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Abstract

Diffusion-weighted (DWI) MRl is a highly sensitive and specific test for diagnosis of sporadic Jakob-
Creutzfeldt disease (SCJD); however, the neuropathological origin of DWI signal abnormalities
including other clinical features have not been well-defined. We describe a case of sCJD with brain
MRI taken 15 days prior to death, which provided an opportunity to correlate clinical, EEG, MRI
and neuropathological findings in order to better understand which sCJD-specific neuropathological
changes underlie the DWI abnormalities. Clinical findings correlated well with both EEG and MRI
changes. Neuropathological analysis showed that hyperintensities on DWI MRI correlated best with
the vacuolation score (r=0.78, p=0.0005) and PrPSC load (r=0.77; p=0.0006), followed by reactive
astrocytic gliosis (r=0.63, p=0.008). This case provides further evidence that DWI abnormalities
correlate well with the clinical features and with PrPS¢ accumulation and vacuolation.
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Introduction

Jakob-Creutzfeldt - disease (CJD) is a universally fatal neurodegenerative disease caused by
the accumulation of misfolded prion proteins, called prions, in the brain.! Recent studies have
shown that MRI, and in particular diffusion-weighted (DWI) sequences, offer high sensitivity
and speC|f|C|ty for the diagnosis of sporadic CJD (sCJD), making it a useful tool for diagnosis
of CID.2: 3 The etiology of the abnormal DWI signal in CJD has yet to be determined.

The neuropathology of sCJD is characterized by prlon (PrPS) accumulation, vacuolation,
intense reactive astrocytosis and neuronal cell loss.4 Although the progression of disease is
not well understood, current evidence from humans and animal models indicate that
pathologically PrPSC accumulates first, followed by vacuolar degeneration of neuritic processes
and reactive astrocytic gliosis and finally by neuronal loss® The presence of PrPSC in the
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brain is diagnostic for prion diseases, of which sCJD is the most common form?. Large
concentrations of PrPSC can accumulate without vacuolation®. Attempts have been made in
humans to correlate DWI1 hyperintensity with pathological changes, however either the interval
between the MRI and autopsy was too long for appropriate correlation10-13 o prpsc
immunostaining was either not done or not correlated with DWI MRI change512‘14.

In the sCJD case reported here, MRI was performed fifteen days prior to autopsy, providing
an opportunity to correlate the neuropathological changes with clinical symptoms, EEG and
particularly DWI MRI hyperintensity. This relatively short time between thorough clinical
evaluation and autopsy, as well as the asymmetric nature of the MRI hyperintensities in this
case, may help us understand the relationship between DWI signal abnormalities and key
pathological changes of sCJD.

A 76-year-old woman was evaluated at our center for a rapidly progressing dementia that began
four months earlier when she became uncharacteristically irritable and impatient with co-
workers. She had a past medical history of atrial fibrillation and a right posterior circulation
stroke two and a half years prior, resulting in an old left visual field deficit. Around the time
of her initial personality changes, she complained of “hazy” or “cloudy” vision, despite 20/20
visual acuity and no new vision abnormality noted on evaluation by an ophthalmologist.
Behavioral symptoms increased over the next three months. Two months after onset of
symptoms, she had trouble answering questions, sometimes hesitating or groping for words or
not completing a comment or question. Several days before our evaluation, she stopped
ambulating and developed intermittent myoclonic jerks in both hands.

At our evaluation, her modified Barthel Score (an activities of daily living score) was 60 (100
points is fully independent)15. On neurologic exam, she had a global aphasia and difficulty
maintaining attention. She intermittently responded to simple verbal commands, but was often
perseverative. Often she was mute, but she could state her first, but not her last, name. She had
a right gaze preference. On motor exam, she had increased tone (spastic) in her right arm and
leg, without cogwheeling. She had full strength bilaterally. She was hyperreflexive on the right
and had bilateral withdrawal on Babinski testing. Finger-to-nose on the left was normal, but
she could not even attempt the task with her right arm. She did not cooperate with heel to shin
testing. She required two person assistance to stand.

