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Chapter 5

Heartbeat-to-heartbeat cardiac BOLD-MRI
using a combined gradient-echo spin-echo
EPI sequence

Abstract

This chapter introduces a gradient-echo spin-echo echo-planar-imaging
(GESE-EPI) technique as a method for cardiac blood oxygenation level depen-
dent (BOLD) imaging during a breath-hold perturbation. Changes in BOLD
responses indicate alterations in the blood oxygenation within the tissue and
could specify its viability after coronary artery stenosis or uncover the presence
of microvascular dysfunction. A number of T2- and T2

*-weighted sequences
have been introduced to measure BOLD changes in the heart. However, signal
intensity measurements are also affected by heart rate changes which co-occur
with most relevant BOLD perturbations. As a result, it has been proven dif-
ficult to obtain quantitative and dynamic BOLD measurements from the same
acquisition. To address this challenge, the GESE-EPI sequence has been pro-
posed that provides dynamic gradient-echo (GE) and spin-echo (SE) readouts
and also enables heartbeat-to-heartbeat T2- and T2

*-mapping for quantification
BOLD imaging by incorporation of a multi-echo acquisition. Where the 2-echo
GESE-EPI version of this sequence is based on weighted images which shows
to be sensitive to RR-interval changes, the modified 5-echo GESE-EPI version
shows to mitigate these heartrate related variations by providing quantitative
T2- and T2

*-maps per heartbeat. Plotting these T2- and T2
*-values per heartbeat

over the time of a breath-hold perturbation showed an increase due to the CO2

triggered BOLD response. This study covers the proof-of-concept of the cardiac
applicability of the GESE-EPI sequence to provide a cardiac BOLD biomarker.
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5.1 Introduction

C
ardiovascular diseases are the number one cause of death globally
(Organization 2017) and are often associated with a disruption of the oxygen

demand and supply equilibrium (Petersen and Pepine 2015). Particularly, coronary
artery disease (CAD) and ischemic cardiomyopathy are related to disruption of this
oxygen equilibrium, though non-ischemic cardiomyopathies can also be linked to
diffuse alterations in the equilibrium which can lead to functional impairments and
eventually heart failure (Cecchi et al. 2009). Assessment of myocardial oxygena-
tion could potentially help to identify the presence of this microvascular dysfunc-
tion, which is a growing concern in cardiomyopathies, populations with increased
cardiovascular risks, and women with syndrome X (McCommis et al. 2010). Nu-
merous methods exist to diagnose myocardial ischemia using surrogate markers
(Friedrich 2010). However, these techniques often need contrast agents, vasodila-
tors or radiation, and more importantly they do not directly reflect the ischemic
response or have sufficient temporal resolution (Friedrich and Karamitsos 2013).

Cardiac magnetic resonance imaging (MRI) has the potential to determine tissue
characteristics, aside from late gadolinium enhancement and functional assessment.
For instance, diffuse fibrosis, edema, and hemorrhage formation can be determined
by measuring the T1, T2 and T2

* relaxation, respectively, as described in Chapter 2
and 3. However, myocardial T2 and T2

* are also known to be sensitive to oxygena-
tion due to the difference between the paramagnetic properties of oxygenated and
deoxygenated hemoglobin (Pauling and Coryell 1936), known as the blood oxy-
genation level dependent (BOLD) effect (Ogawa et al. 1990, Belliveau et al. 1991).
The sensitivity of BOLD MRI was first demonstrated in the brain (Ogawa et al. 1990),
and around the same time, a strong correlation between cardiac T2 and T2

*, and
myocardial oxygenation was found (Wright et al. 1991, Wendland et al. 1993), which
was shown to reflect the combined effects of myocardial blood flow and oxygen ex-
traction (Li et al. 1996, Karamitsos et al. 2010). This relationship between cardiac
BOLD and T2 and T2

* exists despite the three times higher blood volume and two
times lower blood oxygen saturation in the heart compared to the brain (Wendland
et al. 1993, Li et al. 1996).

Since the introduction of accelerated and segmented acquisitions, BOLD MRI has
found new potential in cardiovascular research (Friedrich and Karamitsos 2013).
Both T2- and T2

*-imaging and -mapping approaches have previously been applied
to study cardiac oxygenation. In combination with the administration of a vasodila-
tor, both T2- and T2

*-relaxation times have been shown to increase in healthy myo-
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cardium, while relaxation times remain the same for areas with reduced perfusion
or total stenosis (Arnold et al. 2012, Manka et al. 2010, Guensch et al. 2013, Wacker
et al. 1999, Jahnke et al. 2010, Egred et al. 2006). Furthermore, breath-hold interven-
tions are also recognized to trigger a cardiac BOLD response, causing an increase
of T2- and T2

*-relaxation times. This breath-hold perturbation has already shown
to enable detection of CAD with cardiac BOLD without the need of any endoge-
nous vasodilator (Guensch et al. 2013, Fischer et al. 2015, Nagao et al. 2017, Fischer
et al. 2018).

