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Abstract
Cells in the central nervous system, neurons and glia, display a wide range of structural features. Molecular diffusion proper-
ties in the intracellular space of these cells reflect this structural diversity, deviating from standard Gaussian dynamics and 
resulting in anomalous subdiffusion. By tracking the displacement of intracellular metabolites, diffusion-weighted magnetic 
resonance spectroscopy allows for in vivo compartment-specific and cell-preferential morphological analysis of neurons and 
glia in the human brain. Suggestive of different intracellular environments between tissue type, the neuronal and glial intracel-
lular space in gray matter is significantly more subdiffusive than in white matter. An important difference is found between 
the subdiffusion of choline, a predominantly glial metabolite, in gray and white matter, potentially reflecting differences in 
structural complexity between fibrous and protoplasmic astrocytes. The exclusively intracellular metabolite subdiffusive 
dynamics, taken together with water intra- and extracellular displacement, provide new insight of differing extracellular gray 
and white matter properties and exchange between tissue compartments.

Keywords Diffusion-weighted spectroscopy · Non-Gaussian diffusion · Cytomorphology · Neuron microstructure · Glia 
microstructure

Introduction

Cells such as neurons and glia in the mammalian central 
nervous system possess a wide range of structural and ana-
tomical features which determine their individual as well as 
connected functions in the brain. This structural complex-
ity can be visualized post-mortem using techniques such 
as high-resolution electron microscopy (Hayakawa et al. 
2016; Matyash and Kettenmann 2010; Mobius et al. 2016; 
Oberheim et al. 2009; Pannese 2015). An in vivo method 
of analyzing this structural complexity and diversity is to 
use optical measurements of molecular diffusion properties 
in the intracellular space of these cells (Barkai et al. 2012). 
The heterogeneously crowded cytoplasm and intracellular 
complexity give rise to what is classified as anomalous sub-
diffusion, in which molecular displacement deviates from 
Gaussian dynamics and scales as a power law, reflecting a 
wide variation in diffusion rates (Banks and Fradin 2005; 
Ghosh et al. 2015; Weiss et al. 2004). This is true even in 
the extracellular space, for example, fluorescent-labeled 
molecules have been shown to exhibit subdiffusive dynam-
ics in an excised rat cerebellum, supporting the notion that 
dead-space microdomains formed by astrocytic structures 
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preferentially trap molecules which facilitates chemical 
exchange with the intracellular space (Xiao et al. 2015). To 
put it more simply, these observations of subdiffusion in 
cells describe molecular displacement as being slower than 
the simple Gaussian case of Brownian motion, being vari-
able on the spatial or temporal scale, and being related to 
the complexity in the underlying biological microstructure.

Molecular diffusion can also be measured non-invasively 
and without the need for an exogenous tracer using magnetic 
resonance techniques, both imaging (MRI) and spectroscopy 
(MRS). The most common in vivo experiments involve dif-
fusion-weighted imaging (DWI) of water in the human brain, 
where it has been well-established that there is a distribution 
of apparent diffusion coefficients, or diffusivities, within the 
neural tissue microstructure (Le Bihan et al. 1991). How-
ever, since water is non-specific to a particular tissue com-
partment or cell type, and exchanges between compartments, 
it is difficult to unequivocally determine how the differing 
cell types, and their cytoplasmic environments and widely 
different cellular morphologies, give rise to complex diffu-
sion processes. In contrast to DWI, diffusion-weighted mag-
netic resonance spectroscopy (DWS) enables in vivo com-
partment-specific analysis of neurons and glia by measuring 
the bulk movement of intracellular metabolites such as total 
choline (tCho = choline + phosphocholine + glycerophospho-
choline), total creatine (tCr = creatine + phosphocreatine), 
and total N-acetyl-aspartate (tNAA = NAA + NAAgluta-
mate) specific to these cells (Cao and Wu 2016; Nicolay 
et al. 2001; Palombo et al. 2017; Ronen et al. 2014). High-
resolution nuclear magnetic resonance (NMR) studies of 
brain extracts and cell cultures have shown cell-type speci-
ficity of the main metabolites which can be detected with 
1H-MRS: choline compounds and myo-inositol are mainly 
found in astrocytes and oligodendrocytes, N-acetyl-aspartate 
and glutamate are exclusively contained in neurons, while 
creatine and phosphocreatine are present in both glia and 
neurons (Choi et al. 2007; Le Belle et al. 2002; Urenjak et al. 
1993). This feature of cell-specificity, in addition to the slow 
inter-compartmental exchange of these metabolites, makes 
their diffusion properties excellent probes of the structural 
and physiological properties of the intracellular space of 
neurons and glia. Over the last three decades, 1H- and 31P-
DWS studies have been carried out on excised neural tis-
sue (Assaf and Cohen 1998a), as well as in vivo on muscle 
(Brandejsky et al. 2014; de Graaf et al. 2000; Moonen et al. 
1990; van Doorn et al. 1996) and brain (Dreher et al. 2001; 
Marchadour et al. 2012; Merboldt et al. 1993; Pfeuffer et al. 
2000; Valette et al. 2007; van der Toorn et al. 1996; Wick 
et al. 1995) in animal models. In recent years, 1H-DWS has 
been increasingly performed in humans, where the diffu-
sion properties of the main brain metabolites tCr, tCho and 
tNAA have been robustly and reproducibly measured in a 
variety of brain regions (Deelchand et al. 2017; Ellegood 

et al. 2005, 2006; Kroenke et al. 2004; Posse et al. 1993; 
Upadhyay et al. 2007, 2008). The ability of DWS to provide 
not only qualitative and descriptive information but also 
accurate quantitative in vivo microstructural information in 
the central nervous system has been shown in a number of 
publications (Kroenke et al. 2004; Marchadour et al. 2012; 
Najac et al. 2014; Palombo et al. 2016; Ronen et al. 2014; 
Shemesh et al. 2014).

