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Abstract

Objective—To evaluate the prognostic value of regional cerebral blood flow (CBF) measured by 

arterial spin labeled (ASL) perfusion MRI in patients with semantic variant primary progressive 

aphasia (svPPA).

Methods—We acquired pseudo-continuous ASL (pCASL) MRI and whole-brain T1-weighted 

structural MRI in svPPA patients (N=13) with cerebrospinal fluid biomarkers consistent with 

frontotemporal lobar degeneration pathology. Follow-up T1-weighted MRI was available in a 

subset of patients (N=8). We performed whole-brain comparisons of partial volume-corrected CBF 

and cortical thickness between svPPA and controls, and compared baseline and follow-up cortical 

thickness in regions of significant hypoperfusion and hyperperfusion.

Results—Patients with svPPA showed partial volume-corrected hypoperfusion relative to 

controls in left temporal lobe and insula. svPPA patients also had typical cortical thinning in 

anterior temporal, insula, and inferior frontal regions at baseline. Volume-corrected hypoperfusion 

was seen in areas of significant cortical thinning such as the left temporal lobe and insula. 

Additional regions of hypoperfusion corresponded to areas without cortical thinning. We also 

observed regions of hyperperfusion, some associated with cortical thinning and others without 

cortical thinning, including right superior temporal, inferior parietal, and orbitofrontal cortices. 

Regions of hypoperfusion and hyperperfusion near cortical thinning at baseline had significant 

longitudinal thinning between baseline and follow-up scans, but perfusion changes in distant areas 

did not show progressive thinning.
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Conclusion—Our findings suggest ASL MRI may be sensitive to functional changes not readily 

apparent in structural MRI, and specific changes in perfusion may be prognostic markers of 

disease progression in a manner consistent with cell-to-cell spreading pathology.
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INTRODUCTION

Semantic variant primary progressive aphasia (svPPA) is a progressive neurodegenerative 

condition associated with frontotemporal degeneration (FTD). Clinically, svPPA is 

characterized by impaired naming, poor word comprehension, and degraded object 

knowledge with relatively preserved speech fluency [1, 2]. Neuroimaging studies, including 

structural magnetic resonance imaging (MRI) and functional FDG-PET modalities, suggest 

a characteristic distribution of disease in svPPA that is focused in left anterior and inferior 

temporal cortex [1, 3–7]. Cross-sectional studies show this area has widespread connectivity, 

including regions of modality-specific association cortex [8]. Longitudinal structural 

imaging studies of svPPA show progression of thinning posteriorly into the temporal lobe, 

dorsally into the inferior frontal lobe, and increasingly involving the contralateral anterior 

temporal lobe [9]. However, little is known about the prognostic value of functional changes 

in svPPA at baseline and how these relate to longitudinal structural changes. In this study, 

we examined the relationship between structural and functional imaging in cross-sectional 

and longitudinal MRI studies of svPPA.

Arterial spin labeling (ASL) is a functional MRI technique that quantitatively measures 

regional cerebral blood flow (CBF). ASL has been shown to coincide well with PET 

metabolism in patients with svPPA [10]. Moreover, ASL has advantages over PET methods 

for measuring brain function, including functional and structural imaging in the same 

scanning session, the lack of ionizing radiation associated with PET, and lower cost [11]. 

ASL has previously been used to investigate neurodegeneration in patients with MCI, AD, 

and FTD [12–15]. However, the relative utility of ASL MRI for predicting longitudinal 

cortical alterations has yet to be assessed. Past work has explored the importance of 

examining the differences, as well as the similarities, between functional and structural 

findings [15, 16]. Areas of functional hypoperfusion corresponding to thinning in cortical 

structures may reflect co-occurring functional and structural decline of a neuronal 

population. Areas of hypoperfusion also may be seen in regions without structural thinning. 

This may be an early indicator of a vulnerable brain region that will show cortical thinning 

in the future, or may occur due to diaschisis phenomena where there may be the appearance 

of reduced functioning in healthy areas that are receiving compromised projections from 

diseased areas [17]. Areas of hyperperfusion may also be seen in the setting of normal 

cortical volume or cortical thinning, and this too may reflect a compensatory increase in 

function in areas vulnerable to impending decline [13, 14]. Anatomically, functional changes 

in the setting of normal cortical thickness may occur in areas adjacent to regions of cortical 

thinning, consistent with a cell-to-cell pattern of spreading neuropathology [18, 19], or may 
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occur in distant regions [20, 21]. Longitudinal studies thus may reveal the prognostic value 

of functional imaging in svPPA.