This works aims to increase the BOLD response sensitivity by improving the tem-
poral resolution of cardiac BOLD MRI. Sensitivity and temporal improvements
have already been accomplished for BOLD imaging in the brain by acquiring both
T2- and T2

*-images simultaneously to correct for large vessel contributions to the
oxygenation maps using a gradient-echo spin-echo (GESE) acquisition with echo-
planar-imaging (EPI) readouts (Prinster et al. 1997, Bandettini et al. 1994). In this
approach gradient-echo (GE) images are more sensitive to BOLD changes, but in the
heart these T2

*-weighted images come with potential dephasing artifacts especially
on the lateral wall. Furthermore, the spin-echo (SE) EPI readouts offer T2-weighted
images that are known to be less sensitive to the macrovascular blood draining and
supplying effects but often suffer from lower signal-to-noise ratio (SNR). Conse-
quently, the combination of both T2- and T2

*-weighted images offers complementary
information for the assessment of BOLD without losing any temporal resolution
when acquired with a GESE acquisition. To further improve this BOLD imaging
approach, the signal intensity (SI) variation (Stalder et al. 2015) can also be elim-
inated by the introduction of multi-echo GESE-EPI that can be used for full T2-
and T2

*-mapping by applying a multi-parametric fit (Schmiedeskamp et al. 2012).
This approach requires the acquisition of multiple echoes both before and after the
180-degree refocusing radio frequency (RF) pulse, which results in multiple GE
and mixed gradient and spin-echo (mixed-SE) images. Such multi-echo acquisi-
tion has the potential to offer heartrate independent quantitative T2- and T2

*-maps
(Schmiedeskamp et al. 2012) as dynamic myocardial BOLD readouts.

Here the first cardiac application of the 2-echo gradient-echo spin-echo echo-
planar-imaging (GESE-EPI) is shown for dynamic heartbeat-to-heartbeat BOLD
imaging using T2- and T2

*-weighted images adapted from a previous study in the
brain (Manhard et al. 2018, Emblem et al. 2013). Furthermore, the quantitative ad-
vantage of a multi-echo GESE-EPI is evaluated by using the T2- and T2

*-maps for the
assessment of BOLD. The ability of both sequences to detect BOLD changes over the
time of a breath-hold perturbation were tested in healthy volunteers.
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5.2 Methods

All experiments were performed on a 3T MRI Skyra system with a Body-18 and
Spine-32 coil (Siemens Healthcare, Erlangen, Germany). The gradient system speci-
fications had a maximum strength of 45 mT/m with a slew rate of 200 mT/m/s.

Sequence Design and Simulations

The proposed GESE-EPI was adapted from previous studies in the brain (Manhard
et al. 2018, Emblem et al. 2013, Eichner et al. 2014) and optimized for cardiac imag-
ing (Figure 5.1). In short, the GESE-EPI sequences uses a 90-degree slice selective
excitation pulse followed by a GE-EPI readout, and a 180 RF pulse followed by a
SE-EPI readout, also referred to as SAGE-EPI (Schmiedeskamp et al. 2012a, Man-
hard et al. 2018). The multi-echo GESE-EPI made use of the time between those
single readouts by acquiring additional GE and mixed-SE readouts (Figure 5.4A).

Bloch simulations were performed to estimate the effect of a varying and poten-
tially increasing heart rate over the time of a breath-hold on the SI of the GE and
SE images from the 2-echo GESE-EPI (Ratmanova et al. 2016). The variation in heart
rate directly affects the length of the TR when using ECG triggering for heartbeat-to-
heartbeat acquisition, and in the 2-echo GESE-EPI sequence no equilibrium will be
reached due to varying T1 recovery between heartbeats. For the simulation, the T2-
and T2

*-values of the cardiac tissue were chosen as 1051ms and 55ms, respectively
(Roy et al. 2017, van den Boomen et al. 2018). A randomly changing RR-interval
with an average increase of 5ms per heartbeat was used over 25 repetitions, starting
at 600ms (Ratmanova et al. 2016). The increase in TR was determined by calculating
the increase of a linear fit over 20 heartbeats. The increase in the signal magnitude
(Mxy) was calculated by running ten simulations of 25 repetitions and determining
the average linear fit and SD between the 5th and the 25th heartbeat, with the first
four TRs used as dummy scans to establish an initial SI equilibrium of the T1 recov-
ery.

Furthermore, simulations were performed to assess the effect of the number and
the placement of GE- and SE-EPI readouts in the multi-echo GESE-EPI sequence on
the accuracy of the resulting cardiac T2- and T2

*-maps. Cramer-Rao Lower Bound
(CRLB) standard error translated to standard deviation (SD) of both T2- and T2

*-
maps were used as the error metrics, and the number and placements of the EPI
readouts were varied while including the following restrictions: first TE=9.8ms and
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varying number of TEs from 3 to 8 per TR and the position of the 180 degree RF pulse
following the second to seventh TE. The minimal readout time (∆TE=15ms) was
chosen as it was sufficient to encode the targeted 2.8mm in-plane spatial resolution
when a combination of reduced FOVPE at 37.5% with spatial saturation bands and
parallel imaging acceleration (Rinplane) of 2 were employed.

