


(ATPase) enzyme activities (i.e., the oxidative phosphorylation process), provides the
chemical energy for virtually all energy-dependent cellular processes. In the brain, a
majority of energy generated from ATP hydrolysis is utilized in the cytosol for supporting
ongoing neuronal activity at resting state and elevated neuronal activity during a working
state (Attwell and Laughlin, 2001; Erecinska and Silver, 1989; Raichle and Mintun, 2006;
Shulman et al., 2004). Therefore, determining the rate of ATP hydrolysis is critical for
understanding the bioenergetics of human brain at both normal and abnormal (i.e., diseased)
conditions.

The energy demand in the human brain is not uniform and it is expected to be higher in the
cortical grey matter (GM) than that of white matter (WM) based on the fundamental premise
that GM tissue, characterized with high populations of synapses and mitochondria and
intensive neuronal activity, needs more energy compared to the WM even though WM is
intricately involved in signal transduction. Direct experimental verification of this premise,
however, is limited by the availability of quantitative neuroimaging approaches capable of
directly and noninvasively assessing the ATP metabolism and its rate with adequate spatial
resolution for differentiating GM and WM in the human brain.

So far, most studies aiming for understanding the human brain energetics were commonly
based on indirect neuroimaging measurements of cerebral metabolic rate of glucose
(CMRglc) or oxygen (CMRO2) consumption for estimating the ATP utilization rate in the
brains. These estimations rely on two hypothetical parameters: the molar ratio of oxygen
consumption to glucose uptake (i.e., the oxygen-glucose index OGI) and the cerebral ATP
synthesis to oxygen consumption ratio (P/O ratio). However, large uncertainties in
determining the actual values of the OGI and P/O ratios in the human brain could result in
substantial errors in estimating the cerebral metabolic rate of ATP. Theoretically, one
glucose molecule will react with six oxygen molecules through oxidative metabolism and
form 36 ATP molecules, leading to an OGI of 6 and P/O ratio of 3. Nevertheless, the OGI
value measured by PET in the healthy human brain at resting state was lower than 6 and also
not uniform across brain. For example, the OGI was reported to be ranging from 4.5 to 5.9 at
different human brain regions (Vaishnavi et al., 2010), and it was also reported to be 4.1 in
the human visual cortex at rest and dropped to 2.8 during visual stimulation (Fox et al.,
1988). Moreover, the P/O ratio has been reported to be ≤ 2.5 (Du et al., 2008; Hinkle, 2005;
Kingsley-Hickman et al., 1987; Zhu et al., 2002) apparently due to substantial proton
leaking in the mitochondria (Rolfe and Brown, 1997). Therefore, ability to directly measure
the cerebral metabolic rate of ATP production is essential for determining the true brain
energy status associated with brain function or dysfunction. One available approach that in
principle is capable of providing such information is the in vivo 31P magnetic resonance
(MR) spectroscopy (MRS) imaging.

In vivo 31P MRS is a powerful tool for non-invasive detection of the intracellular contents of
high-energy phosphate (HEP) compounds (e.g., ATP and phosphocreatine (PCr)) and
inorganic phosphate (Pi) in the brain (e.g., (Kemp, 2000; Zhu et al., 2009), and references
therein). The concentrations of HEP and Pi or their ratio can alter under pathological
conditions; yet in normal brain, ATP production and utilization appear to be tightly
regulated to maintain the HEP and Pi levels, in particular the ATP level, fairly constant
across a wide range of physiological states where the brain activity level and associated ATP
turnover rate can vary substantially (Du et al., 2008). Therefore, for assessing the cerebral
energy metabolism and its effect on the brain function in healthy human brain, the
measurement of HEP and Pi contents per se is not as informative as that of ATP metabolic
rates (Du et al., 2008). The latter can be obtained using the in vivo 31P MRS approach in
combine with the magnetization transfer (MT) preparation (Forsen, 1963), which allows
simultaneous measurement of two important unidirectional ATP production rates associated
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with the creatine kinase (CK) (i.e., PCr→ATP) and ATPase (i.e., Pi→ATP) reactions in the
brain, that are defined as cerebral metabolic rate of CK (CMRCK) and ATPase
(CMRATPase), respectively ((Du et al., 2007; Lei et al., 2003a) and references therein). Early
attempts of using in vivo 31P MRS-MT in the brain largely focused on measuring CMRCK
(Bottomley and Hardy, 1992; Shoubridge et al., 1982) given the relatively high intracellular
PCr content and better MRS signal in the brain. The CK reaction, however, plays only a
supportive role in facilitating ATP metabolism. A direct measure of net ATP production in
the brain cell should be obtained through CMRATPase. However, in vivo measurement of
CMRATPase faces a daunting challenge owing to a low intracellular Pi concentration (~
1mM) and limited Pi signal change induced by the MT and chemical exchange effects in the
brain, a major signal source for measuring the value of CMRATPase.

Recently, with the advancement in high-field MRI/MRS technology and relevant
methodology development, it has been shown that CMRATPase can be reliably measured in
the human occipital lobe using the in vivo 31P MRS-MT approach and a radio-frequency
(RF) surface coil at 7 Tesla (T) (Du et al., 2007; Lei et al., 2003a). Moreover, the
CMRATPase values obtained in both human and animal brains were found to reflect the
mitochondrial oxidative phosphorylation rates (Chaumeil et al., 2009; Du et al., 2007; Lei et
al., 2003a; Shoubridge et al., 1982), and are sensitive to the variation in the basal brain
activity in animal models cross a wide range of brain activity levels (Du et al., 2008). The
previous human studies, however, measured CMRATPase from a small portion of the human
brain located in the occipital lobe without spatial differentiation of GM and WM tissues (Du
et al., 2007; Lei et al., 2003a).

In the present study, we have extended the utility of in vivo 31P-MT approach by integrating
three-dimensional (3D) chemical shift imaging (CSI), newly developed 1H-31P dual-
frequency volume RF coil (Vaughan et al., 1994; Zhang et al., 2003) and a novel
quantification strategy (Xiong et al., 2011) to quantitatively determine regional CMRATPase
values of the human brain in vivo at 7T, ultimately, to: i) quantify and differentiate the
cerebral ATP production rates in the grey and white matters of the human brain; ii)
determine the energy expenditure differences between cortical GM and WM, and between
neuron and non-neuronal cells; and iii) estimate the number of ATP molecules utilized per
second by a single cortical neuron in a resting human brain.

