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Abstract

Purpose—Cardiovascular magnetic resonance (CMR) perfusion has been established as a useful 

imaging modality for the detection of coronary artery disease (CAD). However, there are several 

limitations when applying standard, ECG-gated stress/rest perfusion CMR to patients with atrial 

fibrillation (AF). In this study we investigate an approach with no ECG gating and a rapid rest/

stress perfusion protocol to determine its accuracy for detection of CAD in patients with AF.

Methods—26 patients with AF underwent a rapid rest/regadenoson stress CMR perfusion 

imaging protocol, and all patients had X-ray coronary angiography. An ungated radial myocardial 

perfusion sequence was used. Imaging protocol included: rest perfusion image acquisition, 

followed nearly immediately by administration of regadenoson to induce hyperemia, 60 second 
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wait, and stress image acquisition. CMR perfusion images were interpreted by three blinded 

readers as normal or abnormal. Diagnostic accuracy was evaluated by comparison to X-ray 

angiography.

Results—21 of the CMR rest/stress perfusion scans were negative, and 5 were positive by 

angiography criteria. Majority results of the ungated datasets from all of the readers showed a 

sensitivity, specificity and accuracy of 80%, 100% and 96%, respectively, for detection of CAD.

Conclusions—An ungated, rapid rest/stress regadenoson perfusion CMR protocol appears to be 

useful for the diagnosis of obstructive CAD in patients with AF.
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Background

Coronary artery disease (CAD) remains a common cause of morbidity and mortality [1]. 

Due to advancements in technology, perfusion cardiac magnetic resonance imaging (CMR) 

has emerged as a modality with superior accuracy to single positron emission computed 

tomography (SPECT)[2–4]. Perfusion CMR has several advantages over SPECT, including 

high spatial and temporal resolution and lack of exposure to radiation[5]. In addition, CMR 

can provide comprehensive assessment of ventricular function and myocardial infarction. 

However, perfusion CMR is traditionally limited by both the need for ECG gating, which is 

challenging in patients with an irregular cardiac rhythm[6], and by long acquisition times. In 

particular, non-invasive imaging for assessment of CAD can be challenging in patients with 

atrial fibrillation (AF)[7]. Although multiple studies have shown sensitivity and specificity 

of perfusion CMR for obstructive CAD greater than 80%,[2–4, 8, 9] diagnostic accuracy of 

this modality has received little study in patients with AF. Greulich et al. recently reported a 

diagnostic accuracy of 70% in 64 patients with AF using a standard ECG-gated breath-hold 

perfusion CMR protocol[10]. This suggests that diagnostic accuracy of conventional 

perfusion CMR may be reduced in patients with AF.

Standard ECG-gated CMR imaging protocols rely on repetitive timing of a cardiac cycle to 

obtain image information synchronized to the same phase of the cardiac cycle over multiple 

heartbeats to eliminate cardiac motion, which is problematic in arrhythmias with variable R-

R intervals such as AF. In addition, magnetic field gradients and magneto-hydrodynamic 

effects make ECG-gating challenging in the MR environment[11]. Ungated perfusion 

acquisitions have previously been described by our group and others[12–14]. These 

acquisition methods run continuously without any ECG gating, and thus are unaffected by 

poor gating. This continuous, rapid acquisition allows for collection of multiple images in 

each cardiac cycle, resulting in increased temporal resolution relative to standard gated 

acquisitions. Our group previously reported favorable initial results in 8 subjects using 

adenosine stress and an ungated acquisition, with a sensitivity of 92% and specificity of 92%

[13].
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In addition to ECG-gating challenges, perfusion CMR is limited by long acquisition times. 

In most perfusion protocols, stress imaging is performed prior to rest imaging because it has 

the advantage of obtaining stress perfusion while the myocardium is contrast naïve, possibly 

increasing sensitivity and ensuring that there are no late enhancement effects related to 

myocardial infarct during this critical portion of the study. With regadenoson, stress first can 

be more challenging since flow and heartrate can remain elevated longer than with 

adenosine. Even with aminophylline to reverse the effects, mixed results are reported as to 

whether perfusion does[15] or does not[16] return to baseline after 15 minutes. To address 

these issues we utilize a rest-first protocol, where rest perfusion imaging is performed and 

immediately followed by administration of regadenoson for stress perfusion imaging. 