We compared cortical thickness derived from T1-weighted MRI and volume-corrected CBF 

derived from a pseudo-continuous ASL (pCASL) technique [22]. We hypothesized that 

cross-sectional whole-brain comparisons between svPPA patients and healthy aging controls 

would reveal significant cortical thinning, hypoperfusion, and hyperperfusion. Thus, we 

expected to find regions of co-occurring cortical thinning and hypoperfusion, as well as co-

occurring cortical thinning and hyperperfusion. Furthermore, we expected regions of 

hypoperfusion and hyperperfusion in areas with normal cortical thickness. We also 

investigated the dynamics of longitudinal decline in this progressive neurodegenerative 

condition by examining longitudinal gray matter (GM) structural changes in areas of 

hyperperfusion and hypoperfusion. We expected that specific areas of changed perfusion 

would be associated with longitudinal GM thinning and thus could serve as prognostic 

markers of neurodegeneration and help clarify the mechanism for disease progression.

METHODS

Participants

We evaluated 13 (7 female) svPPA patients from the Penn Frontotemporal Degeneration 

Center and Cognitive Neurology Clinic at the University of Pennsylvania and 19 (12 female) 

demographically-comparable healthy seniors. To be included in the study, patients were 

diagnosed with svPPA by a board-certified neurologist based upon published criteria [23], 

showed minimal to no vascular disease on a clinical T2 image, were native English speakers, 

and demonstrated a neuropsychological profile consistent with svPPA (table 1). Each patient 

had a cerebrospinal fluid (CSF)-derived total-tau-to-beta-amyloid-1–42 ratio of <0.34, and 

thus was considered in this context to have likely FTLD pathology [24]. Participants 

completed T1-weighted and resting pCASL MRI in the same scanning session with 

coverage including the temporal pole and the vertex. Prior to inclusion in the study, all 

participants participated in a written informed consent procedure under a protocol approved 

by the Institutional Review Board convened at the University of Pennsylvania in accordance 

with the ethical standards laid down in the 1964 Declaration of Helsinki and its later 

amendments.

A subset of the svPPA participants (N=8) also had a follow-up T1-weighted MRI, on 

average 13.25 months (range=10–20 months) after the initial scan. These patients were 

demographically and cognitively representative of the baseline svPPA cohort and had 

cortical thickness representative of the baseline cohort in the regions examined for the 

longitudinal analysis (supplementary table e-1; supplementary figure e-1). The remaining 

svPPA patients did not have a follow-up scan for a variety of reasons (e.g., intercurrent 

illness, death, unwillingness to participate due to disease progression, transportation 

difficulty). We attempted follow-up pCASL MRI for all patients, however, with limited 

availability of data due to poor data quality, we deemed a follow-up perfusion analysis with 

such a small group unreasonable.

Olm et al. Page 3

J Neurol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MRI Acquisition and Processing

Images were collected using a 3T Siemens Tim Trio scanner with an 8-channel head coil. 

Sessions started with a high-resolution T1-weighted MPRAGE structural scan, with 

TR=1620ms, TE=3.09ms, flip angle=15°, 192×256 matrix, and 1×1×1mm voxels. We 

processed T1 MRI images using antsCorticalThickness, [25] using highly accurate [26] 

Advanced Normalization Tools (ANTs) [27, 28]. Briefly, we deformed each dataset into a 

standard local template space, registering images into this space using a diffeomorphic 

deformation that is symmetric to minimize bias toward the reference space, and topology-

preserving to capture the large deformation necessary to aggregate images in a common 

space. The ANTs Atropos tool uses template-based priors to segment images into 6 tissue 

classes (cortex, white matter, CSF, subcortical gray structures, midbrain, and cerebellum) 

and generate probability maps of each tissue. Next, cortical thickness was calculated [29] 

and then the cortical gray matter probability (GMP), white matter probability (WMP), and 

cortical thickness images were transformed into 1mm3 resolution in MNI space and 

smoothed using a 5mm full-width half-maximum Gaussian kernel.

