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Abstract

Rates of brain loss have been shown to accelerate over time in early Alzheimer’s disease (AD);
however the trajectory of change in frontotemporal lobar degeneration with ubiquitin
immunoreactive-changes (FTLD-U) is unknown. This study compared the progression of atrophy
over multiple MRI in subjects with autopsy confirmed AD and FTLD-U. Nine subjects with autopsy
confirmed FTLD-U, and nine with autopsy confirmed AD, were identified that had three or more
serial MRI. The boundary-shift integral was used to calculate change over time in whole brain and
ventricular volume. A hierarchical regression model was used to estimate the slope of volume change
in AD and FTLD-U over time and to estimate differences in the slopes across the subject groups.
Whole brain volume loss did not deviate from a linear rate over time in both AD and FTLD-U
subjects, although this may be due to limited sample size. The FTLD-U subjects had a faster rate
(23ml/yr) than the AD subjects (10ml/yr). The rate of ventricular expansion accelerated over time.
At the point when each subject had a Clinical Dementia Rating Sum-of-Boxes score of 6 the annual
rate was 7ml/yr in FTLD-U and 5ml/yr in AD. These rates of change increased by an estimated
1.66ml/yrin FTLD-U, and 0.44ml/yr in AD, although these estimates were not significantly different
between the two groups. The trajectory of brain and ventricular changes were similar in AD and
FTLD-U suggesting that it is independent of pathology, although subjects with FTLD-U show a more
rapidly progressive decline.

INTRODUCTION

Rates of cerebral atrophy measured over serial MRI have increasingly become useful markers
of disease progression in neurodegenerative dementias and are already routinely being used as
outcome measures in clinical trials (Fox, et al., 2005, Jack, et al., 2003). Increased rates of

whole brain atrophy have been observed in subjects with both Alzheimer’s disease (AD) and
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frontotemporal lobar degeneration (FTLD) when compared to controls (Chan, et al., 2001,
Ezekiel, et al., 2004, Fox and Freeborough, 1997, Jack, et al., 2004, Wang, et al., 2002,
Whitwell, etal., 2007), and rates have been shown to be higher in subjects with FTLD compared
to AD (Chan, et al., 2001, Whitwell, et al., 2007). Longitudinal studies using multiple serial
MRI have also shown that the rates of atrophy in subjects with familial AD increase over the
course of the disease as subjects progress from presymptomatic to moderate AD (Chan, et al.,
2003, Ridha, et al., 2006). However, the extent to which atrophy rates change over time in
FTLD, and whether it is different from that observed in AD, is not known. Furthermore no
studies have assessed the trajectory of brain loss in pathologically confirmed subjects.
Pathological confirmation in AD and FTLD is important since both diseases have overlapping
clinical features. The pathological diagnosis of AD is made according to the presence of
amyloid plaques and neurofibrillary tangles (Braak and Braak, 1996). The pathological
diagnoses underlying FTLD are heterogeneous, although the most common pathological
subtype is frontotemporal lobar degeneration with ubiquitin-immunoreactive changes (FTLD-
U) (Josephs, et al., 2004). Understanding the natural progression of these diseases will be
important for the assessment of future disease modifying treatments. The aim of this study was
therefore to assess and compare the progression of brain atrophy over time using multiple serial
MRI in pathologically confirmed subjects with FTLD-U and AD.

METHODS

Subject selection

The neuropathology files of the Mayo Clinic were used to identify all cases that had come to
autopsy and had been given a diagnosis of FTLD-U or AD that had at least three volumetric
head MRI scans of adequate quality for the boundary-shift integral (BSI) measurements. All
subjects had been studied prospectively in the Mayo Clinic Alzheimer’s Disease Research
Center or Alzheimer’s Disease Patient Registry. Informed consent was obtained for
participation in the studies, which were approved by the Mayo Institutional Review Board.
The medical records of all cases were reviewed by a behavioral neurologist (KAJ). All FTLD-
U subjects included in the study fulfilled clinical criteria for one of the disorders considered
to lie under the frontotemporal dementia spectrum at the time of the first scan (Neary, et al.,
1998). All AD subjects fulfilled clinical criteria for AD (McKhann, etal., 1984). All MRI scans
were visually assessed (JLW and CRJ). Scans were rejected for poor quality (such as motion
artifact) or the presence of other pathologies (such as stroke, tumor or other structural lesion)
that may influence either the structural analysis or clinical presentation. Nine subjects with
FTLD-U were identified that fulfilled our inclusion criteria. Five of the FTLD-U subjects had
aclinical diagnosis of behavioral variant FTD and four had primary progressive aphasia. These
cases were then frequency matched by age to nine subjects with AD that fulfilled our inclusion
criteria. Cognitive ability across groups was assessed using the Clinical Dementia Rating scale
Sum of Boxes (CDR-SB) (Hughes, et al., 1982).