MRI acquistions

Evaluation of the GESE-EPI sequences was performed in a total of six healthy volun-
teers to determine the in-vivo applicability and all of them were re-scanned within
30 days to obtain intra-subject reproducibility. Informed consent was obtained from
all subjects in compliance with the hospital’s Institutional Review Board. Each scan
session included a standard 2 chamber (2CH), 4 chamber (4CH) and short axis (SAX)
acquisition for slice planning purposes. A 2D steady state free precession (SSFP)
cine in a single mid-ventricle axial slice was acquired to define the appropriate de-
lay time so the GESE-EPI sequences were acquired in the diastolic phase.

Both the 2-echo GESE-EPI and multi-echo GESE-EPI were acquired in mid-
ventricular slice over the time of an end-expiration breath-hold and several pa-
rameters were adjusted to make them applicable for cardiac acquisition. The echo
time (TE) were minimized to fit the shorter T2- and T2

*-relaxation times of the myo-
cardium (Roy et al. 2017), which resulted in TEGE=9.8 and TESE=37.8ms for the 2-
echo GESE-EPI acquisition and the previously described Bloch simulations deter-
mined an optimal number of TEs for multi-echo GESE-EPI acquisition. The vendor
supplied fat saturation pulse (Siemens Healthcare, Erlangen, Germany) was applied
prior to the 90-degree excitation pulse. Two asymmetric spatial saturation bands
with sharp transitions (Hwang et al. 1999, Pfeuffer et al. 2002) were used to enable a
reduced field of view (FOV) acquisition of the heart with a SAX acquisition, with the
phase-encoding direction along the anterior-to-posterior (A-P) direction of the imag-
ing plane. Cardiac specific B0 shimming and TrueForm B1 shimming were enabled
(Siemens Healthcare, Erlangen, Germany), and cardiac R-peak triggering was used to
acquire data in the diastolic phase. The EPI readout was blipped and trapezoidal
with regridding at the ramps. All echoes were acquired alternating positive and
negative directions to keep readout efficiency and potential ghosting was corrected
by incorporation of three navigator echoes acquired prior to the readout which were
used for standard online Nyquist ghost correction. A shortened EPI readout was
achieved through a combination of reduced FOVPE at 37.5% and phase-encoded
parallel imaging acquisition with in plane parallel imaging acceleration (Rinplane) of
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two, resulting in a total acceleration factor of 5.4 (RinplanexRzoom=2x2.7), leaving 24
readout gradient oscillations. GRAPPA reconstruction was performed online us-
ing the vendor algorithm. The spatial resolution of the acquisition was between
2.8x2.8mm and 3.0x3.0mm, depending on the chosen FOVSlice (350-480mm) based
on subject size for a fixed matrix size of 126x48. Furthermore, four dummy acquisi-
tions were done prior to readout to ensure steady state and other parameters were as
followed; slice thickness=6mm, BW=2480Hz, TR=RR and readout-window=120ms.
The total repeated measures during the breath-hold depended on the participants
breath-hold capability with a maximum of 30 repetitions after the dummies and
parallel imaging training data acquisitions.

Clinical standard T2- and T2
*-mapping protocols (Messroghli et al. 2017) were

performed in the same mid-ventricular slice as the GESE-EPI sequences. The con-
trol T2-maps were based on a T2prep-SSFP sequence as described previously (Giri
et al. 2009) with inline mapping software (Myomaps, Siemens Healthcare, Erlangen,
Germany) and the following parameters: TEs=0, 24 and 55ms, TR=3xRR, readout-
window=207ms, flip angle=12 degrees, 192x154, 1.9x1.9mm, FOV=288x360mm,
BW =1100Hz, slice thickness=8mm. The control T2

*-maps were based on a series
of nine gradient echo acquisitions with TEs ranging from 3-19ms (2ms spacing)
(Messroghli et al. 2017, Anderson et al. 2001) and fitted with an inhouse Matlab
script (R2015b, MathWorks Inc., Natick, MA, USA). Each acquisition was performed
in a separate breath-hold with the following imaging parameters: TR=700ms, slice
thickness=6mm, BW=300Hz, trigger delay 665ms, FA=30ms, 128x100, 2.7x2.7mm,
FOV=273x350. An in house variable projection method based approach was used
to fit the septal signal decay from the gradient echo images for T2

*-mapping (Golub
and Pereyra 1973). Furthermore, semi-automatic segmentation with Segment (v2.0
RX6246, Lund, Sweden) (Heiberg et al. 2010) of the endo- and epicardium was per-
formed and the septal ROI was determined in all separate GE images prior to map-
ping.

GESE-EPI Analysis

The same semi-automatic segmentation with Segment (v2.0 RX6246, Lund, Sweden)
(Heiberg et al. 2010) was performed before analysis of the GESE-EPI images as de-
scribed above. A septal region of interest (ROI) was manually drawn per heart-
beat acquisition in the first GE per heartbeat before extrapolating to the other TEs.
Furthermore this same ROI was used in the T2- and T2

*-maps resulting from the
multi-echo GESE-EPI acquisition and used for comparison with the control T2- and
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T2
*-map and for analysis of the BOLD changes over time. Data quality assessment

of the GE and mixed-SE images from the GESE-EPI acquisition was performed by
calculating the myocardial SNR in the septum, where SNR is defined as the ratio of
the mean SI and SD over the first ten acquisitions (Kellman and McVeigh 2005).

