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Abstract. Frontotemporal lobar degeneration (FTLD) is a neurodegenerative disorder which presents with either behavioral
or language impairment. The two language syndromes are known as progressive nonfluent aphasia (PNFA) and semantic
dementia (SEMD). While cross-sectional imaging patterns of brain atrophy are well-described in FTLD, fewer studies have
investigated longitudinal imaging changes. We measured longitudinal hemispheric and lobar atrophy rates using serial MRI
in a cohort of 18 patients with PNFA and 17 patients with SEMD as well as 14 cognitively-normal control subjects. We
subsequently calculated sample size estimates for clinical trials. Rates of left hemisphere atrophy were greater than rates of
right hemisphere atrophy in both PNFA and SEMD with no significant differences between the groups. The disease groups
showed asymmetrical atrophy (more severe on the left) at baseline with significantly increasing asymmetry over time. Within a
hemisphere, the fastest rate of atrophy varied between lobes: in SEMD temporal > frontal > parietal > occipital, while in PNFA
frontal > temporal/parietal > occipital. In SEMD, using temporal lobe measures of atrophy in clinical trials would provide the
lowest sample sizes necessary, while in PNFA left hemisphere atrophy measures provided the lowest sample size. These patterns
provide information about disease evolution in the FTLD language variants that is of both clinical and neurobiological relevance.
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INTRODUCTION

Frontotemporal lobar degeneration (FTLD) is a
genetically and pathologically heterogeneous neurode-
generative disorder in which patients present with
either behavioral or language impairment [1]. The
two language subtypes are semantic dementia (SEMD)
and progressive nonfluent aphasia (PNFA) [1–3]. MRI
studies have demonstrated that these groups have char-
acteristic patterns of cross-sectional brain atrophy:
SEMD is associated with asymmetrical (usually left
greater than right) anteroinferior temporal lobe atrophy
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and PNFA is associated with mainly left inferior frontal
and perisylvian atrophy [4–7]. There are fewer studies
of longitudinal imaging changes in the FTLD language
subtypes [8–13]. Here we used serial MRI to inves-
tigate rates of hemispheric and lobar atrophy in the
language variants of FTLD in order to investigate pat-
terns of cell loss over time and to determine whether
such measures could be feasible imaging biomarkers
for disease-modification trials in comparison to previ-
ously investigated markers such as rates of whole brain
atrophy or ventricular enlargement.

METHODS

From the Dementia Research Centre patient
database, we extracted all cases with a clinical
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diagnosis of PNFA or SD. All patients had attended the
tertiary Cognitive Disorders Clinic at the National Hos-
pital for Neurology and Neurosurgery, Queen Square,
London, UK and had given consent to be involved in
clinical research. The clinical records were reviewed
and all patients fulfilling clinical criteria for either
PNFA or SEMD independent of imaging features [2]
and who had also had more than one volumetric MR
scan with an inter-scan interval between 9 months and 2
years were included in the study. Patients who would fit
criteria for logopenic aphasia (LPA) were not included
in the study [2]. In total, 18 patients with PNFA (1
with pathologically-confirmed Pick’s disease and 2
with known mutations in the progranulin gene) and 17
patients with SEMD (4 with pathologically-confirmed
type 1 FTLD-TDP) fulfilled criteria. A control group
of 14 cognitively-normal subjects were also included.
There were no significant differences in age, gender, or
interscan interval between any of the groups (Table 1).
The groups partly overlap with cohorts on whom data
on rates of whole brain atrophy and ventricular enlarge-
ment in PNFA and SEMD [9, 13] as well as rates of
temporal lobe atrophy in SEMD [9] have been previ-
ously published. Ethical approval for the study was
obtained from the National Hospital for Neurology
and Neurosurgery Local Research Ethics Committee.
Written research consent was obtained from all patients
participating in the study.

All subjects had been scanned on a 1.5T GE Signa
scanner (General Electric, Milwaukee, WI) with T1-
weighted volumetric images obtained with a 24-cm
field of view and 256 × 256 matrix to provide 124
contiguous 1.5-mm-thick slices in the coronal plane.
Image analysis was performed using the MIDAS soft-
ware package [14]. A rapid, semi-automated technique

of brain segmentation which involves interactive selec-
tion of thresholds, followed by a series of erosions
and dilations was performed for each scan. This yields
a brain region which is separated from surrounding
cerebrospinal fluid (CSF), skull, and dura. Serial scans
were co-registered and volume change was calculated
directly using the boundary shift integral (BSI) [15].
BSI-derived whole-brain volume changes (BBSI) were
expressed as annualized volume change as a percent-
age of the baseline brain volume. Ventricles were also
segmented and rates of ventricular enlargement calcu-
lated using the BSI.

