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A B S T R A C T

Background: Quantitative cardiovascular magnetic resonance (CMR) first pass perfusion maps are con-
ventionally acquired with 3 short-axis (SAX) views (basal, mid, and apical) in every heartbeat (3SAX/1RR).
Thus, a significant part of the left ventricle (LV) myocardium, including the apex, is not covered. The aims of this
study were 1) to investigate if perfusion maps acquired with 3 short-axis views sampled every other RR-interval
(2RR) yield comparable quantitative measures of myocardial perfusion (MP) as 1RR and 2) to assess if acquiring
3 additional perfusion views (i.e., total of 6) every other RR-interval (2RR) increases diagnostic confidence.
Methods: In 287 patients with suspected ischemic heart disease stress and rest MP were performed on clinical
indication on a 1.5T MR scanner. Eighty-three patients were examined by acquiring 3 short-axis perfusion maps
with 1RR sampling (3SAX/1RR); for which also 2RR maps were reconstructed. Additionally, in 103 patients 3
short-axis and 3 long-axis (LAX; 2-, 3, and 4-chamber view) perfusion maps were acquired using 2RR sampling
(3SAX + 3LAX/2RR) and in 101 patients 6 short-axis perfusion maps using 2RR sampling (6SAX/2RR) were
acquired. The diagnostic confidence for ruling in or out stress-induced ischemia was scored according to a Likert
scale (certain ischemia [2 points], probably ischemia [1 point], uncertain [0 points], probably no ischemia [1
point], certain no ischemia [2 points]).
Results: There was a strong correlation (R = 0.99) between 3SAX/1RR and 3SAX/2RR for global MP (mL/min/
g). The diagnostic confidence score increased significantly when the number of perfusion views was increased
from 3 to 6 (1.24 ± 0.68 vs 1.54 ± 0.64, p < 0.001 with similar increase for 3SAX+3LAX/2RR
(1.29 ± 0.68 vs 1.55 ± 0.65, p < 0.001) and for 6SAX/2RR (1.19 ± 0.69 vs 1.53 ± 0.63, p < 0.001).
Conclusion: Quantitative perfusion mapping with 2RR sampling of data yields comparable perfusion values as
1RR sampling, allowing for the acquisition of additional views within the same perfusion scan. The diagnostic
confidence for stress-induced ischemia increases when adding 3 additional views, short- or long axes, to the
conventional 3 short-axis views. Thus, future development and clinical implementation of quantitative CMR
perfusion should aim at increasing the LV coverage from the current standard using 3 short-axis views.

1. Introduction

Coronary artery disease (CAD) is one of the major causes of death
worldwide and is characterized by flow limiting obstructions of the

coronary arteries affecting myocardial perfusion [1]. In the situation of
suspected CAD, cardiovascular magnetic resonance (CMR) imaging can
be used to evaluate myocardial perfusion using dynamic first-pass
perfusion (FPP) imaging at rest and during vasodilator stress [2,3]. In
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FPP, a series of dynamic single-shot images are acquired as an in-
travenously injected bolus of a gadolinium-based contrast agent is en-
tering the heart and passing through the myocardium. Conventional
FPP has traditionally been evaluated and interpreted based on quali-
tative [2,4] or semi-quantitative [5,6] assessment of myocardial per-
fusion for detection of myocardial ischemia. Quantitative perfusion has
shown clinical value both regarding increased diagnostic accuracy of
coronary stenosis [7] and prognostic outcome [8]. Furthermore, the
current American Heart Association (AHA) guidelines recommend
quantitative perfusion with positron emission tomography (PET) or
CMR to detect microvascular dysfunction (MVD) in patients with
ischemia and non-obstructive coronary angiography [9].