In the same scanning session as T1 acquisition, 80 volumes (40 tag, 40 control) of a spin 

echo echoplanar pCASL sequence were collected with TR=4300ms, TE=20ms, labeling 

duration=1500ms, post-label delay=1500ms, matrix=96×96, flip angle=90°, 2.5×2.5mm in-

plane resolution, and 5mm thick slices with a 1mm slice gap, total: 20 slices. We removed 

the last 10 images in each series to minimize a previously reported frequency-dependent 

lipid artifact associated with a similar pCASL sequence [30]. The remaining pCASL images 

were processed using the antsASLProcessing script in ANTsR, as previously published [15]. 

Briefly, each pCASL volume was motion-corrected to the mean pCASL image. Next, we 

transformed each participant’s T1 data into native pCASL space using affine registration. 

Using R (http://www.r-project.org/), a binary tag-control label, motion, and physiological 

confounds were regressed out of each volume [31]. We then quantified CBF using the 

formula:

Where ΔM is the mean tag-control difference, λ is the blood/tissue water partition 

coefficient (0.9g/ml), α is the labeling efficiency for pCASL (85%), M0 is the equilibrium 

magnetization estimated by averaging the control images, T1b is the T1 relaxation time of 

blood (1664 ms), w is the post-labeling delay, and τ is the labeling duration (1500 ms). For 

analysis, we resampled each participant’s mean CBF image to 1mm3 voxels to match the T1 

resolution, transformed it into MNI space, and then smoothed it using a 5mm full-width 

half-maximum Gaussian kernel.

Partial volume effects are an important consideration when evaluating pCASL data given the 

relatively large acquired voxel size (2.5×2.5×5mm) that may include multiple tissues classes. 

To minimize potential confounds associated with these effects we used a previously reported 

correction method that accounts for the relative probabilities of a voxel being GM, WM, 

CSF, or some combination, and the expected relative contributions of the tissues to the raw 
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CBF signal [32]. As WM CBF is approximately 40% of GM CBF and CSF should account 

for 0% of CBF, we calculated partial volume corrected CBF (CBFPVC) with the previously 

reported formula: CBFPVC=CBF/(GMP+0.4*WMP) [32]. To account for registration 

imperfections due to differences in T1 and pCASL acquisition voxel size, we smoothed the 

(GMP+0.4*WMP) and CBF images before dividing when creating the CBFPVC image, 

which was performed in MNI152 space. Finally, we calculated the mean CBFPVC of the 

cortex and used this value to normalize each individual’s CBFPVC image to their own mean 

cortical perfusion level to create a corrected-CBF (CBFcor) image.

Statistical Analysis

Demographic and neuropsychological statistics were computed using packages implemented 

in R (https://cran.r-project.org/). We used the randomise tool in FSL (http://

fsl.fmrib.ox.ac.uk/fsl/randomise/) to perform nonparametric, permutation-based statistical 

analysis (permutations=10,000), which is equivalent to an error-corrected contrast, in order 

to compare svPPA patient and control cortical thickness, CBF, and CBFcor images [33]. As 

there were no significant differences between age and gender distribution between patient 

and control groups, and we assume disease effects to be larger that those due to these 

factors, we did not remove these effects from our model. All comparisons were explicitly 

masked using the same mask generated by averaging all participant cortical thickness 

images and including voxels with a group mean thickness of greater than 0.4. For the 

cortical thickness comparison, we used a threshold of p<0.0001 (uncorrected) and 

considered clusters with a volume of greater than 500mm3. We use state-of-the-art data 

cleaning to process the images but the signal-to-noise ratio of ASL data is inherently low. 

This fact, matched with the different acquisition voxel sizes and many other factors, result in 

differences in statistical properties of the T1- and pCASL-derived datasets. Therefore, we 

used a less strict threshold for the CBFcor comparisons than for the cortical thickness 

comparisons, considering clusters with a peak voxel p<0.01 (uncorrected) with a volume of 

greater than 500mm3 significant (no clusters reached significance when using the threshold 

p<0.0001 or when correcting for multiple comparisons).).

