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Abstract 67 

The availability of phosphocreatine (PCr) and the ratio to inorganic phosphate (Pi) in cerebral tissue has 68 

been hypothesized a substrate of wakefulness and the exhaustion thereof a substrate of fatigue. We used 31P-69 

magnetic resonance spectroscopy (31P-MRS) to investigate quantitative levels of PCr, the γ-signal of adenosine 70 

triphosphate (ATP) and Pi in 30 healthy humans (18 female) in the morning, in the afternoon, and while 71 

napping (n = 15) versus wake controls (n = 10).  72 

Levels of PCr (2.40 mM at 9 AM) decreased by 7.0 ± 0.8 % (p = 7.1 × 10-6, t = -5.5) in the left thalamus 73 

between 9 AM and 5 PM. Inversely, Pi (0.74 mM at 9 AM) increased by 17.1 ± 5 %, (p = .005, t = 3.1) and pH 74 

levels dropped by 0.14 ± 0.07  (p = .002; t = 3.6). Following a 20 min nap after 5 PM, local PCr, Pi and pH were 75 

restored at morning levels. We did not find respective significant changes in the contralateral thalamus or in 76 

other investigated brain regions. Left hemispheric PCr significantly undercut right only at 5 PM in the thalamus 77 

but at all conditions in the temporal region. 78 

Thus cerebral daytime- and sleep-related molecular changes are accessible in vivo. Prominent changes 79 

were identified in the thalamus. This region is highly loaded with a series of energy consuming tasks such as the 80 

relay of sensory information to the cortex. Furthermore, our data underline that lateralization of brain function 81 

is regionally dynamic and includes PCr. 82 

Significance statement 83 

The metabolites phosphocreatine (PCr) and inorganic phosphate (Pi) are assumed to inversely reflect the 84 

cellular energy load. This study detected a diurnal decrease of intracellular PCr and a nap associated re-increase 85 

in the left thalamus. Pi behaved inversely. This outcome corroborates the role of the thalamus as a region of 86 

high energy consumption in agreement with its function as a gateway, relaying and modulating the information 87 

flow. Conversely to the dynamic lateralization of thalamic PCr, a constantly significant lateralization was 88 

observed in other regions. Increasing fatigability in the course of the day may be also a matter of cerebral 89 

energy supply and the comparatively fast restoration thereof contribute a biological basis for the recreational 90 

value of “power napping”.  91 

 92 

93 
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Introduction 94 

Diurnal alterations of cerebral energy supply have been the focus of many recent studies. Modalities such 95 

as PET, MRI, EEG and behavioral tests provided a wide spectrum of parameters to characterize different state 96 

of wakefulness and sleep propensity. Diurnal exhaustion of cerebral energy and activational reserves has been 97 

discussed to contribute to fatigue in the evening (Porkka-Heiskanen et al., 2011). Dijk and coworkers (Dijk et al., 98 

1987) let volunteers nap at 10, 12, 14, 16, 18, or 20h, respectively, for 30 min and recorded already 90% of 99 

night sleep maximum slow wave activity at 16h and thereafter. Using fMRI (Marek et al., 2010), subjects 100 

performing a Stroop task were investigated at 6, 10, 14, 18 and 22h. They revealed maximal network activation 101 

at 6h and minimum at 18h. Glucose metabolism (CMRGlc) was studied using [18F]FDG-PET, perfusion using fMRI 102 

or [15O]H2O-PET and oxygen consumption (CMROx) using [15O]O2-PET. Two studies investigating subjects in the 103 

morning and in the afternoon revealed a global decrease of absolute CMRGlc by 6% and 4% (Buysse et al., 2004; 104 

Shannon et al., 2013). While the decrease was pronounced in cortical areas both detected constant CMRGlc in 105 

the thalamus. CMROx decreased globally by 5% and a constant oxygen-glucose index pointed to minimal 106 

admixture of anaerobic glycolysis (Shannon et al., 2013). 107 

Plante et al.(Plante et al., 2014) reported 31P-MRS in 8.8 mL voxels of eight subjects showing a significant 108 

increase of PCr but not of ATP after recovery sleep (RS) following sleep deprivation (SD) in gray but not in white 109 

matter. Baseline condition versus SD did not differ significantly. The metabolic ratio Pi/PCr was constant 110 

throughout conditions. The same group (Trksak et al., 2013) previously reported less than 3 % change in global 111 

PCr and ATP during baseline, SD and RS in 14 controls, including the 8 subjects of above. Changes of other 112 

metabolites after SD were detected by 1H-MRS (Urrila et al., 2006).  113 

Ex vivo measurements of ATP and PCr in brain extracts from rats before and after 3h of SD showed a 114 

decrease of PCr by 57% and of ATP by 40% in the frontal cortex (Dworak et al., 2017; Dworak et al., 2010). 115 

As neuronal firing is the major energy consumer in the brain, states with prevailing slow EEG activity may 116 

be associated with lower energy demand. In some neurons firing rates were even reduced to silence during 117 

delta sleep (Nir et al., 2011). In line were [18F]FDG-PET studies before and after 32h total sleep deprivation (SD). 118 

Considerable reductions of absolute cerebral glucose metabolism (CMRGlc) after SD were observed in thalamus 119 

(left -23%, right -18%), basal ganglia, and cerebellum; a moderate decline was detected in lateral frontal (-9%) 120 

and temporal cortices (-13%; (Wu et al., 2006; Wu et al., 1991). The thalamus as a pivotal hub of somatic and 121 

cortical afferences and efferences is particularly used during wakefulness whereas in sleep it is known as the 122 

generator of EEG spindles (Lüthi, 2014; McCormick, 2002). Therefore it was included as a candidate region. 123 

Concerning diurnal and nocturnal changes of brain lateralization (Casagrande, 2008) in a simple finger 124 

tapping motor paradigm observed a switch of left to right hemispheric dominance. Falling asleep and waking-125 

up were differently delayed in different brain regions in long-term EEG studies and occurred earlier in the left 126 

hemisphere , (Rial et al., 2013). Some authors addressed the correlation of lateralization of different tasks and 127 

brain regions by fMRI. Indeed, all were found correlated, except parietal activity related to spatial attention 128 

(Badzakova-Trajkov et al., 2010). 129 
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Given the rare data on the fate of high energy phosphates in the human brain during daytime we designed 130 

a study using 31P-MR-spectroscopy (MRS). In order to detect changes of PCr, Pi and γ-ATP signals we used a 131 

longitudinal study design including measurements in the morning, the afternoon and during a short nap. 132 

 133 

Materials and Methods 134 

Participants 135 

Thirty two healthy subjects (19 females, 13 males; mean age = 36 ±3 yrs.; range = 20-61 yrs.) recruited 136 

from scientific staff and by local advertisement were included. Medical histories were free of sleep, psychiatric, 137 

neurological, alcohol or drug disorders. One male was excluded due to movement artifacts and one female due 138 

to left-handedness. All 30 remaining subjects were right-handers, non-smokers and without any medication. 139 

Handedness was assessed using a 19 item adaption of the Edinburgh Handedness Inventory (Oldfield, 1971) 140 

and revealed  scores at 16.2 ±1.1 of a maximum of 19. Subjects slept at least 7 hrs in the night before the study. 141 

Most of the participants were members of the scientific staff. Between the morning and the afternoon session 142 

all subjects performed their usual work in a scientific research center, which was focused onto computer office 143 

work thus highly demanding left hemispheric capacities. During this time, all avoided the intake of caffeine. The 144 

study was in accordance with the Declaration of Helsinki and approved by the ethics committee of the Medical 145 

Faculty of the University of Düsseldorf.  146 

Measurement procedure 147 

A 3.0 Tesla Magnetom Scanner (TrioTim, Siemens, Erlangen, Germany) was equipped with a double tuned 148 
31P-1H head coil from Rapid Biomedical (Würzburg, Germany). MRS protocols of 20 min (MRS-20min) were 149 

identical throughout all subjects and conditions. Subjects were measured in two sessions, one starting at 9:04 150 

AM (± 26 min) and one at 4:52 PM (±19 min, Figure 1 A). The morning session included one MRS of 20 min 151 

awake (9 AM, n = 30, 18 female). The afternoon session included one MRS of 20 min awake (5 PM, n = 30, 18 152 

female) and two subsequent MRS of 20min, either while napping (nap 1, n = 15, 8 female and nap 2, n = 13, 7 153 

female) or awake (w1, w2, n =10 controls, 7 female). During the scans in the wake state subjects were 154 

requested to stay awake keeping their eyes open. All subjects were equipped with a pulse oximeter, 155 

permanently monitored and occasionally appealed to keep their eyes open. After completion of the afternoon 156 

wake scan, the nap sub-cohort was allowed to close their eyes and to fall asleep. Napping state was defined by 157 

rest of voluntary movements, clear slowing of breathing and a drop of the heart rate by at least 5/min and 158 

reached after an average delay of 7 ±3 min after the end of the wake scan. The average individual drop in heart 159 

rate to sleep stages 1 and 2 was reported at 4.1/min and 6.64/min(Burgess et al., 1999) and at 2.5/min and 160 

5.8/min (Burgess et al., 1999; Zemaityte et al., 1986), respectively. None of the subjects spontaneously waked 161 

up during or between the nap 1 and nap 2 scans and all required vigorous wakening calls after the end of the 162 

procedure.   163 
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The thalamus region was positioned in the iso-centre of the scanner and in the center of the predefined 8 164 

