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Abstract

Purpose—To evaluate the inter-study repeatability of multi-slice quantitative cardiovascular 

magnetic resonance myocardial blood flow (MBF), myocardial perfusion reserve (MPR), and 

extracellular volume (ECV). A unique saturation recovery self-gated acquisition was used for the 

perfusion scans.

Materials and Methods—An ungated golden angle radial turboFLASH pulse sequence was 

used to scan 10 subjects on two separate days on a 3T scanner. A single saturation pulse was 

followed by a set of 4 slices. Rest and hyperemia scans were acquired during free breathing. The 

images were reconstructed using an iterative algorithm with spatiotemporal constraints. The 

ungated images were retrospectively binned (self-gated) into near-systole and near-diastole. 

Deformable registration was performed to adjust for respiratory and residual cardiac motion, and 

the data was fit with a Fermi model to estimate the inter-study repeatability of quantitative self-

gated MBF and MPR.

Results—The coefficient of variation (CoV) of the territorial MPR using the self-gated near-

systole data was 18.6%. The self-gated near-diastole data gave less good CoV of MPR, equal to 

46.2%. For MBFs, and using smaller (segmental) regions, the CoVs were 20.1% and 22.7% for the 

estimation of myocardial blood flow at stress and rest respectively using the self-gated near-systole 

data. The self-gated near-diastole data gave CoV=48.6% and 44.9% for stress and rest.

Conclusion—The self-gated free breathing technique for quantification of myocardial blood 

flow showed good repeatability for near-systole, with results comparable to published studies on 

inter-study repeatability of quantitative myocardial perfusion MRI using ECG-gating and breath-

holds. Self-gated near-diastole data results were less repeatable.
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INTRODUCTION

Magnetic resonance is a valuable tool for quantification of myocardial perfusion. 

Conventional studies for quantification of myocardial blood flow (MBF) acquire one or 

more slices to study the uptake and washout of a gadolinium based contrast agent (1). An 

ECG gating signal is used to ensure that images in a given slice are acquired during the same 

cardiac phase. However, ECG gating can suffer from problems such as the magneto-

hemodynamic effect, signal distortion by magnetic field gradients, and the possibility of a 

poor gating signal due to patient size and shape (2).

Developments in MR reconstruction methods have made it possible to acquire multiple 

slices for myocardial perfusion assessment without the need for ECG gating (3). Multiple 

slices are acquired continuously between saturation pulses, at different cardiac phases. This 

‘ungated’ data has been shown to be useful for visual assessment of coronary artery disease 

(3). Moreover, since data is acquired rapidly and continuously at a high temporal resolution, 

it is possible to split the acquired data into multiple cardiac phases. This classification of the 

data, for example into near-systolic and near-diastolic cardiac phases, can also be referred to 

as ‘self-gating’. A previous study by Likhite et al. reported that MBF estimates using a 

multi-slice self-gated approach were similar to those using an ECG-gated acquisition at rest 

(4). A comparison by Chen et al. in (5) showed similar results with a single slice acquisition 

for MBF estimates between ECG-gated and self-gated acquisition. Recently, Chen et al. 

extended their work to a multi-slice acquisition and reported that the self-gated acquisition 

gave MBF estimates comparable to those using an ECG-triggered acquisition (6).

Figure 1a shows a schematic representation of the ungated/self-gated acquisition method. As 

seen from the figure, the scanner does not use the ECG as a trigger. The sequence acquires 

data continuously as a set of 4–5 slices after a saturation pulse; different images are acquired 

during different cardiac phases. By automatically binning this ungated data into two separate 

bins corresponding to near-systolic and near-diastolic cardiac phases, MBF estimates can be 

calculated (4).