Additionally, by performing the rest portion first, we allow for both perfusion sequences to 

be obtained in rapid succession, minimizing overall imaging time. In this work, we aim to 

evaluate the diagnostic accuracy of a rapid, rest-first perfusion CMR protocol using a unique 

ungated pulse sequence for detection of CAD in patients with AF.

Methods

Study Participants

26 patients with a history of AF (age 69 ± 12 years, 15 males and 11 females) who were 

either being referred to X-ray coronary angiography or who had recently undergone 

clinically indicated X-ray coronary angiography without intervention within 30 days were 

included in this prospective study from January 2013 to November 2015. Exclusion criteria 

were contraindications to regadenoson stress agent (e.g. atrioventricular block, reversible 

airway disease), contraindication to gadolinium based contrast agent (allergy or GFR < 30 

ml/min per 1.73 m2), the presence of pacemakers or defibrillators, inability to lie flat for the 

study, pregnancy, and claustrophobia. Baseline clinical characteristics of the study 

population are summarized in Table 1. Participants were instructed to avoid caffeine 12 

hours prior to CMR imaging. Written consent was obtained from all participants. The 

University of Utah Institutional Review Board approved the study.

CMR Imaging Protocol and Image Reconstruction

A unique ungated saturation recovery radial turboFLASH sequence was used on a 3T MRI 

scanner (Verio, Siemens Healthcare, Erlangen, Germany). The sequence did not use any 

information from the ECG. Instead the sequence obtained images rapidly (~50ms) and 

consecutively, with a short break after each set of 5 slices to perform another saturation 

pulse and 40 ms delay. TR/TE=2.2/1.2 ms, 26cm field of view and 144 points in each 

readout (oversampled to 288 acquisition points) were used. Acquired spatial resolution was 

~1.8×1.8×8mm, although the reconstructed resolution can vary spatially[17]. Five slices 

were acquired after a single saturation pulse with a 40 ms delay. For each slice, twenty radial 

k-space lines were acquired with golden ratio based angular spacing[18]. Each image was 

acquired during free breathing in 42–53 ms. The set of a saturation pulse plus five slices was 

repeatedly acquired, approximately four times per second, with no ECG gating. Hence, each 

slice was acquired at multiple phases of the cardiac cycle, and these phases varied each beat. 

This approach provides a “real-time” like set of images of a beating heart during gadolinium 
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uptake and washout. We have described this type of ungated sequence in detail in previous 

works [13, 19].

Instead of a standard stress/rest sequence, we performed a rest/stress protocol in the 

following order: rest image acquisition (0.05 mmol/kg gadoteridol), administration of 0.4 

mg regadenoson intravenously into a peripheral vein to induce pharmacological hyperemia, 

~60 second wait to allow for peak effect [20, 21], and then stress image acquisition (0.075 

mmol/kg gadoteridol) (Fig. 1). To overcome the potential issue of peri-infarct ischemia with 

a rest-first sequence, we allowed very little time between rest and stress perfusion scans. In 

order to minimize the risk of signal saturation during the stress scan, a lower dose of contrast 

agent was used in the rest portion of the study. Time for the entire perfusion CMR protocol 

was recorded for each patient. The patient was instructed to breathe shallowly during both 

rest and stress imaging. Ungated perfusion images were then reconstructed using our 

previously described, iterative compressed sensing method that includes parallel imaging 

and spatial and temporal total variation constraints[13, 22]. Reconstructions consisted of five 

short axis slices, evenly spaced through the left ventricle, at both rest and stress. Standard 

cine and late gadolinium enhanced (LGE) images were obtained in all patients, but were not 

made available to the readers for analysis. Therefore the diagnostic accuracy results and 

imaging time reported reflect those of the perfusion rest and stress perfusion sequences only.

Image Analysis

Ungated CMR perfusion images were interpreted by 3 experienced readers as normal or 

abnormal, without viewing cine or late gadolinium enhancement (LGE) images. Readers 

were blinded to angiography results and all other clinical data. Images were presented to the 

readers in a random order. A 16-segment AHA model was used to report perfusion defects 

by visual assessment of short axis slices by comparison of rest and stress images. Presence 

of a perfusion defect in a single segment was considered positive. Fleiss’ kappa statistic was 

computed to assess interobserver agreement. All readers scored images for quality on a scale 

of 1 (lowest) to 5 (highest).

