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Abstract
Background—Mutations in the presenilin (PSEN1, PSEN2) and amyloid precursor protein
(APP) genes cause familial Alzheimer’s disease (FAD) in a nearly fully penetrant, autosomal
dominant manner, providing a unique opportunity to study presymptomatic individuals who can
be predicted to develop Alzheimer’s disease (AD) with essentially 100% certainty. Using tensor-
based morphometry (TBM), we examined brain volume differences between presymptomatic and
symptomatic FAD mutation carriers and non-carrier (NC) relatives.

Methods—Twenty-five mutation carriers and 10 NC relatives underwent brain MRI and clinical
assessment. Four mutation carriers had dementia (MUT-Dem), 12 had amnestic mild cognitive
impairment (MUT-aMCI) and nine were cognitively normal (MUT-Norm). TBM brain volume
maps of MUT-Norm, MUT-aMCI and MUT-Dem subjects were compared to NC subjects.
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Results—MUT-Norm subjects exhibited significantly smaller volumes in the thalamus, caudate
and putamen. MUT-aMCI subjects had smaller volumes in the thalamus, splenium and pons, but
not in the caudate or putamen. MUT-Dem subjects demonstrated smaller volumes in temporal,
parietal and left frontal regions. As non-demented carriers approached the expected age of
dementia diagnosis, this was associated with larger ventricular and caudate volumes and a trend
towards smaller temporal lobe volume.

Conclusions—Cognitively intact FAD mutation carriers had lower thalamic, caudate and
putamen volumes, and we found preliminary evidence for increasing caudate size during the
predementia stage. These regions may be affected earliest during prodromal stages of FAD, while
cortical atrophy may occur in later stages, when carriers show cognitive deficits. Further studies of
this population will help us understand the progression of neurobiological changes in AD.

INTRODUCTION
Individuals with mild cognitive impairment (MCI) are at increased risk of developing
Alzheimer’s disease (AD) compared to age-matched controls.1 However, rates of
progression from MCI to AD are variable,2 and some MCI individuals revert to normal
cognition. As such, many MCI individuals may not have incipient AD, reducing the utility
of the MCI classification for predicting progression to dementia. This key research
limitation may be circumvented by studying persons at risk of inheriting familial
Alzheimer’s disease (FAD) caused by autosomal dominant mutations in the genes coding
for presenilin 1 (PSEN1), presenilin 2 (PSEN2) or amyloid precursor protein (APP). These
mutations are nearly fully penetrant and make it possible to examine differences in brain
morphology in presymptomatic individuals who will later develop AD with essentially
100% certainty.

FAD has a generally younger age of onset and more rapid course,3 and can have distinctive
clinical features such as paraparesis,4 early myoclonus and seizures.3 The neuropathological
changes in FAD are generally similar to those in sporadic AD,3 but atypical neuropathology
has been reported in some cases, including the presence of ‘cotton wool’ plaques in the
cerebral cortex, non-neuritic amyloid plaques in the cerebellum and degeneration of
corticospinal tracts and the basal ganglia.356 In-vivo neuroimaging studies of FAD mutation
carriers show reduced temporal lobe and hippocampal volumes before the onset of
symptoms.7 Non-demented carriers have demonstrated higher atrophy rates than healthy
controls in the parietal grey matter,8 posterior cingulate gyrus8 and precuneus.9 Brain
atrophy rates in FAD mutation carriers may begin to accelerate approximately 5 years before
the diagnosis of AD.78

Earlier studies have included non-related age-matched healthy controls, but comparison of
presymptomatic mutation carriers to non-carrier (NC) relatives may better control for
environmental and biological factors that could confound results. We previously found that
non-demented mutation carriers showed no significant differences in cortical thickness or
hippocampal volume compared to NC controls, and that cortical atrophy was only observed
in carriers diagnosed with dementia.10 In the current study, we separated the non-demented
carriers who are cognitively intact from those who demonstrate signs of memory impairment
and compared each group to NC relatives in order to examine regional volume differences
associated with different stages of cognitive functioning in this population. Furthermore, we
examined the whole brain using tensor-based morphometry (TBM), an approach that has
been successfully used to study both cortical and subcortical brain changes in
neurodegenerative disorders.1112
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METHODS
Participants