There have been relatively few studies looking at the reproducibility of quantitative MBF or 

myocardial perfusion reserve (MPR) (7–11). While the main aim of this study was to 

analyze the inter-study repeatability of quantitative MPR and MBF using a quantitative self-

gated MR approach, we also studied the inter-study repeatability of myocardial fibrosis 

assessment by extracellular volume fraction (ECV) derived from modified look locker 

inversion recovery (MOLLI) T1 mapping (refer ‘Additional file 1’). Studies have reported 

good reproducibility of native and post contrast T1 derived from MOLLI T1 mapping (12–

14). However, data on inter-study repeatability of ECV derived from MOLLI T1 mapping 

are limited (12, 15) and do not well-represent coronary artery disease and myocardial 

infarction populations.
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MATERIALS AND METHODS

Overview

The study protocol involved acquisition of rest and stress perfusion data along with pre-

contrast and post-contrast T1 mapping as shown in Figure 2. Pre-contrast MOLLI T1 

mapping was performed first, followed by a rest perfusion scan. The rest perfusion scan was 

then followed by a stress perfusion scan. The rest and stress perfusion scans were separated 

by 20 ± 5 minutes. Post-contrast MOLLI T1 mapping with scan parameters and slices 

similar to pre-contrast T1 mapping was performed about 12 minutes after the contrast 

injection for stress perfusion. Details for the T1 mapping are provided in Additional File 1.

Data acquisition

Ten subjects (48±12 years, 8 males, 2 females) were imaged on a Siemens 3T Verio scanner. 

Informed consent from the patients was obtained in accordance with the University of Utah 

Institutional Review Board. Table 1 shows a summary of the subjects involved in the study. 

Exclusion criteria included claustrophobia, pregnancy, unstable angina, pacemaker/

defibrillator, severe hypotension, or glomerular filtration rate less than 30 ml/min/1.73 m2. 

Subjects were scanned on two separate days using a rest-stress protocol with no ECG gating. 

The separation between the two scans was 9.5 ± 4.5 days. Subjects did not have 

hemodynamic instability or adverse events during the interval between Scan 1 and Scan 2. 

The perfusion scans were performed using an ungated saturation recovery prepared 

TurboFLASH pulse sequence with golden angle radial acquisition. The acquisition 

parameters for the scans were 24 rays per image, TR=2.2 ms, TE=1.2 ms, flip angle=10°, 

resolution=1.8 × 1.8 × 8 mm3 voxels. Four short-axis (SA) slices were acquired after a 

single saturation pulse with a saturation recovery time of ~25 ms before the first slice. 

Gadoteridol (ProHance; Bracco Diagnostic, Princeton, NJ) 0.05 mmol/kg at rate of 5ml/sec 

was injected and ~240 frames were acquired over a minute with shallow breathing and no 

ECG gating. This was followed 20 ± 5 minutes later by an injection of regadenoson to 

induce hyperemia. Contrast was injected ~70 sec after regadenoson injection to ensure 

maximal stress (16) and the scan protocol was repeated to acquire four slices at stress. Slices 

were acquired from base to apex. The slices were positioned such that the slice 1 was as 

basal as possible without cutting through the valve plane. The same distance factor and slice 

thickness was used for all studies. Figure 2 shows a timeline of the acquisition protocol.

Reconstruction for perfusion scans

As seen from Figure 1a, the scanner acquired the perfusion data nearly continuously. An 

undersampled golden angle radial acquisition with 24 rays was used to acquire each image. 

The undersampled ungated radial data was reconstructed offline without manual 

intervention. The technique used a two step joint multi-coil spatio-temporal reconstruction 

with total variation constraints (17, 18). The cost function is shown in Eq. (1).

(1)
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d is the k-space data from all coils, m is the combined coil image estimate, E is the encoding 

matrix that includes coil sensitivities (19). TVtime and TVspace are temporal and spatial total 

variation constraints with weights a1 and a2 respectively.

The two step process referred to means that first a preliminary reconstruction was done by 

minimizing C in Eq. (1) using all of the acquired ungated data. A coil sensitivity map for 

each coil was computed using all of the acquired data by grouping 250 rays from adjacent 

time frames and averaging the resulting images and then using the method described in (20). 