Brain MRIs from two and a half years earlier, showed evidence of the right occipital infarct,
but no basal ganglia or cortical hyperintensities that are typically seen in sCJD (not shown)3.
MRIs from both one month prior to and the day of our assessment revealed minimal right
hippocampal atrophy, mild increased global cortical atrophy with thinning of the corpus
callosum, and, on coronal fluid attenuated inversion recovery (FLAIR) images, extensive
cortical gryi grey matter hyperintensity (cortical ribboning) in the left temporal lobe. FLAIR
and DWI MRI on the day of our evaluation (Figure 1) showed multiple areas of cortical
ribboning, worse in the left temporal, frontal and parietal regions, as well as new hyperintensity
in the left caudate and putamen. The attenuated diffusion coefficient (ADC) map showed
corresponding restricted diffusion in these areas (not shown). In comparison with prior MRIs,
there was no significant change in the stroke-related encephalomalacia in the right occipital
cortex or in the cortical white matter T2-weighted hyperintensity due to old microvascular
ischemic disease. The MRI was consistent with CJD, age-related atrophy, mild ischemic white
matter disease and a remote right occipital stroke.
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Laboratory Studies

Pathology

An EEG performed two weeks prior to our evaluation reportedly showed background slowing
and disorganization, much worse on the left side, consistent with encephalopathy. An EEG
performed on the day of our examination showed focal continuous periodic lateralizing
epileptiform discharges (PLEDS) in the left frontal/temporal lobes; severe continuous slowing
in the left posterior quadrant and the right frontal/temporal lobes and only mild slowing the
right posterior quadrant. Laboratory evaluation included negative or normal complete blood
count and smear, electrolytes, including calcium, magnesium, and phosphorus, vitamin B12,
RPR, ammonia, ESR anti-thyroperoxidase antibody, anti-thyroglobulin antibody, thyroid
function, anti-nuclear antigen, C3, C4, rheumatoid factor, C reactive protein, and serum
paraneoplastic panel (Anti-Hu, Ma/Ta, Ri, CV2, Yo antibodies (Athena Diagnostics, Inc.,
Worcester, MA)). Screening breast mammogram was negative. Total complement was slightly
elevated at 53.5 (22—40 units). INR was appropriately elevated at 2.7 due to warfarin for her
history of atrial fibrillation.

The semi-quantitative assessment of the severity of vacuolation, neuronal loss and gliosis in
several brain regions performed by a neuropathologist, blinded to the MRI results, were
compared with the findings of the MRI scan done 15 days prior to death. Brain regions analyzed
bilaterally included frontal (Brodmann’s area 44/45), parietal (Brodmann’s area 40), superior
temporal (Brodmann’s area 22), medial occipital (Brodmann’s area 17-19), lateral occipital
(Brodmann’s area 18-19), anterior cingulate (Brodmann’s area 24) cortices and caudate head.

Abnormal prion protein, protease K resistant PrPSC was detected in brain tissue with standard
immunohistochemical methods using the 3F4 antibody16 (Dako, Inc. Carpinteria, CA) after
hydrolytic autoclaving4 and visually rated semi-quantitatively on an ordinal scale of 0 to 4.
Vacuolation was measured semi-quantitatively on a visual scale, as a percentage of total area
with vacuolation and recorded as a vacuolation scorel’. Reactive astrocytosis or gliosis was
measured semi-quantitatively by glial fibrillary acidic protein (GFAP) antibody stain
(polyclonal rabbit, Dako Inc, Carpinteria, CA) and visually rated on an ordinal scale of 0 to 4.
Neuronal cell loss was quantitatively assessed in asingle area of the frontal cortex (Brodmann’s
arealg4/45) using a modified version of previously published method for unbiased stereology.

