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Abstract

Advanced imaging studies in neurodegenerative disease have yielded new insights into subtypes of 

disease, progression of disease in various brain regions, and changes in structural and functional 

connectivity between brain regions related to symptom progression. However, few studies have 

revealed imaging markers at baseline that correlate with rate or degree of decline in function. Here 

we tested the hypothesis that imaging features at baseline correlate with outcome of naming in 

primary progressive aphasia. We obtained longitudinal multimodal imaging in 15 individuals with 

primary progressive aphasia at the same time points as assessment of naming. We found that 

functional connectivity between particular brain regions (measured with resting state functional 

connectivity magnetic resonance imaging) is strongly associated with accuracy of naming 21 

months later, independently of baseline severity of naming impairment. These data indicate that 

functional connectivity may carry information about later performance in naming, and is 

potentially useful for refining prognosis.

1. Introduction

Primary progressive aphasia (PPA) is a clinical syndrome, caused by various 

neurodegenerative diseases, that has a highly variable course. There are distinct clinical 

variants of PPA that have different profiles of impairments across language tasks. Nearly all 

cases in each of the variants have naming impairment, although a naming impairment is not 

required for the diagnosis of PPA. Within variants, there are slow decliners and rapid 

decliners (Sebastian et al., 2018). However, it is difficult to identify at baseline whether the 

course will be rapid or slow. Focal brain atrophy is a marker of PPA and its variants, 
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indicating that imaging can reveal the neurocircuits affected by the underlying disease (see 

Rohrer and Rosen (2013) for review), suggesting that baseline imaging potentially carries 

information about prognosis.

Recently, other imaging techniques, such as Diffusion Tensor Images (DTI) and resting state 

(or task free) functional connectivity MRI (rsfMRI) have been explored in order to clarify 

different facets of the disease. Previous studies of rsfMRI in PPA have revealed that 

language networks and other networks are disrupted in this syndrome (Sonty et al., 2007), 

and the degree of disruption correlates with specific language impairments (Gola et al., 

2015). However, none of these functional or structural imaging studies have provided 

prognostic information about future decline in language in PPA. Here, we tested the 

hypothesis that imaging markers at baseline correlate with subsequent decline in naming in 

patients with PPA.

2. Methods

2.1. Participants and Language assessment

Fifteen patients with PPA were recruited from one author’s (AH) cognitive disorders clinic, 

and were diagnosed by AH using a battery of tests used in the National Alzheimer’s 

Coordinating Center (NACC) to diagnose and classify frontotemporal lobar degeneration 

and PPA, along with MRI. Some patients also had FDG PET, which when available was 

consistent with the diagnosis of PPA. No part of the study procedures or analyses was 

preregistered prior to the research being conducted.

The patients were administered a battery of tests, including the Boston Naming Test (BNT), 

at their first visit, and nine and 21 months later. We chose the BNT as the primary outcome 

measure for language, as naming objects is the one language task that is nearly always 

impaired in all three variants of PPA, albeit for different reasons. People with nonfluent 

agrammatic PPA often have impaired object naming due to apraxia of speech and/or anomia 

(although naming actions is sometimes even more impaired); people with semantic variant 

PPA have impaired object naming due to semantic deficits, and people with logopenic 

variant PPA have impaired object naming due to anomia or phonological paraphasias. The 

BNT is therefore a common outcome measure in both treatment studies of PPA and 

observational studies of PPA. All patients were asked to respond verbally, or if unable to 

speak at all, were permitted to respond in writing or using a keyboard. We accepted 

responses that were recognizable as the correct word, even if there were articulatory 

distortions. The demographic and BNT scores are summarized in Table 1, as well as 

additional language tests, performed at the first visit.

2.2. Imaging acquisition and processing

At the same time points, the participants had brain MRI in a 3T scanner, including T1 high-

resolution-weighted images (T1-WI), diffusion tensor images (DTI), and resting state 

functional MRI (rs-fMRI). The image parameters were: (1) T1-WI: sagittal orientation, 

original matrix 170 × 170, 256 slices, voxel size 1 × 1 × 1.2 mm, TR/TE 6700/3.1 ms; (2) 

DTI: axial orientation, original matrix 128 × 128, 70 slices, voxel size 0.83 × 0.83 × 2.2 mm, 
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TR/TE 8500/61 ms, 32 gradients, b factor 1000 s/mm2; (3) rs-fMRI: axial orientation, 

original matrix 80 × 80, 36 slices, voxel size 3×3×4 mm, TR/TE 2000/ 30 ms, 210 

dynamics. Associated focal lesions and visually detectable artifacts were excluded by visual 

inspection. Sub-voxel artefacts (e.g., DTI and motion related) were corrected by regular 

post-processing steps, as described below. White matter “hyperintensities” (related to 

vascular disease) were minimal, considering the age range. In addition, the MRI modalities 

studied (T1-WI, FA/MD, rsfMRI) are either not or mildly affected by such lesions.