X-Ray Coronary Angiography

All patients underwent clinically indicated X-ray coronary angiography performed and 

analyzed visually by interventional cardiologists who were blinded to the perfusion CMR 

findings. Obstructive CAD was defined as luminal narrowing with ≥50% stenosis in 2 

orthogonal planes present in the left main coronary artery, or ≥70% stenosis in 2 orthogonal 

planes present in ≥1 of the three main coronary arteries or in a major side branch of ≥2 mm 

diameter. In patients with a history of coronary artery bypass grafting, ≥70% stenosis in the 

grafts or non-grafted vessels was defined as obstructive CAD. Fractional flow reserve (FFR) 

was performed at the clinical discretion of the operator. If performed, FFR < 0.8 was 

considered obstructive CAD. Perfusion CMR was performed either prior to X-ray coronary 

angiography or within 30 days after X-ray coronary angiography if there was no 

intervention.
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Statistical analysis

STATA 14 (StataCorp, College Station, Texas) was used for statistical analyses. Results for 

the diagnostic accuracy of perfusion CMR and its confidence intervals were calculated both 

by using the majority diagnosis of 3 readers (diagnosis of at least 2 of 3 readers) and by 

pooling each diagnosis from all three readers. Unpaired t-tests were used to compare image 

quality scores between patients in AF versus sinus rhythm at the time of the scan.

Results

Clinical characteristics of patients enrolled in the study are shown in Table 1. All of the 

patients underwent clinically indicated X-ray coronary angiography. 21 (81%) were negative 

and 5 (19%) were positive by angiography criteria as described above. 15 patients were in 

AF during perfusion CMR imaging. Average scan time for the rest/stress perfusion protocol 

was 4.7±1.0 minutes. Using the majority of 3 readers, 4 studies were read as positive, and 22 

were read as negative. Sensitivity, specificity, and accuracy for obstructive CAD were 80% 

(CI 30 – 99%), 100% (CI 81 – 100%), and 96% (CI 78 – 100%), respectively. Using the 

majority result, there was one false negative out of the 22 studies read as negative. There 

were no false positives. Using the pooled results, there were 4 total false negative reads out 

of 63 negative reads. Sensitivity, specificity, and accuracy were 73% (CI 45% – 91%), 94% 

(CI 84% – 98%), and 88% (CI 77% – 94%), respectively (Table 2). There were 4 false 

positive reads out of 15 total positive reads. Fleiss’ kappa was 0.82, suggesting good 

interobserver agreement. Figure 2 demonstrates a perfusion defect detected on CMR along 

with the corresponding vessel involvement on the coronary angiogram. Out of 5 patients 

who were diagnosed to have significant CAD by angiography, 2 patients had right coronary 

artery involvement, 1 patient had left anterior descending artery involvement, and 2 patients 

had three-vessel disease. Figure 3 shows example stress perfusion images from each positive 

case. Pooled image quality scores were not significantly different in patients with normal 

sinus rhythm vs. those in AF at the time of the scan (3.2±0.4 vs. 3.2±0.4, p = 0.74). 

Accuracy was 93% in patients in AF during the scan and 100% in patients in normal sinus 

rhythm during the scan using the majority results (p = 0.40).

Discussion

While there are many patients with AF in need of noninvasive assessment of CAD, current 

techniques have significant limitations[7]. We propose a rapid, ungated perfusion CMR 

imaging protocol using regadenoson, and perform a preliminary analysis of its accuracy and 

feasibility. The overall diagnostic accuracy of 96% compares favorably with that in 

previously published CMR perfusion imaging studies in patients without arrhythmia[2–4, 8]. 

Greulich et al. recently report results in 64 patients with AF using a standard stress-first, 

ECG-gated perfusion CMR protocol[10]. They report a sensitivity of 71%, specificity of 

69%, and accuracy of 70%. In addition, the readers in the current study do not view any cine 

or LGE images during image analysis. This is in contrast to the Greulich study and others[2–

4, 10] where cine and LGE images are analyzed with the perfusion CMR. Thus, the data 

presented here does not account for the further diagnostic benefit that cine and LGE images 

may provide. This may suggest that an ungated approach could improve accuracy in this 
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population. However, it would be valuable to perform a direct comparison between a gated 

and ungated approach, and to perform a larger multi-center study.