Materials and Methods

Human Subject

Seven healthy volunteers (ages 20 to 34 years) from the University of Minnesota and local
communities were recruited for the study. The Institutional Review Board at the University
of Minnesota approved all procedures, and written informed consents were obtained from all
subjects.

MRI/MRS Scanner and RF Coil

All studies were performed on a 7T/90cm magnet (Magnex Scientific, Abingdon, U.K.)
interfaced with a Varian (Varian Inc., Palo Alto, CA, USA) INOVA console. A circular-
polarized 1H-31P double-tuned TEM volume RF coil was constructed (Vaughan et al., 1994;
Zhang et al., 2003). For the 31P and 1H measurements, the averaged RF power delivered
through the coils were monitored and controlled at well below the FDA specific absorption
rate (SAR) limit.
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1H MRI and Brain Tissue Segmentation

Anatomic images were obtained by T1-weighted multi-slice TurboFLASH sequence (Haase
et al., 1986) (inversion-recovery time: 1.2 s, repetition and echo times: TR/TE=8.8/3.9 ms;
matrix size: 128×128; slice thickness: 5 mm) with whole brain coverage, and they were
processed and segmented using the tools from the FMRIB (Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain) Software Library (www.fmrib.ox.ac.uk/fsl).
Non-brain (e.g., scalp) regions were first removed using an automated brain extraction tool
(BET) (Smith, 2002); and then three tissue types of grey matter, white matter and
cerebrospinal fluid (CSF) were segmented using an automatic segmentation tool (FAST),
which is based on a hidden Markov random field model and an associated Expectation-
Maximization (EM) algorithm (Zhang et al., 2001). The fractional tissue contribution of
grey-matter (fGM) and white-matter (fWM) to a particular 31P-CSI voxel was calculated
based on the corresponding segmented 1H MRI data and the coordinates/dimensions of a
selected 31P-CSI voxel.

3D 31P-MT CSI Measurement

3D 31P-MT CSI data were acquired using the Fourier Series Window (FSW) CSI technique
(Hendrich et al., 1994) in which the k-space sampling is weighted according to the Fourier
coefficients of a predetermined voxel shape, thus, the data was oversampled in central k-
space with partial truncation of higher k-space lines. Following acquisition parameters were
used: 5000 Hz spectral bandwidth; nominal excitation pulse flip angle of β=36° with a 500-
μs hard pulse; 20×20×22cm3 field of view (FOV); 15×15×13 phase encodes; 1269 k-space
lines; 3888 total scan number; 0.73 s TR; cylindrical voxel (circular shape on the transverse
orientation and 2.4 cm diameter) with 10.9 ml actual (or 2.3 ml nominal) voxel size; and
total acquisition time of 47.3 minutes per 3D CSI dataset. A frequency-selected saturation
pulse train, constructed with multiple hyperbolic Sech pulses (pulse duration of 50 ms;
bandwidth of 150 Hz) with varying amplitude according to the B1 insensitive selective train
to obliterate signal (BISTRO) scheme (de Graaf et al., 1996; Lei et al., 2003a) was
incorporated into 3D 31P FSW-CSI. The BISTRO pulse train was applied for frequency-
selective saturation of the γ-ATP resonance peak for measuring the chemical exchange and
MT effects on the magnetization (Ms) of PCr (or Pi); it was also applied at the mirror
frequency of γ-ATP with respect to PCr for measuring control magnetization (Mc) under
steady-state condition. During the data acquisition, subjects were instructed to relax and
remain head still.

The 31P-MT CSI data from selected voxels were analyzed in the time domain using the
JMRUI software package (Version 3.0, available at http://www.mrui.uab.es) and the
AMARES fitting algorithm (Vanhamme et al., 1997). The integrals of the ATP, PCr and
intracellular Pi NMR signals obtained at control (Mc) and during saturation (Ms) were
quantified for each CSI voxel. Tissue pH was also determined using the chemical shift
difference between the intracellular Pi and the PCr resonances.

Quantification of Phosphate Metabolite Concentration

The relative concentrations of ATP, PCr and Pi metabolites were determined from their
control magnetization Mc values after correcting for the saturation factor due to the short TR
used for the CSI acquisition at 7T (Lei et al., 2003b). Absolute concentrations of PCr and Pi
were then calculated using an average cerebral ATP concentration of 3 mM as an internal
reference for each subject. This assumption is based on the fact that the cerebral ATP
content under normal physiological condition is fairly constant as shown in the literature
(Du et al., 2007; Du et al., 2008; Lei et al., 2003a).
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Quantification of forward reaction rate constant with short TR acquisition

For the conventional 31P-MT measurement under fully relaxed condition, there is a simple
relation between the M0/Mss ratio and the forward reaction rate constant (kf) according to:

[1]

where M0 and Mss are the fully relaxed magnetization at control and saturation and steady-
state condition with adequately long saturation of γ-ATP, respectively; T1

int is the intrinsic
longitudinal relaxation time (T1) of PCr for the CK reaction or Pi for the ATPase reaction in
the absence of chemical exchange, and it can be treated as constant at a given magnetic field
and has been measured in the human brain at 7T (Du et al., 2007; Lei et al., 2003a). In the
present work, a short TR (TR < 1s) was used for the MT-CSI data acquisition in order to
collect all desired k-space lines in 3D within a reasonable sampling time. Under this
circumstance, Equation [1] does not hold anymore due to the confounding saturation
contributions from short TR and chemical exchange MT effect. To overcome this challenge,
a novel quantification method has been developed using a similar linear relation of

[2]

where Mc and Ms are the control and γ-ATP-saturated magnetizations acquired with a short
TR under steady-state condition; and T1

nom is a nominal T1 and depends on specific
experimental parameters and magnetic field strength (Xiong et al., 2011). The T1

nom values
for the CK or ATPase reactions were derived via numerical simulation using the modified
Bloch-McConnell equations incorporating three-site (i.e., PCr↔ATP↔Pi) chemical
exchange model and known PCr/ATP/Pi concentration ratios as well as TR, flip angle β and
the T int

1 values measured at 7T (Du et al., 2007; Lei et al., 2003a; Xiong et al., 2011).
Similar T int

1 values for GM and WM were assumed. The major merit of this simple and
robust T1

nom quantification method is that it is generic and suitable for various TR and β
values.

