Study enrolment criteria in the Dan-NICAD 3 study.
AV, atrioventricular; CAD, coronary artery disease; COPD, chronic

obstrucive pulmonary disease; CTA, CT angiography; PET, positron

emission tomography.
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pretest probability of obstructive CAD."" However, no
previous study has compared the diagnostic performance
of the two PET tracers in a head-to-head design, and none
of the tracers has been compared as part of a selective
MPI strategy following a coronary CTA with suspected
obstructive CAD. Hence, it is unknown whether the theo-
retical advantages of '"O-water compared with **Rb is
transformed into an increased diagnostic accuracy which
may alter patient management.

Coronary CTA is an anatomy-based examination. In
contrast, computation of FFR or Murray law-based quan-
titative flow ratio (uQFR) using specialised software from
either coronary CTA or ICA datasets, respectively, are
alternative methods to estimate the functional severity of
coronary stenosis. CT-derived FFR (FFR-CT) is based on
routinely acquired coronary CTA images from which FFR
is estimated. Thus, FFR-CT is an alternative non-invasive
strategy compared with selective MPI testing after coro-
nary CTA. Similar to FFR-CT, uQFR is a wireless method
based on one standard ICA image from which FFR is esti-
mated. Thus, uQFR is an alternative to ICA-FFR aiming
to reduce the use of intracoronary pressure wires. Both
FFR-CT and uQFR have shown good agreement to ICA-
FFR but large-scale studies comparing the clinical utility
and prognostic value in head-to-head comparison with
other diagnostic techniques are sparse uQFR.'*™"

The aim of the Dan-NICAD 3 study is to (1) compare
the diagnostic accuracy of Rb-PET and ’O-water-PET in
patients with suspected obstructive CAD at coronary CTA
with a reference of haemodynamically and anatomically
obstructive stenosis based on ICA-FFR and ICA quanti-
tative coronary angiography (QCA); (2) to evaluate the
diagnostic accuracy of FFR-CT and uQFR for haemody-
namically obstructive CAD identification and (3) to eval-
uate the prognostic value of all the diagnostic techniques
by pooling all patients from the Dan-NICAD programme.

METHOD

Study design and cohort

This Dan-NICAD 3 study is an investigator-initiated,
prospective, multicentre study conducted at hospitals
in the Central Denmark Region. The study will include
approximately 1000 patients without known CAD who are
referred for diagnostic testing with coronary CTA due to
symptoms suggestive of obstructive CAD as evaluated in
an outpatient clinic. Patients are included on the day of
the coronary CTA. The cohort will predominantly consist
of patients with low/intermediate pretest probability of
CAD according to current guideline recommendations.*
Inclusion and exclusion criteria are listed in box 1.

All patients undergo a structured interview performed
by dedicated research nurses to obtain detailed infor-
mation about risk factors, chest discomfort and comor-
bidity. Blood samples are collected, processed and stored
in a biobank for analyses of genetic and circulating
biomarkers. After the interview, patients undergo both
a non-enhanced CT and a contrast-enhanced coronary

CTA. Based on previous trials, itis expected that 20%-25%
of patients will have suspected obstructive CAD based on
the site-reading of coronary CTA. These patients will be
further examined with *Rb-PET, "O-water-PET and ICA
with three-vessel FFR, coronary flow reserve (CFR) and
index of microvascular resistance (IMR). FFR-CT and
uQFR is subsequently computed based on coronary CTA
and ICA images, respectively (figure 2).

Based on the previous Dan-NICAD studies, the inclu-
sion rate of patients fulfilling the inclusion criteria is
expected to be 70%-80%. In addition, we expect that
20% of the included patients will have an incomplete
dataset. Patient inclusion is expected to be completed
within 24 months.

Baseline information

In a structured interview, patients risk factors and base-
line measurements including weight, height, hip to
waist ratio, blood pressure and ECG is obtained (online
supplemental addendum). The interview focus on the
symptoms including categorisation into typical, atypical
or unspecific chest pain categories. Typical chest pain was
defined as constricting discomfort in the chest or neck,
jaw, shoulder or arm provoked by exertion or emotional
stress and relieved by rest or nitroglycerine. Atypical chest
pain was defined as two of the previously mentioned
criteria. If one or none of the criteria were present, chest
pain symptoms were categorised as nonanginal chest
pain. Dyspnoea was defined as having exertional dysp-
noea as the primary symptom.

Biobank

From all included patients, blood samples are drawn
prior to the coronary CTA contrast administration.
Patients are non-fasting at the time of the blood sampling.
Within 2hours, three blood samples are centrifuged and
processed into 3mL EDTA plasma, 3mL Heparin plasma
and 3mL serum, which are aliquoted into individual
I mL matrix tubes and stored at -80°C. Two 3mL blood
samples in EDTA tubes are placed directly in the freezer
for later extraction of genomic DNA. All biospecimens
are transported on dry ice to the Dan-NICAD biobank,
where all samples are stored at -80°C.

CT

Patient preparation

According to clinical routine, patients are instructed to
abstain from all substances and drugs containing caffeine
for at least 24 hours prior to the coronary CTA exami-
nation. Patients with elevated heart rate at the time of
referral are instructed to take 50—100 mg metoprololsuc-
cinat, 50-100mg atenolol or 7.5mg ivabradin the night
before and 2hours prior to coronary CTA to reduce
the heart rate to <60 beats per minutes. If not contrain-
dicated, patients with persistent elevated heart rate will
receive 2.5-20mg metoprolol tartrate intravenously. Just
prior to the coronary CTA, all patients receive 0.8 mg of

Winther S, et al. Open Heart 2023;10:€002328. doi:10.1136/openhrt-2023-002328
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Patients with low-intermediate risk of CAD referred for coronary CTA
N=1000

Interview and blood sampllng for biomarkers and genetic analysis

Visit 1:

n=250 (25%)

FFR-CT analysis

CACS and coronary CTA
CTA excluding obstructive CAD — patients discharged
n~750 (75%)

CTA with stenosis — patients referred to dual PET imaging and ICA

Visit 2: [ ‘

Visit 3: ICA with 3 vessel FFR, CFR, IMR, QCA and uQFR

Patients expected to complete both 82Rb-PET, °0O-water-PET and ICA:

n=200 (80% of referred patients)

Follow-up:

Seattle aj
Reinvesti

National Patient Register at 1, 3 and 10 years (N=1000)
questionnaire at 3 and 12 months (N=1000)
ions with PET at 1 year (N=100)

Figure 2 Dan-NICAD 3 patient flow chart. Numbers (n) in the figure are the estimated flow in patients. See figure 1. CFR,
coronary flow reserve; CTA, CT angiography; Dan-NICAD, Danish study of Non-Invasive testing in Coronary Artery Disease;
FFR-CT, CT angiography derived fractional flow reserve; ICA, invasive coronary angiography; PET, positron emission
tomography; QCA, quantitative coronary angiography. uQFR, quantitative flow ratio.

sublingual nitroglycerin. The procedure is in accordance
with normal clinical routine.

Imaging protocol

CT scans are performed with prospective ECG triggering
using a multislice volume CT scanner (Aquilion One,
Toshiba Medical Systems, Japan, or Revolution Apex, GE
Healthcare, USA, or Siemens Flash, Siemens Healthcare,
Germany). The CTA protocol is schematically shown in
figure 3. The coronary CTA includes two different acqui-
sition protocols: (1) a non-enhanced heart examination
followed by (2) a contrast-enhanced coronary examina-
tion. The amount of contrast given is based on an indi-
vidual assessment and follows clinical routine. A flow rate
of 6 mL/s is recommended if possible and a chaser bolus
of saline is administered. Following the enhanced exam-
ination, data are reconstructed in the cardiac diastolic
phase which can be combined with the systolic phases if
patient has tachycardia. The best phase images with low
slice thickness are transferred to the image server for clin-
ical site-reading.

Imaging analyses: CTA

All coronary CTA analyses are performed by an experi-
enced cardiologist using dedicated software for reading
depended on the CT scanner. An Agatston calcium score
is initially calculated using dedicated workstations. Using
the 18-segment model described by the Society of Cardio-
vascular CT, the luminal diameter stenosis is evaluated in
each segment of the coronary tree.'® By visually assessing
and quantifying coronary lesions, the severity of coronary

stenoses are classified as: no stenosis—0% diameter reduc-
tion (*0% area reduction); mild stenosis—1%-29% diam-
eter reduction (=1%-50% area reduction); moderate
stenosis—30%—-49% diameter reduction (#560%—-69% area
reduction) and severe stenosis—b0%—-100% diameter
reduction (270%-100% area reduction). The criteria
for diagnosing an abnormal coronary CTA are shown in
table 1.

FFR-CT is performed using dedicated software.
FFR-CT values are calculated in the major epicardial
arteries with diameter >1.8mm. Quantitative plaque
analysis will be performed with commercially avail-
able software (Suite CT, Medis Medical Imaging, The
Netherland).

Positron emission tomography

Patient preparation: PET

All ¥Rb PET and O-water-PET examinations will be
performed in accordance with clinical routine and
recommendations from national and international soci-
eties. Participants are requested to abstain from intake
of caffeine containing foods and beverages for 24 hours
and are only allowed to drink tap water 2hours prior to
the PET scan. Medications with either antagonistic or
agonistic effects on adenosine will be discontinued for
48 hours prior to the examination. Criteria for and initi-
atives to ensure sufficient adenosine stress are listed in
table 2.
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cT Preparation Non-enhanced scan

- Abstention from tea, tobacco and
coffee

- Prospective ECG triggering

- Settings: Gantry rotation time =
0.355, slice collimation =: 0.5mm,
tube voltage = 120K, mAs = 80,
tube current s automatically
adjusted.

