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ARTICLE INFO ABSTRACT

In this work, we characterize contrast origins and noise contributions of spin echo (SE) EPI BOLD signal at 3 T.
SE BOLD is a fMRI method of choice for imaging brain regions affected by susceptibility artifacts at lower fields,
but its sensitivity remains a limiting factor for whole-brain imaging. To resolve this, the signal and noise con-
tributions as well as TE dependence of SE EPI are characterized in this study. By integrating a two-compartment
BOLD model with a physiological-thermal noise model, a new SE-BOLD signal model was introduced. The new
SE-BOLD model was fit into SE-EPI fMRI data acquired during hypercapnic manipulations at various TEs, using
typical fMRI voxel dimensions (3.4 x 3.4 x 5mm®). Our model predicts intra- and extravascular signal and
noise contributions consistent with our understanding of the SE-EPI contrast mechanism. The intravascular
BOLD contribution is shown to dominate at TEs lower than tissue T, but the physiological noise contributions in
SE-EPI signal is also shown to be lower than that of gradient-echo (GE). Furthermore, SE-EPI contrast-to-noise
ratio (CNR) is not maximized at tissue T, as is typically assumed. To summarize, a new SE-BOLD model was
proposed to characterize SE-BOLD contrast and physiological noise contribution at 3 T. Results suggests that SE-
BOLD sensitivity can be improved by using shorter TEs, making it a more attractive choice for fMRI, especially in
regions with susceptibility artifacts. Such optimizations could also help extend the application of SE BOLD to
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WM fMRI studies.

1. Introduction

Conventional BOLD functional MRI (fMRI) studies use gradient-
echo (GE) EPI, which relies on T»* contrast, driven by the static de-
phasing induced by magnetic-field inhomogeneities. That is, GE-BOLD
contrast is caused by local magnetic field inhomogeneities resulting
from susceptibility difference between oxygenated and deoxygenated
blood [1-3]. While T5* contrast is robust, it also makes GE BOLD prone
to macroscopic magnetic field-inhomogeneity effects, resulting in signal
dropouts and geometric distortions [4] at air/tissue interfaces and
dominant BOLD activations around large veins [5-7].

In view of these limitations of GE EPI, a common alternative is using
a spin-echo (SE) EPI sequence, which generates primarily T, contrast.
The 180° pulse in SE EPI in theory refocuses static dephasing, reducing
To* sensitivity. This suppresses the BOLD contribution from areas sur-
rounding large veins, resulting in higher microvascular contribution
and spatial specificity compared to GE techniques [8-10]. However, the
loss of static-dephasing contributions to the BOLD signal results in re-
duced BOLD contrast compared to GE, which in turn results in lower

BOLD sensitivity, limiting the current use of SE EPI in fMRI studies at
lower fields.

However, an important advantage of SE BOLD even at lower field
strengths is that it is a simple and powerful way to recover the majority
of the MR signal lost due to strong susceptibility gradients [11,12]. This
has been successfully demonstrated at 3T, such as the orbitofrontal
cortex [12] and inferior temporal lobe [13]. The success of SE EPI in
these regions critical to memory and cognition demonstrate the promise
of SE EPI in spite of the reduced sensitivity. Moreover, although re-
sidual T,* weighting can be introduced through the EPI readout, SE EPI
provides simple implementations and lower power deposition, and as a
result as found wider applications [12-16].

The desirable attributes of SE EPI at 3 T lead us to consider whether
its sensitivity can be further improved. It is increasingly recognized that
optimizing the sensitivity of fMRI is contingent on an accurate under-
standing of signal-to-noise interactions, and more specifically, on un-
derstanding the contributions from different sources of noise, including
thermal and physiological noise. These noise sources have been char-
acterized extensively in GE BOLD using temporal signal-to-noise (tSNR)
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and contrast-to-noise ratio (CNR) models [17-19]. More specifically,
studies have shown that physiological noise dominate in GE-EPI fMRI at
typical in-plane resolution of 2-3 mm [19-22]. On the other hand, si-
milar studies of SE EPI have only been done at high fields [9,10,23,24],
although 3T is arguably the most common field strength for human
fMRI research. In the absence of such empirical studies, the optimal TE
for SE EPI at 3 T has been always assumed to be equal to tissue T, based
from early simulation results [8,25,26]. However, these simulations did
not consider the effect of physiological noise, which is now known to
have a significant effect on BOLD sensitivity.

Multiple studies using GE [17-19] has shown that physiological
noise is the primary source of BOLD signal variance at 3 T, and that its
relative contribution depends on TE and voxel size [17,19]. It follows
therefore that SE-EPI BOLD detectability is not necessarily optimal at
tissue T». Although we showed recently that SE EPI is less sensitive to
physiological noise compared to GE EPI [27] at 3 T, there has yet to be a
full characterization of SE-BOLD noise contributions to the same extent
as there is for GE BOLD. Without such a characterization, it is difficult
to optimize the sensitivity of SE BOLD.

In the present study, we use a hypercapnia paradigm to induce a
global BOLD signal increase, which we use to characterize the contrast
origins and noise properties of SE EPI, particularly as they vary with TE.
We also formulated a comprehensive SE-BOLD signal model that in-
tegrates a number of previous models. We fit our experimental data to
this new model to allow it to predict intra- and extravascular signal and
noise characteristics. Our results confirm similar IV and EV contribu-
tions for SE EPI at 3T when TE is equal to tissue T,. Moreover, we
quantitatively demonstrate that the physiological noise contributions in
SE EPI are lower than in GE EPI. Importantly, our results indicate that a
TE equal to tissue T, does not lead to optimal BOLD sensitivity.

