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Purpose: The purpose of this work is to apply multi-echo spin- and gradient-echo
(SAGE) echo-planar imaging (EPI) combined with a navigator-based (NAV) prospec-
tive motion compensation method for a quantitative liver blood oxygen level depen-
dent (BOLD) measurement with a breath-hold (BH) task.

Methods: A five-echo SAGE sequence was developed to quantitatively measure T,
and T,* to depict function with sufficient signal-to-noise ratio, spatial resolution and
sensitivity to BOLD changes induced by the BH task. To account for respiratory
motion, a navigator was employed in the form of a single gradient-echo projection
readout, located at the diaphragm along the inferior-superior direction. Prior to each
transverse imaging slice of the spin-echo EPI-based readouts, navigator acquisition
and fat suppression were incorporated. Motion data was obtained from the navigator
and transmitted back to the sequence, allowing real-time adjustments to slice posi-
tioning. Six healthy volunteers and three patients with liver carcinoma were included
in this study. Quantitative T, and T,* were calculated at each time point of the BH
task. Parameters of t value from first-level analysis using a general linear model and
hepatovascular reactivity (HVR) of Echol, T, and T,* were calculated.

Results: The motion caused by respiratory activity was successfully compensated
using the navigator signal. The average changes of T, and T,* during breath-hold
were about 1% and 0.7%, respectively. With the help of NAV prospective motion
compensation whole liver t values could be obtained without motion artifacts. The
quantified liver T, (34.7 £ 0.7 ms) and T,* (29 + 1.2 ms) values agreed with values
from literature. In healthy volunteers, the distribution of statistical t value and HVR
was homogeneous throughout the whole liver. In patients with liver carcinoma, the

distribution of t value and HVR was inhomogeneous due to metastases or therapy.

Abbreviations: BH, breath-hold; BOLD, blood oxygen level dependent; CVR, cerebrovascular reactivity; DCE, dynamic contrast enhanced; deoxy-Hb, deoxygenated hemoglobin; Echol, first
echo; EPI, echo-planar imaging; Et-CO,, end-tidal CO,; FB, free breathing; fMRI, functional MRI; FoV, field of view; GE/SE, gradient echo/spin echo; GLM, general linear model; HVR,
hepatovascular reactivity; MGRE, multi-echo gradient echo; NAV, navigator based; PACE, prospective acquisition correction; ROI, region of interest; SAGE, spin and gradient echo; SPAIR,

spectral attenuated inversion recovery; T, echo time; TOLD, tissue oxygen level dependent; T, repetition time.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Authors. NMR in Biomedicine published by John Wiley & Sons Ltd.

NMR in Biomedicine. 2024;37:e5173.
https://doi.org/10.1002/nbm.5173

wileyonlinelibrary.com/journal/nbm

1of11



M _NMR ZHANG ET AL.
WILEY—|\ROMEDICINE

Conclusions: This study demonstrates the feasibility of using a NAV prospective
motion compensation technique in conjunction with five-echo SAGE EPI for the

quantitative measurement of liver BOLD with a BH task.

KEYWORDS
hepatovascular reactivity, navigator-based slice tracking, prospective motion compensation,
quantitative liver BOLD

1 | INTRODUCTION

Hypoxia is widely recognized as an unfavorable prognostic indicator for nearly all solid tumors and is also predictive of treatment failure across
various therapeutic approaches, such as radiotherapy, chemotherapy, surgery, and targeted therapies.® The potential of imaging techniques to
identify, map, and measure tumor hypoxia prior to treatment, as well as monitoring changes in hypoxia during therapy, is currently untapped in
routine clinical practice. While positron emission tomography (PET)-based methods have been the main focus of hypoxia imaging research, emerg-
ing evidence suggests that MRI techniques may offer a practical and readily applicable alternative.?

