
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Application of kt-BLAST acceleration to reduce cardiac MR
imaging time in healthy and infarcted mice

Citation for published version:
Marshall, I, Jansen, MA, Tao, Y, Merrifield, GD & Gray, GA 2013, 'Application of kt-BLAST acceleration to
reduce cardiac MR imaging time in healthy and infarcted mice', Magnetic Resonance Materials in Physics,
Biology and Medicine, vol. 27, no. 3, pp. 201-10. https://doi.org/10.1007/s10334-013-0392-5

Digital Object Identifier (DOI):
10.1007/s10334-013-0392-5

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Magnetic Resonance Materials in Physics, Biology and Medicine

Publisher Rights Statement:
Available under Springer Open Access

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 25. May. 2023

https://doi.org/10.1007/s10334-013-0392-5
https://doi.org/10.1007/s10334-013-0392-5
https://www.research.ed.ac.uk/en/publications/2fa4d959-6c30-4461-9a12-fe8f12f01b70


RESEARCH ARTICLE

Application of kt-BLAST acceleration to reduce cardiac MR
imaging time in healthy and infarcted mice

Ian Marshall • Maurits A. Jansen • Yuehui Tao •

Gavin D. Merrifield • Gillian A. Gray

Received: 15 March 2013 / Revised: 20 June 2013 / Accepted: 20 June 2013

� The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract

Object We evaluated the use of kt-broad-use linear

acquisition speed-up technique (kt-BLAST) acceleration of

mouse cardiac imaging in order to reduce scan times,

thereby minimising physiological variation and improving

animal welfare.

Materials and methods Conventional cine cardiac MRI

data acquired from healthy mice (n = 9) were subsampled

to simulate kt-BLAST acceleration. Cardiological indices

(left ventricular volume, ejection fraction and mass) were

determined as a function of acceleration factor. kt-BLAST

threefold undersampling was implemented on the scanner

and applied to a second group of mice (n = 6 healthy plus

6 with myocardial infarct), being compared with standard

cine imaging (3 signal averages) and cine imaging with one

signal average.

Results In the simulations, sufficient accuracy was

achieved for undersampling factors up to three. Cardio-

logical indices determined from the implemented

kt-BLAST scanning showed no significant differences

compared with the values determined from the standard

sequence, and neither did indices derived from the cine

scan with only one signal average despite its lower signal-

to-noise ratio. Both techniques were applied successfully in

the infarcted hearts.

Conclusion For cardiac imaging of mice, threefold un-

dersampling of kt-space, or a similar reduction in the

number of signal averages, are both feasible with sub-

sequent reduction in imaging time.

Keywords Mouse � Cardiac � Acceleration � Cine �
Myocardial infarction

Introduction

In recent years there has been a significant increase in in vivo

imaging studies of experimental rodents. This has been driven

by several factors, including the desirability of non-invasive,

longitudinal examinations of disease progression, the avail-

ability of genetically modified animals, and technological

developments enabling the translation of clinical imaging

techniques to the animal laboratory. Magnetic resonance

imaging (MRI) is particularly versatile, providing anatomical,

functional, and dynamic information, and is now widely

established for the imaging of rats and mice [1], including

cardiac studies [2–5]. The main drawback to MRI is the

examination time, which is typically 1 h or more per animal.

Such prolonged periods of anaesthesia are potentially harmful

to small animals, especially when imaged shortly after sur-

gical intervention (e.g., for induction of myocardial infarct),

requiring careful monitoring during subsequent recovery

periods. Shorter scan times would improve animal welfare by

reducing this exposure to anaesthesia, would minimise the

effects of physiological instability during scanning, and would

also reduce study costs.
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MRI can be accelerated by acquiring less than the

conventional number of rows of k-space. Two different

approaches are possible. In so-called ‘‘parallel imaging’’,

ambiguities of reconstruction are resolved by using prior

information on the spatial sensitivity patterns of multiple

receiver coils [6, 7]. In a second class of techniques, par-

ticularly applicable to dynamic scanning, undersampling of

kt-space exploits spatiotemporal correlations in periodic

data [8–11] and does not require special receiver coils. In a

third class of techniques, Wech et al. [12] recently dem-

onstrated threefold acceleration of mouse cardiac imaging

using a compressed sensing [13] approach to exploit

sparsity in the raw data.

The various techniques have achieved accelerations of

typically two to four times, and may be combined [9].

Parallel imaging using phased array receiver coils is now

widely used to reduce scan times in clinical MRI,

whereas dynamic undersampling is less well established.

