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Abstract
Frontotemporal dementia (FTD) is a neurodegenerative disease characterized by progressive
behavioural abnormalities and frontotemporal atrophy. Here we used tensor based morphometry
(TBM) to identify regions of longitudinal progression of gray matter atrophy in FTD compared to
controls. T1-weighted MRI images were acquired at presentation and 1-year follow-up from 12
patients with mild to moderate FTD and 12 healthy controls. Using TBM as implemented in SPM2,
a voxel-wise estimation of regional tissue volume change was derived from the deformation field
required to warp a subject’s late to early anatomical images. A whole brain analysis was performed,
in which a level of significance of p<0.05 corrected for multiple comparisons (family wise error-
FWE) was accepted. Based on prior studies, a region of interest (ROI) analysis was also performed,
including in the search area bilateral medial and orbital frontal regions, anterior cingulate gyrus,
insula, amygdala and hippocampus. Within this ROI a level of significance of p<0.001 uncorrected
was accepted. In the whole brain analysis, the anterior cingulate/paracingulate gyri were the only
regions that showed significant atrophy change over 1 year. In the ROI analysis, the left ventro-
medial frontal cortex, right medial superior frontal gyrus, anterior insulae and left amygdala/
hippocampus showed significant longitudinal changes. In conclusion, limbic and paralimbic regions
showed detectable gray matter contraction over 1 year in FTD, confirming the susceptibility of these
regions to the disease and the consistency with their putative role in causing typical presenting
behaviours. These results suggest that TBM might be useful in tracking progression of regional
atrophy in FTD.

Introduction
Frontotemporal dementia (FTD) is the “behavioural” or “frontal” variant of frontotemporal
lobar degeneration (FTLD) and is characterized by progressive changes in personality and
behaviour (Neary et al., 1998) secondary to frontal lobe pathology. Most research efforts have
concentrated on defining typical neuroimaging features of FTD cross-sectionally, but less is
known about its clinical (Hodges et al., 2003; Roberson et al., 2005) and anatomical (Gregory
et al., 1999; Chan et al., 2001; Whitwell et al., 2004) evolution over time.
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Only a few MRI studies have attempted to delineate the longitudinal anatomical progression
of FTD. A case report by Gregory and colleagues followed two FTD patients for 5 and 7 years
(Gregory et al., 1999) and, as assessed by visual ratings, MRI scans appeared normal until
several years after presentation. MRI analysis techniques based on the deformation field
required to warp one scan into another, allow objective investigation of longitudinal
neuroanatomical changes (Studholme et al., 2001; Leow et al., 2006). These techniques are
particularly suitable to detect within-subject shape (deformation based morphometry-DBM)
and volumetric (tensor based morphometry-TBM) changes over time (Ashburner and Friston,
2003; Leow et al., 2006). A TBM-like approach, called the brain boundary shift integral
method, was used by Chan and colleagues to investigate longitudinal MRI changes in 17
patients with FTD (Chan et al., 2001). They examined whole-brain rates of atrophy and
documented an annual volume loss of 3.7%. The authors also performed a regional analysis
by dividing the brain into four quadrants (right anterior, left anterior, right posterior and left
posterior). The anterior quadrants contained both the frontal lobes and the temporal poles. They
found that atrophy occurred predominantly in the anterior quadrants in the FTD group, but
their method was unable to pinpoint more precisely the regions affected. Another recent study
found regional increases in atrophy rates in semantic dementia but not in FTD (Whitwell et
al., 2004).

In this study, we used TBM as implemented in Statistical Parametric Mapping software (SPM2)
to identify significant gray matter volume contraction over a 1-year period in a group of 12
FTD patients, at mild to moderate stages of the disease, compared to controls. Specifically, we
analyzed the Jacobian matrices of the deformation field required to warp MRI serial scans in
order to map voxel-wise volumetric differences between patients and controls over-time. This
approach has been successfully applied to track longitudinal anatomical changes in
Huntingtons’ disease (Kipps et al., 2005). This method allowed us to perform an unbiased,
whole brain analysis and also a region of interest (ROI) search, including only regions that
were found to be affected in FTD patients at a comparable stage of disease at pathology (Broe
et al., 2003).