Multiple functional MRI (fMRI) techniques, including blood oxygen level dependent (BOLD) MRI, tissue oxygen level dependent (TOLD) MRI,
dynamic contrast-enhanced (DCE) MRI, and oxygen-enhanced (OE) MRI, have been developed to quantify changes in oxygen partial pressure
(P,0,) within tumors.2~* MRI has been employed in the assessment of tumor hypoxia to predict treatment outcomes in both preclinical and clini-
cal radiation studies.”

In BOLD MRI, deoxygenated hemoglobin (deoxy-Hb) serves as an endogenous contrast agent by increasing magnetic susceptibility and short-
ening the transverse relaxation time (T,*) of water protons in surrounding tissues. Hypoxic tissues exhibit a higher proportion of deoxy-Hb, lead-
ing to a higher transverse relaxation rate (Ry,* = 1/T,*), which is expected to decrease during a hyperoxic respiratory challenge as deoxy-Hb
becomes more saturated with oxygen. Studies conducted in rodents and humans have demonstrated an increase in the BOLD signal
(corresponding to a decrease in R,*) in various tumors, including hepatocellular carcinoma (HCC), and in response to breathing pure oxygen (100%
0,)°7® or a gas mixture containing high oxygen content (carbogen; 95% O, /5% CO, or 98% O,/2% CO,).” 12 Since the saturation of hemoglobin
with oxygen depends on arterial oxygen pressure and tissue oxygen partial pressure, R,* can be considered as an indicator of oxygenation.

However, quantitative BOLD measurements are affected by respiratory motion and are typically performed using a multi-echo gradient echo
(MGRE) sequence with breath-holding before and after the gas challenge. It is worth noting that breath-holding triggers a BOLD response, leading
to increased vascular CO, levels and thus vasodilation, thereby causing an elevation in T, and T,*. Moreover, the acquisition time required for a
single MGRE measurement (15 s) is too long to capture real-time BOLD changes.

To overcome the issues associated with motion artifacts, a recently developed navigator-based (NAV) slice tracking technique has been inte-
grated into a simultaneous gradient echo/spin echo (GE/SE) echo-planar imaging (EPI) sequence. This integration aims to compensate for respira-
tory motion in the imaging of kidney vascular architecture and arterial spin labeling.*>4

In this approach, a navigator signal was acquired using a gradient-echo projection readout through the diaphragm along the inferior-superior
direction. The diaphragm position is calculated from the navigator signal, fed back to the sequence and used for real-time adjustment of slice posi-
tion. The navigator acquisition can be inserted before each EPI excitation.

In this study, a navigator-based (NAV) five-echo spin- and gradient-echo (SAGE) EPI sequence was developed to quantitatively measure T,
and T,* for the purpose of depicting microvascular dysfunction. The sequence is designed to provide adequate signal-to-noise ratio and spatial

resolution, and sufficient sensitivity to BOLD changes achievable through breath-holding.

2 | METHODS
21 | Subjects and image acquisition

Six healthy volunteers (two female, four male, aged 33 + 6 years) and three patients with liver carcinoma were examined prospectively using an
18-channel body and 16-channel spine receive RF coil on a 1.5 T scanner (MAGNETOM Aera, Siemens Healthineers, Erlangen, Germany). All par-
ticipants provided written informed consent, and the study was approved by the institutional ethics committee.

All participants received a routine abdomen MRI protocol including a standard T-weighted sequence before and after administration of MRI

contrast agent, a standard diffusion-weighted sequence, a standard T,-weighted sequence, and a standard DCE MRI sequence.
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Breath-hold (BH) respiratory challenges were integrated into the imaging protocol, as follows. For block-designed BH tasks, 110 measure-
ments were obtained, which include five and a half BH/FB (free breathing) cycles with 20 measurements (32 s) per cycle and 10 measurements
(16 s) per half cycle.

