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ARTICLE INFO ABSTRACT
Method name: Brain oxygen metabolism indicates the rate of energy consumption and is a potential marker of
Assessment of brain metabolism using pathological changes. Positron emission tomography (PET) is the gold standard for measuring

non-contrast TRUST and PC MRI metabolic rates using radioactive tracers. However, its application in preclinical studies, partic-

ularly with rodent animals, is constrained by the need for arterial input function measurements

Ié:}r,:]/fr;dls;netabohc rate of oxygen (CMRO2) and on-site cyclotron facilities for tracer preparation. As an alternative, non-invasive, non-contrast
Cerebral blood flow (CBF) MRI techniques, such as T2-relaxation-under-spin-tagging (TRUST) and phase-contrast (PC) MRI,
Fick principle can be used for evaluating brain metabolism in vivo. This study outlines a step-by-step method
T2-relaxation-under-spin-tagging (TRUST) for implementing TRUST and PC MRI in mice at 11.7T scanner. The proposed method yields non-
Phase contrast (PC) invasive, non-contrast quantitative measurements of global brain metabolism in approximately

20 min, paving the way for broader applications in future pathophysiological studies.

» Non-invasive and non-contrast assessment of brain metabolism in mice.
» Quantitative measurement of metabolic rate in approximately 20 min.

Specifications table

Subject area: Neuroscience

More specific subject area: Brain physiology

Name of your method: Assessment of brain metabolism using non-contrast TRUST and PC MRI

Name and reference of original method: N/A

Resource availability: MATLAB codes are shared with the link below: https://github.com/zyliamwei/MouseCMRO2.
Background

The brain represents 2% of the total body weight but consumes approximately 20% of the body’s energy, which is primarily sup-
plied by aerobic metabolism [1]. Alterations in brain metabolism indicate critical pathophysiological changes, making it a promising
biomarker for studying various pathologies, such as cardiac arrest [2] and Alzheimer’s disease [3]. Positron emission tomography
(PET) is the gold standard for evaluating brain metabolism in vivo. However, its reliance on invasive procedures to determine arterial
input function and the need for an on-site cyclotron to prepare radioactive tracers limit its application, particularly in animal models.
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Fig. 1. Schematic diagram of procedures for measuring CMRO2 in mice. The workflow is divided into six major steps. Step 1: localizer scan for
visualizing the mouse position within the scanner; Step 2: fast spin echo (FSE) for measuring brain volume; Step 3: time-of-flight (TOF) MRI from
the coronal and axial orientations; Step 4: sagittal TOF scans of the three major feeding arteries for brain, namely, left/right internal carotid artery
(LICA/RICA) and basilar artery (BA); Step 5: TRUST MRI for measuring OEF; and Step 6: PC MRI of LICA, RICA, and BA for estimating total blood
flow (TBF). The unit mass CBF (ml/100g/min) is calculated by normalizing the TBF to brain volume. Finally, CMRO?2 is derived using the Fick
principle.

Over recent decades, advancements in magnetic resonance imaging (MRI) have enabled non-invasive, non-contrast assessment of
metabolic rates in animal brains [4].

T2-relaxation-under-spin-tagging (TRUST) [5] and phase-contrast (PC) [6] MRI offer quantitative evaluations of the oxygen ex-
traction fraction (OEF) and global cerebral blood flow (CBF), respectively. By combining OEF and CBF values, the cerebral metabolic
rate of oxygen (CMRO2) can be calculated using the Fick principle [7]. In this study, we describe a step-by-step method for perform-
ing TRUST and PC MRI scans in mice at 11.7T scanner, providing a practical framework for non-invasive assessment of global brain
metabolism and promisingly offering an alternative for PET when regional pattern is not the primary focus.

Method details

An 11.7 T Bruker Biospec system (Bruker, Ettlingen, Germany) with a horizontal bore and actively shielded pulse field gradient
(maximal intensity: 0.74 T/m) was used for imaging. Data were acquired using a 72-mm quadrature volume resonator as the trans-
mitter and a four-element (2 x 2) phased-array coil as the receiver. BO homogeneity across the mouse brain was optimized using
global shimming (up to the second order) based on a subject-specific pre-acquired field map. Mice were anesthetized with 1.5%-2.0%
isoflurane for 15 min as an induction. At the 10™ min of induction, each mouse was placed on a temperature-controlled, water-heated
animal bed and immobilized using a bite bar, ear pins, and a custom-built 3D-printed holder before being positioned within the mag-
netic. Maintenance isoflurane was typically set at 1.0-1.2% to maintain a respiration rate of 70-120 breaths per minute or adjusted
according to the study’s purpose.

The procedures for measuring CMRO2 in mice consist of six steps, including reference scans to facilitate slice positioning and
measurement scans to quantify parameters related to CMRO2 assessment (Fig. 1).

