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Chapter 7

Simultaneous multi-slice cardiac BOLD-MRI
with GESE-EPI reveals oxygenation gradient

Abstract

The multi-echo GESE-EPI sequence introduced in Chapter 5 has already been
shown to enable cardiac BOLD response assessment induced by a breath-hold
perturbation by following the change in T2 and T2

*. However, the assess-
ment of focal ischemia would benefit from the addition of simultaneous multi-
slice (SMS) and multi-directional acquisitions. Therefore, thirteen healthy vol-
unteers were scanned using a single slice, dual slice multi-band (MB)2, 4 cham-
ber (4CH) and 2 chamber (2CH) GESE-EPI acquisition over the time of a
breath-hold. A septal region of interest (ROI) was used to compare differences
in mean T2- and T2

*-values from the multiparametric fit of these acquisition,
which resulted in no significant difference between the single slice and dual
slice MB2 acquisitions. Furthermore, the septal T2- and T2

*-slopes were com-
pared between the basal and mid-ventricular positions, which showed that in
the basal slice the BOLD responses to the breath-hold was significantly greater
than in the mid-ventricular slice. This SMS GESE-EPI cardiac BOLD imaging
approach enabled the detection of a spatial gradient BOLD response to a breath-
hold, which should be kept in mind when placing those imaging slices for BOLD
response assessments in cardiovascular patients.
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7.1 Introduction

M
yocardial ischemia plays an important role in most cardiovascular diseases, in-
cluding in myocardial infarction (MI) where a local coronary occlusion results

in ischemia in the downstream tissue (Spears 2019). Microvascular dysfunction is
another pathway that can cause myocardial ischemia, which is expected to induce
long term remodeling in non-ischemic cardiomyopathies (Olivotto et al. 2006, Cam-
ici et al. 2015). Cardiac magnetic resonance imaging (MRI) has been shown to en-
able detection of ischemia by using the difference in paramagnetic properties of
oxygenated and deoxygenated hemoglobin and their change in ratio during an
intervention (Pauling and Coryell 1936, Friedrich and Karamitsos 2013, Fischer
et al. 2018). A potential perturbator to trigger these changes is by manipulation
of the arterial CO2 (Yang et al. 2017). Since it is known that over the time of a
breath-hold the blood CO2 levels increase, while myocardial O2 decreases, and sig-
nificant vasodilation occurs within fifteen seconds (Sasse et al. 1996, Friedrich 2020),
a noninvasive breath-hold intervention can be sufficient to detect ischemia (Sasse
et al. 1996, Friedrich 2020, Fischer et al. 2018).

Since T2 and T2
* are both sensitive to the changes in tissue oxygenation and

vasodilation, also known as the blood oxygenation level dependent (BOLD) ef-
fect (Ogawa et al. 1990), a number of T2- and T2

*-based sequences have been pro-
posed to measure the BOLD changes in the heart during a breath-hold perturba-
tion (Fischer et al. 2016, Fischer et al. 2018, Guensch et al. 2013, van den Boomen
et al. 2020). More recently, a dynamic heartbeat-to-heartbeat T2- and T2

*-mapping
technique has been introduced that uses a multi-echo gradient-echo spin-echo echo-
planar-imaging (GESE-EPI) acquisition in a short axis (SAX) to enable the detec-
tion of a compromised BOLD response in hypertensive patients (van den Boomen
et al. 2020). In this initial study, a difference could be seen in the significantly increas-
ing slope of both T2 and T2

* over the course of the breath hold in healthy volunteers
compared to the compromised or significantly decreasing slope in hypertensive pa-
tients. The sensitivity of this GESE-EPI BOLD imaging technique to these subtle
vascular alterations suggest great potential for ischemia detection (Mayet 2003).