× 8 voxel chemical shift imaging (CSI) grid (Figure1 C, D). Furthermore, the grid was centered mid-sagittally in 165 

the x-axis and tilted parallel to the ac-pc line in the sagittal (yz) plane and shifted with the lower edge crossing 166 

the colliculus inferior. An AAH Scout sequence was applied to reproduce accurate positioning. Anatomical 167 

reference images in the sagittal, coronal and transversal plains were acquired using T1-weighted 2D flash 168 

sequences before the 2D CSI 31P-MRS sequences. Manual shimming ensured FWHM ≤ 25 Hz prior to data 169 

acquisition. Finally, a 3D-MPRAGE sequence used an eight channel 1H-coil (3 T Head Matrix). All parameters 170 

were kept constant throughout all in vivo and phantom measurements.  171 

In order to test reproducibility, two subjects underwent the entire protocol twice on two different days. In 172 

order to exclude any left-right asymmetry of the instrumentation, one subject was scanned in prone and in 173 

supine position at either condition. 174 

Sequences 175 

The T1-weighted 2D flash sequence used the parameters field of view (FOV) = 20.2 cm × 20.2 cm, voxel size 176 

= 0.9 × 0.7 x 4 mm3, slices = 35, echo time (TE) = 2.46 ms, repetition time (TR) = 250 ms, averages = 1, 177 

acquisition time (TA) = 1.25 min, flip angle = 70 degrees, bandwidth (BW) = 330 Hz/Px and base 178 

resolution = 320.  179 

31P MRS used a 2D-CSI sequence with a 8 x 8 voxel isotropic matrix (voxel size = 25 x 25 x 25 mm³), field of 180 

view (FOV) = 20 cm × 20 cm, echo time (TE) = 2.3 ms, repetition time (TR) = 3000 ms, averages = 45, acquisition 181 

time (TA) = 20.15 min, tip angle = 90°, complex points = 1.024, bandwidth (BW) = 2 kHz.  182 

 The MPRAGE sequence used field of view (FOV) = 25.6 cm × 25.6 cm, echo time (TE) = 3.37 ms, repetition 183 

time (TR) = 1900 ms, averages = 1, acquisition time (TA) = 3.55 min, TI = 900ms, flip angle = 9°, bandwidth 184 

(BW) = 200 Hz/Px, in plane matrix size = 256 × 256, voxel size = 1 × 1 x 1 mm³ and PAT mode = GRAPPA. 185 

Segmentation  186 

3D-MPRAGE datasets (1 mm³) were segmented using SPM12 (statistical parametric mapping, The 187 

Welcome Trust Centre for Neuroimaging, fil.spm@ucl.ac.uk). A fixed set of cubic 8 × 8 (25 mm)³ volumes of 188 

interest identical to the CSI grid was created with Pmod 3.2.1 (Pmod, Zurich Switzerland) and the individual raw 189 

MPRAGE datasets were manually coregistered to the grid position at the 2D flash images. The same affine 190 

transformation was applied to the binary segment masks created by SPM and the respective fraction occupied 191 

by grey matter, white matter and CSF was read out. 192 

Quantification 193 

Phantoms were prepared that matched in vivo conditions in the brain tissue. Since each 31P compound has 194 

distinct physical MR properties such as relaxation counterparts given by the biological environment, in vivo T1 195 

of PCr, ATP and Pi had to be determined first to assure optimal matching of the matrix (i.e. other constituents 196 

apart from the analytes of interest). The applied CSI sequence differed from other sequences (ISIS or full 197 

saturated recovery) due to rest phasing and non-saturation effects. Therefore, literature values of the in vivo T1 198 
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time of 31P compounds could not be applied to the current settings. We performed saturation studies in 4 199 

subjects to determine the T1. The subjects were measured repeatedly in runs of ascending repetition times 200 

(TR = 550, 1000, 1700, 2500, 3000, 4000, 5000, 6500, 8000, 10000 and 12000ms) which were partitioned onto 201 

three sessions while maintaining all other CSI parameters. Curves of the form (Eq. 1) were fitted to the 202 

individual data points of signal integrals at the preselected TR. 203 

                                                                                                                             (Eq. 1) 204 

 205 

Up to now, most phantom compositions reported contained GdCl3 and agarose gel as T1 and T2 modifiers, 206 

matching in vivo 1H relaxation rates of brain tissue in 3 T instruments (Blenman et al., 2006). Some 31P MRS 207 

phantom studies answered basic questions on signal assignment, pH and Mg2+ related signal shift and fine 208 

structure at high spectral resolution (Lu et al., 2014a; Lu et al., 2014b). In order to calibrate signal integrals in 209 

the present settings phantoms of progressively more complex composition and shape were prepared (Table 1). 210 

First 2.5 mM pure PCr (as Na2PCr × 4 H2O) were dissolved in 1500 mL H2O, the pH adjusted to 7.4 with HCl and 211 

this measured, then 3.5 mM ATP (as Na2ATP) and 1.0 mM Pi (as NaH2PO4 × 2 H2O) were added and the pH 212 

adjusted with NaOH to 7.4. Subsequently solutions with defined concentrations of Gd (0.1-25 μM, as GdCl3), 213 

Mg (1-10 mM, as MgCl2 × 6 H2O), agarose (0.07-0.6%) and KCl (140 mM as KCl) were prepared. The resulting 214 

concentrations of Na ranged between 3 and 20 mM. If agarose was used, it was heated in 1 300 ml of pure 215 

water to dissolve and made up with an aliquot (200 ml) of cold solution containing the scheduled masses of 216 

other compounds. Heating of all components together was prohibited as 12 min in a conventional microwave 217 

oven at 800 W let PCr react to a product appearing as a second peak at 1 ppm accounting for up to 30% of total 218 

PCr related signal integral. 219 

The same T1 saturation studies were performed as in vivo with ascending TR and additional steps at 15 000 220 

and 20 000 ms. Once the optimal composition of modifiers was determined, phantoms of 1 500 ml volume 221 

containing different concentrations of PCr, ATP and Pi (1-6.4mM) were prepared and measured in order to 222 

calibrate in vivo results. Finally, an agarose gel preparation (0.4%) with close to in vivo concentrations of 2.5 223 

mM PCr, 3.5 mM ATP and 1.0 mM Pi was sealed into a thin plastic bag and placed into a human skull to match 224 

geometry, eventual disturbance of field homogeneity or signal by the solid encasement and positioning in the 225 

coil and MR-scanner. 226 

Data Processing 227 

All in vivo and phantom DICOM MRS data were analyzed with TARQUIN 4.3.10 (Wilson et al., 2011). All 228 

data underwent a Fourier transformation and zero and first order phase correction and were fitted as linear 229 

combinations of the simulated metabolic basis set including PCr, ATP, Pi, PE, GPC and GPE. While PCr, Pi, PE, 230 

GPC and GPE appear as singlet Lorentzian peak, signals from the α- and γ phosphor atoms in ATP were 231 

modeled as doublet and β-ATP as triplet accounting for the homonuclear j-coupling (16 Hz) with one or two 232 

neighbors, respectively.  233 
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Despite the fact that in vivo signals at the γ -ATP and α-ATP chemical shift position may not originate from 234 

ATP alone, but from super-positions with ADP, AMP and other nucleotides, γ -ATP and not ß-ATP was used due 235 

to better SNR here. By convention, PCr was set at 0 ppm as spectral reference. The k-space filter was switched 236 

on. The initial ß value, which determines the mixing ratio of Lorentzian and Gaussian (Voigt) lineshape, was 237 

chosen at 1000 Hz2 (Lu et al., 2013; Marshall et al., 1997; Novak et al., 2014) and both the maximum metabolite 238 

and the maximum broad shift were set at 3.0 ppm. In addition, all 31P spectra were 1H decoupled. In post 239 

processing a zero filling factor of 2 and a line broadening of 10 Hz were applied. Figure 1 B shows one individual 240 
31P spectrum of one voxel covering the left thalamus (row 5, column 5) at 9 AM. From the chemical shift of the 241 

Pi signal apparent pH values were calculated according to the derivative of the Henderson-Hasselbalch 242 

equation (Eq. 2)(Huang et al., 2016; Petroff et al., 1985) 243 

                                                                                                                                (Eq. 2) 244 

Statistics  245 

Since the study was longitudinal, the within-subject version of the two tailed T-test was applicable for 246 

comparison of means. The variable quality of spectra from voxel to voxel was taken into account by weighting 247 

every single data point by the reciprocal square of its absolute standard deviation (σi) put out by the TARQUIN 248 

software (weighting factor wi = 1/σi
2). If combinations of single values at conditions X and Y are considered, 249 

they have to be weighted according to the probability of the combination event with a weighting factor  250 

 whereby the variance of the combination is 251 

 , with Cov, covariance of x, y;  252 

n

i
iyix

n

i
iiyiix

ww

yywxxw
yxCov

1

1
)()(

),(  with   and  the individual signal level of PCr, Pi or γ-ATP 253 

respectively at the respective condition and yx,  weighted averages of individual values at the x- and y- 254 

condition.  255 

The weighted mean difference  of a parameter between two conditions, i.e. 5 PM versus 9 AM, 256 

(n = 30), nap 1 versus 5 PM (n = 15), nap 2 versus 5PM (n = 13), wake1 and wake2 versus 5 PM (n = 10) 257 

calculated throughout subjects for a given voxel as: 258 

                                                                                                                                (Eq. 3) 259 

The weighted standard deviation of differences was calculated as: 260 

                                                                                                      (Eq.4) 261 

The T value is then defined by: 262 
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                                                                                                                                                                (Eq. 5) 263 

The corresponding p value was calculated using the t, p conversion table integrated in Microsoft Excel as 264 

tvert(abs(t); n-2;2), with n-2 degrees of freedom and two sides (NIST, 1996). Significance thresholds were 265 

adjusted according to Benjamini-Hochberg(Benjamini et al., 1995; Holm, 1979) to control for multiple testing. 266 