There have been very few reports of translating the

undersampling techniques to the imaging of experimental

animals. The additional challenges of small animal

imaging include limited signal-to-noise ratio (SNR) and

the difficulty of designing non-interacting RF coils for

parallel acquisition at the high frequencies encountered

in typical preclinical scanners (200 MHz and above).

Despite these difficulties, parallel imaging in rat [14] and

mouse [15] cardiac studies have recently been demon-

strated by Schneider et al. Ratering et al. [16] have also

demonstrated parallel imaging to accelerate MR angiog-

raphy in mice.

In this work, we explored the feasibility of the kt-broad-

use linear acquisition speed-up technique (kt-BLAST) [9]

acceleration of mouse cardiac imaging. We first subsam-

pled existing full k-space datasets to determine a suitable

acceleration factor, and then implemented accelerated

scanning on a small animal scanner. Conventional and

accelerated cardiac images were compared qualitatively

and by determination of standard cardiological indices in

both healthy and myocardial infarcted animals.

Materials and methods

Simulated undersampling

All experiments conformed to national and institutional

regulations for animal care. Male 10–12 week old C57BL/

6 mice (n = 9) were anaesthetised with isoflurane at

1.5 ± 0.3 % to maintain respiration at 50–60 breaths per

minute as monitored by a pressure pad. Heart-rate was

monitored from ECG recorded using needle electrodes

inserted subdermally on either side of the heart (Small

Animal Instruments Inc., Stony Brook, USA). Rectal

temperature was maintained at 37 �C by a hot air blower

with feedback control. Animals were scanned using a 7T

MRI system (Agilent Technologies, formerly Varian Inc.)

with a 39-mm quadrature coil. Prospective cardiac syn-

chronisation and respiratory gating were used. The cardiac

short-axis was identified from a series of localiser scans

broadly as described by Schneider et al. [3]. Short-axis

cardiac images were acquired with a gradient echo ‘cine’

sequence (TR/TE = 7.3/2.7 ms, flip angle 15�) with gra-

dient and RF spoiling, consisting of 12–13 time frames, 9

contiguous slices of 1 mm thickness, FOV 30 mm, a

192 9 192 matrix and 4 averages. Raw k-space data were

processed using custom software. kt-BLAST simulations

written in Matlab consisted of selecting rows of k-space

from 12 time frames to represent ‘‘training’’ data (central

16 rows) and ‘‘r-fold accelerated acquisition’’ data (every

rth row of k-space, where r = [2–4, 6] and the index of

the first row is incremented between time frames).

Training and accelerated data were used to reconstruct

image sets using the standard kt-BLAST algorithm [9].

The magnitude ‘‘reconstruction error’’ e between recon-

struction from full k-space and from undersampled k-

space, normalised to the values from the full reconstruc-

tion, was calculated for a 60 9 60 pixel region of interest

(ROI) placed around the heart and averaged over all sli-

ces, time frames and pixels for a given animal and

acceleration. Mathematically,

e ¼ 1

nt � ns� nx� ny

X If � Iu

�� ��
If

ð1Þ

where nt, ns, nx and ny are respectively the numbers of time

frames, slices, pixels in the x-direction and pixels in the y-

direction within the ROI. If refers to the image reconstructed

from full k-space and Iu that from undersampled k-space.

The summation is over all t, s, x and y. This ROI size was

chosen to capture ghosting artefacts from undersampling

which are expected to appear both inside and outside the

heart. Cardiological indices of left ventricular function (end

diastolic volume EDV, end systolic volume ESV, stroke

volume SV, ejection fraction EF, end diastolic mass EDM,

end systolic mass ESM) were measured from all image sets

by one experienced analyst who was blinded to the identity

of each set. End systolic and end diastolic frames were

selected visually. Measurements were made by drawing

around epicardial and endocardial boundaries in ImageJ

software (http://rsbweb.nih.gov/ij). The papillary muscles

were excluded from the LV blood pool, and a density of

1.05 g/cm3 was assumed for the myocardium. A subjective

rating of quality was also given to each set, ranging from 1

(‘‘poor’’) through to 5 (‘‘good’’). This subjective rating was

based on a combination of apparent SNR, severity of arte-

facts, delineation of the myocardium and ease of
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measurement. After unblinding, two-tailed t tests were used

to determine whether the cardiological indices measured at

each acceleration factor were significantly different

(p \ 0.05) from those measured using full k-space

reconstruction.