Quantification of CMRCK and CMRATPase

The cerebral metabolic rate of CK and ATPase reactions can be quantified as CMRCK =
kf,CK×[PCr] and CMRATPase = kf,ATPase×[Pi]; respectively. Once the absolute concentrations
of PCr and Pi, as well as the forward rate constants of kf,CK and kf,ATPase are measured, one
can readily determine the CMRCK and CMRATPase values from any selected voxel or
averages within a volume of interest (VOI) consisting of multiple selected voxels.

The RF volume coil was designed to cover the entire human brain with optimal sensitivity
and B1 homogeneity. The focus of this study was to differentiate the energy expenditure in
different brain tissues, therefore, the VOIs were selected only from the cortical GM and WM
regions with minimal B0 inhomogeneity.

The conventional metabolic rate unit of μmol/g/min was used for presenting the ATP
metabolic rates; brain tissue density of 1.1 g/ml was used for the purpose of unit conversion.

Statistical Analysis

All measurement results are presented as Mean±SD. Unpaired two-tail student's t test was
applied for statistical analysis of the experimental data and a p value of < 0.05 is considered
to be statistically significant.
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Results

Three-dimensional 31P-MT CSI of Human Brain at 7T

A 1H-31P dual-frequency volume RF coil with whole brain coverage was built and
employed for collecting 1H anatomic images and in vivo 31P MRS/CSI data from healthy
human subjects at 7T. Figure 1 demonstrates 1H/31P brain data obtained from a
representative subject. The global brain 31P spectra with only 4 signal averages were
acquired using the pulse-acquisition sequence in the absence (Fig. 1a, control spectrum) and
presence (Fig. 1b, saturated spectrum) of frequency-selective saturation on γ-ATP
resonance. Excellent spectral quality and sensitivity offered by the high magnetic field are
evident. Examples of control (Fig. 1d) and saturated (Fig. 1e) 31P-MT CSI spectra extracted
from the 3D dataset for a transverse plane are shown as two-dimensional (2D) plots together
with the corresponding 1H anatomic image (Fig. 1c). A multi-slice 1H-31P MR imaging
dataset covering the whole brain can be found in Supplementary Material (Figure S1).
These data demonstrate the full signal coverage of the 1H-31P head-volume RF coil and
indicate that the 3D 31P chemical shift images were spatially well matched with the
corresponding 1H anatomic images. Uniform B1 field for 31P RF excitation and signal
reception are also evident in Fig. 1 and Figure S1 showing uniform 31P signal distribution.
Complete saturation of the γ-ATP resonance across the entire brain was achieved with the
BISTRO saturation approach (de Graaf et al., 1996).

Figure 1 also displays the 31P-MT spectral quality of single CSI voxel data (Fig. 1f and 1g,
see Fig. 1c for the voxel location), where major resonance peaks of PCr, α-, γ-ATP, Pi and
other metabolites related to cell membrane metabolism are well resolved and easily
identified. In addition, in the selected GM-dominated voxel, it is obvious that the saturation
of γ-ATP resonance (Fig. 1g) resulted in significant magnetization reductions for both PCr
and Pi signals compared to the control spectrum (Fig. 1f) due to the chemical exchanges
between these moieties. These reductions determine the values of CMRATPase and CMRCK.

GM/WM-like VOI Selection and Brain Tissue Segmentation

Anatomical images were employed to select multiple 31P voxels that can be divided into two
categories: one located in a GM-dominated brain region and another in a WM-dominated
region. Specifically, eight voxels were selected from either GM- or WM-dominated brain
regions and grouped to form GM-like and WM-like VOI, respectively. The 31P-MT spectra
of those individual voxels within each VOI were then added together to form two
averaged 31P-MT spectra (one control and another saturated). Figure 2a shows an example
of typical paired 31P-MT spectra of the GM-like and WM-like VOIs from a representative
subject. Compared to the single voxel spectra shown in Figs. 1f and 1g, Fig. 2a clearly
demonstrates substantial improvements in spectral quality and the signal-to-noise ratio of
the 31P MRS signals of interest for quantification of brain phosphate contents and turnover
rates CMRATPase and CMRCK.

For each of the selected voxels, segmentation of the T1-weighted 1 H MR images was
performed to quantify the fractions of GM, WM and CSF compartments. Figure 2b shows
one example of the segmented multi-slice 1H MR images in which GM, WM and CSF were
displayed in the composite images. The black circles (in top row images) and grey circles (in
bottom row images) identified the selected GM- and WM-dominated voxels that formed the
GM-like and WM-like VOIs. The segmentation result of this representative subject
indicated that the GM-like VOI contained 59.2% GM, 26.4% WM and 14.4% CSF; while
the WM-like VOI contained 87.5% WM, 11.0% GM and 1.5% CSF. The values of fGM and
fWM obtained from different voxels and subjects were applied to estimate the CMRCK and
CMRATPase values in the pure grey and white matters based on linear regression.
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CMRCK and CMRATPase of Grey and White Matter

The 3D 31P-MT CSI approach was applied in this study to measure the magnetizations of
PCr and Pi at control (Mc) and γ-ATP saturation (Ms) conditions with a short repetition time
in order to complete the entire CSI data acquisition within a reasonable time. Under this
circumstance, the observed PCr and Pi signal reductions under steady-state condition rely
not only on the exchange rates (or fluxes) but also on the saturation effect caused by the
competition between the longitudinal relaxation time (T1) and the allowed recovery time
(i.e., TR), which leads to a complication on quantifying the apparent unidirectional rate
constants of CK (kf,CK) and ATPase (kf,ATPase) reactions in the ATP synthesis direction. In
this study, we applied the newly developed T1

nom quantification method (see Materials and
Methods and the reference of (Du et al., 2007; Lei et al., 2003a; Xiong et al., 2011) for
detail) for overcoming this challenge. The T1

nom values for CK or ATPase reactions were
determined based on modeling and simulation results in which study-specified repetition
time (TR=0.73s), RF excitation flip angle (β=36°) and the known intrinsic longitudinal
relaxation time (T1

int) values of PCr (4.9 s) and Pi (3.8 s) previously measured from the
human brain at 7T (Du et al., 2007; Lei et al., 2003a) were used. Figure 3 presents the
simulation results for both CK and ATPase reactions for the human brain application at 7T.
Regression of the simulated data (circle or diamond points in Fig. 3) reveals that a strong
linear correlation exists between the magnetization ratio (Mc/Ms) and the forward reaction
rate constant (kf) for both reactions with a correlation coefficient close to 1 (R2 > 0.999).
The slopes of the linear fitting were defined as T1

nom, which were 3.10 s and 2.45 s for the
forward CK and ATPase reaction, respectively. With experimentally measured
magnetization ratio (Mc/Ms) and the T1

nom constants, the forward reaction rate constants
kf,CK and kf,ATPase can be readily calculated for the selected GM-like and WM-like VOIs in
each subject according to Equation [2].