Our results are consistent with our previously published preliminary study using an 

adenosine ungated stress-first protocol[13], which also showed high diagnostic accuracy. In 

addition to having a significantly larger number of patients, in this study we use a rest-first 

protocol. In stress-first protocols, the myocardium is contrast naïve during the stress portion 

of the study. This, in theory, maximizes contrast-to-noise ratio, and thus, the sensitivity for 

detection of a perfusion defect during this critical portion of the study. However, this also 

requires that regadenoson be given prior to rest imaging, and this may result in lingering 

hyperemia even after administration of aminophylline and a standard 15 minute rest 

period[16]. A rest-first approach avoids any residual hyperemia during rest imaging. As 

well, it may be possible that late enhancement of infarcted myocardium after the rest 

contrast dose could mask a perfusion defect on the stress imaging. Therefore, we perform 

the stress acquisition immediately after the rest acquisition, before late enhancement effects 

occur. This has the additional advantage of reducing overall study time. The results of our 

study suggest that the rapid rest-first protocol employed in this study does not significantly 

reduce diagnostic accuracy.

Conventional ECG-gated perfusion CMR protocols have a number of inherent challenges. It 

is often difficult to choose the number of slices to acquire in each heartbeat since the heart 

rate typically increases significantly with stress. Even a slight change in heart rate can lead 

to data acquisition every other beat, which is only 50% efficient even when there is perfect 

ECG triggering (no missed or extra triggers from the waveform). The ungated approach 

addresses these issues. The number of slices is fixed prior to data acquisition, and increasing 

the number of slices leads to a consistent, predictable change in temporal resolution. Data 

acquisition is inherently more efficient as compared to ECG-gated protocols. As the 

acquisition is continuous for each block of 5 slices, maximal information is acquired during 

the brief first-pass of the contrast agent. In this study, we obtained 5 slices through the 

myocardium every 250 ms, significantly higher temporal resolution than a single frame of 

each slice per cardiac cycle that would be achieved with a gated-acquisition.

Ungated CMR acquisitions for both cine[11, 23, 24] and perfusion[12–14] imaging have 

been described. These acquisitions also allow for retrospective “self-gating” where either the 

k-space rays or the images themselves are used to bin each into the correct phase of the 

cardiac cycle. Ungated CMR perfusion acquisition leads to visualization of myocardial 

perfusion during all phases of the cardiac cycle, which could affect diagnostic accuracy. 

However, Motwani et al. demonstrated similar diagnostic accuracy using systolic or diastolic 

datasets, although they acquired data of only a single slice[25], suggesting that phase of the 

cardiac cycle does not affect diagnostic accuracy. Guttman et al. demonstrated a single slice 

perfusion study with data sharing using the “real-time” acquisition that provided wall motion 

and first pass perfusion simultaneously[26], another potential advantage of an ungated 

approach.

In this study, we use highly accelerated acquisitions with advanced reconstruction methods 

and apply the “real-time” concept to multi-slice myocardial perfusion imaging. We use a 
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radial acquisition which has inherently high spatial resolution in all directions and is robust 

to motion. Likely as a result, we do not perceive dark rim artifacts, which often complicate 

the interpretation of perfusion CMR, in any of the cases in this study. In Cartesian 

acquisitions, the lower spatial resolution of the phase encoding direction contributes to dark 

rim artifact[27]. Others have shown reduced dark rim artifact by smoothing (apodizing) the 

images along with a radial acquisition [28]. The smoothing step was not used here but the 

reconstruction includes temporal and spatial total variation regularization that may 

contribute to seeing less dark rim artifact. The 2D ungated sequence here uses a saturation 

recovery pulse because it is a well tested and universally accepted method for perfusion 

studies. Performing ungated steady-state acquisitions with a 3D readout without the 

saturation pulse, which is not required in an ungated approach, may be the subject of future 

work [12].