The underlying theoretical framework for quantitative perfusion
imaging was presented already in the early 1960s [10] and was first
applied by Leon Axel in dynamic cardiac computed tomography [11].
Fully quantitative FPP (qFPP) has since then been introduced, enabling
pixelwise myocardial perfusion quantification in mL/min/g using either
dual-bolus techniques [12,13] or a dual sequence, single bolus ap-
proach [14–16]. FPP images are commonly acquired in 3 short-axis
slices (basal, middle, and apical) of the left ventricle (LV), with single-
shot acquisition of each slice every RR-interval (1RR). This approach
allows for assessment of myocardial perfusion in 16 of the 17 LV seg-
ments recommended for regional myocardial distribution of perfusion
[17]. Still, a significant part of the myocardium is not covered with only
3 short-axis 8 mm slices and regional inhomogeneities in perfusion can
be missed. This is a limitation when compared to cardiac nuclear
imaging, such as PET with full 3-dimensional LV coverage for perfusion
assessment [18,19]. In other words, while in-plane resolution with FPP
CMR is high compared to nuclear imaging, typically 2 × 2 mm versus
6 × 6 mm, the contrary is true throughout the long-axis plane of the LV
where nuclear imaging has the same resolution but the convention in
CMR uses only 3 slices (basal, mid, and apical). Increased coverage of
the LV, including long-axis imaging, would potentially increase the
diagnostic confidence when interpreting qFPP images, e.g., by im-
proved coverage of the base and LV apex.

The LV coverage using qFPP can be increased by increasing the
number of slices acquired during the bolus injection. However, more
slices require increased acquisition time, usually not possible to fit in a
single RR-interval (1RR), especially during stress when the heart rate
increases. A solution to this problem would be to acquire 2 sets of
images with perfusion sampling every other RR interval (2RR) for each
set of images. To what extent sampling perfusion data every 2RR in-
tervals is sufficient for maintaining accurate assessment of quantitative
perfusion has not been described in the literature.

The aims of this study were 1) to determine if a 2RR versus a 1RR
sampling interval for dual sequence, single bolus qFPP affects the
quantitative perfusion values and 2) to assess if adding 3 long-axis slices
(2-, 3-, and 4-chamber views) or 3 short-axis slices, in addition to the
conventional 3 short-axis slices, increases the diagnostic confidence
with this qFPP technique.

2. Methods

2.1. Study population

A total of 287 patients referred for stress CMR to the Department of
Clinical Physiology and the Skåne University Hospital, Lund, Sweden,
due to suspected chronic coronary syndrome were prospectively in-
cluded in the study (November 2020–September 2021). All patients
were examined by CMR with qFPP using single bolus, dual sequence
perfusion mapping for assessment of myocardial perfusion to confirm or
rule out stress-induced myocardial ischemia [14,15]. Eighty-three
consecutive clinical patients were examined by acquiring 3 short-axis
(SAX) perfusion maps with 1RR sampling (February–March 2021), 101
consecutive patients by acquiring 6 SAX perfusion maps using 2RR
sampling (November 2020–February 2021) and 103 consecutive

patients by acquiring 3 SAX and 3 long-axis (LAX) (2-, 3, and 4-
chamber) perfusion maps using 2RR sampling (June–September 2021).
Inclusion criteria were sinus rhythm, age >18 years, the use of ade-
nosine as the pharmacological stressor, and acquisition of both stress
and rest perfusion images. Exclusion criteria were contraindication for
CMR (estimated glomerular filtration rate < 30 mL/min/1.73 m2, fer-
rometal and device implant, and known contrast agent intolerance).
The study was approved by the regional ethics committee and all pa-
tients gave their written informed consent to participate in the study.

2.2. Image acquisition and reconstruction

The CMR examinations were performed on either of two 1.5T MR
scanners (Siemens Magnetom Sola Cardiovascular Edition or Siemens
Magnetom Aera, Siemens Healthineers, Erlangen, Germany). After in-
itial scout imaging to define the short- and long-axis LV image planes,
cine steady state free precession (SSFP) SAX images were acquired
covering the entire LV (slice thickness 8 mm, no gap). Cine SSFP images
were also acquired in the 3, standard LAX planes (2-, 3-, and 4-chamber
views, slice thickness 8 mm).

For each patient qFPP images were acquired both during adenosine
stress after 3 min of intravenous adenosine infusion (140–210 μg/kg/
min) and approximately 10 min later at rest. For both stress and rest
imaging, an intravenous injection of 0.05 mmol/kg gadolinium (Gd)-
based contrast agent (Clariscan – gadoterate meglumine, GE
Healthcare, Danderyd. Sweden) was administered as previously de-
scribed [15]. In short, single-shot images using a single bolus, dual
sequence strategy where low-resolution images for arterial input func-
tion (AIF) and high-resolution images for myocardial perfusion are
acquired simultaneously. The images are reconstructed automatically,
generating a pixelwise map where the perfusion is displayed online at
the scanner in colors directly corresponding to specific numbers of
absolute perfusion in mL/min/g. A convolution neural net approach
was used to automatically segment the perfusion map into the AHA LV
segment model as previously described [20] also performed online. The
online image reconstruction and generation of perfusion maps is per-
formed within 90 s.