The cerebral metabolic rates of CMRCK and CMRATPase can be calculated from the rate
constants of kf,CK and kf,ATPase and the concentration of PCr and Pi, respectively. Table 1
summarizes the measurement results of VOI tissue fractions: fGM and fWM, [PCr] and [Pi],
kf,CK and kf,ATPase, and the cerebral metabolic rates of CMRCK and CMRATPase in the GM-
like and WM-like VOIs averaged from seven subjects. It shows that [PCr], kf,CK and
kf,ATPase, as well as CMRCK and CMRATPase are significantly higher in the GM-like VOIs
compared with those in the WM-like VOIs.

To correct the partial volume effect in the GM-like and WM-like VOIs, and to deduce the
cerebral energy metabolisms in the pure GM and WM, a linear regression was performed for
the CMRCK and CMRATPase values in the GM-like and WM-like VOIs against their GM
and WM fractions. As shown in Fig. 4, the linear regression resulted in 68.8±13.3 and
22.2±7.5 μmol/g/min for CMRCK,GM and CMRCK,WM, 9.5±3.4 and 3.0±2.3 μmol/g/min for
CMRATPase,GM and CMRATPase,WM, respectively, yielding a GM/WM ratio of 3.2 for the
ATPase reaction (i.e., CMRATPase) and 3.1 for the CK reaction (i.e., CMRCK) in the resting
healthy human brain.

In addition, we found that the GM-like VOIs displayed a slightly higher intracellular pH
(7.025±0.013) than that of the WM-like VOIs (6.993±0.007) (p<0.00001, n=7), which lead
to pH of 7.06 and 6.99 for the pure grey and white matter, respectively. In contrast,
comparison of ATP contents based on the averaged integrals of γ-ATP and α-ATP signals
between the GM-like and WM-like VOIs showed no significant difference (p>0.2, n=7).

Zhu et al. Page 7

Neuroimage. Author manuscript; available in PMC 2013 May 1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Discussion

Feasibility for Differentiating ATP Energy Metabolism in Human Brain

In this study, we investigated ATP metabolic rates in the human brain using in vivo 31P
MRS imaging and magnetization transfer approaches at the ultrahigh field of 7T, and a
volume RF head coil for both 31P and 1H data acquisition. When employ a volume RF coil,
the sensitivity for detecting 31P MRS signal maybe lower compared to a surface RF coil;
however, large coverage and uniform 31P RF pulse excitation across the entire brain
achievable with the volume coil eliminated complications for quantifying CMRATPase and
CMRCK. Whole brain coverage is essential for regional differentiation of ATP energy
metabolism associated with human brain function and/or diseases. Further improvements in
sensitivity for whole brain coverage should be feasible by using a multichannel receive
array.

With large brain coverage, an extended measurement time is inevitable for collecting the in
vivo 31P signals from the entire human brain, even when a much shorter repetition time is
applied. In our study, this limitation was partially ameliorated with the substantial 31P
sensitivity gain available at the high field of 7T compared to clinically available magnetic
fields up to 3T (Lei et al., 2003b; Qiao et al., 2006). After carefully selecting the optimal
acquisition parameters, we were able to complete all MRI/MRS measurements within a
reasonable time frame (~2 hrs) for the human study. Figure 1 reveals that adequate
sensitivity and spatial resolution was achievable for 3D whole-brain 31P-MT CSI
measurements at 7T, which in turn made it possible to differentiate and determine the
metabolic rates of CMRATPase and CMRCK in the cortical grey and white matters of the
human brain.

Novel Method for Quantifying ATP Metabolic Rates

When a much shorter repetition time (TR<1s) is used, as the present study,
conventional 31P-MT methods for quantifying reaction rate constants are no longer
applicable. To overcome this limitation, we have developed a new strategy. A numerical
simulation based on the Bloch-McConnell equations and field dependent T1

int parameters of
human brain at 7T predicted a linear relationship between the steady-state magnetization
ratio (Mc/Ms) obtained with a short TR 31P-MT CSI and the forward reaction rate constant
(kf). This linear relationship holds for a wide range of acquisition parameters (i.e., TR, flip
angle β etc.) though the slope (i.e., T1

nom) can vary. The acquisition parameters used in this
study were in this linear regime (Fig. 3), which ensured reliable and robust determination of
T1

nom and accurate quantification of rate constants kf,CK and kf,ATPase, and, ultimately,
metabolic rates of CMRATPase and CMRCK. This simple quantification method opens a door
for many in vivo 31P-MT applications.

To evaluate the validity and accuracy of this novel 31P-MT imaging approach, we compared
the ATP synthesis rates obtained in the present study with the CMRATPase values of healthy
human brain that were either previously determined directly using the conventional 31P-MT
method in the human visual cortex (Du et al., 2007; Lei et al., 2003a) or indirectly estimated
from the PET (Fox et al., 1988; Ito et al., 2004) and 13C MRS (Boumezbeur et al., 2010;
Gruetter et al., 2001; Shen et al., 1999) measurements. The comparison results are
summarized in Table 2. They show that the CMRATPase values vary in certain degree
depending on the imaging methods or brain regions that were obtained from; as well as the
values of the conversion factors used in the calculation (see more discussion in the following
section). However, the values of CMRATPase are generally consistent with relatively lower
global brain values than that of the visual cortex or occipital-parietal lobes. This observation
is in line with the findings of PET study showing both CMRO2 and CMRglc are significantly
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higher in the primary visual cortex than the rest of the human (Fox et al., 1988). Therefore,
the CMRATPase value obtained with the in vivo 31P-MT CSI approach reflects the rate of
cerebral oxidative phosphorylation of ADP, which determines the production rate of the
brain energy via ATP hydrolysis; and the CMRATPase could serve as the most reliable and
direct index of brain energy in vivo.

