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Time-dependent Diffusion in Transient Splenial Lesion:  
Comparison between Oscillating-gradient Spin-echo  

 Measurements and Monte-Carlo Simulation

Tomoko Maekawa1,2, Kouhei Kamiya1,2,5*, Katsutoshi Murata3, Thorsten Feiweier4,  
Masaaki Hori1,5, and Shigeki Aoki1

The microstructural underpinnings of reduced diffusivity in transient splenial lesion remain unclear. Here, 
we report findings from oscillating gradient spin-echo (OGSE) diffusion imaging in a case of transient sple-
nial lesion. Compared with normal-appearing white matter, the splenial lesion exhibited greater differences 
between diffusion time t = 6.5 and 35.2 ms, indicating microstructural changes occurring within the corre-
sponding length scale. We also conducted 2D Monte-Carlo simulation. The results suggested that emer-
gence of small and non-exchanging compartment, as often imagined in intramyelinic edema, does not fit 
well with the in vivo observation. Simulations with axonal swelling and microglial infiltration yielded results 
closer to the in vivo observations. The present report exemplifies the importance of controlling t for more 
specific radiological image interpretations.
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BRIEF COMMUNICATION

The pathophysiology of the transient splenial lesion, a revers-
ible focal reduction of apparent diffusion coefficient (ADC) in 
the splenium of the corpus callosum, remains obscure, despite 
the widespread recognition of this phenomenon. Transient 
splenial lesions occur during various clinical conditions, 
including infection, withdrawal of antiepileptic drugs, drug 
toxicity, hypoglycemia, malnutrition, high- altitude disease, 
and Charcot–Marie–Tooth disease.1 This lesion usually 
resolves quickly without neurological sequelae, implying a 
distinct pathology from ischemic infarction, though the lesion 
exhibits ADC values comparable to that of infarction.

An emerging field of diffusion MRI (dMRI) is to probe 
tissue microstructure by varying the diffusion time.2 Due to  
the presence of obstacles (e.g., cell membranes, organelles, 
myelin, extracellular structures), dMRI measurements in bio-
logical tissues are dependent on the effective diffusion time (t), 
the time interval over which spin displacements are sampled. 
Time-dependent diffusion has been observed in both healthy3,4 

and diseased5–7 human organs. These observations are impor-
tant for clinical practice, because they mean that radiological 
image interpretation can be improved by controlling t. 
Selecting a dedicated t that maximizes the contrast between 
lesions and normal tissue will improve sensitivity. In addition, 
studying diffusivity as a function of diffusion time, D(t), ena-
bles characterization of microstructural features. For example, 
the lesion contrast for acute infarction diminished in a shorter 
t realized by oscillating gradient spin-echo (OGSE) compared 
with a longer t by conventional pulsed gradient spin-echo 
(PGSE) diffusion imaging.5 Based on the form of D(t), it has 
been suggested that the reduction of diffusivity in acute infarc-
tion can be well explained by neurite beading.2,5 Here, we 
report a case of transient splenial lesion with findings on 
OGSE, along with hypothesizing regarding the underlying 
microstructure based on simple computer simulation.

A 49 year-old male presented with fever and inarticulate 
speech lasting for 6 days. After physical examination and labo-
ratory tests, he was referred for brain MRI as part of the diag-
nostic work-up for viral meningitis. MRI on the 3T scanner 
(MAGNETOM Prisma, Siemens Healthcare, Erlangen, Ger-
many) revealed characteristic oval hyperintensity in the sple-
nium on diffusion-weighted image (DWI) with PGSE. The 
OGSE protocol used a trapezoid-cosine waveform with a fre-
quency of 30 Hz; all other parameters were identical between 
PGSE and OGSE: TR, 4800 ms; TE, 101 ms; voxel size, 2.5 ´ 
2.5 ´ 5 mm3; 30 axial slices; and scan time, approximately  
2 min. Both OGSE and PGSE used b = 1000 s/mm2 with six 
diffusion-encoding directions. The effective diffusion time for 
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Fig. 1 (a) DWIs (top) and D maps (bottom) for PGSE (left) and OGSE (right). (b) Measured diffusivities (mean ± 1 SD) in the splenial lesion 
and NAWM. Above the bar chart are the relative ratios of diffusivity reduction [(DNAWM − Dlesion)/DNAWM]. The lesion exhibited reduced 
diffusivity on both OGSE and PGSE. The reduction was weaker in OGSE. DWIs, diffusion-weighted images; NAWM, normal-appearing 
white matter; OGSE, oscillating gradient spin-echo; PGSE, pulsed gradient spin-echo.