As 16 regions were tested at 4 conditions, the α-thresholds were .05 × 1/64; .05 × 2/64; .05 × 3/64 and so on. 267 

The logarithmic pH-values were transformed to linear [H3O]+ concentrations before calculating means, 268 

standard deviations and differences and thereafter back-transformed to the pH scale. Standard deviations of 269 

individual data points were not available for pH. 270 

 271 

Results 272 

In vivo measurements 273 

We used 31P-MRS to investigate levels of PCr, ATP and Pi in 30 healthy humans at 9 AM and 5 PM awake 274 

and then either after a delay of 7 min to fall asleep during the first and second 20 min of an afternoon nap 275 

ending at 6 PM or as control during continued waking. Spectra were obtained from 16 voxels as listed in Tables 276 

2 and 3. The resulting peak integrals of PCr, ATP and Pi signals were compared between morning, afternoon, 277 

nap and control conditions. Changes of the three analytes levels and the metabolic ratio Pi/PCr between 278 

conditions averaged across all subjects are given in Table 2. 279 

In the left thalamus, PCr decreased significantly by 7.0 ±0.8% at 5 PM compared to 9 AM (p = 7.0·10-6, t = -280 

5.5, n = 30, Figure 2A). PCr recovered incompletely (> 80 %) by 5.4 ±1.7%, (p = 0.007, t = 3.2) after 20 min of 281 

nap. There was no additional effect with rather higher scatter after 40 min of nap. Pi showed an inverse 282 

pattern: an increase at the 5 PM condition versus 9 AM baseline by 17.1 ± 5 %, (p = .005, t = 3.1) was followed 283 

by a decrease of 15 ±6% (p = .02, t = -2.6) after a 20 min nap (Figure 2B). A course of apparent pH of 6.98 284 

(95%CI 6.83 – 7.08), 6.84 (CI 6.74 – 6.94), 6.96 (CI 6.86 – 7.04) and 6.95 (CI 6.89 – 7.01) was calculated for the 285 

morning, afternoon and first and second 20 min of nap conditions (Figure 2D). Controls showed no significant 286 

changes across the three consecutive scans between 5 PM and 6 PM. Here, data from the last scan were more 287 

scattered. Percent changes of PCr, Pi levels Pi/PCr and pH in the left thalamus are indicated in Figure 2. 288 

The PCr/ATP ratio was 1.6 averaged across all voxels, conditions and individuals. The γ-ATP signal, a 289 

cumulative measure of the nucleotide inventory, underwent no significant change. Importantly, the 290 

parameters PCr, Pi and Pi/PCr (levels indicated in Figure 3A) did not show any significant changes in the other 291 

investigated voxels. In particular, we did not find respective changes in the right thalamus.  292 

In the right occipital and posterior temporal and right insular region some changes with p < .05 were 293 

observed, which did not withstand Benjamini-Hochberg corrections (Table 2). Figure 3B illustrates the 294 

localization of voxels with significant changes of PCr, γ-ATP and Pi at 5 PM and after the nap.  295 
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 In the thalamus a significant left – right side difference became apparent only in the afternoon 296 

(-6.7 ±1.3%, p = 1.6·10-5, t = -6.8) but not in the morning (-1.9 ±1.4%, p = .3, t = -1.2, n = 30, shown in Figure 1E). 297 

Conversely, right temporal medullar and transveral hemispheric PCr significantly exceeded left at all conditions 298 

(Figure 4, Table 3) by averaged 7.4%. However, the latter findings outside the isocenter may be interpreted in 299 

view of spatial field inhomogeneities and different fractions of gm, wm and CSF included in the voxel 300 

homologues.   301 

The average between subject variabilities across all regions, conditions and subjects were characterized by 302 

coefficients of variation of 13.5% for PCr, 24.3% for the Pi signal, and 10.1% for the γ-ATP signal. Scatter plots of 303 

individual data points are given in Figure 5. 304 

Reproducibility and reliability 305 

Two subjects underwent the entire protocol of morning, afternoon and nap scans twice on two different 306 

days. The coefficient of variation for repeated measurements at equivalent conditions was 3.1% for the left 307 

thalamic region (2 replicates and 2 subjects). PCr level changes in the thalamus voxel between the morning and 308 

afternoon condition were -4.5% and -3.9% in subject 1 and -5.7% and -8.0% in subject 2, respectively. In order 309 

to exclude any left-right asymmetry of the instrumentation, subject 2 was scanned in prone and in supine 310 

position at either condition. Clearly, irrespective of whether the voxel’s position was left or right from the iso-311 

centre of the scanner, it was constantly the left thalamus voxel that showed lower PCr values than the 312 

contralateral thalamus and a decrease of PCr in the afternoon scan. The respective decrease amounted to -5% 313 

or -6% in the supine and prone position, respectively. Repeated measurements of a reference phantom 314 

containing 2.7mM PCr at 9 AM and 5 PM on three different days showed a coefficient of variation of PCr levels 315 

of 0.6%. 316 

Origin of 31P-MRS signals 317 

At the present medium field regime of B0 ≈ 3T, the dipolar interaction and not the chemical shift 318 

anisotropy (CSA) can be considered as prevailing relaxation mechanism (Cohen et al., 1977; Evelhoch et al., 319 

1985; Mathur-deVré et al., 1990). In our study, the addition of ATP and Pi did not affect the T1 relaxation time 320 

of PCr. Hence, it can be assumed that 1H-31P intermolecular dipol-dipol interaction (DD) with H2O contributed 321 

most to the relaxation of PCr. As intramolecular protons are not adjacent to the heteronucleus 31P, the 322 

intramolecular DD can be neglected. Also contributions of the spin-rotation and the scalar relaxation can be 323 

neglected in small P-molecules. 324 

With respect to subcellular localization, the cytosol with a viscosity roughly the same as water (0.7 to 325 

2.0 cP), provides a high mobility of 31P metabolites and short correlation times (τ) in contrast to mitochondria 326 

with a viscosity > 100 cP (Luby-Phelps, 2000). Apparent diffusion ranges of PCr were estimated at 2 μm in the 327 

mitochondrial matrix and at ≈ 66 μm within the cytosol with diffusion coefficients of DPCr = 0.08 × 10-3 mm²/s 328 

and 0.28 × 10-3 mm²/s, respectively (Gabr et al., 2011). Furthermore, due to their composition of membrane 329 

folds (cristae) in stack-like arrangement every 40 – 100 nm and small overall size (0.7 - 3.0 μm), the 330 

mitochondria provide multiple 31P relaxation partners causing very short relaxation times and low 31P signals. 331 



 

  11 

While ATP is produced at the matrix site of the ATP-synthase and thus concentrated in the mitochondrial M-332 

space, the mitochondrial isoform of creatine kinase is localized between inner and outer membrane in the 333 

mitochondrial C-space and thus the production of PCr (Wallimann et al., 1992). There space is even more 334 

narrow (≈ 2-20 nm width) and thus diffusion more restricted. Hence, it can be concluded, that the received 335 

MRS signal PCr and ATP are of almost exclusive intracellular cytosol localization and thus the received MRS 336 

signal. 337 

Regarding Pi, at 7 T additional Pi signals with shorter T1 could be differentiated at about 5.2 ppm from the 338 

major Pi signal at 4.8 ppm and assigned to more alkaline and viscous compartments such as mitochondria (pH ≈ 339 

7.9; (Kan et al., 2010). Comparing different pharmacologic interventions versus baseline, other Pi signals could 340 

be attributed to extracellular space (pH ≈ 7.3) at 7 T (Gilboe et al., 1998). Such fine structures could not be 341 

resolved by our 3 T equipment. The model implemented in TARQUIN uses a Pi basic signal centered at 4.8 ppm 342 

and thus may largely reflect cytosolic Pi (pH ≈ 7.0 (Gilboe et al., 1998)). 343 

A further issue is the mutual contribution of white matter (wm) and grey matter (gm) to the received 31P 344 

signal. As mentioned in the introduction, Plante and coworkers (2014) extrapolated PCr levels in pure white 345 

matter and pure grey matter by linear regression of 31P signals and tissue type fraction over 84 voxels. At 346 

baseline non-significantly slightly higher PCr levels in wm (4.06) than in gm (3.94) were reported. They 347 

observed a non- significant decrease of PCr by 3.9% from baseline to SD and a significant increase by 7.3% to 348 

recovery sleep 1 in grey matter and no effect in white matter. A similar regression analysis at baseline of 349 

Hetherington (et al., 2001) yielded 3.53 mM PCr in gm and 3.33 mM PCr in wm, not differing significantly. Also 350 

we determined the fraction of grey matter, white matter, cerebrospinal fluid in each voxel by readout of an 351 

analogue grid in co-registered and segmented MPRAGE images as presented in Table 4. Group averages of 352 

tissue fractions were almost identical in homologous left and right hemispheric voxels and no correlation of 353 

hemispheric differences in signals of PCr, Pi and Pi/PCr and gm-, wm-fractions could be observed. The major 354 

constituent of the thalamus voxel in our study was white matter (67%). Whereas individual differences left – 355 

right averaged to 0.9% for gm and -2.8% for wm here, PCr differed by -1,9% at baseline and -6.7% at 5 pm. In 356 

the temporal voxels R5C6 versus R5C3 and R6C6 versus R6C3 gm differed by -0.2% and -3.1%, respectively, wm 357 

by 1.0% and 2.6%, whereas static side differences of PCr averaged to -6.4% and -8.5% (i.e. right dominating). 358 

Thus it can be concluded that functional issues appear to impact much more onto PCr than structural.   359 