- Pre medication with B-blockers or
ivabradine

- 0.8 mg of sublingual nitroglycerin

- > 64-slice scanner: Siemens,
Somatom Definition Flash, Toshiba
Aquilion One or GE Revolution
Apex

82Rb-PET

Rest examination

Preparation

- Abstention from all substances
and drugs containing caffeine or
methylanthine

- Tracer: *2Rubidium (740-1110 M8g)

-Application: A low-dose CT scan is
acquired for attenuation correction.
The 5 minute listmode data are
reconstructed into 17 images (1x10s,
8x55, 3x105, 2x205 and 3x60s) with
attenuation, scatter and decay
corrections using an iterative
algorithm provided by the vendor.

- 64-slice scanner: Siemens
Biograph hybrid PET or GE
Discovery MI 5 PET

150-water-PET Preparation Rest examination

- Abstention from all substances
and drugs containing caffeine or
methylanthine

- Tracer: *50-water (400 M8q)

- Application: A low-dose CT scan is
acquired for attenuation
correction.

‘The 4 minute listmode data are
reconstructed into 21 images (1x10
5,8¢55,4x1055, 2x15 5, 3x 20 s and
2x305) with attenuation, scatter
and decay corrections using an
iterative algorithm provided by the
vendor.

- 64-slice scanner: GE Discovery MI
Digital ready PET

ICA Preparation
- Administration of 5.000

1U Heparin

Diagnostic angiography

- Administration of 250 g
nitroglycerine

- Calibration of pressure-
systems

- QCA-acquisitions with brisk contrast
injections using recommended
angles for all lesions

Figure 3

Enhanced cardiac scan

- Analysis:
1) Agatson calcium, score

- Prospective ECG triggering and
contrast enhancement (S0-80mL non-
fonic contrast agent (Isomeron®). 2) Luminal diameter stenosis evaluated in each segment of the
~Settings: gantry rotation time = 0355, coronary tree.
slice collimation = 0.5mm, tube voltage

2100Kv, tube current is automatically

adjusted.

~Other: Kernels: FC03, f calcium

present FCOS. Image recontruction:

phase 70-99% of the RR-interval

Perfusion examination

L, “Tracer: S*Rubidium (740-1110 MBq) L, 1) semi-quantitative, regional analysis, 17-segment model

- Segments assigned with severity scores from 1-4. Summed Stress
Score, summed Resting Score and Summed Difference Score will
be reported for vascular d the entire

- stress: 6 minute adenosine-induced
hyperemia (140 pg/mi/kg).

The 5 minute listmode data are
reconstructed into 17 images (1x10s,
8x5s, 3x105, 2x205 and 3x60s) with
attenuation, scatter and decay
corrections using an iterative
algorithm provided by the vendor.

2) Quantitative analysis: Myocardial blood flow and myocardial
blood flow reserve is calculated for the three vascular territories
and the entire myocardium by QPET software.

Perfusion examination

- Tracer: 0-water (400 MBaq) \_>
 Stress: 6 minute adenosine.induced 1) Myocardial blood flow and myocardial blood flow reserve is
hyperemia (140 ug/mi/ke). analyzed for vascular territories and the entire myocardium by

aQuant software.
-Application: The tracer is
administered 2 minutes after
initiation of the adenosine infusion.
The 4 minute listmode PET data are
reconstructed into 21 images (1x10
5,8x55,4x105, 2x155,3x 20 s and
2x30 5) with attenuation, scatter and
decay corrections using an iterative
algorithm.

2) A quantitative territorial and global ischemic score will be
computed based on the severity of hypoperfusion in each
segment (0-2)/68

3) Scar tissue will be assumed to be evaluated by the perfusable
tissue index

Invasive physiology

L> 1) Pressure and flow wave-form analysis with
identification of artefacts, drift and core-lab
values of FFR, CFR and IMR

-3 main coronary vessel measurements
performed in vessel with lesions <30 % DS and
alllesions in side branches with a reference
diameter of >2 mm and 30-90% DS.
2) Resting conditions 2) uQFR analysis
- Pd/Pa recording
- Mean transit time measurement using
3mLsaline (repeated 3 times)
b) Hyperemia conditions with IV adenosine
(140 pg/min/kg)
- Pd/Pa recording
- Mean transit time measurement using
3mLsaline (repeated 3 times)
) Automatic pullbacks in vessels with lesions
30-50% DS.
D) Post-PCI automatic pullbacks in ad-hoc PCI
treated vessel

Image modalities and examination setup in Dan-NICAD 3 study. CAD, coronary artery disease; CFR, coronary flow

reserve; CMR, cardiac MR; ICA-FFR, invasive coronary angiography with fractional flow reserve; IMR, Index of Microvascular
Resistance; '°0O-water-PET, Oxygen-15 labelled water positron emission tomography; PCI, percuaneous coronary intervention;
QCA, quantitative coronary angiography; 8Rb-PET, rubidium-82 labelled positron emission tomography; SPECT, single-photon

emission CT.

82Rb-PET: imaging protocol, image reconstruction and image
analysis

The **Rb-PET examinations are performed at one of two
possible sites using a Siemens Biograph hybrid PET/64-
slice CT scanner (Siemens Healthcare, Knoxville,
Tennessee, USA) or a GE Discovery MI 5 PET/64-slice CT
scanner (GE Healthcare Systems, USA), respectively. The
acquisition protocol (figure 3) and the reconstructed
data files are similar at the two sites. At both sites, PET
data are reconstructed with the commercial software
provided by Siemens/GE.

The **Rb-PET examination consists of two image acqui-
sitions lasting 5min each; the first at rest and the subse-
quent during hyperaemia induced by adenosine. Prior to
the rest acquisition, a low-dose CT scan is acquired for
attenuation correction. For each PET-acquisition, **Rb
is eluted from a CardioGen-82 82strontium/ 82Rb gener-
ator (Bracco Diagnostics, Princeton, New Jersey, USA).
During hyperaemia, *Rb is infused 2min after initiation
of the 6min adenosine infusion (140pg/min/kg body-
weight). At site 1 (Siemens); 30 mCi / 1110 MBq *Rb
is eluted for each image acquisition. At site 2 (GE); 20
mCi/ 740 MBq *Rb is eluted for each image acquisition

if the body mass index is <30 kg/m2 and 25 mCi / 925
MBq if the body mass index is =230 kg/mQ.

Image analyses are performed by an independent
core lab blinded for additional patient information and
results. The transaxial summed, gated and dynamic **Rb-
PET perfusion images are automatically reoriented into
short-axis, vertical and horizontal long-axis slices using
a commercially available software (QPET, Cedars-Sinai
Medical Center, Los Angeles, California).

The quality of the stress and rest images is evaluated
semiquantitatively on a visual scale from 1 to 3 (1: good
image quality with no artefacts; 2: moderate image
quality, acceptable for clinical or research diagnosis;
3: poor image quality, diagnosing is impossible due to
severe artefacts).

For segmental and vascular territory analyses, the
summed perfusion images produced 150-300s after 82Rb
infusion are analysed visually with the recommended
17-segment American Heart Association model."”
Segmental perfusion scores based on the average perfu-
sion severity in a given segmentis produced by the software
and adjusted by an expert reader (0=normal; 1=mildly
abnormal; 2=moderately abnormal; 3=severely abnormal;

Winther S, et al. Open Heart 2023;10:€002328. doi:10.1136/openhrt-2023-002328

5

1ybuAdoo
Aq pesiold “Areiqr Ausieniun Biogrey e €20z ‘2 1snbiny uo jwod fwqg-esyuadoy/:dny woly pepeojumod "£20z AINC #Z U0 82£200-£202-MYuado/9gTT 0T Se paysiiand 1siy :uesH uado


http://openheart.bmj.com/

Open Heart 8

Table 1 Definitions of abnormal examinations

Blinded analysis

CCTA* 82Rb-PET 150-water-PET ICA*

>50% Visually reduced isotope uptake in>2 contiguous/17  Hyperaemic MBF<2.3 mL/g/ Haemodynamically obstructive CAD:

diameter segments during hyperaemia (summed stress score  min in >2 contiguous/17 High-grade stenosis (>90% diameter stenosis) by visual
stenosis or >4) or segments or assessment or

non-evaluable hyperaemic MBF<2.0 mL/g/min in >1 vessel territory
segments due or

to low image non-evaluable examination due to poor image quality
quality

Prior knowledge analysis (not blinded to patient data and the CCTA)

N/A Visually reduced isotope uptake in>2 contiguous/17
segments during hyperaemia (summed stress score
>4) in an area of the myocardium corresponding to
suspected coronary stenosis at coronary CTA or
Hyperaemic MBF<2.0 mL/g/min >1 vessel territory

non-evaluable examination
due to poor image quality  or

FFR<0.80 in a vessel with a diameter stenosis of 30%—90%

QCA-based diameter stenosis (>50% diameter) if FFR could
not be performed due to for example, technical reasons
Anatomically obstructive CAD:

QCA-based diameter stenosis (>70% diameter)

Hyperaemic MBF<2.3mL/g/ N/A
min in >2 contiguous/17
segments corresponding

to coronary stenosis at

coronary CTA or

corresponding to coronary stenosis at coronary CTA or non-evaluable examination
non-evaluable examination due to poor image quality  due to poor image quality

Definitions of abnormal examinations in the Dan-NICAD 3 study.
*In coronary vessel >2.0mm in diameter.