In both DWI and DWS, diffusion sensitization is most 
commonly determined by the parameter b which is a func-
tion of the strength of the applied diffusion gradients, the 
times they are applied for, and the time-separation between 
the applied gradients (Stejskal and Tanner 1965). At low 
b values, typically b < 2000 s/mm2 for DWI of water and 
b < 5000 s/mm2 for DWS of intracellular metabolites, the 
decay of the diffusion-weighted signal in DWI and DWS in 
neural tissue is approximately monoexponential (Kan et al. 
2012; Pierpaoli et al. 1996). For water, at higher b values, 
the diffusion-weighted signal deviates from monoexponen-
tial decay and the diffusion process is then broadly described 
as non-Gaussian, with a number of interpretations and work-
ing models proposed for characterization (Assaf and Basser 
2005; Hall and Barrick 2008; Jensen et al. 2005; Jones 
2010; Le Bihan et al. 1991; Magin et al. 2008; Özarslan 
et al. 2012). Recently, this non-monoexponential behavior 
in water has been characterized as anomalous subdiffusion, 
a characterization that provides a theoretical link to opti-
cal tracing measurements in heterogeneously crowded cells 
(Ingo et al. 2014a, b, 2015; Metzler and Klafter 2000). Previ-
ous ex vivo DWS work has investigated the non-monoexpo-
nential diffusion-weighted signal for NAA in rat brain tissue 
(Assaf and Cohen 1998a) and bovine optic nerves (Assaf 
and Cohen 1998b). However, in vivo DWS studies have been 
confined to estimations of the apparent diffusion coefficient 
assuming a monoexponential shape in the diffusion signal at 
a single diffusion time (Ellegood et al. 2005; Kan et al. 2012) 
or at a multitude of diffusion times (Marchadour et al. 2012; 
Najac et al. 2014, 2016; Palombo et al. 2016) at relatively 
low b. A previous study reported on analyses of DWS data 
with a stretched exponential model (Branzoli et al. 2014) in 
which the range of b sampled was relatively low (< 5000 s/
mm2) and the results determined that the metabolite diffu-
sion was close to monoexponential regardless of echo and 
mixing times (β ~ 0.9).

This study presents results of DWS measurements per-
formed on a 7 T MRI system over a wide range of b up to 
about 17,000 s/mm2 to characterize the non-monoexponential 
diffusion signals in white matter (WM) and gray matter (GM) 
of the healthy human brain in vivo. By performing experi-
ments at a very high magnetic field we are able to acquire 
sufficient signal-to-noise to be able to use the very high b 
values which are required to study the non-monoexponential 
behavior of metabolite diffusion in vivo, which could provide 
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novel contrast between cell types independent of previous esti-
mations of classical apparent diffusion coefficient. The first 
goal was to establish anomalous subdiffusive dynamics in the 
intracellular space of neurons and glia, and link them to the 
characterization of cell-type cytomorphological and cytoplas-
mic properties. The second goal was to use the information 
obtained on subdiffusive behavior of metabolites which reside 
exclusively in the intracellular space to shed light on the nature 
of water diffusion in both the intra- and extra-cellular compart-
ments of brain tissue.

Materials and methods

Human subjects

A total of 22 volunteer subjects (age 24.7 ± 3.9 years) partici-
pated in this study. For the parietal WM volume of interest 
(VOI) acquisition, 12 volunteer subjects (age 25.4 ± 2.8 years, 
6 female, 6 male) were scanned. For the occipital GM VOI 
acquisition, 10 volunteer subjects (age 23.9 ± 4.9 years, 6 
female, 4 male) were scanned. The study adhered to the Lei-
den University Medical Center Institutional Review Board 
guidelines and informed consent was obtained from all sub-
jects prior to the study.

MRI system, hardware, and maximization of  B1 
transmission

All experiments were performed on a 7 T Philips Achieva 
whole-body MRI scanner (Philips Healthcare, Best, Nether-
lands) equipped with gradient coils capable of a maximum 
gradient strength of 40 mT/m and a slew rate of 200 T/m/s. 
A radiofrequency (RF) head coil consisting of a quadrature 
birdcage transmit and 32-channel receive array was used for all 
measurements (Nova Medical Inc., Wilmington, MA, USA). 
A 15 × 15 × 1 cm3 high permittivity dielectric pad (suspension 
of barium titanate in deuterated water) was placed between 
the volunteer’s head and the receive array for maximization 
of the transmit magnetic field sensitivity  (B1

+) in the pari-
etal and occipital VOIs (Brink et al. 2014; Teeuwisse et al. 
2012). The RF transmit gain was calibrated to produce 90° 
and 180° flip angles within the spectroscopic VOI (Versluis 
et al. 2010; Webb and Collins 2010) by acquiring a whole-
head  B1 map at a spatial resolution of 2.5 × 2.5 × 5  mm3 using 
the dual refocused acquisition mode (DREAM) sequence 
with TR/TE = 4.5/1.8 ms (Nehrke and Börnert 2012) (scan 
time ~ 2 min).