      360 

Quantitation and in vitro validation  361 
31P-MRS signal saturation studies, curve fits and resulting T1 of 4 subjects are shown in Figure 6A. The 362 

resulting average in the left thalamus voxel was T1 = 3464 ±371 ms for PCr, T1 = 1840 ±518 ms for ATP and 363 

T1 = 2717 ±462 ms for Pi. Consistent with variations of the water content of the brain tissue throughout 364 

regions, different T1 values were observed in different (25 mm)³-voxels. Short T1 values were observed in the 365 

thalamus voxel which contained a high fraction of white matter (67%), whereby longer relaxation times 366 

occurred in the voxels covering the left insula (T1 = 3733 ±480 ms, R4C6) or the posterior cingulum 367 

(T1 = 3708 ±673 ms, R6C5) with a higher amount of grey matter (62% and 39%, respectively) and CSF (13% and 368 
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28%, respectively). Measurements of progressively more complex phantoms consequently followed pH 369 

adjustment to 7.4 and started with 2.5 mM pure PCr in water yielding T1 = 6062 ±253 ms. Next 3.5 mM ATP and 370 

1.0 mM Pi were added resulting in T1 = 5812 ±500 ms for PCr, T1 = 5608 ±97 ms for ATP and T1 = 7269 ±16 ms  371 

for Pi.  The in vivo T1 of PCr of  3464 ±371 ms to 3733 ±480 ms found by us was close to the literature range of 372 

2700 to 3570 ms resumed by (Blenman et al., 2006). The observed in vivo test re-test coefficient of variation 373 

(CV) of 3.1% outperformed the inter-assay intra-individual CV of 4.2% reported by Kato et al. (Kato et al., 1994).  374 

As in many in vivo situations complexes of ATP and Mg have been reported (Cohen et al., 1977) as active 375 

principle we also studied Mg. Here variations of concentrations of Mg2+ (1-10 mM), and the addition of 140 mM 376 

KCl to mimic cytosol barely influenced T1 of PCr and Pi (Figure 6 B). In agreement with (Cohen et al., 1977) Mg 377 

up to 10 mM increased the relaxation rate of PCr and Pi by less than 16%. In contrast, relaxation rates of the γ-378 

ATP signal considerably increased with increasing Mg concentrations by up to 68%. However, short T1 as 379 

observed in vivo could not be reached at Mg concentrations in the relevant range of 0.5 – 2 mM and also not 380 

by combination of Mg, K and Cl (Table 1). Thus macromolecular and viscosity factors must also account for the 381 

shortening of γ-ATP T1 in vivo. 382 

Subsequently, for the aim to reach in vivo conditions, measurement series with T1 modifier, i.e. Gd (0.07-383 

25 μM) and agarose gel (0.07-0.6%), were conducted. In contrast to Mg, the paramagnetic T1 modifier Gd (0.07-384 

25 μM) and the viscous agarose caused a stronger T1 shortening effect within increasing concentration (Figure 385 

6 C, D). Noteworthy here is the strong increase of the relaxation rate (1/T1) of γ-ATP, contrary to PCr and Pi. 386 

This can be explained by the restricted mobility of the large, multiply charged ATP molecule and the associated 387 

higher correlation time. Similarly, in the cytosol polar macromolecules reduce ATP diffusion (DATP = 0.15 388 

mm²/s,(Crank, 1976). Diffusion coefficients of PCr and Pi in 1% agarose gel (DPCr = 0.76 × 10-3 mm²/s, 389 

DPi = 0.78 × 10-3 mm²/s) that equaled DPCr in water (Gabr et al., 2011) were in agreement with the minimal 390 

effect of agarose on T1 of PCr and Pi in our study. Thus, we did not observe differences in the T1 behavior of 391 

ATP, PCr and Pi that could be explained by differential structure related CSA effects in addition to global matrix 392 

induced effects. 393 

 394 

        In vivo conditions were best matched at 8 μM Gd for PCr (T1= 3501 ±148 ms), which was half of that 395 

reported for 1H-MRS, in line with the methodological differences (Blenman et al., 2006), at 0.1 μM Gd for ATP 396 

(T1= 1780 ±170 ms), and at 14 μM Gd for Pi (T1= 2722 ±22 ms), Figure 6 A. Adopting these composition, two 397 

calibration curves of each metabolite, one at TR = 3000 ms as used in vivo and one at the saturated level of 398 

TR = 20000 ms, were obtained from phantoms with concentrations of 1.6, 2.5, 3.5, 5.0, 6.4 mM PCr and 2.0, 399 

3.5, 5.0, 6.4 mM ATP and Pi (Figure 6 E). Furthermore, to study effects of the geometry and homogeneity of the 400 

sample onto the signal, a preparation of 2.5 mM PCr, 3.5 mM ATP and 1 mM Pi and 0.44% agarose was placed 401 

inside a human skull. This yielded the same PCr, ATP and Pi peak integrals as the preparation in a cubic plastic 402 

container (Figure 6 F). Each concentration was measured three times. Application of this calibration curve to in 403 

vivo data (TR = 3000 ms) of n = 13 subjects who napped and underwent all 4 scans, yielded a left thalamus 404 

concentration of PCr = 2.57 ±0.09 mM, ATP = 2.91 ±0.08 mM and Pi = 0.81 ±0.04 mM at baseline in the 405 
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morning, a PCr level of 2.41 ±0.09 mM in the afternoon and 2.54 ±0.09 mM and 2.53 ±0.09 mM during the first 406 

and second 20 min of nap (nap1 and nap2). The respective concentrations of Pi at 5 PM, nap1 and nap2 were 407 

0.97 mM, 0.82 mM and 0.86 mM ±0.04 mM. The measurement of the phantom calibration series yielded a 408 

precision, expressed as relative standard deviations of PCr of 3.73%, ATP of 6.4% and Pi of 5.6% averaged over 409 

all concentrations studied. In the n = 4 subjects in whom entire saturation studies were conducted, application 410 

of the calibration line established for standard unsaturated conditions (TR = 3000 ms) to the in vivo signals 411 

acquired at 3000 ms yielded concentrations of 2.36 mM PCr. The calibration line established for saturated 412 

conditions (12000 ms) to the in vivo data acquired at 12000 ms yielded 2.16 mM PCr. The concentrations in the 413 

remaining voxels, were calculated by applying calibration lines established for each voxel to the respective 414 

MRS-signal (Figure 3A).  415 

 416 

Plausibility of outcomes in view of current literature  417 

Brain consists of about 79% intra- and 21% extracellular space,(Nioka et al., 1991) the latter including and 418 

resembling cerebrospinal fluid (CSF). PCr and ATP are of almost exclusive intracellular localization and thus the 419 

received MRS signal. The total concentration of PCr was reported at 2.5 mM in brain (Nioka et al., 1991) and at 420 

about  0.04 mM in CSF (Agren et al., 1988; Rao et al., 2016). ATP was here 3.0 mM, ATP, ADP, AMP in CSF were 421 

below the detection limit at 0.05 μM (Harkness et al., 1984), in muscular interstitial fluid 0.113 μM, 0.052 μM 422 

and 0.351 μM, respectively (Mo et al., 2001). As the ratio of ATP / ADP is about 7 (e.g. 7.6 in (Musch et al., 423 

1980), and ADP/AMP again about 7 (e.g. 7.7 in (Musch et al., 1980) and adenine nucleotides are considerably 424 

more abundant than others, the γ-ATP signal composed of the sum of all nucleotides preferentially reflects 425 

ATP. For Pi, CSF concentrations of 1.39 mM (Heipertz et al., 1979) were reported and the signal detected here 426 

corresponded to a total brain concentration of 0.74 mM. A direct cross method validation of in vivo 31P-MRS 427 

versus ex vivo enzymatic assay of neutralized tissue homogenate supernatants found only 48% of available Pi 428 

detectable by 31P-MRS (Nioka et al., 1991). 429 

Outcome parameters of this study were in the range reported by others. The PCr/γ-ATP ratio of 1.6 found 430 

here was in agreement with the range 1.4 – 1.8 and 1.5 reported by others,(Lu et al., 2013; Novak et al., 2014) 431 

respectively. The concentrations of 2.45 mM PCr observed in the thalamus and of 3.22 mM in the occipital 432 

region (averages of left and right at 9 AM) and of 2.95 mM ATP and 0.8 mM Pi in the thalamus are close to 433 

those of 3.1 -3.5 mM PCr in grey matter,  2.9 – 3.3 mM in white matter, 2.40 -2.54 mM in the thalamus, 3.9-434 

4.3 mM in the occipital region and of global 2.2 -3.0 mM ATP and 0.9 – 1.3 mM Pi found by others (Buchli et al., 435 

1994; Du et al., 2007; Dworak et al., 2011; Hetherington et al., 2001; Jensen et al., 2002; Ren et al., 2015). In 436 

our study, in the morning the PCr levels were 2.40 mM in the left and 2.45 mM in the right thalamus (n=30) 437 

whereby the average of individual side differences amounted to -1.9%, the respective numbers were 2.35 mM 438 

left, 2.50 mM right and -6.7% in the evening (n = 30). This was in agreement with results obtained by Jensen et 439 

al. (2002) of 2.40 mM in the left and 2.54 mM in the right thalamus amounting to 5.5% difference.  440 

441 
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Discussion 442 

Our study revealed a 7.0 ±0.8% diurnal decrease of PCr in the left thalamus between 9 AM and 5 PM. A 443 

nap of 20 min restored PCr by 5.4%. Pi showed inverse changes. Controls that did not nap did not show this 444 

reversal to baseline of PCr and Pi. These highly significant data were corroborated by a profound in vitro and in 445 

vivo validation. Outcome measures, including an external calibration of absolute analyte concentrations 446 

matched literature values, vide supra. 447 

Cellular and neurochemical level  448 

Universally available energy in the cell is provided by ATP breakdown (Eq. 6).  449 

