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ABSTRACT

Background: Neurofibrillary tangles (NFTs), composed of hyperphosphorylated tau proteins, are one
of the pathologic hallmarks of Alzheimer disease (AD). We aimed to determine whether patterns of
gray matter atrophy from antemortem MRI correlate with Braak staging of NFT pathology.

Methods: Eighty-three subjects with Braak stage III through VI, a pathologic diagnosis of low- to
high-probability AD, and MRI within 4 years of death were identified. Voxel-based morphometry
assessed gray matter atrophy in each Braak stage compared with 20 pathologic control subjects
(Braak stages 0 through II).

Results: In pairwise comparisons with Braak stages 0 through II, a graded response was observed
across Braak stages V and VI, with more severe and widespread loss identified at Braak stage VI.
No regions of loss were identified in Braak stage III or IV compared with Braak stages 0 through II.
The lack of findings in Braak stages III and IV could be because Braak stage is based on the
presence of any NFT pathology regardless of severity. Actual NFT burden may vary by Braak
stage. Therefore, tau burden was assessed in subjects with Braak stages 0 through IV. Those
with high tau burden showed greater gray matter loss in medial and lateral temporal lobes than
those with low tau burden.

Conclusions: Patterns of gray matter loss are associated with neurofibrillary tangle (NFT) pathol-
ogy, specifically with NFT burden at Braak stages III and IV and with Braak stage itself at higher
stages. This validates three-dimensional patterns of atrophy on MRI as an approximate in vivo
surrogate indicator of the full brain topographic representation of the neurodegenerative aspect
of Alzheimer disease pathology. Neurology® 2008;71:743–749

GLOSSARY
AD � Alzheimer disease; AGD � argyrophilic grains disease; aMCI � amnestic mild cognitive impairment; CDR-SB � Clinical
Dementia Rating scale sum of boxes; DLB � dementia with Lewy bodies; FDR � false-discovery rate; MMSE � Mini-Mental
State Examination; NFT � neurofibrillary tangle; NIA � National Institute on Aging; SPGR � spoiled gradient echo; VBM �
voxel-based morphometry.

The presence of neurofibrillary tangles (NFTs), composed of hyperphosphorylated tau pro-
teins, and amyloid plaques are pathologic hallmarks of Alzheimer disease (AD). The topo-
graphic distribution and progression of NFT pathology in AD has been described by Braak and
Braak and divided into six distinct stages.1 NFTs first appear in the transentorhinal region,
before spreading to other regions of the medial temporal lobes and then to the neocortical
association areas and subcortical nuclei.1
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MRI studies have demonstrated patterns of
atrophy that seem to match the progression of
NFTs in subjects with AD, with early involve-
ment of medial temporal lobe,2,3 and more
widespread temporoparietal neocortical loss
as subjects progress.4-7 However, these studies
did not have pathologic confirmation and
therefore can only imply an association be-
tween the progression of atrophy and NFT
pathology. A few studies have looked specifi-
cally at autopsied subjects and found correla-
tions between Braak NFT stage (hereafter
referred to as Braak stage) or NFT density and
hippocampal volume,8-11 as well as rates of
brain atrophy.12 These studies were region-of-
interest–based studies, however, and there-
fore do not allow an assessment of correlations
between NFT stage/severity and the full
three-dimensional representation of gray mat-
ter loss on MRI. The aim of this study was to
use the technique of voxel-based morphome-
try (VBM), which assesses patterns of atrophy
across the whole brain, to examine the rela-
tionship between patterns of gray matter atro-
phy and the Braak staging scheme.