For all patients and controls, we calculated left and
right cerebral hemisphere volumes and rates of atro-
phy as well as left/right hemisphere volume ratios
and rates of change of this hemispheric asymmetry
ratio. Scans and associated brain regions were ini-
tially transformed into standard space by registration
to the Montreal Neurological Institute (MNI) Tem-
plate [16]. Left and right hemispheric regions were
defined using the MNI average brain which was split
by dividing the whole volume along a plane coinci-
dent with the interhemispheric fissure. An intersection
of each individual’s brain region and the hemispheric
regions defined on the MNI template was generated
to provide a measure of brain volume in left and
right hemispheres and left/right volume ratios were
also calculated. Hemispheric atrophy was expressed
as the difference in hemisphere volume between the
repeat and baseline scans divided by the baseline
hemisphere volume. Lobar grey matter volumes were
calculated using the Freesurfer analysis suite version
4.5 (http://surfer.nmr.mgh.harvard.edu) on a 64-bit
Linux CentOS 4 Sun Grid Engine Cluster. Lobar atro-
phy was expressed as the difference in lobar volume

Table 1
Mean (standard deviation) demographic and baseline volumetric MRI data

Controls SEMD PNFA

Number of subjects 14 17 18
Male:female ratio 8 : 6 9 : 8 12 : 6
Duration of disease (years) N/A 4.5 (1.5) 5.2 (2.3)
Age at baseline scan (years) 65.1 (10.2) 65.0 (8.7) 66.2 (7.2)
Interscan interval (years) 1.3 (0.3) 1.1 (0.3) 1.2 (0.3)
Baseline brain volume (ml) 1150.6 (98.2) 1090.2 (96.4) 1065.6 (144.7)*
Baseline ventricular volume (ml) 29.9 (26.9) 42.6 (17.5) 45.2 (22.0)
Baseline left/right hemisphere ratio 1.00 (0.01) 0.94 (0.01)* 0.95 (0.03)*

Left Right Left Right Left Right
Baseline hemisphere volume (ml) 581.4 (45.4) 579.5 (47.8) 523.0 (44.1)* 555.4 (52.5) 513.6 (60.2)* 537.8 (64.0)
Baseline frontal lobe volume (ml) 76.0 (6.2) 76.9 (6.5) 73.3 (7.0) 77.2 (7.3) 67.4 (11.0)*,1 74.1 (9.1)
Baseline temporal lobe volume (ml) 50.6 (5.9) 49.8 (5.2) 31.2 (5.6)*,1 40.8 (6.0)*,1 42.5 (7.6)* 46.9 (5.4)
Baseline parietal lobe volume (ml) 52.7 (4.2) 54.2 (2.5) 47.8 (3.5)* 53.4 (4.8) 47.9 (7.5)* 51.8 (6.3)
Baseline occipital lobe volume (ml) 21.3 (1.8) 22.1 (3.4) 20.8 (2.7) 22.2 (2.8) 20.8 (2.7) 22.1 (2.9)

*p < 0.05 significant difference between disease group and controls, 1p < 0.05 significant difference between SEMD and PNFA.
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between the repeat and baseline scans divided by the
baseline lobar volume. Annualized rates of hemisphere
and lobar atrophy were subsequently calculated by
dividing by the interscan interval.

The two disease groups and the healthy control
group were compared statistically based on contrasts
between the group means using a linear regression
model in STATA10 (Stata Corporation, College Sta-
tion, TX). 95% bias-corrected bootstrap confidence
intervals with 1000 replicates were used. Wilcoxon
signed-rank test was used to look at within-disease
group comparisons. We used standard methods to
calculate sample sizes for detection of a moderate
treatment effect (30% reduction in atrophy adjusting
for control atrophy rate), including baseline and one
follow-up assessment at 12 months with 90% power
and 5% two-tailed significance level [17].

RESULTS

Baseline imaging (Table 1)

At baseline, brain volumes were significantly
smaller in PNFA than controls but there was no signif-
icant difference in ventricular volume. In SEMD there
were no significant differences from controls in either
brain or ventricular volume.

