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Abstract
Cerebral metabolic rate of oxygen (CMRO2) is an important index of tissue viability and brain
function, but this parameter cannot yet be measured routinely on clinical scanners. Recently, a
non-invasive technique was proposed which estimates global CMRO2 by concomitantly
measuring Oxygen-Extraction-Fraction (OEF) using T2-Relaxation-Under-Spin-Tagging
(TRUST) MRI and pulse oximetry, and Cerebral-Blood-Flow (CBF) using phase-contrast MRI.
The present study sought to establish a standard acquisition procedure for this technique and to
evaluate its test-retest reproducibility in healthy subjects. Each subject was examined in five
sessions and each session included two measurements. Intra-session, inter-session, and inter-
subject coefficients of variation (CoV) for CMRO2 were found to be 3.84±1.44% (N=7, mean ±
standard deviation), 6.59 ± 1.56%, and 8.80% respectively. These reproducibility values were
comparable or slightly superior to 15O PET results reported in the literature. It was also found that
OEF and CBF tended to co-vary across sessions (p=0.002) and subjects (p=0.01), and their CoVs
were greater than that of CMRO2. The simplicity and reliability features may afford this global
CMRO2 technique great potential for immediate clinical applications.
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Introduction
Cerebral metabolic rate of oxygen (CMRO2) refers to the amount of oxygen consumed by
the brain per unit time, and is often written in units of ml O2 per 100 g tissue per minute.
Because oxidative metabolism is the primary means of energy production in the brain (1),
CMRO2 is an important index of tissue viability and brain health. Abnormal levels of
CMRO2 have been reported in a number of conditions such as Alzheimer's disease (2–3),
brain aging (4), multiple sclerosis (5–6), Parkinson's disease (7), diabetes (8–9), traumatic
brain injury (10), and normal pressure hydrocephalus (11). Therefore, a non-invasive, fast,
and reliable method to quantify CMRO2 is expected to have immediate impact in many
clinical conditions.

Currently established methods for CMRO2 measurement usually require the use of
exogenous tracer (e.g., 15O2 in PET (12–15), 17O2 in NMR (16), N2O in Kety-Schmidt
method (17–18), and 13C in NMR (19)), continuous blood sampling, and special equipment
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(e.g. cyclotron). These complexities in experimental procedures in combination with the
relatively high costs have prohibited CMRO2 from becoming a routine clinical measure.
More recently, a number of newer technologies have been proposed for the measurement of
CMRO2 without using exogenous tracers (20–32). Calibrated fMRI uses purely vascular
challenges to obtain an estimation of CMRO2 percentage change associated with neural
activation (24–27) and, when multiple physiologic challenges (e.g. hypercapnia and
hyperoxia) are applied concomitantly, absolute CMRO2 values may also be calculated (28).
Other methods have used extravascular BOLD effect (29), phase angle of venous blood (30),
and optical properties of venous blood (31–32) to estimate CMRO2.

Our laboratory has recently devised an MR method to estimate whole-brain CMRO2 by
combining non-invasive measurements of cerebral blood flow (CBF), arterial and venous
oxygenation (21). In this method, whole brain CBF was measured by phase-contrast (PC)
MRI (33) while arterial oxygenation (Ya) was measured by pulse oximetry. The most
challenging component, venous oxygenation (Yv), was measured by a T2-Relaxation-Under-
Spin-Tagging (TRUST) MRI technique that was developed in our laboratory (34). Global
CMRO2 is calculated from these parameters using the Fick principle of arteriovenous
difference (17). Despite the lack of spatial information, several desirable features of this
method, e.g. non-invasiveness (no exogenous agent), fast (about 3–7 min in scan time),
availability on a standard clinical scanner, allowed an easy application of the technique in
several physiologic and clinical studies (4–5,35–37). These preliminary evidences
demonstrated a great potential for this measure to serve as a biomarker in several
neurological conditions. However, in order for this method to be widely used by the clinical
community, a standard acquisition procedure as well as the test-retest reproducibility needs
to be established.