GESE-EPI T2- and T2
*-mapping

T2- and T2
*-maps were calculated from the GESE-EPI images by using a multi-

parametric voxel-by-voxel fitting approach that has been previously applied in
the brain and was implemented with in-house Matlab scripts (Schmiedeskamp
et al. 2012, Manhard et al. 2018). In short, an initial voxel-based 4-parameter fit
was used based on a simple matrix inversion that fits the R2, R2

*, S0
I, and S0

II with
the following equation 5.1:

Spτq “

#

SI0 ¨ e
´τ ¨R˚

2 , 0 ă τ ă TESE{2

SII0 ¨ e´TESE ¨pR
˚
2 ´R2q ¨ e´τp2¨R2´R

˚
2 q , TESE{2 ă τ ă TESE

(5.1)

where S(τ ) is the signal intensity at echo time τ , TESE is the time where the spin
echo occurs, R2 “ 1{T 2, R2

* “ 1{T 2
*, S0

I and S0
II are the equilibrium signals be-

fore and after the refocusing pulse, fitted separately due imperfect slice profiles
(Schmiedeskamp et al. 2012). The first two GE are used in the top equation and the
last three mixed-SE acquisitions in the bottom equation resulting into a five points
fit of R2 and R2

* corrected with S0
I and S0

II. Full maps of the T2, T2
* and root mean

square error (RMSE) of the fit were calculated and used for further ROI analysis.
Smoothed maps for better visualization were made by smoothing the separate TE
images with a median 3-by-3 neighborhood smoothing filter prior to the mapping,
but for statistical analysis and comparison values obtained from the raw maps were
used. The RMSE of the fit per voxel was used as a quality metric to exclude voxels
that had a poor fit due to dephasing or motion artifacts. The mean T2- and T2

*-
values of the septal ROI in the GESE-EPI based maps was calculated from the first
ten heartbeats to match the time it takes to acquire the clinical control T2-maps and
compared using a student t-test. Furthermore, an average of each of the TEs from
the first ten heartbeats was used for mapping to test the advantage of improved
SNR for T2- and T2

*-mapping using a student t-test.
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GESE-EPI BOLD Analysis

The change in SI over the time of a breath-hold in the septal ROIs from the GE and SE
images from the 2-echo GESE-EPI acquisitions were determined by linear regression
and interpreted as the SI-based BOLD signal. Furthermore, the heart rate data of one
subject with an increasing heart rate over the time of the breath-hold acquisition was
used to simulate the expected heart rate based Mxy changes. A linear fit was used
to determine the heart rate based slope and the measured SI slope over the time
of the breath-hold. For the multi-echo GESE-EPI acquisition the T2- and T2

*-values
per heartbeat (ms/hb), over the course of a breath-hold were determined by linear
regression over the acquired heartbeats and interpreted as the quantitative BOLD
response. A nonparametric Spearman correlation was used to identify a possible
relationship between heart rate changes and T2- and T2

*-slopes.

Linear regression of the T2- and T2
*-values over a breath-hold were evaluated by

testing the null hypothesis that the slopes are zero by an F-test and reporting the R2

and 95% confidence interval of the fit. Reproducibility of this slope was tested by a
Bland-Altman bias assessment, reporting the SD of the bias and the 95% confidence
intervals. Furthermore, the percentage change of T2- and T2

*-values over twenty
heartbeats was calculated by using the y-axis intersect and slope of the linear fit.
Lastly, comparison between the control T2- and T2

*-values and the GESE-EPI T2-
and T2

*-values were performed with paired student t-testing. All statistical analyses
were performed using GraphPad Prism (version 8.00; GraphPad, San Diego, CA, USA)
with a significance of Pă0.05.

5.3 Results

2-echo GESE-EPI simulation and acquisitions

The 2-echo GESE-EPI acquisition was performed in the mid-ventricular slice during
a breath-hold to induce a myocardium BOLD change resulting in a GE and SE im-
age every heartbeat (Figure 5.1). Especially the GE images the 2-echo acquisitions
suffered from some dephasing artifacts at the lateral wall, as previously seen in an
other BOLD imaging studies that used GE readouts at 3T (Vohringer et al. 2010).
Although these artifacts remain constant over sequential dynamic acquisitions and
were excluded from a septal ROI-based analysis, they do decrease the overall qual-
ity of both the 2-echo and 5-echo based BOLD imaging technique.
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Figure 5.1: The sequence is based on a A) GESE-EPI sequence with one GE
(TE1=9.8ms) readout before the 180 RF and one SE (TE3=37.8ms) readout after the
180 RF. The trigger delay (t-delay) started at the R-peak and delays the acquisition
until the mid-diastolic phase. The raw images of both the GE and SE readout dur-
ing a single heartbeat are shown. The SI of these images were followed over time
within the red (GE) and blue (SE) ROIs in the septum. Dephasing artifacts are vis-
ible at the lateral wall (blue arrow). TE=echo time, GE=gradient echo, SE=spin-echo,
t-delay=trigger delay, GESE-EPI=gradient-echo-spin-echo echo planar imaging, RF pulse=
radio frequency pulse, a.u.=arbitrary units