Pathological Diagnoses

Neuropathological examinations were performed according to the recommendations of the
Consortium to Establish a Registry for Alzheimer’s Disease. In all cases pathological
assessment and diagnosis was conducted by one of two expert neuropathologists (DWD or
JEP). The pathological methods have been described in detail previously (Whitwell, et al.,
2007). Frontotemporal lobar degeneration with ubiquitin-only-immunoreactive changes was
diagnosed if there were inclusions that stained positive for ubiquitin, yet stained negative for
tau, neurofilament, and a-synuclein, in frontal or temporal cortex, and the hippocampus dentate
granular cells without any evidence of motor neuron degeneration (amyotrophic lateral
sclerosis) as previously described (FTLD-U) (Josephs, et al., 2006), and meeting established
research criteria (McKhann, et al., 2001). Cases with pathological evidence of motor neuron
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disease (amyotrophic lateral sclerosis) were excluded. Subjects were classified as AD if the
subject had frequent neuritic plaques and met CERAD diagnostic criteria C for definite AD
(Mirra, et al., 1991). Plaque count was done with the modified Bielschowsky silver stain. In
addition, the subject had to have had a Braak neurofibrillary stage of V or VI (Braak and Braak,
1996) and therefore fulfill NIA-Reagan criteria for high probability AD (NIA, 1997). We
excluded any subjects with Lewy bodies including amygdala only Lewy bodies (Uchikado, et
al., 2006). None of the FTLD-U subjects had AD-type pathology. Vascular pathology was only
identified on autopsy in one subject with FTLD-U (infarct) and one subject with AD
(microvascular disease).

Image analysis

All MRI studies were performed at 1.5T with a standardized imaging protocol that included a
coronal T1-weighted 3-dimensional volumetric spoiled gradient echo (SPGR) sequence with
124 contiguous partitions and 1.6mm slice thickness (22x16.5cm FOV, 25° flip angle).
Different scanners were used, but all were GE Signa 1.5T with body resonance module gradient
sets and transmit-receive single channel head coils. All scanners undergo a standardized quality
control calibration procedure daily, which monitors geometric fidelity over a 200mm volume
along all three cardinal axes, signal-to-noise, and transmit gain, and maintains the scanner
within a tight calibration range.

Change in the whole brain and ventricle volumes were calculated using a software algorithm
that has been developed in our lab and described in detail elsewhere (Gunter, et al., 2003).
Whole brain masks were created for all baseline scans using MIDAS image analysis software
(Freeborough, et al., 1997). This is a semi-automated brain segmentation algorithm that
performs an intensity thresholding step, and a series of erosions and dilations to remove non-
brain structures. Manual editing was then performed in order to remove any “non-brain”
structures from the segmentation. Ventricular segmentations were performed on all repeat
scans using the autotrace subprogram in Analyze/AVW plus manual editing of anatomic
outlines. The ventricular region included the lateral ventricles, the temporal horn of the lateral
ventricles, and the third ventricle. Repeat scans were then registered, i.e. spatially matched,
using 9 degrees of freedom (dof) rigid body registration, to the baseline scan for each subject.
This algorithm combines a 6dof rigid registration (three translations, three rotations), which
matches the position and orientation of the two brain volumes, with an additional three scaling
parameters measured using the skull which is invariant over time to correct for drifts in gradient
calibration. The algorithm also incorporates a correction for intensity inhomogeneity (Sled, et
al., 1998). Change in brain and ventricle volume was calculated automatically from each
registered scan pair using the BSI (Freeborough and Fox, 1997, Gunter, et al., 2003). The BSI
results between each interval were then used to calculate the brain and ventricular volumes at
each time-point. Total intracranial volume (TIV) was measured on the baseline scan for each
subject using a technique that has been previously described (Whitwell, et al., 2001).

Statistical methods

The majority of the baseline demographic features of the FTLD-U and AD subjects were
summarized by their medians and ranges, and comparisons between the two groups were made
using Mann-Whitney U statistics. The gender breakdown was summarized with counts of male
and female subjects in the two study groups, and the comparison between these groups was
achieved through the use of Fisher’s exact test.