CAD, coronary artery disease; CCTA, coronary CT angiography; Dan-NICAD, Danish study of Non-Invasive testing in Coronary Artery
Disease; ICA-FFR, invasive coronary angiography-fractional flow reserve; MBF, myocardial blood flow; N/A, not available; PET, positron

emission tomography; QCA, quantitative coronary angiography.

4=absent).18 From the segmental scores, Summed Stress
Score (SSS), Summed Resting Score (SRS) and Summed
Difterence Score (SDS) are calculated and reported for
the three vascular territories, and the entire (global) left
ventricular myocardium. Furthermore, the transient isch-
aemic dilation ratio (mean volume during hyperaemia/
mean volume atrest) is calculated. From the gated images
obtained 150-300s after **Rb infusion, left ventricle ejec-
tion fraction during rest and hyperaemia is estimated.

Myocardial blood flow (MBF) is calculated by the QPET
software from images acquired 0-300s after the **Rb infu-
sion using the model proposed by Lortie et al." MBF and
MBF reserve (MBFR, ratio: MBF during maximal hyper-
aemia/MBF at rest corrected for rate pressure product
if above 10 000 will be reported for the three vascular
territories and for the entire left ventricle.

The ¥Rb-PET scan results are categorised into (1)
reversible ischaemia if SDS>4 involving >2 contiguous
segments or MBF<2.0mL/g/min in 21 vessel territory;
(2) irreversible ischaemia if SRS>4 involving >2 contig-
uous segments; (3) combination of reversible and irre-
versible ischaemia (mixed ischaemia) if SSS>4due to
increase of both SDS and SRS (4) poor image quality if
the visual quality score is 3 or the scan is non-diagnostic.
The exact criteria for classification of an abnormal **Rb-
PET examinations are outlined in table 1.

Following the blinded analysis described above, the
‘prior knowledge analysis’ is performed, that is, the **Rb-
PET images are re-evaluated taking clinical patient infor-
mation and information from coronary CTA (anatomy of
coronary vessels and possible stenosis) into account.

150-water PET: imaging protocol, image reconstruction and
imaging analysis

All PO-water-PET scans will be performed on the same
GE Discovery MI Digital ready PET/CT 64-slice system
(GE Healthcare Systems, USA). The acquisition protocol
is summarised in figure 3. A low-dose CT covering the
heart will be acquired to correct for attenuation of both
rest and stress PET studies. The ""O-water radiotracer
will be delivered by an automated generator/infusion
system (Medtrace MT-100, Medtrace Pharma, Lyngby,
Denmark) at a rate of 2mlL/s with subsequent flushing
by 35mL saline. Both the rest and hyperaemia studies
are performed using 400 MBq "O-water delivered as a
bolus with subsequent 4min dynamic imaging. Approxi-
mately 4min after completion of the rest study, maximal
hyperaemia is obtained by infusing adenosine at a rate of
140 11g/kg/min for a total of 6min. The O-water bolus
with subsequent 4min dynamic imaging is administered
2min after initiation of the adenosine infusion. The
4min dynamic images from rest and hyperaemia will be
reconstructed in a 3.27x3.27x3.27 mm matrix using all
normal corrections (attenuation, scatter, dead time and
randoms) and the VPFX-S reconstruction algorithm (PSF
and ToF). For subsequent analysis, the dynamic scan
will be divided into 21 frames (1x10, 8x5, 4x10, 2x15,
3x20and 2x30s).

The quality of the stress and rest images is evaluated
by the semiquantitative visual scale similar to **Rb-PET
(score 1-3).

Kinetic analyses of '’O-water will be done using aQuant
software (MedTrace Pharma, Lyngby, Denmark) using
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Table 2 Sufficient adenosine stress

PET

ICA

Contact regarding
caffeine consumption

Caffeine consumption
Adenosine dose

Blood pressure
and heart rate
measurement

Symptom

Other

Sufficient stress

Written information attached to examination invitation.
Phone call 1-2 days prior to examination.

Repeated questions regarding caffeine consumption on day of

examination.
Registration of consumption 24 hours prior to examination.

Intravenous adenosine, dose adenosine 140 pg/kg/min, max
84 mg/6 min.
Dose increase:

No dose increase. Possible re-examination if the patient does not
respond to adenosine, for example, due to caffeine consumption.

Brachial measurement

» Atrest

» Time 0 min after to adenosine infusion

» Time 2min after to adenosine infusion

» Time 4 min after to adenosine infusion (maximum
hyperaemia)

» Time 6—7 min after to adenosine infusion

Symptoms during adenosine infusion are registered:
Sensation of warmth

Shortness of breath

Headache

Dry mouth

Chest pain

Atrioventricular block

Other

Splenic switch-off (Only for Rb-PET)

Increase in MBF during hyperaemia. If inadequate increase
(MBFR<1.8) and adenosine stress is deemed sufficient the
examination will be reported as being abnormal (table 1).

No clear-cut definition. All above-mentioned parameters are
evaluated as a whole by a senior nuclear medicine physician
determining whether the adenosine infusion is sufficient.

VVVYVYYVYYVYY

Written information attached to examination invitation.
Phone call 1-2 days prior to examination.

Repeated questions regarding caffeine consumption on day of

examination.
Registration of consumption 24 hours prior to examination.

Intravenous adenosine, dose 140 pg/kg/min.

Dose increase:

In case of insufficient adenosine infusion response or if the
FFR measurement is unstable, dose is increased to 200 pg/
kg/min.

Invasive aortic measurements—Pa (Pd/Pa measurement).
» Atrest
» During maximum hyperaemia

Symptoms during adenosine infusion are registered:
Sensation of warmth

Shortness of breath

Headache

Dry mouth

Chest pain

Atrioventricular block

Other

VVVYYVYYVYY

N/A

No clear-cut definition. All abovementioned parameters are
evaluated as a whole by a senior cardiologist determining
whether the adenosine infusion is sufficient.

Criteria for and definitions of sufficient adenosine stress in the Dan-NICAD 3 study.
Dan-NICAD, Danish study of Non-Invasive testing in Coronary Artery Disease; ICA-FFR, invasive coronary angiography-
fractional flow reserve; MBFR, myocardial blood flow reserve; N/A, not available; Pa, pressure aorta; Pd, pressure distal; Rb-

PET, rubidium-positron emission tomography.

a validated one-tissue compartment model with image-
derived input from cluster analysis, corrections for spill-
over and automatic estimation of MBF and perfusable
tissue fraction.”” Resting and hyperaemic MBF (mL/g/
min) will be assessed on both segmental and coronary
artery territory level using the 17-segment American
Heart Association'” model. MBFR will be calculated
as the ratio between hyperaemic and resting MBF
corrected for rate pressure product if above 10000. For
each segment, a quantitative defect score (0-4) will be
calculated based on the degree of hypoperfusion during
hyperaemia MBF; 0: >2.3mL/g/min, 1: 2.3-2.0mL/g/
min, 2: 2.0-1.7mL/g/min, 3: 1.7-1.4mL/g/min and 4:
< 1.4mL/g/min. A hyperaemic MBF<2.3mL/g/min in
two adjacent segments is considered abnormal.”!

The combined ischaemic burden will then be calcu-
lated as summed quantitative defect score/68 (max
score). Scar tissue will be estimated from perfusable

tissue index values (PTI) with PTI<0.85 at rest indicating
an irreversible perfusion defect.*®

Criteria for an abnormal "O-water PET, in concor-
dance with previous studies, are outlined in table 1.*'

Following the blinded analysis described above, ‘prior
knowledge analysis’ is performed, that is, the BOvater—
PET images are re-evaluated taking clinical patient infor-
mation and information from coronary CTA (anatomy of
coronary vessels and possible stenosis) into account.

ICA and three-vessel invasive physiological examination: ICA,
FFR, CFR and uQFR

Patient preparation

According to the clinical routine of the cardiology
department, patients are instructed to abstain from all
substances and drugs containing caffeine for at least 24
hours prior to the ICA examination.
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Cardiac catheterisation protocol

Invasive coronary angiography

All diagnostic ICAs are performed according to present
clinical guidelines through a radial or femoral access.
Before acquisition of the ICA, the operator administrates
anticoagulation (5000IU heparin). The ICA protocol is
schematically shown in figure 3.

Intracoronary nitroglycerine, 250 pg, is then admin-
istrated before the angiographic. Acquisitions are
performed at 15 frames per second allowing for 2D and
3D QCA and uQFR analyses. Coronary artery overlap,
foreshortening, zooming and planning are avoided if
possible. All vessels are visualised in their full length if
possible.

Invasive physiological examination

The pressure-wire (PressureWire X Guidewire, Abbott
Chicago, USA) and CoroFlow (Coroventis, Uppsala,
Sweden) are used according to manufacturer instructions
for use. The pressure wire is advanced to the tip of the
guiding catheter to equalise the pressure readings. Coro-
nary physiological assessment including pressure and
thermodilution measurements are performed in all main
vessels (left anterior descending, right coronary artery
and the left circumflex artery). In addition, all lesions in
branches with a reference diameter of >2mm and a diam-
eter stenosis of 30%—-90% by visual estimate are included
for pressure and thermodilution measurements.

