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Abstract

The medial temporal lobe (MTL) is a key area implicated in many brain diseases, such as
Alzheimer’s disease. As a functional biomarker, the oxygen extraction fraction (OEF) of MTL
may be more sensitive than structural atrophy of MTL, especially at the early stages of diseases.
However, there is a lack of non-invasive techniques to measure MTL-OEF in humans. The

goal of this work is to develop an MRI technique to assess MTL-OEF in a clinically practical
time without using contrast agents. The proposed method measures venous oxygenation (Y,

in the basal veins of Rosenthal (BVs), which are the major draining veins of the MTL. MTL-
OEF can then be estimated as the arterio-venous difference in oxygenation. We developed an
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MRI sequence, dubbed arterial-suppressed accelerated To-relaxation-under-phase-contrast (AS-
aTRUPC), to quantify the blood T, of the BVs, which was then converted to Y\, through a
well-established calibration model. MTL-OEF was calculated as (Y, — Y)/Yg4 X 100%, where Y,
was the arterial oxygenation. The feasibility of AS-aTRUPC to quantify MTL-OEF was evaluated
in 16 healthy adults. The sensitivity of AS-aTRUPC in detecting OEF changes was assessed

by a caffeine ingestion (200 mg) challenge. For comparison, T,-relaxation-under-spin-tagging
(TRUST) MRI, which is a widely used global OEF technique, was also acquired. The dependence
of MTL-OEF on age was examined by including another seven healthy elderly subjects. The
results showed that in healthy adults, MTL-OEF of the left and right hemispheres were correlated
(P=0.005). MTL-OEF was measured to be 23.9 + 3.6% (mean + standard deviation) and was
significantly lower (P < 0.0001) than the OEF of 33.3 £+ 2.9% measured in superior sagittal

sinus (SSS). After caffeine ingestion, there was an absolute percentage increase of 9.1 + 4.0% in
MTL-OEF. Additionally, OEF in SSS measured with AS-aTRUPC showed a strong correlation
with TRUST OEF (intra-class correlation coefficient = 0.94 with 95% confidence interval [0.91,
0.96]), with no significant bias (= 0.12). MTL-OEF was found to increase with age (MTL-OEF
=20.997 + 0.100 x age; £=0.02). In conclusion, AS-aTRUPC MRI provides non-invasive
assessments of MTL-OEF and may facilitate future clinical applications of MTL-OEF as a disease
biomarker.
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1. Introduction

The medial temporal lobe (MTL), including the hippocampus, is crucial for memory
formation and is implicated in many brain diseases (Blumcke et al., 2013; Burton et al.,
2009; Jack et al., 1997; Mathew et al., 2014; Ohnishi et al., 2000). For example, MTL
atrophy is a known hallmark of Alzheimer’s disease (Burton et al., 2009; Jack et al.,

1997) and medial temporal sclerosis, which is a major cause of adult epilepsy (Blumcke et
al., 2013). However, structural atrophy represents a late stage of MTL dysfunction and is
generally considered irreversible. On the other hand, neurofunctional assessment of the MTL
may provide a sensitive biomarker in the early stages of brain diseases. Since neural activity
is tightly coupled to the brain’s oxygen consumption (Attwell and Laughlin, 2001), oxygen
extraction fraction (OEF) in the MTL (MTL-OEF) has great potential in the diagnosis and
treatment monitoring of neurological and psychiatric diseases (Ishii et al., 1996).

Measurement of MTL-OEF is highly challenging. PET with 150-labeled radiotracers is
widely regarded as the gold-standard for OEF mapping (Mintun et al., 1984). An early
150-PET study showed that patients with Alzheimer’s disease had lower MTL-OEF than
healthy controls (Ishii et al., 1996). However, the 150-PET method involves ionizing
radiation, requires dynamic sampling of arterial blood for input function estimation, and
needs an onsite cyclotron to produce the 1°0 isotope (half-life ~2 minutes). Therefore, these
complexities have limited the availability of 1°0-PET imaging.
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The MRI signal is sensitive to OEF, an example of which is the well-known blood-
oxygenation-level-dependent (BOLD) MRI (Hoge et al., 1999). In the past decades, several
MRI methods have been proposed to quantify OEF (An and Lin, 2003; Bulte et al., 2012;
Cho et al., 2018; Fan et al., 2014; Haacke et al., 2010; Jain et al., 2010; Wise et al.,