Distinct ATP Metabolic Rates between GM and WM in a Resting Human Brain

The strategy of combining MRS measurement with image segmentation to correct the
metabolite heterogeneities due to tissue composition has been established for a while (Doyle
et al., 1995; Hetherington et al., 2001) and it was applied in the present study. Through
measuring the ATP production rates in the brain regions dominated by grey or white matter
(i.e., GM-like or WM-like VOIs) and quantifying the grey/white matter compositions in
those VOIs via image segmentation, the CMRATPase and CMRCK values of pure GM or
WM matter in the resting human brain were determined via a linear regression (Doyle et al.,
1995; Hetherington et al., 2001). It was found that both CMRATPase and CMRCK are
approximately three times higher in GM (CMRATPase,GM = 9.5 μmol/g/min and CMRCK,GM
= 68.8 μmol/g/min) than that in WM (CMRATPase,WM = 3.0 μmol/g/min and CMRCK,WM =
22.2 μmol/g/min). In contrast, the cellular ATP contents are similar between the GM and
WM tissues despite the large difference in CMRATPase or CMRCK. This observation is
consistent with the view that a homeostasis of intracellular ATP concentration is essential
for normal brain function. In animal studies, ATP content was found to be constant over a
wide range of brain activity level from a state characterized by intensive spontaneous EEG
to an iso-electric state with completely silent EEG activity (Du et al., 2008). Similar
observations have been previously made in the heart as well, where under normal
circumstances ATP is maintained constant over a large workload and oxygen consumption
range (Balaban et al., 1986; From et al., 1990). Clearly, in these highly aerobic organs, an
extremely efficient and rapid regulation must exist between ATP supply and demand for
maintaining a constant ATP level.

ATP supply in the brain relies largely on the oxidative phosphorylation of ADP in
mitochondria while the ATP utilization occurs in cytosol, predominantly to satisfy the
neuronal energy demand. The rapid cycling between the ATP production and utilization
requires extremely high efficiency for transportation of ATP, ADP and Pi between the sub-
cellular compartments of mitochondria and the ATP consuming site in the cytosol. This
function is facilitated in part by the fast CK reaction which provides an efficient “shuttle”
between ATP producing and consuming sites (Wallimann et al., 1992). Consistent with this
view, we found that CMRCK is more than seven times higher than CMRATPase in both GM
and WM of the human brain. Therefore, highly regulated and coupled ATPase and CK
reactions are essential for maintaining a homeostasis of intracellular ATP concentration in
the brain.

Energy Expenditure, Neuronal Activity and Brain function

The central role of ATP metabolism in supporting energy for neuronal activity and signaling
is fully anticipated and recognized. However, going beyond this recognition to generating
models and conclusions that provide quantitative relationships between neuronal signaling
and energy expenditure (Attwell and Laughlin, 2001; Erecinska and Silver, 1989; Hyder et
al., 2006; Raichle and Mintun, 2006; Shulman et al., 2004) relies on estimations based on
indirect energy indices such as CMRglc or CMRO2 with a number of assumptions and
conversion factors (e.g., see (Attwell and Laughlin, 2001) and references therein).
Specifically, the CMRglc and CMRO2 can be imaged in the human brain using 18F and 15O
labeled radioactive tracers, respectively, with the PET imaging modality (Mintun et al.,
1984; Reivich et al., 1977) or be indirectly derived from the tricarboxylic acid (TCA) cycle
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rate (VTCA) determined using 13C labeled carbohydrate substrate with in vivo 13C MRS
measurements (Gruetter et al., 2001; Rothman et al., 2011; Shulman et al., 2001). As we
pointed out earlier, the conversion from CMRglc and/or CMRO2 to CMRATPase relies on the
assumption that the actual values of OGI and/or P/O ratios are known; and the conversion of
VTCA to CMRATPase assumes that the ratio between VTCA and CMRglc or CMRO2 is known
as well. However, one should be cautious since these key conversion factors (e.g. OGI and
P/O ratios) are hard to determine and their values could vary substantially among different
species, conditions (normal or diseased), states (resting or working), and even different brain
regions. For instance, the OGI value of temporal lobe was found to be >20% higher than that
of prefrontal lobe in the human brain (Vaishnavi et al., 2010). Thus, one should be cautious
in estimating CMRATPase using the conversion factors and CMRglc, CMRO2 or VTCA value.

On the other hand, the 31P-MT MRS or CSI approach could directly measure the rate of
ATP hydrolysis that represents the actual energy expenditure of the brain tissue. The results
of the present study could be used to quantitatively address the ATP energy questions in the
human brain. These measured CMRATPase values of the human cortical GM and WM reflect
the ATP production rates, which equal to the ATP utilization rates due to chemical
equilibrium between forward and reversed ATPase reactions (Du et al., 2007). By
incorporating knowledge of the cell densities of neurons (19.54 million/g-GM and 4.38
million/g-WM) and non-neuronal cells (27.44 million/g-GM and 67.57 million/g-WM) in
the human cortical GM and WM (Azevedo et al., 2009), the results of CMRATPase
determined in the cortical GM (CMRATPase,GM = 9.5 μmol/g/min) and WM
(CMRATPase,WM = 3.0 μmol/g/min) in the present study were used to derive the human
brain energy expenditure at the system level covering the entire cortical brain region and the
GM/WM tissue compartments and at the cellular level of single neuron (detailed calculation
can be found in Appendix). Since the CMRATPase results were experimentally measured
and selectively quantified for the cerebral cortex regions of the human brain, thus, the
energy calculation of present study focused only on the energy expenditures of the cortical
GM and WM that account for approximately 82% of total human brain mass (Azevedo et
al., 2009) with exclusion of cerebellum and sub-cortical region.