Longitudinal GM ROI Comparisons

Follow-up T1 MRIs were available for a subset of svPPA patients and were processed using 

the same procedure as above. We compared GM thickness between the two time-points in 

five ROIs, including the regions of significant baseline GM thinning, hypoperfusion partially 

overlapping baseline GM thinning, hypoperfusion distant from baseline GM thinning, 

hyperperfusion partially overlapping baseline GM thinning, and hyperperfusion distant from 

baseline thinning. Regions were considered “overlapping” if a cluster of volume-corrected 

hypo- or hyperperfusion had any voxels overlapping or within 1 cm (Euclidian distance) of a 

region of cortical thinning. All “distant” hypo- and hyperperfusion clusters were more than 2 

cm from regions of cortical thinning (there were no clusters of hypo- or hyperperfusion 

between 1 and 2 cm from regions of cortical thinning). To account for variability in duration 

between baseline and follow-up scans among svPPA patients, the follow-up thickness values 

were transformed to represent annual change. The transformation consisted of calculating a 

monthly change, dividing the mean individual ROI thickness difference values by the 

number of months between the two scans, then multiplying this monthly by 12 to estimate 
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annual change. To determine whether or not there was a main effect of region on cortical 

thinning we performed a repeated measures ANOVA. After finding a significant main effect 

(reported below), we wanted to investigate which of the regions displayed cortical thinning. 

Thus, we performed paired-samples t-tests of cortical thickness between the two timepoints 

within each of the regions separately, and considered results significant at p<0.05. 

Comparisons were also made using the raw (i.e., not-annualized) changes.

Longitudinal Neuropsychological Analysis

Follow-up neuropsychological data (MMSE) was also available for the subset of svPPA 

patients who participated in the longitudinal imaging analysis (there was not a full data set 

for any other assessment). Similar to the longitudinal GM analysis, we performed analysis of 

annualized paired differences of the neuropsychological scores, considering results 

significant at p<0.05. We then investigated whether a significant correlation could be found 

between a change in MMSE and the cortical thickness differences, considering significant 

correlations with p<0.05.

RESULTS

Baseline Structural GM Comparisons

Patients with svPPA displayed significant cortical thinning relative to controls at baseline 

(figure 1; table 2), voxels with peak significance were located in temporopolar (BA 38; right 

t=9.36) and inferior temporal cortex (BA 20; left t=21.9, right t=6.00), with clusters 

extending to include bilateral middle temporal (BA 21) and superior temporal (BA 22) 

cortices. Clusters also extended to fully include the left temporopolar cortex, as well as into 

the left insula and orbitofrontal cortex (BA 11). Overall, there were more total 

suprathreshold voxels on the left compared to the right and the left cluster peak t value 

exceeded that of the clusters on the right. See Table 2 for a summary of results.

Baseline Perfusion Comparisons

Voxel-wise comparisons of raw perfusion were largely similar to the cortical thickness 

comparisons, as shown in Figure 2. We observed a clusters of reduced CBF with peak 

significance in the inferior portion of the left medial temporal cortex (BA 20; t=6.56) and 

left dorsolateral prefrontal cortex (BA 46; t=3.63) that extend to left anterior, middle, and 

superior temporal cortices, as well as supramarginal and insular cortx, in addition to anterior 

cingulate, orbitofrontal, middle, and inferior frontal cortices. Other peak differences located 

in the left hemisphere were in occipital lobe (BA 18; t=4.45) and medial frontal cortex (BA 

8; t=3.45) and the right hemisphere in the anterior insula (t=3.40), orbitofrontal (BA 11; 

t=4.44), inferior medial temporal (BA 20; t=5.32), supramarginal (BA 39; t=5.11), anterior 

cingulate (BA 24; t=3.37), prefrontal (BA 10; t=3.53), medial motor (BA 4; t=3.56), and 

parahippocampal (BA 27; t=5.97) cortices, which extended to include bilateral posterior 

cingulate and precuneus, as well as right inferior and middle temporal cortices. No regions 

of hyperperfusion were found before correction for partial volume effects.

Voxel-wise comparisons of perfusion corrected for partial volume effects are displayed in 

Figure 1. We observed volume-corrected hypoperfusion with peak statistical values in left 
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middle temporal cortex (BA 21; t=5.41) as well as both anterior and posterior insula (t=3.77, 

t=3.98, respectively), with significant clusters extending to include left superior temporal 

cortex. Other peak voxels in the volume-corrected hypoperfusion analysis we in left 

precuneus (BA 7; t=3.80) and right posterior cingulate (BA 23; t=4.40), with clusters 

extending into right precuneus and left posterior cingulate.