     (Eq. 6) 450 

PCr in turn acts as a reservoir for high-energy phosphate bonds to supply peak-load power and to capture 451 

ATP overflow. The transfer of this phosphate bond in both directions is catalyzed by the creatine kinase, in the 452 

brain by its mitochondrial isoforms CK-MT1a/b and the cytoplasmatic isoform CK-BB (cf. Eq. 7). This opens up 453 

the established function of PCr as intracellular energy shuttle from sites of production such as mitochondria to 454 

sites of consume (Gabr et al., 2011).  455 

     (Eq. 7) 456 

CK can be regulated by phosphorylation, shifting equilibrium to the right (Lin et al., 2009). In line with this 457 

equilibrium, although not significant, in our study ATP levels underwent the same changes throughout all 458 

conditions as PCr. The observed decrease of cytosolic pH in the afternoon might largely result from net 459 

hydrolysis of PCr to Pi and Cr. Apparently cerebral storages of Cr/PCr buffer are partially accessible by oral 460 

supplementation of Cr (Dworak et al., 2017; Lyoo et al., 2003).    461 

Daytime and thalamic energy consumption 462 

The physiological impact of our main finding is related to thalamic function. The thalamus serves as a 463 

gateway, relaying and modulating the information flow toward and from mainly primary cortices. This “gate to 464 

neocortex” is paramount for the generation of consciousness and alertness (Steriade et al., 1993).  465 

Beside the decrease of PCr in the left thalamus between 9 AM and 5 PM we found a substantial 466 

restoration of PCr values after a recreational nap of 20 min and 40 min following the scan at 5 PM. This finding 467 

is in line with the relatively short period needed for recreation even after longer times of wakefulness. We have 468 

recently shown that another neurochemical marker, A1 adenosine receptors, which increase during 52 h of 469 

wakefulness are restored to control levels during an only 14-h recovery sleep episode ((Elmenhorst et al., 470 

2017). Considering the thalamus as a whole many [18F]FDG-PET studies (Braun et al., 1997; Maquet et al., 1997; 471 
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Maquet et al., 1990) showed a decreased energy demand during sleep versus wakefulness, e.g. -49% (Maquet 472 

et al., 1990) in slow wave sleep (SWS). In line, our study also in terms of PCr showed a lower energy demand 473 

during the first period of sleep. Apparently not carrying weight to the macroscopic balance, within the first 30 474 

min during the transition to low frequency SWS (Dijk et al., 1987), in sub regions such as the thalamic reticular 475 

nucleus, higher neuronal firing rates (giving origin to spindle waves) were temporally registered.  476 

Aspects of lateralization 477 

Our findings indicate a lateralization of thalamic function, since the increase of Pi/PCr was pronounced in 478 

the left thalamus. Lateral and specifically hemispheric specialization is a generally accepted concept of 479 

mammalian brains. It is well established for language and handedness as well as other functions.  480 

Numerous reports describe a side-specific subjection of the thalamus to sleep associated changes and impacts 481 

on connectivity from in mediating and propagating signals from sleep generators in forebrain, hypothamamic 482 

and brainstem structures to the cerebral hemispheres in different species (Brown et al., 2012). Also the 483 

“chemical neuroanatomy” shows a strong lateralization.  484 

A prominent example is the norepinephrine system, which is of high relevance for arousal and sleep 485 

(Berridge, 2008) and has been shown to modulate thalamic activity (Devilbiss et al., 2006). Oke et al. (Oke et 486 

al., 1978) showed that norepinephrine concentrations in the left thalamus are in most nuclei 1.5 to > 3 times 487 

higher than in the right homologue. This “chemical lateralization” will necessarily translate into functional 488 

differences. In this line are PET and fMRI studies reporting decreased thalamic activity during visual- vigilance 489 

tasks after SD (Thomas et al., 2000; Wu et al., 1991), where the left deactivation exceeded the right by a factor 490 

of 1.1 and 1.5, respectively. Also circadian [18F]FDG studies detected a drop of uptake in the afternoon which 491 

was accentuated in the right posterior temporal and occipital region (Buysse et al., 2004; Shannon et al., 2013).  492 

In line, use dependent effects are discussed as underlying hemispherically and regionally differential 493 

fatigue or sleep load (Borbély et al., 2016). As the subjects of this study performed scientific office work 494 

between the 9 AM and 5 PM session particularly demanding the left hemisphere, lateralization may have been 495 

pronounced in this cohort. Temporal PCr levels were found lateralized independent of the condition. These 496 

results are in agreement with lower glucose metabolism in left temporal regions best matching the voxels R5C6 497 

and R6C6 of this study versus right in the morning (by -2.6%, -3.9%) and in the evening (by -3.4%, -3.6%, 498 

Shannon et al., 2013). Macquet et al (1999) observed about 40% decrease of glucose consumption in SWS 499 

versus awake state, which was less pronounced in the left hemisphere by -3.4% and -5.9% in middle and 500 

superior temporal regions. These findings could reflect permanent regional differences in the intensity and 501 

density of use contrasting with the daytime and sleep related findings in the thalamus.  502 

In muscle tissue it is well established, that during continued work energy (storage) compounds - such as 503 

ATP, PCr, lactate, glucose, glucagone and fats are consumed in the order of and as long as stocks last. Over-504 

viewing our and the cited results highly suggests that in the brain the disposition on energy reserves does not 505 

occur synchronically but rather follows a spatio-temporal cascade as a function of regional wakefulness, 506 

activity, sleep, rest and their intensity. In line, neuroimages of different activational parameters are not 507 



 

  16 

necessarily congruent. In perfectly resting tissue, full PCr stores and minimum [18F]FDG uptake can be  508 

expected. At the other end of the scale, beyond aerobic capacity - in order to limit cellular acidosis -, glycolysis 509 

and thus [18F]FDG uptake may be down-regulated despite deficient PCr reserves. This effect may apply to the 510 

more extreme situation of sleep deprivation. Concordant to this interpretation are the findings of (Wu et al., 511 

1991) of most prominent decrease (-25%) of CMRGlc in the left thalamus after SD and the global decrease of PCr 512 

after SD observed by (Plante et al., 2014).  513 

Limitations 514 

First, the voxel which was defined as “thalamus” did not exactly match the anatomy of this brain structure. 515 

This is due to the rigid and pre-defined grid of relatively large voxels (15.6 mL). As a consequence, a small 516 

posterior portion of the thalamus was omitted and adjacent structures, mostly internal capsule and CSF were 517 

included. In order to estimate these effects we segmented co-registered MPRAGE image datasets. Since we 518 

found no significant differences in the relative tissue portions between the left and right “thalamus” voxel we 519 

can exclude this factor as an explanation for our main finding. Another factor is a lower statistical sensitivity in 520 

those voxels with a higher variability of included individual anatomy such as in peripheral compared to central 521 

voxels. As the comparatively thin cortical layer is particularly sensitive to partial volume effects, cortical facets 522 

of the observed metabolic changes may have been underestimated.  523 

Finally, we defined the nap status primarily by observational ratings. The physiological records of our 524 

subjects matched the reported scope, e. g. for drops in heart rate from wakefulness to sleep stages 1 and 2 as 525 

reported by (Burgess et al., 1999; Zemaityte et al., 1986), furthermore corroborated by the lack of awakening 526 

during the scan procedure and need for intense wakening calls thereafter in all subjects. However, future 527 

studies could profit from additional EEG recordings and formal vigilance tests.  528 

Summary 529 

This study revealed a highly significant decrease of cytosolic PCr in the left thalamus between 9 AM and 530 

5 PM accompanied by an inverse increase in Pi. The effect was largely reversible after a short recreational nap. 531 

A similar period of quiet waking did not allow the same kind of recovery of Pi/PCr in controls. These findings 532 

support a daytime related energy demand of the thalamus. Further, they provide evidence for a lateralized 533 

homeostatic regulation of the thalamus. Conversely to the dynamic lateralization of thalamic PCr, a constantly 534 

significant lateralization was observed in the temporal regions throughout conditions. 535 

 As a methodological tradeoff we showed, that the 31P relaxation behavior in the living brain can be 536 

mimicked by solutions of ATP in the presence of Mg and agarose alone and of PCr and Pi with additional Gd, all 537 

suitable for external calibration. 538 

 539 

 540 

 541 

 542 
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Tables 697 
 698 
Table 1 699 
Relaxation times (T1) in a mixture of 2.5 mM PCr, 3.5 mM ATP and 1.0 mM Pi while varying type and con-700 
centration of modifiers in the matrix. At each measurement 1.5 L of solution adjusted to pH 7.4 was submitted 701 
to a 31P spectroscopy saturation study at 13 different repetition times. T1 were determined using Eq. 1. 702 
 703 

Conc. PCr  γ-ATP         Pi  Conc. PCr  ɣ-ATP         Pi 
T1 (ms) T1 (ms) T1 (ms)  T1 (ms) T1 (ms) T1 (ms) 

Gd (μM)     Mg (mM)    
0 5812 5608 7269  0 5812 5608 7269 

0.1 4706 1780 7300  1 5365 3393 7600 
0.2 4600 1163 6820  1.5  3636 7665 

1 - 263 -  2 5431 3566 - 
1.5 4200 - 6200  2.5 5401 3358 6666 

8 3501 - 4218  3.5 5693 3250 6848 
14 2093 - 2722                    6 4948 2499 6074 

               25 1486 - 1994                  10 5213 1795 6300 
Agarose (%)     K (mM)    