This preliminary reconstruction was only used to perform self-gating (described below), and 

25 iterations of gradient descent to minimize C were sufficient in this first step to generate 

reasonable quality images for this purpose. After self-gating (described below), k-space data 

frames were grouped/binned into near-systole and near-diastole. Final reconstruction (using 

Eq. (1)) of the image sets in each of the two bins was then performed separately. Binning the 

k-space data frames reduced inter-frame cardiac motion and increased the temporal 

correlations leading to more effective application of the temporal TV constraint and better 

image quality. Reconstructed images from each bin were then grouped together to form the 

original ungated series for subsequent processing.

Self-gating

The final reconstructed dataset contained images acquired at different cardiac phases due to 

the absence of ECG gating. Figure 1b shows a line profile through a slice of one such 

ungated dataset from this study.

Because of the presence of cardiac motion, it was difficult to use such ungated data for 

quantification of MBF. Hence self-gating - splitting the ungated dataset into near-systolic 

and near-diastolic datasets as described in (4), was done. The self-gating used the sums in a 

region of interest (2). This process gave a time varying 1D signal as shown in Figure 1c. The 

1D signal had an amplitude that changes between timeframes. Since the data was acquired 

rapidly without any ECG-triggering, the neighboring timeframes did not need to be in the 

same cardiac phase. This change in amplitude of the 1D signal between successive 

timeframes was due to the change in size of blood pool during different cardiac phases. 

During systole, the size of the myocardium and the blood pool was small, hence the smaller 

value for the sum in the region. The size of the blood pool was larger during diastole and 

gave a larger value for the sum in the region. The images that corresponded to the peaks in 

the 1D signal were classified as diastolic time frames and those corresponding to troughs 

were classified as systolic time frames. The remaining images were classified into the 

systolic or diastolic bin depending on which was closest to the summed signal intensity. 

Thus all of the acquired images were used. The process included automatic location of the 

heart and was completely automatic (see (4)).

Deformable registration

After the ungated data was binned into near-systole and near-diastole, there was residual 

cardiac motion and respiratory motion in each of the datasets. To correct for these motions, 

deformable registration using Advanced Normalization Tools (ANTs) (21) and fitted model 

images as reference images (22) was done. The model images were generated by fitting each 
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voxel’s time course to the convolution of an input function and a decaying exponential. 

Deformable registration was done with the following set of ANTs parameters: step size for 

transformation model = 0.15, sigma (deformation field) = 2, sigma (similarity field) = 2. This 

self-gating and deformable registration was similar to methods that we used previously (4) to 

quantify MBF. In that previous work, it was noted that the model images used as reference 

images sometimes had a patchy appearance. These artificial patches in the model images 

sometimes interfered with the performance of deformable registration. During this study, we 

found that two iterations of deformable registration along with model generation gave 

improved results. During the first iteration, the model images were generated using the 

original self-gated perfusion dataset. These model images were used as reference images to 

perform deformable registration using ANTS. The motion corrected images thus obtained 

after deformable registration were free from breathing motion but still had some residual 

cardiac motion. These motion corrected intermediate images were used to generate a new set 

of model images. The new model images looked sharper and did not show the presence of 

artificial patches. These new sharper model images were again used as reference images 

with ANTs to perform deformable registration on the input data. More than two iterations of 

the process did not produce noticeable improvements. The entire process of deformable 

registration was completely automatic.

The use of self-gating along with deformable registration gave near-systole and near-diastole 

datasets from a single scan, as shown in Figure 1d. These two datasets were processed 

individually to quantify MBF at near-systole and near-diastole. Figure 3 shows the same 

slice from scan 1 and from scan 2 for four of the subjects in the study.

Quantification of MBF

The quantification process was done using custom software based on (23) built in 

MATLAB® (The Mathworks, Inc., Natick, MA).

Tissue curves and arterial input function (AIF)—After registration, segmentation 

was done manually by drawing endocardial and epicardial contours on a single time frame 

of the images. The segmentation was done conservatively to minimize error in estimation of 

MBF (24). These contours were then copied to the remaining images in the time series. The 

copied contours were checked and could be shifted manually for each frame if it gave a 

better match. The segmented myocardium was divided into six circumferential regions. This 

process was repeated for all of the slices in the dataset. The segmentation was done by a 

single observer (4 years experience) to avoid inter-observer variability.