Affected persons known to have pathogenic PSEN1 or APP mutations and their at-risk first-
degree relatives were approached for participation in the study. Thirty-seven individuals
(eight men), aged 23–59 years (mean=37.1 years, SD=9.5) received in-depth clinical,
neuropsychological and imaging assessments at the University of California, Los Angeles
(UCLA). Twenty of these subjects resided in Mexico and travelled to UCLA to participate.
The clinical dementia rating scale (CDR)13 was performed by authors JMR and LDM and
the mini-mental state examination (MMSE)14 by LDM on all subjects; they were blind to
subjects’ genetic status except in the case of demented subjects and one asymptomatic
person who had previously undergone genetic testing. At-risk persons who tested negative
for the FAD mutation present in their family (NC relatives) served as controls. All subjects,
or their proxies, signed written informed consent. All study procedures were approved by
the institutional review boards at UCLA and the National Institute of Neurology and
Neurosurgery in Mexico City.

Genetic testing
Subjects underwent genetic testing for the FAD mutation for which they were known to be
at risk. They were informed they would be tested, but in the context of the research protocol
would not be told the result. The option of revealing test results through a genetic counsellor
outside of the study was offered. Blood samples were coded according to a unique identifier
and forwarded to the genetics laboratory. The presence of the A431E (number of subjects at
risk=22), L235V (n=7) and S212Y (n=1) mutations in PSEN1 were assessed using
restriction fragment length polymorphism analyses. The A431E PSEN1 mutation represents
a founder effect originating in Jalisco State, Mexico.15 Therefore, although the 22 persons at
risk for this mutation come from eight families, they are relatively closely related. The
presence of the PSEN1 G206A mutation (n=1) and the APP V717I mutation (n=6) was
assessed directly with bidirectional sequencing. Twenty-five of the 37 subjects were found
to be mutation carriers: 21 had PSEN1 mutations and four had APP mutations (table 1). The
breakdown of carriers and NC by specific mutations is not shown to maintain confidentiality
regarding mutation status.

Cognitive assessment
All non-demented subjects (with CDR < 1) underwent detailed neurocognitive assessment
within a week of scan acquisition. Testing was performed in Spanish by a psychometrist
(LDM) fluent in both English and Spanish in the following domains:

Memory was assessed using delayed recall trials of (1) the word list-learning test (ADP),16 a
16-word list learning and memory task, (2) memory verbal prose (MVP),16 which requires
recall of a short paragraph, and (3) the Rey–Osterrieth complex figure test (ROCFT),17 a
visual memory task involving reconstruction of a complex figure.

Processing speed was measured using the Digit Symbol Coding test,18 a test of graphomotor
speed with rapid copying of symbols, the Stroop test,19 a measure of verbal processing
speed involving rapid word reading (Stroop word) and colour naming (Stroop colour), and
the Colour Trails Test (Color Trails 1),20 a measure of psychomotor speed involving rapid
number sequencing.

Visuospatial skills were assessed by the ROCFT–copy,17 involving the paper-and-pencil
copy of a complex figure, and block design from the Wechsler Adult Intelligence Scale–
Revised,18 a measure of gross visuoconstruction using blocks to match designs.
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Language was assessed using a measure of category fluency (Animals)21 and a test of object
naming from the Spanish–English neuropsychological assessment scale.22

Executive functioning was assessed using the colour–word interference trial of the Stroop
test,19 a measure of response inhibition, the Colour Trails Test (Colour Trails 2),20 a
measure of mental flexibility, and the Wisconsin Card Sorting Test,23 a measure of novel
problem-solving ability involving abstract concept formation and set-shifting.