However, hypertension can be seen as a diffuse cardiovascular disease that effects
every part of the vasculature and could therefore be detectable in any acquired slice
with the GESE-EPIBOLD imaging technique. For diagnosis or detection of focal car-
diovascular diseases such as MI, multiple different imaging directions such as the
4 chamber (4CH) and 2 chamber (2CH) views would be preferred, as well as the
ability to perform multi-axial slice acquisitions. Incorporation of an simultaneous
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multi-slice (SMS) acquisition into the GESE-EPI sequence could improve the spa-
tial coverage of this dynamic mapping technique (Setsompop et al. 2012, Manhard
et al. 2019), without the need for multiple breath-holds or the disadvantage of a time
shift between the different slices within in the cardiac cycle, which would introduce
fluctuations in the BOLD sensitivity (Guensch et al. 2013). Furthermore, when ac-
quiring multiple slices, either with or without SMS, the spatial distribution of the
vasculature in the heart should be considered since this could affect the local BOLD
changes as well. In this study, we explore the applicability of an SMS GESE-EPI se-
quence to improve the spatial coverage of cardiac BOLD assessments, which would
increase its relevance for focal cardiovascular diseases.

7.2 Methods

This study was IRB approved by a HIPAA compliant site and written informed
consent was obtained from all participants. MRI acquisitions were performed on a
3-Tesla Skyra with a Body-18 and Spine-32 coil (Siemens Healthcare, VE11C, Erlangen,
Germany) including thirteen healthy volunteers of age 18-45 years, BMIď25 and no
prior cardiac events or smoking.

7.2.1 MRI sequence

The 5-echo-GESE-EPI was adapted from a previous study that described the ap-
plicability of cardiac BOLD MRI with the multi-echo GESE-EPI (van den Boomen
et al. 2020). In short, a 90-degree slice selective excitation pulse was followed
by two gradient-echo (GE) echo-planar-imaging (EPI) readout with TE1=9.4ms,
TE2=24.32ms, and a 180-degree refocusing pulse was followed by three mixed GE-
spin-echo (SE) EPI readouts with TE3=38.74ms, TE4=53.16ms and TE5=67.58ms
(Figure 7.1A). Furthermore, two asymmetric spatial saturation bands with sharp
transitions (Hwang et al. 1999, Pfeuffer et al. 2002) were used in combination with
cardiac specific B0 and TrueForm B1 shimming (Siemens Healthcare, Erlangen, Ger-
many) and cardiac R-peak triggering delay. The short EPI readout was achieved
through a reduced FOVPE of 37.5% and parallel imaging acceleration (Rinplane) of 2.
Finally, the spatial resolution of the acquisitions was either 2.8x2.8mm or 3.2x3.2mm
in the short or long axis acquisition, respectively, with a fixed matrix size of 126x48.
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Figure 7.1: A) The 5-echo-GESE-EPI sequence including two GEs of TE1=9.8 and
TE2=23.6ms and three mixed-SEs of TE3=37.8, TE4=51.9 and TE5=66.1ms was used
for the single slice acquisition. B) The incorporation of a blipped controlled aliasing
in parallel imaging (CAIPI) technique into A) included a gradient blipping scheme
in the slice direction enabled a simultaneous multi slice (SMS) acquisition of dual
slice multi-band (MB) 2. C) This resulted in the acquisition of two simultaneous
slices in the same time as a single slice acquisition initiated after a trigger delay that
pushed the readout to the diastolic phase.

Simultaneous multi-slice acquisition was achieved by incorporation of a blipped-
controlled aliasing in parallel imaging (CAIPI)EPI readout that contains a Gz-
blip in the EPI readout which creates a spatial field of view (FOV)/2 shift in the
phase-encoding direction between the simultaneously excited slices (Setsompop
et al. 2012). SMS with a multi-band (MB) factor 2 was used to simultaneously ac-
quire two slices in the same readout time of 120ms as for the single slice acquisition
without SMS (Figure 7.1B-C). A slice gap of 356% of the slice thickness was used for
the dual slice MB2 acquisition.