2.2.1. 1RR sampling, 3 SAX views (n = 83)
For sampling every heartbeat (1RR), qFPP myocardial images were

acquired in 3 SAX views (basal, mid, and apical) during 60 heartbeats
both during adenosine stress and at rest. The AIF images were acquired
for the basal SAX slice sampled every heartbeat (1RR) using the dual
sequence.

2.2.2. 2RR sampling, 3SAX + 3LAX or 6 SAX views (n = 204)
For every other heartbeat (2RR) sampling, qFPP myocardial images

were acquired either in A) 3SAX (basal, mid, and apical) + 3LAX (2-, 3-
and 4-chamber view; Fig. 1A) or B) 6 SAX views equally distributed
from base to apex (Fig. 1B). The qFPP acquisition in the 6 image views
was performed during 120 heartbeats at stress and rest. In both cases,
the AIF images were acquired for the basal SAX slice sampled every
heartbeat (1RR) using the dual sequence.

2.3. MR image analysis

2.3.1. 1RR vs 2RR for quantitative perfusion (n= 83)
To allow for direct comparison of quantitative perfusion between

1RR and 2RR sampling of the myocardial images, stress and rest per-
fusion maps from the 83 patients with 1RR sampling were computed
using data both from 1RR and from 2RR by discarding alternate
heartbeats. Global and regional (according to the 17-segment model
[17]) perfusion were derived from both 1RR and 2RR sampling perfu-
sion maps and expressed as mL/min/g myocardial tissue.
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2.3.2. 3 vs 6 slices for assessment of ischemia (n=204)
To test if 6 slices (either 3SAX+3LAX/2RR or 6SAX/2RR) instead of

the conventional 3SAX/2RR views increase the diagnostic confidence
when examining patients with qFPP CMR, one observer (H.E., 20+years
of CMR experience) did the analysis of the 204 patients with 2RR sam-
pling. For intra- and interobserver variability, a subset of 40 patients (20
with 3SAX+3LAX and 20 with 6SAX) were analyzed by the same ob-
server >1month apart and by an additional observer (E.O., 17 years of
CMR experience). Before performing the interobserver reading, the 2
observers discussed a subset of patients (n=20) not included in the
analysis, to agree on how different findings should be reported. For each
patient, 2 sets of perfusion maps were created, one with all 6 slices
(3SAX+3LAX/2RR or 6SAX/2RR) and one with only the 3 SAX slice
positions (3SAX/2RR) usually acquired in clinical routine (base, mid, and
apical). Each case was evaluated for stress-induced ischemia present/
absent, ischemic burden (<50% or >50% transmural extent of ischemia
for of the LV segments) and in which of the 3 main coronary territories
(left anterior descending coronary artery [LAD], left circumflex coronary
artery [LCX], and right coronary artery [RCA]) if present. The 3- and 6-
view datasets for each patient were blinded and randomly presented to
the observers to avoid bias. For each of the data sets, level of confidence
according to a 5-grade Likert scale with an associated diagnostic con-
fidence score (0–2 points) as follows: 1= certain ischemia (2 points),
2=probably ischemia (1 point), 3=uncertain (0 points), 4=probably
no ischemia (1 point), and 5=certain no ischemia (2 points). The ob-
servers had access to the motion-corrected and non-motion corrected FPP
single-shot images corresponding to the perfusion maps. In addition, the
observers had access to automatically generated ECG-signal images, re-
spiratory motion diagrams and RR-interval diagrams to assess potential
influence of heavy respiration or arrhythmia/triggering problems on
image quality (Supplemental Fig. 1). In addition, sign of splenic switch-off
was evaluated in the FPP images for assessment of adenosine effect [21].
In short, splenic switch-off was visually assessed as reduced perfusion of
the spleen during adenosine stress imaging compared to rest imaging
(spleen being dark in the former and bright in the latter). The observers
were blinded to all other imaging data and patient history.

