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We	used	diffusion	tensor	imaging	(DTI)	to	study	2	patients	with	traumatic	brain	injury.	The	first	patient	recov-
ered	reliable	expressive	language	after	19	years	in	a	minimally	conscious	state	(MCS);	the	second	had	remained	
in	MCS	for	6	years.	Comparison	of	white	matter	integrity	in	the	patients	and	20	normal	subjects	using	histo-
grams	of	apparent	diffusion	constants	and	diffusion	anisotropy	identified	widespread	altered	diffusivity	and	
decreased	anisotropy	in	the	damaged	white	matter.	These	findings	remained	unchanged	over	an	18-month	
interval	between	2	studies	in	the	first	patient.	In	addition,	in	this	patient,	we	identified	large,	bilateral	regions	
of	posterior	white	matter	with	significantly	increased	anisotropy	that	reduced	over	18	months.	In	contrast,	
notable	increases	in	anisotropy	within	the	midline	cerebellar	white	matter	in	the	second	study	correlated	with	
marked	clinical	improvements	in	motor	functions.	This	finding	was	further	correlated	with	an	increase	in	
resting	metabolism	measured	by	PET	in	this	subregion.	Aberrant	white	matter	structures	were	evident	in	the	
second	patient’s	DTI	images	but	were	not	clinically	correlated.	We	propose	that	axonal	regrowth	may	underlie	
these	findings	and	provide	a	biological	mechanism	for	late	recovery.	Our	results	are	discussed	in	the	context	
of	recent	experimental	studies	that	support	this	inference.

Introduction
The minimally conscious state (MCS) (1) denotes a specific level 
of functional recovery of severely brain-injured patients who dem-
onstrate unequivocal, but  intermittent, behavioral evidence of 
awareness of self or their environment. This condition potentially 
produces a unique burden of isolation, motivating efforts to better 
understand brain function in MCS patients in the hope of promot-
ing further recovery (2). Here we report magnetic resonance diffu-
sion tensor imaging (DTI) findings from 2 patients following severe 
traumatic brain injuries. Our index patient recovered reliable com-
munication after remaining in MCS for 19 years whereas the second 
patient remained in MCS at the time of study 6 years after injury.

DTI (refs. 3, 4 and references therein) is a novel imaging modality 
capable of characterizing specific white matter pathologies such as 
atrophy and diffuse axonal injury. The preferential diffusion direc-
tion of water in myelinated white matter locally coincides with the 
direction of white matter fiber bundles in the brain, and the diffu-
sion constant and anisotropy depend on microscopic tissue prop-
erties such as density, diameter, and geometry of myelinated fibers. 
These properties allow DTI to characterize white matter damage 
and possible neuronal reorganization in the setting of brain inju-
ries. In this study, DTI was used to evaluate white matter integrity 
across the cerebrum in both patients and in the first patient to 
characterize changes in intracortical and cerebellar white mat-
ter connectivity patterns across 2 studies 18 months apart. We 

compare our DTI findings in the first patient with fluorine-18 
fluorodeoxyglucose–PET (FDG-PET) measurements of the local 
metabolic rate of brain tissue. The results of these complementary 
modalities converge, providing evidence of reorganization of the 
patient’s white matter, possibly facilitating functional recovery.

Case report patient 1. The patient is a 39-year-old male who at age 
19 suffered a severe closed head injury in a motor-vehicle accident. 
Remarkably, this patient spontaneously emerged from MCS 19 
years following the initial injury and recovered spoken language. 
He initially remained in a coma for 1 to 2 weeks followed by further 
recovery to a vegetative state and subsequently a level of function 
consistent with MCS within several months of injury. Although 
gradual improvements in responsiveness were noted over an ensu-
ing 19-year period, the patient was unable to communicate using 
gesture or verbal output. Limited head nodding and grunting were 
only inconsistently present. Eight months prior to our first evalu-
ation, he spoke his first word after his brain injury, “mom,” which 
was followed by a recovery over a period of several days of increas-
ingly fluent, but dysarthric, speech and reliable communication.