2. Theory

Our desire to better understand the SE BOLD signal and noise is
driven by two factors: (i) BOLD sensitivity is not necessarily maximized
at tissue T, as physiological noise is higher at such long TEs; (ii) for SE
BOLD, the ideal means of maximizing spatial specificity is to maximize
the EV contribution and minimize IV contribution, as long as the loss of
sensitivity is not substantial. Our comprehensive SE-BOLD model is
defined in the following subsections. This model integrates an intra-
and extravascular BOLD model with a previously published physiolo-
gical-thermal noise model.

2.1. Spin-echo contrast

For SE BOLD, the total fractional BOLD signal change (AS/S) can be
considered as the sum of intravascular (AS;y/S) and extravascular
(ASgy/S) fractional signal changes [9]:

AS/S = (ASyy + ASgy)/S (@]
where
S = Veexp(—=TE*Ry piooa) + k*(1 — V) sexp(—TE*Ry tissue)> 2)
ASpy = [(V + AV) eexp(—=TE*AR; piood) — V] +exp (—=TE*Ry piooa), 3)
ASpy = xe[(1 — V — AV)sexp(—TE*AR, tissue) — (1 — V)]

+exp(—TE*Ry issue) “@

In the above equations, x is the ratio of brain and blood partition
coefficient for water, V is the baseline blood volume fraction, AV is
fractional blood volume change, R piood and R tissue are the baseline
blood and tissue T, relaxation rates, respectively. Assuming that
|TE‘AR3 tissue] <1 and AV = 0, the extravascular (ASgy/S) and in-
travascular (ASyy /S) BOLD signals can be simplified to

ASEv/S = —K'TE'ARZ,tissue )
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and
6)

Although changes in blood volume are not always negligible,
through simulations (see Appendix A) we have confirmed that these
approximations hold for our experimental conditions. Furthermore, as
IV and EV contribution for SE are similar at 3T, it is reasonable to
assume that AV will not affect the overall relative signal. By setting
% =0, we derived a new parameter called maximal IV con-
tribution (IV ,,,4) to be given by

AR, plood

(Rz,blood - RZ,tissuc) °e

ASIV/S = _V'ARZ,blood * TE'exP [TE' (Rz,tissue - Rz,blood)]

Wy = =V

)]

IVihax is the maximum IV contribution for a given baseline blood
volume V and is driven solely by oxygenation changes, and for a given
oxygenation change, this quantity is maximized when TE = 1/(R3 biooa-
Ry tissue)- By combining Egs. (6) and (7), the IV fractional signal change
can be expressed as

S

= IVmax'(RZ,blood - Rz,tissue)'e'TE'exp [TE- (RZ,tissue - RZ,blood)]~ (8)

In brief, the behaviour of ASy,/S depends on the baseline relaxation
rate difference between blood and tissue. If TE‘|Rgissue-Ra,blood| < 1,
the exponential term can be assumed to be equal to 1, leading to a
linear relationship between ASy,/S and TE. However, this condition is
not true for typical SE TE range at 3 T, therefore, a linear model will not
be able to fully characterize SE BOLD signal changes. Hence we used
two-compartment BOLD model (Eq. (1)) to characterize SE BOLD
signal. ARj yissue and IVimay can in turn be calculated by measuring AS/S
at different TEs and fitting Eq. (1) but using approximations from Egs.
(5) and (8).

2.2. Spin-echo signal-to-noise

The total noise in the fMRI time-course can be expressed as [17].

o = Jop? + op? 9

where 0y is the raw noise (which includes thermal noise and system
noise) and op is physiological noise. Physiological noise variance can
further be broken into two components: (i) the BOLD-like, op, which is
TE-dependent and proportional to signal fluctuations (o = ¢1ASpise)
and (ii) the non-BOLD-like, ong, which is TE-independent and propor-
tional to MR signal strength (ong = c2S).

The temporal SNR (tSNR) is then defined as:

S
[

g + 05 + ok

tSNR =
(10)

where S is the mean image signal intensity. Eq. (10) can also be re-
written as:

SNR,
V1 + [((€1ASise)* + (c28)°)/5°]-SNR§

tSNR =

an

where SNR, = S/0y. Following the work of Kriiger and Glover [17], we
further differentiate BOLD-like signal changes (AS,os) into extra-
vascular (ASgv noise) and intravascular (ASpy noise) Noise. EV BOLD-like
noise only describes fluctuations caused by changes in tissue relaxation
rate while IV BOLD-like noise includes the effect of blood relaxation-
rate fluctuations. Since we are modeling noise from the baseline BOLD
signal fluctuations, we assume minimal blood volume (AV = 0) and R,
changes. Hence, we used Egs. (5) and (8) to express tSNR as:

{SNR = — SNRo
1+ [((c1,1v +TE+exp[TE«(R2,tissue = Ra,blood)] = c1,Ev *x+TE) )2 + ¢3]-SNR@

a2

where variables including IVimax(Rzbiood — Ratissue)€ and ARp gissue
from Egs. (5) and (8) are integrated into the constants ¢; 1y and ¢; gy. By
plotting tSNR as a function of TE, the constants ¢; 1y, ¢; gy and ¢, can be
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determined by fitting the tSNR data to Eq. (12) and using these con-
stants would allow us to determine A as a function of TE:

22 = ((cy, TE-exp [TE-(Ry,issue — Ropiooa)] — cLavk-TE) )2 +¢7  (13)

This model is an extension of the work of Kriiger and Glover [17],
which showed A\ as a measure of the relative contribution of physio-
logical noise to the signal (op = AS). Using both fractional signal
change and tSNR models, CNR can then be expressed as:

_4S s _ 48

—-— = —tSNR
S o S

CNR = —

o 14

3. Materials and methods
3.1. Participants

This study involves 7 healthy participants (4 women, age
29.3 * 5.5years ( = SD); range 21 to 38 years). Participants were re-
cruited from the Baycrest Participants Database, which includes in-
dividuals from Baycrest and local communities. This study was ap-
proved by the Research Ethics Board (REB) of Baycrest and experiments
were performed with written consent from each participant.

3.2. Experimental paradigm

During fMRI sessions, we induced hypercapnia by administering
mixtures of Oy, CO,, and medical air using the RespirAct™ breathing
circuit (Thornhill Research, Toronto, Canada), which provides inter-
dependent targeting of end-tidal CO, pressure using the sequential gas
delivery method [28]. Hypercapnia was induced by increasing the
subject's end-tidal CO, (PETCO5) level by ~5 mm Hg from the subject's
natural baseline while maintaining end-tidal O,. Each fMRI scan was
accompanied by a block-design hypercapnia task, i.e. [48 s baseline -
96 s hypercapnia - 96 s baseline - 96 s hypercapnia - 48 s baseline].

3.3. MRI acquisition

All images were acquired using a Siemens TIM Trio 3 Tesla System
(Siemens, Erlangen, Germany). The scan used 32-channel phased-array
head coil reception and body-coil transmission. Anatomical images
were acquired using a T;-weighted MPRAGE 3D anatomical at an iso-
tropic resolution of 1 mm® and GRAPPA acceleration factor = 2.

Functional images were acquired using SE EPI: TR = 2000 ms, 20 5-
mm slices, 64 x 64 matrix, 3.4 x 3.4 x 5mm°® voxels, GRAPPA accel-
eration factor = 2, and 192 measurements (6.4 min). To reduce T,*-
induced image distortion in the SE-EPI images, we minimized the echo
spacing (readout train = 35.2ms, echo spacing = 0.55 ms, echo train
length = 64). To maximize the utility of our results, we use a similar
voxel size as other 3T SE-EPI studies: Norris et al. (3 x 3 x 5mm®)
[12], Jochimsen et al. (3.5 X 3.5 x 5mm® [29], Miller et al
(3.4 x 3.4 x 3.4mm°) [30] and Kuroiwa et al. (3.75 X 3.75 x 5mm®)
[31]. Images were acquired at repeated sessions, each with a different
TE: 35, 45, 55, 65 and 75 ms. The TE order were not randomized. De-
spite not using randomizations, normalizing AS/S values by the PETCO,
change precludes biases due to ordering.

For 5 subjects, additional customized single-slice SE-EPI scans were
performed to enable measurement of the venous-blood signal in the
sagittal sinus (SS) (approximating a pure intravascular signal). This
customized single-slice SE EPI had the same parameters as the first
functional scan except that a non-selective rectangular 180° refocusing
pulse was used. Before the SS can, a sagittal maximum-projection time-
of-flight image was acquired for vascular localizer and guide in posi-
tioning the axial single-slice SS scan. In standard SE EPI, only a small
amount of flowing blood will experience both 90° and 180° pulses due
to blood displacement resulting in reduced SE signal during fast flow.
By using a non-selective 180° pulse, the displaced blood will receive
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both 90° and 180° pulses, minimizing signal washout caused by fast-
flowing blood in the SS.

3.4. fMRI preprocessing

The fMRI data were pre-processed using FEAT package in FSL
(FMRIB, Oxford University; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FEAT). The first 2 volumes were discarded, and slice timing and mo-
tion correction, high pass filtering (< 0.005 Hz), and spatial smoothing
(5mm full-width-at-half-maximum) were performed. Lastly, fMRI
images were registered to anatomical template.

3.5. Functional regions of interest (ROIs)

Grey (GM) anatomical ROIs were derived from subject-specific na-
tive space FreeSurfer tissue segmentation [32] and registered to the
fMRI data separately for each TE using FSL's FLIRT command [33].
Statistical maps (p-values) were created by running voxel-wise two-
sample t-test comparing hypercapnic and baseline BOLD data within
each anatomical ROI and every TE. The p-value volumes were corrected
for multiple comparisons using the false discovery rate (FDR) approach
and GM functional masks were created using FDR of q < 0.05 for every
TE. We assumed that these masks include tissue voxels that are sig-
nificantly active during hypercapnia. These masks were then aligned by
registration to the first TE using FSL FLIRT. Lastly, to permit a fair
comparison across TEs, a new mask, namely a collection of intersection-
functional ROIs, was created by only including voxels that are active for
every TE. The intersection-functional ROIs were used to calculate the
fractional change in BOLD signal (AS/S), temporal signal-to-noise ratio
(tSNR) and contrast-to-noise ratio (CNR) for each TE and each subject
as explained in the next section. SS ROIs were created by visual in-
spection, using the anatomical scans as reference for locating the ap-
proximate location of SS, and subsequently by thresholding the AS/S
map in the SS anatomical region, based on the knowledge that large
veins are associated with the highest AS/S responses to COs.