To enable comparison of quantitative perfusion values between SAX
and LAX perfusion maps, regions of interest were drawn in the same 20
patients from intra/interobserver analysis (3SAX+3LAX/2RR) at the
18 intersects between SAX (basal, mid, apical) and LAX (2-, 3-, 4-

chamber view). Intersections with artifacts or outside of the LV myo-
cardium such as the LV outflow tract were excluded. In total, 641 in-
tersections were included in the analysis.

2.4. Invasive coronary angiography

Of the 204 patients included for the 3 vs 6 slice comparison, 50 were
clinically referred for invasive angiography within 6months of the CMR
examination. Presence of coronary stenosis for each of the 3 main
coronary vessel territories was assessed by the clinical angiographer
blinded to the CMR data. The angiography findings were then com-
pared with myocardial perfusion by qFPP in the corresponding vessel
territory.

2.5. Statistical analysis

Values are expressed as mean ± SD unless other is specified. For
comparison of quantitative perfusion values between 1RR and 2RR
qFPP sampling as well as SAX vs LAX perfusion values, Pearson’s cor-
relation and Bland-Altman analysis were performed. Difference in di-
agnostic confidence score between 3- and 6-views perfusion analysis
was assessed by Wilcoxon rank sum test. A p-value <0.05 was con-
sidered to indicate statistical significance.

3. Results

The patients’ characteristics are shown in Table 1. The average age
was 66 years with 43% (122/287) females. Seventeen percent (48/287)
of the patients had known CAD, 13% (38/287) had diabetes and ap-
proximately one-third (31%, 90/287) had hypertension.

3.1. Quantitative perfusion with 1RR vs 2RR interval sampling

The first-pass-perfusion curves for 1RR and 2RR interval sampling
were similar (Fig. 2). There was an excellent agreement between
myocardial perfusion values derived from 1RR interval and 2RR in-
terval sampling both for global perfusion in 160 examinations (83 stress
and 77 rest perfusion scans) (bias 0.13 ± 0.08mL/min/g, R=0.99,
p < 0.001; Fig. 3A and B) and regional perfusion in 2560 LV segments
(bias 0.01 ± 0.34mL/min/g, R=0.95, p < 0.001; Fig. 3C and D).

Fig. 1. Perfusion maps from 2 patients with 6
views acquired with 2RR sampling. A) A pa-
tient with 3SAX+3LAX (2-, 3-, and 4-
chamber) views during adenosine stress (upper
panel) and at rest (lower panel). The diagnostic
confidence increased when the stress-induced
perfusion defect was found in 2 orthogonal
planes within the LCX perfusion territory
(black arrows in basal SAX and in the 3ch-
LAX). B) A patient with 6 SAX views during
adenosine stress (upper panel) and at rest
(lower panel). The 3 conventional SAX views
are indicated within the dashed boxes. The
diagnostic confidence increased when the
stress-induced perfusion defect within the LCX
perfusion territory was found in 3 consecutive
SAX views (white arrows) instead of only one
for the conventional views. 2ch: 2-chamber
view, 3ch: 3-chamber view, 4ch: 4-chamber
view, LAX: long-axis view, LCX: left circumflex
coronary artery artery, SAX: short-axis view.
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Table 1
Patient characteristics.

All 3 SAX 3 SAX+3 LAX 6 SAX

(n=287) (n= 83) (n=103) (n= 101)

Age (range) 66 (18–88) 67 (30–88) 66 (18–88) 65 (27–85)
Sex (females) 122 (43%) 40 (48%) 41 (40%) 43 (43%)
Smoker 25 (9%) 9 (11%) 6 (6%) 10 (10%)
Current 10 (3%) 4 (5%) 1 (1%) 5 (5%)
Former 15 (5%) 5 (6%) 5 (5%) 5 (5%)

Diabetes 38 (13%) 8 (10%) 17 (17%) 13 (13%)
Hypertension 90 (31%) 25 (30%) 35 (34%) 30 (30%)
Known CAD 48 (17%) 16 (19%) 14 (14%) 18 (18%)
Prior PCI 45 (16%) 13 (16%) 15 (15%) 17 (17%)
Prior CABG 19 (7%) 2 (2%) 5 (5%) 12 (12%)
Statins 103 (36%) 30 (36%) 30 (29%) 43 (43%)
ACE-inh/ARB 97 (34%) 25 (30%) 31 (30%) 41 (41%)
Anticoagulants 118 (41%) 38 (46%) 36 (35%) 44 (44%)