Human brain energy expenditures of cortical GM and WM—At the system level,
we found that on average, the resting human cortical GM utilizes 6.01 mmole of ATP
molecules per minute in comparison with 1.77 mmole of ATP per minute used by WM, and
the total of human cortical GM and WM consumes 7.78 mmole of ATP each minute.
Several important conclusions, therefore, can be drawn from these quantities in regards to
cerebral ATP energetics in various tissue compartments.

First, the cortical GM utilizes approximately 77% of total energy expenditure of the cortical
GM and WM tissues, though it only accounts 52% of total GM+WM tissue weight. This
portion of energy generated from ATP hydrolysis is essential for supporting ongoing
neuronal activities plus the “housekeeping” biological processes occurring in a resting
awake human brain. This energy expenditure can become even higher in animal brains
because of a much higher GM/WM volume ratio (e.g., ~3.5 for the cat brain and ~8 for the
rat brain compared to 1.5 for the human brain (Ge et al., 2002; Zhang and Sejnowski,
2000)). This notion is consistent with the higher metabolic rates of CMRO2 and CMRglc
commonly observed in awake animals (Siesjo, 1978).

Secondly, an enormous amount of ATP molecules (≈ 5.7 kg) is produced and utilized by the
human cortical GM and WM in a single day, which is equivalent to the complete oxidative
combustion of 56 g glucose per day (assuming an ATP/glucose ratio of 36); and this ATP
consumption amount is almost five times of the total weight of human cortical GM and WM
(≈1.2 kg). It is clear that the ATP turnover rate in a normal brain has to be extremely high;
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and the majority of the energy generated in the process is used by the cortical GM with a
large population of neuronal cell bodies, dendrites and synapses and high densities of
mitochondria and capillary. Such a high energy demand can be only satisfied by extremely
efficient ATP production through oxidative phosphorylation in the mitochondria and rapid
balance between ATP utilization and production.

Energy expenditures between neuron and non-neuronal cells—In general, the
brain cells can be divided into two major categories: neurons and non-neuronal cells that
mainly consist of glia cells including astrocytes. The cell densities are not uniform across the
human brain. The ratio of the non-neuronal to neuron cell numbers is 1.4 in the human GM,
and 15.4 in the human WM indicating a dominant cell population of non-neuronal cells in
WM (Azevedo et al., 2009). As an approximation by assuming that the same type of cell
(neuron or non-neuronal) utilizes a similar amount of ATP in different brain tissue (GM or
WM), we estimated that a non-neuronal cell utilizes approximately 3% of energy generated
from the ATP hydrolysis in a neuron cell in the human brain (see Appendix). Thus, neurons
indeed are highly energy-consuming cells. More evidence in this regard is from the
calculation results indicating that 96% of the total energy expenditure in the human cortical
GM is utilized by neurons. These results are consistent with the histological finding that
more than 90% of the total mitochondria in the primate visual cortex were found in the
neurons, and only 2% were located inside glia (Rolfe and Brown, 1997; Wong-Riley et al.,
1989). The majority of mitochondria inside the neurons locate in dendrites and synapses
(Rolfe and Brown, 1997; Wong-Riley et al., 1989), suggesting extensive energy expenditure
for interneuron signaling.

Interestingly, although only 6% of the cells in the human WM are neurons they still utilize
68% of the total energy attributed to the WM tissue. Nevertheless, the energy expenditure of
non-neuronal cells becomes significant in WM and it can reach 32% as compared to 4% in
cortical GM. For most neuroimaging measurements, the signals are likely contributed from
both GM and WM tissues (so called partial volume effect), thus, the relative energy
expenditure of non-neuronal cells is expected to be in a range from 4% as in the pure GM to
32% as in the pure WM tissue. As discussed in Appendix, the fractional energy expenditure
of non-neuronal cells can reach 10% in the brain region with equally mixed GM and WM
tissues, which is in line with the average result of fractional glial ATP synthesis contribution
of ~11% based on in vivo 13C MRS measurements in the healthy human brains (see the
reviewer article by Rothman et al. (Rothman et al., 2011) and cited references therein).

Energy expenditure of a single cortical neuron—The energy expenditure of a single
human cortical neuron was calculated to be 4.7 billion ATPs per second (i.e., 4.7×109 ATPs/
neuron/s) after correcting the glia cell energy contribution to the total energy expenditure.
This value is substaintially higher than that of 3.3×109 ATPs/neuron/s indirectly estimated
for the rat brain (Attwell and Laughlin, 2001). Though the human neuron cell structure is
similar with animal neurons, it has a relatively larger cell size with more synapses (Lennie,
2003), thus presumably, consuming more ATP molecules as observed in the present study.
This energy expenditure is essential to support a variety of electrophysiological activities
including resting potentials, spontaneous spiking (or action potential), neurotransmitter
cycling as well as “housekeeping” power required for biosynthesis, enzyme activities and
maintenance of tissue integrity (Attwell and Laughlin, 2001; Du et al., 2008; Hyder et al.,
2006; Lennie, 2003). The “housekeeping” energy requirement in an awake human brain is
unknown, it was speculated to be in the range of one quarter to one third of total energy
expenditure based on animal studies (Du et al., 2008; Hyder et al., 2006; Rolfe and Brown,
1997). If this ratio is applicable for the human brain, then approximately 67-75% of the total
neuronal energy expenditure (i.e., 3.1×109 to 3.5×109 ATPs/neuron/s) is used for
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neurotransmitter signaling and electrophysiological activities that are crucial for maintaining
ongoing neuronal activity and normal brain function under the resting state.

Energy expenditure in the resting and working states—From the perspective of
neuroenergetic and neurovascular couplings, the extremely high ATP demand in the human
cortex should correlate to higher oxygen and glucose metabolic rates and blood flow, in
particular, commonly observed in the human cortical GM regions (Attwell and Laughlin,
2001; Raichle and Mintun, 2006; Shulman et al., 2004). The high metabolic activities (e.g.,
CMRO2 and CMRglc) and blood flow and their dynamic changes provide the major signal
sources for most noninvasive neuroimaging modalities used for mapping ongoing neuronal
activity fluctuations, functional connectivity, and neural networks in a “resting” brain
(Biswal et al., 1995; Fox and Raichle, 2007), or obtaining functional activation maps of
task- and stimulus-evoked neuronal activity change in a “working” brain (Bandettini et al.,
1992; Kwong et al., 1992; Ogawa et al., 1992). Interestingly, one compelling phenomenon is
that the main signal changes mapped by most neuroimaging modalities under either resting
or working state are from the GM tissues. Our finding of a much higher rate of ATP
hydrolysis in resting human cortical GM than that of WM links to this phenomenon in the
perspective of neuroenergetics.