Accelerated acquisition

A suitable acceleration factor of three was determined

from the simulated undersampling experiments (see

‘‘Results’’ section). kt-BLAST undersampling with this

acceleration factor was implemented on the scanner,

together with a training sequence that acquired the central

16 rows of k-space. A further 6 mice (body weights

28–55 g) were each imaged with (i) the standard cine

sequence as above, except that the heart was covered in 8

slices with three signal averages being acquired (CINE-3);

(ii) the kt-BLAST undersampling and training sequences

as implemented (ktB-3), each with three signal averages;

(iii) the standard sequence but with only one signal

average (CINE-1). All other imaging parameters were

kept the same. In order to evaluate the accelerated

sequence with pathology, 6 mice in which myocardial

infarct had been induced by permanent ligation of the left

anterior descending coronary artery [17] were scanned

with this protocol (five only with the CINE-1 sequence)

between 4 and 7 days after induction of infarct. The

infarcted mice (body weights 22–30 g) were scanned

using a 33 mm coil. The three scanning sequences were

run in the stated order for all animals. Acquisition time

was approximately 20 min for the full cine sequence, and

7 min each for the undersampling sequence and cine

sequence with one average. A further 2 min was required

for the training sequence. All image sets were recon-

structed, scored qualitatively, and the cardiological indi-

ces measured as above, with the analyst again being

blinded to their identity. After unblinding, the cardiolog-

ical indices for each animal measured with the accelerated

scan and the cine scan with one average were compared

using Bland–Altman analysis with those obtained from

the standard full cine scan with three averages. Two-tailed

t tests were used to determine whether Bland–Altman

biases were significant.

A similar comparison was also made between the

accelerated and single-average images.

The contrast to noise ratio (CNR) between the left

ventricular blood pool and the myocardium was deter-

mined using the relationship CNR = (Sblood - Smyo)/r
where Sblood is the mean signal level in the left ventricle,

Smyo is the mean signal level in the septum, and r is the

combined (square root of sum of squares) standard devia-

tion of Smyo and Sblood, all measured on a mid-ventricular

slice at end diastole.

Results

Simulated undersampling

Figure 1 shows representative mid-ventricular images at

early systole from the simulated acceleration study. The

reconstruction error e, averaged over all animals (n = 9),

increased, and the subjective quality rating decreased as the

simulated acceleration factor r increased (Table 1). The

effect of simulated acceleration on the measured cardio-

logical parameters is shown in Table 1 and Fig. 2. Notably,

as the acceleration factor was increased, measured ESV

increased whilst measured EDV was approximately main-

tained. Consequently, the estimated stroke volume and

ejection fraction fell from their ‘‘true’’ values measured

from full k-space data, with the difference reaching sta-

tistical significance for r = 6. Estimates of left ventricular

mass were not significantly altered by simulated

undersampling.

Accelerated acquisition

Figures 3 and 4 show mid-ventricular images from a

healthy and myocardial infarct animal respectively,

acquired with the standard (three average), the single-

average and the kt-BLAST accelerated scans. The CINE-1

images are noticeably noisier than the others. Table 2 and

Figs. 5 and 6 show the group results for the measured

cardiological parameters compared to the measurements

made from the standard cine sequence. Table 2 also shows

the CNR measurements and subjective quality ratings for

these scans, which were significantly different from the

standard sequence only for the CINE-1 sequence applied to

healthy mice. As in the simulations, kt-BLAST accelera-

tion led to overestimation of ESV and underestimation of

SV and EF, but the differences did not reach significance.

Biases were generally smaller for the CINE-1 sequence

than the kt-BLAST sequence. A direct comparison between

CINE-1 and kt-BLAST results (Table 3; Fig. 7) revealed

no significant differences.

Discussion

In this study, we implemented threefold kt-BLAST accel-

erated cardiac imaging in mice, comparing it with a single-

average cine sequence and our standard three-average cine

sequence. Images of sufficient quality for analysis were

obtained in healthy and infarcted mice.

Initial simulations of kt-BLAST undersampling showed,

as expected, that the numerical reconstruction error e
increased with increasing simulated acceleration factor

r. The error manifested itself as increased ghosting
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artefacts in the reconstructed images, which became more

evident at r = 4 and r = 6. Difference images (such as

Fig. 1c, d) clearly showed the artefacts. Estimates of EDV

remained acceptably accurate for acceleration factors up to

6, whereas ESV was increasingly overestimated, and hence

EF and SV were underestimated. Possible reasons for the

overestimation of ESV include more flow artefacts during

systole, the smaller heart dimensions than at EDV making

papillary muscles harder to define, and reconstruction

artefacts taking up a greater proportion of the cardiac cross

sectional areas. The errors for r = 3 were considered

acceptable in the context of reported intra- and inter-

observer variabilities in the range 3–11 % [18, 19], and

hence this was the target acceleration factor for the sub-

sequent implementation of kt-BLAST. Estimates of left

ventricular mass (EDM and ESM) were relatively robust to

the simulated acceleration factor.