METHODS Subject selection. Subjects were identified

from the neuropathology files of the Mayo Clinic. All subjects

had been studied prospectively in the Mayo Clinic Alzheimer’s

Disease Research Center or Alzheimer’s Disease Patient Registry

during life and had undergone autopsy. All subjects underwent

annual clinical evaluations and cognitive testing, including the

Mini-Mental State Examination (MMSE)13 and Clinical De-

mentia Rating scale sum of boxes (CDR-SB).14 The diagnosis of

dementia was made based on the Diagnostic and Statistical Man-
ual of Mental Disorders, Fourth Edition,15 and the diagnosis of

AD was made based on National Institute of Neurological and

Communicative Disorders and Stroke–Alzheimer’s Disease and

Related Disorders Association criteria.16 Clinical diagnosis of

amnestic mild cognitive impairment was made according to the

criteria by Petersen et al.17,18 Informed consent was obtained for

participation in the studies, which were approved by the Mayo

Institutional Review Board. Apolipoprotein E testing was also

performed in all subjects as previously described.19

Subjects were identified if they had a pathologic diagnosis

along the normal to AD spectrum, i.e., Braak stages 0 through

VI and low-, intermediate-, or high-likelihood AD according to

the National Institute on Aging (NIA)–Reagan criteria.20 Sub-

jects were excluded if they had pathologic evidence of hippocam-

pal sclerosis or another neurodegenerative disorder, except Lewy

body disease and argyrophilic grain disease because neither is

associated with widespread cerebral atrophy.21,22 The clinical his-

tories of all cases were reviewed, and subjects who had a clinical

diagnosis of a non-AD dementia, had received treatments, or

had concurrent illnesses interfering with cognitive function were

excluded.

From this group, we selected all subjects with Braak stage III
or VI who had an MRI within 4 years of death. The requirement
that the MRI occur within 4 years of death serves to reduce
uncertainty about pathologic progression between MRI and
death. To identify patterns of cerebral loss in subjects with each
of these Braak stages, we selected a group of subjects that we
labeled pathologically “normal.” These were subjects with Braak
stage 0, I, or II who had an MRI. Braak stages 0 through II have
been considered as low limbic stages with pathologic changes
consistent with typical aging.23 We used the earliest MRI avail-
able in these controls to minimize the degree of NFT pathology
in the brain at the time of the MRI. We excluded from the
pathologic control group potential subjects who had been given
a clinical diagnosis of dementia. All MRIs were reviewed, and
scans were rejected for poor quality (e.g., motion artifacts) or the
presence of other pathologies (e.g., large cortical infarcts) that
might influence the structural analysis. We identified 83 subjects
with Braak stage III through VI with an MRI within 4 years of
death, and 20 subjects who met criteria for the pathologic con-
trol group.

Pathologic assessment. Neuropathologic examinations were
performed according to the recommendations of the Consor-
tium to Establish a Registry for Alzheimer’s Disease.24 In all
cases, pathologic assessment and diagnosis was conducted by one
or both of two expert neuropathologists (D.W.D. or J.E.P.).
After removal, the brain was divided into right and left hemi-
brains. The left hemibrain was fixed, sectioned, and then stained
as previously described.25 Each specimen was assigned to Braak
stages I through VI based on the earliest appearance of neurofi-
brillary pathology, which was operationalized as follows: stage I,
NFT confined to transentorhinal cortex (layer IV); stage II, NFT
in entorhinal cortex (layer II); stage III, NFT in hippocampus
(CA1 and subiculum); stage IV, NFT in temporal lobe associa-
tion neocortex (mild); stage V, NFT in temporal association
neocortex (moderate to severe); and stage VI, NFT in temporal
association neocortex (severe) and primary visual cortex.1 Braak
stage 0 was assigned in the absence of NFT. AD was diagnosed
based on NIA–Reagan criteria as low-, intermediate-, or high-
probability AD.20 The presence of argyrophilic grains26 was re-
corded, and Lewy bodies were assessed with �-synuclein
immunostaining according to established criteria.27 The likeli-
hood that the pathologic findings are associated with dementia
with Lewy bodies was assigned according to criteria.27