Therefore, the purpose of the present study is to describe a standard protocol for non-
invasive evaluation of CMRO2 and to test the reliability of this method. While Xu et al. (21)
have shown a proof-of-principle of this design, the proposed protocol incorporated the more
recent advances in the TRUST technique which allowed us to reduce the scan duration by
63% while maintaining measurement accuracy (38). The phase-contrast measurement has
also been adjusted to better reflect global CBF. We studied seven healthy subjects and each
subject was examined for five times on different days. Within each session, the scans were
repeated once. These data allowed us to evaluate the intra-session and inter-session
reproducibility as well as inter-subject variations of CBF, Yv, OEF and CMRO2
measurements.

Materials and Methods
Framework of the CMRO2 measurement

The theoretical basis of our CMRO2 measurement is the Fick Principle of arteriovenous
oxygen difference, a principle used by Kety and Schmidt in their original CMRO2
measurement (17). Brain oxygen metabolic rate is given by:

[1]

where CBF is the whole-brain blood flow in ml/100 g/min, Ya and Yv are oxygen saturation
fraction in arterial and venous blood in %, respectively; and Ca is the amount of oxygen
molecules that a unit volume of blood can carry and is well established in physiology
literature (897 μmol O2/100 ml blood for hematocrit level of 0.44) (39). Some researchers
further define a term called oxygen extraction fraction (OEF), given by OEF = (Ya-Yv)/Ya ×
100%.
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Yv is determined using a recently developed and validated TRUST MRI technique (34,40).
Briefly, TRUST MRI utilizes the spin-tagging principle on the venous side to separate out
the pure venous blood signal by subtracting the labeled image from the control image. The
label and control scans are performed with various numbers of flow-insensitive T2-
preparation pulses to modulate the signal with different T2 weightings. The
monoexponential fitting of the blood signal to the T2-preparation duration (termed effective
TE [eTE]) then gives the T2 value of the venous blood. Since blood T2 has a well-known
relationship with the oxygenation level of the blood, the estimated venous T2 can be
converted to Yv via a calibration plot obtained by a set of in vitro experiments (40).

Global CBF is measured by a phase-contrast (PC) quantitative flow technique (33) applied
at the feeding arteries at the base of the brain. Phase-contrast MRI utilizes the phase of an
image to encode the velocity of moving spins and has been validated for angiogram and
quantitative flow measurements (41–43).

Ya is relatively homogenous across individuals. One can use literature values (e.g. 98%) or
can measure this parameter non-invasively on the finger tip with pulse oximetry.

Proposed protocol for CMRO2 measurement
In this section, we provide detailed steps to obtain a complete CMRO2 dataset, so that
readers can feasibly reproduce these procedures (Fig. 1).

The measurement started with an axial 3D time-of-flight (TOF) angiogram for which the top
of the slab is at the level of the bottom of pons (Fig. 2a). This allowed the operator to
visualize the feeding arteries of the brain which is necessary for PC MRI slice positioning
(Fig. 2b). The imaging parameters of the TOF angiogram were: TR/TE/flip angle = 20 ms/
3.45 ms/18°, FOV = 160 × 160 × 70.5 mm3, voxel size = 1.0 × 1.0 × 1.5 mm3, number of
slices = 47, one 60 mm saturation slab positioned above the imaging slab, scan duration =
1.4 min.

After TOF angiogram, a TRUST scan was performed. The imaging slice was positioned to
be parallel to anterior-commissure posterior-commissure line with a distance of 20 mm from
the sinus congruence where the superior sagittal sinus (SSS), straight sinus and transverse
sinus join (Fig. 2d). This empirical criterion allowed the imaging slice to intersect SSS at an
angle close to 90°. A post-sat TRUST sequence (38) was used with the following
parameters: TR = 3000 ms, TI = 1200 ms, voxel size = 3.44 × 3.44 × 5 mm3, four different
T2-weightings with eTEs of 0 ms, 40 ms, 80 ms and 160 ms, with a τCPMG = 10 ms, scan
duration = 1.2 min. The labeling slab was 100 mm in thickness and was positioned 22.5 mm
above the imaging slice. This allows sufficient labeling of venous blood in upstream vessels.