Data expressed as median and range or absolute numbers and proportion.
ACE-inh angiotension-converting enzyme inhibitor, ARB angiotensin II receptor blockers, CABG coronary artery bypass grafting, CAD coronary artery disease, LAX
long-axis views, PCI percutaneous coronary intervention, SAX short-axis views.

Fig. 2. First-pass perfusion images (A), AIF and time-intensity curves (B) as well as resulting perfusion maps for 1RR and 2RR interval sampling in the same patient
(C, D). The red region of interest represents the myocardium from which the myocardial time-intensity curves were generated. The dashed horizontal lines indicate
the times between which the first-pass perfusion images in (A) were acquired. Note that the 2RR-sampled curve is a downsampling of the 1RR acquisition resulting in
similar time-intensity curves (B, lower panel). Note the similarity between the resulting quantitative perfusion maps (C, D). 1RR: sampling every RR-interval, 2RR:
sampling every other RR-interval, AIF: arterial input function.
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3.2. Diagnostic confidence with 3 vs 6 perfusion maps

Fig. 4 shows the distribution of diagnostic confidence levels with 3 vs
6 perfusion maps, both for 3SAX+3LAX/2RR (A, B) and for 6SAX/2RR
(C, D). There was a significant increase in diagnostic confidence score
between all 3 and 6 perfusion maps (1.24 ± 0.68 vs 1.54 ± 0.64,
p < 0.001) with similar increase for 3SAX+3LAX/2RR (1.29 ± 0.68
vs 1.55 ± 0.65, p < 0.001) and for 6SAX/2RR (1.19 ± 0.69 vs
1.53 ± 0.63, p < 0.001). An example, where diagnostic confidence
increased by adding 3 LAX is shown in Fig. 5. In 9% (18/204) of the
patients, diagnosis changed either from ischemia to no ischemia or vice
versa when adding 3 additional perfusion maps. Table 2 shows the dis-
tribution of findings from the readings of the 6 perfusion maps
(3SAX+3LAX/2RR or 6SAX/2RR). In 33% (68/204) of the patients,
CAD-related ischemia was diagnosed, primarily as single-vessel disease
(20%, 40/204). Of the 6 patients with non-CAD ischemia patterns, 5
patients were diagnosed as hypertrophic cardiomyopathy and 1 patient
with dilated cardiomyopathy. All 5 patients with hypertrophic cardio-
myopathy were found among patients examined by 3SAX+3LAX/2RR.

The intra- and interobserver variability in diagnostic confidence
score were −0.08 ± 0.35 and −0.13 ± 0.61 for 3SAX/2RR only and

−0.10 ± 0.44 and −0.05 ± 0.39 for 3SAX+3LAX/2RR or 6SAX/
2RR, respectively.

3.3. SAX vs LAX perfusion

There was an excellent agreement between SAX and LAX regional
perfusion values (R=0.97, p < 0.001 with a bias of
−0.04 ± 0.27mL/min/g; Fig. 6) in the subset of 20 patients (a total of
641 SAX-LAX intersections possible to analyze).

3.4. Quantitative perfusion vs findings on invasive angiography

In a total of 50 patients, angiography was performed on clinical
indication of which some examples are found in the Appendix. For this
subgroup of patients, there was also a significant increase in diagnostic
confidence score between 3 and 6 perfusion maps both for 3SAX+3
LAX/2RR (1.31 ± 0.55 vs 1.62 ± 0.57, p < 0.001) and for 6SAX/
2RR (1.13 ± 0.74 vs 1.71 ± 0.55, p < 0.001). In 90% (45/50), there
was agreement between qFPP and angiography findings. In 23 cases,
both qFPP and angiography were positive and in 22 cases qFPP as well
as angiography showed normal findings. For the 5 cases with