The differences (group biases) in cardiological

parameters between the standard and implemented

accelerated acquisitions were of the order of 5–10 %,

which are rather higher than the values of approximately

3 % found by Jahnke et al. [11] for left ventricular

Fig. 1 Representative mouse

cardiac images at end diastole

reconstructed using full k-space

data (a) and simulated fourfold

kt-BLAST undersampling (b);

magnitude difference image

between (a) and (b), displayed

with the same (c) and with

threefold expanded windowing

(d) to emphasise the differences.

The ROI for error analysis is

indicated. In this example, the

calculated reconstruction error e
was 0.53. The image quality

was judged ‘‘good’’ for the full

reconstruction and ‘‘reasonable’’

for the fourfold undersampled

reconstruction. Each image has

a FOV of 30 mm. Scale bar

10 mm

Table 1 Simulated kt-BLAST acceleration

Acceleration factor Error e Quality (Q) EDV (lL) ESV (lL) SV (lL) EF (%) EDM (mg) ESM (mg)

1 (full k-space) 0.00 4.2 ± 1.1 62 ± 10 25 ± 6 38 ± 7 60 ± 8 108 ± 10 123 ± 13

2 0.32 ± 0.06 3.7 ± 1.1 63 ± 12 26 ± 5 36 ± 8 58 ± 6 107 ± 13 120 ± 13

3 0.39 ± 0.06 3.1 ± 0.6* 61 ± 10 27 ± 7 34 ± 6 56 ± 7 114 ± 13 126 ± 13

4 0.45 ± 0.07 2.4 ± 1.1* 62 ± 11 28 ± 5 34 ± 8 54 ± 7 108 ± 13 125 ± 15

6 0.55 ± 0.08 1.1 ± 0.3* 59 ± 8 30 ± 6 29 ± 4* 49 ± 6* 108 ± 14 124 ± 15

Reconstruction error (e: see text), subjective image quality rating (Q), and cardiological indices of left ventricular function (mean ± standard

deviation) in healthy mice (n = 9) measured from images with simulated kt-BLAST acceleration. The range of Q is from 1 (‘‘poor’’) through to 5

(‘‘good’’). EDV end diastolic volume, ESV end systolic volume, SV stroke volume, EF ejection fraction, EDM end diastolic mass, ESM end

systolic mass. * Significantly different (p \ 0.05) from the full k–space values. See also Fig. 2
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volumes in a human study comparing standard and kt-

BLAST techniques. Many of the reasons discussed above

for estimation of ESV may apply, together with the

overall lower SNR and CNR of small animal imaging

compared with clinical imaging. It might have been

expected that true accelerated scans, with training data

collected in a separate scan, would have performed

worse than simulated versions for which all the data was

collected in a single scan. However, no such systematic

differences were evident. Parameter biases were

Fig. 2 Cardiological indices of left ventricular function in healthy

mice (n = 9) measured from images with simulated acceleration,

plotted against acceleration factor. EDV end diastolic volume, ESV

end systolic volume, SV stroke volume, EF ejection fraction, EDM

end diastolic mass, ESM end systolic mass. Horizontal lines indicate

the group means. See also Table 1

Fig. 3 Representative cardiac images of a healthy mouse. Upper row

acquired at end diastole and lower row at end systole. Left to right

standard cine sequence with three signal averages (CINE-3); cine

sequence with one signal average (CINE-1); kt-BLAST reconstruc-

tion of a threefold undersampled sequence (ktB-3). Each image has a

FOV of 30 mm. Scale bar 10 mm
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generally smaller for the infarcted animals than the

healthy animals. In part this was due to the mouse that

had the greatest (negative) bias for EDV, ESV and SV

(Figs. 5, 6). The reasons for this bias are not entirely

clear. Although the CINE-1 images (quality score 3)

showed more motion ghosting artefacts than the CINE-3

images (quality score 4), the corresponding kt-BLAST

images were not so affected (quality score also 4).