The left hemisphere volumes were smaller than con-
trols in both disease groups (10% smaller in SEMD,
12% smaller in PNFA) with no significant difference in
the right hemisphere volumes. Left/right hemisphere
asymmetry ratios were significantly lower than con-
trol ratios in PNFA and SEMD at baseline but not
significantly different between the two disease groups.

At baseline, both temporal lobes and the left parietal
lobe were significantly smaller than controls in SEMD,
while in PNFA, the left frontal, temporal, and parietal

lobes were smaller than controls. In both groups, the
left hemisphere lobar volumes were all significantly
smaller than the right. Comparing the groups directly,
the left frontal lobe was significantly smaller in PNFA
compared to SEMD with both temporal lobes signifi-
cantly smaller in SEMD compared to PNFA.

Longitudinal imaging (Table 2)

Rates of whole brain atrophy and ventricular
enlargement were greater in both SEMD and PNFA
compared to controls with no significant differences
between the disease groups.

Both left and right hemisphere rates of atrophy
were greater than controls in both disease groups.
Furthermore, left hemisphere rates of atrophy were
significantly greater than right hemisphere rates for
both PNFA (p = 0.002) and SEMD (p = 0.0004). The
left/right hemisphere asymmetry ratio significantly
increased in the SEMD group over time with a non-
significant trend toward an increase in the PNFA group.
However, two PNFA patients started with right greater
than left asymmetry (both of whom were known to be
left-handed) and when these patients were excluded
from the analysis, there was a significant increase in
the left/right hemisphere asymmetry ratio also in the
PNFA group.

In both SEMD and PNFA, left and right frontal,
temporal, and parietal lobe rates of atrophy were signif-
icantly greater than controls with the left occipital lobe
rate of atrophy also greater in SEMD. In both hemi-
spheres in SEMD, the temporal lobe had the fastest rate
of atrophy followed by the frontal lobe, then parietal
lobe, and lastly the occipital lobe. In both hemispheres
in PNFA, the frontal lobe had the fastest rate of atrophy,
followed by the temporal and parietal lobes (temporal
greater on the left, parietal greater on the right), with

Table 2
Rates of whole brain atrophy, ventricular enlargement, hemispheric atrophy and change in left/right hemisphere ratio

Outcome measure Mean rate of atrophy1 (standard deviation)

Controls SEMD PNFA

Brain BSI (%/yr) 0.4 (0.4) 2.5 (1.5)* 2.6 (1.2)*
Ventricle BSI (ml/yr)1 0.7 (1.2) 6.9 (4.4)* 6.6 (3.4)*
L/R hemisphere ratio change (%/yr) 0.4 (0.8) 1.1 (0.8)* 0.9 (1.1)

Left Right Left Right Left Right
Hemisphere (%/yr) 0.2 (1.0) –0.1 (1.0) 4.2 (3.2)* 3.1 (2.8)* 4.3 (1.6)* 3.4 (2.0)*
Frontal lobe (%/yr) 0.8 (1.4) 0.7 (1.6) 4.3 (2.0)* 2.8 (2.5)* 5.7 (2.8)* 4.5 (2.3)*,1

Temporal lobe (%/yr) 0.5 (1.4) 0.8 (1.0) 7.1 (2.3)* 6.6 (2.9)*,1 5.3 (3.6)* 3.4 (3.5)*
Parietal lobe (%/yr) 0.5 (1.5) 0.2 (1.1) 3.5 (2.9)* 2.0 (2.9)* 4.3 (2.3)* 3.5 (3.2)*
Occipital lobe (%/yr) –0.2 (2.9) 0.4 (3.5) 1.8 (3.1)* 1.3 (2.9) 1.0 (3.0) 1.2 (3.8)
1Enlargement rate for ventricle boundary shift integral (BSI), *p < 0.05 significant difference between disease group and controls, 1p < 0.05
significant difference between SEMD and PNFA.
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the slowest rate of atrophy in the occipital lobe. Sig-
nificant differences between the disease groups were
seen in the frontal and temporal lobes with a signif-
icantly greater rate of atrophy in the right temporal
lobe (and a trend to greater rate in the left) in SEMD
compared with PNFA, and, in contrast, a significantly
greater rate of atrophy in the right frontal lobe (and
a trend to greater rate in the left) in PNFA compared
with SEMD. Within group, lobar rates of atrophy were
greater in the left hemisphere compared to the right for
the frontal and temporal lobes for PNFA, and for the
frontal and parietal lobes for SEMD, with no signifi-
cant difference between the parietal lobe rates in PNFA
or between the temporal lobe rates in SEMD.