Fig. 3. The agreement between 1RR and 2RR sampling for assessment of global perfusion (rest and stress examinations included). The scatter plots (A, C) and the
Bland-Altman plots (B, D) for global perfusion (A, B) and regional perfusion (C, D). There was an excellent agreement and low bias between 1RR and 2RR sampling
both for global and regional perfusion. 1RR: sampling every heartbeat; 2RR: sampling every other heartbeat; MBF: myocardial blood flow.
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disagreement, qFPP was positive for ischemia with no significant ste-
nosis on angiography. In 1 of the 5 cases, stress-induced ischemia was
found in the RCA territory on qFPP, and the RCA showed no stenosis
but had an anomalous origin (Appendix Fig. D). In another case,
ischemia was detected in LAD and RCA with no significant stenosis on
angiography; however, both vessels were described as having variable
caliber and spasm tendencies during angiography (Appendix Fig. E). In
the remaining 3 cases, qFPP found ischemia in the RCA/LCX territory
where no significant stenosis was found on angiography.

4. Discussion

This study shows that diagnostic confidence with single bolus, dual
sequence perfusion mapping increases when LV coverage increases
from 3 to 6 perfusion maps, either by adding 3 LAX (2-, 3-, and 4-
chamber) or 3 SAX views. Furthermore, the study also shows that 1RR
and 2RR interval sampling as well as SAX and LAX maps yields com-
parable perfusion values.

4.1. Sampling every RR interval vs every other (1RR vs 2RR)

Since 2RR sampling showed similar perfusion values as 1RR sam-
pling in the present study, increased LV coverage using this technique is
possible without jeopardizing quantitative accuracy. The equivalent
values between 1RR and 2RR samplings are in concordance with pre-
viously presented preliminary data [22]. Using 2RR sampling results in
twice, the number of heartbeats required (120 beats instead of 60) and
twice the acquisition time if the number of heartbeats per perfusion
map is preserved as was done in the present study. Using additional
measurements would theoretically improve the quantification of per-
fusion over using fewer heart beats since the longer acquisition time

provides more data on the period after the first pass which improves the
blood tissue exchange modeling of the interstitial volume. However, the
interstitial volume is only weakly correlated with myocardial perfusion
and can therefore be considered to have negligible effect on the
quantitative perfusion maps. Furthermore, this potential slight im-
provement by 2RR sampling affects the 3 slices and 6 slices analyzed for
diagnostic confidence to the same degree in the present study. The 2RR
sampling could, however, be shortened to, i.e., 60 heartbeats (30 heart
beats for 3SAX and 30 heartbeats for 3LAX perfusion maps), which both
saves acquisition time and decreases adenosine dose. If the patient has
systolic heart failure and low cardiac output, however, a total of 60
heartbeats can be too few to cover the entire first-pass of the contrast
bolus, where 120 (and most often 90) heartbeats is sufficient. Since the
single bolus, dual sequence perfusion mapping technique [15] used in
the present study is executed during free breathing with robust motion
correction, prolonging the acquisition does not decrease its clinical
utility. Instead, there is a clear advantage with increased LV coverage,
especially when heart rate increases above 120 bpm during adenosine
stress. With heart rates above 120 bpm, the RR interval becomes too
short to allow for acquisition of 3 perfusion views every heartbeat.
Thus, 1RR sampling in high heart rates entails that only 2 views of the
LV can be acquired and hence incurring a risk of jeopardizing the di-
agnostic accuracy significantly when all 3 coronary vessel territories are
not encompassed. With 2RR sampling, 6 perfusion views are acquired at
low heart rate, while 4 views can still be acquired (for example, as
3SAX+1LAX), when heart rates are above 120 bpm, and thereby en-
suring coverage of all coronary vessel territories. Although this is a
significant disadvantage when using 3 perfusion views only, no patient
in the present study had a heart rate above 120 bpm during stress, in-
dicating that this is rare and less of a clinical problem when using
adenosine stress. From experience at our site, heart rate > 120 bpm is

Fig. 4. Diagnostic confidence for ruling in or out stress-induced ischemia when interpreting the results having access to 3 (A, C) or 6 (B, D) perfusion maps,
respectively. For both 3SAX+3LAX (A, B) and for 6 SAX (C, D) the diagnostic confidence increased significantly compared to 3 SAX only. ***p < 0.001 compared
to 3 SAX only. LAX: long-axis view, SAX: short-axis view.
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more often seen when regadenoson is used as stressor, which no patient
received in the present study.