Tau burden analysis. As will be shown, we did not find a
relationship between Braak stage and gray matter loss in Braak
stages II through IV relative to Braak stages 0 through II. For this
reason, we also assessed the actual burden of NFT deposition by
measuring tau quantitatively. A strong correlation has previously
been observed between tau-labeled NFT density and silver-
stained NFT density in the limbic cortices.28 To obtain a quanti-
tative measure of tau burden, an unbiased computer-assisted
image analyzer was used to quantify the percentage area occupied
by tau in all subjects with Braak stage IV or less who had avail-
able tissue slides (n � 36). A section of CA1, subiculum, para-
hippocampal gyrus, and occipitotemporal gyrus was traced and
analyzed using Image Scope software (Aperio, Vista, CA). A
monoclonal tau antibody, CP13, was used to detect NFTs and
neuropil threads (epitope phosphor-serine 202) at a dilution of
1:100.29 A percent positivity/area traced was obtained using an
algorithm (positive pixel count) that detects the chromogen
DAB in the anti-mouse 2° antibody. The Dako Cytomation
Envision kit was used on the Dako Universal Autostainer (Dako,
Carpinteria, CA). The tau burdens in each of the four regions
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were averaged to generate an average tau burden for each

subject.

Image analysis. T1-weighted coronal spoiled gradient echo

(SPGR) images were acquired as previously described.7 An opti-

mized method of VBM was applied, implemented using SPM2

(http://www.fil.ion.ucl.ac.uk/spm).30,31 The processing steps

were performed as previously described.7,31 Briefly, all SPGR im-

ages were normalized to a customized template created from all

subjects in the study. The spatial normalization was optimized

by normalizing the gray matter images to the customized gray

matter template. Images were segmented using customized prior

probability maps, modulated, and smoothed with an 8-mm full-

width at half-maximum smoothing kernel.

Group-wise comparisons were performed between each

Braak stage (i.e., III, IV, V, or VI) and the pathologic control

group (Braak stages 0 through II) using a single-subject condi-

tion and covariates model, including age and sex as nuisance

variables (corrected for multiple comparisons using the false-

discovery rate [FDR], p � 0.005). Group analyses were also

performed between subjects with a high tau burden (10% or

greater) and a low tau burden (less than 10%) within subjects

with Braak stage IV or less who had tau burden measurements,

including age and sex as nuisance variables. Given the smaller

number of subjects assessed, a more lenient statistical threshold

of p � 0.005 uncorrected for multiple comparisons was applied.

Statistical analysis. Kruskal–Wallis tests were used to com-

pare groups on age at time of scan, years of education, time from

scan to death, MMSE, and CDR-SB. The Fisher exact test was

used to compare groups on sex and the proportion of APOE �4

carriers. Spearman rank correlation was used to assess the rela-

tionship between Braak stage and average tau burden. We report

medians and use nonparametric methods because of skewness in

the numeric clinical variables.

RESULTS Subject demographics. The subject demo-
graphics are shown in the table. There was a differ-
ence across groups in the age at scan (p � 0.002) and
age at death (p � 0.02). The APOE �4 frequency
differed across groups (p � 0.02), with the lowest
frequency observed in the pathologic controls. There
was also a difference in the time from scan to death
(p � 0.001) because of the longer time interval al-
lowed for the pathologic controls. The cognitive
measures worsened with increasing Braak stage (p �

0.001 for both).

Braak stage analysis. The Braak stage VI group
showed a widespread pattern of gray matter loss rela-
tive to pathologic controls (corrected FDR, p �

Table Subject demographics and clinicopathologic classifications for all subjects by Braak stage

Controls, Braak
stage 0 –II
(n � 20)

Braak stage

III (n � 10) IV (n � 13) V (n � 32) VI (n � 27)

No. of women (%) 12 (60) 7 (70) 6 (46) 18 (56) 18 (67)

No. of APOE �4 carriers
(%)*

4 (20) 6 (60) 5 (38) 16 (52) 17 (68)

Education, y, median
(range)