Methods
Subjects

Twelve FTD patients (mean age=60.4±6.0 years; 11 males; 1 female) and 12 healthy control
subjects (mean age=63.7±6.6 years; 7 males, 5 females) were included in the study (see Table
1). All subjects were evaluated at the University of California, San Francisco, (UCSF) Memory
and Aging Center (MAC) by a team of experienced clinicians, including a behavioural
neurologist, a neuropsychologist, a nurse and a psychiatrist. Only subjects in whom a consensus
diagnosis of FTD (Neary et al., 1998) or of “healthy aging” was reached were included in
patient or control group respectively. To be considered for the study, subjects had to have at
least two serial MR scans at an interval of 12±4 months. During this time, four FTD patients
were treated with selective serotonin-reuptake inhibitors (SSRIs), and two with both SSRIs
and atypical neuroleptic drugs. None of the healthy controls were taking any medication. There
was no significant difference between the FTD and the control group for age, education and
interval between MRI scans.

Functional and neuropsychological screening was performed for diagnostic purposes at both
time points in patients and at Time 1 only for controls. Clinical Dementia Rating (CDR)
(Morris, 1993), Mini Mental State Examination (MMSE) (Folstein et al., 1975), Geriatric
Depression Scale (GDS) (Table 1) (Yesavage et al., 1983) and Neuropsychiatric Inventory
(NPI) (Table 3) (Srikanth et al., 2005) assessed general functional level and behaviour. The
neuropsychological screening battery comprised standard tests to evaluate language, memory,
visuospatial and executive functions (see Table 2). FTD patients’ performances at Time 1 and
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2 were compared, using two-tailed t-tests, to scores obtained at Time 1 by the control group.
Paired t-tests were used to investigate progression over time in the FTD group.

Average MMSE was 25.5±3.0 and total CDR score was 0.9±0.5, suggesting borderline
abnormal general cognition and functional status in FTD patients (Table 1). Fluency, verbal
learning but not recognition memory, and some executive tests were impaired at Time 1
compared to controls. Consistent with the diagnosis of FTD, patients had significantly
abnormal behaviour as revealed by the NPI, with highest scores in apathy, aberrant motor
behaviour and aberrant eating behaviour (Table 3).

The CDR Sum of Box scores showed significant progression of functional impairment over 1
year (Table 2). Mild progression of cognitive deficits over 1 year was seen in working memory
and efficiency of learning and free recall on both verbal and non-verbal memory tests (Table
2). However, many patients’ scores at Time 2 still did not fall in the impaired range. NPI scores
showed significant worsening over time only in the domain of aberrant motor behaviour (Table
3).

All subjects or their caregivers gave informed consent and the study was approved by UCSF
Committee on Human Research.

Imaging acquisition
Early and late brain structural MRI scans were obtained with a 1.5 Tesla Magneton VISION
system (Siemens Inc., Iselin, NJ). A volumetric magnetization prepared rapid gradient echo
(MP-RAGE) MRI was used to obtain a T1-weighted image of the entire brain, 1.0×1.0 mm in-
plane resolution, 1.5 mm slab thickness, as described in a previous study (Rosen et al., 2002).