A direct comparison of the human brain energy expenditure between resting and working
brain states is still challenging due to the lack of direct measurements of energy expenditure
under both resting and working states. A few studies have provided indirect evidence
suggesting a relatively small increment of brain energy expenditure during brain activation.
For instance, an early PET study reported a few percents of CMRO2 increase in the human
visual cortex during visual stimulation (Fox et al., 1988). On the other hand, the majority of
brain energy generated from ATP hydrolysis is probably utilized in the resting brain already.
However, the definite answer to this question requires more research to quantify CMRATPase
in both resting and activated human brain, for instance, using the advanced in vivo 31P-MT
CSI approach as demonstrated in the present study.

Conclusion

In summary, we demonstrate that the process of ATP production or consumption in human
brain can be imaged non-invasively and partitioned into grey and white matter
compartments from different locations in the human brain. The results reveal that both
ATPase and creatine kinase activities are more than three folds higher in grey matter than
that of white matter in a “resting” human brain. This study made it possible, for the first
time, to directly measure and quantify the human brain energy expenditure from cellular
(neuron and non-neuronal cell) to system (WM, GM and global brain) level. We expect the
capability provided by the in vivo 31P-MT neuroimaging approach and high-field human
MRI/MRS technology as demonstrated herein could open a new frontier for quantitatively
studying neuroenergetics and its change associated with brain function and dysfunction.
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Appendix

Calculation of Human Brain Energy Expenditures

In the present study, the values of CMRATP,GM (= 9.5 μmol/g/min) and CMRATP,WM (= 3.0
μmol/g/min) were experimentally measured and quantified based on the selected brain
tissues regions that mainly located in the cortical grey matter (GM) and white matter (WM)
without inclusion of cerebellum and sub-cortical areas. Therefore, the following calculation
focuses only on the human brain energy expenditures of the cortical GM and WM that
constitute approximately 82% of total human brain mass (Azevedo et al., 2009). The brain
cells are mainly divided into two types: neurons and non-neuronal cells including glia and
astrocytes. Several important brain parameters taken from a recent publication (Azevedo et
al., 2009) and other known constants were applied to the calculation:

• Cortical GM weight per hemisphere (Wh,GM): 316.3 g

• Cortical WM weight per hemisphere (Wh,WM): 294.2 g

• Total neuron number in GM per hemisphere (Nn,GM): 6.18 billon

• Total non-neuronal cell number in GM per hemisphere (Nnn,GM): 8.68 billon

• Total neuron number in WM per hemisphere (Nn,WM): 1.29 billon

• Total non-neuronal cell number in WM per hemisphere (Nnn,WM): 19.88 billon

• ATP molecular weight (MWATP) = 507 g/mole

• One mole compound has 6.02×1023 molecules.

Using these parameters, we can calculate following parameters:

• Total GM weight of two hemispheres (Wt,GM=Wh,GM×2): 632.6 g

• Total WM weight of two hemispheres (Wt,WM=Wh,WM×2): 588.4 g

• Total cortical GM and WM tissue weight (Wt,GM+WM=Wt,GM+Wt,WM): 1221 g

• Neuron cell density in GM (Dn,GM=Nn,GM÷Wh,GM=6.18 billion/316.3 g×1000):
19.54 million/g-GM

• Neuron cell density in WM (Dn,WM=Nn,WM÷Wh,WM=1.29 billion/294.2 g×1000):
4.38 million/g-WM

• Non-neuronal cell density in GM (Dnn,GM=Nnn,GM÷Wh,GM=8.68 billion/316.3
g×1000): 27.44 million/g-GM

• Non-neuronal cell density in WM (Dnn,WM=Nnn,WM÷Wh,WM=19.88 billion/294.2
g×1000): 67.57 million/g-WM

Human brain energy expenditures of cortical GM and WM

We can estimate the following brain energy expenditures:

• Cortical GM energy expenditure per minute (EGM=Wt,GM×CMRATP,GM = 632.6
g×9.5 μmol/g/min=6010 μmol/min): 6.01 mmol/min

• Cortical WM energy expenditure per minute (EWM=Wt,WM×CMRATP,WM =588.4
g×3.0 μmol/g/min=1765 μmol/min): 1.77 mmol/min

• Total energy expenditure of cortical GM and WM per minute (EWM+WM=EGM+
EWM): 7.78 mmol/min.
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Therefore, a resting human brain will consume 5.7 kg ATP per day (=EWM+WM×24
hour×60 min/hour×MWATP×10-6), which is approximately five times of total GM and WM
tissue weight. The cortical GM utilizes 77% (=EGM÷EWM+WM) of total energy expenditure
used by the cortical GM and WM tissues, though it only accounts 52%
(=Wt,GM÷Wt,GM+WM) of total cortical GM+WM tissue weight.

Energy expenditures between neuron and non-neuronal cell

The same type of neuron or non-neuronal cells is assumed to approximately have a similar
energy expenditure no matter where they located (in GM or WM). The energy expenditure
ratio (R) between a single neuron and a single non-neuronal cell can be determined using the
following formula:

which resulted in the value of R = 0.03. This result suggests that a non-neuronal cell only
utilizes approximately 3% of that used by a neuron in the human brain. This value can be
used to determine the following energy expenditures:

• Fraction of energy expenditure utilized by neurons in GM (Fn,GM) that equals
to1.0×Dn,GM÷[1.0×Dn,GM+R× Dnn,GM], thus, Fn,GM=0.96 or 96%

• Fraction of ATP energy expenditure utilized by neurons in WM (Fn,WM) that
equals to1.0×Dn,WM÷[1.0×Dn,WM+R× Dnn,WM], thus, Fn,GM=0.68 or 68%

These numbers indicate that the neurons in GM dominate the energy expenditure. In WM,
neuron still utilize the majority of the energy generated from ATP hydrolysis, however, the
energy expenditure of non-neuronal cells becomes significant of up to 32%.