Sample size estimates (Table 3)

In SEMD, estimated sample sizes were smallest
using temporal lobe atrophy rates. However in the
PNFA group, the smallest were for the left hemisphere
rate with whole brain, ventricle, right hemisphere, and
frontal lobe volumes providing similar sample sizes.

DISCUSSION

Here we present quantitative longitudinal brain
imaging data for language variants of FTLD, showing
that both groups have asymmetrical (predominantly
left-sided) cerebral atrophy at baseline with increas-
ing asymmetry as the disease progresses. Overall rates
of progression for whole brain or hemispheric atrophy
rates were similar in both groups. However, lobar atro-
phy rates varied between the groups with the temporal
lobes fastest in SEMD and left frontal lobe fastest in
PNFA. These findings corroborate and extend previous
neuroimaging data in the language subtypes.

Baseline brain volumes reveal the asymmetrical
nature of both PNFA and SEMD but with differing
lobar involvement in the two diseases. Both diseases
predominantly affect the left hemisphere with each of
the left hemisphere lobes significantly smaller than the
right hemisphere lobes at baseline. However in SEMD,
the disease is focused particularly in the temporal lobe
with significant involvement at baseline in both left
and right temporal lobes as well as the left parietal
lobe. In contrast in PNFA, the left frontal, temporal,
and parietal lobes are significantly smaller than con-
trols at baseline. These patterns of baseline volume
loss are consistent with the lobar rates of atrophy; each
lobe appears to atrophy at a different rate in both dis-
eases with left lobar rates greater than right lobar rates
and the greatest rates in the temporal lobes in SEMD
and in left frontal and temporal in PNFA.

The basis for increasing cerebral asymmetry with
disease evolution in the language variants of FTLD is a
further unresolved issue with neurobiological implica-
tions. This longitudinal change in left/right hemisphere
ratio is not attributable simply to an arithmetical effect,
which would follow if both hemispheres atrophied at
a similar fixed rate: rather, the increase in hemisphere
asymmetry was underpinned by a genuine dispropor-
tionate increase in left hemisphere atrophy. On face
value this finding appears to run counter to the widely
held view that focal dementias become ‘global’ brain
diseases over time, with more or less uniform involve-
ment as an endpoint. To address this issue will require
detailed regional analysis of the profile of longitudi-
nal changes within as well as between hemispheres, as
well as systematic sampling of atrophy rates through-
out the course of the disease. One interpretation is that,
at least during the phase of mid-stage disease, atrophy
spread occurs via a mainly intrahemispheric network of
connected brain regions, tending to ‘focus’ the effects

Table 3
Sample size required per treatment arm using different measurement methods, based on 90% power to detect a difference

Sample size per treatment arm (30% reduction in atrophy
rate1 adjusting for control atrophy rate with

90% power and 5% two-tailed significance level
in a trial for completers of a 12 month study)

SEMD PNFA

Brain BSI 120 70
Ventricle BSI 118 78

Left Right Left Right
Hemisphere 150 179 36 77
Frontal lobe 77 331 77 86
Temporal lobe 30 59 137 424
Parietal lobe 219 607 86 104
Occipital lobe 561 2425 1460 5269
1Enlargement rate for ventricle boundary shift integral (BSI).
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of the pathological process within the more damaged
(left) hemisphere. This interpretation would be conso-
nant with other emerging evidence of network-specific
damage in FTLD syndromes [18] and suggests testable
hypotheses about the mechanism of brain damage in
FTLD more generally.

These findings have implications for the design of
future trials of disease-modifying therapy in FTLD
[12, 19]. SEMD will be an attractive candidate target
for such trials because it is a relatively well-defined
clinico-pathological entity: we have previously shown
using manual measurements that in SEMD, smaller
sample sizes may be needed in clinical trials if MR
measures of regions of interest (temporal lobes) are
used rather than measures of whole brain or ventric-
ular volume change [9]. The present findings support
this finding, even when using an automated technique
(Freesurfer) and in comparison to the other lobes. Mea-
sures of rate of atrophy for the left hemisphere in PNFA
would yield practically useful sample sizes and in this
study are superior to whole brain, ventricle, and frontal
lobe measures. Taken together with the previous data
in SEMD (and in contrast to the situation for relatively
homogeneous entities such as Alzheimer’s disease),
the findings underline the need for stratification of both
clinical diagnosis and imaging biomarkers within the
FTLD spectrum.
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