Standardised z-scores were calculated for each test using means and SD of the 12 NC. These
z-scores were averaged to calculate composite scores for each cognitive domain (memory,
processing speed, visuospatial skills, language and executive functioning), which were later
used to compare cognitive performance between groups.

Subjects who scored at least 1.5 SD below the established mean (≤7th percentile) on at least
one of three memory tests (ADP delayed recall, MVP delayed recall, or ROCFT delayed
recall) were given a diagnosis of amnestic mild cognitive impairment (aMCI), which is
consistent with the Petersen criteria,1 but we did not require subjective memory complaints
as a necessary criterion for defining aMCI as previous literature has suggested that some
MCI patients may lack insight regarding their cognitive declines,24 and may thus fail to
report memory deficits. Two of the 12 NC relatives met criteria for aMCI and reported
memory complaints, and were thus excluded from our healthy control group of cognitively
intact NC (n=10) in all subsequent analyses. Of the 25 mutation carriers, four subjects were
diagnosed with dementia (MUT-Dem) based on CDR scores of 1 or greater, 12 met criteria
for aMCI (MUT-aMCI), and nine had normal memory scores (MUT-Norm). Subjective
memory complaints were reported by four (40%) NC, five (56%) MUT-Norm and seven
(58%) MUT-aMCI subjects. The proportion of subjects with memory complaints did not
differ between groups (χ2=0.81, p=0.67).

MRI acquisition and preprocessing
All subjects were scanned on the same 1.5T Siemens Sonata MRI scanner. Analyses of these
subjects’ MRI scans have previously been published.61025 High-resolution T1-weighted
three-dimensional (3D) images were acquired in the sagittal plane using an MPRAGE
sequence (TR=1900 ms, TE=4.38 ms, TI=1100 ms, flip angle 15°, voxel size 1×1×1 mm3).
An automated brain surface algorithm from Brainsuite26 and manual editing were applied to
remove scalp and other non-brain tissues. Intensity inhomogeneity caused by non-
uniformities in the radio frequency receiver coils was corrected using an N3 bias field
algorithm.27 To adjust for global differences in brain positioning, orientation and scaling
across individuals, all scans were linearly registered to the stereotactic space defined by the
International Consortium for Brain Mapping (ICBM-53)28 using a nine-parameter
transformation. Globally aligned images were resampled in an isotropic space of 230 voxels
along each axis (x, y and z-dimensions) with an interpolated voxel size of 1 mm3.

Three-dimensional Jacobian maps quantifying structural differences in brain volume
To quantify 3D patterns of volumetric brain differences for each subject, an individual
difference map (Jacobian map) was computed by non-linearly registering each individual
scan to a minimal deformation target (MDT), a customised template constructed from the
voxel-wise mean of the control group. The procedure to construct the MDT is detailed in
Hua et al.11 Registration to the MDT was completed using a non-linear inverse-consistent
elastic intensity-based registration algorithm, with a built-in smoothing kernel, driven by a
mutual information-based cost function, which has been described previously in Leow et
al.29 A map of the Jacobian determinants was computed from the gradient of the
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deformation field to illustrate regions of relative volume differences between each individual
and the MDT. All results and statistical analyses were based on the Jacobian maps.

Statistical analyses
To illustrate systematic group differences in brain volume, we constructed voxel-wise
statistical maps based on the Student’s t statistic. Regions of interest (ROI) were manually
hand-traced on the MDT using Brainsuite,26 and included the frontal, temporal, parietal and
occipital lobes, and the caudate, putamen, thalamus, splenium and pons. The Jacobian maps
of each group were compared using two-sample t tests to assess the overall significance of
group differences at the whole-brain level and within each ROI, corrected for multiple
comparisons using permutation tests.30 In brief, a null distribution for group differences in
brain volume relative to the MDT (Jacobian values) at each voxel was constructed using 10
000 random permutations of the data. For each test, subjects’ group status (eg, NC vs MUT-
Norm) was randomly permuted and voxel-wise t tests were conducted to identify voxels
more significant than p=0.05. The volume of voxels inside a mask (ie, temporal lobes) more
significant than p=0.05 was computed for the real experiment and for the random
assignments. A ratio, describing the fraction of the time the t statistic was more extreme in
the randomised tests than the original test, was calculated to yield an overall p value for the
significance of the map. This approach has been used extensively in earlier work.1112