Trends in whole-brain volumes and ventricle volumes were assessed individually in regression
models that accounted for the presence of longitudinally measured data for each individual.
The volume measurements, in ml, served as the dependent variable in these models. The time
scale used in these regression models reflected the length of time that had elapsed from the
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first record at the time each individual was assessed to be at a CDR-SB of 6. All subjects had
passed through a score of 6 during their disease progression, even if they were not given a score
of exactly 6 on any one assessment. For those whose time at a CDR-SB of 6 was not known
(n=10), an a priori decision was made to use quadratic interpolation to obtain an estimate of
this time point on a per subject basis. In the regression models, repeated measurements within
a person were accounted for by the inclusion of random effects in the models to account for
potential subject-specific differences in baseline volumes, and overall linear trends in the
volumes. An additional repeated measure effect was incorporated into the models to account
for temporal correlations among the longitudinal measures.

Of primary interest in these models were estimates of trends in whole-brain and ventricle
volumes for subjects with FTLD-U and AD, and comparisons of the trends between the two
study groups. Estimates of linear and quadratic trend were therefore obtained, and tested for
significance within, and between those with FTLD-U and AD. When quadratic trends were
evident, suggesting that the rates of change were not constant, estimates of the time-specific
rates of change were obtained for various time points of interest, along with corresponding
95% confidence intervals. P-values assessing the significance of the difference between study
groups were also obtained.

While assessing the trends in volumes as a function of time, other important correlates of the
volumes, such as TIV, age, education, CDR-SB and gender, were included in the models in
order to adjust for potentially confounding effects. These variables were identified through
modelling efforts that paralleled those described for the primary outcomes of interest. Results
were also assessed without adjustment for age, gender, or education. All statistical tests were
two-sided, and all statistical analyses were conducted using SAS (The SAS Institute, Cary NC).

The demographic features of the AD and FTLD-U groups are shown in Table 1. There was no
significant difference in age at baseline, years of education, time from disease onset to baseline
scan, or gender ratio between the groups. There was also no significant difference in the
cognitive scores, whole brain volume, ventricular volume or TIV at the baseline scan. Both
groups had a median of three serial scans per subject (range 3-4 in AD and 3-6 in FTLD-U)
and the scans spanned an average 3.1 years (range 1.9-5.2) in the FTLD-U group, and 3.5 years
(range 2.7-6.7) in the AD group.

The adjusted models showed that there was a significant linear decrease in brain volume over
time in both the AD (p=0.01) and FTLD-U (p<0. 001) subjects, with no evidence from the
statistical model that the slope of change in brain volume was non-linear in either group
(p=0.23). The rate of linear decline was significantly larger in the FTLD-U group compared
to the AD (p=0.01), with an average rate of decline of 23ml (95% Confidence Interval [CI]:
15ml — 31ml) per year in the FTLD-U group versus 10ml (95% CI: 2ml — 18ml) per year in
the AD group. The modeled slopes for both groups are shown in Figure 1. The unadjusted
models showed the same trends, although the rate estimates were somewhat higher, with an
average rate of decline of 28ml (95% CI: 21ml — 36ml) per year in the FTLD-U group versus
14ml (95% CI: 6ml — 21ml) per year in the AD group.

There was evidence from the adjusted models that expansion of the ventricular volumes
accelerated over time across all subjects (p=0.03). This acceleration was significant in the
FTLD-U subjects (p=0.007). The degree of acceleration did not reach significance in the AD
subjects (p=0.28). The rise, or change, per year in the annual rate of ventricular expansion was
1.66ml (95% CI: 0.5ml —2.8ml) in the FTLD-U group and 0.44ml (95% CI: -0.38ml - 1.26ml)
in the AD group. This degree of difference in the curvature between the AD and FTLD-U
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subjects did not reach statistical significance (p=0.09). The modeled slopes using the adjusted
data for both groups are shown in Figure 2. The same trends were observed in the unadjusted
models, with a rise per year in the annual rate of 1.78ml (95% CI: 0.4ml — 3.2ml) in the FTLD-
U group, and 0.70ml (95% CI: -0.30ml — 1.70ml) in the AD group. The estimated slopes over
time using both the adjusted and unadjusted models are shown in Table 2.

There were significant associations between brain volume and age, education, gender, TIV and
CDR-SB across both groups, however the only variable to show an association with ventricular
volume was CDR-SB. The CDR-SB significantly increased over time across all subjects
(p<0.001), although there was no evidence for a non-linear increase (p=0.75), and there was
no difference across the two groups in the rate of linear change (p=0.16).