2013). However, measurement of MTL-OEF has not been reported. OEF can be quantified
as the arterio-venous difference in oxygenation. In this relationship, arterial oxygenation is
relatively constant (~98% or can be easily measured with pulse oximetry). Therefore, the
main challenge lies in the measurement of venous oxygenation (Y. Based on the human
venous anatomy, major MTL structures including hippocampus, parahip-pocampal gyrus
and amygdala, are primarily drained by the basal veins of Rosenthal (BVs) (Fig. 1 A),
although a small fraction of MTL may be drained by other veins such as the cavernous
sinus or internal cerebral veins (Fernandez-Miranda et al., 2010; Xu et al., 2021). BVs have
relatively few variations across individuals (Rhoton, 2002; Tubbs et al., 2007). Therefore,
the present work aims to develop an MRI technique to specifically measure Y\, in the BVs,
from which MTL-OEF was estimated. The sensitivity of the technique in detecting OEF
changes was assessed with a vasoactive caffeine challenge. Finally, we examined the change
of MTL-OEF with normal aging.

Materials and methods

MRI pulse sequence

We propose an arterial-suppressed accelerated T,-relaxation-under-phase-contrast (AS-
aTRUPC) MRI sequence to measure the oxygenation in the BVs. It is based on the principle
that blood T, has a well-known and calibratable relationship with blood oxygenation (Lu
et al., 2012; van Zijl et al., 1998). Briefly, this sequence utilizes phase-contrast (Fig. 1

B, green boxes) complex subtraction to isolate pure blood signals from brain tissues. T,

of the blood signal can then be quantified by using T, -preparation (Fig. 1 B, red box)

with varying effective echo times (eTEs) to modulate the T, -weighting. At each eTE,
three sets of images, specifically phase reference images, anterior-posterior flow-encoded
images, and right-left flow-encoded images, are acquired in an interleaved manner. For

the flow-encoded images, bipolar gradients (Fig. 1 B, green box) are applied to modulate
the phase of the spins such that blood spins flowing along a certain direction (e.g., anterior-
posterior) accumulate a phase while the static tissue spins do not accrue any phase. In

this work, we used two flow-encoding directions because the BVs tend to run obliquely
from anterior-lateral to posterior-medial direction. In contrast, the phase reference images
are flow-compensated, i.e., neither blood nor static tissue spins accumulate any phase.
Therefore, complex subtraction between phase reference and flow-encoded images cancels
out the static tissue signals and leaves only the flowing blood signals in the vessels,

which eliminates the partial volume effects (Bernstein et al., 2004). The T,-preparation
module uses non-selective composite refocusing pulses to allow robust T, estimation that is
insensitive to flow or magnetic field inhomogeneity (Brittain et al., 1995). Once blood T,
is obtained, it can be converted to Y, through a calibration model (Lu et al., 2012). Finally,
OEF can be calculated as the arterio-venous difference in oxygenation.
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before T,-preparation. In addition, one arterial-suppression pulse is applied before each
phase-contrast acquisition module. This is to ensure that the incoming arterial blood is

suppressed throughout the acquisition train. To reduce the scan time, a turbo field echo

(TFE) scheme with variable flip-angles is employed to acquire multiple 4 space lines per
repetition time (TR) (Jiang et al., 2019). After the acquisition train, post-saturation pulses
(Fig. 1 B, blue box) are applied to reset the spin history.

2.2. Scan procedures

Fig. 2 A shows the general scan procedures to assess MTL-OEF. First, to visualize the
BVs, a time of flight (TOF) venogram was acquired. The venogram was placed coronally
and covered the middle part of the brain (Fig. 2 B). The preliminary slice orientation

and location of the AS-aTRUPC scan were determined based on the venogram. Next,

to refine the location of AS-aTRUPC to cover bilateral BVs in the same slice, an axial

3D susceptibility weighted imaging (SWI) scan was performed and minimum intensity
projection images were generated in a sliding window manner. Finally, we positioned the
imaging slice of AS-aTRUPC at the location where the SWI minimum intensity projection
image showed the best coverage of the bilateral BVs, and performed the AS-aTRUPC
sequence. The arterial-suppression slab was placed 10mm below the imaging slice (Fig. 2
B).