Simulations of the hypothetical increasing heart rate resulted in a 33% increase of
the TR and a 20% increase of the Mxy for the 2-echo GESE-EPI acquisition (Figure
5.2A-B). However, the RR-interval of all healthy subjects increased with an aver-
age of 3.6˘0.8ms/hb over the total duration of a breath-hold, which is lower than
the expected 5ms/hb (Ratmanova et al. 2016). The particular subject in Figure 5.2C
showed an increase of 23.6% over the time of 20 heartbeats. Using the previous
Bloch simulation for the heart rate and TR effects on the Mxy in combination with
the specific heart rate of this subject, an increase of 11.0% in Mxy could be demon-
strated, solely caused by the heart rate variability. Analysis of this same subjects
GE and SE SI over the time of a breath-hoold also showed an increase of 13.7%
and 29.3%, respectively, in the septum. Moreover, both of these slopes were signifi-
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cant with 0.76a.u./hb and 1.72a.u./hb, respectively, over the time of the breath-hold
(Figure 5.7). Nevertheless, it should be noted that these dynamic SI based GESE-EPI
measurements contain a mixture of physiological effects, such as oxygenation, and
the heart rate variability.

Figure 5.2: A) A simulation of the increasing TR resulting from the RR-interval in-
crease of an average of 5ms per heartbeat with a mean difference of 155ms over
27 heartbeats results in a 33% increase of the TR between the first acquisition and
the 27th. B) The simulated Mxy increase shows that this TR increase results in a
20% magnetization increase, solely due to the RR-interval changes. C) The RR-
interval increased in this example volunteer from 637 to 730ms (21.5%) over 20
heartbeats during a single breath-hold. The Bloch simulation shows that this heart
rate change would result in a Mxy increase of 11.0%. SI=signal intensity, GE=gradient
echo, SE=spin echo, ROI=region of interest, TR=repetition time, standard deviation in red.
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5-echo GESE-EPI simulation and acquisitions

CRLB estimates in Figure 5.3 showed a decrease in SD for the R2-fit when increasing
the number of echoes, while for the R2

*-fit the SD remained the same. SD was also
lower for the R2-fit when the 180 RF pulse was placed after the second TE instead of
after the third, while this did not change significantly for the SD of the R2

*-fit. For
the 180 RF pulse after the second TE, minimal improvements were seen for both R2-
and R2

*-fitting with more than five echoes. Therefore, five echoes were chosen along
with a 180 RF pulse placement after the second echo to minimize the SD of both R2-
and R2

*-fitting. This resulted in a SD of 0.9ms for both the R2- and R2
*-fit.

Figure 5.3: Placement of the 180 RF was based on the optimal CRLB estimate of the
R2 and R˚2 fit from the GEs and mixed-SEs. While for the R2 the SD was lowest when
the 180 degree RF pulse was placed after the 2nd TE, the R˚2 SD is lower when it is
placed after the 3rd TE. However an optimum seems to occur for the acquisition of 5
TEs with the 180 RF after the 2nd TE. TE=echo time, R2=1/T2 relaxation rate, R˚2=1/T˚2
relaxation rate, RF pulse= radio frequency pulse, CRLB=Cramer-Rao Lower Bound

Based on the simulations a 5-echo GESE-EPI sequence was acquired with two
GE images (TE1=9.8ms, TE2=23.6ms) and three mixed-SE images (TE3=37.8ms,
TE4=51.9ms, TE5=66.10ms) per heartbeat, which are depicted in Figure 5.4. The
mean SNR for each TE acquired with the GESE-EPI sequence were 25.7˘4.8,
16.3˘3.7, 9.1˘1.4, 7.3˘1.0, and 6.7˘0.8, from shortest to longest TE. Again mainly
the GE images show dephasing artifacts at the lateral wall that were excluded from
the analysis by septal ROI placement.
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Figure 5.4: The sequence is based on a A) GESE-EPI sequence with two GE read-
outs (TE1=9.8ms and TE2=23.6ms) before the 180 RF and three mixed-SE read-
outs (TE3=37.8ms, TE4=51.9ms and TE5=66.1ms) after the 180 RF. The trigger de-
lay (t-delay) started at the R-peak and delays the acquisition until the mid-diastolic
phase. The 2-echo GESE-EPI sequence only contains the first GE(TE1=9.8ms) and a
SE(TE2=37.8ms). B) The raw images for each TE acquired during a single heart-
beat. TE=echo time, GE=gradient echo, mixed-SE=mixed gradient-echo-spin-echo, t-
delay=trigger delay, GESE-EPI=gradient-echo-spin-echo echo planar imaging, RF pulse=
radio frequency pulse, a.u.=arbitrary units for image signal intensity

5-echo GESE-EPI T2, T2
* and BOLD

The voxel-by-voxel fitted T2- and T2
*-maps of a mid-ventricular slice from one sin-

gle heartbeat are shown in Figure 5.5. The maps showed globally stable T2- and
T2