DISCUSSION

This study has analyzed serial MRI data spanning approximately three years in subjects with
pathologically and clinically confirmed FTLD-U and AD and has shown that the whole brain
volume decreases at an approximately linear rate over this time interval in both subject groups.
The annual rate of decline in the FTLD-U subjects was significantly larger than the rate
observed in the AD subjects. The rates observed were similar to those that we have previously
reported in a larger cohort of pathologically confirmed FTLD-U and AD subjects (Whitwell,
et al., 2007). The majority of our subjects were included in the previous study; however the
rates of loss were previously calculated over only two serial scans, with an approximate scan
interval of one year, and the previous study failed to find a significant difference between
FTLD-U and AD. The inclusion of multiple serial MRI and hence a longer assessment period
in this study most likely reduced the within-subject variability (Schott, et al., 2006) and
increased the power to differentiate these two disorders. The rate of atrophy observed in the
AD subjects was however lower than has been previously reported in clinical cohorts of AD
subjects (Fox and Freeborough, 1997, Schott, et al., 2005, Wang, et al., 2002). This difference
could be due to a combination of factors. Firstly, the majority of our subjects are elderly
sporadic AD whereas many of the studies reporting higher rates of atrophy assessed younger
familial AD cases. In addition, the fact that we have selected subjects with more than three
scans means we would by definition be including subjects whose disease progression and
duration allowed for them to obtain three scans. It is therefore possible that this cohort may
represent a subset of AD patients with a slower progressive rate. Therefore, rates of atrophy
obtained from cohorts of young subjects with familial AD (Fox and Freeborough, 1997) and
rates of atrophy obtained from our cohort will have good internal validity but may not
necessarily generalize to all AD patients.

The fact that we failed to find a non-linear trend in the rate of brain volume loss in the AD
subjects contrasts with the results of previous studies that have assessed multiple scans in
familial AD and shown acceleration in the rate of decline over time (Chan, et al., 2001, Ridha,
et al., 2006). There are two possible explanations for this discrepancy. First, it is possible that
while the rate of brain loss accelerates over time in the early phases of the disease it may slow
and follow a more linear trajectory as the disease progresses. The previous studies that have
shown acceleration have assessed subjects at an earlier phase of the disease in which some
patients were presymptomatic at the time of the first scan. The subjects in this study all fulfilled
clinical criteria for AD or FTLD-U at the time of the first scan and were approximately two
years from onset. Second, it is possible that acceleration in the rate of brain volume loss was
also occurring in our data but we have failed to detect it due to limitations in statistical power.
The number of available subjects with multiple MRI and pathologically confirmed disease was
relatively small and the magnitude of non-linear trends may be less than that associated to the
linear component of decline. There was also no evidence for a non-linear trend in the FTLD-
U subjects. No previous studies have assessed the longitudinal trajectory of groups of subjects
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with FTLD-U, although the results are consistent with a study that looked at gross atrophy at
post mortem in FTLD and found a linear rate of change over the first five years from diagnosis
(Broe, et al., 2003).

Interestingly a different trend was observed for the ventricular volumes in which the rate of
loss appeared to accelerate over time. This quadratic trend reached significance for the FTLD-
U subjects but not for the AD subjects. However, there was no significant difference in the
curvature observed between the two groups suggesting that the difference in significance of
the quadratic trends does not reflect differences in the disease process between AD and FTLD-
U, but most likely reflects lack of statistical power. This result suggests a possible
disassociation between the degree of whole brain atrophy and ventricular expansion, with the
percentage of brain volume loss attributable to ventricular expansion increasing as the disease
progresses. A similar trend has been previously suggested by a study that looked at rates of
atrophy over two serial MRI (Schott, et al., 2005). This phenomenon could have a biological
explanation. For example, it is possible that the regions surrounding the ventricles, i.e. the
subcortical grey matter structures, atrophy later in the disease course than the cortex and
therefore cause a disproportionate amount of ventricular expansion later in the disease.
Alternatively, there may be greater inertia to inward collapse of the outer surface of the brain
than outward expansion of the inner surface, perhaps due to restrictions posed by external
structures. However, as discussed above it is possible that acceleration in the rate of brain
volume loss was also occurring but we have failed to detect it due to limitations in statistical
power. The ventricular brain/CSF boundary is well defined and is centered deep within the
brain and is therefore less susceptibility to inhomogeneity artifacts caused from variation in
position within the scanners magnetic field than the whole brain volume. The ventricular
measurements may therefore be less variable than the whole brain volumes and have more
statistical power to detect non-linearity. In addition, it is possible that the brain volumes do
slightly accelerate by the same degree as the vent volumes (i.e. 1.66ml per year) but since this
is amuch smaller proportion of the total brain volume change than the total ventricular volume
it does not reach significance.