2.3. General experimental method

The study protocol was approved by the Johns Hopkins University Institutional Review
Board and written informed consent was obtained from each participant. All participants
were healthy based on self-report, and were recruited from January 2021 to April 2022. All
MRI experiments were performed on a 3T Prisma scanner (Siemens Healthcare, Erlangen,
Germany), using the body coil for transmission and a 32-channel head coil for receiving.

2.4. Study 1: Technical study

Sixteen healthy adults (mean age * standard deviation, 29.3 + 7.7 years, 9 females and 7
males) were scanned following the procedures described in Section 2.2.

The TOF venogram used the following parameters: 2D, field of view (FoV) = 200 x
200mm?, slice thickness = 2mm, in-plane resolution = 0.78 x 0.78mm?, 48 slices, TR =
28ms, echo time (TE) = 7ms and scan time = 2.7min.

The parameters of SWI were: 3D, FoV = 180 x 220 x 50mm3, voxel-size = 0.94 x 0.94 x
1.25mm3, TR = 30ms, TE = 24ms, scan time = 2.2min.

AS-aTRUPC used the following parameters: 2D, single slice, FoV = 200 x 200mm?, slice
thickness = 10mm, reconstructed in-plane resolution = 0.78 x 0.78mm?, recovery time =
1000ms, TFE factor = 15, GRAPPA factor = 2, velocity-encoding (VENC) = 7cm/s with
two directions (anterior-posterior and right-left), arterial-suppression slab thickness = 40mm
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with a gap of 10mm below the imaging slice, 3 eTEs: 0, 40 and 80ms, 4 averages, total scan

time = 4.8min.

2.5. Study 2: Caffeine challenge

To evaluate the sensitivity of AS-aTRUPC in detecting OEF changes, in a subset of ten
subjects (26.0 £+ 3.9 years, 6 females and 4 males), we conducted a caffeine challenge, which
is known to reduce cerebral blood flow (CBF) (Addicott et al., 2009) and increase OEF (Xu
etal., 2015).

For comparison with AS-aTRUPC, we also measured global cortical OEF in the superior
sagittal sinus (SSS) using a well-established technique, T,-relaxation-under-spin-tagging
(TRUST) MRI, which has been validated against gold-standard 1°O-PET (Jiang et al., 2021).
The TRUST sequence parameters followed recent reports (Jiang et al., 2021; Jiang et al.,
2018): 2D single slice, single-shot echo planar imaging readout, FoV = 220 x 220mm?, slice
thickness = 5mm, in-plane resolution = 3.44 x 3.44mm?, TR = 3000ms, TE = 4ms, inversion
time = 1020ms, 4 eTEs:0, 40, 80, and 160ms, 3 dynamics, scan time = 1.2min.

The experimental procedures are listed in Fig. 3. TOF, SWI and AS-aTRUPC used the

same parameters as described in Study 1. Each subject first underwent one TRUST and

one AS-aTRUPC scan to measure baseline OEF values. Then the participant was taken out
of the scanner, sat up on the table, ingested a 200mg caffeine tablet (Sunmark, McKesson
Brand, Irving, TX) (equivalent to 2 cups of regular coffee) and was quickly put back into the
scanner. The participant then underwent another 8 TRUST and AS-aTRUPC scans to assess
the caffeine-induced OEF changes.

2.6. Study 3: Aging effect

2.7.

To examine the aging effect on MTL-OEF, we scanned another seven healthy older subjects
(65.9 + 12.0 years, 4 females and 3 males) using the same scan procedures as in Study 1.
Data of these seven subjects were pooled with those of the sixteen younger subjects in Study
1 to evaluate the association of MTL-OEF with age. The age range of the total 23 subjects
was from 19 to 81 years old.