We also observed regions of volume-corrected hyperperfusion in patients, with peak 

differences in right middle temporal cortex (BA 21; t=4.98) and right temporopolar cortex 

(BA 38; t=4.66) that extended into right orbitofrontal cortex. Another area of observed 

volume-corrected hyperperfusion was right inferior parietal cortex (BA 40; t=4.34). See 

Table 2 for a summary of results.

Baseline Structural GM and Corrected Perfusion Relationships

We observed 5 distinct patterns of structure and partial-volume-corrected function 

differences based upon our whole brain voxel-wise comparisons. One is regions that 

displayed thinning and no change in perfusion (shown in blue in Figure 1). The second is 

regions displaying volume-corrected hypoperfusion and co-occurring GM thinning, these 

regions included the left anterior and posterior insula, as well as middle and superior 

temporal cortices (Figure 1A). The third category is comprised of regions that displayed 

volume-corrected hypoperfusion that were distant from regions of cortical thinning and 

included bilateral precuneus and posterior cingulate cortex (Figure 1A). The fourth pattern 

consists of regions of volume-corrected hyperperfusion overlapping cortical thinning, such 

as the right orbitofrontal cortex and the right temporopolar and middle temporal cortices 

(Figure 1B). The fifth and final region is comprised of a cluster displaying hyperperfusion 

that is distant from any region of cortical thinning, located in right inferior parietal cortex 

(Figure 1B).

Longitudinal GM Comparisons

To evaluate whether the observed perfusion patterns predicted future cortical thinning, we 

examined annual cortical thickness change in the subset of svPPA patients with longitudinal 

data. We calculated annual mean cortical thickness change in five different regions that were 

determined using results from each of the whole-brain analyses, 1. GM thinning at baseline, 

2. hypoperfusion partially overlapping baseline cortical thinning, 3. hypoperfusion distant 

from baseline areas of cortical thinning, 4. hyperperfusion partially overlapping baseline 

cortical thinning, and 5. hyperperfusion distant from baseline areas of cortical thinning. 

Using repeated measures ANOVA we found there was a significant main effect for region 

(F(4)=3.581; p=0.018). After finding that all differences passed Shapiro-Wilk normality tests 

(all W>0.92; p>0.44), we assumed our data was normal and thus used paired-samples t-tests 

to further explore which regions specifically displayed cortical thinning over time. As 

displayed in Figure 33, patients with svPPA displayed significant progressive thinning in 

regions of GM thinning at baseline (t(7)=4.012; p=0.005), in regions of partial volume-

corrected hypoperfusion partially overlapping areas of baseline cortical thinning (t(7)=2.834; 

p=0.025), and in regions of partial volume-corrected hyperperfusion partially overlapping 

baseline areas of cortical thinning (t(7)=2.542; p=0.039). Regions of partial volume-

corrected hypoperfusion distant from baseline areas of GM thinning and regions of partial 
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volume-corrected hyperperfusion distant from baseline areas of cortical thinning did not 

show significant progressive cortical thinning (t(7)=0.003; p=0.998 and t(7)=1.249; p=0.251, 

respectively). Results of raw (not annualized) paired-samples cortical thickness comparisons 

between baseline and follow-up showed a similar statistical pattern to that of the annualized 

results (see supplementary table e-2).

Longitudinal Neuropsychological Analyses

To evaluate changes in cognition over time, we performed paired tests of MMSE scores, 

finding a significant decrease between baseline and follow-up evaluation (t(7)=2.509; 

p=0.040). Change in MMSE was deemed to have a trending toward non-normal distribution 

by Shapiro-Wilk test (W=0.846; p=0.0858). We therefore used Spearman correlations to 

evaluate whether change in MMSE correlated with change in cortical thickness in any of the 

5 regions and found no regions were significantly correlated (rho<0.596; p>0.127).