Given that this was a study designed to determine diagnostic accuracy, X-ray coronary 

angiography was used as the reference as it remains the gold standard for diagnosis of 

obstructive CAD. Other perfusion imaging techniques such as SPECT, echocardiography, 

computed tomography, or positron emission tomography were not used in comparison, 

although future studies to directly compare the diagnostic accuracy to these techniques 

would be useful to determine the most accurate noninvasive perfusion imaging method. FFR 

was used only when the operator thought it would be useful to clarify significance of an 

observed stenosis. FFR was performed in 2 of 26 patients and was negative in both. FFR has 

been shown to be a better predictor of ischemia and benefit from revascularization than X-

ray angiography alone[29]. A number of recent studies of perfusion CMR have used invasive 

FFR as a reference standard with good results.[9, 30] A meta-analysis by Jiang et al. reports 

a sensitivity and specificity of 88% each when FFR is used as a reference standard. Future 

studies of the rapid ungated approach could possibly be better validated using FFR as the 

reference standard in all patients, even in patients without stenoses that appear significant by 

visual assessment.

The prevalence of obstructive CAD was lower than expected, which is a limitation of this 

work, where 5 of 26 patients had obstructive CAD. This may reflect the referral of lower-

risk AF patients for coronary angiography, as non-invasive alternatives are less reliable in 

this population. Given this limitation, the sensitivity for CAD has a wide confidence interval 

in this study. Larger studies in populations with a higher prevalence of obstructive CAD are 

necessary to further validate the sensitivity of this novel approach to detect CAD in patients 

with AF.

Conclusions

Common challenges in perfusion CMR protocols include lingering hyperemia after 

administration of regadenoson when using a stress-first protocol, long total imaging time, 

and ECG-gating in patients with atrial fibrillation. The unique, ungated myocardial 

perfusion sequence evaluated in this study, with a rapid rest-first regadenoson stress 

perfusion CMR protocol, shows good diagnostic accuracy in patients with AF, while 

addressing these concerns and reducing overall imaging time.
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Fig. 1. 
The protocol for rapid regadenoson ungated CMR perfusion imaging is shown. Rest 

perfusion imaging was completed and stress agent dosing was administered immediately 

with stress perfusion imaging. Average scan time for the entire perfusion protocol was 4 

minutes and 40 seconds ± 60 seconds.
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Fig. 2. 
Rest and stress perfusion images showing inferior wall defect with corresponding coronary 

X-ray angiography of an example patient are shown. The patient is a 74 year old female with 

a history of hypertension who presented with syncope and chest pain, found to have onset of 

atrial fibrillation in the setting of a non-ST segment elevation acute myocardial infarction. 

(A) Rest perfusion image demonstrating mid inferior wall defect. (B) Stress perfusion image 

demonstrating mid inferior wall defect with septal wall extension. (C) Coronary X-ray 

angiography demonstrating chronic total occlusion of the mid right coronary artery. (D) 

Coronary X-ray angiography demonstrating distal right coronary artery filling via 

collaterals.
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Fig. 3. 
Example ungated rest and stress perfusion images for each patient with obstructive CAD by 

X-ray angiography are shown. (A) A patient with a total occlusion of the posterior 

descending artery with an inferior wall stress perfusion defect. (B) A patient with three-

vessel obstructive CAD with a matched anterior perfusion defect. (C) A patient with three-

vessel obstructive CAD with a diffuse subendocardial perfusion defect. (D) A patient with 

obstructive lesions of the mid left anterior descending artery and first diagonal branch 

without associated perfusion defect (false negative study). (E) A patient with multiple 
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obstructive lesions in the right coronary artery with a stress perfusion defect in the inferior 

wall and inferior septum.
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Table 1

Number Percent

Female Gender 11 42

Hypertension 16 62

Diabetes 7 27

CKD 1 4

Hyperlipidemia 19 73

PVD 3 12

Stroke 1 4

Prior MI 3 12

CAD 11 42

Heart failure 12 46

Valvular disease 5 19

Family Hx CAD 13 52

Tobacco use 2 8

Prior PCI 4 15

Prior CABG 2 8

Prior ablation 4 15

CKD = chronic kidney disease; PVD = peripheral vascular disease; CAD = coronary artery disease; PCI = percutaneous coronary intervention; Hx 
= history; CABG = coronary artery bypass grafting
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Table 2

Majority Results (CI) Pooled Results (CI)

Sensitivity 80% (30 – 99%) 73% (45 – 91%)

Specificity 100% (81 – 100%) 94% (84 – 98%)

Accuracy 96% (78 – 100%) 88% (77 – 94%)

CI = 95% confidence interval
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