Data processing

2.7.1. AS-aTRUPC data processing—The AS-aTRUPC data were processed using
in-house MATLAB (Math-works, Natick, MA) scripts. Phase artifacts induced by Maxwell
concomitant field and eddy currents were corrected using a hyperplane fitting method
(Bernstein et al., 1998; Krishnamurthy et al., 2016). Motion correction among images was
performed using the Statistical Parametric Mapping 12 tool (SPM12, University College
London, London, UK).

For each eTE, a complex-difference (CD) image was obtained by complex subtraction
between the phase reference image and the flow-encoded image. This procedure was

repeated for anterior-posterior and right-left flow-encoded data, resulting in CDap and
CDgRy, as illustrated v calculated in Fig. 4 A. A combined vessel image CD¢omp Was as

\/|CDA p|2 + |CDRL|2. Four regions of interest (ROIs) were manually drawn on the eTE =
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0ms CD¢omp image: one on left BV, one on right BV, one on the vein of Galen (GV) and
one on the SSS, as shown in Fig. 4 B. The BV ROIs were approximately 1cm in length

and close to where the BVs emptied into the GV. Then, complex CDap and CDg_ signals
inside each ROI were extracted and fitted as monoexponential functions of eTEs to yield the
blood T,. More details of the T fitting method using complex signals are described in the
Supplementary Material.

Because the T,-preparation effect is dissipated later in the TFE acquisition train, the TFE T,
measured by AS-aTRUPC is slightly different from standard T». To account for this bias, the
AS-aTRUPC TFE T, was corrected using the following equation, which was determined in
previous in-vivo human experiments (Jiang et al., 2019):

Tz’ corrected = 1.2002 X Tz, TFE — 10.6276 1)

where T g is the TFE T, estimated by AS-aTRUPC and T2 corrected IS the corrected To.
The Y, of each ROl was converted from Ty corrected USing a published calibration model (Lu
etal., 2012), assuming a hematocrit level of 0.42 for males and 0.40 for females. Finally,
OEF of each ROI was calculated by:

Y. - Y,
OFEF = x 100% @
Y,

where arterial oxygenation Y, was assumed to be 98%.

2.7.2. TRUST data processing—The TRUST data were processed using in-house
MATLAB scripts, following procedures in the literature (Jiang et al., 2021; Lu and Ge,
2008). Briefly, pair-wise subtraction between control and labeled images yielded difference
images with pure venous blood signal in the SSS. An ROI encompassing the SSS was
manually drawn on the eTE = Oms difference image. The four voxels with the highest
signal intensities within the ROI were selected as the final mask. The spatially averaged
signals inside the final mask were fitted as a mono-exponential function of eTEs to yield
blood T,, which was converted to Y, using the same calibration model as in AS-aTRUPC
processing (Lu et al., 2012). Note that TRUST did not use TFE acquisition and therefore no
T, correction was needed. Finally, TRUST OEF values were calculated using Equation 2.

2.8. Statistical analysis

All statistical analyses were performed using MATLAB. The normality of the OEF data was
assessed using the Kolmogorov-Smirnov test. In Study 1, we first evaluated the correlation
between OEF values of the left and right BVs in terms of intra-class correlation coefficient
(ICC). Paired t-test was used to determine whether there was a significant difference in OEF
values between the two sides. If the OEF values of left and right BVs were shown to be
correlated and have no significant difference, then the averaged OEF of bilateral BVs was
used to represent MTL-OEF. To examine whether there was a regional difference in OEF,
one-way analysis-of-variance (ANOVA) followed by Tukey multiple comparison tests were
used to compare the OEF values among BV, GV and SSS.
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In Study 2, the dependence of OEF values on the time after caffeine ingestion was evaluated
using mixed-effect models. We first tested a linear term of time to investigate whether OEF
values in each vein changed over time. Then we further added a quadratic term of time

to the models to evaluate whether the temporal change of OEF was non-linear. We also
evaluated the correlation between AS-aTRUPC OEF and TRUST OEF (both measured at
SSS) in terms of ICC. For this analysis, all the 9 scans (one baseline scan and eight scans
after caffeine ingestion) of each of the ten subjects were included, yielding a total of 90 data
points. Paired t-test was employed to determine whether there was a significant difference
between AS-aTRUPC OEF and TRUST OEF.