*-values with slightly higher T2
*-values in the septum compared with the lateral

wall. The mean whole slice T2- and T2
*-values over all subjects were 42.8˘2.4ms

and 27.2˘2.9ms and the mean septal ROI values were 45.8˘1.9ms and 29.8˘0.9ms,
respectively. These mid-ventricular T2

*-values were confirmed by comparison with
previously published T2

*-values of 25˘5ms (Roy et al. 2017) (P=0.60 and P=0.72,
respectively) and by the control T2

*-maps with a mean septal T2
* of 26.0˘4.4ms

(P=0.11 and P=0.11, respectively) (Figure 5.5). The mean septal T2-value based on
the control acquisition was 37.7˘1.8ms, which is significantly lower than the pre-
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viously published data and the 5-echo GESE based T2-values (both Pă0.01). How-
ever, comparison of the 5-echo GESE-EPI T2-values with the previously published
T2-values of 52˘7ms showed no significantly difference (P=0.80 and P=0.67, respec-
tively), which confirms the reliability of GESE-EPI-based maps.

The septal ROIs that were used to measure the BOLD changes showed a signifi-
cant increase in T2 and T2

* over the time of a breath-hold acquisitions (Figure 5.5).
Both of these measures were not significant between sequential heartbeats (P=0.30,
P=0.94, respectively). However, the linear fit through all sequential measures dur-
ing a single breath-hold showed a significantly increasing slope of in average of

Figure 5.5: A) The T2- and T2
*-values from the 5-echo GESE-based maps were glob-

ally stable with mean septal T2 and T2
* of 45.8˘1.9ms and 29.8˘0.9ms, respectively.

However, the control maps showed lower T2- and T2
*-values of 37.7˘1.8ms and

26.0˘4.4ms, respectively. B) Only the mean septal T2-values from the control maps
were signifincatly lower compared to the GESE-EPI maps (:), while the T2

*-values
were not (Pă0.01 and P=0.11, respectively). Compared to previously published data
(Roy et al. 2017) on T2-values of 52˘7ms and T2

*-values of 25˘5ms, the control T2-
values and also the T2-values from the GESE-EPI maps at the start of the breath-
hold were significantly lower (§), while the end of the breath-hold the T2-values
were significantly higher (ζ). Both the mean T2 and T2

* increased significantly from
44.7˘3.9ms to 51.1˘2.3ms and from 28.7˘2.1ms to 31.5˘2.4ms, respectively, from
the start to the end of the breath-hold with the GESE-EPI acquisition (*).
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0.11˘0.05ms/hb for T2 and 0.10˘0.04ms/hb for T2
* for all healthy subjects with an

example in Figure 5.6.

Figure 5.6: A-C shows an example of a septal segment for analyses of the 5-echo
GESE-EPI based maps with A) the first GE(TE1) image, B) the T2-map and C) the
T˚2 -map. D) An example of a linear fit of the T2- and T˚2 -values over the time of
a breath-hold with a significant increasing slope (T2-start=40.6ms with 0.19ms/hb,
Pslope ă0.01 and T˚2 -start=25.3ms with 0.19ms/hb, Pslope ă0.01) in this septal seg-
ment. GE=gradient echo, hb=heartbeat,p=slope different from zero

Comparison of the BOLD change detected in SI-slopes in GE and SE images and in
T2- and T2

*-slopes in the T2- and T2
*-maps are shown in Figure 5.7. While the change

in T2- and T2
* is less compared to the changes in SI, the quantitative mapping values
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are independent of the heartrate. Moreover, no correlation could be found between
the T2- and T2

*-slopes and the heart rate changing over the course of a breath-hold
for all healthy subjects (P=0.55 and P=0.87, respectively), suggesting these results are
heart rate independent. This is a strong advantage of the quantitative approach over
the SI based approach since the latter could vary significantly which can influence
the final interpretation of the BOLD response (Figure 5.7C).

Figure 5.7: Analysis of the septal ROI for the subject in Figure 5.2C showed A) the
SI of the SE increased by 28.9% and the GE increased by 13.3%. B) The correspond-
ing T2- and T˚2 -values showed only an increase of 4.8% and 9.0%, respectively. C)
A second subject showed a rapid drop of the RR-interval of 22% at heartbeat 5 (ar-
row). This corresponds with a decreased SI of 15% and 8% in both the SE and GE
images, respectively, in the following heartbeat due to the spin history delay (heart-
beat 6, arrows). ROI=region of interest, SE=spin echo, GE=gradient echo, BOLD=blood
oxygenation dependent, SI=signal intensity.
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In addition, the Bland Altman plots showed that the healthy T2- and T2
*-slopes

were reproducible between scan sessions with a bias of only 0.00˘0.02ms/hb and
0.03˘0.02ms/hb (Figure 5.8). Figure 5.8 also shows the heartbeat-to-heartbeat mea-
surements of a representative subject in two scan sessions, where the difference in
slope between these scans is less than 5% in both the T2 and T2

* measures and were
significantly the same (P=0.94, P=0.50). The slight differences in T2

* offset between
sessions could be caused by for example slice positioning and shimming.