15 (9–20) 11 (7–18) 16 (8–18) 15 (8–20) 15 (8–18)

Age at scan, y,* median
(range)

80 (53–93) 90 (81–100) 86 (72–93) 86 (59–98) 81 (49–92)

Age at death, y,* median
(range)

88 (57–99) 92 (81–103) 88 (74–94) 87 (60–100) 83 (51–94)

Time from scan to death, y,†
median (range)

4.8 (0.1–13.5) 1.7 (0.1–4.0) 1.6 (0.8–3.9) 1.8 (0.2–4.0) 2.3 (0.6–3.9)

MMSE score, /30,† median
(range)

28 (24–30) 26 (18–30) 27 (19–30) 22 (12–29) 14 (7–29)

CDR-SB, /18,† median
(range)

0.0 (0–0.5) 2.3 (0–6.0) 0.0 (0–17.0) 7.0 (0–18.0) 10.0 (1.5–18.0)

Clinical diagnosis at MRI,
normal/aMCI/AD (%)

20/0/0 (100/0/0) 3/3/4 (30/30/40) 7/3/3 (54/23/23) 5/5/22 (16/16/68) 0/1/26 (0/4/96)

Clinical diagnosis at death,
normal/aMCI/AD (%)

17/3/0 (85/15/0) 3/3/4 (30/30/40) 7/3/3 (54/23/23) 5/3/24 (16/9/75) 0/0/27 (0/0/100)

NIA–Reagan probability of
AD, low/intermediate/high
(%)

20/0/0 (100/0/0) 6/3/1 (60/30/10) 8/4/1 (62/31/7) 1/4/27 (3/13/84) 0/1/26 (0/4/96)

McKeith probability of DLB,
low/intermediate/high (%)

0 0 0 2/6/2‡ (6/19/6) 2/3/0‡ (7/11/0)

AGD present (%) 6 (30) 3 (30) 2 (15) 3 (9) 0

Significant differences across groups at *p � 0.05, †p � 0.001.
‡One additional subject had Lewy body pathology confined to the amygdala.
MMSE � Mini-Mental State Examination; CDR-SB � Clinical Dementia Rating scale sum of boxes; aMCI � amnestic mild
cognitive impairment; AD � Alzheimer disease; NIA � National Institute on Aging; DLB � dementia with Lewy bodies; AGD �

argyrophilic grains disease.
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0.005; figure 1). Loss was observed throughout the
temporal lobes, including medial temporal regions,
such as amygdala, hippocampus, entorhinal cortex,
and adjacent parahippocampal gyrus, as well as in-
ferior, middle, and superior temporal gyri, fusi-
form gyrus, and the anterior temporal pole. A left-
greater-than-right asymmetry was observed in the
temporal lobe. The posterior temporal lobe and
temporoparietal neocortex were also heavily in-
volved. Loss was also observed bilaterally in infe-
rior, middle, and superior frontal lobes, as well as
orbitofrontal cortex, posterior cingulate, precu-
neus, anterior cingulate, basal forebrain, and in-
sula. Gray matter loss was also observed in the
occipital lobe, including the superior bank of the
primary visual cortex. Subcortical gray matter loss
was observed in thalamus, hypothalamus, head of
the caudate nucleus, and posterior putamen.

The Braak stage V group showed a pattern of gray
matter loss affecting the medial temporal lobes, in-
cluding amygdala, hippocampus, entorhinal cortex,
and adjacent parahippocampal gyrus. The fusiform
gyrus and inferior and middle temporal lobes were
also involved, with a relative sparing of the anterior
superior temporal gyrus (corrected FDR, p � 0.005;
figure 1). Gray matter loss extended back into poste-
rior temporal lobe, involving the entire extent of the
hippocampus. The medial temporal lobe loss was bi-
lateral, with slightly greater loss in the left hemi-

sphere. Gray matter loss was also identified
throughout the parietal lobe and the posterior cingu-
late, with some minor involvement of the precuneus.
The frontal lobes, particularly the middle and supe-
rior frontal gyri, and the basal forebrain were also
involved. Subcortical gray matter loss was only iden-
tified in the thalamus and hypothalamus.