MRI/MRS protocol

Anatomical images

A short survey scan and a sensitivity encoding (SENSE) 
reference scan were followed by a 3D  T1-weighted gradi-
ent echo acquisition to allow for anatomical planning of 
subsequent scans, as well as tissue segmentation within the 
VOI. Imaging parameters were: field of view (anterior/pos-
terior, foot/head, right/left): 246 × 246 × 174  mm3, resolution 
1 × 1 × 1  mm3, TR/TE = 4.7/2.1 ms (scan time ~ 7 min). The 
 T1-weighted image was segmented into WM, GM, and CSF 
fractions using the FAST algorithm in the FMRIB Software 
Library (Jenkinson et al. 2012). The tissue probability maps 
from the FAST algorithm were used as an input to a custom 
written MATLAB routine to estimate the percentage of GM, 
WM and CSF within the two VOIs (Ercan et al. 2014).

DWS

Two VOIs were chosen: one in a subcortical parietal region 
containing mostly WM and one in a cortical region of the 
occipital lobe containing mostly GM. The parietal WM 
VOI was selected to minimize directional dependence of 
fiber orientation as has been shown for the diffusion prop-
erties in corpus callosum, for example (Ronen et al. 2013, 
2014). Figure 1 shows the planned VOIs superimposed on 
 T1-weighted images in three orthogonal views. VOI dimen-
sions were 20 mm isotropic, giving a total volume of 8 cm3. 
Slight variations in positioning of the VOI across subjects 
were necessary to optimize local  B1 sensitivity with respect 
to the placement of the dielectric pad relative to the head 
coil.

To allow for a sufficiently long diffusion time, a 13 
interval stimulated echo-based pulsed gradient sequence 
(TE = 105 ms) with bipolar diffusion gradients was used 
(Cotts et al. 1989). Cardiac synchronization on every 3rd 
cardiac cycle was implemented via a pulse-oximeter, result-
ing in a TR of about 3 s, and was used to minimize strong 
fluctuations in signal intensity due to cardiac pulsation 
(Upadhyay et al. 2007). The number of time-domain points 
were 1024 and spectral width was 3000 Hz. Static field 
shimming up to second order was performed using the ven-
dor-supplied shimming routine, resulting in a typical water 
line width of about 12 Hz. Three perpendicular directions 
were chosen to produce isotropic diffusion-weighting. To 
maximize the b value for a given diffusion gradient strength, 
the directions were [1, 1, − 0.5], [1, − 0.5, 1], and [− 0.5, 
1, 1]. Diffusion-weighting parameters were: gradient pulse 
duration (δ) 30 ms, diffusion time (Δ) 100 ms, bipolar delay 
(τ) 13 ms, 11 gradient amplitude values between 3 and 37 
mT/m resulting in a set of b values of 402–17,204 s/mm2 at 
an effective diffusion time (Δ − δ/3 − τ/2) of 83.5 ms. Each 
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of the 33 direction/gradient amplitude conditions (3 direc-
tions × 11 gradient values) was acquired 16 times for a total 
set of 528 individual free induction decays (FIDs) (scan 
time ~ 26 min). The b values were numerically calculated 
from the pulse sequence itself, which included the effec-
tive diffusion-weighting produced by the slab selection and 
crusher gradients.

“Weak” water suppression was performed by providing 
only a fraction of the radio frequency power needed for full 
water suppression to preserve enough of the water signal 
(about 5–10 times the magnitude of the NAA singlet for all 
conditions) for subsequent phasing and frequency drift cor-
rection of each individual acquisition. In the WM, between 
85 and 91% (inter-subject variation) of the RF power for full 
water suppression was used for b values less than 8000 s/mm2 
and 80–86% for higher b values. For GM, between 82 and 
90% of the RF power for full water suppression was used for 
b values less than 5000 s/mm2 and 70–74% for higher b val-
ues. Additionally, a short acquisition with the same diffusion-
weighting conditions was performed without water suppres-
sion and subsequently used for water diffusion measurements 
and eddy current correction of the metabolite spectra. In this 
short water scan, each of the 33 direction/gradient amplitude 

conditions (3 directions × 11 gradient values) was acquired 
4 times for a total set of 132 individual free induction decays 
(scan time ~ 6 min).

Preprocessing of diffusion weighted spectra

DWS preprocessing was performed using a custom written 
program in Matlab (Mathworks Inc, Natick, MA, USA) as 
previously described (Kan et al. 2012). The main steps in the 
data processing included: weighted summation and phasing 
of the individual outputs of the 32 receive coils based on the 
reference water signal, eddy current correction, zero-order 
phase and frequency drift correction on each individual FID, 
followed by averaging of FIDs of each diffusion-weighted 
condition, and subsequent directional averaging to generate 
isotropic diffusion-weighted spectra, e.g. Fig. 2. The resulting 
spectra were analyzed using LCModel with an appropriate 
simulated set of basis spectra (Provencher 1993).