In Study 3, to evaluate the aging effect on OEF, linear regression analyses were conducted
using OEF values in each vein measured by AS-aTRUPC as the dependent variable and age
as the independent variable. To examine the sex effect on OEF, two-sample t-tests assuming
equal variance were used to compare the OEF values between males and females.

In all analyses, a two-tailed £ < 0.05 was considered statistically significant.

3. Results

3.1. Study1l

Fig. 4 shows representative AS-aTRUPC data. Complex subtraction between the phase
reference and the flow-encoded images (Fig. 4 A) yields CD images, in which the tissue
signals are canceled out, leaving only the blood signal in the vessels (thereby eliminating
partial volume effects). By combining the CD images of two flow-encoding directions
(anterior-posterior and right-left), the full courses of BVs can be clearly seen. CD images
at increasing Tp-weighting (i.e., eTEs) are shown in Fig. 4 B, including exemplary ROIs.
Fitting of the CD signals as a function of eTEs is shown in Fig. 4 C.

The normality of the OEF values in each ROI was confirmed by Kolmogorov—Smirnov tests
(P> 0.05). OEF values in the left and right BVs were significantly correlated (left OEF =
1.00 * right OEF, ICC = 0.65, £=0.005, Fig. 5 A) and there was no difference between
them (paired t-test P=0.94, Fig. 5 B). The ratio of OEF in the left BV to OEF in the right
BV was 1.00 + 0.13. Therefore, the OEF values of bilateral BVs were averaged to represent
MTL-OEF. Across the subjects, OEF in BVs, GV, and SSS were 23.9 + 3.6% (mean

+ standard deviation), 24.2 + 3.9%, and 33.3 + 2.9%, respectively (Fig. 5 C). One-way
ANOVA revealed a significant difference in OEF values among the veins (P < 0.0001).
Specifically, OEF in the BVs (which represents the MTL-OEF) was similar to OEF in the
GV (P=0.98), but both of them were lower than OEF in the SSS (£ < 0.0001). Note that
BVs empty into GV, both draining the deep brain structures. In contrast, SSS drains the
superficial cortical tissues.

3.2. Study 2

Representative TRUST data is shown in Fig. S2. Fig. 6 A shows the time courses of OEF

in different veins measured by AS-aTRUPC and TRUST. Table 1 summarizes the results of
mixed-effect model analyses. When studying the linear relationship between OEF and time,
we found that OEF increased after caffeine ingestion in all veins (£< 0.0001). Furthermore,
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significant effects of the quadratic term, Time 2, were observed, suggesting that the OEF
changes were non-linear with time. Comparing the last time point to baseline, the caffeine-
induced absolute percentage increases in OEF were 9.1 + 4.0%, 10.7 £+ 3.8%, and 10.6
+2.9% in BVs, GV, and SSS, respectively. One-way ANOVA revealed no difference in

the absolute percentage increases in OEF among the veins (P = 0.52). The extent of OEF
increase in SSS was within the range reported in previous studies (Lin et al., 2022; Xu et al.,
2015).

In addition, as shown in Fig. 6 B and 6 C, OEF in the SSS measured by AS-aTRUPC had a
strong correlation with TRUST OEF, which was also assessed in the SSS (ICC = 0.94 with

95% confidence interval [0.91, 0.96]). No significant difference in OEF values was detected
between the two techniques (P=0.12).

3.3. Study 3

The results of linear regression analyses for the aging effect are summarized in Fig. 7 and
Table 2. In the total 23 subjects (16 younger subjects and 7 older subjects), we found that
MTL-OEF (i.e., OEF in BVs) increased with age (P=0.02, Fig. 7 A) in that MTL-OEF =
20.997 + 0.100 x age. Age-related increase in OEF was also observed in the GV (P=0.002,
Fig. 7 B; GV-OEF = 19.741 + 0.146 x age) and in the SSS (P=0.001, Fig. 7 C; SSS-OEF =
28.997 + 0.148 x age). OEF was not dependent on sex (P> 0.5 for all veins).