0 5812 5608 7269               140 5061 3793 7285 
0.07 5170 1468 7253      

0.2 5600 765 6700  K + Mg (mM)    
0.4 5091 325 4643  140 + 1.5 5016 3044 6688 
0.6 4939 - 4161      

 704 
705 
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Table 2  706 
Changes of phosphocreatin (PCr), inorganic phosphate (Pi), and total nucleotides levels (γ-ATP signal) 707 
throughout 16 voxels awake at 9 AM, 5 PM and while napping (n1, n2) compared to wake controls (w1, w2). 708 

Voxel
No. Hs anatomi-

cal label 

PCr  Pi  Metabolic ratio Pi / PCr  γ-ATP (NxP) 

 5 vs 9a n1 v 5b n2 v 5c  
 5 vs 9a n1 v 5b n2 v 5c  

 5 vs 9a n1 v 5b n2 v 5c  
 5 vs 9a n1 v 5b n2 v 5c 

w1 v 5d
 w2 v 5 d w1 v 5 d

 w2 v 5 d w1 v 5 d
 w2 v 5 d w1 v 5 d

 w2 v 5 d 

R4C3 r 
insula 

-0.4% 
0.6% 2.5% 

 
-6.4%* 

11% 17% 
 

-9% 
16% 25% 

 
-0.7% 

6.8% 9.4% 
4.2% 4.2% 9% 4% -10% 15% 4.4% -3.3% 

R4C6 l -3.5% 1.5% 0.9%  
6.3% 7% -4%  

0% 4% -5%  
2.7% 3.8% -2.5% 

-3.3% -3.3% 18% 11% 5% 4% -7.0% 3.2% 

R5C3 r temporal 
trans-
versal 

0.5% -0.6% 0.9% 
 

-8.4% -2% -4% 
 

-8% -3% -4% 
 

2.1% 2.1% 1.8% 
-1.1% 5.9% -2% -10% -6% -11% -5.7% -8.6% 

R5C6 l -3.4% 2.4% 2.5%  
-6.2% -2% -7%  

-1% -4% -7%  
-0.6% -2.4% -3.2% 

-0.5% 5.0% 5% -6% -1% -6% 3.3% -11.7% 

R6C3 r 
temporal 

medulla 

-1.5% 6.5%* 5.1% 
 

-5.0% -5% -15%* 
 

2% -10% -18%* 
 

2.6% 5.9% -12.7% 
-3.8% -4.9% -2% -8% -4% -6% -6.1% -7.2% 

R6C6 l -2.4% 3.3% -0.6%  -11% 
 

1% -1%  
-8% -1% -2%  

2.8% -8.8% -3.6% 
4.9% 5.9% 15% 7% -4% -1% -4.1% 11.4% 

R7C3 r 
occipito-
temporal 

-2.1% 2.1% -0.1% 
 

2.0% -12% -15% 
 

3% -16%* -18%* 
 

-1.7% 0.3% -7.0% 
1.7% 0.3% 3% 2% -8% 8% -1.0% -8.8% 

R7C6 l -2.0% -0.1% -3.4%  
-7.1% -13% -5%  

5% -16%* -4%  
-1.0% 0.6% 5.3% 

 1.1% 4.0% -7% -2% -12% 5% -3.8% -8.0% 

R3C4 r 
anterior 

cingulum 

-2.0% 2.1% 5.6% 
 

-0.1% 1% -7% 
 

4% -8% -17% 
 

 7.8% 2.4% 9.6% 
0.2% 3.3% 6% 1% -2% -14% 1.7% -3.3% 

R3C5 l  0.2% 1.8% 2.1%  
1.6% 1% -3%  

3% -6% -10%  
5.8% 5.0% 9.2% 

-6.5% 4.4% -10% 0% -7% 11% 3.4% 1.1% 

R4C4 r 
caudate-
putamen 

-1.6% 6.0% 4.9% 
 

-8.9% 9% 6% 
 

-7% 3% 2% 
 

-5.7% 10.0%* 5.1% 
-4.6% -2.5% -8% 5% 7% -1% -1.2% -6.1% 

R4C5 l -2.0% 0.8% 2.2%  
8.5% 4% 5%  

10% 2% 3%  
-4.7% 2.7% -0.6% 

-4.5% 0.4% -11% 1% -3% 3% 1.5% -3.0% 

R5C4 r 
thalamus 

-1.9% 2.6% 1.8% 
 

2.4% -4% 7% 
 

2% -7% 5% 
 

-0.2% -0.3% -0.8% 
0.7% -2.0% -6% -15% -14% -11% -3.6% -4.0% 

R5C5 l -7.0%1 5.4%4 5.2%*  
17.1%3 -15%* -11%  

28%2 -16%* -17%*  
-2.8% 4.1% 0.9% 

-1.0% 1.4% 2% -2% 2% -5% -5.2% 8.2% 

R7C4 r 
occipito-

medial 

-1.0% 1.6% 1.1% 
 

4.6% -8% -15%* 
 

7% -12% -15%* 
 

-0.9% 1.8% 3.5% 
1.0% 5.2% 2% 1% -4% -23% -2.2% -0.2% 

R7C5 l -2.3% 0.1% 2.2%  
-0.3% -4% 1%  

3% -5% -2%  
-4.2% -1.1% 0.7% 

4.2% 3.1% -4% 6% -6% 0% -0.6% 3.7% 
 709 
 Hs, hemisphere; l, left; r, right; a afternoon (5 PM) versus morning (9 AM) averaged across 30 subjects; 710 
b first scan after sleep onset (nap 1) versus awake at afternoon (5 PM) averaged across 15 subjects; c second 711 
scan after sleep onset (nap 2) versus afternoon (5 PM) averaged across 13 subjects; d second and third scan 712 
awake versus the first within the 5 PM session averaged across 10 control subjects. 713 
1-3 changes with p-values of 17.0 × 10-6; 2 5.0 × 10-5 and 3 0.0046 that survived Benjamini-Hochberg correction; 4 714 
and *, changes with p-values of 4 .007 and * .01 < p < .05 not surviving Benjamini-Hochberg correction.  715 
 716 

 717 

 718 

 719 
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Table 3  720 
Comparison of phosphocreatin (PCr), metabolic ratio (Pi/PCr), and total nucleotides (γ-ATP signal) levels in the 721 
left hemisphere versus right hemisphere throughout 8 pairs of homologue voxels and throughout conditions 722 
awake at 9 AM, 5 PM, while napping (nap1, nap2) and in wake controls (wake1, wake2). 723 
 724 

Voxel No. Region 
 PCr  Metabolic ratio Pi / PCr  γ-ATP (NxP) 

 9AM 5PM Nap1 
Wake1 

Nap2 
Wake2  9AM 5PM Nap1 

Wake1 
Nap2 

Wake2  9AM 5PM Nap1 
Wake1 

Nap2 
Wake2 

 R4C6 
vs. R4C3 insula 

 
4% 3.5% 3% 

-2.9% 
-1.3% 
8.3% 

 
-10% -1.2% 9.3% 

-17% 
2.4% 
2.3% 

 
5.2% 4.9% 7% 

-9.3% 
-7.1% 
14.4% 

R5C6 
vs. R5C3 

Temporal 
transversal 

 
-6%3 -6.4%4 -6.8%4 

-7.5%* 
-10%4 

-1.3% 

 
-7.8% -7.7% 6.9% 

-6.1% 
-2.5% 
1.7% 

 
-5.7% 3.5% -4.1% 

-24%4 
-2.6% 
-16%4 

R6C6 
vs. R6C3 

temporal 
medulla 

 
-9.2%2 -7%4 -10%4 

-6.8%2 
-11%4 

-7.2% 

 
-4.3% -13% 8.5% 

7.8% 
-0.3% 
21%* 

 
-8.2% -5% -8.2% 

-10.5% 
0.1% 
8.3% 

R7C6 
vs. R7C3 

occipito-
temporal 

 
2.1% -7.8% 3.2% 

-2.6% 
-3.7% 
-3.1% 

 
-3.7% -2% 7.8% 

-17.6% 
13.2% 
12.4% 

 
-5.2% -1.6% -12% 

18.3% 
0.9% 
4.2% 

R3C5 
vs. R3C4 

anterior 
cingulum 

 
-5.7% -5.1% 4% 

5% 
6.7% 

12.3% 

 
8.1% 10% 2.3% 

16.2% 
12% 
3.4% 

 
4.4% -2% 7.6 

-0.9% 
0.8% 
-2.3% 

R4C5 
vs. R4C4 

caudate-
putamen 

 
2.7% 2% 1.2% 

6.4% 
3.4% 
5.4% 

 
-9% 6.4% 5.7% 

-15.5% 
13.7% 
-4.9% 

 
4.12% 1.3% 3.1% 

-12.4% 
-1% 

-0.5% 

R5C5 
vs. R5C4 thalamus 

 
1.6% -6.7%1 -6%2 

-6.1%1 
-4.9%4 

-1.8% 

 
-6.5% 12.3%4 4.9% 

36%* 
-2.2% 
23% 

 
-4.6% -7.5%* 3.1% 

-19.4%4 
-3.9% 

-12.3% 

R7C5 
vs. R7C4 

occipito-
medial 

 
-1.8% 1.9% -3.1% 

-2.9% 
-1.8% 
-3.5% 

 
-15% 3.7% 6.1% 

-24% 
3.4% 
-16% 

 
-0.6% 0.15% -1.3% 

-4.4% 
-3.4% 
-1.8% 

 725 
p-values of  17.0 × 10-5< p < 6.5 × 10-5, 24.1 × 10-4 < p < 4.0 × 10-4 , 37.0 × 10-4 , 4 .0011 < p < .0074  that survived 726 
Benjamini-Hochberg correction.  p-values of  * .01 < p < .05 not surviving Benjamini-Hochberg correction. The 727 
numbers of subjects n were the same as in Table 2. 728 
 729 

 730 

 731 

732 
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Table 4 733 

Fractions of grey matter (gm), white matter (wm) and cerebrospinal fluid (csf) within each voxel, extracted 734 
from segments of coregistered MPRAGE datasets, averages across 18 subjects. 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

  748 

Voxel 
No. 