During these BH challenges, all participants received a NAV SAGE sequence (Figure 1). This sequence was constructed based on a combina-
tion of GE and SE-EPI sequences, incorporating five different echo times (Tg). The first two echoes were gradient-echo acquisitions, with Tg values
of 8.46 and 19.27 ms, respectively. Subsequently, three mixed spin-echo acquisitions followed, with Tg values of 36, 47.19, and 58 ms. A naviga-
tor acquisition and fat suppression were inserted before each transverse imaging slice of the SAGE EPI sequence. The navigator signal was
acquired using a gradient-echo projection readout through the diaphragm along the inferior-superior direction. Liver position information was cal-
culated from this navigator signal, fed back into the sequence and used for real-time adjustment of the slice position. The detailed sequence
parameters were as follows: field of view (FoV) = 400 mm x 240 mm, acquired resolution = 3.33 mm x 3.33 mm, slice thickness = 8 mm, slice
number = 8, partial Fourier factor = 6/8, GRAPPA (Generalized Autocalibrating Partially Parallel Acquisitions) acceleration factor = 3, T = 1.6 s,
inversion time for spectral attenuated inversion recovery (SPAIR) fat suppression = 90 ms, navigator FoV = 200 mm, navigator resolution = 64,

navigator flip angle = 15°, navigator repetition time = 4.22 ms.

2.2 | Data processing

T, and T,* maps were calculated by using a multiparametric voxel-by-voxel fitting approach. For quantitative evaluations T, and T,* can be calcu-

lated as'>1¢
SpetR: t< TEse
S(t) = 2. (1)
S%efrg,sg(k;f;zz) e—t(ZRz—R}) t> %

where S(t) is signal acquired at different echo time t, Sp is the signal at t = 0, R, = 1/T, and Ry* = 1/T,*. Tgse is the echo time for Echo 5. The
additional parameter & is needed'” to account for signal difference owing to imperfectly matched slice profiles between echo trains acquired
before and after the refocusing pulse. Four parameters, R,, R>*, So and 6, were determined from a single multi-parametric fit. A representative fit

is shown later in Figure 4.

2.3 | Statistical analyses

Statistical analyses were performed to create images that reveal regions exhibiting significant signal changes in response to the BH task. The first-

level analysis of the first echo signal (Echol), T, and T,* time series was performed for each subject using SPM12 (Wellcome Trust Centre for
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FIGURE 1 The sequence diagram of the five-echo SAGE technique is illustrated. This sequence is constructed based on a combination of
gradient-echo (GE) and spin-echo (SE) EPI sequences, incorporating five different Tg values. The first two echoes are gradient-echo acquisitions,
with Tg values of 8 and 19 ms, respectively. Subsequently, three mixed spin-echo acquisitions follow, with Tg values of 36, 47, and 58 ms. A
navigator acquisition and fat suppression are included before each transverse imaging slice of the SAGE EPI sequence.
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FIGURE 2 A, An elliptical ROl was chosen by utilizing a T>* map in Subject 2. B, The estimation of 3 coefficients of Echo1 within the selected
ROI. Gray shading indicates periods of FB. C, The estimation of # coefficients of T, time series within the selected ROI. D, The estimation of
coefficients of T,* time series. The signal of the selected light blue region is blue, the mean signal of the entire liver used for fitting is pink and the
fitted signal is plotted as a green line. The smoothed signals are Equation 3 fitted to show the time curve, giving an estimation of $o_».

Neuroimaging, UK) implemented in MATLAB 2021a (MathWorks, Natick, MA, USA). The initial 10 time points during the first half FB cycle were
excluded from this analysis for subject adaptions. t values were calculated from first-level analysis using a general linear model (GLM). This analy-
sis was performed for Echo1, T, and T,*. The general formula for the t value in the context of a GLM is as follows:
t— _h . 2)
Var(ﬁj)

/Aij is the estimated parameter for the jth contrast. This parameter represents the effect size or regression coefficient associated with the con-
dition or contrast of interest. Var(ﬁj) is the estimated variance of ﬁl This represents the uncertainty or variability associated with the estimated

parameter.

2.3.1 Hepatovascular reactivity analyses

Similar to calculation of a cerebrovascular reactivity (CVR) map, we performed voxel-wise calculation of hepatovascular reactivity (HVR).