DWI MRI semi-quantitation

Two neurologists with extensive background in reviewing MRIs, particulary in CJD, graded
DW!1 hyperintensity on MRI semi-quantitatively on an ordinal scale of 0-4, (0 = no DWI
abnormality, 4= highest level of DWI abnormal hyperintensity) in each of the following
bilateral brain regions: frontal, temporal, parietal, medial occipital, lateral occipital, anterior
cingulate, and caudate head. An average of the two readings was then used for statistical
analyses. The readers did not differ by more than one point in any region examined.

Statistical analysis

Results

Statistical analysis, including Spearman Rank correlation coefficients between the pathology
and DWI MRI scores were calculated using SAS/STAT® version 9.1 (SAS Institute Inc., Cary,
NC).

The predominance of DWI hyperintensity in the left cerebral hemisphere, particularly in the
left frontal, temporal and temporal-parietal lobes corresponded with the patient’s severe
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aphasia. Hyperintensities in the left caudate and putamen in contrast to the relative absence of
abnormal signal in the right caudate and putamen were reflected by the patient’s increased tone
and hyperreflexia in the right extremities and the relatively normal tone and reflexes on her
left side. EEG generally corresponded with DWI hyperintensity, showing greatest slowing and
PLEDs in the left temporal and frontal regions.

Neuropathological changes of sCJD were visibly and quantitatively worse in the left
hemisphere. More severe neuronal loss, vacuolation, astrocytic gliosis and PrPS¢ deposition
were present in the left compared with the right hemisphere (Figure 2). Figure 3 shows semi-
quantitative comparison of vacuolation, neuronal loss and astrocytic gliosis in Brodmann’s
area 44/45 in the left and right hemispheres. Neuron loss in Brodmann’s area 44/45 was greater
in the left hemisphere, significantly so in cortical layer 11, (Figure 3b) as expected from the
asymmetric clinical symptoms and MRI hyperintensities. Comparing DWI MRI with each of
the individual major pathological changes found in CJD - prion deposition, vacuolation and
astrocytic gliosis - DWI hyperintensities correlated roughly equally with vacuolation
(Spearman Rank, one tailed; r =0.78, p=0.0005) and the amount of PrPSC deposition (Spearman
Rank, one tailed; r = 0.77, p=0.0006) and less with astrocytic gliosis (Spearman Rank, one
tailed; r = 0.63, p=0.008).

Discussion

A growing body of literature demonstrates the value of DWI MRI in the dia%nosis of prion
disease. DWI has proven particularly useful in the early diagnosis of CID? 20-22 Recent
studies show MR, especially DWI, to have 91-2% sensitivity and 94-5% specificity for
CJD2 3. MRI hyperintensities in SCID occur most commonly in the cerebral cortex (i.e.,
cortical ribboning), less commonly in the striatum, and least commonly in the thalamus3.
Abnormal hyperintensities often appear in early disease, with cortical signal abnormalities
often preceding basal ganglia changeszv 3. As demonstrated through serial MRI scans, DWI
signal hyperintensity can increase through the course of diseasel?, but may disappear in the
last stages of disease?Ls 23, possibly due to atrophy of these regions or other pathophysiological
changes. The source of this diffusion-weighted signal abnormalities remains elusive in CJD,
despite attempts to clarify the mechanism for this important diagnostic sign.

Diffusion-weighted magnetic resonance imaging measures the differential movement of water
molecules in tissue. In solution, water molecules move randomly and an unimpeded water
molecule will move a maximum distance that is defined only by the elapsed time and an
intrinsic diffusion constant, a property of the water molecule itself. In tissue, however, a water
molecule will be impeded in its movement by its environment, so that its diffusion distance is
determined not only by the elapsed time and its intrinsic diffusion constant, but also by
obstacles in its environment. The measured diffusion constant will be lower than the diffusion
constant for water and is thus called the apparent diffusion constant (ADC). The ADC gives
an indication of a water molecule’s environment in the brain. The ADC is calculated from the
diffusion-weighted image, as hyperintensities in DWI can arise from actual diffusion restriction
as well as from T2 sources, so that hyperintensity in DWI does not necessarily represent
restricted diffusion.24.