At the time of the first DTI evaluation, motor examination 
revealed bilateral upper extremity contractures with active move-
ment noted on the left side only. There was increased extensor 
tone bilaterally in the lower extremities accompanied by intermit-
tent clonus, bilateral triple flexion responses, and extensor plan-
tar reflexes. Oculomotor examination showed near-continuous 
random eye movement (with full range of movement). Saccades 
and pursuits were intact. Motor speech was fluent but severely 
dysarthric due in part to dystonic tongue movements. Language 
output was characterized by a pronounced logorrheic tenden-
cy. He was oriented to person but did not know his age, select-
ing “less than 20 years old” when provided with a 2-alternative, 
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forced-choice response format. He misidentified his location and 
denied that he had been transported to his current location by air 
48 hours earlier. He indicated that he did not know the current 
year and selected “1984” (the year he was injured) from a list of 
4 alternatives. There were no discernible paraphasic or dysnomic 
errors in conversation and no evidence of alexia on single-word 
reading tasks. Confrontation naming was accurate across 10 con-
secutive trials involving high-frequency items. Phonemic (8 items 
in 60 seconds) and semantic fluency (7 items in 60 seconds) were 
severely impaired due to rapid loss of set, perseverative errors, and 
behavioral disinhibition (e.g., he began making animal noises 
while generating names of animals).

Eighteen months later, at the time of the second DTI scan, 
several areas of neurological improvement were identified. Reas-
sessment of motor functions demonstrated some functional 
recovery of the left upper extremity (i.e., he was able to point 
but could not perform self-care tasks such as using a spoon). He 
remained unable to use the right upper extremity. Most notably, 
both lower extremities, which were paretic on initial evaluation, 
showed improvements in strength to at least 4+/5 on volitional 
movement. He was able to extend both lower extremities when 
flexed at the knee. These movements were poorly controlled and 
tended to occur in a ballistic fashion. He also demonstrated a 
new ability to assume a bridging position in which both legs 

pushed down to elevate the lower back. Cognitively, there was an 
overall increase in baseline arousal accompanied by generalized 
improvement in attentional focus and response persistence. He 
was able to count from 1 to 25 without interruption and com-
pleted a 90-second auditory vigilance, detecting 19 of 30 tar-
gets with 1 false-positive error. Speech intelligibility improved, 
and there was a noticeable decrease in the severity of the logor-
rhea. He remained oriented to person only and again refused to 
accept that he had traveled by plane from his home 24 hours 
earlier. Conversational speech remained free of paraphasic and 
dysnomic errors, there were no errors on confrontation naming 
(20/20), and single-word reading was accurate. Verbal fluency 
was essentially unchanged (trial 1: 8 items in 60 seconds; trial 
2: 4 items). He continued to deny awareness of any physical or 
cognitive problems, typically providing rational but inaccurate 
explanations for the problems he encountered when symptoms 
were elicited on examination.

Case report patient 2. The patient is a 24-year-old male who sus-
tained severe traumatic brain injury in a motor-vehicle accident 6 
years prior to examination with DTI. He remained in a vegetative 
state, as judged by repeated examinations for over a year follow-
ing the injury. Approximately 17 months into the course of the 
patient’s illness, standardized testing identified reliable vertical 
visual pursuit, clear evidence of object manipulation with the left 