A fast low-angle shot (FLASH) scan, referred to as the “localizer” on the Bruker Biospec system, is performed first to localize the
mouse (Fig. 1). The scan is conducted with the following parameters: repetition time (TR)/echo time (TE) = 120/2.3 ms, field of view
(FOV) = 40 x 40 mm?, matrix size = 256 X 256, slice thickness = 1.0 mm, flip angle = 30°, and scan duration = 0.3 min. Anatomical
images are acquired from three orthogonal orientations: axial, sagittal, and coronal (Fig. 2A-C).
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Fig. 2. Localizer images from three orthogonal orientations: axial (A), sagittal (B), and coronal (C) views.
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Fig. 3. FSE scan for brain volume measurement. (A) shows the sagittal localizer image (left panel) and the slice geometry of the FSE scan overlaid
(right panel). (B) shows FSE images from various axial slices, displayed sequentially from Slice #1 (caudal) to #35 (rostral).

A fast spin echo (FSE) sequence is applied to estimate total brain volume. The scan covers 35 axial slices, as shown in Fig. 3A.
The key experimental parameters are as follows: TR/TE = 3000/11.0 ms, FOV = 15 x 15 mm?2, matrix size = 128 x 128, slice
thickness = 0.5 mm (no inter-slice gap), echo spacing = 5.5 ms (4 spin echoes per scan), and scan duration = 1.6 min. Fig. 3B displays
exemplary FSE images from a mouse. Slice-by-slice manual drawing of regions of interest (ROIs), referencing to the mouse brain atlas
(http://atlas.brain-map.org), can be performed to delineate brain regions. The total voxel count within the ROIs determines the total
brain volume. ROIs span brain regions from the C1 vertebral spine (caudal side) to the olfactory area (rostral side). Brain weight can
then be estimated by scaling brain volume to a tissue density of 1.04 g/ml [8]. Custom-built MATLAB scripts (MathWorks, Natick,
MA) for brain volume estimation are available at https://github.com/zyliamwei/MouseCMRO2.

A coronal time-of-flight (TOF) MRI is performed to visualize the major feeding arteries in the coronal orientation. The bottom
edge of the brain as shown by the red dotted line in the sagittal localizer image (Fig. 4A) is utilized to guide slice positioning. A
total of 9 slices parallel to the bottom edge of the brain are acquired, with one slice positioned just above the brain’s bottom edge
(Fig. 4A). Key parameters for the coronal TOF scan are: TR/TE = 45/2.6 ms, FOV = 16 [left-right] x 25 [caudal-rostral] mm?, matrix
size = 256 X 256, slice thickness = 0.5 mm, and scan duration = 2.6 min. An exemplary dataset of coronal TOF images is shown in
Fig. 4C. Starting from the dorsal side, the basilar artery (BA), characterized by the upside-down “Y” shape, appears first, followed by
the left internal carotid artery (LICA) and right internal carotid artery (RICA). The coronal TOF images are used as a reference for
subsequent PC scans.

An axial TOF scan is performed after the coronal TOF scan to visualize different components of the sagittal sinuses. The key
parameters for the axial TOF are: TR/TE = 20/2.7 ms, FOV = 15 x 15 mm?, matrix size = 256 x 256, slice thickness = 0.5 mm, 5
slices with no inter-slice gap, and scan duration = 0.3 min. The anatomical “dip” at the dorsal side of the brain, indicated by the red
arrow (Fig. 4B), serves as a landmark for slice positioning of the axial TOF. All 5 slices are placed at the rostral side of the dorsal
dip (Fig. 4B). The confluence of the sagittal sinuses is identified by comparing the axial TOF images with a vasculature atlas [9]. In
Fig. 4D, the confluence of the sagittal sinuses is located in Slice #3, which will be used for the subsequent TRUST scan.
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Fig. 4. Implementation of coronal and axial TOF scans. (A) and (B) show the slice geometry of the coronal and axial TOF scans, respectively,
overlaid on the sagittal localizer image. (C), (D), and (E) present the coronal, axial, and sagittal TOF images for visualizing vessels, respectively.

Three sagittal TOF scans are performed to provide an additional view of the feeding arteries (LICA, RICA, and BA), enabling the
positioning of PC slices to be perpendicular to the vessel trajectories. A single slice is applied to cover the targeted artery based on
reference to the coronal TOF images, as indicated by the red dotted box overlaid on Slice #1 (for BA), Slice #4 (for LICA), and Slice
#5 (for RICA). Key parameters for the single-slice sagittal TOF are: TR/TE = 60/2.5 ms, FOV = 16 x 16 mm?, matrix size = 256 x 256,
slice thickness = 0.5 mm, and scan duration = 0.4 min. Exemplary sagittal TOF results are displayed in Fig. 4E.
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Fig. 5. Implementation of the TRUST MRI. (A) shows the slice geometry of the TRUST scan overlaid on the sagittal localizer image. (B) displays
the control, labeled, and difference images at four effective echo times (eTE): 0.3, 10, 20, and 40 ms. (C) shows the monoexponential fitting. (D)
illustrates the conversion of venous T2 to venous oxygenation (Yv) and the OEF calculation.