Figure 5.8: Bland-Altman plots of the T2- and T˚2 -slopes over the time of a breath-
hold comparing the first scan and second scan. The T2-slopes have a mean bias of
0.00˘0.02ms/hb and the T˚2 -slopes have a mean bias of 0.03˘0.02ms/hb, showing
good agreement. B) The scan and rescan of one healthy subject showing a significant
positive slope for both T2- and T˚2 -values over the time a breath-hold during the first
scan (T2: Slope=0.2369, R2=0.26, P=0.05, T˚2 : Slope=0.2632, R2=0.46, P=0.01) and the
second scan (T2: Slope=0.2053, R2=0.18, P=0.01, T˚2 : Slope=0.2257, R2=0.34, P=0.04),
though the initial T˚2 of the first scan and second scan (24.5˘0.7ms and 20.8˘0.9ms,
respectively) are significantly different. hb=heartbeat
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Figure 5.9: Comparison of single heartbeat and 10 averaged heartbeats from a 5-
echo GESE-EPI acquisition. A) Shows the five acquired TEs in one heartbeat and B)
shows the averaged TEs over ten sequential heartbeats within one breath-hold. The
resulting T2- and T2

*-maps from the single and ten average data are shown in C)
and D) which gave the same global and septal T2- and T2

*-values (Pglobal=0.21 and
0.15, Pseptum=0.84 and 0.82, respectively). TE=echo time, hb=heartbeat

Lastly, the SNR of the raw images could be seen as a limiting factor of the mapping
accuracy, since the noise could introduce bias to the four-parametric fits. Therefore,
the effect of this bias was evaluated by taking an average image of ten sequential
acquired TEs which improves the SNR resulting in unbiased fitting. Here, the T2-
and T2

*-maps showed the same values as derived from the single heartbeat-based
maps (P=0.84 and P=0.82, respectively)(Figure 5.9). This showed that denoising by
averaging had no advantage over the dynamic approach when using all five echoes
for the T2- and T2

*-fitting per heartbeat for a ROI based analysis. Which, eventually
can be interpreted that there is no significant bias introduced to the dynamic maps
by the low SNR and that the accuracy of the per heartbeat mapping is high.
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5.4 Discussion

The GESE-EPI acquisitions offered a dynamic approach to non-invasively image
myocardial BOLD changes per heartbeat over the time of a breath-hold, which can
be used as a potential measure for cardiac viability. The dynamic advantage of the
sequence improves the BOLD sensitivity which could help its applicability in popu-
lations with increased cardiovascular risk. However, the SI based 2-echo GESE-EPI
version of the sequence, showed to be sensitive to heart rate changes when acquired
every heartbeat, which can lead to image contrast instability due to incomplete T1-
relaxation (Figure 5.2 and 5.7) (de Roquefeuil et al. 2013). In contrast, the 5-echo
GESE-EPI sequence offers reliable, heart rate independent, quantitative T2- and T2

*-
maps per heartbeat to follow potential BOLD changes due to a breath-hold pertur-
bation (Figure 5.6).

Previous preclinical studies, where the heart rates were kept constant, showed
that the SI increase of BOLD sensitive techniques correlated with the expected oxy-
genation changes of the blood (Vohringer et al. 2010, Guensch et al. 2016). Therefore,
the 2-echo GESE-EPI technique might remain a valid approach to dynamically study
oxygenation changes of the myocardium. However, this SI based approach would
need heart rate and estimated T1-relaxation corrections, as previously been done for
gated spinal and brain BOLD imaging (Guimaraes et al. 1998, Fleysher et al. 2009).
Nevertheless, such correction will introduce additional bias to the already dynamic,
variable and motion dependent character of cardiac T1 (van den Boomen et al. 2018)
and the spin history variation in the slice of interest. Therefore, the quantitative
approach that the 5-echo GESE-EPI offers for dynamic BOLD imaging seems more
reliable than using a biased 2-echo GESE-EPI sequence. And more importantly, this
5-echo approach comes without a penalty to the temporal resolution of the sequence.

This initial proof-of-concept study in healthy subjects with the 5-echo GESE-EPI
sequences showed reliable heartbeat-to-heartbeat T2- and T2

*-maps that provided
comparable T2- and T2

*-values to clinical standard sequences. It could be seen as
a limitation that these clinical standard sequences have different slice and voxel
sizes but for this initial study a comparison with the golden standard was chosen
over a direct voxel-to-voxel comparison (Messroghli et al. 2017). Further studies
with other T2- and T2

*-mapping and BOLD imaging approaches would be of inter-
est since some limitations, like the dephasing artifacts on the lateral wall, are also
seen in non-dynamic BOLD imaging techniques (Vohringer et al. 2010) but remain
absent in others (Karamitsos et al. 2010, Fischer et al. 2018). Also, a relatively large
2.8x2.8x6mm voxel size was necessary to obtain reasonable readout-times and SNR,
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which increases the risk of obtaining compromised images due to partial volume ef-
fects, particularly in the slice direction. Furthermore, SNR improvement of the raw
images by averaging over multiple heartbeat did not change the calculated T2- and
T2

*-maps which supports the dynamic advantages of this heartbeat-to-heartbeat ac-
quisition over higher SNR.