Age of disease onset in FAD can vary between families but tends to be relatively consistent
within families.15 Therefore, to compare subjects’ ages relative to the time at which they
would be expected to develop dementia, we calculated subjects’ ages relative to the median
age of dementia diagnosis in their families (‘relative age’). The median, rather than the
mean, age of diagnosis in the family was chosen because the median is less affected by
outliers, which have been observed in some FAD families.31 Pearson correlation analyses
were performed to examine the relationship between regional brain volumes and relative
age. Cognitive performance was compared between groups using analysis of covariance F
tests with age as a covariate.

RESULTS
Demographics

The final sample consisted of 10 NC, nine MUT-Norm, 12 MUT-aMCI and four MUT-Dem
subjects. Nine NC subjects came from the same family as at least one of the mutation
carriers. Of the 25 mutation carriers, 20 have at least one relative in the NC group. All but
one of the five mutation carriers for whom there was no NC relative have the PSEN1 A431E
substitution and therefore have a genetically similar NC represented as controls.
Demographic characteristics are reported in table 2. The MUT-Dem group was significantly
older than the NC (p<0.05), MUT-Norm (p<0.001) and MUT-aMCI (p=0.008) groups.
Relative age was significantly higher in the MUT-Dem group, who were approximately 5
years beyond their families’ median age of diagnosis, compared to the MUT-Norm
(p=0.006) and MUT-aMCI (p=0.04) groups, who were on average 15 and 10 years younger
than their families’ median age of diagnosis. There were no significant group differences in
years of education, gender or apolipoprotein E genotype. The MUT-Dem group had
significantly lower MMSE and higher CDR scores compared to the NC, MUT-Norm and
MUT-aMCI groups.

Regional volume differences
Jacobian maps of the MUT-Norm, MUT-aMCI and MUT-Dem groups were compared with
the NC group to yield the statistical maps shown in figure 1, which display regions of
significant volume differences between groups. Permutation tests yielded whole-brain and
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regional p values corrected for multiple comparisons. At the whole-brain level, only the
MUT-Dem group had significantly smaller brain volume than the NC group (p<0.001); the
MUT-Norm (p=0.14) and MUT-MCI (p=0.26) groups did not significantly differ from the
NC group in whole-brain volume. However, permutation tests revealed significant regional
differences between the groups. Compared to NC, the MUT-Norm group had significantly
smaller volumes in the thalamus, (p=0.01), caudate (p=0.02) and putamen (p=0.01) (figure
1A). The MUT-aMCI group had significantly smaller volumes than the NC group (figure
1B) in the thalamus (p=0.03), splenium of the corpus callosum (p=0.02) and pons (p=0.02).
The MUT-aMCI group also exhibited smaller left temporal lobe volumes than the NC
group, but the difference was marginally significant (p=0.08) after correcting for multiple
comparisons. The MUT-Dem group had significantly smaller volumes than the NC group
(figure 1C) in the bilateral temporal (p=0.003) and parietal (p=0.001) lobes, left frontal lobe
(p=0.02) and putamen (p=0.04). These differences were predominantly in white matter
regions, with permutation tests significant in the temporal (p=0.005), parietal (p=0.001) and
frontal (p=0.03) white matter regions.