Figure 1
MRI data: structural images, FA maps, and fiber recon-
struction. (A–E) Axial T1-weighted anatomical images 
(A, patient 1; D, patient 2), sagittal FA color maps (B, 
patient 1; E, normal control), and axial FA color map 
of patient 1 (C) corresponding to slice in A. Color is 
composed of red, blue, and green, indexing whether 
anisotropy is most pronounced from left to right, supe-
rior to inferior, or anterior to posterior, respectively. The 
patient’s MPO ROI is marked by a dashed line in B, and 
the slice position of B corresponds to the dashed line in 
C. The normal control subject with the most pronounced 
anisotropy in the MPO region is identified as a square 
mark in Figure 2J. (F) White matter fiber tracts of the 
patient in the MPO region of the brain, overlaid onto an 
axial T2-weighted image. (G) Sequence of parasagittal 
FA maps of patient 1, first scan. The images are ordered 
from left to right and the space between them is 1.7 mm.  
(H) Sequence of parasagittal FA maps for patient 1 
obtained from the second scan, with the same spac-
ing as before. In the second scan, the vermis appears 
more and the MPO region less pronounced. (I) Axial FA 
maps of patient 2. The images are ordered from inferior 
to superior and have a spacing of 2.5 mm.
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upper extremity (grasp and release), and occasional episodes of 
command following using eye gaze. These changes signaled tran-
sition from the vegetative state to the MCS. He continues to be 
quadriparetic with inconsistent evidence of purposeful movement 
of the left upper extremity only. There have been no observable 
clinical changes over the last 4 years.

Results
The anatomical MRI images of both patients show widespread 
cerebral atrophy (Figure 1, A and D). Notably, the lateral ventricles 
were increased in size, and the corpus callosum and the periven-
tricular white matter were diminished. Color anisotropy maps 
demonstrate the predominant white matter fiber direction, with 
different colors indicating different directions (Figure 1, B, C, and 
G–I). The intensity of the color is proportional to the diffusion 
anisotropy. Anisotropy, measured by the fractional anisotropy 
(FA) index, was large for the hindered diffusion of water, as it is in 
the presence of myelinated axons, and smaller for more isotropic 
regions in the brain, such as normal gray matter or cerebrospi-
nal fluid (CSF). The color FA maps of the patients demonstrate 
a marked reduction of volume and diffusion anisotropy of the 

medial corpus callosum and other parts of the brain compared 
with normal control subjects (Figure 1E).

To compare both patients’ regional white matter integrity with 
normal control subjects, we performed a quantitative analysis of the 
DTI data. Histograms of the average diffusion constant (Figure 2,  
A and E) and FA (Figure 2, B and F) correlate with global injury to 
the brain white matter in both patients, showing a marked shift 
toward lower average diffusion values in white matter (5) and an 
increased CSF compartment. Overall, diffusion was increased, 
as expected, whereas anisotropy was decreased. In the aggregate, 
these findings are consistent with the patients’ having both suf-
fered severe diffuse axonal injury (Grade 3 DAI).

A  detailed  quantitative  analysis  of  the  corpus  callosum  in 
patient 1 indicated anisotropy loss across substructures: whereas 
the FA values for the genu of the corpus callosum were with-
in the normal range (first scan, FA = 0.70 ± 0.14; second scan,  
FA = 0.68 ± 0.13; control, FA = 0.69–0.85), the splenium of the 
corpus callosum showed significantly lower FA values compared 
with normal control subjects (first scan, FA = 0.61 ± 0.20; second 
scan, FA = 0.58 ± 0.11; control, FA > 0.69). Neither measurement 
showed a significant difference between the first and second scan. 