The dynamic BOLD response in the myocardium during a breath-hold showed
the expected increase in T2- and T2

*-values, which is in agreement with previously
published results from extended breath-hold studies (Guensch et al. 2013, Fischer
et al. 2015). These T2 and T2

* increasing slopes are seen in all healthy subjects and
are reproducible, despite the known repeatability problems of T2 and T2

* assess-
ments (von Knobelsdorff-Brenkenhoff et al. 2013, Sprinkart et al. 2015). Therefore,
the GESE-EPI technique can be seen as a reliable quantitative and dynamic myocar-
dial BOLD measure during breath-hold perturbations. Furthermore, it can be ex-
pected that a combination of hyperventilation followed by an extended breath-hold
would result in a greater increase in T2- and T2

*-values over time, because previous
studies have shown that this approach increases the coronary vasomotion range
(Fischer et al. 2018, Fischer et al. 2015). Evaluation of the GESE-EPI BOLD imaging
approach with similar breathing maneuvers might enable detection of more sub-
tle tissue differences, since it is already able to detect these healthy BOLD changes
during a regular breath-hold. Eventually, it would be of interest to evaluate this
GESE-EPI BOLD imaging technique in a CAD patient in order to demonstrate the
ability to correctly identify the myocardial tissue areas affected by the stenosis and
to indicate potential remaining tissue viability.

The quantitative nature of the dynamic T2- and T2
*-maps provides opportunities

for the use of this technique in the context of population and longitudinal studies.
Diseases with known alterations in (micro-)vascular resistance such as diabetes and
hypertension are of particular interest to study with the GESE-EPI BOLD technique
(Cecchi et al. 2009, Camici et al. 2015). The dynamic imaging ability of the GESE-EPI
sequence will be helpful in these populations because the peak BOLD change is of-
ten similar to healthy subjects, while the rate at which it changes may differ. There-
fore, dynamic BOLD changes measured with this GESE-EPI technique could give
additional information that helps to identify microvascular dysfunction due to ar-
teriolar remodeling earlier than current approaches. Further studies are needed to
explore the full potential of the GESE-EPI sequence and how it can contribute to un-
derstanding the pathogenesis and support the diagnosis in the context of different
myocardial diseases.
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It would be interesting to compare a free-breathing acquisition with the current
breath-hold BOLD GESE-EPI technique. However, the effect of through plane mo-
tion due to breathing compared to the expected detectable oxygenation changes by
a perturbator need to be further analyzed to determine whether a free-breathing
imaging approach is feasible. In addition, the B0 variation during free-breathing ac-
quisition could affect the T2- and T2

*-map values, and therefore would need to be
added as an additional consideration when using the GESE-EPI technique in such
setting. Futhermore, the B0 inhomogeneity is also strongly influenced by the lung
volumes in the breath-hold version of the GESE-EPI sequence (Raj et al. 2000), and it
may be important to investigate the difference in the T2- and T2

*-maps between end-
inspiration versus end-expiration breath-holds. In this study, only end-expiration
was used to help mitigate motion during the acquisition.

In addition to the clinical limitations and opportunities, this initial study has also
identified areas of potential improvement to the GESE-EPI sequence, such as the in-
corporation of black blood preparation to improve myocardial segmentation. Fur-
thermore, the present study used four dummy acquisitions as a conservative esti-
mate to mitigate the effect of non-steady state acquisitions, but investigation on this
influence on T2- and T2

*-values is needed to determine the ideal number of dummy
acquisitions. In addition, the acquisition could be split into two concatenations and
spread over two or more heartbeats (i.e. segmented EPI) to enable a shorter first
TE and the ability to acquire more echo times, which is recommended for standard
clinical T2- and T2

*-mapping (Messroghli et al. 2017). However, segmented EPI is
prone to artifacts from variations in B0 and motion across heartbeats, and will also
compromise the heartbeat-to-heartbeat dynamic advantage of the sequence. Fu-
ture work could explore the use of low-rank and partial separability reconstructions
(Lobos et al. 2018, Mani et al. 2017) to mitigate these issues and further improve the
quality of dynamic quantitative T2- and T2

*-cardiac mapping.

Conclusion

This chapter showed that the gradient-echo spin-echo echo-planar-imaging
(GESE-EPI) sequence can provide dynamic gradient-echo (GE) and spin-echo
(SE) images per heartbeat which enables dynamic analysis of a blood oxygena-
tion level dependent (BOLD) response during a breath-hold perturbation. How-
ever, this signal intensity (SI)-based BOLD imaging approach showed to be
heart rate dependent which makes it less applicable for a dynamic heartbeat-
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to-heartbeat imaging technique. Fortunately, the 5-echo GESE-EPI sequence
provides dynamic and quantitative T2- and T2

*-maps per heartbeat without
any temporal penalty compared to the 2-echo GESE-EPI approach. This 5-echo
GESE-EPI enabled heart rate independent BOLD imaging during a breath-hold
perturbation and could offer a new alternative to the current myocardial viabil-
ity techniques. However, further exploratory studies in cardiac patient popu-
lations should be performed to define the diagnostic value of this new cardiac
BOLD imaging approach.
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