7.2.2 MRI acquisition and post-processing

In all thirteen healthy volunteers a single slice GESE-EPI acquisition and dual slice
MB2 GESE-EPI acquisition were performed in an SAX slice to determine the effect
of the SMS on the T2- and T2

*-maps calculated from the five echoes. The single slice
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was placed in a mid-ventricular SAX while the dual slice MB2 acquisition included
both a mid-ventricular and basal SAX. In six of the healthy volunteers, an additional
long breath-hold acquisition of both the single slice and dual slice MB2 GESE-EPI ac-
quisition was performed to induce a CO2 perturbation resulting in a BOLD response
(van den Boomen et al. 2020). The BOLD response was determined by the change
in T2 and T2

* over the time of a breath-hold (van den Boomen et al. 2020). Fur-
thermore, an additional single slice GESE-EPI longer breath-hold acquisition was
performed in the long axes of the heart, including a 4CH and 2CH view, in five of
the healthy volunteers to again determine the BOLD response to a breath-hold per-
turbation. The T2- and T2

*-maps for each acquisition and slice were calculated per
heartbeat using a four-parameter voxel-to-voxel fitting approach (Schmiedeskamp
et al. 2012a).

Figure 7.2: The single slice (1 slice) acquisition provides five TEs per heartbeat. Mov-
ing up to the dual slices multi-band 2 (2-slices-MB2) acquisition results in visually
similar readouts of the same mid ventricular slice. For the four chamber long axis
(4CH-slice) acquisition the voxel size increased from 2.8x2.8mm to 3.2x3.2mm but
resulted in visually similar image quality.
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7.2.3 Statistical analysis

For comparison of the calculated T2- and T2
*-values between the single slice, dual

slice MB2 and 4CH acquisition an region of interest (ROI) in the septum of the mid
ventricular was used to provide mean T2- and T2

*-values over ten repetitions. The
single and dual slice MB2 mean septal T2- and T2

*-values were compared using
paired student t-test. In addition the BOLD response in the septum of the mid-
ventricle acquired by the single slice, dual slice MB2 and 4CH direction, were de-
termined by plotting a linear fit through the septal T2- and T2

*-values over the time
of a breath-hold (van den Boomen et al. 2020). The T2- and T2

*-slopes of the the
single slice and dual slice MB2 based slopes from the mid-ventricular septum were
compared with a paired Wilcoxon test to determine the influence of SMS on BOLD
sensitivity. Furthermore, the T2- and T2

*-slopes of the two simultaneously acquired
slices from the dual slice MB2 GESE-EPI acquisition are compared with each other
using a paired Wilcoxon test. This comparison determines whether there is a differ-
ence in BOLD response between the basal and mid-ventricular slices that results in
a difference in T2- and T2

*-slope. Lastly, a ROI was placed in the septum at the basal
and mid ventricular position of the 4CH GESE-EPI acquisitions and their T2- and
T2

*-slopes were again compared with each other and the dual slice MB2 acquisition
using paired Wilcoxon test. All ROIs were drawn using semi-automatic segmen-
tation (Segment v2.0 RX6246) (Heiberg et al. 2010) and all statistical analyses were
performed using GraphPad Prism (version 8) reporting the mean and standard de-
viation (SD) with a significance of Pă.05.

7.3 Results

7.3.1 Acquisition and mapping

Acquisition with either the single slice or dual slice MB2 acquisition or in the 4CH
direction resulted in sufficient image quality for all five echoes (Figure 7.2) to per-
form mapping. Voxel-by-voxel T2- and T2

*-mapping showed limited spatial varia-
tion in both slices of the dual slice MB2 and 2CH acquisitions, but in general seemed
to increase in the apex of the 4CH acquisition (Figure 7.3). Furthermore, some de-
phasing artifacts were seen in the lateral wall of the mid-ventricular slice of the dual
slice MB2 acquisition.
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Figure 7.3: In this example of the T2- and T2
*-maps estimated from the five GESE-

EPI based TEs both the four chamber (4CH) and two chamber (2CH) readout direc-
tions show only slight variation in T2- and T2

*-values in their voxel-by-voxel fitted
maps. While in the apex of the 4CH direction the T2-values appear higher compared
with the rest of the myocardium, in the septum the T2

*-values seem higher. This T2
*

distribution can also be seen in the basal (1-Base) and mid-ventricular (1-Mid) slice
acquired with the dual slice multi-band (MB) 2 acquisition, which shows some de-
phasing artifacts on the lateral wall of the mid-ventricular slice.