Figure 2
Quantification of white matter reorganization. (A) Histogram of average apparent diffusion constant (Dav) of patient 1 (bold line) and the 20 nor-
mal control subjects over all voxels in the brain. The histogram of the patient shows an enlarged compartment of CSF as compared with normal 
subjects. (B) Same as A for the FA. The patient’s histogram lacks large FA values, characteristic for overall white matter degeneration. (C and 
D) Comparison of histograms of patient 1 for the first (solid lines) and second scan 18 months later (dotted lines). (E and F) Same as A and B 
for the second patient. (G and H) Histograms of Dav and FA of a normal control subject who was scanned 3 times within a week (solid lines) and 
then once 17 months later (dashed lines). (I) FA versus Dav for patient 1 (open circle, first scan; open square, second scan) and the 20 normal 
control subjects (closed circles) for an ROI in the medial corpus callosum, showing pronounced white matter atrophy in the patient’s brain. Bars 
indicate standard deviations over the ROI. (J) FA-c diagram of the MPO region of patient 1 (open circle, first scan; open square, second scan) 
and 20 normal control subjects (closed circles). c quantifies the right-left component of the main diffusion direction whereas FA quantifies the 
overall anisotropy. The closed square marks the control subject referred to in Figure 1E. Bars indicate mean standard deviations over ROI as 
measured by 3 of the authors. (K) Same as J but for the inferior part of the vermis. Bars indicate standard deviations over the ROI.
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The medial portions of callosum showed marked reduction in 
anisotropy (first FA = 0.38; second FA = 0.28; see Figure 2I). This 
portion of the callosum is very thin, and the measurements were 
influenced by neighboring tissue with smaller FA (partial volume 
effect). As an additional and reliable measure for the reproduc-
ibility of these values between the 2 scan times of patient 1, we 
chose the CSF as a large compartment in the brain that could 
be measured without substantial partial volume effects. For CSF, 
FA values were normal and equal between the first and second 
scan (first scan, FA = 0.17 ± 0.07; second scan, FA = 0.18 ± 0.04; 
control range, FA = 0.15–0.28). The constancy of CSF values sup-
ports the quantitative reproducibility of the 2 scans of patient 1.  
Furthermore, Figure 2, C, D, G, and H, shows a comparison of 
diffusion and FA histograms, respectively, for patient 1 and a 
normal control subject scanned twice in a period of 17 months. 
Whereas small fluctuations in the voxel counts were unavoidable, 
for example due to differing partial volume effects between scans, 
the difference in histograms is marginal compared with the dif-
ference between the patient and the control subject’s histograms 
as shown in Figure 2, A, B, E, and F.

Contrary  to  the  general  findings  of  decreased  anisotropy 
across brain structures in the first scan of patient 1, there were 
well-confined regions of pronounced right-left anisotropy in the 
medial parietal, occipital (MPO) areas of the brain, bilateral to 
the interhemispheric fissure (visible as the red occipital areas 
in Figure 1, B and C, and through the sequence of parasagit-

tal images in Figure 1G). These fibers were contiguous with the 
splenium of the corpus callosum (Figure 1F). Based on these 
qualitative observations, we sought a quantitative comparison 
of this region in the patient and the normal subjects. As a proxy 
for the strength of occipital right-left connections, we used 2 
measures: the FA and the fiber right-left directionality index, c, 
defined as the right-left component of the principal diffusion 
direction. Whereas FA was assumed to reflect myelinated fiber 
density, diameters, and microscopic structures such as crossing 
and branching fibers, we used the right-left directionality index 
c to measure the degree of right-left directionality of fibers, 
independent of fiber density and diameters.

In the first scan of patient 1, the MPO areas were significantly 
larger than in normal controls as is evident from a comparison of FA 
values (P = 0.05) and c (P = 0.05) with normal controls (Figure 2J).  
In the second scan, 18 months later, the FA values reduced and were 
no longer separated from the control group. However, in the second 
scan, another striking region of right-left anisotropy had become 
evident in the inferior part of the cerebellar vermis (Figure 1H).  
The increase of FA in the vermis between the 2 scans is statistically 
highly significant (P < 0.0001; see Figure 2K).

The marked increase in anisotropy of the cerebellar vermis had 
a direct clinical correlate in the patient’s regaining of limited 
use of the lower extremities over the 18-month interval between 
evaluations and  improved motor  function of  the  left upper 
extremity. In addition, although less easily graded on a clinical 

Figure 3
Sagittal PET-CT images of patient 1’s brain. The FDG uptake is displayed as brown (smaller uptake value) to white (larger uptake values).  
The CT image is displayed in bluish tones. The area marked by an arrow corresponds to the area marked in Figure 1B.
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exam, the patient’s dysarthric speech pattern notably improved 
over the same time interval and likely reflected changes in cer-
ebellar function as well.