The subjective image quality score Q decreased as the

simulated acceleration factor increased, as might be

expected. Even for fully sampled k-space, the mean value

was 4.22 rather than the theoretical maximum of 5, because

of poor quality images in two mice. For the actual kt-

BLAST scans, Q was similar to (although slightly higher

than) that for the simulated threefold acceleration. Q for the

CINE-1 scans was lower, especially for the healthy mice,

reflecting the noisy appearance of the images. True blind-

ing of the observer was impossible because of these dif-

ferences. The contrast between myocardium and left

ventricular blood signal intensities is important for seg-

mentation. Measured CNR and Q values were higher in the

infarcted hearts than in the healthy hearts, a finding which

Fig. 4 Representative cardiac images of a mouse with myocardial

infarction. Mouse imaged 1 week after myocardial infarct. Upper row

acquired at end diastole and lower row at end systole. Left to right

standard cine sequence with three signal averages (CINE-3); cine

sequence with one signal average (CINE-1); kt-BLAST reconstruc-

tion of a threefold undersampled sequence (ktB-3). The ejection

fraction is noticeably smaller than for the healthy mouse in Fig. 3.

Each image has a FOV of 30 mm. Scale bar 10 mm

Table 2 Accelerated imaging results

Scan CNR Quality

(Q)

EDV bias

(lL)

ESV bias

(lL)

SV bias (lL) EF bias (%) EDM bias

(mg)

ESM bias

(mg)

Healthy CINE-3 3.4 ± 0.8 4.0 ± 1.3 – – – – – –

CINE-1 2.9 ± 0.6 2.3 ± 1.2* -4.7 ± 12.0 -1.5 ± 8.2 -3.3 ± 7.3 -0.2 ± 6.4 7.3 ± 12.5 -3.9 ± 11.6

ktB-3 3.0 ± 0.7 3.5 ± 1.5 -5.9 ± 8.8 1.8 ± 5.3 -7.7 ± 6.0 -4.9 ± 4.6 11.7 ± 11.2 0.0 ± 9.4

Infarct CINE-3 4.9 ± 1.1 4.5 ± 0.8 – – – – – –

CINE-1 4.6 ± 1.0 3.6 ± 0.9 -1.6 ± 3.6 0.2 ± 4.8 -1.8 ± 2.7 -0.8 ± 2.7 6.7 ± 7.4 -0.7 ± 3.7

ktB-3 3.6 ± 0.6* 4.0 ± 0.6 -2.4 ± 2.8 3.2 ± 6.2 -5.6 ± 5.5 -4.1 ± 4.1 6.1 ± 13.9 -0.9 ± 8.0

Blood-to-myocardium CNR, subjective image quality rating (Q) and bias from Bland–Altman analysis of cardiological indices of left ventricular

function (mean ± standard deviation; n = 6 healthy mice plus 5 or 6 mice with myocardial infarct) measured from cine images acquired with

one signal average (CINE-1; 5 MI mice) and threefold kt-BLAST acceleration (ktB-3; 6 MI mice), compared to the values measured from

standard cine images acquired with three signal averages (CINE-3; 6 MI mice). The range of Q is from 1 (‘‘poor’’) through to 5 (‘‘good’’). EDV

end diastolic volume, ESV end systolic volume, SV stroke volume, EF ejection fraction, EDM end diastolic mass, ESM end systolic mass.

* Significantly different (p \ 0.05) from the corresponding CINE-3 values. See also Figs. 5 and 6
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Fig. 5 Bland–Altman plots of cardiological indices of left ventricular

function [n = 6 healthy mice and 6 mice with myocardial infarct

(grey symbols)], comparing measurements made from threefold kt-

BLAST accelerated images (ktB-3) and standard cine images

acquired with three signal averages (CINE-3). EDV end diastolic

volume, ESV end systolic volume, SV stroke volume, EF ejection

fraction, EDM end diastolic mass, ESM end systolic mass. Dashed

lines indicate bias and dotted lines indicate ±2 SD. See also Table 2

Fig. 6 Bland–Altman plots of cardiological indices of left ventricular

function [n = 6 healthy mice and 5 mice with myocardial infarct

(grey symbols)], comparing measurements made from cine images

with one signal average (CINE-1) and standard cine images acquired

with three signal averages (CINE-3). EDV end diastolic volume, ESV

end systolic volume, SV stroke volume, EF ejection fraction, EDM

end diastolic mass, ESM end systolic mass. Dashed lines indicate bias

and dotted lines indicate ±2 SD. See also Table 2
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we ascribe partly to the reduced motion, and correspond-