While the TRUST scan was being performed, the operator planned the PC MRI scans.
Based on the maximum intensity projection (MIP) images from the TOF angiogram, four
PC MRI scans were planned corresponding to the four feeding arteries of the brain, left
internal carotid artery (left ICA), right internal carotid artery (right ICA), left vertebral artery
(left VA) and right vertebral artery (right VA), respectively (Fig. 2b). Ideally, the PC MRI
slices should be placed at the level of foramen magnum where the arteries enter the skull
(green dashed line in Fig. 2b). This was feasible for ICAs which do not make obvious turns
in this region. For VAs, however, this was found to be difficult in practice due to complexity
in vascular trajectory at this level. Therefore, the positions for VA PC MRI were chosen to
be the mid point of an immediately lower segment (parentheses in Fig. 2b) of the arteries,
which are slightly below foramen magnum. More discussions on the positioning of PC MRI
and comparison to the previous study (21) are given in Discussion section. For all PC MRI
scans, the center of the FOV was placed to overlap with the center of the targeted artery.
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This procedure allowed an easy identification of the proper artery during post-processing,
which is useful in practice as there are a considerable number of blood vessels in the neck
region. Imaging parameters of PC MRI are: single slice, voxel size = 0.45 × 0.45 × 5 mm3,
FOV = 230 × 230 × 5 mm3, maximum velocity encoding = 80 cm/s, 4 averages, scan
duration of one PC MRI scan is 0.5 min.

The total duration to obtain a CMRO2 dataset is approximately 5 minutes.

Reproducibility study
Seven healthy subjects (3 males, 4 females, age 26.4 ± 4.0 years) participated in the study.
All MRI experiments were performed on a 3T MRI scanner (Achieva, Philips Medical
Systems, The Netherlands) using a body coil for RF transmission and an eight-channel
sensitivity encoding head coil for receiving. Foam padding was used to stabilize the head
and minimize motion. The protocol was approved by University of Texas Southwestern
Medical Center's Institutional Review Board and informed written consent was obtained
from each participant.

Each subject was scanned on 5 separate sessions within a 13 day period, with a minimum
gap of 1 day. During each session, the above-described CMRO2 procedure was performed
twice with a 12 min gap but without repositioning of the subject. In addition, a T1-weighted
magnetization-prepared rapid gradient-echo (MPRAGE) image (voxel size = 1 × 1 × 1 mm3)
was acquired in the first session of each subject to provide an estimation of the brain
volume, so that variances in brain sizes can be accounted for when comparing CMRO2
across subjects. Note that an anatomic scan is acquired in virtually all studies, thus this scan
time was not included when calculating the time needed to obtain a CMRO2 dataset. The
arterial oxygen saturation fraction (Ya, in %) was also measured once only (with a pulse
oximetry device made by Invivo, Gainesville, FL) because Ya is known to be relatively
stable and its influence on CMRO2 is expected to be small compared to the other
experimental measures (4).

Data analysis
Data processing of TRUST and PC MRI followed methods used previously (21,34,40).
Briefly, for TRUST MRI data, after motion correction and pair-wise subtraction between
control and tag images, a preliminary region-of-interest (ROI) was manually drawn to
include the superior sagittal sinus. To further define the venous voxels, four voxels with the
highest signals in the difference images in the ROI were chosen as the final mask for spatial
averaging. The venous blood signals were then fitted to a monoexponential function to
obtain T2. The T2 was in turn converted to Yv via a calibration plot obtained by in vitro
bovine blood experiments under controlled oxygenation, temperature, and Hct conditions
(40). For PC MRI data, a ROI was manually drawn on the targeted artery of each PC MRI
scans based on the magnitude image. The operator was instructed to trace the boundary of
the targeted artery without including adjacent vessels. The phase signals, i.e. velocity values,
within the mask were summed to yield the blood flow of each artery. To account for brain
size differences, the unit volume CBF (in ml/100 g/min) was obtained by normalizing the
total CBF (in ml/min) of all four arteries to the intracranial mass (in gram), which was
estimated from the high resolution T1-MPRAGE image using the software FSL (FMRIB
Software Library, Oxford University). OEF was calculated from Ya and Yv.