DISCUSSION

In the present study, we compared whole brain T1-weighted and partial volume-corrected 

ASL scans of svPPA patients and controls. Prior work suggests ASL MRI may be useful as a 

diagnostic marker in FTD, [10–14] and here we performed a detailed analysis of the 

relationship between structural and functional imaging in svPPA to examine its prognostic 

value. We observed five distinct imaging patterns of ASL function and GM structure, and 

evaluated these regions in longitudinal studies. We found that regions of partial volume-

corrected hypoperfusion and hyperperfusion that partially overlap the core areas of baseline 

GM thinning exhibit significant longitudinal GM thinning, indicating that functional 

changes in some regions are preceding structural changes. Hypoperfusion and 

hyperperfusion also were seen in areas without co-occurring baseline GM thinning, distant 

from core areas of baseline cortical thinning. However, we did not observe longitudinal GM 

thinning in these areas, and these perfusion changes may reflect a process like diaschisis 

where there is only indirect CBF change due to projections from areas of significant disease. 

We also found that patients displayed a significant decrease in performance on 

neuropsychological measures between baseline and follow-up. These findings suggest that 

ASL changes in areas adjacent to baseline atrophy provide prognostic information predicting 

future regional cortical disease in svPPA, [10, 11, 13] and are consistent with a pattern of 

cell-to-cell prion-like spread in neurodegenerative disease [18, 19]. In the following sections 

we discuss each of these issues.

We observed a typical core anatomic distribution of GM thinning in svPPA [1, 3]. 

Substantial cortical thinning in svPPA is attributed to neuronal dropout associated with 

histopathologic burden in FTLD seen at autopsy. We found that the regions of cortical 

thinning at baseline yielded even further thinning at follow-up, similar to past structural MRI 

findings [9]. We used ASL to examine functional neural activity, as well. There was large 

correspondence of the uncorrected ASL data with the cortical thickness, and all regions of 

partial volume corrected hypoperfusion corresponded to regions of uncorrected 

hypoperfusion. Therefore, we felt it prudent to focus on the results of the partial volume 

corrected perfusion comparisons to minimize the risk of detecting reduced perfusion only 
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because of the reduced GM volume in the associated area. At baseline, most areas of 

observed GM thinning did not have corresponding changes in perfusion after partial volume 

correction, suggesting that the partial volume correction effectively normalized CBF for the 

amount of GM thinning. This implies that CBF and cortical thickness in these regions may 

be declining proportionately. It is unlikely that there is normal perfusion in these areas of 

GM thinning since hypoperfusion was extensive in these areas in uncorrected CBF maps 

(supplementary figure e-2), and these regions have previously been shown to have PET 

glucose hypometabolism in patients with svPPA [4, 5, 7]. Nonetheless, the partial volume 

correction approach used in this study to examine structure-function relationships in patients 

with svPPA relied on an assumed ratio between GM and WM CBF, and future studies 

should examine other methods of partial volume correction [15].

After partial volume correction, we observed hypoperfusion in areas overlapping and 

immediately adjacent to these core regions of GM thinning. Concurrent partial volume-

corrected hypoperfusion and GM thinning may indicate that cortex has disproportionately 

reduced functioning relative to the amount of thinning. The left temporal region 

demonstrated hypoperfusion that extends posteriorly from the core area of GM thinning in 

the left temporal lobe. This area has been associated with poor performance on tasks 

designed to evaluate naming ability in patients with FTD [2] and following stroke [34]. 

Functional neuroimaging studies in healthy adults also implicate this area in, among other 

things, lexical semantic processing, a core clinical feature of svPPA [35]. Reduced 

functioning in this area may contribute to the impairments in these patients involving 

naming and word comprehension. The insula is another core area of cortical thinning where 

hypoperfusion extends in a superior direction. fMRI studies in healthy adults suggest that 

one role of the insula is contributing to social and executive functioning [36, 37] and other 

studies indicate that insula may be an area of early disease in FTD [18, 38]. Reduced 

function in the insula may contribute to behavioral changes that may be seen in svPPA [39]. 

We hypothesize that function in this area may have declined disproportionately and beyond 

that which can be detected only by examination of GM thickness. If true, these areas of 

hypoperfusion in regions of normal GM thickness may represent areas vulnerable to cell-to-

cell spread of disease. Indeed, these areas demonstrated progressive GM thinning 

longitudinally, consistent with progressive neurodegeneration. Additional, pathology-based 

staging studies are needed to confirm this mechanism.