3.6. Data analysis

All simulations and data analysis were performed using in-house
software written in MATLAB, 2016b (The MathWorks, Inc., Natick, MA,
USA). Through simulations (see the Appendix), we verified that ASgy/S
and ASpy/S can be simplified to Egs. (5) and (8), respectively without
loss of accuracy. Such approximations were used previously in high-
field data [9,10]. We used these approximations in our models allowing
us to calculate for the unknown contrast parameters (R tissye and IViax)
with only 5 TEs.

Within the GM anatomical ROIs, we determined the appropriate
time shifts between the mean tissue BOLD signal and the PETCO, curve
by finding the first local maximum peak of the cross-correlation func-
tion between the mean tissue BOLD signal and PETCO, curve. After
accounting for the time shifts, we determined the mean and standard
deviation of the hypercapnic and baseline BOLD signals on a voxel-wise
basis and aligned all GM anatomical ROIs to a common functional space
using FSL's FLIRT command. To ensure that we capture the BOLD signal
at relative steady state, we computed the parameters based on the later
sections of the hypercapnic and baseline blocks, as seen in Fig. 1. We
used these hypercapnic and baseline BOLD data in two-sample t-tests to
create GM intersection-functional ROIs as explained in the previous
section.

Using the GM intersection-functional ROIs for all runs, AS/S, CNR
and tSNR were calculated voxel-wise for each tissue type and for each
TE:

1. AS/S was calculated as the difference between the mean hy-
percapnia and baseline BOLD signal divided by mean baseline
signal;
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BOLD
Response

BOLD signal (a.u.)
Baseline BOLD 30s
Hypercapnic BOLD

Baseline BOLD
Hypercapnic BOLD

Time (s)

Fig. 1. Time intervals used to calculate mean and standard deviation of base-
line and hypercapnic BOLD signals. Time intervals used to calculate mean and
standard deviation of baseline and hypercapnic BOLD signals. The green and
purple blocks represent the baseline and hypercapnic BOLD measurements,
respectively, while the black line represent a hypothetical BOLD signal corre-
sponding to this stimulation paradigm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

2. tSNR was calculated by dividing the mean baseline signal by the
standard deviation of baseline signal;

3. CNR was calculated as the difference between the mean hypercapnia
and baseline BOLD signal and divided by the standard deviation of
the baseline.

Furthermore, TE-specific AS/S, tSNR and CNR estimates were cal-
culated by averaging across all subjects. In the SS, the same parameters
were calculated using the SS mask defined earlier. As different subjects
are likely to respond differently to hypercapnic manipulation, we nor-
malized the CNR values by the subject's response during each scan (i.e.
change in end-tidal CO, (APETCO,)). This step allowed us to minimize
the biases introduced by this intersubject variability.

We calculated Ry tissues Rz blood @nd So first by fitting an exponential-
decay function to the baseline BOLD signal at different TEs using the
Levenburg-Marquardt least-squares method (MATLAB's Isqnonlin
function). Sy is the extrapolated signal intensity at TE = 0 ms and was
used to calculate SNRy for Eq. (12) [17]. To determine the IV con-
tribution to the BOLD signal, ARy tissue and IV, Were calculated by
fitting Eq. (1) (using the simplified EV- and IV-BOLD expressions from
Egs. (5) and (8)) to the measured AS/S values at various TEs by using
the same least-squares minimization. To complete the model para-
meterization, we adopted the tissue k value (0.94 for GM) from [34].

In terms of the noise parameters, to obtain A, we first calculated the
unknown noise parameters (¢ 1y, ¢1,gv and cy) by fitting Eq. (12) to the
measured tSNR values. This allowed us to estimate the relative con-
tribution of physiological noise to the signal (A = op/S) using our multi-
TE data. o, was determined using the method described in [35].

Lastly, to ensure that our noise measurements are not biased by
motion during the task blocks, we computed the framewise displace-
ment based on MCFLIRT results.

4. Results

We show BOLD t-statistics map in grey (GM) in Fig. 2a. Voxels that
are significantly active for every TE are also shown in Fig. 2b.
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Fig. 3. Signal decay curves for grey matter and venous blood (sagittal sinus) as
a function of TE. The mean BOLD signal for different subjects is measured and
plotted as a function of TE. An exponential decay function is used to calculate
T, and the curve of best fit is shown as a solid line. Error bars represent stan-
dard error from the mean.

The mean framewise displacement during hypercapnia and baseline
blocks are 0.08 + 0.03mm and 0.07 *= 0.02 mm ( * SD) respectively,
showing no significant difference in head motion during hypercapnia
and baseline.

The group-mean BOLD signal decay curves are shown in Fig. 3. The
nonlinear fit results in calculated experimental T, of 75.6 = 2.9ms
and 32.1 + 3.8 ms ( = denotes 95% confidence interval) for GM and
venous blood, respectively. The calculated GM T, is comparable to
previously calculated values from literature [36,37], and the sagittal-
sinus T, is consistent with previous measurements at 3T, assuming
~40% Hct and a blood oxygenation saturation of Y = 0.70 [38-40].