Hs anatomi-cal 
label 

Average fraction  Standard deviation 
  gm wm csf   gm wm csf 

R4C3 r 
insula 

0.63 0.22 0.14  0.05 0.06 0.04 
R4C6 l 0.62 0.24 0.14  0.07 0.08 0.04 
R5C3 r temporal 

transversal 
0.54 0.37 0.09  0.06 0.06 0.03 

R5C6 l 0.54 0.38 0.08  0.08 0.08 0.03 
R6C3 r temporal 

medulla 
0.34 0.58 0.07  0.08 0.06 0.05 

R6C6 l 0.31 0.61 0.08  0.06 0.05 0.05 
R7C3 r occipito-

temporal 
0.46 0.43 0.05  0.05 0.10 0.03 

R7C6 l 0.43 0.51 0.04  0.06 0.07 0.02 
R3C4 r anterior 

cingulum 
0.34 0.60 0.06  0.04 0.05 0.03 

R3C5 l 0.36 0.56 0.08  0.06 0.07 0.03 
R4C4 r caudate-

putamen 
0.43 0.42 0.15  0.03 0.05 0.06 

R4C5 l 0.42 0.40 0.18  0.04 0.06 0.06 
R5C4 r 

thalamus 0.24 0.68 0.08  0.03 0.05 0.03 
R5C5 l 0.25 0.65 0.10  0.03 0.06 0.04 
R7C4 r occipito-

medial 
0.53 0.38 0.09  0.03 0.05 0.05 

R7C5 l 0.54 0.34 0.12  0.04 0.06 0.05 
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Figure captions 749 

Figure 1 750 

A. Study design. Top: Subjects were measured in two sessions, one in the morning at 9 AM and one in the 751 

afternoon at 5 PM within the same day. After the afternoon 5 PM scan at wake state, 15 subjects remained 752 

positioned in the scanner and were further measured while napping. Each measurement had a duration of 753 

20 min. Bottom: 10 controls underwent the same protocol but stayed awake during the second and third scan 754 

of the 5 PM session. B. 31P spectrum of the left thalamic voxel (R5, C5) after post processing with TARQUIN. The 755 

upper black line represents residuals after fitting, the green and red lines are the fitted and modeled linear 756 

combination of monomolecular basic spectra. C. Axial 2D flash image in radiological orientation (left 757 

hemisphere at the right image side) overlain with the CSI grid of 8 × 8 voxels. C. Sagittal view with the grid 758 

placed parallel to and 2 mm under the ac-pc plain. E. Comparison of PCr levels in the left (R5C5) and right 759 

(R5C4) thalamus voxel. In the morning the intra-individual left-right difference averaged to -1.9%, in the 760 

afternoon to highly significant -6.7%.   761 

 762 

Figure 2  763 

Plots of the courses of PCr (A), Pi (B), metabolic ratio Pi/PCr (C) and pH level (D) in the left thalamus 15.6 mL-764 

voxel throughout the 4 conditions assessed. Dotted lines represent the control group that did not nap. Note 765 

the inverse course of Pi and Pi/PCr versus PCr and pH, respectively 766 

 767 

Figure 3 768 

A. Voxel-wise concentrations of PCr, Pi and γ-ATP at 9 AM. B. Localization of the observed significant changes 769 

between conditions within the CSI grid overlain to an axial MRI. 770 

 771 

Figure 4 772 

Illustration of voxels displaying significant left-right hemispheric differences of PCr, Pi/PCr and ATP level 773 

throughout 16 voxels at 9 AM, 5 PM, while napping (Nap1, Nap2) and wake controls (wake1, wake2).   774 

 775 

Figure 5 776 

A. Scatter plots of individual changes of PCr and Pi in the left thalamus throughout 4 conditions for both, 777 

subjects who napped (black circles) and controls (red circles). B. Individual changes of PCr and Pi/PCr in nap 778 

versus wake at 5 PM plotted as a function of changes in awake state in the course of the day (5 PM vs. 9 AM; 779 

filled diamonds). Open triangles represent the respective changes within the control group that stayed wake at 780 

all four scans. Note the vertical shift between the test and control cluster of data points. 781 

 782 
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 783 

Figure 6 784 

31P-MRS signal saturation studies of PCr, γ-ATP and Pi, relaxation times (T1 ) and relaxation rates (1/T1): A. 785 

Comparison of saturation curves in vivo in 4 subjects with those of best matching phantom preparations  786 

containing all 2.5 mM PCr, 3.5 mM ATP and 1.0 mM Pi and 8 μM Gd for PCr, 0.1 μM Gd for ATP and 14 μM Gd 787 

for Pi. B-D.: Relaxation rate (1/T1) of PCr, γ-ATP and Pi in solutions with different concentrations of Gd (0.07-788 

25 μM), agarose (0.07-0.6%) and Mg2+(1-10 mM). E. 31P spectrum of the R5,C5 voxel of a phantom containing 789 

2.5 mM PCr, 3.5 mM ATP, 1.0 mM Pi and 0.44% agarose placed inside a human skull. F. Calibration lines for PCr 790 

(diamond), ATP (circle) and Pi (triangle) signal covering the concentration range 1 - 6.4 mM measured at 791 

TR = 3000ms (filled symbols) and at saturated level with TR=20 000ms (open symbols). The in vivo PCr, γ-ATP 792 

and Pi level in the thalamus region at 9 AM corresponded to a concentration of 2.40, 2.91 and 0.8 mM (n = 30), 793 

respectively. Error bars indicate SEM.  794 
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Figures 795 

 796 

Figure 1 797 

 798 

                                                                        799 

 800 
801 

** significant p = 1.6 ·10-5  
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Figure 2                                               802 

                803 

                        804 
                                        805 

 806 
  807 

                   Error bars indicate SEM. 
1 afternoon (5 PM) versus morning (9 PM) averaged across 30 subjects 
2 first scan after falling asleep (nap 1, 5:22 PM) versus afternoon (4:56 PM) averaged across 15 
subjects 
3 second scan after falling asleep (nap 2, 5:45 PM) versus afternoon averaged across 13 subjects 
* .01 < p < .05; ** .0005 < p < .01; *** p < .00005 
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Tables 
 
Table 1 
Relaxation times (T1) in a mixture of 2.5 mM PCr, 3.5 mM ATP and 1.0 mM Pi while varying type and con-
centration of modifiers in the matrix. At each measurement 1.5 L of solution adjusted to pH 7.4 was submitted 
to a 31P spectroscopy saturation study at 13 different repetition times. T1 were determined using Eq. 1. 
 

Conc. PCr  γ-ATP         Pi  Conc. PCr  ɣ-ATP         Pi 
T1 (ms) T1 (ms) T1 (ms)  T1 (ms) T1 (ms) T1 (ms) 

Gd (μM)     Mg (mM)    
0 5812 5608 7269  0 5812 5608 7269 

0.1 4706 1780 7300  1 5365 3393 7600 
0.2 4600 1163 6820  1.5  3636 7665 

1 - 263 -  2 5431 3566 - 
1.5 4200 - 6200  2.5 5401 3358 6666 

8 3501 - 4218  3.5 5693 3250 6848 
14 2093 - 2722                    6 4948 2499 6074 

               25 1486 - 1994                  10 5213 1795 6300 
Agarose (%)     K (mM)    

0 5812 5608 7269               140 5061 3793 7285 
0.07 5170 1468 7253      

0.2 5600 765 6700  K + Mg (mM)    
0.4 5091 325 4643  140 + 1.5 5016 3044 6688 
0.6 4939 - 4161      
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Table 2  
Changes of phosphocreatin (PCr), inorganic phosphate (Pi), and total nucleotides levels (γ-ATP signal) 
throughout 16 voxels awake at 9 AM, 5 PM and while napping (n1, n2) compared to wake controls (w1, w2). 