The TRUST scan is performed referencing the axial TOF images, with the imaging slice positioned at the confluence of the sagittal
sinuses (Slice #3 in Fig. 4D). Fig. 5A shows the slice geometry of the TRUST scan overlaid on the sagittal localizer image. Key
parameters for the scan are: TR/TE = 3500/4.9 ms, FOV = 16 x 16 mm?, matrix size = 128 x 128, slice thickness = 0.5 mm,
inversion slab thickness = 2.5 mm, post-labeling delay = 1000 ms, effective TE (eTE) = 0.3/10/20/40 ms, echo spacing of eTE = 5.0
ms, and scan duration = 5.6 min with a 12-segment gradient-echo echo-planar-imaging (EPI) acquisition. The Pairwise difference
between the control and labeled images generates the difference images for each eTE value, as shown in Fig. 5B. To fit the venous T2,
an ROI is drawn to encompass the confluence of the sagittal sinuses (marked by red boxes in Fig. 5B), and the four voxels with the
highest signal intensities within the ROI are averaged. The signal intensities at different eTE values are fitted to a monoexponential

function, i.e., y = Soe_% , where S, represents the theoretical signal intensity at eTE = 0 ms and T2v denotes the transverse relaxation
time of venous blood (Fig. 5C). Finally, the measured T2v is converted into venous oxygenation (Yv) [10], allowing calculation of
the OEF, which reflects the arteriovenous oxygenation difference. Since arterial oxygenation is typically near 100%, it is assumed
to be 99% [11]. The processing of TRUST data can be done using a custom-built graphical user interface (GUI), available at https:
//github.com/zyliamwei/MouseCMRO2. Note that varying eTE numbers and EPI segments may be used based on specific applications.
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Fig. 6. Implementation of the PC MRI. (A) and (B) show the slice geometry of the PC scan overlaid on the coronal and sagittal TOF images,
respectively. (C) displays the complex difference (CD) images of the LICA, RICA, and BA, with the ROI manually drawn on the CD image and zoomed

in for clarity (red boxes). (D) shows the velocity maps of LICA, RICA, and BA. The ROIs drawn on CD images are applied to the corresponding velocity
maps (red boxes).
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In cases where a relatively small T2v is expected, such as during studies of awake CMRO2 (i.e., without inhalational anesthesia), 4
eTE values and 12 EPI segments are used. Alternatively, 3 eTE values and 8 EPI segments can shorten scan duration [12,13].

PC MRI is applied to estimate blood flow with three separate scans targeting the LICA, RICA, and BA, respectively. The imaging
slice of each PC scan is positioned perpendicular to the corresponding vascular trajectory using reference to the coronal and sagittal
TOF images (yellow boxes in Fig. 6A and B). Key parameters for the PC scan include: TR/TE = 15/3.2 ms, FOV = 15 x 15 mm?, matrix
size = 300 x 300, slice thickness = 0.5 mm, encoding velocity = 20 (for LICA and RICA) / 15 (for BA) cm/s, number of average = 4,
dummy scan = 8, receiver bandwidth = 100 kHz, flip angle = 25°, partial Fourier acquisition factor = 0.7, and scan duration = 0.6
min per artery. A ROI is manually drawn on the complex difference (CD) image, where there is excellent contrast between the artery
and surrounding tissue (yellow polygons in Fig. 6C). The ROI is then applied to the velocity map, and the integral of blood flow
velocities within the arterial region represents blood flow. Summing the blood flows from LICA, RICA, and BA yields the total blood
flow (TBF). Finally, CBF is calculated by normalizing the TBF to brain weight and is reported in ml/100g/min. The processing of PC
data can be done using a custom-built graphical user interface (GUI), available at https://github.com/zyliamwei/MouseCMRO2.

CMRO?2 is calculated according to the Fick principle: CM RO2 = C, - OEF - CBF, where C, denotes the molar concentration of
oxygen in a unit volume of blood. C, is a constant primarily determined by the haematocrit level or, equivalently, the haemoglobin
content, and is assumed to be 882.1 umol O,/100ml blood [14]. CMRO?2 is expressed in pmol oxygen per 100 g of brain tissue per
minute (umol 02/100 g/min). It is recommended to record respiration rate during the experiments and include respiration rate as a
co-variate in statistical analyses [15,16]. On-site processing is recommended to allow the repetition of scans affected by physiological
noise, such as cases of unsatisfactory fitting in TRUST data. The parameters of reference scans can be applied to other field strengths
(e.g., 9.4T or 7T), provided the image contrast is sufficient to accurately identify structural or vascular landmarks. However, re-
optimization of measurement scan parameters may be necessary to account for differences in T1 and T2 relaxation times of MRI
signals.

Method validation
The method described here has been extensively validated in the associated technical paper [16] and other related studies [12,17].
The dependence of CMRO2 measurements on neuronal activity levels was investigated in awaking mice, confirming the association

between increased high-frequency electroencephalogram (EEG) activity and elevated CMRO2 [16]. Furthermore, the sensitivity of
CMRO2 measurement in detecting pathological changes was validated in a mouse model of Alzheimer’s disease [17].

Limitations
Our method uses the Fick principle to calculate CMRO2. Since OEF and CBF are measured globally, the method is limited to

providing global measurements. Further developments are needed to offer regional information, which would be particularly useful
for applications that focus on pattern heterogeneity and regional differences across various brain regions.
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