Resting pressure distal/pressure aorta and average mean resting
transit time

The wire is advanced distal to all lesions in the vessels
of interest and the wire position is documented. The
pressure sensor is advanced distally to two-thirds of the
vessel length for measurements in vessels without visual
apparent disease. Resting pressure distal (Pd)/pressure
aorta (Pa) is recorded as a minimum of 10s with a stabi-
lised Pa/Pa value after checking the pressure curves.
Next, 3mL of room-temperature saline is injected rapidly
by hand three times to record mean transit time at base-
line while the coronary system is not affected by adeno-
sine.

FFR, CFR and IMR

Hyperaemia is induced using a 1 mg/mL concentration
of adenosine at 140ug/kg/min and the infusion rate
is increased to 200pg/ kg/min if a stable FFR value is
not achieved. When maximum hyperaemia is achieved,
3mL boluses of saline are injected to obtain hyperaemic
thermodilution curves for hyperaemic mean transit time
calculation. FFR, CFR and the IMR are instantly presented
during the procedure. Pressure pullback curves are
acquired in all vessels with FFR<0.80 for characterisation
of diffuse versus focal disease.”

CFR is defined as the mean resting transit time by the
mean hyperaemic transit time and describes the increase
in flow to the myocardium during hyperaemia/stress.
IMR is defined as the mean distal pressure multiplied by

the mean hyperaemic transit time and indicates microcir-
culatory disease if increased.

Routine checks are made to ensure that ‘drift’ does
not occur after the recordings. Absolute drift value of
FFR<+0.02 is accepted.

Postprocedural physiological examination

Resting Pd/Pa, FFR, IMR and CFR are measured
following percutaneous coronary intervention treatment
of diseased vessels. QCA projections are repeated for
core-lab uQFR computation of the treated vessels.

Image analysis: ICA

All physiologic core-lab analyses are performed blinded
to the coronary CTA and PET examinations. Invasive
physiology analysis with dedicated software (Coroventis
Research AB, Uppsala, Sweden) is performed in a suited
core-lab (Institute of Clinical Medicine, Aarhus Univer-
sity, Denmark). The criteria for an abnormal ICA are
shown in table 1.

QCA and uQFR analysis

Both QCA and uQFR core-lab analyses are performed
in a core-lab setting (Interventional Imaging Core Labo-
ratory, Aarhus University Hospital, Skejby, Denmark)
using the latest version of the software (AngioPlus Core,
Pulse Medical Imaging Technology, Shanghai, China).
The Murray-based uQFR methodology was recently
published.” uQFR<0.80 is used as diagnostic cut-off
value.

Follow-up

The follow-up period is 10 years from the coronary CTA
examination. Data are extracted from the Civil Registra-
tion System, the National Patient Registry, the National
Prescription Registry, the Laboratory Database and the
Western Denmark Heart Registry. Cardiovascular events
are adjudicated by an adjudication committee based on
electronic patient files. The end-point in these follow-up
trial is death and myocardial infarction according to the
Fourth Universal Definition of Myocardial Infarction
(2018).%*

In addition, patients included in Dan-NICAD 3 study
are followed with Seattle Angina Questionnaires at 3 and
12 months after the coronary CTA. Moreover, patients
with hyperaemic MBF<2.0mL/g/min in >1 segment at
baseline ®Rb-PET are investigated 12 months after the
procedure with a follow-up 82Rb-PET similar to the index
procedure.

Data collection and recordings

All study data are recorded in a secure web-based elec-
tronic case record form (eCRF)—Research Electronic
Data Capture®—which enables logging of all data entries.
All investigators have access to the eCRF. However, physi-
cians performing imaging analyses have limited access in
regards to the blinding procedures. Data collected and
registered in the dedicated eCRF are listed in the online
supplemental addendum.
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Endpoints and statistical analysis

Data analysis and reporting will follow the Standard
Protocol Items: Recommendations for Standard for
Reporting Diagnostic Accuracy Studies guidelines. Data
are analysed by using appropriate statistical methods and
for all statistical analyses, a two-sided p<0.05 is considered
statistically significant, and 95% ClIs are reported when
appropriate. Statistical analysis is performed by using
dedicated statistical software (STATA V16).

Diagnostic accuracy of non-invasive imaging

The main objective of this study is to investigate the
diagnostic precision of *Rb-PET compared with ’O-wa-
ter-PET as secondary tests following a coronary CTA
where obstructive CAD cannot be ruled out. ICA-FFR is
used as reference standard as outlined in table 1.

The diagnostic accuracy is evaluated by sensitivity, spec-
ificity, positive and negative predictive value, and likeli-
hood ratios. Comparison of sensitivity and specificity
between diagnostic modalities is tested using McNemar’s
test and a weighted generalised score statistic for compar-
ison of predictive values.*

Further, we will evaluate the diagnostic accuracy of
FFR-CT compared with *Rb-PET and "O-water-PET and
finally the impact of using additional CFR and IMR on
the FFR-CT, **Rb-PET and "O-water-PET related diag-
nostic accuracy. The diagnostic performance of 2D-uQFR
and 3D- uQFR is evaluated and compared with FFR as
reference standard. The reproducibility and feasibility
of 2D-uQFR and 3D-uQFR is compared. Patients with
missing data on the index test and reference standard will
be excluded in the primary analysis

Sample size

Based on the Dan-NICAD 1 and 2 trials, we expect that
approximately 1000 patients are needed to be included
and undergo coronary CTA. Following coronary CTA,
we expect that 250 (25%) patients in whom coronary
stenosis cannot be ruled out are eligible for continuing
to the perfusion examinations and ICA part of the study.
We expect 80% to complete both **Rb-PET and "O-wa-
ter-PET and undergo ICA examination. By including 1000
patients, we are able to evaluate the predictive validity
parameters (sensitivity, specificity, positive and negative
predictive values) with a minimum of 8% absolute preci-
sion on both sides for the expected sensitivity (80%) and
specificity (80%) for both *Rb-PET and '’O-water-PET at
a disease prevalence of 50% at ICA-FFR.

ETHICAL CONSIDERATIONS

The study follows the principles outlined in the Decla-
ration of Helsinki and ISO 14155:2011. The additional
radiation exposure by participation in the study in regard
to the coronary CTA, 82Rb-PET, ®Osvater-PET and ICA
examination increases the cumulated risk over a life-
time of dying from cancer from approximately 25% to
no more than 25.1%. Patients participate in the study

only after providing informed written consent. There is
a small risk of incidental findings in this study. According
to the Danish research ethical guidelines for genome
research, an expert panel will be formed in the case of an
incidental finding and clinical guidance will be provided
by trained clinical geneticists within the field of that
particular disease.

DISCUSSION

With the Dan-NICAD 3 study, we aim to investigate and
compare the diagnostic accuracy of *Rb-PET and "*O-wa-
ter-PET for obstructive CAD identification using the
reference standard of ICA three-vessel coronary physi-
ology as reference. Both radioactive isotope tracers are
currently clinically available with ¥Rb-PET more widely
used than '"O-water-PET although "O-water has several
potential advantages. However, no previous studies have
compared the clinical utility of the tracers in a head-to-
head study design.

The Dan-NICAD trial programme

The Dan-NICAD trial programme aims to investigate the
optimal diagnostic strategy for patients without previous
CAD but stable symptoms suggestive of obstructive CAD
(figure 1). All patients are referred for coronary CTA
from an outpatient cardiology clinic according to the clin-
ical guidelines for patients with low to intermedia pretest
probability of obstructive CAD.** In the region is exercise
ECG and dobutamine stress Echo not used in the diag-
nostic management of patients with chronic coronary
syndrome. If coronary CTA is not possible due ineligibility
of the patient (eg, severe obesity, reduced renal function,
server arrhythmia or inability to cooperate) the patient is
generally referred directly to a myocardial perfusion scan
or ICA. The prevalence of obstructive CAD observed in
the previous Dan-NICAD 1 and 2 studies is comparable to
the disease prevalence seen in national and international
coronary CTA databases and prospective randomised
studies.” 27 2 Thus, the cohort seems to be representative
for patients referred for coronary CTA in general. Impor-
tantly, all patients are included prior to the coronary CTA
which avoids any selection bias based on the coronary
CTA quality and results.

The coronary CTA is performed according to local stan-
dards and the initial interpretation of the coronary CTA
is performed on-site. Based on this local interpretation,
patients with abnormal coronary CTA are referred for
% 2RbPET, '?O-water-PET and ICA. Previous studies have
shown the site-reading of coronary CTA tends to overes-
timate the presence of obstructive CAD compared with
core-lab coronary CTA reading and findings at ICA.*
On this basis, and in accordance with real-world practice,
second-line testing with MPI is needed to rule-in patients
for referral to ICA and revascularisation.

MPI and ICA
If the initial coronary CTA does not rule out obstruc-
tive CAD, the Dan-NICAD protocol refers patients to be
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investigated with MPI; in Dan-NICAD 1, patients were
randomised to either 1.5T cardiac MRI or SPECT with a
Technetium based tracer, in Dan-NICAD 2, with both 3T
cardiac MRI and *Rb-PET. Following the selective MPIs,
all referred patients are examined with ICA with FFR
measurements in stenotic coronary vessels. Supplemental
invasive measurements of CRF and IMR in stenotic coro-
nary vessels were performed in the Dan-NICAD 2 trial. In
the present Dan-NICAD 3 study, patients needing further
diagnostic testing after coronary CTA undergo both **Rb-
PET and °O-water-PET. Furthermore, the ICA investi-
gation will include three-vessel invasive measurements
of FFR, CRF and IMR as a supplement to the dedicated
measurements in the stenotic vessel(s). Based on current
data, and highlighted by the current 2019 ESC guide-
lines on chronic coronary syndrome as a gap in evidence,
powered trials are needed to compare the effectiveness
of different diagnostic strategies including myocardial
perfusion techniques for obstructive CAD rule-in; this to
evaluate how to best integrate diagnostic tests in patient
care in terms of clinical outcomes and the use of health-
care resources.”