In Fig. 4a, we show AS/S plotted as a function of TE. Based on our
model, our extrapolated AS/S value is similar to that measured by
Kuroiwa et al. [31] and Miller et al. [30] at a TE of 71.3 ms and 100 ms,
respectively, using a similar mild hypercapnia paradigm and voxel re-
solution at 3 T, shown in Table 1. Furthermore, the sagittal sinus (SS) is
associated with significantly higher AS/S values than GM, as shown in
Fig. 4b, with the highest normalized AS/S value being ~3%/mm Hg at
TE = 75 ms.

Applying these values to Eq. (1) (and using approximations de-
scribed in Egs. (5) and (8)), the fitted ARj isue Values for GM is
—0.06 + 0.04s !( + denotes 95% confidence interval). These
ARy issue €stimates represent the EV component (as seen in Eq. (5)) and
are in agreement with previously reported values by Kuroiwa et al. [31]
and Jochimsen et al. [29] shown in Table 1. In the latter work, flow-
crusher gradients were applied to minimize IV contribution, resulting in
an estimated ARjue Of ~—0.05 s™! in GM in response to hy-
percapnia. In another study using task-based stimulation, Jochimsen
et al. [29] also modeled the IV and EV components of AS/S using dif-
fusion-weighted fMRI with similar voxel resolution and calculated a

Fig. 2. BOLD activation maps from an in-
dividual subject. a) Map of t-statistics for BOLD
1 in grey matter for every TE. The colour bar re-
presents t statistics. (b) The final ROI only in-
) cludes voxels that are significantly active for
kK every TE (shown as a white binary mask). (For
b) ROIs (white) interpretation of the references to colour in this
figure legend, the reader is referred to the web

version of this article.)
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0.20 5 Fig. 4. Normalized AS/S as a function of TE. AS/
['§ Grey matter S for different tissues are measured and aver-
Y
¢ sagittal sinus aged across all subjects. (a) Normalized AS/S.
4 The solid line represents the curve of best fit
_0.15 using approximations from Egs. (5) and (8). (b)
:? > The TE dependence of GM AS/S is over-
£ :E: 3| ® shadowed by that of the sagittal sinus. Error bars
represent standard error from the group mean.
£ £
< 0.10 =
& £
wv w2
e ~
%) %)
< <
0.05 " +
A A A &4

0 0

0 20 40 60 80 100 b) 0 20 40 60 80 100

a) TE(ms)

ARy 4issue Value of —0.08 s~ ! for the EV component. Furthermore, we
calculated IV,,x value of 0.10 = 0.04%/mmHg ( = denotes 95%
confidence interval).

The estimated IV BOLD signal contribution (AS/AS) as a function
of TE is shown in Fig. 5. The solid line is the curve of best fit of Eq. (8) to
the measured IV contribution values averaged across all subjects. The
measured IV contribution decreases linearly with increasing TE. Fur-
thermore, at a TE of 80 ms, our model shows good agreement with the
IV contribution measured by the Jochimsen et al. [29] and Norris et al.
[12], which are shown in Table 1.

In Fig. 6a, we show the measured tSNR values as a function of TE. As
expected, tSNR decreases with increasing TE.

As shown in Fig. 6b, the physiological noise contribution to the
signal (A) increases with TE. At the typical TE of 75 ms, we measured
physiological noise contributions (A) of 0.60 = 0.05% ( =+ standard
error) in the SE-EPI signal. Furthermore, we show that the SE-EPI signal
exhibits lower A values compared to GE of similar voxel size
(3.4 x 3.4 x 5mm?), which was characterized in Kriiger and Glover
[17] and displayed as ‘*’ (Fig. 6b). Moreover, the ratio between phy-
siological noise (op) and thermal noise (0y) is shown in Fig. 6¢. We show
that physiological noise dominates across all TE in SE EPI.

Lastly, using our integrated CNR model which combines both AS/S
and tSNR models (Eq. (14)), we determined that CNR is not in fact
maximized at typical TE values used in the literature (i.e. 75-85 ms).
Rather, we calculated an optimal TE of 50 ms for GM as seen in Fig. 7.

5. Discussion

Although the use of SE EPI in BOLD fMRI has been limited at field
strengths of 3T and below due to sensitivity concerns, the advantages
of SE EPI in the presence of susceptibility gradients have important
implications for the study of language, memory and cognition
[12,13,16,41]. Moreover, previous SE EPI studies at 3T have shown
that SE is potentially less sensitive to physiological noise compared to

~
o

(o)}
1

o2}
o

193]
(9]

IV contribution (%)

vl
o

N
(9a]

40 . - 1 :
0 20 40 60 80 100

TE(ms)

Fig. 5. The intravascular (IV) BOLD contribution as a function of TE. The solid
symbols represent the IV contribution measured in different tissues averaged
across all subjects, and the error bars represent standard error from the mean.
The solid line represents the curve of best fit for Eq. (8).