This case report is significant because the asymmetric nature of the case, the detailed
pathological analysis and relatively short time interval between clinical and laboratory
evaluation and autopsy allowed us to correlate the imaging, clinical and pathological data. In
correlating brain MRI with individual pathological changes, we found that abnormal DWI
signal correlated best with PrPSC deposition, followed by vacuolation, and lastly astrocytic
gliosis.

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2010 January 1.
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Previous attempts have been made in humans and in animal models to correlate DWI
hyperintensities with vacuolation, PrPSC¢ and astrocytic gliosi525. Case reports have stated that
DWI hyperintensities correlated with intraneuronal vacuolation3; 26, astrocytic gliosis23 or
with PrpS¢ depositionlo. In one case with MRI performed six weeks before death, the authors
found no correlation of restricted diffusion with vacuolation, neuronal loss or astrocytic gliosis,
but unfortunately they did not compare diffusion changes with PrPS¢ depositionlz. Intwo cases
reported by Mittal and colleagues, each with 4 weeks or more between MRI and death, the
authors found that restricted diffusion on ADC maps correlated best with neuronal loss (r=0.75)
compared with vacuolation (r=0.44) and astrocytic gliosis (r=0.57). They did not report on
whether PrPSC staining was performed.

Several other diseases with formation of microvacuoles, such as Canavan disease?”, acute
heroin-induced Ieukoencephalopathyz& 29, and nonketotic hyperglycinemia?’0 have restricted
diffusion on MRI. As only one of these, Canavan disease, also has severe astrocytic gliosis,
31 this suggests that microvacuoles, at least in part, can lead to restricted diffusion and DWI
hyperintensities. However, other non-prion neurodegenerative diseases with spongiform
change, such as FTD, do not show DWI MRI abnormalitiesS, although the vacuolation in FTD
is considered microvacuolation and tends to be limited to cerebral cortical layers Il and ms2.
33, whereas in CID the vacuoles typically are larger and tend to be in all layers of the cortex
(Figure 2)34, 35

Vacuoles formed in most forms of sCJD are initially between 5-25 um in diameter34: 35, and
itis believed that a vacuole of <14-16 um or smaller diameter is sufficient to restrict the normal
movement of water during the average pulse interval used in DWI30: 36 v/acuoles formed in
CJD tend to be composed of compartments separated by membranes, however, so the
opportunity for restriction may be even greater than the apparent diameter of a larger vacuole.
34, 3735 Fyrthermore, the exact contents of a vacuole in sCJD are not known and may restrict
diffusion, as well.

In conditions in which there is enlargement of cellular or extracellular spaces, such as when
microvacuoles coalesce to form larger vacuoles as van der Knaap vacuolating
leukoencephalopathy, there is initially restricted diffusion that later increases on ADC
maps38. In late stage of CJD, vacuoles can reach sizes of 100 um.g Thus, it is possible that in
forms of prion disease with large vacuoles, or as vacuoles coalesce or enlarge in late stage
disease, there may be increased diffusion on ADC maps and thus no hyperintensity on DWI.
21,23 Furthermore, a combination of small and large vacuole, causing increased and decreased
diffusion respectively, if closer to each other than the resolution of DWI MRI, may cancel each
out on ADC map.