In contrast to the Dan-NICAD 1 and 2 studies, the
three-vessel invasive measurements in the Dan-NICAD
3 study will enable invasive investigation of abnormal
coronary flow patterns in non-obstructive vessels due to
microvascular disease. Microvascular disease may explain
abnormal myocardial perfusion at MPI in patients with
non-obstructive coronary vessels at ICA with a sole refer-
ence of FFR.

Follow-up

All patients included in the three studies are followed
using the national patients registers. Data regarding clin-
ical endpoints, laboratory measurements and medical
treatment and compliance are extracted from reim-
bursed medical prescriptions at Danish pharmacies.

In addition, patients included in Dan-NICAD 2 and 3
studies are followed with Seattle Angina Questionnaires at
3 and 12 months after the coronary CTA. Moreover, a 12
months follow-up, ¥Rb-PET scan is performed in patients
with abnormal myocardial perfusion at the baseline **Rb-
PET. Previous studies did not find differences in hard
end-points using strategies of revascularisation compared
with optimal medical treatment.”’ However, results on
quality of life changes with revascularisation compared
with optimal medical treatment are ambiguous,” ** and
no previous studies have correlated changes in symptom
burden with changes in myocardial ischaemia extent.
Using the approach outlined, we will be able to investi-
gate the correlation between the angina symptom burden
and myocardial ischaemia reduction during follow-up.
Importantly, follow-up 82Rb-PET was also performed in
n=157 patients with hyperaemic MBF<2.0mL/g/min
in>1 segment at baseline 82Rb-PET in the Dan-NICAD 2
trial. Hence, the present Dan-NICAD 3 cohort can poten-
tially validate findings from this study and increase the
power of potential subanalyses.

Tracers: Rb-PET versus '°0-water-PET

Both 18F—Flurpiridaz, 13N—ammonia, 82Rb and "O-water
tracers can be used for PET myocardial perfusion assess-
ment. However, for clinical use, "’N-ammonia, **Rb-PET
and ""O-water-PET are of special interest as the tracers
enable a rest—stress protocol scan-time completion
within 30 min due to short physical half-life. *Rb can be
produced without an on-site cyclotron, whereas produc-
tion of "N-ammonia and ""O-water requires an on-site
cyclotron. However, 5O-water is the reference standard
for myocardial perfusion quantification due to ideal
tracer kinetics and was used as the reference test in the
original validation of FFR-based stenosis evaluation.” It
is, therefore, likely that hypoperfused areas identified
with O-water-PET will be more concordant with coro-
nary artery lesions measured by subsequent invasive FFR
than has been the case for, for example, SPECT tracers
and “Rb-PET. '

O-water is produced by irradiating natural nitrogen
from basic air with deuterons using the "N(d,n)"0
reaction in an on-site cyclotron. Recent development of
small, dedicated cyclotrons requiring limited shielding
has lowered the cost of these '°O-water cyclotrons. Hence,
myocardial perfusion PET imaging with "O-water tracer
may become feasible in less advanced nuclear medicine
departments in the near future. In addition, 5O-water
PET software solutions using the same kinetics and base
equations are currently becoming commercially available
allowing for highly standardised MBF measurements and
accurate cut-offs for pathology.

Although *Rb has the advantage of being produced and
delivered by a simple **Strontium /**Rb generator, it has a
higher effective dose than "O-water-PET (effective dose
of 2-3mSv compared with 1-2mSv). In addition, **Rb
have several limitations compared with'’O-water which
may decrease the diagnostic accuracy making a head-to-
head diagnostic accuracy study of special interest. First,
the relationship between the extraction fraction of *Rb
into the myocardium and MBF is notlinear and blood flow
above modest hyperaemia (~2mlL/g/min) is underesti-
mated. Second, positrons from *Rb have higher energy
with longer positron range resulting in lower spatial reso-
lution and risk of partial volume effects. Thirdly, *Rb is
also taken up by the lungs and gastric ventricle, which
may result in lower image quality. Finally, the interpreta-
tion of **Rb-PET images is semi-quantitative.”* However,
whether these tracer limitations impact the diagnostic
accuracy compared with '°O-water-PET has not previ-
ously been investigated.

Diagnostic performance of 82Rb-PET and '°0-water-PET

To date, very limited data exist on the diagnostic perfor-
mance of PET from larger high-quality prospective
studies—in total, three studies (505 patients) with $2Rb-
PET and four studies (n=463) with °O-water-PET have
been published (table 3).5% In contrast, several retro-
spective studies have evaluated the diagnostic perfor-
mance of myocardial perfusion PET compared with
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a clinically indicated ICA performed after PET.*'™*

However, these studies were limited by bias as not all
patients underwent ICA. Similarly, the Evaluation of
Integrated Cardiac Imaging for the Detection and Char-
acterisation of Ischaemic Heart Disease study compared
coronary CTA and MPI to ICA but at least one test should
be abnormal before ICA was required.” Finally, some
studies were designed to define blood flow cut-offs and
did not prespecify definitions of an abnormal test result
or excluded patients with missing values.”' ** In general,
previous studies have found high diagnostic accuracy
of PET but are hampered by a limited external validity,
and the lack of head-to-head designs hinders a definitive
conclusion of the PET-assessed diagnostic accuracy for
obstructive CAD identification. Importantly, the defini-
tion of binary cut-off values has a major impact on test
sensitivity and specificity.

In the Dan-NICAD programme, we investigate the
performance of different MPI techniques as second-line
diagnostic tests after an abnormal coronary CTA with
suspected obstructive CAD. The strategy of ‘selective
MPT’ after coronary CTA is recommended by the Euro-
pean and American guidelines to further stratify patients
before ICA.* > However, the diagnostic performance of
second-line MPI have previously only been investigated
in the Dan-NICAD trials and one other trial evaluating
SPECT.® " *" In contrast, a ‘hybrid imaging’ strategy
where all patients undergo both coronary CTA and MPI
has previously been investigated in several studies. This
strategy, however, is currently not recommended since
coronary CTA as first-line test exhibits excellent rule-out
properties. Hence, the diagnostic performance of MPI
may differ when tested in a ‘selective MPI” strategy after
coronary CTA compared with a ‘hybrid imaging’ strategy
as only patients with an abnormal coronary CTA are
included in the ‘selective MPI’ strategy. In a ‘selective
MPI’ strategy, the lack of patients with no disease may
reduce the specificity of the MPI examined. Finally, based
on the previous Dan-NICAD 1 and 2 studies, inclusion of
patients with primarily low/intermediate pretest proba-
bility of obstructive CAD referred to a primary coronary
CTA compared with studies including patients referred
for ICA potentially reduces the number of patients with
very severe CAD (eg, three vessel disease and occluded
vessels) and increase the number of patients with FFR
values around 0.80 which may lower the sensitivity of MPI
in the Dan-NICAD trials.

Computed estimation of FFR from coronary GTA and ICA

Calculated FFR values based on computational fluid
dynamics from vessel contouring based on images
produced from coronary CTA or ICA are highlyinteresting
techniques.” Based on a high sensitivity for obstructive
CAD identification and good prognostication, increasing
evidence support the use of FFR-CT.** To date, FFR-CT
is in clinical use with the method proposed by Heartflow,
California, United States, but several prototypes of other
software are tested.”’ ™ However, studies comparing the

diagnostic accuracy of FFR-CT to MPI tests are warranted.
In Dan-NICAD 1, FFR-CT were compared head-to-head
to CMR perfusion yielding similar overall diagnostic
performance. Sensitivity for prediction of revasculari-
sation was highest for FFR-CT, whereas specificity was
highest for CMR.”® Recently, FFR-CT was compared with
"O-water-PET and SPECT in 208 patients without previ-
ously known CAD referred to ICA-FFR with an obstructive
CAD prevalence of 44%."* This study showed improved
performance of PET in the per-patients analysis but
FFR-CT out-performed PET in detecting vessel-specific
ischaemia. However, PET scans were analysed blinded to
the coronary CTA results which does not mimic a strategy
of ‘selective MPI" after coronary CTA.

uQFR estimates FFR based on a ICA image using
2D-QCA analysis and Murrays fractal law. This technique
can be performed without pressure wires and therefore
reduces the patient risk and overall costs compared with
ICA-FFR. uQFR has a diagnostic accuracy comparable to
the 3D-based QFR model that is currently undergoing
clinical testing. However, the need for 3-D reconstruc-
tion including acquisition of two high-quality images
may hamper the clinical adaption of ICA-derived FFR.*
Furthermore, the existing QFR model assumes linear
tapering of vessel diameter and ignores side branches.
Hence, estimation of FFR using the newly developed
Murray-law based uQFR from a single angiographic
view may improve the feasibility and reproducibility of
angiography-derived FFR without compromising the
diagnostic accuracy.