Fig. 1  Volumes of interest from which diffusion-weighted spectra are acquired, superimposed on sagittal, coronal, and transverse  T1-weighted 
images for a the mostly white matter in a subcortical parietal region and b the mostly gray matter in a cortical region of the occipital lobe
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Diffusion‑weighted signal modeling of metabolite 
and water data

Following spectral quantification in LCModel, each metabo-
lite and water diffusion-weighted signal was fitted to the 
Mittag-Leffler function (MLF) (Mittag-Leffler 1903, 1905) 
using previously published procedures (Ingo et al. 2015) and 
custom Matlab codes (Ingo et al. 2017), e.g. Fig. 3. Prior to 
minimum least-squared convergence to the MLF, a starting 
value for the classical diffusion coefficient, D, was estimated 
using a simple monoexponential function for metabolite data 
at b < 4000 s/mm2 and water data at b < 1000 s/mm2. Subse-
quently the starting value for D and a starting value of α = 1 
were used to estimate a final value of D and the power law 
subdiffusion index, 0 < α ≤ 1 in Eq. 1,

where E
�
 is the single parameter MLF, which is the char-

acteristic functional form derived from the fractional-order 
partial differential equation describing subdiffusion and 
power law dynamics (Ingo et al. 2015; Metzler and Klafter 
2000). The MLF is a special function that corresponds to 
specific functions for particular values of α (Mittag-Leffler 
1903, 1905). For example, when α = 1, the MLF is the sim-
ple monoexponential function,

Another case is when α = 0.5 and then MLF becomes the 
scaled complementary error function,

(1)
S(b)

S(0)
= E

�
(−bD),

(2)E1(−bD) = exp (−bD).

(3)E0.5(−bD) = exp
(

−(bD)2
)

erfc(bD).

Overall, α serves as a heterogeneity index to determine 
the deviation from homogeneous Gaussian diffusion (α ~ 1), 
and the smaller the value of α, the more heterogeneous the 
diffusion, indicative of power law subdiffusive behavior.

Monte Carlo simulations of DWS modeling results

To determine the stability of the modeling results, N = 1000 
Monte Carlo simulations were performed on the diffusion-
weighted data utilizing the average values of the Cra-
mér–Rao Lower bounds (CRLB) in the spectroscopic meas-
urements for the value of the Gaussian noise variance at each 
condition for each metabolite.

Results

Table 1 shows the average WM, GM, and cerebrospinal 
fluid (CSF) percentages within the two VOIs, indicating an 
average WM fraction in the parietal VOI of about 72% and 
an average GM fraction of about 64% in the occipital VOI. 
While there was about 4–8% of average CSF in the VOIs, 
this percentage does not contribute to the diffusion results 
in this study as “free water” (Pasternak et al. 2009) only 
contributes to the diffusion-weighted signal at very low dif-
fusion weightings (i.e., b < 500 s/mm2) and does not con-
tribute to the high b water data or metabolite displacement 
estimates. Figure 2 shows pre-processed spectra (prior to 
LCModel quantification) as a function of the strength of 
the diffusion-weighting (b value), with the tCho, tCr, and 
tNAA peaks identified according to their chemical shift in 
both the WM and GM VOIs. Figure 3 shows the measured 
signal intensities as a function of b value, along with a line 

Fig. 2  Diffusion-weighted spectra showing the signal (S, arbitrary units) attenuation as a function of diffusion weighting (b value) in a the 
mostly white matter (WM) of the parietal lobe and b the mostly gray matter (GM) of the occipital lobe
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Fig. 3  Example semi-log signal decay plots as a function of dif-
fusion weighting in a white matter (WM) for tCho (D = 0.111, 
α = 0.513), tCr (D = 0.124, α = 0.562), tNAA (D = 0.154, α = 0.528), 
and water (D = 0.808, α = 0.654); and in b gray matter (GM) for tCho 

(D = 0.085, α = 0.322), tCr (D = 0.093, α = 0.461), tNAA (D = 0.115, 
α = 0.423), and water (D = 1.083, α = 0.852). Units for D are reported 
as × 10−3 mm2/s. Non-monoexponential behavior is seen in all cases 
at high b values
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produced by fitting the data to Eq. 1, clearly indicating devi-
ations from monoexponential behavior for tCho, tCr, tNAA, 
and water in both the WM and GM VOIs. Figures 4 and 5 
report the mean, standard deviation, and statistical analysis 
(two-way ANOVA with post hoc t-tests, statistical signifi-
cance threshold p < 0.05) for the estimated values of D and α 
for the three metabolites and for water in both VOIs. Within 
the WM ad GM VOIs, the D and α values were tested for 

the effect of sex, but there were no significant differences 
between male and female participants (see Supplemental 
Information for tabular representations of Figs. 4, 5 in S1 
Table 1 and S1 Table 2).

Diffusion coefficient, D

Significant differences in D values were found among the 
metabolites within the same VOI and across tissue types. 
Within the WM VOI, D(tCho) was significantly lower com-
pared to D(tCr), and D(tCr) was significantly lower than 
D(tNAA). D(tCho), D(tCr), and D(tNAA) were all sig-
nificantly lower in GM than in WM. Within the GM VOI, 
D(tCho) was significantly lower compared to D(tCr), and 
D(tCr) was significantly lower than D(tNAA). For both the 
WM and GM VOIs (Figs. 4a, 5), D(H2O) was approximately 
an order of magnitude higher compared to D(tCho), D(tCr), 
and D(tNAA). In contrast to the behavior of the intracel-
lular metabolites, D(H2O) was significantly higher in GM 
than in WM.