ingly less motion artefacts, in the infarcted hearts. A simple

measure of myocardial motion can be derived from the

change in equivalent radius between EDV and ESV. When

multiplied by heart-rate this in turns gives a measure of

wall velocity. Despite the slightly higher heart-rate of the

MI group, the ‘‘wall velocity’’ was significantly less than

for the control animals (8.9 ± 2.1 vs 12.7 ± 1.3 mm/s;

p = 0.01), and may well have contributed to the higher

image quality. We used a 39 mm RF coil for imaging the

healthy animals since we wanted to explore a wide range of

body weights (28–55 g). On the other hand, our method for

generation of myocardial infarcts [17] is better suited to

younger animals which had lower body weights (22–30 g)

and for which we were able to use a 33 mm RF coil. This

may also have reduced the noise and hence contributed to

increased CNR and Q in the infarcted animals. Since each

animal was scanned in the same coil for all three

techniques (CINE-3, CINE-1 and ktB3), the comparisons

are valid regardless of the exact coil used. As improved

coils become available, all the results should improve, but

we would expect the relative merits of the three techniques

to remain similar.

Acquiring images using the standard cine sequence but

with only one signal average, and with the threefold

accelerated kt-BLAST sequence allowed a direct compar-

ison between these two approaches to reducing the stan-

dard scan time by a factor of three. Visually, acquiring only

one average resulted in noisy images, whereas the threefold

kt-BLAST acceleration resulted in images that appeared

very similar to those acquired with the standard acquisition

(Fig. 1). The kt-BLAST reconstruction uses a low-pass

filter on the training data, and this promotes smoothness in

the resulting images, thereby reducing noise effects at the

expense of possible blurring of myocardial edges. Despite

their noisy appearance, CINE-1 images gave results

Table 3 Comparison between ktB-3 and CINE-1

EDV bias (lL) ESV bias (lL) SV bias (lL) EF bias (%) EDM bias (mg) ESM bias (mg)

Healthy -1.1 ± 6.9 3.3 ± 4.0 -4.4 ± 5.6 -4.7 ± 4.0 4.3 ± 11.0 3.9 ± 11.2

Infarct -0.5 ± 3.4 4.7 ± 1.6 -5.2 ± 4.1 -4.4 ± 2.9 -0.4 ± 10.1 -1.4 ± 7.3

Bias from Bland–Altman analysis of cardiological indices of left ventricular function (mean ± standard deviation; n = 6 healthy mice plus 5

mice with myocardial infarct) measured from cine images acquired with threefold kt-BLAST acceleration (ktB-3) compared with images

acquired with one signal average (CINE-1). EDV end diastolic volume, ESV end systolic volume, SV stroke volume, EF ejection fraction, EDM

end diastolic mass, ESM end systolic mass. See also Fig. 7

Fig. 7 Bland–Altman plots of cardiological indices of left ventricular

function [n = 6 healthy mice and 5 mice with myocardial infarct

(grey symbols)], comparing measurements made from threefold kt-

BLAST accelerated images (ktB-3) and cine images acquired with

one signal average (CINE-1). EDV end diastolic volume, ESV end

systolic volume, SV stroke volume, EF ejection fraction, EDM end

diastolic mass, ESM end systolic mass. Dashed lines indicate bias and

dotted lines indicate ±2 SD. See also Table 3
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slightly nearer to the ‘‘gold standard’’ of CINE-3 images

than did the kt-BLAST accelerated images, except for ESM

in healthy mice and EDM in infarcted mice. Manual seg-

mentation of the left ventricle thus appears robust to noise

at this level. Apart from signal-to-noise considerations, a

possible advantage of collecting multiple acquisitions in

the presence of periodic and quasi-periodic motion is to

reduce artefacts caused by occasional fluctuations in the

cardiac or respiratory rates. Even when using dual gating

with dummy excitation pulses during respiration so as to

maintain the equilibrium magnetisation [20], fluctuations in

rates, or incorrect triggering, will cause ghosting artefacts

that can generally be reduced by multiple acquisitions.

Hence for the same total scanning time, three signal

averages with threefold undersampling of k-space might be

expected to perform better than a single conventional

acquisition in the presence of asynchronous effects. How-

ever, in this study, we found that there were no significant

differences between the techniques in terms of manual

measurement of cardiological indices. The appearance of

the CINE-1 images could be improved by ‘‘kt-denoising’’,

that is, exploiting the denoising properties of the kt-BLAST

algorithm even in the absence of acceleration [21].