For most neuroimaging measurements, the signals are likely contributed from both GM and
WM tissues (so called partial volume effect), thus, the relative energy expenditure of non-
neuronal cells will be between 4% as in the pure GM and 32% as in the pure WM tissue.
One interesting demonstration of this point is to calculate the fractional energy expenditure
of non-neuronal cells in the brain region with equally mixed GM and WM tissues using
following formula:

Energy expenditure of a single cortical neuron

The measured CMRATP,GM value of 9.5 μmol/g/min can be converted to: 9.5 μmol ATP/g-
GM/min×10-6×6.02×1023/60s = 9.53×1016 ATP/g-GM/s and 96% of this energy
expenditure is to support the neurons in GM. Therefore, the energy expenditure of a single
neuron can be calculated by 0.96×9.53×1016 ATP/g-GM/s÷19.54×106 neuron/g-GM =
4.7×109 ATPs/neuron/s, i.e, a single cortical neuron utilizes 4.7 billion ATPs per second.

Abbreviations

ATP adenosine triphosphate

ADP adenosine diphosphate

PCr phosphocreatine
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Pi inorganic phosphate

HEP high-energy phosphate

ATPase F1F0-ATPase

CK creatine kinase

MRS magnetic resonance spectroscopy

MT magnetization transfer

CMRATPase forward ATPase reaction flux, also define as cerebral metabolic rate of
ATPase

CMRCK forward CK reaction flux, also define as cerebral metabolic rate of CK
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Highlights

• The ATP utilization rate is three times higher in GM than WM in the human
brain

• The majority of the cerebral ATP energy is utilized by neurons in the human
brain

• 4.7 billion ATP molecules are utilized by a single cortical neuron per second in
humans

• A resting-state human brain utilizes ~5.7 kg ATP/day, 5 times of the brain
weight.
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Figure 1.
Measurement of in vivo 31P-MT CSI of Human Brain at 7T. Global in vivo 31P MR spectra
(4 signal averages and TR = 7.1 s) acquired from a representative human brain in the (a)
absence (control) and (b) presence (saturation) of γ-ATP. The arrows indicate the saturation
site and the shaded areas are the chemical shift range for displaying the 31P-MT CSI spectra
used in (d) and (e). (c) A 1H anatomic image and the corresponding 2D 31P-MT CSI slice
taken from the 3D data set (TR=0.73 s; 47.3 min data acquisition) from the same subject at
control (d) and saturation (e) conditions, respectively. A typical 31P-MT CSI spectrum from
a grey-matter dominated voxel (cylindrical voxel shape with actual size of 10.9 ml and
nominal size of 2.3 ml) defined by the white circle in (c) at control (f) and saturation
condition (g). The solid arrows point to the signal reductions of PCr and Pi compared to the
control spectrum due to the chemical exchange and MT effects.
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Figure 2.
Three-dimensional Imaging of CMRATPase and CMRCK in GM- and WM-like VOIs.
(a) 31P-MT spectra of GM-like (left panel) and WM-like (right panel) VOIs from a
representative subject's brain. Each VOI contains eight individual voxels located in either
grey-matter or white-matter dominated brain regions; and each 31P spectrum is the sum of
eight spectra from the corresponding voxels of the 3D-CSI data. (b) Segmented 1H MR
images of the same subject's brain. Different tissue types, i.e. grey-matter (in light grey
color), white-matter (in white color) and CSF (in dark grey color) are identified and
displayed in the composition images. The selections of GM-like VOI (black circles in top
row) and WM-like VOI (grey circles in bottom row) are also illustrated.
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Figure 3.
Simulation Results in Determining T1

nom Values for ATPase and CK Reactions. Simulation
(open symbols) and linear regression (dash lines) of the magnetization ratio (Mc/Ms) vs.
forward rate constant (kf) for the CK reaction (a) and ATPase reaction (b) based on the
Bloch-McConnell equations and known values of TR (0.73s), flip angle (36°) and intrinsic
T1 of PCr (4.9s) and Pi (3.7s). The correlation coefficients for both cases are close to 1
(R2>0.999). The slopes (T1

nom) are 3.10s and 2.45s for PCr and Pi, respectively.
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Figure 4.
Quantification of CMRATPase and CMRCK in Human GM and WM. Linear regression to
determine the CMRCK and CMRATPase values in pure GM and WM tissues of the human
brain. The values are 68.8±13.3 and 22.2±7.5 μmol/g/min for CMRCK,GM and CMRCK,WM,
9.5±3.4 and 3.0±2.3 μmol/g/min for CMRATPase,GM and CMRATPase,WM, respectively.
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Table 2

Summary of CMRATPase results in healthy human brain directly measured by 31P-MT method and indirectly
estimated from PET or 13C MRS measurements.

Study Method Brain Region Measured Parameter CMRATPase (μmol/g/min)

Present Study 31P-MT CSI Global CMRATPase 6.4

Fox et al., 1988 15O PET Global
CMRO2

a 7.5

Ito et al., 2004 15O PET Global
CMRO2

a 6.8

Fox et al., 1988 18F PET Global
CMRglc

b 10.2

Lei et al., 2003 31P-MT MRS Visual CMRATPase 12.1 (8.3)
d

Du et al., 2007 31P-MT MRS Visual CMRATPase 8.8

Fox et al., 1988 15O PET Visual
CMRO2

a 8.5

Fox et al., 1988 18F PET Visual
CMRglc

b 11.5

Shen et al., 1999 13C MRS Occipital-Parietal
VTCA

c 10.6

Gruetter et al., 2001 13C MRS Occipital-Parietal
VTCA

c 8.6

Boumezbeur et al., 2010 13C MRS Occipital-Parietal
Vtca

c 8.9

a
P/O ratio of 2.5 is used to estimate CMRATPase values from CMRO2 (Hinkle PC, 2005).

b
OGI value of 5.5 and P/O ratio of 2.5 are used to estimate CMRATPase values from the CMRglc (Vaishnavi et al., 2010; Shulman et al., 2001).

c
CMRglc=0.5VTCA, OGI=5.5 and P/O=2.5 are used to estimate CMRATPase values from the VTCA (Rothman et al., 2011).

d
CMRATPase value in parentheses is calculated based on intracellular Pi concentration of 0.9 mM (Du et al., 2007).
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