FDG-PET images of resting metabolism in an awake, eyes-open 
state provided converging evidence for relatively increased func-
tionality in the MPO area of the brain of patient 1 (Figure 3). Com-
pared with all other brain areas, the MPO regions exhibited the 
highest resting FDG uptake, both at the time of the first PET scan 
and in a repeat study 18 months later (not shown). Calculation 
of standard uptake values based on body weight at the first scan 
showed that the MPO regions maintained slightly above-normal 
resting values compared with an approximately 25–30% reduction 
from normal values seen across all other brain structures, with the 
exception of the cerebellar hemispheres, which showed approxi-
mately 50% reductions from normal values, consistent with the 
patient’s quadriparesis. Comparison of the second and first FDG-
PET scans revealed an approximately 20% increase in standard 
uptake values across brain structures without marked qualita-
tive differences. The midline cerebellum standard uptake values, 
however, increased 50% in the second PET scan. This independent 
measurement suggests that the observed DTI changes are related 
to activity-dependent changes in this part of the structure.

The second patient studied exhibited several unusual features 
in FA color maps that are suggestive of changes in white matter 
connectivity. In Figure 1I, axial slices of the second patient’s brain 
are displayed. The less damaged right hemisphere (compare with 
Figure 1D) in this patient contained several novel-appearing struc-
tures, namely thick anterior-posterior connections (green) and 
strong right-left connections (red) throughout the right frontopa-
rietal cortex that were continuous with the anterior corpus callo-
sum. This asymmetric feature appeared to also receive connections 
from the thick anterior-posterior fiber tracks. However, as previous 
studies are not available, we cannot rule out the possibility that 
these connectivity patterns may have existed prior to injury.

Discussion
The large changes in anisotropy in patient 1’s brain, which oth-
erwise has overwhelming damage consistent with diffuse axonal 
injury, raise questions about their origin. In the first DTI study 
of the patient’s brain, the bilateral MPO regions had higher-than-
normal anisotropy (FA) and directionality (c). Their reduction in 
anisotropy 18 months later suggests that the directionality may 
have been a transitional stage of an ongoing process. The stabil-
ity of other strongly directional features of the DTI images and 
the newly appearing increases in the midline cerebellar anisotropy 
further support this view.

How can these findings be explained? It is known that a cor-
tical  injury creates a particularly  favorable environment  for 
sprouting to occur in the intact remaining cortex (6, 7). Dan-
cause et al. (8) recently provided anatomical and neurophysi-
ological evidence of extensive axonal regrowth in adult squirrel 
monkeys, arising months after injury. In their studies, M1 axons 
in the ventral premotor cortex sought new targets in surviving, 
intact tissue, with a focused fiber direction orientation. This 
widespread corticocortical sprouting extended to intact cortical 
areas distant from the injury, which underwent major neuroana-
tomical reorganization. During the process of axonal growth, 
it was further observed that the orientation of the new fibers 
in the injured animals was significantly more focused than the 
relatively diffuse orientation of fibers in normal control cases. 

The  axonal  regrowth  was  correlated  with  functional  motor 
recovery. A recent human DTI study, also using FA for quantifi-
cation, showed a complementary finding that white matter plas-
ticity can be observed in adult humans as a result of intensive 
piano practicing, with most pronounced changes observed in 
association (corticocortical) fiber connectivity (9). We conjecture 
that the initially observed increments of FA and c may reflect 
such a distant reorganization since the posterior cortical areas 
were among the least affected by the patient’s brain injury. The 
normalization of FA and c 18 months later could be a result of 
ongoing sprouting of axons towards other targets. Decreasing 
FA values have been observed during the development of preterm 
human cerebral cortex (10) and can likely be explained by inner-
vation by corticocortical axons and synaptogenesis, among other 
processes (11). Similar to the posterior cortical areas, the increas-
ingly strong anisotropy in the cerebellar vermis may reflect an 
additional location of remodeling; it is notable that in the first 
scan the directionality index c was already large for this region 
compared with the control group.