No regions of gray matter loss were observed with
Braak stages III or IV when each was individually
compared with the pathologic control group (FDR,
p � 0.005). The number of subjects in each of
these groups was small, however; therefore, the
Braak stage III and IV groups were combined into
one larger group of 27 subjects and compared with
controls. Again, no regions of gray matter loss
were identified (figure 1). At an even more lenient
threshold of p � 0.005 uncorrected for multiple
comparisons, no coherent pattern of gray matter
loss was observed.

Tau burden analysis. Tau burden was significantly
correlated to Braak stage (Spearman rank correlation
� 0.8, p � 0.001), although it is clear that tau bur-
den varies to a large degree in each Braak stage (figure
2). The subjects with a high tau burden (�10%)
showed a pattern of gray matter loss affecting the
hippocampus, parahippocampal gyrus, and lateral
temporal lobes compared with subjects with a low
tau burden (�10%) (figure 3).

Figure 1 Patterns of gray matter loss on MRI in subjects with Braak stage III to IV, V, or VI when compared
with the pathologic control group*

*Corrected for multiple comparisons, false-discovery rate, p � 0.005. The patterns of cortical atrophy are shown on a
three-dimensional surface render (top). In addition, the results are shown on representative coronal slices through the
customized template (coordinates: y � �50, �15, �5, 35; bottom).
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DISCUSSION This study examines the relationship
between three-dimensional patterns of gray matter
loss and NFT pathology in subjects with various de-
grees of AD-type pathology in their brain. The re-
sults showed a dichotomy across the Braak spectrum,
with subjects with Braak stages V and VI showing
widespread patterns of gray matter loss, whereas no
regions of gray matter loss were identified in Braak
stages III and IV.

The subjects with Braak stage VI showed a wide-
spread pattern of loss, involving temporal, parietal,
and frontal lobes, basal forebrain, posterior cingulate,
precuneus, anterior cingulate, insula, and subcortical
nuclei. The occipital lobe was also involved, includ-
ing the primary visual cortex. The patterns of loss
were somewhat asymmetric, with the left hemisphere
showing greater loss than the right. However, it
would be unwise to draw any conclusions regarding
the laterality of AD from these results because this
study is biased by the fact that only the left side of the
brain was sampled in the pathologic analysis, in con-
trast to VBM, which assesses loss throughout the
brain. The subjects with Braak stage V showed a less

severe and widespread pattern of loss. The temporal,
frontal, and parietal lobes were involved, although
there was a lack of involvement of the insula, orbito-
frontal cortex, putamen, caudate nuclei, and primary
visual cortex. The distribution of loss across these
two groups matches relatively well with the distribu-
tion of NFT at Braak stages V and VI.1 However, we
did not identify gray matter loss in the insula and
orbitofrontal cortex at Braak stage V even though
they can be involved pathologically.1

In contrast, subjects with Braak stage III or IV
showed no regions of gray matter loss compared with
controls when analyzed separately or together as a
larger group. A study looking at cerebral perfusion
using single photon emission tomography similarly
found a much greater degree of medial temporal,
temporoparietal, and frontal defects in subjects with
Braak stage V or VI compared with those with Braak
stages I through IV.32 The majority of subjects in our
study with Braak stage V or VI also had a clinical
diagnosis of AD at their MRI scan (81%), whereas
only 30% of those with Braak stage III or IV had a
clinical diagnosis of AD. Likewise, the APOE �4 al-
lele frequency was somewhat higher in subjects with
Braak stage V or VI (56%), compared with those
with Braak stage III or IV (48%). The fact that Braak
stages III and IV clustered together with little evident
gray matter loss, whereas noticeable changes in VBM
pattern were observed at higher Braak stages, suggests
that the change in the magnitude of NFT load be-
tween successive lower Braak stages is smaller than
the corresponding change in NFT load between
higher Braak stages. Therefore, while Braak staging is
monotonic, it is nonlinear across the entire I to VI
range.