Tensor based morphometry analysis
TBM analysis included image pre-processing and statistical analysis, both implemented in the
SPM2 software package (The Wellcome Department of Imaging Neuroscience, London;
http:www.fil.ion.ucl.ac.uk/spm). Pre-processing TBM procedures are described in detail in a
previous article (Kipps et al., 2005). In addition, we applied a bias correction to the late scan
to make it comparable to the early one. Briefly, a high-dimensional deformation field was used
to warp the corrected late image to match the early one within subject (Ashburner et al.,
2000). The amount of volume change was quantified by taking the determinant of the gradient
of deformation at a single-voxel level (Jacobian determinants). The following formula was
applied to the segmented gray matter image obtained from the first scan and the Jacobian
determinant map: (Jacobian value-1)*GM. The resulting product image represented a measure
of the gray matter specific volume change between the first and the second scan. A study-
specific template and prior probability maps were created. The normalization parameters were
estimated by matching the customized gray matter template with the segmented gray matter
image from the first scan and were then applied to the product image (Ashburner and Friston,
1999). Normalized images were smoothed using a 12 mm isotropic Gaussian kernel. Finally,
smoothed images were multiplied by an inclusive binary mask identifying only gray matter
tissue.

A ‘single-subject conditions and covariate’ statistical model was used to identify the brain
regions showing greater progression of gray matter atrophy in FTD than in controls over a 1-
year period. Sex, age, and total intracranial volume at the time of the second scan were entered
into the statistical model as nuisance covariates. Regionally specific differences in gray matter
volume contraction were assessed using the general linear model and the significance of each
effect was determined using the theory of Gaussian fields (Friston et al., 1995). Two analyses
were performed on TBM data: 1) A whole-brain analysis, in which we accepted a conservative
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level of significance of p<0.05 corrected for multiple comparisons (SPM-family wise error-
FWE); and 2) A region of interest (ROI) analysis, looking for longitudinal changes in regions
where Broe and colleagues (Broe et al., 2003) found pathological changes in FTD patients at
a comparable stage of disease. The ROI included the medial and orbital frontal regions, anterior
cingulate gyrus, insula, amygdala and hippocampus bilaterally. It was created from the AAL
brain atlas (Tzourio-Mazoyer et al., 2002) and applied to the SPM dataset using WFU Pickatlas
(Maldjian et al., 2003, 2004). Within this ROI we accepted a more sensitive level of significance
of p<0.001 uncorrected.

Results
In the whole brain analysis, the only region showing significant longitudinal progression of
gray matter atrophy in FTD compared to controls was the bilateral anterior cingulate/
paracingulate gyri (BA 32) (p<0.05 FWE whole brain corrected) (Table 4 and Fig. 1).

In the ROI analysis, progression of atrophy was observed in the left ventro-medial frontal cortex
(BA 11), the right medial portion of the superior frontal gyrus (BA 32), the insulae and the left
medial temporal lobe in a cluster including both the amygdala and the hippocampus (at p<0.001
uncorrected).

We also explored whether other regions outside of our ROI showed atrophy changes compared
to controls at a threshold of p<0.001 uncorrected. Two small regions within the middle and
posterior cingulate gyrus were the only additional areas that showed a difference compared to
controls at a threshold of p<0.001 uncorrected. Since these effects did not reach our pre-
established level of significance, these regions will not be discussed but are nevertheless
illustrated in Fig. 1.

Discussion
We used tensor based morphometry (TBM) to investigate the progression of gray matter
atrophy over a 1-year period in FTD, also known as the “frontal” or “behavioural variant” of
frontotemporal lobar degeneration (FTLD). Results showed gray matter contraction in the
anterior cingulate/paracingulate and ventro-medial frontal regions, the insulae, and the medial
temporal cortex. These findings substantiate previous studies that emphasize the important role
of damage to limbic/paralimbic circuits in the pathogenesis of FTD. Furthermore, tracking
longitudinal changes in these regions with TBM provided an informative measure of disease
progression.