In traditional CVR analysis, measurements of end-tidal CO, (Et-CO,) are required and used in this linear regression equation®®:
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dynamic MRI = 8, EtCO, + fipt + fo +¢, (3)

where f4, 2, and g are estimated coefficients. t is the time index along the task acquisition. The term st is included to account for any linear
drift in the dynamic MRI values, and ¢ denotes the residual error. This linear regression analysis was performed for all BF and FB values. HVR,

expressed as a percentage change in signal per mmHg of Et-CO, change, is calculated as

B P
HVR = $1 min(EtCO,) + A, @

D:001 D:002

No NAV

FIGURE 3 Comparison of the t values based on Echo1 after first-level analysis before and after using NAV motion compensation. One can
observe differences between the T maps and the EPI images at the top slices without NAV. t values in the liver region were generally higher than
those without NAV.
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FIGURE 4 Five echoes generated from the SAGE sequence (first row). The quantified liver T, (34.7 £ 0.7 ms) and T,* (29 + 1.2 ms) values
were measured at the first time point of the BOLD task (second row). Nonlinear least-square fitting was performed for two representative voxels.
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Without the measurement of Et-CO,, the HVR was computed by replacing Et-CO, with the mean signal in our case. Relative HVR (rHVR)
was computed as the HVR divided by the mean HVR in the liver region.?”

3 | RESULTS

Figure 2 shows how the g values are evaluated. A spherical region of interest (ROI) was delineated at the liver. The mean curves of Echo1, T, and
T>* from this example ROI are shown. Figure S1 shows the BOLD signals of Echol, T, and T,* from a tumor ROI and liver ROI. During the 16 s
BH task, the T,*-weighted signal from Echol was decreased; however, an increase in quantitative T, and T,* values could be found during the
same period.

Using the NAV prospective motion compensation, motion artifacts were mitigated, allowing for the acquisition of a motion artifact-free whole
liver t value (Figure 3). The t value derived from the first-level analysis of Echo1 indicated that the top portion of the liver was not captured with-
out NAV prospective motion compensation. We also observed mismatches between the T map and the EPI images. Conversely, with the assis-
tance of NAV, no motion artifacts were observed, and the t values in the liver region exhibited higher values than without NAV.

A five-echo measurement was performed using the SAGE sequence, as demonstrated by the high-quality and fat-suppressed images in
Figure 4. Nonlinear least-square fitting was applied to each voxel, yielding T, values of 47.6 and 43.7 ms and T,* values of 30.4 and 31.4 ms

in two representative voxels. Mean liver T, (34.9 + 0.3 ms) and T,* (25.9 + 0.2 ms) values were quantified after fitting and then averaging over

T2Star
-
-

oy

HVR
. (x1000)

FIGURE 5 tvalue (second row) and HVR (third row) were calculated based on Echo1, T, and T,* time series.
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the entire liver in this representative subject during the BH period. Mean liver T, (34.6 + 0.4 ms) and T,* (25.7 + 0.4 ms) values were found during
the FB period t values, and HVRs were calculated based on Echo1, T, and T,* time series.

In a healthy volunteer, the distribution of statistical t values and HVR exhibited homogeneity throughout the entire liver, with identifiable ves-
sel structures in the t values (Figure 5).

In patients with liver carcinoma, the distribution of t values and HVR was altered compared with a healthy volunteer (Figure 5) due to
metastases or therapy, as depicted in Figures 6-8. In the first patient (69 years, male, liver metastasis of colon carcinoma), shown in Figure 6, a
ring surrounding the tumor could be discerned in the t values. This ring exhibited higher t values and coincided with the metastasis identified in
T>-weighted images. Inside the ring, the t values were lower. However, HVR, particularly T,-based HVR and T,*-based HVR, demonstrated higher
values within the ring.

In the second patient (76 years, male, liver metastasis of colon carcinoma), the contrast-enhanced T,-weighted images revealed an enhanced
region within the liver (Figure 7). However, there were no discernible changes in the t values, T,-based HVR or T,*-based HVR. The Echo1-based
HVR exhibited a relatively low value in this region. In the third patient (77 years, male, liver metastasis of colon carcinoma), the ADC map and T,-
weighted images depicted an enhanced region in the liver (Figure 8). The highlighted region demonstrated a decrease in all three types of t value.
Additionally, the three types of HVR in this region showed decreased values, with T,-based HVR and T,*-based HVR even exhibiting negative
values.