It is not surprising that the key neuropathological findings of sCJD — PrPS¢ accumulation,
vacuolation, astrocytic gliosis and neuronal cell loss — each correlate to some degree with
hyperintensity on DWI. There is a known linear association of neuron loss and astrocytic
gliosis& 35, One could hypothesize that proliferation of astrocytes (reactive astrocytic gliosis)
and their processes could disrupt the movement of water molecules to some extent, however
diseases in which there is intense astrocytic proliferation, such as corticobasal degeneration do
not have DWI abnormalities on MRI. As PrPS¢ accumulates prior to and during the process of
vacuolation®, this temporal pattern can make it difficult to determine what is restricting the
diffusion of water in the affected regions. Diffusion restriction caused by the formation of
vacuoles has been the predominant mechanism used to explain the abnormalities previously
in the literature. Our results, however, suggest that PrPS¢ accumulation and vacuolation
correlate similarly with DWI hyperintensities. In another case reported in the literature that
was similarly asymmetric (both clinically and on DWI MRI) and with two weeks from MRI
to death, extensive symmetric vacuolation on autopsy suggests something other than
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vacuolation, perhaps PrPSC, is responsible for the DWI abnormalities. Unfortunately, the
distribution of PrPSE staining was not examined in this case.39 How the presence of PrpSC
could restrict diffusion in the cortex has not yet been adequately explained.

One prior study also reported an excellent correlation between DWI hyperintensities and
PrPSC accumulation2. Signal abnormalities arising from the PrP amyloid itself has been
suggested as a possibility. It is known that significant PrPS¢ accumulation occurs outside of
the neuron, attached to the external surface of the outer membrane of the neuron and in the
extracellular space. It is estimated that the PrPSC stained in immunohistochemistry accounts
for only about 50% of the total PrPSC¢ accumulated in the tissue. PrPC is known to tightly bind
water.40 PrPSC has significant hydrophobic domains.#1 We wonder if the change in
conformation of PrPC to PrPS¢ may change the binding and possibly nearby flow of water
molecules, thereby causing restricted water diffusion. PrPSC exhibits abnormal water exchange,
demonstrating a slower water exchange rate than the normal conformation of the protein4

4 pwi hyperintensities have been studied most in the setting of acute ischemia, where
restricted diffusion is believed to result from cytotoxic edema shifting free water balance from
the extracellular to the intracellular environment, where water is more restricted.

The effect of reduced diffusion of water raises interesting questions about the nature of the
pathophysiology of CJD. Understanding the origin of DWI signal abnormalities may better
define the mechanisms behind neuronal dysfunction in CJD.
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Figure 1.

Brain MRI. A—C Axial FLAIR sequences. D-F Axial DWI sequences. Note the asymmetric
grey matter hyperintensity (cortical ribboning), left greater than right side, particularly
involving the left frontal and cingulate cortices. There is evidence of right occipital
encephalomalacia from the remote infarct.

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2010 January 1.



Geschwind et al. Page 10

LR
L4 ;k:’if ;
g

3

Figure 2.

Photomicrographs from right and left cortex. A, D show H&E stains. B, E show CD68
immunostaing for glia (astrocytic gliosis) and C, F shows a synaptic pattern of staining for
PrPSC using 3F4 Antibody after hydrolytic autoclaving.
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Figure 3.

Figure 3a. Semi-quantitative estimate of brain area occupied by vacuoles as determined by a
single rater (S.J.D.)17 Fr = Frontal lobe; Pa = parietal lobe; Tp=temporal lobe; m-Oc= medial
occipital lobe; I-Oc=lateral occipital lobe; Cg=anterior cingulate; Cd=caudate head

Figure 3b. Mean neuron counts in three different cortical layers regions using stereology, a
modified automated random sampling method, from multiple 50 uM sections of cortex.18.
Bars show standard deviation.

Figure 3c. Mean comparison of gliosis in right versus left frontal cortex (Brodmann’s area
44/45) using automated integrated optical density (Bioquant Image Analysis Corp, Nashville,
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TN) measurement of GFAP immunostaining (Dako, Inc, Carpinteria, CA). Bars show standard
deviation of counts.
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Figure 4.
Correlation of vacuolation (a), PrPSC (b) and astrocytic gliosis (c) with DWI hyperintensities.
Plots made by Prism (GraphPad Software Inc, San Diego, CA)
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