7.3.2 T2, T2
* and BOLD comparison

The mean T2- and T2
*-values of the septum in the same mid-ventricular slice either

acquired with the single slice or dual slice MB2 acquisition showed no significant
difference (P=0.95 and P=0.15, respectively, N=13) (Figure 7.4A). The septal mid-
ventricular ROI in the 4CH acquisition seems to result in lower T2- and T2

*-values
but this was also not significantly different from the septal values form the single
slice acquisition (both P=0.13, N=5). Furthermore, the Bland-Altman plots showed
limited bias between the single slice and dual slice MB2 acquisitions with mean dif-
ference of 0.1˘2.7ms and 1.5˘3.4ms for the T2- and T2

*-values, respectively (N=13)
(Figure 7.4B).
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Figure 7.4: A) The mean T2- and T2
*-values from the septum in the mid-ventricle

either acquired with the single slice (1 Slice), dual slice multi-band 2 (2 Slice MB2)
or four chamber (4CH) acquisition were not significantly different from each other,
with a T2 of 43.3˘3.4ms, 43.3˘3.6ms, and 40.0˘2.9ms, and a T2

* of 29.2˘3.1ms,
27.7˘3.3ms, and 24.9˘3.2ms, respectively. B) The Bland-Altman plots shows the
difference in mean mid-ventricular septal T2 (top) and T2

* (bottom) between the
single slice and dual slice MB2 acquisitions with a bias of 0.1˘2.7ms and 1.5˘3.4ms,
respectively.

Analysis of the BOLD response by following the change T2 and T2
* due to a

breath-hold perturbation in the septal mid-ventricular ROI in both the single slice
or dual slice MB2 acquisition resulted in no significant difference in the T2-slopes
of 0.14˘0.06ms and 0.14˘0.04ms or the T2

*-slopes of 0.13˘0.05ms and 0.11˘0.04ms,
respectively (P=0.09 and P=0.06, respectively, N=6). However, when comparing a
septal ROI in the basal and mid-ventricular slice, acquired simultaneously with the
dual slice MB2 approach, a significant difference was detected between the T2-slopes
of 0.26˘0.04ms and 0.14˘0.04ms, and between the T2

*-slopes of 0.19˘0.06ms and
0.11˘0.04ms, respectively (both P=0.03, N=6) (Figure 7.5A-B).. Furthermore, mid-
ventricular septal ROI from the 4CH acquisition showed smaller T2- and T2

*-slopes
of 0.08˘0.03ms and 0.09˘0.02ms, respectively, compared to the mid-ventricular sep-
tal ROI from the dual slice MB2 acquisition, but this was not significant (P=0.06 and
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P=0.19, respectively). The slopes were also not significantly different between the
basal-ventricular septal ROI of the 4CH and the dual slice MB2 acquisition, with a
mean T2-slope of 0.14˘0.06ms (P=0.06, N=5) and T2

*-slope of 0.12˘0.02ms (P=0.63,
N=5) for the 4CH acquisition. Lastly, the difference in BOLD response between the
basal and mid-ventricular slice also seemed to be visible in the 4CH acquisition, but
this was not significant either (both P=0.06, N=5) (Figure 7.5C-D).