4. Discussion

This work represents the first report to quantitatively measure OEF in the BVs, which

are the major veins draining the MTL. The measurement can be completed in less than 5
minutes without needing any contrast agents or ionizing radiation. We found that MTL-OEF
was lower than the OEF in the superficial cortical tissues. In caffeine challenge studies,
MTL-OEF showed a time-dependent increase, demonstrating the sensitivity of our technique
in tracking OEF alterations. In the aging study, we observed that MTL-OEF increased with
age, which to our knowledge is the first report of the age effect on MTL-OEF. MTL plays

a critical role in human cognitive function, in particular memory formation. Therefore, the
ability to measure MTL-OEF, an important parameter of the energy metabolism in the MTL,
may provide a new functional biomarker in many brain diseases. In the present work, we
observed a lower MTL-OEF compared to OEF in the superficial cortical tissues in healthy
volunteers. Several 1°0-PET studies have also measured MTL-OEF in healthy subjects. For
example, in fourteen healthy elderly subjects, Ishii et al. found that MTL-OEF was ~7 units
(%) lower than OEF in other cortical regions (Ishii et al., 1996). Another three 150-PET
studies reported that MTL-OEF was significantly lower than OEF in other cortical regions
by 4-7 units (Hatazawa et al., 1995; Henriksen et al., 2021; Yamaguchi et al., 1986). Ibaraki
et al. also showed lower MTL-OEF than OEF in other cortical regions in two 1°0-PET
studies, although the authors did not perform statistical comparisons (Ibaraki et al., 2008;
Ibaraki et al., 2009). Therefore, our observations using MRI were generally consistent with
the existing 1°0-PET literature. The underlying causes of the lower OEF in the MTL merit
further investigation. Some PET studies have reported that compared to neocortices, the
MTL and other deep brain structures such as thalamus and basal ganglia, have a higher
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ratio of CBF to the metabolic rate of glucose (Gur et al., 2009; Henriksen et al., 2018).
This suggests hyper-perfusion in these regions relative to their energy demands, which may
explain the lower OEF.

We observed that MTL-OEF increased with age. Age-related elevations of OEF were

also found in superficial cortical tissues (drained by SSS) and other deep brain structures
(drained by GV). Our data suggest that the OEF increase rate may vary among brain regions,
in that OEF in SSS and GV seemed to increase faster with age compared to OEF in BVs
(Table 2). While there is no prior report of the aging effect on MTL-OEF, our observation
that OEF in the SSS increased with age was consistent with recent literature (Lu et al.,
2011; Peng et al., 2014). Age-related increase in OEF may be attributed to two reasons.
One is that CBF decreases with age (Chen et al., 2011; Lu et al., 2011; Peng et al., 2014).
Thus, in order to extract sufficient oxygen for the brain’s consumption, OEF has to be
higher. The other possible reason is that there is some evidence suggesting that the brain’s
oxygen consumption rate is higher in older individuals (Lu et al., 2011; Peng et al., 2014)
to compensate for the reduced cellular and computational efficiency. Thus, higher OEF is
needed to support this elevated metabolic need.

Other MRI techniques have also been proposed to measure OEF of the brain (An and Lin,
2003; Bulte et al., 2012; Cho et al., 2018; Fan et al., 2014; Haacke et al., 2010; He and
Yablonskiy, 2007; Jain et al., 2010; Lajoie et al., 2017; Wise et al., 2013). However, to date,
none has been specifically applied to report OEF of the MTL. The phase-based oximetry
method is limited to a whole-brain measure (Jain et al., 2010). The gas-inhalation method
suffers from EPI-related image distortions in the MTL (Bulte et al., 2012; Lajoie et al.,
2017; Wise et al., 2013). The quantitative BOLD method may be affected by the pronounced
macroscopic susceptibility artifacts in the MTL region (An and Lin, 2003; Cho et al., 2018;
He and Yablonskiy, 2007). The quantitative susceptibility mapping method is known to
suffer from partial volume effects (Fan et al., 2014; Haacke et al., 2010) in small veins such
as the BVs. The AS-aTRUPC technique proposed in this work takes less than 5 minutes
and can be performed on a standard 3-Tesla MRI scanner without needing gas inhalation

or contrast agent. Although the present work did not compare AS-aTRUPC MRI with
150-PET directly, we did study the relationship of AS-aTRUPC MRI with a PET-validated
MRI technique, TRUST (Jiang et al., 2021). For the same region (i.e., SSS) measured with
these two MRI techniques, their OEF revealed excellent agreement in terms of correlation
and quantitative values. Therefore, AS-aTRUPC may facilitate wide clinical applications of
MTL-OEF as a disease biomarker.