PSEN1 mutation carriers
We repeated the above analysis in a subset of participants who were from families with
PSEN1 mutations, which included seven mutation carriers with normal cognition (PS1-
MUT-Norm), 10 with aMCI (PS1-MUT-aMCI), four with dementia (PS1-MUT-Dem) and
eight NC (PS1-NC). Statistical p-maps of differences between the PS1-NC group and each
PS1-MUT group are presented in figure 2. Permutation tests, correcting for multiple
comparisons, were significant at the whole-brain level for differences between the PS1-NC
and PS1-MUT-Dem groups (p<0.001), but did not reach significance for differences
between the PS1-NC group and PS1-MUT-Norm (p=0.25) or PS1-MUT-aMCI (p=0.17)
groups. Region-specific permutation tests revealed that the PS1-MUT-Norm group had
significantly smaller volumes of the thalamus (p=0.02), caudate (p=0.04), putamen (p=0.02)
and right temporal lobe (p=0.04) compared to the PS1-NC group (figure 2A). The PS1-
MUT-aMCI group had significantly smaller volumes of the thalamus (p=0.02) and putamen
(p=0.03) compared to the PS1-NC group, but permutation tests in the splenium (p=0.11),
pons (p=0.053) and left temporal lobe (p=0.29) yielded non-significant results (figure 2B).
The PS1-MUT-Dem group exhibited smaller volumes of the bilateral temporal (p=0.002)
and parietal (p=0.003) lobes, putamen (p=0.03) and splenium (p=0.01) compared to the PS1-
NC group (figure 2C). A region in the left frontal lobe was also smaller in the PS1-MUT-
Dem group, but the difference did not reach significance (p=0.10) on permutation tests. Like
the overall sample, these differences were predominantly in white matter regions,
particularly in the parietal (p=0.003) and temporal (p=0.006) white matter. Permutation tests
in the left frontal white matter were marginally significant (p=0.052).

Brain volume and relative age
Mean Jacobian values within select ROI (temporal lobe, parietal lobe, frontal lobe, caudate,
putamen, thalamus, ventricles) were computed for each subject to provide a numeric
summary of regional volume. The ROI volumes of all non-demented mutation carriers
(MUT-Norm, MUT-aMCI) were correlated with relative age to estimate the progression of
brain atrophy in predementia stages as individuals approached the expected age of dementia
diagnosis. In these two groups, higher relative age was associated with larger ventricular
volume (r=0.48, p=0.03, figure 3A; MUT-Norm r=0.24, p=0.54; MUT-aMCI r=0.43,
p=0.16), and smaller temporal lobe volume (r=−0.35, p=0.12, figure 3B; MUT-Norm r=
−0.24, p=0.54; MUT-aMCI r=−0.30, p=0.34), although the latter relationship did not reach
significance. Interestingly, the MUT-Norm and MUT-aMCI groups demonstrated a positive
correlation between caudate volume and relative age (r=0.62, p=0.003, figure 3C; MUT-
Norm r=0.32, p=0.40; MUT-aMCI r=0.63, p=0.03). Examination of the group-specific
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correlations indicate that this association is largely driven by the MUT-aMCI group,
although the MUT-Norm group generally shows the same trend, thus contributing to the
strength of the overall correlation in non-demented carriers. No other ROI volumes were
significantly correlated (p>0.30) with relative age.

We further examined the relationship between relative age and temporal lobe, caudate and
ventricular volume separately in non-demented mutation carriers who reported subjective
memory complaints (n=12) and in those who did not report memory complaints (n=9). The
association between relative age and caudate volume was driven largely by those with
memory complaints (r=0.85, p<0.001); non-significant trends were observed in those
without memory complaints (r=0.32, p=0.41). Larger ventricular volume associated with
relative age was seen only in subjects with memory complaints (r=0.77, p=0.003) but not in
those without memory complaints (r=0.08, p=0.83). The correlation between temporal lobe
volume and relative age was non-significant in subjects with and without memory
complaints (r=−0.39, p=0.22 and r= −0.28, p=0.46, respectively). Further stratifying the
groups based on cognitive status (MUT-aMCI vs MUT-norm) makes the sample size too
small for any meaningful statistical analyses, but these individuals are identified in
supplementary figure S1 (available online only).