There is other evidence for large-scale cortical rewiring in adult 
monkeys after amputations of digits or limbs, or retinal lesions, 
which could only be explained by axonal growth (ref. 12 and refer-
ences therein). Some studies have suggested that axonal regrowth 
beyond 10 mm may also be possible and is likely activity depen-
dent (13). To date, such axonal remodeling has only been observed 
in response to injuries that persisted months to years. Interest-
ingly, late remyelination specifically within the posterior occipi-
tal cortices as suggested here in our patient has been observed in 
studies of normal, aging nonhuman primates (14). Collectively, 
in the context of current literature, these findings suggest that 
regrowth and rerouting of the white matter tracts may account 
for the measured changes in brain structure.

This interpretation is further supported by the observation of 
strongly preserved metabolic activity in the MPO regions com-
pared across other cerebral structures. In other studies, we have 
compared metabolic rates of severely brain-injured patients to 
normal values using the same PET scanning technologies and cor-
related the findings with other imaging modalities (15, 16). A gen-
eral conclusion of these studies is that regional preservation of the 
FDG-PET signal correlates with both preserved clinical identifi-
able functionality and electrophysiological activity. Thus, we inter-
pret the findings of a relatively increased metabolism in the same 
regions where anisotropy is increased as converging evidence for 
late reorganization of white matter connections in this patient’s 
MPO regions of the brain.

Even if the initially increased and subsequently decreased anisot-
ropy in the MPO regions does reflect ongoing axonal regrowth, 
the exact relationship to the patient’s clinical course is unknown. 
Since earlier studies are not available, we cannot rule out that the 
novel MPO feature may have existed prior to injury. The observa-
tion of a similar pattern of interval increase in anisotropy in the 
midline cerebellum, however, strongly supports the possibility of a 
slow recovery of intraregional connectivity through axonal remod-
eling, as this finding has a direct clinical correlate. Taken together, 
both observations in patient 1 suggest that axonal regrowth may 
play some role in very late recoveries of function in patients with 
severe brain injuries (17). The interval changes observed in the 
longitudinal study of patient 1 also provide insight into the pos-
sible connection of recovery of speech despite the lack of findings 
in language-related areas. If axonal reorganization is an ongoing 
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process, these regions may have at one time experienced similar 
changes in connectivity not resolvable by DTI at this time but 
nonetheless consistent with the current observations. The sugges-
tive findings of novel pathway development in the second patient 
cannot be further interpreted at this time.

Collectively, the findings support further efforts to prospective-
ly and longitudinally characterize neuroplasticity in both brain 
structure and function following severe injuries (16). Studies of 
ongoing recovery utilizing DTI and PET beginning shortly after 
brain injury will also likely shed further light on debates surround-
ing the question of long-distance cortical rewiring (18) in humans 
and its potential importance in rehabilitation (19).

Methods
Our studies were approved by the Institutional Review Board (IRB) of Weill 
Medical College of Cornell University. IRB-approved consent declarations 
were obtained from all control subjects and the 2 patients’ legally autho-
rized surrogates.