However, the finding of no gray matter loss in
Braak stages III and IV is somewhat unexpected be-
cause neurofibrillary changes are found in the ento-
rhinal cortex, hippocampus, and amygdala during
these Braak stages,1 and one might expect to see con-

Figure 2 Relationship between tau burden and
Braak stage in the 36 subjects with
Braak stage 0 through IV

Figure 3 Patterns of gray matter loss on MRI in subjects with Braak stage 0 through IV and high tau burden
(>10%) compared with subjects with Braak stage 0 through IV and low tau burden (<10%)

The patterns of atrophy are shown on a three-dimensional surface render and on a representative coronal slice through the
temporal lobe.
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comitant gray matter loss. There are a number of
possible explanations for this discordance. One such
explanation could be that the degree of gray matter
loss could be more closely related to the actual NFT
burden. Braak staging is based on the presence of any
NFT in a certain region, not quantitative NFT load,
and therefore, while Braak stage may correlate to
NFT burden, variation in NFT burden among sub-
jects of the same Braak stage may occur. To test this
hypothesis, we measured the degree of tau burden in
each of the subjects with Braak stages 0 through IV.
It was clear that the tau burden varied to a large de-
gree within each Braak stage. For example, subjects
in each Braak stage from 0 through IV (except Braak
I, where there was no data) were found in the low
(�10%) tau burden group. We also found that the
subjects with high tau burden showed greater gray
matter loss in the medial and lateral temporal lobes
than the subjects with low tau burden. This result
therefore demonstrates that gray matter loss in these
regions was present in some of the subjects with
Braak stage IV or less, and that this loss correlates
better to the actual tau burden than the Braak stage
in these subjects. A previous pathologic study has
similarly demonstrated a close relationship between
NFT density and degree of neuronal loss and has
shown that the NFT density varies across subjects
with the same Braak stages.33

It is also possible, however, that the degree of gray
matter loss could be influenced by other factors, such
as the presence of amyloid plaques in the brain.
However, the topography of gray matter loss ob-
served in Braak stages V and VI matches the topogra-
phy of NFT distribution and does not match the
topography of amyloid distribution.1 The conclusion
we draw, therefore, is that the appropriate pathologic
correlate of gray matter loss in AD is tangles, not
plaques. A previous study has in fact shown that the
rate of brain volume loss on serial MRI correlates
with Braak stage and not amyloid burden.12 The de-
gree of vascular burden could also influence the rela-
tionship between pathology, gray matter loss, and
clinical phenotype.34

A limitation of our study is that the MRI scans
were not performed at the time of death, but an aver-
age of 2 years before death in the subjects with Braak
stages III through VI. It is therefore possible that
further gray matter loss could have occurred between
the time of MRI and the time of death. It is also
possible that the Braak stage at the time of scan may
have been lower than that reported at death, al-
though it has been suggested that progression from
low to high Braak stages can take decades.23,35

This study therefore provides evidence that pat-
terns of gray matter loss are associated with the pres-

ence of NFTs in the brain. At Braak stages III and
IV, the tau burden seems to play an important role in
determining the pattern of brain loss, whereas Braak
stage, which is only an indirect measure of burden, is
less associated with the degree of brain loss. Subjects
with Braak stage V or VI show severe patterns of
atrophy, which are associated with Braak stage itself.
We assume that at high stages, the much larger NFT
burden overwhelms case-to-case inconsistency in the
relationship between burden and stage, thus
accounting for the good correlation between MRI
atrophy and Braak stage. These results validate three-
dimensional patterns of atrophy on MRI as an ap-
proximate in vivo surrogate indicator of the full brain
topographic representation of the neurodegenerative
aspect of AD pathology.
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