The estimation of MTL-OEF in this work is based on the notion that MTL is predominantly
drained by the BVs. However, the BVs may also drain other nearby tissues such as insula,
midbrain, part of the lateral ventricles and small portions of basal ganglia and thalami
(Rhoton, 2002). Blood contribution from these regions could dilute the specificity of

the MTL-OEF measurement, and may explain the observation that the MTL-OEF values
measured in our study were slightly lower than those reported in the 1°0-PET literature.

The exact proportion of BV blood that comes from the MTL is yet to be quantified in

future studies (e.g., by measuring the blood flow rate in different segments of the BVs or
their tributaries), and could be a confounding factor when applying our BV-based MTL-OEF
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measurement to brain diseases such as Alzheimer’s disease. However, we note that OEF,
even measured at a global level, has been shown to be sensitive to Alzheimer’s disease
(Jiang et al., 2020; Lin et al., 2019; Thomas et al., 2017). Given the importance of MTL

in Alzheimer’s disease, OEF in the BVs, although not purely specific to the MTL, is
expected to provide better sensitivity and specificity to Alzheimer’s disease than global
OEF. Compared to measuring OEF in smaller veins (such as the anterior longitudinal
hippocampal vein which is a tributary of the BV) or at the tissue capillary level, quantifying
OEF in the BVs has the advantages of relatively high signal-to-noise ratio and infrequent
anatomical variations of the BVs (Rhoton, 2002; Tubbs et al., 2007). Therefore, we think
BV-based MTL-OEF measurement represents a good tradeoff between regional specificity
and technical sensitivity.

In the present work, we selected a VENC of 7cm/s in both anterior-posterior and right-

left flow-encoding directions for AS-aTRUPC, because previous literature reported a flow
velocity of 8-9cm/s in BVs and GV (MacDonald and Frayne, 2015; Mursch et al., 2001)
and BVs tend to run in oblique directions from anterior-lateral to posterior-medial. Although
the SSS has a faster flow velocity of 20-30cm/s (MacDonald and Frayne, 2015; Schuchardt
et al., 2015), since the SSS was often at an angle of 80°-110° to the imaging plane (Fig.

2 B, yellow box), velocity components along the directions of the flow-encoding gradients
(i.e., the cosine of the angle times the maximum velocity) were less than 10cm/s. Thus, our
VENC of 7cm/s actually yielded substantial signal. More importantly, the AS-aTRUPC OEF
measurement is based on the T, relaxation rate of the blood signal rather than the signal
amplitude itself. Therefore, the quantification of OEF in the SSS should not be affected by
the suboptimal VENC values and flow-encoding directions for SSS.

There are a few limitations in the present work. First, we only studied healthy adult
volunteers, but have not applied the technique to patients with MTL abnormalities such

as Alzheimer’s disease and medial temporal sclerosis. These will be the goals of our future
studies. Second, the hematocrit levels of the subjects were assumed (0.42 for males and 0.40
for females) rather than measured. It is known that men tend to have higher hematocrit than
women and older adults may have lower hematocrit than young adults (Aanerud et al., 2012;
Hawkins et al., 1954). Although we assumed a higher hematocrit value for males to account
for the sex difference, we did not account for the decrease in hematocrit with age, which
may confound our results on the age-related increase in OEF. We also assumed the deep
veins such as BV and GV to have the same hematocrit as SSS, because a previous study
showed that hematocrit in veins with a diameter > 70 x/m are similar to systemic hematocrit
(Lipowsky et al., 1980). Future studies are needed to verify whether deep veins have the
same hematocrit as SSS. Third, we did not measure CBF (e.g., by using arterial spin labeling
MRI) in the caffeine challenge study and were therefore unable to validate the relationship
between the OEF increases in the veins and the caffeine-induced CBF reductions in the
corresponding venous draining territories. Fourth, although the AS-aTRUPC sequence takes
less than 5 minutes, in the present work, additional TOF and SWI scans were performed to
localize the BVs, which added another 5 minutes to the whole scan procedure. However,

we note that in clinical practice, sequences such as SWI are often included in the routine
protocols for brain diseases. These routine sequences can also be used to localize the BVs
for positioning AS-aTRUPC. Finally, although the AS-aTRUPC OEF values in general
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showed an excellent agreement with PET-validated TRUST OEF measurements, slight
biases can still be observed at the high and low ends of the OEF ranges, which merits
further optimization of the AS-aTRUPC technique.