MRI. Twenty normal control subjects (9 males, 11 females, age 19–54 
years; median age, 25) and the 2 patients were scanned on the same GE 
Healthcare 3T MRI Signa EXCITE scanner with 50 millitesla/m gra-
dients, using a birdcage head coil in quadrature mode. The 20 control 
subjects were scanned within 9 weeks before and 5 weeks after the first 
scan of patient 1. Patient 1 was again examined 18 months after the first 
scan. Patient 2 was scanned once only. An in-house 2D single-shot spin-
echo echo planar imaging (EPI) sequence with repetition time/echo time  
(TR/TE) = 10000/100 ms was used for DTI. From 58 to 60 consecutive slices 
of 2.5-mm thickness and axial matrix size of 128 × 128 were acquired in 1 
number of acquisitions (NEX), with a field of view of 22 cm. Additionally, 
T1-weighted anatomical images were acquired from all subjects. To test for 
reproducibility of the FA and diffusion constant histograms, another nor-
mal control subject was scanned twice within an interval of 17 months and 
3 times within a week, showing good reproducibility (Figure 2, G and H).

MRI data analysis. For quantification of right-left connectivity, we used FA 
and the right-left fiber directionality, c, which we defined as the absolute 
value of the x component of the normalized principal eigenvector of the dif-
fusion tensor. Both FA and c range from 0 to 1. These measures reflect the 
degree of anisotropy and the directionality of diffusion, respectively (20). 
FA and c for the MPO region were computed as follows: the sagittal slice 
with the strongest intensity region of right-left fibers (appearing as red in 
FA color maps) in the MPO region was selected and a region of interest 
(ROI) of at least 75 voxels was drawn that encompassed the strongest FA 
values in that region. ROI-based quantification of anisotropy and diffusion 
always has some variability and may be biased depending on the subject per-
forming the measurement. To reduce subjective bias, the reported FA and 
c values for the MPO region of the first scan of patient 1 and the normal 
control subjects indicated in Figure 2J were averaged over 3 independent 
analyses by 3 of the authors. Furthermore, the anisotropy values for the 
vermis and MPO region of the second scan coincided with values obtained 
from a high-angular resolution diffusion imaging (HARDI) scan obtained 
the same day. For testing of significant differences between patient and con-

trol values, we used a 1-tailed Wilcoxon rank sum test for both quantities. 
All other significances in differences in the mean of both quantities were 
evaluated by 2-tailed Student’s t tests. For the second scan of patient 1 and 
for patient 2, prior to computing quantitative values, the coordinate system 
of the head was aligned with the magnet coordinate system to adjust for 
necessary variations of head positioning for each patient. The diffusion gra-
dient directions were rotated accordingly to ensure that in color anisotropy 
maps (21), the colors would correspond to the head coordinate system and 
the right-left directionality index to the true right-left direction in the head 
as well. To test for eddy current–induced distortions in the patients’ images 
that may affect FA (22, 23), images of the quality of fit of the measured 
signal to the diffusion-attenuated signal, depending on the fitted diffusion 
tensor components, were used to assess the variability of the diffusion con-
stant; these error plots showed no correlation with the MPO region or the 
vermis, and generally, the error in cortical areas was significant only for 1 to 
2 voxels deep into the cortex. White matter fiber tracking was performed as 
described previously (24, 25, 26).

PET-CT acquisition and analysis. Patient 1 was scanned twice, 1 day after 
the MRI scans in each case. FDG-PET was performed on a GE Healthcare 
combined PET-CT LS Discovery unit; 11.2 mCi and 10.3 mCi of FDG (at 
the first and second scan, respectively) were administered about 50 min-
utes before emission-mode PET scanning. A total of	35 transaxial slices of 
4.25-mm thickness with a matrix size of 128 × 128 and a field of view of 
25 cm were acquired. The signal was acquired in dynamic high-sensitivity 
mode, yielding 210 images altogether, which were later averaged slicewise 
over time. For display (Figure 3), the resulting volumes were reinterpolat-
ed to sagittal slices of 4.88-mm thickness, and the FDG uptake was color 
coded and overlaid to CT images prescribed collinear to the PET images. 
The unitless FDG standard uptake values, defined as regional activity per 
gram divided by injected dose per patient mass in grams, were measured in 
ROIs obtained from axial slices of the averaged images.
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