Voxel
No. Hs anatomi-

cal label 

PCr  Pi  Metabolic ratio Pi / PCr  γ-ATP (NxP) 

 5 vs 9a n1 v 5b n2 v 5c  
 5 vs 9a n1 v 5b n2 v 5c  

 5 vs 9a n1 v 5b n2 v 5c  
 5 vs 9a n1 v 5b n2 v 5c 

w1 v 5d
 w2 v 5 d w1 v 5 d

 w2 v 5 d w1 v 5 d
 w2 v 5 d w1 v 5 d

 w2 v 5 d 

R4C3 r 
insula 

-0.4% 
0.6% 2.5% 

 
-6.4%* 

11% 17% 
 

-9% 
16% 25% 

 
-0.7% 

6.8% 9.4% 
4.2% 4.2% 9% 4% -10% 15% 4.4% -3.3% 

R4C6 l -3.5% 1.5% 0.9%  
6.3% 7% -4%  

0% 4% -5%  
2.7% 3.8% -2.5% 

-3.3% -3.3% 18% 11% 5% 4% -7.0% 3.2% 

R5C3 r temporal 
trans-
versal 

0.5% -0.6% 0.9% 
 

-8.4% -2% -4% 
 

-8% -3% -4% 
 

2.1% 2.1% 1.8% 
-1.1% 5.9% -2% -10% -6% -11% -5.7% -8.6% 

R5C6 l -3.4% 2.4% 2.5%  
-6.2% -2% -7%  

-1% -4% -7%  
-0.6% -2.4% -3.2% 

-0.5% 5.0% 5% -6% -1% -6% 3.3% -11.7% 

R6C3 r 
temporal 

medulla 

-1.5% 6.5%* 5.1% 
 

-5.0% -5% -15%* 
 

2% -10% -18%* 
 

2.6% 5.9% -12.7% 
-3.8% -4.9% -2% -8% -4% -6% -6.1% -7.2% 

R6C6 l -2.4% 3.3% -0.6%  -11% 
 

1% -1%  
-8% -1% -2%  

2.8% -8.8% -3.6% 
4.9% 5.9% 15% 7% -4% -1% -4.1% 11.4% 

R7C3 r 
occipito-
temporal 

-2.1% 2.1% -0.1% 
 

2.0% -12% -15% 
 

3% -16%* -18%* 
 

-1.7% 0.3% -7.0% 
1.7% 0.3% 3% 2% -8% 8% -1.0% -8.8% 

R7C6 l -2.0% -0.1% -3.4%  
-7.1% -13% -5%  

5% -16%* -4%  
-1.0% 0.6% 5.3% 

 1.1% 4.0% -7% -2% -12% 5% -3.8% -8.0% 

R3C4 r 
anterior 

cingulum 

-2.0% 2.1% 5.6% 
 

-0.1% 1% -7% 
 

4% -8% -17% 
 

 7.8% 2.4% 9.6% 
0.2% 3.3% 6% 1% -2% -14% 1.7% -3.3% 

R3C5 l  0.2% 1.8% 2.1%  
1.6% 1% -3%  

3% -6% -10%  
5.8% 5.0% 9.2% 

-6.5% 4.4% -10% 0% -7% 11% 3.4% 1.1% 

R4C4 r 
caudate-
putamen 

-1.6% 6.0% 4.9% 
 

-8.9% 9% 6% 
 

-7% 3% 2% 
 

-5.7% 10.0%* 5.1% 
-4.6% -2.5% -8% 5% 7% -1% -1.2% -6.1% 

R4C5 l -2.0% 0.8% 2.2%  
8.5% 4% 5%  

10% 2% 3%  
-4.7% 2.7% -0.6% 

-4.5% 0.4% -11% 1% -3% 3% 1.5% -3.0% 

R5C4 r 
thalamus 

-1.9% 2.6% 1.8% 
 

2.4% -4% 7% 
 

2% -7% 5% 
 

-0.2% -0.3% -0.8% 
0.7% -2.0% -6% -15% -14% -11% -3.6% -4.0% 

R5C5 l -7.0%1 5.4%4 5.2%*  
17.1%3 -15%* -11%  

28%2 -16%* -17%*  
-2.8% 4.1% 0.9% 

-1.0% 1.4% 2% -2% 2% -5% -5.2% 8.2% 

R7C4 r 
occipito-

medial 

-1.0% 1.6% 1.1% 
 

4.6% -8% -15%* 
 

7% -12% -15%* 
 

-0.9% 1.8% 3.5% 
1.0% 5.2% 2% 1% -4% -23% -2.2% -0.2% 

R7C5 l -2.3% 0.1% 2.2%  
-0.3% -4% 1%  

3% -5% -2%  
-4.2% -1.1% 0.7% 

4.2% 3.1% -4% 6% -6% 0% -0.6% 3.7% 
 
 Hs, hemisphere; l, left; r, right; a afternoon (5 PM) versus morning (9 AM) averaged across 30 subjects; 

b first scan after sleep onset (nap 1) versus awake at afternoon (5 PM) averaged across 15 subjects; c second 
scan after sleep onset (nap 2) versus afternoon (5 PM) averaged across 13 subjects; d second and third scan 
awake versus the first within the 5 PM session averaged across 10 control subjects. 
1-3 changes with p-values of 17.0 × 10-6; 2 5.0 × 10-5 and 3 0.0046 that survived Benjamini-Hochberg correction; 4 
and *, changes with p-values of 4 .007 and * .01 < p < .05 not surviving Benjamini-Hochberg correction.  
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Table 3  
Comparison of phosphocreatin (PCr), metabolic ratio (Pi/PCr), and total nucleotides (γ-ATP signal) levels in the 
left hemisphere versus right hemisphere throughout 8 pairs of homologue voxels and throughout conditions 
awake at 9 AM, 5 PM, while napping (nap1, nap2) and in wake controls (wake1, wake2). 
 

Voxel No. Region 
 PCr  Metabolic ratio Pi / PCr  γ-ATP (NxP) 

 9AM 5PM Nap1 
Wake1 

Nap2 
Wake2  9AM 5PM Nap1 

Wake1 
Nap2 

Wake2  9AM 5PM Nap1 
Wake1 

Nap2 
Wake2 

 R4C6 
vs. R4C3 insula 

 
4% 3.5% 3% 

-2.9% 
-1.3% 
8.3% 

 
-10% -1.2% 9.3% 

-17% 
2.4% 
2.3% 

 
5.2% 4.9% 7% 

-9.3% 
-7.1% 
14.4% 

R5C6 
vs. R5C3 

Temporal 
transversal 

 
-6%3 -6.4%4 -6.8%4 

-7.5%* 
-10%4 

-1.3% 

 
-7.8% -7.7% 6.9% 

-6.1% 
-2.5% 
1.7% 

 
-5.7% 3.5% -4.1% 

-24%4 
-2.6% 
-16%4 

R6C6 
vs. R6C3 

temporal 
medulla 

 
-9.2%2 -7%4 -10%4 

-6.8%2 
-11%4 

-7.15% 

 
-4.3% -13% 8.5% 

7.8% 
-0.3% 
21%* 

 
-8.2% -5% -8.2% 

-10.5% 
0.1% 
8.3% 

R7C6 
vs. R7C3 

occipito-
temporal 

 
2.1% -7.8% 3.2% 

-2.6% 
-3.7% 
-3.1% 

 
-3.7% -2% 7.8% 

-17.6% 
13.2% 
12.4% 

 
-5.2% -1.6% -12% 

18.3% 
0.9% 
4.2% 

R3C5 
vs. R3C4 

anterior 
cingulum 

 
-5.7% -5.1% 4% 

5% 
6.7% 

12.3% 

 
8.1% 10% 2.3% 

16.2% 
12% 
3.4% 

 
4.4% -2% 7.6 

-0.9% 
0.8% 
-2.3% 

R4C5 
vs. R4C4 

caudate-
putamen 

 
2.7% 2% 1.2% 

6.4% 
3.4% 
5.4% 

 
-9% 6.4% 5.7% 

-15.5% 
13.7% 
-4.9% 

 
4.12% 1.3% 3.1% 

-12.4% 
-1% 

-0.5% 

R5C5 
vs. R5C4 thalamus 

 
1.6% -6.7%1 -6%2 

-6.1%1 
-4.9%4 

-1.8% 

 
-6.5% 12.3%4 4.9% 

36%* 
-2.2% 
23% 

 
-4.6% -7.5%* 3.1% 

-19.4%4 
-3.9% 

-12.3% 

R7C5 
vs. R7C4 

occipito-
medial 

 
-1.8% 1.9% -3.1% 

-2.9% 
-1.8% 
-3.5% 

 
-15% 3.7% 6.1% 

-24% 
3.4% 
-16% 

 
-0.6% 0.15% -1.3% 

-4.4% 
-3.4% 
-1.8% 

 
p-values of  17.0 × 10-5< p < 6.5 × 10-5, 24.1 × 10-4 < p < 4.0 × 10-4 , 37.0 × 10-4 , 4 .0011 < p < .0074  that survived 
Benjamini-Hochberg correction.  p-values of  * .01 < p < .05 not surviving Benjamini-Hochberg correction. The 
numbers of subjects n were the same as in Table 2. 
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Table 4 

Fractions of grey matter (gm), white matter (wm) and cerebrospinal fluid (csf) within each voxel, extracted 
from segments of coregistered MPRAGE datasets, averages across 18 subjects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Voxel 
No. 

Hs anatomi-cal 
label 

Average fraction  Standard deviation 
  gm wm csf   gm wm csf 

R4C3 r 
insula 

0.63 0.22 0.14  0.05 0.06 0.04 
R4C6 l 0.62 0.24 0.14  0.07 0.08 0.04 
R5C3 r temporal 

transversal 
0.54 0.37 0.09  0.06 0.06 0.03 

R5C6 l 0.54 0.38 0.08  0.08 0.08 0.03 
R6C3 r temporal 

medulla 
0.34 0.58 0.07  0.08 0.06 0.05 

R6C6 l 0.31 0.61 0.08  0.06 0.05 0.05 
R7C3 r occipito-

temporal 
0.46 0.43 0.05  0.05 0.10 0.03 

R7C6 l 0.43 0.51 0.04  0.06 0.07 0.02 
R3C4 r anterior 

cingulum 
0.34 0.60 0.06  0.04 0.05 0.03 

R3C5 l 0.36 0.56 0.08  0.06 0.07 0.03 
R4C4 r caudate-

putamen 
0.43 0.42 0.15  0.03 0.05 0.06 

R4C5 l 0.42 0.40 0.18  0.04 0.06 0.06 
R5C4 r 

thalamus 0.24 0.68 0.08  0.03 0.05 0.03 
R5C5 l 0.25 0.65 0.10  0.03 0.06 0.04 
R7C4 r occipito-

medial 
0.53 0.38 0.09  0.03 0.05 0.05 

R7C5 l 0.54 0.34 0.12  0.04 0.06 0.05 