Several reproducibility indices were calculated for each of the physiologic parameters
evaluated. Intra-session Coefficient of Variation (CoV) was calculated as:
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(2)

where Mij1 and Mij2 represent measurement #1 and #2, respectively of Subject #i (i = 1, 2,
…, I) in Session #j (j = 1, 2, …, J). Inter-session CoV was calculated as:

(3)

where SD stands for standard deviation.

Inter-subject CoV was calculated as:

(4)

Compared to intra-session CoV, the value of inter-session is expected to contain additional
variance due to subject repositioning and day-to-day differences in physiologic states. These

contributions can be calculated as . Similarly, compared to
inter-session CoV, inter-subject CoV contains additional inter-subject physiologic

differences. These contributions can be calculated as .

Additionally, since CBF quantification involves manual ROI selection, inter-rater reliability
of CBF measurement was evaluated by having two raters (PL and FX) analyze the same
datasets independently and calculating the correlation of the CBF values.

Relationships between physiologic parameters were evaluated with Pearson correlation and
mixed effect model. In all analyses, a p < 0.05 is considered statistically significant.

Results
All subjects successfully completed all sessions. Representative PC and TRUST MR images
are shown in Fig. 2c and e, respectively. Table 1 summarizes the average values and the
intra-session, inter-session, and inter-subject CoV for Yv, OEF, CBF, and CMRO2. It can be
seen that the intra-session CoV, which reflects the measurement noise, is less than 4% for all
parameters, suggesting high reliability of the techniques used. Figs. 3a and 3b show a Bland-
Altman plot and a scatter plot, respectively, between two CMRO2 measurements in the same
session, again demonstrating a strong consistency across measurements (r = 0.67, p< 0.001).

Inter-session CoV was higher than intra-session CoV (Table 1), as addition sources of
variance are included. The subject repositioning and day-to-day physiologic fluctuations, as
calculated by the root square difference between inter- and intra-session CoV, were
estimated to be 5.35% for CMRO2 measurements.

Inter-subject CoV was 8.8% (Table 1). It is interesting to note that inter-subject variations in
CBF and OEF were much greater (p<0.001) than that of their product, CMRO2. This is
because CBF and OEF co-vary across individuals, as can be seen in their scatter plot (Fig. 4,
p = 0.01). That is, an individual with a higher CBF tends to have a lower OEF, thus their
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effects partly cancel out in the CMRO2. In fact, the same statement can be made for
measurements across sessions (see dots with the same colors in Fig. 4, mixed effect model p
= 0.002). That is, if a subject shows a higher CBF in a session, his OEF in this session will
tend to be lower.

For CBF processing which involves manual ROI drawing, we observed a high inter-rater
reliability of r = 0.997 and p < 0.0001 (fitting line y = 1.002×).

Discussion
The CMRO2 method under investigation, originally proposed by Xu et al (21), has great
potentials in understanding brain physiology and brain diseases (4–5,35–37). Compared to
the few existing CMRO2 methods including 15O PET (12–15), 13C NMR (19), and 17O
NMR (16), this method has the advantages of being non-invasive (no exogenous agent
needed), rapid (<5 min in scan time), and can be implemented on a standard clinical scanner.
Critical but missing steps are the establishment of a standard acquisition procedure and a
thorough investigation of test-retest reproducibility. The present study intends to fill these
gaps. Here we provide step-by-step instructions on the orders of the necessary scans with
details on slice positioning. The performance of this procedure was tested extensively from
the data in the present study as well as other ongoing studies in our laboratory. While all
previous test-retest studies on CMRO2 have only attempted two sessions (12–13,16,27), we
conducted a five-session reproducibility evaluation and showed that global CMRO2
measured with this method has an intra-session, inter-session, and inter-subject CoV of 4%,
7%, and 9%, respectively. These data provide an important reference for future studies when
deciding whether this method can be applied or when conducting power calculations.