Although there was no significant difference between the modeled slopes for ventricular
volume in the AD and FTLD-U groups, the FTLD-U subjects had larger rates of ventricular
expansion at any one time-point than the AD subjects. For example, at a CDR-SB score of six
the estimated rates of ventricular expansion were 4.5ml per year in AD compared to 7.2ml per
year in FTLD-U. These rates fit well with those previously reported in subjects with AD and
FTLD-U (Jack, et al., 2004, Schott, et al., 2005, Whitwell, et al., 2007). Therefore both the
rates of brain volume loss and ventricular expansion suggest more rapid brain loss in FTLD-
U than AD. The fact that AD and FTLD-U differ more in the rate of whole brain volume loss
than ventricular expansion probably reflects the fact that these diseases show very different
and severe patterns of regional cortical atrophy (Boccardi, et al., 2003). In fact, assessments
of rates of atrophy of regional structures are likely to be very useful in the differentiation of
these two subject groups.

Both the AD and FTLD-U groups also showed a decline in cognition and function over the
study period. The CDR-SB score increased over time with an approximately linear slope across
all subjects. The CDR-SB scores were also significantly associated with both the whole brain
volume and the ventricular volume in both groups suggesting that rates of cerebral atrophy
provide excellent markers of disease progression in both AD and FTLD-U. However, a possible
limitation of the study is that clinical measures, such as the CDR-SB, may not measure
comparable degrees of disease advancement across clinically diverse groups such as FTD and
AD. However, the CDR-SB does assess functional aspects of the disease such as judgement,
problem solving, and personal interactions, which are features of behavioral variant FTD and
may therefore be a more reliable assessment of disease state in FTD and AD than other
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measures of cognitive impairment that do not assess function, such as the mini-mental state
examination.

These results suggest that the general shape of the trend, i.e. linear vs. quadratic, for brain and
ventricular loss may be similar in both AD and FTLD-U subjects and may therefore not be
disease specific. Once subjects have fulfilled clinical criteria for either AD or FTLD the brain
volumes decrease at an approximately linear rate while the ventricular expansion accelerates
over time. The rates of atrophy were however faster in the FTLD-U subjects. However, these
results apply to subjects with mild dementia, that is, around a CDR-SB of six, and should not
be generalized to all stages of the disease. These results will have important implications for
the design of future disease modifying trials which aim to assess changes in brain volume over
time in subjects with clinically diagnosed AD or FTLD-U.
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Figure 1.

Plot showing the change in brain volume over time in each of the AD and FTLD-U subjects
(shown by dashed lines) and the model estimated best-fit slope for both the AD and FTLD-U
groups (shown by a solid line). The AD subjects are represented by green lines and the FTLD-
U subjects by red lines. The models were adjusted for TIV, age, gender, and education.
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Figure 2.

Plot showing the change in ventricular volume over time in each of the AD and FTLD-U
subjects (shown by dashed lines) and the model estimated best-fit slope for both the AD and
FTLD-U groups (shown by a solid line). The AD subjects are represented by green lines and
the FTLD-U subjects by red lines. The models were adjusted for TIV, age, gender, and
education.
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Table 1
Subject demographics
AD (n=9) FTLD-U (n=9)
No. females (%) 4 (44) 7(78)
Age at Baseline (years) 75 (50, 81) 73 (55, 79)
Education (years) 14 (12, 17) 12 (8,18)
No. with family history (%) 5 (56) 3(33)
CDR-SB at baseline (/18) 3.5(1.5 6.0 3.5(0.5,7.0)
CDR at baseline 0.5(0.5-1.0) 0.8 (0.5-1.0)
MMSE at baseline (/30) 25 (23, 29) 25 (19, 29)
Brain VVolume at baseline (ml) 1242 (1114, 1355) 1192 (1041, 1368)
Ventricle Volume at baseline (ml) 54 (28, 119) 54 (30, 81)
TIV (mD) 1445 (1299, 1564) 1466 (1209, 1539)
Number of Scans 3(3.4) 3(3.6)
Years from onset to first scan 2.0(0.05,4.4) 2.1(09.7.1)
Years between first and last scan 3.5(2.7.6.7) 31(1.9.52)

Data is shown as median (range)

Page 12

AD = Alzheimer’s disease; FTLD-U = frontotemporal lobar degeneration; CDR-SB = Clinical Dementia Rating scale-sum of the boxes score; MMSE =

Mini Mental State Examination; TIV = total intracranial volume

There were no significant differences between the AD and FTLD-U groups based on the Mann-Whitney U test
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