The tissue curves were recorded by averaging the signal intensity (SI) in each of the six 

circumferential segments of the myocardium. The AIF was obtained from the most basal 

self-gated near-diastolic slice. The most basal slice had the shortest saturation recovery time 

and thus the lowest signal saturation. The AIF was obtained automatically by averaging a 

subset of pixels inside the endocardial border. Only the values lying between 85%–95% of 

the maximum were averaged. For this work, the most basal slice was only used to obtain the 

AIF and the remaining 3 slices were used to obtain the tissue SI curves. Assuming the 

prescribed flip angle (α = 10°), Eq. (2) was used to obtain the T1.
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(2)

where SRT was the saturation recovery time for the slice, and M0 was the total 

magnetization. The pulse sequence acquired five proton density frames at the beginning of 

each perfusion scan. The average of these proton density frames were used to estimate the 

total magnetization M0.

Using the T1 values calculated by Eq. (2), the AIF and the tissue SI curves were converted 

to [Gd] (gadolinium concentration) assuming fast exchange of water (25), precontrast T1 of 

1660 ms for tissue at 3T (26), and a longitudinal relaxivity of 3.7mmol−1 sec−1 for 

gadoteridol (27). The conversion to [Gd] was done to account for any signal saturation in the 

AIF or tissue curves. This simplified the use of the basal AIF for all of the slices, since use 

of delta signal intensity curves (signal intensity curves with pre-contrast signal subtracted 

off) requires scaling between slices. Since the saturation recovery time was short for the first 

slice (~25ms), this method of obtaining the AIF from the first slice was similar to the dual 

sequence approach (28). The accuracy of the AIF obtained as described above was studied 

earlier (4) (Refer to ‘Additional file 3: Mini-website in (4)) and found to give AIFs 

comparable to a dual bolus AIF (29).

Model fitting—The AIF and tissue curves converted to gadolinium concentration were 

truncated automatically to only include the first pass of the contrast agent. The automatic 

truncation of tissue curves and the AIF was done by considering the zero crossing of the first 

derivative of the tissue curves and the AIF as described in (30). These truncated curves were 

then fit to a Fermi model by constrained deconvolution and the myocardial blood flow 

(MBF) was reported. The Fermi model was:

(2)

Here G and k represented the influx and efflux parameter for the contrast agent (CA). Δt 
represented the delay between LV blood pool enhancement and myocardial tissue 

enhancement. τ controlled the duration of the plateau portion of the Fermi function. 

Myocardial blood flow was reported as hF (t = 0), after the data was adjusted for time delay 

between blood and tissue enhancement (31, 32).

The resting MBF values were normalized by the rate pressure product (RPP) to account for 

differences in heart rate and blood pressure. The normalization was done as follows: 

Corrected MBF = MBF × (10000/individual RPP). The individual RPP was calculated as the 

product of the systolic blood pressure and the resting heart rate. A comparison of the non-

normalized resting MBF with the normalized resting MBF values was also performed. A 

summary of those results is included in ‘Additional file 2’.

The same processing steps were followed for all other slices. The segmental MBFs from 

stress and rest were reported and the ratio of stress MBF to rest MBF was evaluated to give 

the segmental myocardial perfusion reserve (MPR). The segmental MPR values estimated 
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were combined and assigned to the three coronary artery territories as described in (33) to 

give territorial MPR. The MPRs, as well as rest and stress MBFs estimated from the two 

different scans were compared to evaluate the inter-study repeatability.

The estimation of ECV using MOLLI T1 mapping is explained in ‘Additional file 1’.

STATISTICAL ANALYSIS

Patient characteristics were summarized as N (%) for the risk factors and comorbidity status.

A total of 180 segmental MBF values were obtained from each of the self-gated rest 

(systole), self-gated rest (diastole), self-gated stress (systole) and self-gated stress (diastole), 

at each visit. Segmental MPR was calculated for these MBF values and then computed for 

the three coronary artery territories as described in (33). This resulted in 3 territorial MPR 

values per subject. The normality of the MPR and MBF values was checked using the 

boxplot (34). The inter-study reproducibility was represented by the coefficient of variation 

(CoV), calculated as the standard deviation of the within-subject difference between the two 

scans relative to the mean of the two scans and expressed as a percent. The statistical 

analyses were performed using SAS (SAS Inst. Inc., Cary, NC, USA) version 9.4. Bland-

Altman analysis was performed to assess the agreement between studies using the technique 

for data with repeated measures (35).