The intra-session CoV of the present technique (Table 1) was slightly lower than those
reported for 15O PET, which was found to be 5.7 ± 4.4%, 8.4 ± 7.6%, and 5.3 ± 3.9% for
OEF, CBF and CMRO2, respectively (13). For inter-session CoV, the values obtained in this
study was comparable to the PET reports, which were 9.3%, 8.8%, and 5.3% for OEF, CBF,
and CMRO2, respectively (12). The inter-subject CoV in the present study is also in good
agreement with that in the PET studies, which ranged from 7.1–12.8% (12–13). Compared
to CBF measurements with Arterial-Spin-Labeling (ASL) techniques, which showed an
intra-session CoV of 3.5–7.5% and an inter-session CoV of 8.5–16.6% (44), the PC MRI
technique used in the present study showed a smaller variation, presumably because ASL
MRI contains a few confounding factors associated with labeling efficiency, arterial transit
time, and T1 relaxation (45–46). It should be mentioned that several other non-invasive
CMRO2 methods have been proposed recently. These methods were based on susceptibility
effect in extravascular tissue (20,29), phase angle in intravascular blood signal (30), and T2
value of regional blood signal (47). A full assessment of test-retest reproducibility of these
methods has not been reported and should be investigated in future studies.

Compared to the procedure used in the original report of this technique (21), the proposed
protocol have made the following changes/improvements. For the estimation of Yv, Xu et al.
have recently proposed a modified TRUST sequence in which a non-selective saturation RF
pulse was applied immediately after image acquisition to reset the magnetizations of all
spins (38). When combined with an optimal TR and TE, this sequence was found to reduce
the scan duration by 63% while maintaining estimating accuracy and precision (38). This
improvement in TRUST technique has been adopted in the present study. For PC MRI, the
previous report applied the imaging slice at the level of cervical spinal cord 3 (C3), where all
four arteries (left/right ICA, left/right VA) were parallel to each other. While this position
allows the arteries to be “capture” in one PC scan, it has three pitfalls. First, any arterial
branching (or even merging) between this location and the foramen magnum, where the
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arteries enter the skull, could result in bias in CBF estimation. Second, the level of C3 is
more distant from the iso-center of the magnet, thus the actual gradient strength experienced
by the blood spins may be lower than nominal values, resulting in under-estimation in flow
velocity. Finally, in some individuals, the common carotid artery has not branched at this
level, thus the estimated flow may include both internal and external carotids. Therefore, in
the present study, we acquired PC MRI at a higher location immediately adjacent to foramen
magnum using four separate scans. The additional time needed for extra PC scans was offset
by the time saved from the TRUST scan. Thus the total time was still within 5 minutes.

We observed that CBF and OEF co-varied across sessions and across subjects, and as a
result the variations in CMRO2, the product of CBF and OEF, were actually smaller than
those of the individual factors. That is, although vascular parameters (blood flow and blood
oxygenation) show large inter-subject variations due to numerous physiologic reasons (e.g.
breathing pattern, blood pressure, consumption of caffeine), the brain's metabolic rate does
not show much variability across days or across individuals of similar age, making this
parameter an excellent biomarker for studies of diseased conditions.

Compared to the calibrated fMRI technique, the CMRO2 method used in the present study
does not require the use of inhalation tasks such as hypercapnia or hyperoxia (24–26,28) and
the measurement duration is relatively short. In fact, the proposed method may be applied to
physiologic challenges to test certain assumptions made in the calibrated fMRI method (e.g.
hypercapnia and hyperoxia do not alter CMRO2) (35–36). On the other hand, the advantage
of calibrated fMRI is that this technique provides a potential to map CMRO2 on a region-by-
region basis (28).

The main limitation of the present CMRO2 technique is its lack of spatial resolution. The
evaluations of Yv, CBF and CMRO2 were all based on global measures. Since this technique
cannot provide regional CMRO2 information, this technique will have limited utility in brain
diseases with focal or inhomogeneous metabolic changes, such as acute stroke and brain
tumor, unless the lesion regions cover the majority of the brain. However, global CMRO2
may find applications in certain clinical scenarios, especially given that the technique can be
completed within 5 minutes with a small CoV of 4% using completely non-invasive
procedures on a standard 3T system. We have previously demonstrated the utility of this
technique in cognitive aging (4), multiple sclerosis (5), and CO2 modulation of brain
metabolism (35). This technique can also be applied to other pathological conditions. In
particular, the present technique may be of great benefit in studies of brain development in
children including neonates, in whom the use of radioactively labeled tracers may not be
justifiable.