Cognitive functioning
Means and SD of the five composite cognitive domain scores and individual neurocognitive
tests are presented in table 3. The MUT-aMCI group demonstrated lower memory scores
than the NC (p<0.001) and MUT-Norm (p<0.001) groups. As performance on memory tests
was used to determine group membership, memory scores were excluded from subsequent
analyses. An analysis of covariance, controlling for age, revealed significant group
differences in visuospatial skills, language and executive functioning, but not in processing
speed. The MUT-aMCI group had lower language scores than both the NC (p=0.01) and
MUT-Norm (p<0.05) groups. The MUT-aMCI group also had lower visuospatial (p=0.002)
and executive functioning (p<0.001) scores than the NC group. The MUT-Norm group did
not differ from the NC group in any cognitive domain.

DISCUSSION
We demonstrated that cognitively intact FAD mutation carriers (who were, on average, 15
years younger than the expected age of dementia diagnosis) already exhibit differences in
brain volume compared to NC relatives. In our sample, MUT-Norm subjects had
significantly smaller thalamus, caudate and putamen volumes compared to NC subjects. The
thalamus and striatum may be affected early during the prodromal/presymptomatic stages of
FAD, before any detectable changes in cognitive functioning. Postmortem examination of
FAD patients has revealed extensive amyloid deposition in the caudate and putamen,3233

and in-vivo molecular imaging studies of PSEN1 and APP mutation carriers using
Pittsburgh compound B have reported increased uptake in both the striatum and
thalamus.3234 Although pathological involvement of the striatum has also been documented
in sporadic AD patients,35 some studies suggest that FAD mutation carriers exhibit
relatively more striatal pathology than typically observed in sporadic AD.3236

In our sample, mutation carriers with aMCI exhibited lower volumes in the thalamus,
splenium, pons and left temporal lobe compared to NC. Reduced temporal lobe volume has
been well documented in patients with MCI.11 Pontine changes, however, have been less
clearly established in the literature, although some studies have reported degeneration of the
locus coeruleus37 and tegmentopontine reticular nucleus38 in sporadic AD. The pons is often
used as a reference region in amyloid imaging as previous studies have suggested it remains
relatively free of AD pathology.3236 Our finding of pontine atrophy in FAD indicates that
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such atrophy may occur via mechanisms other than the direct local effects of amyloid
deposition.

Interestingly, the smaller caudate and putamen volumes seen in MUT-Norm subjects were
not evident in the MUT-aMCI group, suggesting a possible volume increase in these regions
as disease pathology progresses from presymptomatic stages to MCI. Moreover, caudate
volume was found to increase with relative age in mutation carriers before dementia
diagnosis. This association was driven largely by the MUT-aMCI group, suggesting that
caudate size may increase more as the disease advances closer to the dementia stage. This
finding was independently verified using an alternative method of volumetric analysis with
manually delineated dorsal caudate volumes in the ICBM space (see supplementary table
S1, available online only). Similar to the TBM results, this independent analysis also
showed smaller mean caudate volumes in MUT-Norm compared to NC subjects, and a
significant positive correlation (r=0.54, p=0.01) between caudate volume and relative age in
non-demented mutation carriers. Fortea et al39 also reported increased caudate volume and
cortical thickness in the precuneus and parietotemporal areas in a group of PSEN1 carriers
approximately 9.9 years younger than the predicted age of disease onset, similar to the mean
relative age (10.4 years) of MUT-aMCI subjects in our sample. This increase in volume may
be due to reactive neuronal hypertrophy and/or inflammatory processes.39 Another
possibility is that increased brain volume may be associated with amyloid burden, as
individuals with high Pittsburgh compound B retention have exhibited larger temporal lobe
volumes.40 Neuropathological examination of persons with PSEN1 mutations has shown
atypical ‘cotton wool’ plaques, which may be space occupying41 and may provide another
explanation for increased brain volume in select regions.