The most significant progression of atrophy over a 1-year period in FTD was observed in the
anterior cingulate/paracingulate cortex. Previous cross-sectional neuroimaging studies have
consistently shown that FTD is associated with atrophy or decreased metabolism in this region
compared to controls or other dementias (Ishii et al., 1998; Garraux et al., 1999; Rosen et al.,
2002; Varrone et al., 2002; Salmon et al., 2003; Boccardi et al., 2005; Franceschi et al.,
2005; Jeong et al., 2005; Williams et al., 2005). The other regions that showed longitudinal
loss of gray matter (the medial temporal, medial frontal, and insular cortices) are heavily
anatomically interconnected with the anterior cingulate and with each other. They form the
limbic/paralimbic circuit that has been shown to have a functional role in the orchestration of
flexible, goal-directed behaviour (Ongur and Price, 2000). Progressive atrophy of this network
is likely responsible for the development of typical behavioural abnormalities in FTD. Further
investigations involving larger groups of subjects and including cognitive and behavioural
tasks sensitive to medial frontal lobe functions, will allow direct correlation of regional MRI
atrophy progression with decline in behavioural measures. This type of correlation analysis
has previously provided promising results in FTD patients (Avants et al., 2005).
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Although MR images were acquired only 1 year apart and on a 1.5 T magnet, the results showed
significant progression of gray matter loss restricted to the regions most relevant to FTD,
suggesting that TBM is a very sensitive method for detecting disease-specific longitudinal
anatomical changes. On the other hand, the NPI did not detect significant commensurate
behavioural changes in this small group of mild to moderate stage patients (MMSE 25, CDR
0.9). This discrepancy between clinical and anatomical findings could be due to the fact that
automated brain analysis is a more objective measure, not susceptible to the many uncontrolled
factors influencing clinical assessment. Therefore, TBM may be a useful technique for
assessing the effects of potentially disease-modifying treatments in clinical trials. To assess
the utility of TBM in this application, its anatomical specificity would first have to be evaluated
by comparing large groups of patients with different, pathologically confirmed
neurodegenerative diseases. Our study does not directly address this issue, but our results are
encouraging since they show anatomical progression of FTD in a paralimbic network distinct
from the temporo-parietal regions in which progression has been demonstrated in AD using
similar tensor-based methods (Thompson et al., 2003).

In conclusion, our study shows that the anterior cingulate, medial frontal, insular, and temporal
regions that show early atrophy in FTD (Broe et al., 2003) are also the ones that progress most
rapidly. The ability to track regional atrophy changes over time may help refine clinical
diagnosis and monitor disease progression in FTD.
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Fig. 1.
Representative sagittal (A) and coronal (B) slices showing progression of gray matter
contraction over 1-year period in FTD relative to controls. The results are superimposed on
the study-specific anatomical template. The threshold for display is p<0.001 uncorrected.
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Table 1
General demographic and functional information for FTD patients at Time 1 and Time 2

FTD NC

TIME 1
Mean (S.D.)

TIME 2
Mean (S.D.)

TIME 1
Mean (S.D.)

Age 60.4 (6.0) 61.3 (6.0) 63.7 (6.6)
Education 16.6 (2.1) - 17.3 (1.8)
Sex (M/F) 11/1 - 7/5
MMSE 25.5 (3.0)* 23.1 (5.4)* 29.7 (0.5)
CDR total 0.9 (0.5)* 1.2 (0.5)* 0.0 (0.1)
CDR box scores 4.9 (2.6)* 7.3 (3.4)* 0.0 (0.1)
GDS 5.6 (4.3)* 5.6 (3.5)* 2.7 (1.6)

Bold and Italicized text: Significant change in FTD patients from Time 1 to Time 2 at p<0.05.

Abbreviations: NC=Normal Controls; MMSE=Mini Mental State Examination; CDR=Clinical Dementia Rating; GDS=Geriatric Depression Scale.

*
Differs from NC group at p<0.05.
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Table 2
FTD subjects’ scores on neuropsychological testing at Time 1 and Time 2

Test FTD NC

TIME 1
Mean (S.D.)

TIME 2
Mean (S.D.)

TIME 1
Mean (S.D.)