Within the Dan-NICAD studies, a total of more than
800 patients are investigated by ICA, all with abnormal
coronary CTA and subsequent MPI. The cohort has the
potential to compare these new techniques in a head-to-
head design. With this sample size, a minimum of 4%
absolute precision on both sides for the sensitivity (80%)
and specificity (80%) can be achieved. In addition, the
follow-up in the Dan-NICAD trials will enable studies of
the impact of prognostic risk stratification using the new
modalities.

Personalised medicine based on biomarkers
This study is also designed to investigate the potential
use of biomarkers in risk stratification and diagnosis of
obstructive CAD. Hence, all Dan-NICAD studies have
similar designs enabling pooling of data. All patients
included in Dan-NICAD 1 study have been whole
genome-sequenced and patient included in Dan-NICAD
1 and 2 is genotyped and analysed using OLINK Explore
proteomics panels for circulating biomarkers.
Knowledge about the impact of genetic variants related
to CAD has increased dramatically over the past few
years, and large genome-wide association studies of CAD
have successfully identified more than 100 risk loci for
CAD. Because each individual single nucleotide poly-
morphisms (SNPs) identified in genome-wide associa-
tion studies have little effect on CAD risk (OR 1.1-1.2),
methods have been developed to aggregate information
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on multiple SNPs into a single polygenetic risk score. The
polygenetic risk score is able to identify 8% of the popu-
lation as having three times greater risk of cardiac events
compared with the background population.””* We have
previously demonstrated that a polygenetic risk score of
CAD is correlated to an increased burden of coronary
atherosclerosis rather than promoting specific plaque
features, which may increase discrimination of CAD
beyond clinical risk factors alone.® %

Similar to obtaining genetic information, several
research groups are now starting to combine circulating
proteins in the same way as genetic risk variants.”” A
recent study tested 109 circulation protein biomarkers
(proteomics) and found that combining the information
from four proteins substantially improved risk prediction
of CAD.* The integration of genetics and biomarkers
to predict risk is under rapid development to discover
new therapeutically targets which can change patients
management and/or treatment.

In this study, genetic and circulating protein markers
will be combined. While a polygenetic risk score
represents the inherited risk, which in principle can
be determined at birth, protein markers may reflect a
mixture of vascular and myocardial factors such as injury,
inflammation, abnormal glucose and fat metabolism, and
an array of other processes.

To the best of our knowledge, this study will be the first
to test the combination of clinical factors, biomarkers
and genetic risk variants for a precise risk stratification
score in patients with symptoms suggestive of CAD.

Perspective

The Dan-NICAD 3 study will evaluate the clinical benefit
of using "O-water compared with %Rb tracers for PET
myocardial perfusion. Hence, the study may guide hospi-
tals in decisions regarding establishing on-site '’O-water
cyclotrons. The current study will furthermore increase
the cohort size of the Dan-NICAD trial to approximately
4500 patients with structured interviews, biobank samples
and coronary CTA images. Of these 4500 patients,
20-25% will have undergone MPI tests and ICA-FFR. On
this basis, the Dan-NICAD programme will, to the best
of our knowledge, be one of the largest cohorts with
comprehensive anatomical and functional description of
CAD extend.

Study status

The study is ongoing. The first patient was enrolled
in January 2021; and as of March 2023, a total of 1000
patients are included and enrolment was completed.

Author affiliations

'Department of Cardiology, Gedstrup Hospital, Herning, Denmark

2Department of Cardiology, Aarhus University Hospital, Aarhus, Denmark
®Department of Nuclear Medicine, Aarhus University Hospital, Aarhus, Denmark
“Department of Nuclear Medicine, Gedstrup Hospital, Herning, Denmark
SDepartment of Nuclear Medicine, Regional Hospital Central Jutland, Viborg,
Denmark

SDepartment of Cardiology, Regional Hospital Central Jutland, Viborg, Denmark
"Department of Cardiology, Aalborg University Hospital, Aalborg, Denmark

8Department of Biomedicine, Aarhus University, Aarhus, Denmark
°Department of Health, Science and Technology, Aalborg University, Aalborg,
Denmark

"%Health Science and Technology, Aalborg Universitet, Gistrup, Denmark

Contributors Authors with a substantial contribution to the conception and design
(SW, LDR, EHC, MN and and MB) and collection of data (all). All authors have
worked on the drafting the article or have revising it critically and all have approved
the final version (all).

Funding SW acknowledges support from the Novo Nordisk Foundation Clinical
Emerging Investigator grant (NNF210C0066981). LDR acknowledges support from
Danish Cardiovascular Academy, (grant number PD5Y-2023001-DCA) which is
funded by the Novo Nordisk Foundation (grant number NNF20SA0067242) and The
Danish Heart Foundation.

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval This study involves human participants and the study was
approved by the regional committee of Central Denmark on health research ethics
(Case no. 1-10-72-234-20). Participants gave informed consent to participate in
the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement No data are available.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Simon Winther http://orcid.org/0000-0001-8872-3681

Laust Dupont Rasmussen http://orcid.org/0000-0002-2790-2608
Niels Ramsing Holm http://orcid.org/0000-0002-2316-3107
Ashkan Eftekhari http://orcid.org/0000-0003-2871-8279

Mette Nyegaard http://orcid.org/0000-0003-4973-8543

REFERENCES

1 Hoorweg BB, Willemsen RT, Cleef LE, et al. Frequency of chest pain
in primary care, diagnostic tests performed and final diagnoses.
Heart 2017;103:1727-32.

2 Winther S, Schmidt SE, Rasmussen LD, et al. Validation of the
European society of cardiology pre-test probability model for
obstructive coronary artery disease. Eur Heart J 2021;42:1401-11.

3 Juarez-Orozco LE, Saraste A, Capodanno D, et al. Impact of a
decreasing pre-test probability on the performance of diagnostic
tests for coronary artery disease. Eur Heart J Cardiovasc Imaging
2019;20:1198-207.

4 Knuuti J, Wijns W, Saraste A, et al. 2019 ESC guidelines for the
diagnosis and management of chronic coronary syndromes. Eur
Heart J 2020;41:407-77.

5 Writing Committee M, Gulati M, Levy PD, et al. 2021 AHA/ACC/
ASE/CHEST/SAEM/SCCT/SCMR guideline for the evaluation
and diagnosis of chest pain: A report of the American college of
cardiology/American heart Association joint committee on clinical
practice guidelines. J Am Coll Cardiol 2021;78:e187-285.

6 Haase R, Schlattmann P, Gueret P, et al. Diagnosis of obstructive
coronary artery disease using computed tomography angiography in
patients with stable chest pain depending on clinical probability and
in clinically important subgroups: meta-analysis of individual patient
data. BMJ 2019;365:11945.

Winther S, et al. Open Heart 2023;10:€002328. doi:10.1136/openhrt-2023-002328

13

1ybuAdoo
Aq pesiold “Areiqr Ausieniun Biogrey e €20z ‘2 1snbiny uo jwod fwqg-esyuadoy/:dny woly pepeojumod "£20z AINC #Z U0 82£200-£202-MYuado/9gTT 0T Se paysiiand 1siy :uesH uado


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-8872-3681
http://orcid.org/0000-0002-2790-2608
http://orcid.org/0000-0002-2316-3107
http://orcid.org/0000-0003-2871-8279
http://orcid.org/0000-0003-4973-8543
http://dx.doi.org/10.1136/heartjnl-2016-310905
http://dx.doi.org/10.1093/eurheartj/ehaa755
http://dx.doi.org/10.1093/ehjci/jez054
http://dx.doi.org/10.1093/eurheartj/ehz425
http://dx.doi.org/10.1093/eurheartj/ehz425
http://dx.doi.org/10.1136/bmj.l1945
http://openheart.bmj.com/

Open Heart 8

7

Nissen L, Winther S, Isaksen C, et al. Danish study of non-invasive
testing in coronary artery disease (Dan-NICAD): study protocol for a
randomised controlled trial. Trials 2016;17:262.

Tomographic angiography: results from the multinational coronary
CT angiography evaluation for clinical outcomes: an international
multicenter Registry (CONFIRM). Circulation 2011;124:2423-32,

8 Nissen L, Winther S, Westra J, et al. Diagnosing coronary 28 Douglas PS, Hoffmann U, Lee KL, et al. Prospective multicenter
artery disease after a positive coronary computed tomography imaging study for evaluation of chest pain: rationale and design of
angiography: the Dan-NICAD open label, parallel, head to head, the PROMISE trial. Am Heart J 2014;167:796-803.
randomized controlled diagnostic accuracy trial of cardiovascular 29 Winther S, Schmidt SE, Mayrhofer T, et al. Incorporating coronary
magnetic resonance and myocardial perfusion scintigraphy. Eur calcification into pre-test assessment of the likelihood of coronary
Heart J Cardiovasc Imaging 2018;19:369-77. artery disease. J Am Coll Cardiol 2020;76:2421-32.