Subdiffusion index, α

Values of the anomalous subdiffusion index α for the three 
metabolites were strikingly different between the two brain 
regions. Within the WM VOI, α(tCho), α(tCr), and α(tNAA) 
were statistically indistinguishable (p = 0.671) with an aver-
age value of α ~ 0.56, indicating clear subdiffusion. In GM, 
α(tCho), α(tCr), and α(tNAA) were all significantly lower 
compared to their values in WM. Within the GM VOI, 
α(tCho) was statistically indistinguishable from α(tNAA) 
(p = 0.172), and α(tCr) was statistically indistinguishable 
from α(tNAA) (p = 0.205). However, α(tCho) was signifi-
cantly lower than α(tCr) (p = 0.002). As shown in Figs. 4b 
and 5, within both VOIs, α(H2O) was significantly higher 
compared to α(tCho), α(tCr), and α(tNAA) (p = 0.008 for 
WM and p < 0.001 for GM). In contrast to the intracellular 
metabolite results, α(H2O) was significantly higher in GM 
than in WM.

High b value water data in WM

It was observed that the fit of the water data to Eq. 1 in the 
WM region produced significant residuals at high diffusion-
weighting. As shown in Fig. 3a (bottom plot) for the water 
signal attenuation in WM, for b > 6800 s/mm2 the Mittag-
Leffler function fitting converged on global minima which 
consistently underestimated the signal amplitude. Across 
WM, the average maximum difference between the signal 
amplitude (at b = 17,204 s/mm2) and Eq. 1 was 1.14 ± 0.47% 
of the total signal. This behavior was not observed for the 
water in GM (Fig. 3b, bottom plot) where the average maxi-
mum difference between the signal amplitude and Eq. 1 was 

Table 1  Tissue percentages estimated from the segmented 
 T1-weighted anatomical images for the parietal white matter (WM) 
and occipital gray matter (GM) volumes of interest (VOIs)

Parietal VOI Occipital VOI

WM % 72.1 ± 8.0 28.1 ± 5.9
GM % 24.4 ± 5.7 63.6 ± 5.0
CSF % 3.8 ± 3.4 8.4 ± 3.9

Fig. 4  Metabolite mean and SD for a D and b α in the parietal white 
matter (WM) (left) and occipital gray matter (GM) (right) volumes of 
interest (VOIs). †Symbol indicates significant difference in individual 
metabolite values between WM and GM VOIs. *Symbol indicates 
significant difference in individual metabolite values within each 
VOI. Symbols are shown for p < 0.05 (†, *) p < 0.01 (††, **), p < 0.001 
(†††, ***)
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0.24 ± 0.38%. Furthermore, the consistent underestimation 
of the expected signal amplitude was not observed for any 
of the intracellular metabolites in either WM (0.13 ± 0.44%) 
or GM (0.17 ± 0.53%) measurements.

Monte Carlo simulations

Monte Carlo simulations were performed to verify the 
experimental results using average group CRLB values 
reported by LCModel (Provencher 1993) at each diffusion-
weighted condition. In WM, for example, the average group 
CRLBs at the highest b value were 7.3% for tCho, 5.6% for 
tCr, and 4.1% for tNAA. For GM, the average group CRLBs 
at the highest b value were 9.0% for tCho, 5.9% for tCr, and 
4.6% for tNAA. The simulations confirmed the experimental 
results with one exception: the simulations indicated that 
there should be a statistically significant difference between 
α(tCho) and α(tNAA) within GM, but the experimental data 
did not show this. Based on the CRLB characteristics of 
tCho and tNAA in GM, α(tCho) converged to 0.38 ± 0.04 
and α(tNAA) converged to 0.44 ± 0.04 (p = 0.04) after 
N = 76 simulations. In this context, these simulation results 
would predict that choline exhibits a uniquely low value for 
α in GM, while all three metabolites share a common higher 
value for α in WM.

Discussion

In this work, the cytomorphological complexity of neurons 
and glia in the human brain was investigated using compart-
ment-specific data acquired with DWS and analyzed in terms 
of anomalous subdiffusion. The results show that choline, 
creatine, and N-acetyl-aspartate clearly exhibit anomalous 
subdiffusion (α << 1) in both WM and GM indicating that 
the diffusion coefficient, D, alone is not sufficient in fully 
capturing the non-monoexponential metabolite signals. In 

GM, the intracellular space appeared more heterogeneous 
and subdiffusive than in WM, opposite to what is observed 
in water diffusion dynamics. In WM, tCho, tCr, and tNAA 
are equally subdiffusive although they reside in cells and 
cellular compartments characterized by widely different 
morphology. Choline, a predominantly glial metabolite, 
exhibited the slowest and most heterogeneous subdiffusion 
in GM compared to WM, indicating a degree of microstruc-
tural complexity that is attributed mostly to protoplasmic 
astrocytes in GM. In the context of the metabolite diffusion 
dynamics measured here, the water measurements can now 
also be interpreted in a more meaningful way, and these 
results support the notion that GM extracellular space is 
relatively more homogeneous, and exhibits Gaussian diffu-
sion, compared to WM.