GE [15,27], although the noise characteristics of SE BOLD were never
systematically characterized as it was for GE. Furthermore, the existing
applications of SE EPI have been based on the assumption that the
optimal TE is similar to tissue T, [11,42,43], and little attention has
been paid to the role of physiological noise contributions to SE BOLD. In
this context, an empirical optimization of the TE for SE BOLD, based on
BOLD-like and non-BOLD-like noise behaviour is valuable.

In this study, we characterize the contrast origins and signal-to-
noise (SNR) behaviour of SE-EPI signal at 3T. We use hypercapnic
challenge as a surrogate for neuronal stimulation. Hypercapnia induces
a global CBF response, allowing us to study BOLD signal behaviour in

Table 1
Comparison of our measurements for SE EPI at 3 T with other literature values.
Reference Voxel size (mm) TE (ms) Stimulation paradigm AS/S (%) ARz,ﬁssue(s_l) 1V contribution
Present study 34x34x5 35, 45, 55,  Mild hypercapnia (APETCO, ~ See Fig. 4a —0.06 = 0.04 See Fig. 5
65, 75 5mm Hg) Based on AS/S model: 0.86% Based on IV model: 54.2%
(TE = 71.3 ms) (TE = 75 ms)
0.93% (TE = 100 ms) 52.7% (TE = 80 ms)
Kuroiwa et al. [31] 3.75 x 3.75 x5 71.3 Mild hypercapnia 0.77% ~—0.05 -
Miller et al. [30] 3.4 X 3.4x%x34 100 Mild hypercapnia ~0.8% - -
Jochimsen et al. 35x35x%x5 75 Visual stimulation 2.14% —0.08 58%
[29]
Norris et al. [12] 3x3x%x5 80 Stroop colour-word matching ~2% - ~50%
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Fig. 6. TE-dependence of SE noise. (a) tSNR as a function of TE. The symbols represent the measured tSNR values averaged across all subjects and the solid line
represents the curve of best fit for Eq. (12). (b) Physiological noise to signal ratio (A) as a function of TE. Measurements are derived by averaging over all subjects and
solid line represent fit to the noise model. The asterisk represents the mean A value measured by Kriiger and Glover [14] using GE. (c) Estimated ratio of physiological
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20 100

different brain regions simultaneously. To that end, we developed a
two-compartmental BOLD model that separates IV and EV BOLD signal
contributions while incorporating a model of physiological and non-
physiological noise contributions [17]. Our results show that (i) over
half of SE-EPI BOLD changes come from the IV compartment at
TE < tissue T,, (ii) the fractional physiological-noise contributions to
the SE-EPI BOLD signal is half of that in the GE-BOLD signal at standard
spin-echo and gradient-echo BOLD TEs and similar voxel volume, and
(iii) the optimal TE for SE EPI can be significantly shorter than tissue Ts.

5.1. Intravascular contribution in spin-echo BOLD

Previous studies have assumed the SE-BOLD response amplitude is
linearly dependent on TE [1,44,45]. This assumption is based on GE-
BOLD modeling studies [1,11] in which a linear relationship between
the fractional BOLD signal change (AS/S) and TE is commonly assumed.
It was previously assumed that SE-BOLD signal changes can be com-
pletely described by AR,, which combines both IV and EV BOLD effects.
However, Jin et al. [9] showed empirically, at 9.4 T, that the SE BOLD
signal is in fact dependent on TE in a nonlinear manner, largely at-
tributed to the IV component [10,46,47], in agreement with model
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predictions. We base our model on the nonlinear AS/S-TE dependence
described by Jin et al. [9].

In Fig. 4a, we show that at 3T, the BOLD dependences on TE are
indeed nonlinear. At the TE of 75 ms that is typically used for SE EPI at
3T, we measured an IV contribution of ~55% for GM. Our result agrees
with the measurement reported by Jochimsen et al. [29], namely a SE-
EPI IV BOLD contribution of 50-60% at TE = 75 ms. We are also in
agreement with the 3 T study by Norris et al. [12], who also measured a
~50% IV BOLD contribution to SE-EPI signal at a TE of 75 ms. It should
be noted that both of these previous studies used similar voxel resolu-
tion as our study but used task-based stimulation and diffusion gra-
dient-based suppression of the blood signal to isolate the IV BOLD
contribution, while our measurements are solely based from modeling
of multi-TE SE-EPI data. Thus, these findings appear to be robust
against these methodological differences.

With this in mind, we also note that a wide range of IV contributions
to SE BOLD has been reported in the broader literature, with the
variability largely driven by differences in field strength and TE. The IV
BOLD contribution is expected to decrease with increasing field
strengths, since blood T, decreases more drastically than tissue T, at
high fields. This is due to the fact that blood T, exhibits a quadratic
dependence to magnetic field strength due to the presence of deox-
yhemoglobin [38,39,46] while tissue T, exhibits a linear dependence as
shown by Uludag et al. [26]. Furthermore, the choice of TE also affects
the IV contribution; the use of longer TEs than blood T, will result in
lower IV contribution. Simulations show that at TE equal to Ty yissue, the
IV BOLD contribution can be as high as 95% at 1.5 T and decrease to
~30% at 7 T [26] in SE. This trend is supported by other studies such as
Duong et al. [10], who have measured ~70% and ~20% IV BOLD
contribution at 4 T and 7 T at TE = 32 ms, respectively. At 9.4 T, Jin [9]
measured ~10% IV contribution to the SE BOLD signal change at 9.4 T
and a TE of 40 ms.