The diagnostic confidence increased when adding 3 slices to stan-
dard 3 SAX views and the increase was similar regardless of adding 3
additional SAX views or 3 LAX views. Of notice is that all 5 patients
where ischemia pattern was suggestive of hypertrophic cardiomyo-
pathy was found using 3SAX+3LAX/2RR with apical coverage. This is
in line with recent findings by Hughes et al. [23] showing that apical
coverage by LAX qFPP is important when examining patients with
hypertrophic cardiomyopathy, often showing signs of isolated apical
perfusion defects.

Applying 2RR sampling to the acquisition provides opportunities for
other combinations of perfusion views, such as 5 SAX and 1 LAX (i.e., 2-

chamber view) which is used at some clinical centers. However, which
combination of perfusion views that gives the highest diagnostic con-
fidence and accuracy remains to be determined.

4.2. Perfusion imaging vs coronary angiography

We found good agreement between qFPP and angiography with
90% (45/50) of the cases showing congruent findings. A fundamental
challenge with assessing the accuracy of perfusion imaging is the in-
herent lack of a reference standard. There is a large body of literature
during the last decades using invasive angiography as reference stan-
dard for perfusion imaging. Most often sensitivity, specificity, and
predictive values of perfusion imaging are calculated with presence or

Fig. 5. A case when adding 3 LAX views increases diag-
nostic confidence. When only having access to the 3 SAX
views (3SAX/2RR) (A), the interpretation was probable
ischemia due to the subendocardial decrease in perfusion
in the apical part of septum (white arrows). This changed
to certain ischemia when including also 3 LAX views
(3SAX+3LAX/2RR) (B) showing decreased perfusion in
the 3- and 4-chamber views (black arrows). Angiography
(C) showed an LAD stenosis (white arrow) that was suc-
cessfully revascularized with PCI. LAD: left anterior des-
cending coronary artery, LAX: long-axis view, PCI: per-
cutaneous coronary intervention, SAX: short-axis view.
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absence of one or more flow-limiting coronary stenoses as ground truth
[24]. However, during the recent decades, it has become evident that
myocardial perfusion can be affected without flow-limiting coronary
stenosis, such as coronary MVD [25] or vasospasm [26,27]. Indeed, one
of the patients that showed decreased perfusion in the RCA territory by
qFPP with no culprit, flow-limiting stenosis (although variable vessel
caliber) showed vasospastic tendency during angiography (Appendix
E). Thus, if qFPP should be considered false positive or angiography
false negative in this case can be debated and illustrates the challenge
with assessing diagnostic accuracy in this context.

In 44% (22/50) of the patients that underwent angiography on
clinical indication, both qFPP and angiography were normal or showed
non-obstructive coronaries. Thus, these angiographies could potentially
have been avoided if qFPP had been performed prior to angiography
and used to guide decision to perform angiography or not. These
findings are similar to those by Patel et al. [28], showing that 39% of all
elective angiographies reveal normal coronary arteries.

4.3. Quantitative first-pass perfusion in relation to other perfusion imaging

Regional perfusion values were found to be similar in SAX and LAX
perfusion maps for the same LV segment (Fig. 3) allowing confirmation
of findings in 2 orthogonal planes, including apical coverage, to

increase diagnostic confidence. This is exemplified in Fig. 5 where the
LAX perfusion maps increased diagnostic confidence of LAD disease.
These findings are in line with previously published results by Wang
et al. [29] showing benefit of LAX FPP with better coverage of the LV
apex. These findings are, however, in contrast with earlier findings by
Elkington et al. [30] who were not able to show apical ischemia with
LAX FPP echo planar imaging (EPI) in patients with apical ischemia
evident by myocardial perfusion single photon emission computed to-
mography (SPECT). This can potentially be explained by the use of EPI-
based FPP compared to SSFP-based imaging used in the present study
for qFPP, which has been shown to be superior to EPI [31]. For nuclear
myocardial perfusion imaging (myocardial perfusion SPECT and PET),
the entire LV myocardium is covered by reconstruction of both SAX and
LAX. Thus, conventional FPP imaging with CMR based on 3 short-axis
8mm LV views (base, midventricular, and apical) has a disadvantage
due to limited LV coverage. Previous studies have, however, shown that
non‐quantitative FPP CMR has similar or superior diagnostic accuracy
compared to myocardial perfusion SPECT for diagnosing CAD [32–35].
This might be related to the superior spatial resolution with FPP com-
pared to nuclear imaging. The benefit of higher spatial resolution with
CMR compared to myocardial perfusion SPECT has clearly been de-
monstrated for detection of myocardial infarction where CMR has a
higher sensitivity for detection of small and subendocardial infarction
compared to myocardial perfusion scintigraphy [36]. Furthermore,
qFPP with single bolus, dual sequence using conventional 3 SAX has
been shown to have prognostic value in patients with known or sus-
pected CAD [8]. To what extent increased LV coverage and quantitative
assessment of perfusion with CMR have added diagnostic and prog-
nostic value remains to be studied.