9 Rasmussen LD, Winther S, Westra J, et al. Danish study of non- 30 Maron DJ, Hochman JS, Reynolds HR, et al. Initial invasive or
invasive testing in coronary artery disease 2 (Dan-NICAD 2): study conservative strategy for stable coronary disease. N Engl J Med
design for a controlled study of diagnostic accuracy. Am Heart J 2020;382:1395-407.
2019;215:114-28. 31 Spertus JA, Jones PG, Maron DJ, et al. Health-status outcomes

10 Rasmussen LD, Winther S, Eftekhari A, et al. Second-line myocardial with invasive or conservative care in coronary disease. N Engl J Med
perfusion imaging to detect obstructive stenosis: head-to- 2020;382:1408-19.
head comparison of CMR and PET. JACC Cardiovasc Imaging 32 Al-Lamee R, Thompson D, Dehbi H-M, et al. Percutaneous coronary
2023;16:642-55. intervention in stable angina (ORBITA): a double-blind, randomised

11 Knuuti J, Ballo H, Juarez-Orozco LE, et al. The performance of controlled trial. Lancet 2018;391:31-40.
non-invasive tests to rule-in and rule-out significant coronary artery 33 De Bruyne B, Baudhuin T, Melin JA, et al. Coronary flow Reserve
stenosis in patients with stable angina: a meta-analysis focused on calculated from pressure measurements in humans. validation with
post-test disease probability. Eur Heart J 2018;39:3322-30. positron emission tomography. Circulation 1994;89:1013-22.

12 Sand NPR, Veien KT, Nielsen SS, et al. Prospective comparison of 34 Sciagra R, Lubberink M, Hyafil F, et al. EANM procedural guidelines
FFR derived from coronary CT angiography with SPECT perfusion for PET/CT quantitative myocardial perfusion imaging. Eur J Nucl
imaging in stable coronary artery disease: the reassess study. JACC Med Mol Imaging 2021;48:1040-69.

Cardiovasc Imaging 2018;11:1640-50. 35 Stewart RE, Schwaiger M, Molina E, et al. Comparison of

13 Driessen RS, Danad |, Stuijfzand WJ, et al. Comparison of coronary Rubidium-82 positron emission tomography and Thallium-201
computed tomography angiography, fractional flow reserve, SPECT imaging for detection of coronary artery disease. Am J
and perfusion imaging for ischemia diagnosis. J Am Coll Cardiol Cardiol 1991;67:1303-10.
2019;73:161-73. 36 Sampson UK, Dorbala S, Limaye A, et al. Diagnostic accuracy of

14 Westra J, Li Z, Rasmussen LD, et al. One-step anatomic and Rubidium-82 myocardial perfusion imaging with hybrid positron
function testing by cardiac CT versus second-line functional testing emission tomography/computed tomography in the detection of
in symptomatic patients with coronary artery stenosis: head-to-head coronary artery disease. J Am Coll Cardiol 2007;49:1052-8.
comparison of CT-derived fractional flow Reserve and myocardial 37 Kajander S, Joutsiniemi E, Saraste M, et al. Cardiac positron
perfusion imaging. Eurolntervention 2021;17:576-83. emission tomography/computed tomography imaging accurately

15 Tu S, Ding D, Chang Y, et al. Diagnostic accuracy of quantitative flow detects anatomically and functionally significant coronary artery
ratio for assessment of coronary stenosis significance from a single disease. Circulation 2010;122:603-13.
angiographic view: A novel method based on Bifurcation Fractal 38 Thomassen A, Petersen H, Diederichsen ACP, et al. Hybrid CT
law. Catheter Cardiovasc Interv 2021;97:1040-7. 10.1002/ccd.29592 angiography and quantitative 150-water PET for assessment of
Available: https://onlinelibrary.wiley.com/toc/1522726x/97/S2 coronary artery disease: comparison with quantitative coronary

16 Raff GL, Abidov A, Achenbach S, et al. SCCT guidelines for the angiography. Eur J Nucl Med Mol Imaging 2013;40:1894-904.
interpretation and reporting of coronary computed Tomographic 39 Joutsiniemi E, Saraste A, Pietiléa M, et al. Absolute flow or myocardial
angiography. J Cardiovasc Comput Tomogr 2009;3:122-36. flow reserve for the detection of significant coronary artery disease.

17 Cerqueira MD, Weissman NJ, Dilsizian V, et al. Standardized Eur Heart J Cardiovasc Imaging 2014;15:659-65.
myocardial Segmentation and nomenclature for Tomographic 40 Danad |, Raijmakers PG, Driessen RS, et al. Comparison of coronary
imaging of the heart. A statement for Healthcare professionals from CT angiography, SPECT, PET, and hybrid imaging for diagnosis of
the cardiac imaging committee of the Council on clinical cardiology ischemic heart disease determined by fractional flow Reserve. JAMA
of the American heart Association. Circulation 2002;105:539-42. Cardiol 2017;2:1100-7.

18 Tilkemeier P, Cooke C, Ficaro E, et al. American society of nuclear 41 Williams BR, Mullani NA, Jansen DE, et al. A retrospective study of
cardiology information statement: standardized reporting matrix the diagnostic accuracy of a community hospital-based PET center
for radionuclide myocardial perfusion imaging. Journal of Nuclear for the detection of coronary artery disease using Rubidium-82.
Cardiology 2006;13:e157-71. J Nucl Med 1994;35:1586-92.

19 Lortie M, Beanlands RSB, Yoshinaga K, et al. Quantification of 42 Danad |, Raijmakers PG, Appelman YE, et al. Hybrid imaging using
myocardial blood flow with 82Rb dynamic PET imaging. Eur J Nucl quantitative H2150 PET and CT-based coronary angiography for the
Med Mol Imaging 2007;34:1765-74. detection of coronary artery disease. J Nucl Med 2013;54:55-63.

20 Harms HJ, Knaapen P, de Haan S, et al. Automatic generation 43 Naya M, Murthy VL, Taqueti VR, et al. Preserved coronary flow
of absolute myocardial blood flow images using [150]H20 Reserve effectively excludes high-risk coronary artery disease on
and a clinical PET/CT scanner. Eur J Nucl Med Mol Imaging angiography. J Nucl Med 2014;55:248-55.
2011;38:930-9. 44 Freitag MT, Bremerich J, Wild D, et al. Quantitative myocardial

21 Danad |, Uusitalo V, Kero T, et al. Quantitative assessment of perfusion (82)Rb-PET assessed by hybrid PET/coronary-CT: normal
myocardial perfusion in the detection of significant coronary artery values and diagnostic performance. J Nucl Cardiol 2022;29:464-73.
disease: cutoff values and diagnostic accuracy of quantitative [(15)O] 45 Neglia D, Rovai D, Caselli C, et al. Detection of significant coronary
H20 PET imaging. J Am Coll Cardiol 2014;64:1464-75. artery disease by noninvasive anatomical and functional imaging.

22 Timmer SAJ, Teunissen PFA, Danad |, et al. In vivo assessment of Circ Cardiovasc Imaging 2015;8:€002179.
myocardial viability after acute myocardial infarction: A head-to- 46 Go RT, Marwick TH, MaclIntyre WJ, et al. A prospective comparison
head comparison of the Perfusable tissue index by PET and delayed of Rubidium-82 PET and Thallium-201 SPECT myocardial perfusion
contrast-enhanced CMR. J Nuc! Cardiol 2017;24:657-67. imaging utilizing a single dipyridamole stress in the diagnosis of

23 Collet C, Sonck J, Vandeloo B, et al. Measurement of hyperemic coronary artery disease. J Nucl Med 1990;31:1899-905.

Pullback pressure gradients to characterize patterns of coronary 47 Nissen L, Winther S, Westra J, et al. Influence of cardiac CT
Atherosclerosis. J Am Coll Cardiol 2019;74:1772-84. based disease severity and clinical symptoms on the diagnostic

24 Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal definition of performance of myocardial perfusion. Int J Cardiovasc Imaging
myocardial infarction (2018). Circulation 2018;138:e618-51. 2019;35:1709-20.

25 Harris PA, Taylor R, Thielke R, et al. Research electronic data capture 48 Collet C, Onuma 'Y, Sonck J, et al. Diagnostic performance of
(Redcap)--A Metadata-driven methodology and Workflow process angiography-derived fractional flow Reserve: a systematic review
for providing Translational research Informatics support. J Biomed and Bayesian meta-analysis. Eur Heart J 2018;39:3314-21.

Inform 2009;42:377-81. 49 Agasthi P, Kanmanthareddy A, Khalil C, et al. Comparison of

26 Kosinski AS. A weighted generalized score Statistic for comparison computed tomography derived fractional flow reserve to invasive
of predictive values of diagnostic tests. Stat Med 2013;32:964-77. fractional flow Reserve in diagnosis of functional coronary stenosis:

27 Cheng VY, Berman DS, Rozanski A, et al. Performance of the A meta-analysis. Sci Rep 2018;8:11535.
traditional age, sex, and angina typicality-based approach for 50 Patel MR, Norgaard BL, Fairbairn TA, et al. 1-year impact on medical
estimating pretest probability of Angiographically significant practice and clinical outcomes of FFR _: the ADVANCE Registry.
coronary artery disease in patients undergoing coronary computed JACC Cardiovasc Imaging 2020;13:97-105.