T2W+T_T2

Echol so.0
70.0
60.0 J . 60.
“ 50.0 ] . T
40.0
30.0

20.0

T2Star

HVR
(x1000)

FIGURE 6 Anatomical and BOLD results for the first patient (69 years, male, liver metastasis of colon carcinoma). The top row displays a T»-
weighted image with overlays of T,-based t values and T,-based HVR. The middle row represents the t values computed using different
contrasts, namely, Echo1, T, and T,* time series. The bottom row shows HVR values (multiplied by 1000) calculated based on Echo1, T, and T,*
time series. t exhibits higher values at the outer periphery of the tumor but lower values within the tumor. In contrast, T,-based HVR and T,*-
based HVR demonstrate enhanced values within the tumor region (arrows).
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HVR
(x1000)

FIGURE 7 Anatomical and BOLD results for the second patient (76 years, male, liver metastasis of colon carcinoma). The first row is a
contrast-enhanced T,-weighted image, which shows an enhanced region. The second row is t values calculated based on the Echo1, T, and T,*
time series. The third row is HVR (multiplied by 1000) calculated using Echo1, T, and T,* time series. Echo1-based HVR shows a relatively low
value in this region.

4 | DISCUSSION

In this study, a five-echo SAGE sequence was developed to quantitatively measure T, and T,* for the assessment of microvascular dysfunction
and BOLD changes during the BH task. To address respiratory motion, a navigator was utilized as a single gradient-echo projection readout
located at the diaphragm along the inferior-superior direction. The developed NAV SAGE technique effectively compensated for respiratory
motion in real time.

The rationale for selecting BH as the task is its relative ease of implementation when compared with hypercapnia and hypoxia, which require
additional masks and devices for monitoring CO, and O, concentrations.

Considering the challenges faced by elderly patients, the BH task was limited to a duration of only 16 s for BOLD measurement. During this
BH period, the concentration of deoxy-Hb in the blood, which is paramagnetic, increased. As a result, the T,*-weighted signal should be decreased
while T, and T>* decreased. BH tasks with longer duration could be used and might induce vasodilation, which would lead to the opposite changes
in T, and T,*. Nonetheless, for the majority of patients examined here, 16 s represented the longest possible BH duration. The advantage of quan-
titative liver BOLD can also be observed in the signal trend of Echol, T, and T,* in Figure 2: several possible influences could affect the signal,
such as spin inflow, T4- or B;-related effects. For instance, the opposite behavior of Echol compared with that of quantitative T, and T,* could be
explained by an inflow effect.

Usually, the acquisition time required for a single MGRE measurement (15 s) is too long to capture real-time BOLD changes; the SAGE

sequence in this study, however, which measures quantitative T, and T,* with a Ti of 1.6 s, solves this problem. Another benefit of the proposed
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FIGURE 8 Anatomical and BOLD results for the third patient (77 years, male, liver metastasis of colon carcinoma). The top row comprises an
ADC map and a T,-weighted image, both indicating the presence of an enhanced region. The middle row displays t values computed from Echo1,
T, and T,* time series. The bottom row shows HVR values (multiplied by 1000) derived from Echo1, T, and T,* time series. All three types of t
value demonstrate a decrease in the highlighted region, while the corresponding HVR values show a relative decrease. Notably, T,-based HVR
and T,*-based HVR even exhibit negative values within this region.

sequence is that it provides T, and T,* maps simultaneously as opposed to only T,*. Having two contrasts helps us to understand more about
their interplay and dynamic changes. Oxygen extraction function (OEF)?° and venous vessel size?* could be calculated in further studies.