Language
  Boston naming test (max=60) 49.3 (11.8) 51.6 (10.9) 58.4 (2.8)
  FAS verbal fluency (SS) 8.3 (4.0)* 7.0 (4.5)* 13.3 (4.2)
  Animal fluency (# words/min) 11.2 (7.0)* 10.4 (6.5)* 24.6 (6.1)
Visuospatial
  Block design (SS) 9.6 (3.8) 7.7 (5.2) 12.0 (1.5)
  VOSP number location (max=10) 8.3 (1.7) 6.8 (3.8) 9.3 (1.1)
Verbal memory
 CVLT-MS
  Trials 1-4 Total (max=36) 20.8 (5.3)* 18.9 (7.5)* 29.7 (4.7)
  30-s delay (max=9) 4.9 (1.1)* 3.4 (2.6)* 8.0 (1.4)
  10-min delay 4.1 (2.1)* 2.6 (2.9)* 7.6 (1.5)
  # Recognized 8.6 (0.5) 8.3 (0.9) 8.6 (0.7)
Nonverbal memory
 Visual reproductions 1 (SS) 8.3 (4.8) 7.4 (6.8) 10.8 (3.0)
 Visual reproductions 2 (SS) 11.0 (5.5) 8.0 (5.6)* 12.8 (2.8)
Executive
 WAIS-III digit span (SS) 9.7 (3.0) 7.6 (1.8)* 12.5 (2.3)
  # digits forward 7.0 (1.4) 5.9 (1.2) 6.9 (1.1)
  # digits backward 4.4 (1.3) 3.6 (0.8)* 5.5 (1.7)
 WAIS-III spatial span (SS) 7.9 (4.5) 6.4 (4.2) 11.5 (1.2)
 Set-Shifting (SS) 5.8 (3.8)* 8.8 (5.0) 13.1 (1.7)
 Color-word interference
  Word (SS) 6.0 (3.9) 3.4 (4.8)* 10.8 (1.4)
  Color (SS) 4.0 (3.1)* 3.4 (4.8)* 10.5 (2.1)
  Interference (SS) 2.3 (2.3)* 2.0 (1.7)* 12.0 (1.2)
Trailmaking
  Number sequencing (SS) 8.0 (3.8) 6.2 (5.6) 11.3 (1.6)
  Letter sequencing (SS) 7.0 (4.9) 5.0 (5.4)* 11.9 (1.4)
  Number-Letter sequencing (SS) 6.0 (6.0) 6.0 (5.0) 11.9 (2.0)

Bold and Italicized text: Significant change in FTD patients from Time 1 to Time 2 at p<0.05.

Abbreviations: SS=Scaled Score; VOSP=Visual Object and Space Perception; CVLT-MS=California Verbal Learning Test-Mental Status;
WAIS=Wechsler Adult Intelligence Scale.

*
Differs from NC group at p<0.05.
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Table 3
Scores on the Neuropsychiatric Inventory (NPI) for FTD patients at Time 1 and Time 2

TIME 1
Mean (S.D.)

TIME 2
Mean (S.D.)

Total score 31.1 (9.8)a 36.9 (12.7)a
Caregiver distress 17.8 (9.3)a 16.1 (6.0)a
Delusions 0.6 (1.4)a 0 (0)
Hallucinations 0 (0) 0 (0)
Agitation 3.1 (2.5)a 3.9 (4.2)a
Depression 1.5 (2.8)a 0 (0)
Anxiety 2.8 (2.4)a 1.5 (1.9)a
Euphoria 2.5 (2.5)a 2.0 (2.2)a
Apathy 6.4 (3.3)a 7.4 (2.8)a
Disinhibition 3.1 (1.8)a 6.1 (5.4)a
Irritability 2.1 (2.4)a 1.6 (1.8)a
Aberrant motor 4.1 (4.6)a 7.1 (5.5)a
Aberrant sleep 0.8 (1.0)a 1.8 (1.8)a
Aberrant eating 4.6 (2.5)a 5.9 (4.4)a

Bold and Italicized text: Significant change in FTD patients from Time 1 to Time 2 at p<0.05.

a
Pathological score.
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