The overall acceleration factor as implemented was

actually 2.4 times when taking into account the acquisition

of 16 rows of k-space ‘‘training’’ data. It is possible that

fewer rows would have sufficed, as reported by others [22],

in which case an overall factor nearer to three could have

been achieved.

We found no significant biases between cardiological

indices derived from kt-BLAST or CINE-1 scans compared

with fully sampled scans for healthy mice or for mice with

myocardial infarcts. The acceleration methods will there-

fore be applicable in future studies of haemodynamically

compromised mice.

The method of k-space undersampling coupled with kt-

BLAST reconstruction can be used with any RF coil setup,

and does not require multiple independent receiver coils as

does parallel imaging. Undersampling schemes employing

compressed sensing reconstruction [12] are also likely to

prove useful in rodent studies, and although not specifically

optimised for periodic data as is kt-BLAST, the achievable

acceleration factors appear similar. Future work should

include direct comparisons. Acceleration factors so far

reported using parallel imaging in rodent studies are up to

four for rats using a four-element coil array [14] and three for

mice using an eight-element coil [15]. The combination of

parallel imaging and k-space undersampling techniques is

expected to lead to further reduction in scanning times, thus

improving animal welfare and increasing throughput. Due to

use of quadrature coils in the present work, parallel imaging

could not be explored or combined with the investigated

approach. Acceleration will ultimately be limited by the

SNR achievable in rodent imaging studies. For large-scale

imaging studies an alternative way of increasing throughput

is to scan multiple animals simultaneously [23]. Providing

that the difficulties of handling a number of animals simul-

taneously can be overcome, this method can lead to a sig-

nificant reduction in the time taken to run a complete study,

but does not benefit individual animals.

Conclusion

Simulations and actual implementation showed that stan-

dard cardiological indices in mice can be determined with

acceptable accuracy for modest acceleration factors. In this

pilot study, running the standard cine sequence with only

one average gave slightly (though not significantly) better

results (i.e., lower biases) than using threefold kt-BLAST

acceleration, even though the image quality was subjec-

tively better for kt-BLAST acceleration. The methods were

also shown to be applicable to mice with myocardial

infarcts. We have therefore demonstrated that accelerated

cardiac imaging of mice is feasible, enabling significant

reduction in imaging times.

Acknowledgments The authors thank Agnieszka Kozak and Chris

White for assisting with the animal experiments. Mike Davies and

Gabriel Rilling are thanked for valuable discussions concerning

sampling patterns. This work was funded in part by the UK research

councils (MRC G0700695 and EPSRC EP/F039697/1), the British

Heart Foundation (Edinburgh Centre of Research Excellence) and the

University of Edinburgh College of Medicine and Veterinary Medi-

cine (Edinburgh Preclinical Imaging).

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

1. Nieman BJ, Bock NA, Bishop J, Chen XJ, Sled JG, Rossant J,

Henkelman RM (2005) Magnetic resonance imaging for detec-

tion and analysis of mouse phenotypes. NMR Biomed 18(7):

447–468

2. Vallee JP, Ivancevic MK, Nguyen D, Morel DR, Jaconi M (2004)

Current status of cardiac MRI in small animals. Magn Reson

Mater Phy 17(3–6):149–156

3. Schneider JE, Wiesmann F, Lygate CA, Neubauer S (2006) How

to perform an accurate assessment of cardiac function in mice

using high-resolution magnetic resonance imaging. J Cardiovasc

Magn Reson 8(5):693–701

4. Haraldsson H, Wigstrom L, Lundberg M, Bolger AF, Engvall J,

Ebbers T, Kvitting JPE (2008) Improved estimation and visual-

ization of two-dimensional myocardial strain rate using MR

velocity mapping. J Magn Reson Imaging 28(3):604–611

5. Li W, Griswold M, Yu X (2010) Rapid T-1 mapping of mouse

myocardium with saturation recovery look-locker method. Magn

Reson Med 64(5):1296–1303

Magn Reson Mater Phy

123



6. Sodickson DK, Manning WJ (1997) Simultaneous acquisition of

spatial harmonics (SMASH): fast imaging with radiofrequency

coil arrays. Magn Reson Med 38(4):591–603

7. Pruessmann KP, Weiger M, Scheidegger MB, Boesiger P (1999)

SENSE: sensitivity encoding for fast MRI. Magn Reson Med

42(5):952–962

8. Madore B, Glover GH, Pelc NJ (1999) Unaliasing by Fourier-

encoding the overlaps using the temporal dimension (UNFOLD),

applied to cardiac imaging and fMRI. Magn Reson Med 42(5):