a b

OGSE, calculated as in Baron et al.,3 was t = 6.5 ms; for PGSE, 

it was t = 35.2 ms (∆ − d
3
, D = 47.3 ms and d = 36.3 ms). Note 

that the definitions of t for both OGSE and PGSE are not uni-
versal but dependent on the functional form of D(t) and thus 
still a matter of debate.2 Here, we selected the commonly used 
definitions3 for comparison with the literature.

Figure 1 shows the DWIs and diffusivity values. The mean/
parallel/perpendicular diffusivities ( )D D/D /|| ^  were computed 
through a standard diffusion tensor imaging procedure. The 
region of interest was placed manually to include the hyperin-
tense area in DWI with PGSE. For reference, normal-appearing 
white matter (NAWM), presumably containing a population of 
single fibers, was defined by segmenting the b = 0 image using 
FMRIB’s automated segmentation tool (FAST) in FMRIB soft-
ware library (FSL) and further applying a threshold of frac-
tional anisotropy ≥0.5. Compared with NAWM, the lesion 
exhibited decreased diffusivity on both OGSE and PGSE, 
although the reduction was weaker in OGSE (63%/34% [PGSE/
OGSE] for D, 57%/18% for D||, 73%/54% for D⊥).

Hypothetical mechanisms of ADC reduction in transient 
splenial lesion include intramyelinic edema, inflammatory 
infiltrates, and axonal swelling.1 With intramyelinic edema, 
splitting of myelin layers is thought to lead to an emergence of 
water molecules residing within small spaces between layers, 
which are strongly restricted in all directions. Intramyelinic 
edema has been observed histologically in several diseases 
with transient reduction of ADC, such as maple syrup  
urine disease.8 Axonal swelling and inflammation-associated 
microglial infiltration are thought to increase the proportion of 
restricted intracellular compartments and to promote diffusion 
hindrance in the narrowed extra-cellular space. To gain insight 
into how intramyelinic edema, inflammatory infiltrates, and 
axonal swelling might each affect D(t), we performed Monte-
Carlo simulations, as outlined in a recent review.9

For simplicity, we used a two-dimensional model mim-
icking diffusion perpendicular to the axon, D t^ ( ). Axons 
were modeled as randomly packed10 cylinders (circles), with 
the inner diameters taken from a postmortem study11 (Fig. 2). 
For axonal swelling, we increased the axonal inner diameters 
uniformly, while keeping the myelin volume constant. 
Microglias were modeled as circles (radius, 5 μm). Intramy-
elinic edema was represented as small circular holes (radius, 
0.13–0.48 μm) within the myelin sheath.

Figure 3 shows the results of our simulations. In agreement 
with the in vivo results and previous works,3,4 for the baseline 

Fig. 2 Microgeometry used for the simulation (baseline state). Axons 
were modeled as randomly packed cylinders (circles). Signal contri-
bution from myelin (black) was ignored due to its short T2. For the 
baseline state, we used a uniform g-ratio of 0.7, and axonal fraction 
(including myelin) was set at 0.6. For all simulations, the field of view 
(50 ´ 50 μm2) and the number of axons in the field were held con-
stant. We assumed intrinsic diffusivity as D D

t0 0
2 0≡ == . µm /ms2  

for all compartments, uniform particle density and relaxation time, 
and negligible intercompartmental exchange. Each simulation is 
comprised of 5 ´ 104 particles and a time step of 5 ´ 10−5 ms. D(t) 
was computed directly from particle displacement (i.e., diffusivities 
that would be observed with PGSE in a narrow pulse limit).
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state, total D t⊥ ( )  exhibited small but meaningful differences in 
the range of t = 6.5–35.2 ms. Although all three of the patho-
logical scenarios led to reduced total D t⊥ ( ) , intramyelinic 
edema did not yield an increase in the slope of D t⊥ ( )  between  

t = 6.5–35.2 ms as observed in vivo. Whereas axonal swelling 
led to increased difference of diffusivities between t = 6.5– 
35.2 ms, as in Baron et al.,5 microglial infiltration showed more 
pronounced effects, reflecting larger changes of length scales.