A physiologic confound of the present technique is hematocrit. The hematocrit level may
affect the estimated CMRO2 value by two means. One is that the relationship between blood
T2 and oxygenation is dependent on hematocrit and thus, for the same measured T2, the
actual oxygenation could be slightly different for different hematocrit. A second effect is
that the value of Ca in Eq. [1] is expected to be proportional to hematocrit because the
oxygen carrying capacity will be greater if there is more hemoglobin in the blood.
Fortunately, these two confounding effects of hematocrit have opposite consequences on
CMRO2, thus they partially cancel out. Our earlier simulation study showed that, within
normal hematocrit range of 0.38 to 0.50, the bias in the estimated CMRO2 was −5.6% to
7.1% of the true value (21). However, for conditions where hematocrit may be substantially
out of normal range (e.g. anemia), a blood sample should be obtained and a hematocrit-
specific blood calibration curve (40) and Ca should be used in the calculation of CMRO2.
Similarly, in conditions where red blood cell or hemoglobin is different (e.g. sickle cell
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disease (48), fetal hemoglobin in neonate applications (49), new blood calibration curves
should be obtained for accurate estimation of CMRO2.

Conclusion
Intra-session and inter-session variability of the proposed CMRO2 procedure is comparable
or slightly smaller than that using 15O PET. Inter-subject variations in CMRO2 were found
to be smaller than that of the vascular parameters, CBF and OEF. Its simplicity and
reliability features may afford this technique great potential for immediate clinical
applications.
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Fig. 1.
Proposed MRI procedure for a complete CMRO2 dataset.
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Fig. 2.
Illustration of the positions of the MRI scans and representative images. (a) Slice position of
the 3D angiogram scan that is needed to visualize the feeding arteries. (b) Typical results of
the angiogram scan with slice positions of the PC MRI scans. The four PC MRI scans (red
bars) are positioned perpendicular to the respective feeding arteries based on the MIP image
of the angiogram. The green dash line indicates the level of foramen magnum where the
arteries enter the skull. The corresponding phase images from the PC MRI scans are shown
in (c). The targeted arteries are pointed out by the red arrows. (d) Imaging slice (yellow) and
labeling slab (green) of the TRUST MRI scan. The imaging slice was positioned to be
parallel to anterior-commissure posterior-commissure line with a distance of 20 mm from
the sinus congruence. (e) Typical data of TRUST MRI. The subtraction of the control and
labeled images yields blood signal, which is then subject to increasing T2 weightings.
Monoexponential fitting of the signal as a function of eTE results in T2 estimation.
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Fig. 3.
Intra-session reproducibility of the CMRO2 measurements. (a) Bland–Altman plot
comparing two CMRO2 measurements obtained within one session. The solid line indicates
the mean difference between two measurements. The dashed lines indicate the 95%
confidence interval. (b) Scatter plot of the two CMRO2 measurements. Each dot represents
data from one session of one subject. The solid line indicates the linear regression curve (r =
0.67, p < 0.0001).
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Fig. 4.
Scatter plot of CBF and OEF measurements across subjects and across sessions. Each dot
represents data from one session of one subject. Different sessions from one subject are
shown in the same color. CBF and OEF are correlated across sessions (p = 0.002 from
Mixed Effect Model analysis) and across subjects (p = 0.01 from Pearson correlation).
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Table 1

Summary of the intra-session, inter-session, and inter-subject CoV (Mean ± SD, N=7).

Yv OEF CBF CMRO2

Mean ± SD 61.73 ± 4.62 (%) 37.50 ± 4.83 (%) 60.57 ± 9.70 (ml/100g/min) 182.25 ± 11.97 (μmol/100g/min)

Intra-session variability:

CoV (%) 1.88 ± 0.57 3.19 ± 1.20 2.77 ± 0.82 3.84 ± 1.44

Inter-session variability:

CoV (%) 5.06 ± 3.12 8.16 ± 4.46 7.41 ± 2.99 6.59 ± 1.56

Inter-subject variability:

CoV (%) 9.15 15.61 17.40 8.80
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