Neurons and glia in WM

For WM, the D values of all three metabolites were widely 
different, consistent with previous measurements of metabo-
lite diffusivities in WM (Kan et al. 2012). Strikingly, the 
values of α of all three metabolites in WM were statistically 
indistinguishable from one another and clearly subdiffusive. 
The overall microstructural compartmentation experienced 
by tNAA and tCho is different, yet they exhibit power law 
dynamics in the same manner at the high range of b values 
up to 17,000 s/mm2 where the measurement is sensitized to 
diffusion at a spatial scale of about 7 µm. This indicates that 
although the WM cellular structures in which these metabo-
lites reside are distinctly different, with tNAA almost exclu-
sively in long-range axons and tCho mostly in fibrous astro-
cytes and oligodendrocytes, these structures share a common 
microstructural denominator when probed on a spatial scale 
of a few micrometers (Oberheim et al. 2008; Wilhelmsson 
et al. 2006). Considering that WM fibrous astrocytes and 
oligodendrocytes are characterized by long and thin projec-
tions with an average total diameters of about 185–200 µm 

Fig. 5  Water mean and SD for a 
D and b α in the parietal white 
matter (WM) (left) and occipital 
gray matter (GM) (right) 
volumes of interest (VOIs). 
†††Significant differences in 
water values between WM and 
GM VOIs (p < 0.001)
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(Oberheim et al. 2009; Walhovd et al. 2014), these results 
indicate that intracellular metabolite diffusion, whether in 
neurons or glia, is predominantly dictated by fiber morphol-
ogy, and that in WM there is a strong communality between 
the fibronal structure of axons and projections of fibrous 
astrocytes and oligodendrocytes (Walhovd et al. 2014). 
Although these measurements are geared to yield only iso-
tropic measures of metabolite diffusion, it is interesting to 
note that the overall microstructural and cytosolic properties 
of both the axonal and glial structures in WM, particularly 
at high b values, appear similar.

Neurons and glia in GM

In GM, the values of D(tNAA), D(tCr), and D(tCho) retain 
the same order of relative values as in WM, indicating that 
the dominant factors in determining metabolite displacement 
are the properties of the cytosolic environment and micro-
structural complexity. If the source of differences in the val-
ues of D among metabolites were to solely reflect cellular 
size differences, this ordering would not necessarily have 
been consistent with cellular physiology. For example, based 
on gross structural considerations alone, one would expect a 
higher D(tNAA) in GM, as the neuron soma is a larger struc-
ture compared to axonal and dendritic projections (Ober-
heim et al. 2008). Instead, the properties of the cytosol in the 
neuron soma are evidently different than those in long range 
axons in a way that indicates the possibility of increased tor-
tuosity, molecular trapping, and organelle density and sub-
compartmentation in cell bodies (Bates et al. 1996; Patel 
and Clark 1979). For the predominantly glial metabolite, 
tCho, differences observed in diffusion dynamics between 
WM and GM are likely driven by microstructural morphol-
ogy between fibrous astrocytes and oligodendrocytes, pre-
dominantly present in WM, and protoplasmic astrocytes, 
the most abundant type of astrocyte in GM (Oberheim et al. 
2006, 2009, 2012; Wilhelmsson et al. 2006). Interestingly, 
α(tCho) shows the most significant difference in GM and 
WM, compared to moderate but significant differences in 

α(tCr) and α(tNAA) across the tissue types. Protoplasmic 
astrocytes are characterized by highly branched processes 
that occupy a large volume with an average total diameter of 
about 150 µm, whereas fibrous astrocytes and oligodendro-
cytes are characterized by fewer primary processes that are 
less branched and straighter with an average total diameter 
of about 185 µm (Matyash and Kettenmann 2010; Oberheim 
et al. 2006, 2009; Wilhelmsson et al. 2006). It should also 
be noted that in previous studies, WM versus GM differ-
ences in D(tCho) could not be distinguished based on simple 
Gaussian diffusion properties (Ercan et al. 2014; Najac et al. 
2016), making the anomalous subdiffusion (α) results in this 
study uniquely important. While tCho is not exclusively con-
fined to glia, but rather is present in astrocytes about two to 
three times as much compared to neurons (Urenjak et al. 
1993), it should be cautioned that there is a neuronal con-
tribution to the tCho results reported here. However, in the 
context that tCho is the most preferential metabolite for glial 
cells, this non-invasive imaging method shows the potential 
to distinguish between the aggregate of fibrous astrocytes 
and oligodendrocytes in WM both characterized by long, 
thin and mostly unbranched processes, and the more struc-
turally complex protoplasmic astrocytes in GM based on 
their respective subdiffusive properties.

High b value measurements and root mean squared 
displacement

Figure 6 is an illustrative representation for the link between 
the fibrous and protoplasmic astrocyte morphological fea-
tures and the micron-scale spatial sensitization of the diffu-
sion measurement at increasing b values. Over the full range 
of b values the diffusion measurements probe the cellular 
microstructure over a scale of approximately 45–7 µm, with 
the latter value much lower than typical DWS measurements 
performed in the past (b < 3000 s/mm2, ~ 16 µm). Further-
more, it is possible to estimate the molecular ensemble of 
root mean squared displacement (RMSD) for the simple 
Gaussian case as 

√

2Dt , and for the anomalous subdiffusive 

Fig. 6  Sketch of a gray matter 
protoplasmic (left) and a white 
matter fibrous (right) astrocyte 
along with the spatial sensitivity 
(µm) of the magnetic resonance 
diffusion weighting (b value)
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case as 
√