In addition, global flow values and perfusion reserve were calculated as an average over all 

of the segments and slices for each subject. These values were used to calculate intra-class 

correlation coefficient (ICC).

RESULTS

There was no statistically significant difference of heart rate between scans at baseline 

between the two visits: 66±12 vs 65±11, p=0.75.

A CoV of 18.6% indicating good inter-study repeatability was obtained for territorial MPR 

estimates using the self-gated near-systole dataset. Less good inter-study repeatability of 

CoV=46.2% was seen for the territorial MPR estimates from self-gated near-diastole data. 

Table 2 shows the mean rest (corrected for RPP) and stress MBF values calculated during 

scan 1 and scan 2 along with the segmental CoV and global ICC. A CoV of 22.7% and 

20.1% were obtained for segmental MBF estimated at rest and stress respectively using the 

self-gated systole datasets. A CoV of 44.9% and 49.0% was obtained for the segmental 

MBF estimated at rest and stress respectively using the self-gated diastole datasets.

Figure 4 shows Bland-Altman plots comparing MBF estimates between scan1 and scan 2. 

Figure 5 shows a plot comparing the myocardial perfusion reserve (MPR) between scan 1 

and scan 2.

For the MOLLI ECV measurements, a CoV of 6.8% was obtained for inter-study 

repeatability. The section detailing the results on inter-study repeatability of ECV 

measurement using MOLLI T1 mapping is included in ‘Additional file 1’.
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DISCUSSION

The main aim of this study was to evaluate the inter-study reproducibility of MPR estimation 

using the self-gated technique described in (4). One of the major advantages of MR is the 

absence of ionizing radiation. This makes MR suitable for longitudinal studies. Dynamic 

PET is arguably more standard for quantifying myocardial perfusion (36). However, the 

radiation dose for serial measurements can be prohibitive. Dynamic CT techniques are being 

developed for estimation of perfusion index (37), although the radiation dose for even a 

single study is a major drawback. The average dose for rest and stress perfusion for 

quantification of MBF using CT perfusion was 18mSv in (38).

Poor ECG gating has been a source of problems for quantitative perfusion MR. A missed 

trigger or corrupted ECG gating signal, especially during the uptake of contrast, can lead to 

errors in the quantification of perfusion. The added complexity of making adjustments to get 

a good ECG signal can cost valuable time. The self-gated technique for quantification of 

perfusion (4) is simple and does not require any timing adjustments. The self-gated 

technique can be run as a ‘push-button’ technique with minimal operator interaction. These 

advantages may be useful for longitudinal examinations, but a major question that this study 

investigated is to what degree free-breathing and cardiac motion impact the repeatability of 

the blood flow estimates.

Table 3 summarizes the results from previously published results on repeatability of 

perfusion cardiovascular MRI (8–11). The studies listed in Table 3 all made use of ECG-

gated, breath-held acquisitions. Three of the four studies reported results from a single mid-

ventricular slice. The current study was free-breathing and self-gated. Four slices were 

acquired. The most basal slice, with the lowest SRT, was used only to obtain the AIF. The 

other three slices were used to quantify MBF.

One advantage of using the self-gated technique was the ability to acquire systolic or near-

systolic and near-diastolic perfusion images in the same scan. Depending on heart rate and 

how the data was binned, it would be possible to obtain truly systolic and diastolic phases by 

using only subsets of the data (although there would be fewer time frames). As described in 

earlier sections, we acquired ungated data and retrospectively self-gated all of the data into 

two discrete bins corresponding to near-systole and near-diastole. The high temporal frame 

rate during the acquisition made it possible to split the data into two bins, although this was 

a somewhat arbitrary split in that some of the data was between systole and diastole. These 

in-between frames could be discarded or the data could be binned into for example four 

cardiac phases.