5.2. Physiological noise in spin-echo BOLD

While previous work by Triantafyllou et al. [20] has characterized
physiological noise contribution in SE EPI as it varies with the head
coil, spatial resolution and field strength, our study is the first that
characterizes the TE-dependence of physiological noise contribution in
SE EPI at 3T. Our results show that when using SE EPI at 3T, the
physiological noise contribution (A) in GM is only half that of GE at
their respective typical TEs (Fig. 6b). Specifically, at a TE of 75 ms, the
physiological contribution of 0.60 + 0.05% ( * standard error) is
significantly lower than the 1.2 * 0.1% ( = standard error) for GE at
the typical TE of 30ms and similar voxel resolution
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(3.44 x 3.44 x 4mm?®) at 3T, as reported by Kriiger et al. [17]. This
result quantitatively supports our previous observation [27] that
resting-state SE EPI exhibited lower correlation with respiratory and
heart-rate variability compared to GE EPI at 3 T.

We show in Fig. 6b that in SE EPI, the physiological noise con-
tribution increases almost linearly with TE. In addition, as shown in
Fig. 6¢, physiological noise dominates over non-physiological noise in
SE EPI at 3T, at all TEs. At the nominal standard TE of 75ms, the
physiological-to-raw noise ratio (op/0g) for GM is 2.3 = 0.3. This
finding is in general agreement with findings from GE at 3T by Tri-
antafyllou et al. [19], who measured op/0y of ~2 in GM at standard GE-
EPI TE of 30 ms and voxel volume of 60 mm? (comparable to our voxel
volume of ~58 mm?®). While these voxel volumes are higher than found
in many experiments, we do not expect a strong voxel-size dependence
in our findings, as Yacoub et al. [50] showed that op/0y remained
constant at different voxel sizes at 7 T [50]. However, as Yacoub et al.
noted, significant variations in slice thickness may introduce noise
variations even if the in-plane voxel size were kept constant.

5.3. Contrast-to-noise ratio in spin-echo BOLD

A primary goal of any BOLD acquisition optimization is to maximize
CNR. Using visual stimulation, Parkes et al. [15] measured a CNR of 0.9
using SE at TE = 100 ms at 3 T. This is close to the estimated CNR of 1.2
at TE = 100ms provided by our model (Fig. 7), assuming a mean
PaCO, of 5 mm Hg. Despite differences in stimulation paradigms, this is
still a relevant comparison, since we have evidence through GE EPI at
3T that a hypercapnic challenge of 5mm Hg [51,52] elicits a BOLD
response similar in amplitude to that of the visual response reported by
Parkes et al. [15]. By fitting our data to the integrated SE-BOLD signal
model introduced in this work, we show that SE-BOLD sensitivity is not
necessarily maximized at the typically used TE, and that using shorter
TEs (~50 ms) will result in similar or even higher CNR. For instance, by
shortening the TE from 100 ms to 50 ms, our model predicts a ~20%
increase in CNR. This is likely driven by higher tSNR at shorter TEs
despite of theoretical decrease in AS/S at shorter TEs. The use of a
shorter TE is potentially beneficial due to (i) the increased tSNR and;
(ii) the reduced physiological-noise contribution, and should be in-
vestigated further in those respects.

As described earlier, the choice of the two-compartmental BOLD
signal model in our integrated signal-to-noise model is driven by the
observation of clear non-linearities in the SE-EPI BOLD signal depen-
dence on TE. Such an approach allows us to selectively maximize the
EV-BOLD contribution with the aim of maximizing tissue sensitivity.
However, as we have shown, the IV-BOLD contribution accounts for
50% of BOLD contrast at 3T (in the typical TE range of > 75 ms), and
only declines at longer TEs. Thus, optimizing TE to eliminate the IV-
BOLD contribution is not feasible at 3T, as the corresponding loss in
CNR is too prohibitive. On the other hand, using a shorter TE to max-
imize CNR results in higher IV-BOLD contribution and thus a reduction
in tissue sensitivity. However, previous studies have shown that short-
TEs can lead to higher BOLD sensitivity in regions affected by high-
susceptibility and physiological noise [27,45] compared to GE. This will
remain the main motivation for the adoption of SE BOLD at low-to-
medium field strengths. Moreover, our framework could also help ex-
tend the application of SE BOLD to WM fMRI studies, in which Ty*
weighting should be reduced while CNR should be boosted.

5.4. Caveats

In this work, we used the two-compartment BOLD and noise model,
which has been used in previous SE BOLD studies [9,10,20,24,50] at 3T
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and 7 T. For this model, we used the sagittal sinus (SS) data to calculate
venous blood T,, which we used for modeling blood signals in the GM.
Due to the fast flow, the MR signal in the SS typically decays rapidly.
We circumvent this issue by refocusing spins over a larger area using a
non-slice-selective refocusing pulse. While our blood R, and AR, values
agree with published values, the SS may not be representative of all
blood, especially the blood signal in smaller vessels.