Comparison with the non-NAV approach revealed that the NAV method reduced motion artifacts, particularly at the top of the liver, and
resulted in higher t values throughout the liver (Figure 3). These results demonstrate the advantages of our NAV prospective motion compensa-
tion technique. Without the NAV technique, image registration or realignment would be necessary prior to BOLD analysis, which is challenging
for liver images based on the EPI sequence.

The quantified liver T, values (34.7 + 0.7 ms) and T,* values (29 + 1.2 ms) obtained from Figure 4 are consistent with values reported in the
literature.?22% As reported in a previous study,?® the normal range for global T, values was 35-54 ms in males and 39-54 ms in females. The aver-
aged T,* in healthy liver at 1.5 T was 28.5-33.3 ms in one study?2 and was about 21-35.2 ms in another.2* In healthy subjects, the distribution of
statistical t values and HVR appears homogeneous throughout the entire liver (Figure 5). However, in patients with liver carcinoma, the distribu-
tion of t values and HVR is altered due to the presence of metastases or the effects of therapy (Figures 6-8).

The observed increase in HVR within the tumor in Figure 6 indicates an elevation in microvasculature, possibly due to the presence of new
metastases. The presence of this ring might be attributed to the tumor exerting pressure on the surrounding tissue. Conversely, the decrease in HVR
observed in Patients 2 and 3 may be attributed to hypoxia or necrosis resulting from radiotherapy or chemotherapy. To find the correlation of HVR

with tumor properties more patients need to be measured and studied. Pathological confirmation needs to be performed in future studies.
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There are multiple limitations to this study. First, we only compensated for motion along the inferior-superior direction of the diaphragm
using a one-dimensional navigator. To address motion along the anterior-posterior direction, an additional navigator could be employed, but this
would extend the measurement and reconstruction time accordingly. Nevertheless, the existing method proved adequate in ensuring stable sig-
nals during the contrast agent pass-through. Second, the BH task with 16 s BH duration provided less BOLD SNR compared with hypercapnia
and hypoxia approaches. Furthermore, no additional echoes were gathered beyond the spin-echo peak. If this had been implemented, it might
have allowed for the calculation of parameters using only the refocusing echo, thus eliminating the need for slice correction with 6.2

BOLD-fMRI has a relatively long scanning time. Motion compensation is thus very important to enhance the statistical significance of the
activation maps. Currently, retrospective motion correction techniques are widely adopted and integrated into various fMRI analysis toolboxes.
Usually, retrospective volume-by-volume image registration is performed to eliminate motion effects. These methods offer advantages such as
robustness, independence from sequence specifics and minimal disruption to the fMRI study setup. However, they fall short in delivering precise
intra-volume correction and cannot address spin-history effects. On the other hand, the implementation of prospective motion correction in fMRI
has demonstrated effectiveness in reducing false positives and enhancing sensitivity compared with retrospective techniques, especially in
instances of significant motion.2® Among prospective motion correction methods, NAV,?” optical tracking?® and the prospective acquisition cor-

k?® have been employed in brain fMRI. Due to the internal respiratory motion in liver fMRI, optical tracking is not practi-

rection (PACE) framewor|
cal. Within the PACE framework, every 3D volume underwent registration directly to the reference image at the scanner as soon as the data
became accessible. Subsequently, the registration information was relayed back to the sequence control unit to facilitate the updating of scanning
parameters. Due to the long reconstruction and registration time, inter-volume delays need to be considered.

This study demonstrates the potential of the SAGE technique in combination with NAV prospective motion compensation for the quantita-
tive assessment of liver BOLD. Simple BH tasks were performed without the measurement of Et-CO, to assess HVR. In future studies, respiratory
tasks such as hypercapnia (5% CO,) and hypoxia (100% O,) can be incorporated. To calculate quantitative HVR, simultaneous measurement of

Et-CO, is required. The acquisition of By and By maps could also be included to investigate the effects of field inhomogeneities on this technique.

5 | CONCLUSION

In conclusion, this study establishes the feasibility of utilizing quantitative liver BOLD in conjunction with a NAV prospective motion compensa-
tion technique during respiratory challenge.
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