Prior ECG-gated studies (39, 40) have shown that there is no significant difference in MBF 

between systolic and diastolic phases at rest. However, at stress, diastolic flows were found 

to be higher than systolic flows in healthy subjects (39, 40). Using the self-gated near-

systole and self-gated near-diastole datasets for quantification of MBF, it was seen that the 

MBF values were similar between the cardiac phases during rest. At stress, the MBF values 

estimated using the near-diastole dataset were higher than the MBF values estimated using 

the near-systole dataset. These results are in line with the previous studies (39, 40). 
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However, during this study, the self-gating did not use purely systolic or diastolic data 

frames, and the diastolic tissue curves were noisy due to the low wall thickness of the 

myocardium during diastole. Imperfect processing and registration also affected near-

diastole images more due to the thin wall. This made the quantification of MBF challenging 

at diastole, and the large spread of values from near-diastole make it prudent to have little 

confidence in the diastolic results. Further studies are needed to evaluate the differences 

between systolic and diastolic perfusion obtained using self-gated techniques, including 

methods that may self-gate or bin the data differently than done here. For example, images 

could be required to be closer to true diastole in order to be binned/gated into the diastolic 

phase.

One of the limitations of the study is the number of subjects. Ten subjects were imaged at 

rest and stress twice at an interval of ~10 days. Other inter-study repeatability studies of 

perfusion have also been relatively small, with 11 to 30 subjects (Table 3), likely in part due 

to the challenges with performing repeated stress studies. The results here are comparable to 

the previously published ECG gated breath-held studies (8, 9).

Segmentation of the myocardium is an aspect of this study that requires further study. 

Biglands et al. observed in (24) that errors in segmentation of the myocardium can lead to 

errors in the estimation of MBF for ECG-gated studies. With a self-gated approach, the 

problem of segmentation becomes more challenging especially during diastole. For this 

study, a conservative approach for segmentation was followed as suggested in (24) to 

minimize the error in the estimation of MBF.

While MBFs and MPR from the Fermi model have been validated by microspheres (41), it is 

still not clear if these values reflect perfusion or if extraction or permeability also needs to be 

considered. Even if the MBFs reported here and in (8–11) more correctly reflect a flow 

index, measuring their repeatability is important.

In this study, multiple slices were acquired after a single saturation pulse. As a result, the 

SRT was different for different slices. However the process of conversion of signal intensity 

to gadolinium concentration as described by eq. (2) accounts for these differences in SRT, 

although SNR and contrast will vary between slices. This may produce a difference in 

precision of estimated flow values between slices. To study the effect of differences in SRT 

on perfusion values, the perfusion values for both of the scans of all subjects were combined 

with slice number as the variable. The results are presented in Table 4. The MBFs and MPRs 

for different slices (SRT range – ~25ms to ~190ms) had a similar mean and std. dev for 

segmental flows.

Using eq. (2) to convert signal to gadolinium concentration may have inaccuracies. For 

example, a saturation pulse efficiency of 100% and a flip angle equal to the prescribed value 

were assumed. A study by Broadbent et al. (42) examined the sensitivity of signal correction 

techniques to changes in these parameters. Their work found that the proton density 

weighted signal correction technique as used in this paper was robust to variations in 

saturation efficiency and flip angle. As well, T2* effects were not modeled in eq. (2), 

although there have been reports of mild effects on the AIF (43). However, the process of 
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conversion of AIF signal intensity to gadolinium concentration was validated (Refer to 

‘Additional file 3: Mini-website in (4)). In that study of resting perfusion, the higher dose 

AIF was converted to gadolinium concentration and compared to a lower dose dual bolus 

AIF. The match between the dual bolus AIF, which should have little T2* effect, and the 

higher dose AIF converted to gadolinium concentration using eq. (2) suggests a negligible 

effect of T2* on peak AIF with the doses and acquisition parameters used here.