7.4 Discussion

Incorporation of SMS into the cardiac GESE-EPI acquisition was successful and dou-
bled the spatial coverage without any timing difference between the slices. Further-
more, no significant difference in T2- and T2

*-values or BOLD responses to a breath-
hold were detected between the single slice and dual slice MB2, suggesting that the
SMS acquisition did not introduce additional bias to those readouts. While the SMS
GESE-EPI acquisition did not significantly influence these results in the same slice,
a significant difference in BOLD response was detected between the basal and mid-
ventricular slices. This difference in BOLD response between the two slices was
expressed by a significantly steeper T2- and T2

*-slope in the basal compared to mid-
ventricular slices. Since using this dual slice MB2 acquisition exposed this spatial
variation in BOLD-responsiveness by a breath-hold perturbation, extra care should
be taken in slice placement when comparing healthy and diseases population using
this GESE-EPI based BOLD imaging technique. The existence of this BOLD gradient
also emphasizes that better slice coverage can provide a more complete interpreta-
tion of ischemia associated cardiovascular diseases.

The spatial gradient in BOLD could be explained by the vascular distribution
of the major coronaries and capillaries (Gross and Kugel 1933) and the hetero-
geneity of the myocardial blood flow and oxygen consumption (Alders et al. 2004,
Decking 2002). Since the local resting blood flows vary from the base to the apex
(Decking 2002, Laussmann et al. 2002) and the oxygen consumption is expected
to correlate with blood flow (Alders et al. 2004), it can be hypothesized that this
also resulted in the spatial variation of the vascular response to the CO2 perturba-
tion. In addition to the arterial architecture, the coronary venous system should also
be considered for its role in the local BOLD response variations, since the venules
run antiparallel to the arterial network and drain deoxygenated and unconsumed
oxygenated hemoglobin into the coronary sinus at the base of the heart (Miao and
Makaryus 2019). While this spatial variation in the BOLD response between the
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Figure 7.5: A) The blood oxygenation dependent (BOLD) response in the septum
from the basal SAX (Axial1-base) from the dual slice multi-band (MB) 2 acquisition
showed a steeper T2- and T2

*-slope than in the mid-ventricle SAX (Axial2-mid). B)
The differences in mean T2-slopes of 0.26˘0.04ms and 0.14˘0.04ms, and T2

*-slopes
of 0.19˘0.06ms and 0.11˘0.04ms, between the basal and mid-ventricular slice, re-
spectively, were significant for all healthy volunteers (both P=0.03, N=6). C) In
the base septal ROI from the four chamber acquisition this difference in T2- and
T2

*-slope was also seen (4CH-base and 4CH-mid), D) but the differences in the
mean T2-slopes of 0.14˘0.06ms and 0.08˘0.03ms, and T2

*-slopes of 0.12˘0.02ms
and 0.09˘0.02ms, between the 4CH-base and 4CH-mid ROI, respectively, were not
significant for all healthy volunteers (both P=0.06, N=5).
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base and mid-ventricle was clearly visible in axial acquisition, the 4CH acquisition
did not significantly confirm this gradient in BOLD response. An explanation for
this reduced sensitivity in the 4CH direction may be the difference in location of
the ROI, because in the 4CH slice this includes more pixels in the longitudinal di-
rection, while the SAX acquisition includes more in the axial direction to maintain
a similar ROI size (Figure 7.6). Furthermore, the ROI placement could also explain
the reduced septal T2- and T˚2 -slopes from the 4CH acquisition compared to the ax-
ial acquisitions, although this difference was not significant. A SMS acquisition in
the 4CH direction could potentially give more information on the influence of the
vascular architecture, flow and metabolism distribution.

Figure 7.6: Examples of the ROI placement in the septum of a healthy volunteer
in the axial A) mid- and B) basal axial slices. The corresponding ROIs in the 4CH
slice contained the top ROI for the basal septum and the bottom ROI for the mid-
ventricular septum.