14 Winther S, et al. Open Heart 2023;10:2002328. doi:10.1136/0penhrt-2023-002328

1ybuAdoo
Aq pesiold “Areiqr Ausieniun Biogrey e €20z ‘2 1snbiny uo jwod fwqg-esyuadoy/:dny woly pepeojumod "£20z AINC #Z U0 82£200-£202-MYuado/9gTT 0T Se paysiiand 1siy :uesH uado


http://dx.doi.org/10.1186/s13063-016-1388-z
http://dx.doi.org/10.1093/ehjci/jex342
http://dx.doi.org/10.1093/ehjci/jex342
http://dx.doi.org/10.1016/j.ahj.2019.03.016
http://dx.doi.org/10.1016/j.jcmg.2022.11.015
http://dx.doi.org/10.1093/eurheartj/ehy267
http://dx.doi.org/10.1016/j.jcmg.2018.05.004
http://dx.doi.org/10.1016/j.jcmg.2018.05.004
http://dx.doi.org/10.1016/j.jacc.2018.10.056
http://dx.doi.org/10.4244/EIJ-D-20-00905
http://dx.doi.org/10.1002/ccd.29592
https://onlinelibrary.wiley.com/toc/1522726x/97/S2
http://dx.doi.org/10.1016/j.jcct.2009.01.001
http://dx.doi.org/10.1161/hc0402.102975
http://dx.doi.org/10.1016/j.nuclcard.2006.08.014
http://dx.doi.org/10.1016/j.nuclcard.2006.08.014
http://dx.doi.org/10.1007/s00259-007-0478-2
http://dx.doi.org/10.1007/s00259-007-0478-2
http://dx.doi.org/10.1007/s00259-011-1730-3
http://dx.doi.org/10.1016/j.jacc.2014.05.069
http://dx.doi.org/10.1007/s12350-015-0329-7
http://dx.doi.org/10.1016/j.jacc.2019.07.072
http://dx.doi.org/10.1161/CIR.0000000000000617
http://dx.doi.org/10.1016/j.jbi.2008.08.010
http://dx.doi.org/10.1016/j.jbi.2008.08.010
http://dx.doi.org/10.1002/sim.5587
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.039255
http://dx.doi.org/10.1016/j.ahj.2014.03.003
http://dx.doi.org/10.1016/j.jacc.2020.09.585
http://dx.doi.org/10.1056/NEJMoa1915922
http://dx.doi.org/10.1056/NEJMoa1916370
http://dx.doi.org/10.1016/S0140-6736(17)32714-9
http://dx.doi.org/10.1161/01.cir.89.3.1013
http://dx.doi.org/10.1007/s00259-020-05046-9
http://dx.doi.org/10.1007/s00259-020-05046-9
http://dx.doi.org/10.1016/0002-9149(91)90456-u
http://dx.doi.org/10.1016/0002-9149(91)90456-u
http://dx.doi.org/10.1016/j.jacc.2006.12.015
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.915009
http://dx.doi.org/10.1007/s00259-013-2519-3
http://dx.doi.org/10.1093/ehjci/jet274
http://dx.doi.org/10.1001/jamacardio.2017.2471
http://dx.doi.org/10.1001/jamacardio.2017.2471
http://dx.doi.org/7931654
http://dx.doi.org/7931654
http://dx.doi.org/10.2967/jnumed.112.104687
http://dx.doi.org/10.2967/jnumed.113.121442
http://dx.doi.org/10.1007/s12350-020-02264-4
http://dx.doi.org/10.1161/CIRCIMAGING.114.002179
http://dx.doi.org/2266384
http://dx.doi.org/10.1007/s10554-019-01604-x
http://dx.doi.org/10.1093/eurheartj/ehy445
http://dx.doi.org/10.1038/s41598-018-29910-9
http://dx.doi.org/10.1016/j.jcmg.2019.03.003
http://openheart.bmj.com/

Coronary artery disease

51 Min JK, Koo B-K, Erglis A, et al. Effect of image quality on diagnostic

52

53

54

55

56

accuracy of noninvasive fractional flow Reserve: results from the
prospective multicenter International DISCOVER-FLOW study.

J Cardiovasc Comput Tomogr 2012;6:191-9.

Coenen A, Lubbers MM, Kurata A, et al. Fractional flow Reserve
computed from noninvasive CT angiography data: diagnostic
performance of an on-site clinician-operated computational fluid
Dynamics algorithm. Radiology 2015;274:674-83.

Li Z, Zhang J, Xu L, et al. Diagnostic accuracy of a fast
computational approach to derive fractional flow Reserve

from coronary CT angiography. JACC Cardiovasc Imaging
2020;13:172-5.

Ko BS, Cameron JD, Munnur RK, et al. Noninvasive CT-derived
FFR based on structural and fluid analysis: A comparison with
invasive FFR for detection of functionally significant stenosis. JACC
Cardiovasc Imaging 2017;10:663-73.

Ronnow Sand NP, Nissen L, Winther S, et al. Prediction of coronary
Revascularization in stable angina: comparison of FFR(CT)

with CMR stress perfusion imaging. JACC Cardiovasc Imaging
2020;13:994-1004.

Westra J, Sejr-Hansen M, Koltowski L, et al. Reproducibility

of quantitative flow ratio: the QREP study. Eurolntervention
2022;17:1252-9.

57

58

59

60

61

62

63

64

Chatterjee N, Shi J, Garcia-Closas M. Developing and evaluating
Polygenic risk prediction models for stratified disease prevention.
Nat Rev Genet 2016;17:392-406.

Euesden J, Lewis CM, O’Reilly PF. Prsice: Polygenic risk score
software. Bioinformatics 2015;31:1466-8.

Vilhjalmsson BJ, Yang J, Finucane HK, et al. Modeling linkage
disequilibrium increases accuracy of Polygenic risk scores. The
American Journal of Human Genetics 2015;97:576-92.

Khera AV, Chaffin M, Aragam KG, et al. Genome-wide Polygenic
scores for common diseases identify individuals with risk equivalent
to Monogenic mutations. Nat Genet 2018;50:1219-24.
Christiansen MK, Nissen L, Winther S, et al. Genetic risk of coronary
artery disease, features of Atherosclerosis, and coronary plaque
burden. J Am Heart Assoc 2020;9:e014795.

Christiansen MK, Winther S, Nissen L, et al. Polygenic risk score-
enhanced risk stratification of coronary artery disease in patients
with stable chest pain. Circ Genom Precis Med 2021;14:e003298.
Januzzi JL, Suchindran S, Coles A, et al. High-sensitivity troponin

| and coronary computed tomography in symptomatic outpatients
with suspected CAD: insights from the PROMISE trial. JACC
Cardiovasc Imaging 2019;12:1047-55.

Ibrahim NE, Januzzi JL, Magaret CA, et al. A clinical and biomarker
scoring system to predict the presence of obstructive coronary
artery disease. J Am Coll Cardiol 2017;69:1147-56.

Winther S, et al. Open Heart 2023;10:€002328. doi:10.1136/openhrt-2023-002328

-
(2]

1ybuAdoo
Aq pesiold “Areiqr Ausieniun Biogrey e €20z ‘2 1snbiny uo jwod fwqg-esyuadoy/:dny woly pepeojumod "£20z AINC #Z U0 82£200-£202-MYuado/9gTT 0T Se paysiiand 1siy :uesH uado


http://dx.doi.org/10.1016/j.jcct.2012.04.010
http://dx.doi.org/10.1016/j.jcct.2012.04.010
http://dx.doi.org/10.1148/radiol.14140992
http://dx.doi.org/10.1016/j.jcmg.2019.08.003
http://dx.doi.org/10.1016/j.jcmg.2016.07.005
http://dx.doi.org/10.1016/j.jcmg.2016.07.005
http://dx.doi.org/10.1016/j.jcmg.2019.06.028
http://dx.doi.org/10.4244/EIJ-D-21-00425
http://dx.doi.org/10.1038/nrg.2016.27
http://dx.doi.org/10.1093/bioinformatics/btu848
http://dx.doi.org/10.1016/j.ajhg.2015.09.001
http://dx.doi.org/10.1016/j.ajhg.2015.09.001
http://dx.doi.org/10.1038/s41588-018-0183-z
http://dx.doi.org/10.1161/JAHA.119.014795
http://dx.doi.org/10.1161/CIRCGEN.120.003298
http://dx.doi.org/10.1016/j.jcmg.2018.01.021
http://dx.doi.org/10.1016/j.jcmg.2018.01.021
http://dx.doi.org/10.1016/j.jacc.2016.12.021
http://openheart.bmj.com/

	Danish study of Non-­Invasive Testing in Coronary Artery Disease 3 (Dan-­NICAD 3): study design of a controlled study on optimal diagnostic strategy
	Abstract
	Background
	Method
	Study design and cohort
	Baseline information
	Biobank
	CT
	Patient preparation
	Imaging protocol
	Imaging analyses: CTA

	Positron emission tomography
	Patient preparation: PET
	﻿82﻿Rb-PET: imaging protocol, image reconstruction and image analysis
	﻿15﻿O-water PET: imaging protocol, image reconstruction and imaging analysis

	ICA and three-vessel invasive physiological examination: ICA, FFR, CFR and uQFR
	Patient preparation
	Cardiac catheterisation protocol
	Invasive coronary angiography
	Invasive physiological examination
	Resting pressure distal/pressure aorta and average mean resting transit time
	FFR, CFR and IMR
	Postprocedural physiological examination

	Image analysis: ICA
	QCA and uQFR analysis


	Follow-up
	Data collection and recordings
	Endpoints and statistical analysis
	Diagnostic accuracy of non-invasive imaging
	Sample size


	Ethical considerations
	Discussion
	The Dan-NICAD trial programme
	MPI and ICA
	Follow-up

	Tracers: ﻿82﻿Rb-PET versus ﻿15﻿O-water-PET
	Diagnostic performance of ﻿82﻿Rb-PET and ﻿15﻿O-water-PET

	Computed estimation of FFR from coronary CTA and ICA
	Personalised medicine based on biomarkers
	Perspective
	Study status


	References