Furthermore, in this study, we examined the TE-dependence of SE-
BOLD contrast and noise contribution by fitting our SE-BOLD models to
multi-TE SE-EPI data. Due to scanner-hardware and scan-time con-
straints, we were limited to acquiring SE-EPI data at 5 TEs. One of the
key assumptions in our model is that AS/S is equal to zero when TE = 0,
and this assumption has a substantial effect on the shape of our AS/S
curves. Thus, we would ideally aim for a wider sampling range to fully
characterize the TE dependence. However, we do wish to point out that
the assumption of zero BOLD sensitivity at a TE of zero is well founded
in theory, as T, effects cannot be detected without allowing dephasing
to occur. Furthermore, our CNR calculations are based on para-
meterizations of the tSNR and AS/S curves instead of the CNR data
points alone. This allows us to use the tSNR and AS/S data (10 data
points per subjects) to fit for the noise (c; 1y, ¢1,gv and c,) and contrast
(IVmax) parameters, respectively, as described in the Materials and
methods section.

Lastly, in this work, we focused primarily on the effect of TE on SE-
EPI contrast and noise contributions at 3 T. Since we want to use the
result of previous SE-EPI studies to validate our results, we opted to use
similar spatial resolutions as in the existing literature for 3 T. However,
the increasing practice of using smaller voxels and higher field
strengths would necessitate an investigation of the effect of other fMRI
acquisition parameters on SE-BOLD noise and sensitivity, such as voxel
size, readout bandwidth and field strength. Furthermore, performing
similar TE characterizations will be of even more interest for high-field
fMRI studies, whereby higher spatial resolution can be achieved and the
IV-EV contribution ratio would be very different [38,39,46].

6. Conclusions

Application of SE EPI in fMRI has been limited due to its reduced
sensitivity compared to GE EPI. However, the signal-to-noise behaviour
of SE BOLD has not been properly investigated outside of simulations.
In this study, we developed an analytical model for CNR for SE EPI by
integrating a two-compartment BOLD with a BOLD physiological noise
model, parameterized by a multi-TE SE-EPI dataset. Using hypercapnia
stimulation to induce global BOLD increases, and by fitting the data to
our integrated model, we estimate an IV contribution of ~50% at TE
equal to tissue T,, consistent with the results of previous studies. Our
model further shows that the SE-BOLD IV contribution decreases line-
arly with TE. Furthermore, we showed that the physiological noise
contribution to the SE-EPI signal is substantially lower than to that of
GE. Lastly, we showed that the optimal TE for SE EPI is substantially
shorter than the recommended tissue T,. Our work suggests that con-
trary to previous assumptions, there is still room for improving the
sensitivity of SE EPI in the current literature, and that such improve-
ments can make SE EPI a more attractive choice, particularly in view of
the reduced sensitivity of SE to strong susceptibility gradients and
physiological noise.
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Appendix A

To fit the two-compartment BOLD signal-and-noise model to our data, we need to use the same approximations (Egs. (5) and (6)) as used by Jin
et al. [9] for SE at 9.4 T. Jin et al. based these approximations on the following assumptions: (i) |TE-ARy tissue| < 1; (i) AV ~ 0. Since all TEs used in
this experiment are < 0.1 s and measured ARy sissue for 3 T are in the order of —0.01s~* [31,53], the first assumption is likely to hold. Regarding the
second assumption, we tested how a non-zero AV value affect these approximations at 3T by simulating AS/S vs. TE curves. We followed the
following steps for our simulations

1. We estimated AR pio0a (1/5) using the following equation [39]:
R, =11 + 125(1 — Y)? (A1)

and Y represents venous blood oxygenation level. Faracot et al. [54] measured Y = 0.665 during hypercapnia (at a level similar to ours) and
Y = 0.632 at baseline. Using these values, we calculated AR piooq to be —2.9 s™L

2. We estimated a Ry yissue Of —0.07 s~ ! based on results of previous studies [29,31].

3. Next, we estimated AV by calculating relative change in cerebral blood volume (AV/V). Using similar hypercapnia paradigm as ours, Chen et al.
[51] estimated a change in cerebral blood flow (ACBF) of 4.9 = 0.8%/mm Hg during mild hypercapnia. We targeted a APETCO, of 5 mm Hg in
our experiment so we assumed a total ACBF of 24.5%. Using Grubb's law [55] and a = 0.18 [51], we calculated a 4% AV/V for hypercapnia.

4. Lastly, since AV depends on cerebral blood volume, we adopted a range of V values from 2% to 5% based on the results of previous studies that
reported V values of ~2% and ~5% for WM and GM respectively (56-60).

The simulation results are illustrated in Fig. A.la. Based from our simulations, the Jin approximations (solid lines) overestimate AS/S. Fur-
thermore, the fractional overestimation in AS/S increases as AV increases, as seen Fig. A.1b. However, this fractional difference in the simulated
BOLD signal did not surpass 12% even at the maximum AV value of 0.2% (corresponds to V of 5%). Moreover, the focus of our study is investigating
the relationship between TE and SE BOLD signal-to-noise properties, and the assumptions regarding the value of AV did not alter the dependence of
AS/S on TE. Thus, the assumptions leading up to our model approximations do not alter the main conclusions of this study.
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Fig. A.1. Simulated results of AS/S vs. TE at 3 T based on the two-compartment model. (a) Simulated AS/S at different V values. The dashed lines show simulation
results using the full two-compartment BOLD model described in Egs. (1)-(4) while solid lines show results based on the approximate model (given by Egs. (5) and
(6)). (b) The percent difference between the simulations results using the full and approximate two-compartment BOLD models.
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