With the dual-sequence, single-bolus perfusion mapping sequence
used in the present study the reader is enabled to retrospectively per-
form quality checks regarding ECG signal quality, ECG-trigger effi-
ciency, and patient breathing pattern. These are important aspects of
diagnostic confidence that are often lacking when interpreting perfu-
sion images acquired by nuclear techniques. Furthermore, FPP also
allow for assessment of splenic switch-off as an objective sign of ade-
nosine effect. In 3% (7/204) of the cases in the present study, no splenic
switch-off was seen as an indication of insufficient adenosine effect,
adding to the number of uncertain cases. These cases would be at risk of
being false negative using nuclear imaging where splenic switch-off
cannot be assessed.

Table 2
CMR findings from 3- and 6-slices readings (n= 204).

3 slices 6 slices

(3SAX
only)

(3SAX+3LAX or 6SAX)

No ischemia or uncertain 140 (69%) 130 (64%)
CAD-related ischemia 60 (29%) 68 (33%)
Single-vessel disease 34 (17%) 40 (20%)
Multi-vessel disease 12 (6%) 10 (5%)
Microvascular
dysfunction

14 (7%) 18 (9%)

Non-CAD related ischemia 4 (2%) 6 (3%)
Splenic switch-off 197 (97%) 197 (97%)

Data expressed as absolute numbers and proportion.
CAD coronary artery disease, LAX long-axis view, SAX short-axis view.

Fig. 6. Agreement between SAX and LAX stress and rest perfusion values from corresponding parts of the left ventricle where the SAX and LAX perfusion maps
intersect in a subset of 20 patients (3SAX+3LAX/2RR). (A) Scatter plot showing a strong correlation between SAX and LAX perfusion values. Solid line represents
the line of identity. The Bland-Altman plot (B) shows low bias (−0.04mL/min/g). Solid line represents the bias, and the dashed lines represents limits of agreement
(bias ± 1.96 SD). LAX: long-axis view; SAX: short-axis view.
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4.4. Limitations

In the present study, the primary outcome measure of increasing the
number of perfusion views from 3 to 6 was diagnostic confidence. As for all
clinical studies on myocardial perfusion, the lack of a reference standard
constitutes a limitation. Even though angiography cannot be considered
reference standard for myocardial perfusion, data from the 50 patients that
underwent angiography on clinical indication showed good agreement
with qFPP findings. Since most patients with negative findings on qFPP as
well as some of the patients with only small areas of ischemia will not
undergo angiography, sensitivity, specificity, and predictive values cannot
be assessed in this study. Furthermore, for the present study, we have fo-
cused on 2 possible combinations of LV views, 3SAX+3LAX or 6 SAX to
assess if increased LV coverage increases diagnostic confidence compared
to the conventional 3 SAX. Thus, future studies are required to assess which
combination of views that provides most added diagnostic value.

5. Conclusions

Quantitative perfusion mapping of 3 slices with 2RR sampling of
data yields similar perfusion values compared to 1RR sampling, al-
lowing for acquisition of additional views within the same perfusion
scan. The diagnostic confidence for stress-induced ischemia increases
when adding 3 additional views using 2RR sampling, short or long axes,
compared to the conventional 3 short-axis views with 2RR sampling.
Thus, future development and clinical implementation of quantitative
CMR perfusion should aim at increasing the LV coverage from the
current standard using 3 short-axis views.
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