In conclusion, this work developed a novel MRI technique to estimate the oxygen extraction
fraction of the medial temporal lobe in less than 5 minutes. This technique may be useful in
studying brain diseases involving MTL dysfunction.
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Fig. 1.
Illustration of venous drainage of deep brain tissues and diagram of the AS-aTRUPC

sequence. (A) BVs run alongside the MTL and midbrain

and drain into the vein of

Galen, adapted from (Tubbs et al., 2007) with permission. (B) Sequence diagram of AS-
aTRUPC. Three eTEs by To-preparation (To-prep, red box) are acquired in an interleaved
fashion. At each eTE, one phase reference (Ref) image, one anterior-posterior flow-encoded
image (Encap) and one right-left flow-encoded image (Encg, ) are acquired. A train of

phase-contrast (PC, green boxes) modules are applied to

acquire multiple & space lines

per repetition time (TR). Arterial-suppression (AS) pulses (black boxes) are played before
To-prep and before each excitation pulse. At the end of TR, post-saturation (post-sat, blue

box) pulses reset magnetization to 0.

Neuroimage. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jiang et al. Page 16
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measure MTL-OEF

Fig. 2.

Sc%n procedures and positioning of pulse sequences. (A) Step-by-step scan procedures to
measure MTL-OEF. (B) TOF maximum intensity projection images showing the BVs (red
arrows). The positions of the SWI scan (blue box), the imaging slice (yellow box) and the
arterial-suppression slab (green box) of AS-aTRUPC are shown in the sagittal TOF image.
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Caffeine Challenge
Baseline: TOF & SWiI

Baseline: TRUST
Baseline: AS-aTRUPC

Take 200mg caffeine tablet

Challenge: TOF & SWiI
Challenge: TRUST
Challenge: AS-aTRUPC

Fig. 3.
Experimental procedures of the caffeine challenge study. TOF and SWI were used to
position the AS-aTRUPC scans at baseline and after caffeine ingestion.
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Fig. 4.
Representative AS-aTRUPC data. (A) Phase reference (Ref), anterior-posterior flow-

encoded (Encap), right-left flow-encoded (Encg, ) images, and CD images along the two
flow-encoding directions (CDap and CDg| ), as well as the combined CD image (CD¢omp)
are shown for eTE = Oms. (B) Zoom-in views of the combined CD images (yellow box in
A) for all eTEs. The red contours represent the ROIs for quantitative analyses. (C) Averaged
signal intensities in the two BV ROIs as functions of eTEs. The fitted equations are also
shown.
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P<0.0001
1
P<0.0001
—

BV GV SSS

MTL-OEF in healthy adults. (A) Scatter plot showing significant linear correlation (ICC
= 0.65, P=0.005) between left and right BV OEF values. The dashed line represents the
unit line. (B) Paired dot plot showing no difference between left and right BV OEF values
(paired t-test £=0.94). Dots from the same subject are connected by a solid line. (C)
Comparison of OEF in BV, GV and SSS across the subjects. Median, interquartile range,
minimum and maximum of the data points are shown in the box plots.
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Rgsults of the caffeine challenge study. (A) OEF at baseline (Time = 0) and after caffeine
ingestion. Error bars represent standard errors of the OEF values across the subjects at each
time point. (B) Scatter plot between OEF in the SSS measured by AS-aTRUPC and TRUST.
The dashed line represents the unit line. (C) Bland-Altman plot comparing OEF in the SSS
measured by AS-aTRUPC and TRUST. The solid line represents the mean OEF difference,
and the dashed lines indicate the 95% confidence interval.
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Age effect on OEF. Scatter plots between age and OEF in (A) BV, (B) GV, and (C) SSS
measured by AS-aTRUPC.
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