Despite the improvement in spatial coverage by using the MB2 acquisition, the
dephasing artifacts on the lateral wall and significant T2- and T˚2 -mapping varia-
tion in the apex remains unresolved (van den Boomen et al. 2020). This limits the
applicability of this GESE-EPI approach in the assessment of myocardial ischemia
in patients with defects in those locations. Furthermore, the American Heart As-
sociation (AHA) recommends the acquisition of at least three slices at the base,
mid and apex of the left ventricle for myocardial tissue characterization techniques
(Messroghli et al. 2017), and for the use of late gadolinium enhancement (LGE),
a full stack of SAXs covering the heart is appropriate (Jimenez Juan et al. 2015).
The use of MB3 or higher could potentially meet this required cardiac coverage
but when using blipped-CAIPI, with a phase axes shift of the FOV divided by
the number of MB, these simultaneous acquired slices have to be at least several
times the slice-thicknesses apart to avoid significant signal attenuation (Eichner
et al. 2014, Mekkaoui et al. 2017), and this distance would eventually be limited
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by the size of the heart. In addition, since a vascular response can only be expected
15 seconds into the breath-hold (Sasse et al. 1996), patients with reduced breath-
hold capacity would not qualify for a breath-hold based BOLD assessment. Other
approaches could be considered to still enable the detection of a BOLD response,
such as adding hyperventilation prior to the breath-hold (Fischer et al. 2018) or the
introduction of CO2 enriched gas (Yang et al. 2017).

The sensitivity of the GESE-EPI based cardiac BOLD imaging techniques offers
great potential for longitudinal studies due to its independence of a contrast agent.
However, further research including patients with MI should be investigated to de-
termine the sensitivity and specificity of this technique to focal ischemia (Fischer
et al. 2018). More specifically, left anterior descending (LAD) and right coronary
artery (RCA) located infarcts should be studied, due to the limited reliability of the
T2 an T2

* values of the lateral wall as described above. Furthermore, the evaluation
in more upstream coronary occlusions, which should have a significant effect on
the normally strong BOLD response in a healthy heart (Fischer et al. 2015, van den
Boomen et al. 2020), could benefit significantly from the multi-slice acquisition, since
it can help determine the stretch of ischemia down to the mid-ventricle. How-
ever, for such myocardial viability studies after MI, the rough location of the infarct
should be known, so as to appropriately choose slice placement when using the
dual slice MB2 acquisition. If the location is unknown prior to the MRI assessment,
multiple breath-holds could be performed to extend the evaluation of the BOLD re-
sponse to a full heart coverage. However, with the introduction of repeated breath-
holds the effect of potential cardiac flow and BOLD response reserves should be
kept in mind (Nagel et al. 2019, Bright et al. 2011). Lastly, in addition to the localiz-
ing and determining the extend and severeness of ischemia, potential remodeling in
remote territories could also be assessed, since intact perfusion does not automati-
cally mean healthy oxygenation (Fischer et al. 2018). Here, the SMS acquisition can
also be advantageous by providing simultaneous BOLD change data, though the
spatial difference in BOLD responsiveness in the long axis should be considered in
such remote area evaluation.

In conclusion, this evaluation of the incorporation of SMS into the multi-echo-
GESE-EPI sequences to assess BOLD showed the ability to expand the acquisition
from single slice to dual slice MB2 with no change in T2- and T2

*-values or BOLD
sensitivity. In addition, this SMS approach also enabled the detection of a spatially
gradient BOLD response to a breath-hold, which should be considered when evalu-
ating the BOLD response in cardiovascular patients.
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Conclusion

The simultaneous multi-slice (SMS) multi-echo-GESE-EPI sequences showed
the potential expansion from single slice to dual slice multi-band (MB)2
acquistion with no change in T2- and T2

*-values or blood oxygenation level de-
pendent (BOLD) sensitivity. Since this SMS approach also detected a spatially
gradient BOLD response to a breath-hold perturbation, was was expressed in
a significantly greater change in T2 and T2

* in the basal slice compared to the
mid-ventricular slice, assessment of ischemia in cardiovascular patients should
be performed with additional care in slice positioning.
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