813–828

9. Tsao J, Boesiger P, Pruessmann KP (2003) k-t BLAST and k-t

SENSE: dynamic MRI with high frame rate exploiting spatio-

temporal correlations. Magn Reson Med 50(5):1031–1042

10. Kozerke S, Tsao J, Razavi R, Boesiger P (2004) Accelerating

cardiac Cine 3D imaging using k-t BLAST. Magn Reson Med

52(1):19–26

11. Jahnke C, Nagel E, Gebker R, Bornstedt A, Schnackenburg B,

Kozerke S, Fleck E, Paetsch I (2007) Four-dimensional single

breathhold magnetic resonance imaging using kt-BLAST enables

reliable assessment of left- and right-ventricular volumes and

mass. J Magn Reson Imaging 25(4):737–742

12. Wech T, Lemke A, Medway D, Stork LA, Lygate CA, Neubauer

S, Kostler H, Schneider JE (2011) Accelerating cine-MR imaging

in mouse hearts using compressed sensing. J Magn Reson

Imaging 34(5):1072–1079

13. Lustig M, Donoho D, Pauly JM (2007) Sparse MRI: the appli-

cation of compressed sensing for rapid MR imaging. Magn Reson

Med 58(6):1182–1195

14. Schneider JE, Lanz T, Barnes H, Medway D, Stork LA, Lygate

CA, Smart S, Griswold MA, Neubauer S (2008) Ultra-fast and

accurate assessment of cardiac function in rats using accelerated

MRI at 9.4 Tesla. Magn Reson Med 59(3):636–641

15. Schneider JE, Lanz T, Barnes H, Stork LA, Bohl S, Lygate CA,

Ordidge RJ, Neubauer S (2011) Accelerated cardiac magnetic

resonance imaging in the mouse using an eight-channel array at

9.4 Tesla. Magn Reson Med 65(1):60–70

16. Ratering D, Baltes C, Lohmann C, Matter CM, Rudin M (2011)

Accurate assessment of carotid artery stenosis in atherosclerotic

mice using accelerated high-resolution 3D magnetic resonance

angiography. Magn Reson Mater Phy 24(1):9–18

17. McSweeney SJ, Hadoke PWF, Kozak AM, Small GR, Khaled H,

Walker BR, Gray GA (2010) Improved heart function follows

enhanced inflammatory cell recruitment and angiogenesis in 11

beta HSD1-deficient mice post-MI. Cardiovasc Res 88(1):

159–167

18. Ruff J, Wiesmann F, Hiller KH, Voll S, von Kienlin M, Bauer

WR, Rommel E, Neubauer S, Haase A (1998) Magnetic reso-

nance microimaging for noninvasive quantification of myocardial

function and mass in the mouse. Magn Reson Med 40(1):43–48

19. Heijman E, Aben JP, Penners C, Niessen P, Guillaume R, van

Eys G, Nicolay K, Strijkers GJ (2008) Evaluation of manual and

automatic segmentation of the mouse heart from CINE MR

images. J Magn Reson Imaging 27(1):86–93

20. Cassidy PJ, Schneider JE, Grieve SM, Lygate C, Neubauer S,

Clarke K (2004) Assessment of motion gating strategies for

mouse magnetic resonance at high magnetic fields. J Magn Reson

Imaging 19(2):229–237

21. Tsao J, Tarnavski O, Privetera M, Shetty S (2006) K-t denois-

ing—exploiting spatiotemporal correlations for signal-to-noise

improvement in dynamic imaging. In: Proceedings of the 14th

scientific meeting, International Society for Magnetic Resonance

in Medicine, Seattle, p 690

22. Baltes C, Kozerke S, Hansen MS, Pruessmann KP, Tsao J,

Boesiger P (2005) Accelerating cine phase-contrast flow mea-

surements using k-t BLAST and k-t SENSE. Magn Reson Med

54:1430–1438

23. Bock NA, Nieman BJ, Bishop JB, Henkelman RM (2005) In vivo

multiple-mouse MRI at 7 Tesla. Magn Reson Med 54:1311–1316

Magn Reson Mater Phy

123


	Application of kt-BLAST acceleration to reduce cardiac MR imaging time in healthy and infarcted mice
	Abstract
	Object
	Materials and methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Simulated undersampling
	Accelerated acquisition

	Results
	Simulated undersampling
	Accelerated acquisition

	Discussion
	Conclusion
	Acknowledgments
	References