2Dt�∕Γ(1 + �) , where Γ is the generalized form of 
the factorial function defined for real numbers (Metzler and 
Klafter 2000). Taking the mean values of D for water and 
the three metabolites in GM and WM, the simple Gaussian 
RMSD for water is about 11.6–13.7 µm and for the metabo-
lites about 3.6–4.9 µm. However, by taking the mean values 
of D and α in GM and WM, respectively, the anomalous 
subdiffusive RMSD for water is about 5.3–9.6 µm and for the 
metabolites about 0.9–1.9 µm. With the additional sensitiv-
ity of the anomalous subdiffusion measurements, the fine 
features between protoplasmic astrocytes in GM with their 
increased branching, additional endfeet, and shorter projec-
tions can be more readily distinguished from the aggregate 
of fibrous astrocytes and oligodendrocytes in WM, char-
acterized by less branching, thinner projections (Oberheim 
et al. 2009; Walhovd et al. 2014). Encouragingly, the metab-
olite anomalous subdiffusive RMSDs (0.9–1.9 µm) show 
excellent agreement in terms of physical displacement with 
immunofluorescence imaging of individual astrocytic fibers 
in which the diameter of the thickest process was determined 
to be no larger than 3 µm (Oberheim et al. 2009). This is in 
contrast to overestimation of the typical fiber process dimen-
sions if simple Gaussian RMSDs (3.6–4.9 µm) were to have 
been used to estimate the metabolite diffusion within these 
cellular sub-structures. Nevertheless, in either the Gaussian 
or anomalous framework, these results support the fact that 
metabolite diffusion offers the opportunity to capture smaller 
displacements within the fine microstructural and cytosolic 
properties of neural tissue, which is not possible with the 
non-specific nature of water diffusion.

Implications for extracellular space in WM and GM

Considering that the intracellular metabolites reported 
here do not exchange with the extracellular space that 
comprised interstitial fluid and the extracellular matrix, 
the metabolite results together with the water measure-
ments allow for unique analysis of the aggregate intracel-
lular and extracellular properties of WM versus GM. In 
WM, both D(H2O) and α(H2O) were significantly lower 
compared to GM, which is opposite to the relative values 
for the metabolites. Water experiences highly subdiffu-
sive (α ~ 0.62) behavior in WM, not much different from 
the subdiffusive behavior of the intracellular metabolites 
in WM (α ~ 0.56 for all three metabolites). Since water 
is present in the intracellular and extracellular space in 
comparable fractions, these results suggest that water dif-
fusion in both the intracellular and the extracellular spaces 
is subdiffusive, and that cross-membrane water exchange 
rate is slow on the time scale of the diffusion measure-
ment. Slow cross-membrane water exchange in brain WM 
is possibly due to the high degree of myelination of long 

range axons in WM tracts (Stanisz et al. 1999), and is sup-
ported by in vitro studies in bovine optic nerve (Bjarnason 
et al. 2005), in rodent spinal cord (Assaf et al. 2000), as 
well as estimates of apparent cross-membrane exchange 
rates in the human brain (Nilsson et al. 2013). In GM, the 
aggregate intracellular and extracellular space experienced 
by water is significantly less subdiffusive (more Gaussian, 
α ~ 0.83) compared to the purely intracellular metabolites 
(α ~ 0.35 to 0.47) and to water diffusion in WM (α ~ 0.62). 
This result can be interpreted in terms of several differ-
ent hypotheses: one possibility is that the cross-membrane 
exchange rate is fast on the time scale of the diffusion time 
(~ 100 ms), perhaps due to higher membrane permeability 
and a lesser degree of myelination (Nilsson et al. 2013); a 
second possibility is that the extracellular space is loosely 
bound with protoplasmic astrocytes arranged in a uniquely 
non-overlapping manner (Oberheim et al. 2009), thus giv-
ing rise to more Gaussian diffusion dynamics in GM. In 
each of these interpretations, the contribution of the GM 
extracellular space is significantly decreased at high b val-
ues, leaving the highly subdiffusive intracellular space to 
dominate the diffusion-weighted signal.

High b value water data in WM

There was consistent underfitting of the data at high b values 
for the water signal attenuation in WM, a behavior that was 
not observed in the water signal for GM or in the behavior of 
the metabolites in either tissue types. This unaccounted extra 
signal appears to represent a population of water molecules 
that are bound, or exhibit highly restricted diffusion. Since 
this pattern was found only in the water of WM, it is possible 
that this is the residual contribution of water trapped within 
myelin, or “myelin water” (Mackay et al. 1994). In previous 
work, the diffusion coefficient of myelin water perpendicular 
to the myelin sheath in excised frog sciatic nerve measured 
at a relatively low b value (773 s/mm2) has been estimated 
to be about 0.13–0.17 × 10−3  mm2/s, about 5 times smaller 
than that of the bulk water in neural WM tissue (Andrews 
et al. 2006). A more recent study reported a much lower dif-
fusion coefficient for myelin water of 0.0005–0.0012 × 10−3 
 mm2/s, obtained from numerical simulations based on his-
tological images of excised rat cervical spinal cord (Harkins 
et al. 2012). The  T2 of myelin water (e.g., 10–55 ms) is sig-
nificantly shorter than that of intra- and extracellular water 
(Mackay et al. 1994), and so its contribution is expected 
to be small, perhaps explaining the additional ~ 1% of WM 
water signal at the highest diffusion-weighting. The aggrega-
tion of these compelling data supports the notion of a small, 
but highly restricted myelin water component of the MR 
signal, and further measurements are needed to assess its 
contribution to diffusion measurements.
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Varying diffusion gradient strength versus varying 
diffusion time

In this study, we found a much more significant non-
monoexponential behavior for metabolites than previously 
reported (Branzoli et al. 2014). This apparent discrepancy 
emphasizes the need to sample the diffusion decay of 
metabolite data at high b values (b > > 1/D) to fully capture 
the phenomenon of subdiffusion. For water subdiffusion, a 
maximum b value of a few thousands s/mm2 is enough for 
a good characterization of the diffusion decay, whereas for 
metabolites a much higher maximum b value is required.