Although the presymptomatic mutation carriers exhibited early changes in the thalamus and
striatum, they did not perform any worse than NC controls on cognitive testing. Cognitive
decline was only observed in MUT-aMCI subjects, who also showed slightly reduced
temporal lobe volume. Therefore, significant cognitive changes may not be observable in
FAD mutation carriers until neuropathology begins to affect the cortical regions, which is
consistent with our previous finding that mutation carriers and NC show no significant
differences in cortical thickness before significant cognitive impairment.10 Atrophy of
cortical regions probably begins in the temporal lobes, and eventually progresses to frontal
and parietal regions as cognitive and functional impairments develop into dementia.
Accordingly, our sample of mutation carriers demonstrated decreasing temporal lobe
volume and increasing ventricular volume (a gross indication of global brain atrophy) as
they approached the age of dementia diagnosis, and those with dementia demonstrated
significant cortical atrophy in the temporal, parietal and frontal regions, particularly in white
matter regions. Earlier studies have shown evidence of white matter pathology in sporadic
AD,4243 and at the MCI stage.44 Therefore, although the neuroanatomical regions affected in
the early stages of FAD may differ from sporadic AD, the pattern of cortical changes
observed in the later stages seems to converge with that of sporadic AD.

In the current study, diagnosis of aMCI did not require the presence of subjective memory
complaint, which was reported by 58% of the MUT-aMCI subjects. Earlier literature has
suggested that some MCI patients may experience anosognosia, or lack of awareness of
declining cognition,24 which may be a predictor of progression to AD.45 However, other
studies have reported that subjective memory decline was a significant predictor of future
cognitive decline.46 In our analyses, the increase in ventricular and caudate volumes
observed in the non-demented mutation carriers was driven largely by those with subjective
memory complaints. Therefore, the presence of memory complaints may indicate greater
disease severity. Memory complaints were also reported by 40% of NC, which were
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probably associated with non-AD-related aetiologies, including anxiety regarding genetic
status, depression, or sleep problems, as they were cognitively intact on objective testing.

The clinical heterogeneity of different mutation types has been well documented3347 and
may reflect underlying differences in neuropathological effects. Twenty-one of the 35
subjects in this study came from families with the PSEN1 A431E substitution, therefore
biasing our results. Subsequent analysis of the PSEN1 mutation carriers yielded results
similar to the overall sample, with cognitively normal and aMCI carriers exhibiting smaller
volumes in the thalamus and striatum, while the demented carriers demonstrated reduced
cortical volumes compared to NC. Due to the small sample size and limited number of
individuals with APP mutations, we were unable to investigate potential differences between
PSEN1 and APP mutation carriers in our sample.

Unlike other whole-brain volumetric methods, TBM does not require a segmentation step,
thus avoiding potential errors in accurate tissue classification. The use of a customised
template, such as the MDT, also facilitates more accurate registration. Alternative
approaches, including unified segmentation with diffeomorphic registration, may hold
mathematical and theoretical advantages.48 However, the approach used in the current study
has been found to be robust and is successfully used to study both cortical and subcortical
brain changes in a variety of disorders.1112

Several other limitations should be acknowledged. Group differences in brain volume were
unadjusted for age. In age-associated diseases such as AD, in which age is strongly
correlated to disease severity, it is difficult to isolate age effects without removing real
disease effects. Notably, the MUT-Norm and MUT-aMCI groups, which were both on
average younger than the NC group, would be expected to have relatively larger brain
volumes. However, our findings were in the opposite direction and it is unlikely that regions
of relatively smaller brain volumes found in these younger mutation carriers would be solely
an effect of age. Moreover, age-adjusted group comparisons (see supplementary figure S2,
available online only) did not meaningfully change the results, and a subanalysis comparing
a small subgroup of six MUT-norm and six age-matched NC participants (see
supplementary figure S3, available online only) also yielded similar findings, albeit with
smaller effects due to the limited sample size. In addition, the cross-sectional design of our
study limits our ability to draw conclusions regarding the longitudinal progression of
neuroanatomical changes, and the relatively small sample size of our study may have
resulted in inadequate statistical power to detect additional group differences in brain
volume and cognitive performance. Even so, FAD is a rare disorder and our sample
compares favourably to previous FAD studies.739 Still, future studies with larger samples
and age-matched controls are needed to replicate and confirm the findings presented here.
Finally, our FAD findings may not fully generalise to sporadic AD, as there are both clinical
and pathological differences between the two forms of the disease.4950 For instance,
subcortical changes in the thalamus and striatum, which are not evident until more severe
stages of sporadic AD, may be seen earlier in presymptomatic stages of FAD, while cortical
changes such as temporal lobe atrophy and ventricular expansion generalise to both sporadic
AD and FAD by the MCI stage.