We also observed areas of corrected hypoperfusion that are distant from regions of core GM 

thinning, including posterior cingulate cortex, a region of hypometabolism found in past 

work using FDG-PET [4]. An account for hypoperfusion in the absence of GM thinning is 

diaschisis [17]. By this account, anatomic disease in one area may affect another 

functionally linked area without apparent structural thinning because interrupted white 

matter projections from an area of disease may result in reduced metabolic functioning in 

the otherwise intact projection zone. One such example may be hypoperfusion of precuneus, 

an area without GM thinning, due to damaged projections from the atrophied anterior 

temporal lobe via the inferio-lateral aspect of the cingulum. Hypoperfusion due to diaschisis 

in a structurally intact area is not expected to be associated with progressive thinning since 

the region of hypoperfusion is not diseased, and we did not see longitudinal thinning in these 

areas. We cannot rule out the possibility that hypoperfusion of a structurally intact region 
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may precede thinning on a time-scale longer than that examined in the present study. Future 

work should be performed to determine more precisely the mechanism underlying functional 

brain changes such as these with longer follow-up.

Hyperperfusion has been reported previously in FTD when using a similar normalization 

method [40], but the significance of this change was unclear. One possible explanation for 

hyperperfusion is that, early in the course of neurodegeneration, cortical regions may be able 

to increase activity to compensate for some neuronal death in the neuronal population. If 

true, such regions may show progressive thinning at follow-up. In fact, we observed several 

areas of hyperperfusion adjacent to and overlapping core regions of GM thinning that 

displayed progressive thinning longitudinally, namely, the right temporal lobe and 

orbitofrontal cortex. Past work has found cortical thinning in these areas over time in svPPA 

[6, 9]. Hyperperfusion in these regions thus may be consistent with compensatory increases 

in the functioning of mildly diseased brain regions early in the course of neurodegeneration. 

These right frontal and temporal regions have been associated with social rules and reward, 

among other functions [36, 37]. Partial volume-corrected hyperperfusion in these areas may 

explain in part why, at least in the early stages of disease, there is only modest evidence of 

personality and social changes in svPPA [41]. It is worth noting regions of corrected 

hyperperfusion showed a numerically larger mean change than the regions of corrected 

hypoperfusion, suggesting that regions of hyperperfusion may be at risk of more dramatic 

loss of cortex than those of hypoperfusion.

An alternative explanation for hyperperfusion, based on work using transcranial magnetic 

stimulation to study recovery of language processing following stroke, has suggested 

functional up-regulation in a contralateral homologue of a diseased region to provide 

compensatory support [42]. These are areas without underlying disease, and thus should not 

show longitudinal GM thinning. Patients with svPPA showed hyperperfusion in parietal 

cortex, distant from regions showing GM thinning, and this area did not show progressive 

thinning. Functions supported by this area correspond to several abilities that are relatively 

preserved in the course of svPPA, including visuospatial processing [1] and calculations 

[43]. The apparent absence of longitudinal GM thinning in this region is most consistent 

with functional up-regulation in the absence of neurodegenerative disease, and additional 

work is needed to determine the basis for hyperperfusion and whether this may also 

contribute to functional compensation.

We also found that MMSE decreased over time in these patients, indicating that the patients 

are indeed still showing progressive disease. We believe this is evidence there is value in 

identifying regions at risk for future cortical thinning. However, we were not able to identify 

a specific region associated with the changes in MMSE. Future studies should explore more 

specifically the changes in behavior over time and their structural and functional correlates 

in patients with svPPA.

There are some limitations to the current study. We studied well-characterized, 

pathologically-homogeneous patients with a rare condition, yet our sample size is somewhat 

small. Statistical results corrected for multiple comparisons are more robust than uncorrected 

results; however, our findings are in hypothesis-driven regions. Although longitudinal 
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studies of these rare patients are uncommon, our period of longitudinal follow-up was only 

about one year, and lengthier follow-up is needed to determine whether additional areas of 

GM thinning become evident. Partial volume effects represent a major confound in any 

functional imaging study. If the patient group has a global reduction of CBF, then mean-

centering the signal may result in some areas with preserved CBF to display artifactually 

increased perfusion. Others have suggested that signal adjustment using the mean cortical 

measurement is an appropriate method for making differential diagnosis when using PDG-

PET in neurodegenerative patients, although this may be confounded by other non-specific 

sources impacting ASL such age [40]. While we observed perfusion change in svPPA, 

additional work is needed to determine why some areas show hypoperfusion and others 

hyperperfusion.