As this study sampled only one diffusion time with a large 
range of b, it is informative to consider these findings in the 
context of previous DWS studies in animals which used mul-
tiple diffusion times at a fixed low b value (Najac et al. 2014; 
Palombo et al. 2016). Though the measurement schemes are 
different, a common aspect in this study and previous works 
is that the diffusion time (> 50 ms) was sufficiently long such 
that the measured metabolite displacement had time to inter-
act with the cellular structures that define the boundaries 
of intracellular space. The ultra-short diffusion time study 
(Marchadour et al. 2012) fundamentally differs in concept as 
metabolite displacement is investigated in the regime where 
free diffusion first begins to interact with obstacles in the 
cellular structure after a few milliseconds. A key finding in 
Palombo et al. (2016) is that the time varying properties of 
metabolite diffusion in experimental data can be used to gen-
erate synthetic cellular structures which resemble the com-
plexity of fibrous processes for different types of neuronal 
and glial cells. Here, the results presented also indicate that 
the cytosolic properties in the fine processes of neural cells 
dominate the metabolite displacement as evidenced by the 
agreement of estimated RMSDs and optical measurements 
of these typical dimensions. Whether the measurement 
scheme is chosen to vary either on the spatial or temporal 
scale, it is clear that metabolite diffusion properties are a 
function of each variable and it is encouraging that consist-
ent conclusions can be made about microstructural features.

Previous phantom DWS studies, technical 
limitations, and a note on kurtosis

To further support the interpretation of these in vivo results, 
it is important to note that metabolite molecular weight 
alone does not explain the diffusion trends found in WM 
and GM, as shown in S1 Table 3 (see Supplemental Informa-
tion), which summarizes previous measurements in a spheri-
cal phantom containing water and metabolites (Ellegood 
et al. 2005, 2006; Kan et al. 2012). Specifically, the lowest 
molecular weight metabolite, tCho, has the highest in vitro 
diffusion coefficient compared to both the creatine and NAA 
compounds, which is opposite to the in vivo results in WM 

and GM in this study. Rather, the results in this current study 
show that metabolite diffusion dynamics are largely deter-
mined by cytoplasmic properties (i.e., tortuosity, crowding), 
transient molecular trapping and binding to the cytoskeleton, 
and heterogeneity in intracellular microstructural architec-
ture, all of which reduce the order of the bulk diffusion coef-
ficients by about 5–10-fold from in vitro to in vivo (Valette 
et al. 2007).

A technical limitation of this study is that the relatively 
large size of the VOIs limited the ability to choose VOIs 
with either purely WM or GM. This was primarily due to 
SNR considerations, in particular at very high b values, 
which are important for the characterization of metabolite 
subdiffusion. It is expected that future studies which com-
bine stronger gradients (allowing shorter echo times and a 
lower signal loss due to  T2 relaxation) together with the use 
of parallel transmit will allow smaller VOIs to be investi-
gated, reducing the effects of partial volumes in WM and 
GM. Previous DWS studies in animals (Marchadour et al. 
2012; Najac et al. 2014; Palombo et al. 2016) have not tried 
to distinguish between differences WM and GM, mostly 
due to limitations in spatial resolution given the size of the 
brain structures in smaller animals. Therefore, DWS stud-
ies in humans at 7 T offer a unique opportunity to study 
cytomorphology in the human brain with high specificity 
and future studies performed with state-of-the-art hardware 
and pulse sequences have the potential to further elucidate 
the findings presented in the current work. Subsequently, 
these techniques in this study could be further adapted for 
clinical relevance in 3 T systems as there is precedence that 
reproducible and optimized DWS studies can be practically 
performed on both 7 and 3 T systems (Wood et al. 2015).

Finally, it should be noted that estimates of the subdiffu-
sion index, α, can be converted to a kurtosis value through 
the mathematical relationship derived in (Ingo et al. 2015), 
however, the traditional method of estimating kurtosis using 
a fit to the Taylor series expansion (Jensen et al. 2005) is not 
applicable for these high b data as the Taylor series model 
is only stable and monotonic for a limited range of diffusion 
weightings (see (Ingo et al. 2015) for treatment).

Conclusions

Previous studies using optical imaging have shown that 
individually traced particles follow power law anomalous 
subdiffusive dynamics in the presence of intracellular bio-
logical environments (Banks and Fradin 2005; Ghosh et al. 
2015; Weiss et al. 2004). In this study, using non-invasive 
DWS in the healthy in vivo human brain, it has been shown 
that within the intracellular environment encapsulated by 
neuronal and glial compartments, entire distributions of 
molecules also undergo displacement in a manner that is 
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consistent with power law anomalous subdiffusion. The 
unprecedented in vivo measurements in this study enable 
further insight into WM and GM microstructure, both from 
an intracellular and extracellular perspective, by providing 
new evidence of anomalous subdiffusive dynamics in bulk 
tissue microstructure. This emerging technique not only has 
the potential to further understand the healthy human brain, 
but also to better characterize neuropathophysiological pro-
cesses, ranging from inflammation to glioma classification 
(Ercan et al. 2016; Sui et al. 2016).
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