While there may be differences between FAD and sporadic AD, this and future studies of
FAD at different stages of disease severity offer a model for better understanding the
pathophysiological process in sporadic AD. Furthermore, as these individuals are relatively
young, they are less likely to have comorbid illnesses (eg, hypertension) that might
contribute to confounding cerebral pathology (eg, ischaemic changes). In addition, the use of
a control group comprised mostly of NC relatives may limit environmental and biological
factors that might otherwise confound the results. The current findings suggest that FAD
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mutation carriers may begin to experience visible neuroanatomical changes even in
presymptomatic stages several years before the onset of cognitive decline. The ability to
study FAD mutation carriers years before the clinical manifestation of symptoms can
provide valuable insight into the earliest detectable changes in neuropathology and
cognition, which in turn can help improve the early detection and development of targeted
therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Statistical p-maps show significant differences in brain volumes between the non-carrier
(NC) group and mutation carriers with normal cognition (MUT-Norm), amnestic mild
cognitive impairment (MUT-aMCI) and dementia (MUT-Dem) groups. (A) The MUT-
Norm group demonstrated significantly smaller volumes (as indicated in brown colour) than
the NC group in the caudate, putamen and thalamus. (B) The MUT-aMCI group exhibited
significantly smaller volumes than the NC group in the thalamus, splenium and pons, and a
trend for smaller volumes in the left temporal lobe. (C) The MUT-Dem group had
significantly smaller volumes than the NC group in the bilateral temporal and parietal lobes,
the left frontal lobe and putamen.
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Figure 2.
Jacobian maps of PSEN1 mutation carriers with normal cognition (PS1-MUT-Norm),
amnestic MCI (PS1-MUT-aMCI) and dementia (PS1-MUT-Dem) were compared to that of
non-carrier relatives of PSEN1 mutation carriers (PS1-NC). Significance p-maps show that
(A) PS1-MUT-Norm subjects exhibited smaller volumes in the thalamus, striatum and right
temporal region; (B) PS1-MUT-aMCI subjects exhibited smaller volumes in the thalamus,
putamen, splenium and left temporal lobe; and (C) PS1-MUT-Dem groups exhibited smaller
volumes in the putamen and temporal, parietal and left frontal regions.
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Figure 3.
Scatterplots and trend lines show the association between relative age (in years) and ROI
volumes (% relative to the minimal deformation target; MDT) of the (A) ventricles, (B)
temporal lobes and (C) caudate in non-demented mutation carriers (cognitively normal
(MUT-Norm), with amnestic mild cognitive impairment MUT-aMCI).
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Table 1

Demographic information for FAD mutation carriers separated by mutation type

Demographic
variables

PSEN1 (n=21)
Mean (SD)

APP (n=4)
Mean (SD) t or χ2 p Value

Age, years 35.81 (9.4) 35.00 (10.6) 0.14 0.89

Relative age,
years

−8.10 (8.9) −18.50 (10.3) 1.88 0.14

Education, years 12.36 (3.6) 8.25 (5.5) 1.44 0.23

Gender 5 men/16 women 4 women 1.19 0.28

Group differences in age, relative age and education were assessed using independent sample t tests; differences in gender distribution were

assessed using Pearson χ2 tests. PSEN1 and APP mutation carriers did not significantly differ in age, relative age, education, or gender.

FAD, familial Alzheimer’s disease.
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