With these caveats in mind, we conclude that partial volume-corrected hypoperfusion and 

hyperperfusion are present in svPPA patients. Some regions of changed perfusion overlap 

with structural GM thinning and others do not. Longitudinal imaging revealed progressive 

thinning only in areas of changed perfusion that are adjacent to regions with GM thinning at 

baseline. This is consistent with a model of longitudinal neurodegenerative progression that 

involves cell-to-cell disease spread. Moreover, as treatment trials emerge for FTD spectrum 

diseases, it is increasingly important to identify early markers of disease that can be 

monitored for therapeutic efficacy in the context of clinical trials, and to adjust parameters of 

imaging endpoints accordingly. ASL, together with structural imaging, may serve as an 

informative prognostic marker of disease progression.
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Figure 1. Whole-brain cortical thickness and perfusion comparisons
A) Regions where patients with semantic variant primary progressive aphasia (svPPA) 

display gray matter thinning relative to controls are shown in blue, regions of partial volume 

corrected (PVC) hypoperfusion without gray matter thinning in svPPA are shown in purple, 

and a region displaying both PVC hypoperfusion and gray matter thinning relative to 

controls is shown in orange. B) Regions where patients with svPPA display gray matter 

thinning relative to controls are shown in blue, PVC hyperperfusion without gray matter 

Olm et al. Page 14

J Neurol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



thinning in svPPA is shown in green, and regions where patients display both PVC 

hyperperfusion and gray matter thinning relative to controls are shown in red.
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Figure 2. Whole-brain uncorrected perfusion comparisons
Regions where patients with semantic variant primary progressive aphasia (svPPA) display 

hypoperfusion relative to controls are shown in red.
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Figure 3. Longitudinal cortical thickness change
We calculated the mean (S.E.) annual cortical thickness change using baseline and follow-up 

cortical thickness MRI measurements in semantic variant primary progressive aphasia. The 

mean annual cortical thickness is measured within regions where patients displayed cortical 

baseline thinning, hypoperfusion partially overlapping thinning, hypoperfusion distant from 

thinning, hyperperfusion partially overlapping thinning, and hyperperfusion distant from 

thinning. Patients showed significant progressive thinning in regions of baseline thinning, 

regions of hypoperfusion near thinning, and hyperperfusion near regions of thinning (p<0.05 

using paired-sampled t-tests, represented by *). Patients did not show progressive thinning in 

regions distant from thinning at baseline.
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Table 1

Mean of semantic variant primary progressive aphasia (svPPA) patient and control participant demographic 

and clinical information.

Group Control svPPA

N (female) 19 (12) 13 (7)

Age (SE, Range) 65.2 (1.71, 53–78) 61.8 (2.06, 49–71)

Education (SE, Range) 15.6 (0.60, 12–20) 16.5 (0.75, 12–22)

Duration from symptom onset (SE, Range) -- 3.69 (0.12, 1–9)

MMSE (SE, Range)* 29.6 (0.16, 28–30) 22.7 (1.72, 14–30)

BNT Mean Z-score (N<−1.96, Range) -- −14.7 (13, −16.1– −9.07)

Animals Mean Z-score (N<−1.96, Range) -- −2.25 (11, −3.23– −0.80)

Digit Span Forward Z-score (N<−1.96, Range) -- −0.54 (1, −3.14–0.83)

Digit Span Reverse Z-score (N<−1.96, Range) -- −1.22 (2, −3.73–0.35)

Significant differences between controls and patients with svPPA indicated by * (p=0.002 using independent samples t-test). Patient z-scores for 
cognitive measures relative to healthy control data (z-score < −1.96 equivalent to p<0.05).

Abbreviations: N=number; SE=standard error; svPPA=semantic variant primary progressive aphasia; MMSE=mini-mental state examination; 
BNT=Boston naming test; N<−1.96=number of patients scoring significantly worse than controls (p<0.05)
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