Fig. 3 The three pathological 
scenarios: axonal swelling (left), 
microglial infiltration (middle), 
and intramyelinic edema (right). 
The top row shows the microge-
ometries. For axonal swelling, 
the inner diameters of axons 
were increased by a factor of 
up to 1.2, while the myelin 
volume was kept constant. 
Microglias were modeled as cir-
cles (radius, 5 μm), and the frac-
tion of microglias (red circles) 
was varied from 0 (baseline) 
to 0.2. Intramyelinic edema 
was modeled as small holes 
(radius, 0.13–0.48 μm) within 
the myelin sheath. The propor-
tion of intramyelinic holes (red 
circles) was varied from 0 to 
0.15. The second row shows the 
total diffusivities within a voxel; 
the bottom three rows show the 
diffusivity in each compartment 
[intra-axonal space, extracel-
lular space, and pathological 
compartment (microglias or 
intramyelinic edema)]. The 
shaded area corresponds to the 
range of clinical data (t = 6.5–
35.2 ms). Microglial infiltration 
led to greater difference from 
the baseline state at t = 35.2 ms 
than at t = 6.5 ms, in agreement 
with the in vivo observation. 
Similar trend was seen for axo-
nal swelling, though the change 
between t = 6.5 and 35.2 ms 
was smaller. Intramyelinic 
edema did not alter the mag-
nitude of difference from the 
baseline state between t = 6.5 
and 35.2 ms.
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The present in vivo observation and computer simulation 
suggest that the emergence of water molecules confined inside 
very small subcellular structures, as often imagined in 
intramyelinic edema hypothesis, does not fit well with in vivo 
data, and the pathology responsible for transient splenial 
lesions has length scales which correspond to the diffusion 
distance explored by water molecules between t = 6.5 and 
35.2 ms. Simulation with axonal swelling and microglial 
infiltration yielded trends similar to the in vivo observation, 
while the difference between t = 6.5 and 35.2 ms was smaller 
for axonal swelling. However, it is still too early to preclude 
intramyelinic edema as the mechanism for reduced ADC. 
Ignoring intercompartmental exchange was a crude assump-
tion in our simulation, and introducing intercompartmental 
exchange into the simulation may possibly support intramy-
elinic edema. In addition, intramyelinic clefts may be much 
wider than our simulation (as seen in Fig. 4 in Harkins et al.12) 
such that intramyelinic edema was similar in effect to micro-
glias in the present simulation.

The present simulation has lots of oversimplifications that 
need to be addressed in future. In reality, axonal swelling is 
non-uniform, and selective vulnerability of thin, un-myelinated 
axons is possible. Microglias are not spherical in shape but 
have complex geometries that change in response to inflamma-
tion. Though microglial infiltration yielded results closer to the 
in vivo data in the present simulation, incorporating permea-
bility of microglia may lead to different conclusions.  
Our simulation also ignored the effects of shape variation of 
axons in the parallel direction (e.g., axonal beading) and orien-
tation dispersion. Though our two-dimensional model repre-
sented both axons and microglias as circles, in three dimension, 
cylinders and spheres have different functional forms of D(t).9 
Implementing all the geometric complexites (the distribution 
of axon radii, beading, dispersion, and dense packing, etc.) at 
the same time is extremely challenging, and we must wait for 
future developments of packing algorithms.

To summarize, the present findings suggest that the 
underlying pathology of transient splenial lesion has a struc-
tural length scale matching to the water molecule displace-
ment during the range of diffusion times accessible with 
modern clinical scanners. Our report further supports that 
controlling t potentially enables more specific radiological 
image interpretation in future.
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