Another important finding of this study is the repeatability of quantification with 

regadenoson. It is an open question if an injection of regadenoson, which results in relatively 

short-lived hyperemia, is as repeatable for quantitation as is adenosine infusion that keeps 

hyperemia stable during the study. The results of the current study imply that when 

gadolinium is given approximately 70 seconds after the regadenoson, that this does give 

repeatable stress levels. The previous vasodilator studies with adenosine or dipyridamole 

reported in Table 3 reported similar or not as good repeatability.

In conclusion, the self-gated near-systole free breathing acquisition method had a CoV of 

18.6% for territorial MPR estimates. This measure of inter-study repeatability was 

comparable or better than published CoVs from studies that used ECG-gated breath-held 

acquisitions. However, the near-diastolic datasets as processed here had a CoV of 46.2% for 

territorial MPR, which was worse than reported in the ECG-gated breath-held studies. The 

self-gated MBF values were analyzed with smaller (6 segments per slice) regions and gave a 

comparable or lower CoV than the published ECG-gated studies when near-systole data was 

used. Segmental near-diastole data were not as repeatable. The ease of use and insensitivity 

to ECG related problems makes self-gated myocardial perfusion a viable tool for 

longitudinal studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the ungated acquisition and self-gating
a) Representation of ungated acquisition. The scanner ignores any ECG-triggering signals 

and acquires data continuously. b) Line profile through a slice of the ungated data shows the 

presence of cardiac motion. c) Self-gating of the ungated data into two discrete bins 

corresponding to near-systole and near-diastole. d) Every frame appears in one or the other 

of the near-systolic and near-diastolic datasets after deformable registration.

Likhite et al. Page 13

J Magn Reson Imaging. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Summary of acquisition protocol
The flow-chart describes the order and scan parameters for various parts of the study 

acquisition protocol.
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Figure 3. Data comparison between scan 1 and scan 2
The figure compares two matching slices from rest and two matching slices from stress from 

scan1 and scan 2 for four volunteers.
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Figure 4. Bland-Altman plot for self-gated near-systole data
The Bland-Altman plot shows an absence of bias between estimated MBF values at scan 1 

and scan 2 during a) rest and b) stress
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Figure 5. Comparison of MPR values between scan 1 and scan 2
The plot compares the mean MPR values of scan 1 and scan 2 for all ten subjects using a) 

self-gated near-systole b) self-gated near-diastole.
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Table 1

Summary of subjects in study

Characteristics # of subjects
(n=10)

CAD 5 (50%)

MI 4 (40%)

Hypertension 1 (10%)

Dyslipidemia 5 (50%)

heart failure 1 (10%)

AFIB 1 (10%)

Smoking 2 (20%)

CAD-coronary artery disease, MI-myocardial infarction, AFIB- Atrial fibrillation
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Table 3

Summary of prior works on repeatability of cardiovascular MRI perfusion

Prior work Study protocol Results

Elkington et al. (8), 2005 • 16 subjects

• Single mid ventricular slice

• 4 regions per slice

Regional Coefficient of variation

1 MPR = 28%

Morton et al. (9), 2012 • 16 subjects, 11 used

• Same day scans

• 3 slices, single mid-ventricular analyzed

Territorial coefficient of variations

1 Rest– 27%

2 Stress – 35%

3 MPR – 33%

Larghat et al. (10), 2013 • 11 subjects

• Single mid ventricular slice

Global coefficient of variations

1 Rest – 20%

2 Stress – 40%

3 MPR – 35%

Jerosch-Herold et al. (11), 2008 • 30 subjects

• 334±158 days apart

• 2–3 mid ventricular slices

• 8 regions per slice

Regional coefficient of repeatability (1.96 X
Coefficient of variation)

1 Rest – 40%–64%

2 Stress – 39%–60%

3 MPR not reported
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Table 4

Summary of MBF and MPR values for different slices using self-gated near-systole dataset.

Slice 2 Slice 3 Slice 4

Rest (ml/min/g) 0.7 ± 0.1 0.7 ± 0.2 0.7 ± 0.2

Stress (ml/min/g) 1.8 ± 0.5 1.7 ± 0.5 1.7 ± 0.5

MPR 2.6 ± 0.7 2.6 ± 0.8 2.5 ± 0.7
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