The images were automatically segmented and post-processed in a public web-based service 

for multi-contrast imaging segmentation and quantification, the MRICloud (http://

www.MRICloud.org) (Mori et al., 2016). Briefly, in MRICloud, the process for segmenting 

the T1-WI, used for volumetric analysis, involves orientation and homogeneity correction; 

two-level brain segmentation (skull-stripping, then whole brain); image mapping based on a 

sequence of linear, non-linear algorithms, and Large Deformation Diffeomorphic Mapping 

(LDDMM); and a final step of multi-atlas labeling fusion (MALF), adjusted by PICSL 

(Tang et al., 2013). For the DTI, the tensor reconstruction and quality control followed the 

algorithm used by DtiStudio (http://www.MRIStudio.org). The automated DTI segmentation 

was similar to that used for T1-WIs, except for the use of complementary contrasts (mean 

diffusivity [MD], fractional anisotropy [FA], and eigenvector [fiber orientation]) and a 

diffeomorphic likelihood fusion algorithm (Tang et al., 2014) for multi-atlas mapping. For 

the rsfMRI post-processing (Faria et al., 2012), the T1-WI and the respective segmentations 

obtained as described above are co-registered to the motion and slice timing-corrected, 

resting-state dynamics. Time courses are extracted from all the cortical and subcortical gray 

matter regions defined in the atlases and regressed for physiological nuisance; intensity and 

motion “outliers” are extracted with ART (SPM toolbox). Seed-by-seed correlation matrices 

are obtained from the “nuisance-corrected” time courses, and z-transformed by the Fisher’s 

method. After the multi-modal brain segmentation and quantification, each individual is 

represented by a vector of image features: 56 structural volumes, 168 FA and 168 MD 

measures, and 3003 pairwise z-correlations (between 78 cortical and subcortical gray matter 

areas).

2.3. Statistical analyses

In order to select image features, at the first visit, that potentially correlated with later 

performance on BNT we used the Least absolute shrinkage and selection operator (Lasso). 

Lasso is a regression method that performs both variable selection and regularization to 

enhance the prediction accuracy and interpretability of the model it produces (Santosa & 

Symes, 1986; Tibshirani, 1996). Similarly to the ridge regression, it forces the sum of the 

absolute value of the regression coefficients to be less than a fixed value. In the case of 

Lasso, it forces certain coefficients to be set to zero, effectively choosing a simplest model 

that does not include those coefficients. Lasso is well suited for scenarios where the number 

of predictors is large compared to the sample size, and traditional variable selection 

methodologies may overfit random error or noise.

Lasso was performed with the “cv.glmnet” (R package “glmnet”), which does automatic 

cross-validation (5-fold, in the present study) on a grid of X values used for 11-penalized 
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regression problems. The X was chosen as “lambda.1se”, for which the performance in 

terms of estimated expected generalization error is within one standard error of the 

minimum. Independent Lasso regressions were performed for each modality (volumes, FA, 

MD, rsfMRI) in order to minimize the dominance of modalities with large number of 

features (in this case, rsfMRI).

Linear correlation was employed in order to better evaluate the direct relationship between 

each selected image feature, with later BNT scores. Age, gender, education, and symptom 

duration were covariates in the model. We report the correlation coefficient, p-value, and 

standard error of the linear correlations between each selected image feature and the later 

BNT, as well as the p-values corrected by 1000-fold permutation and multiple comparison 

correction using False Discovery Rate (FDR).

The code for the statistical analysis (written in R), for the figure (created with BrainNet 

Viewer (Xia, Wang, & He, 2013)), and the data used in this study are archived in a publicly 

accessible repository (uploaded in the Mendeley Data for this journal).

3. Results

Studies of neurodegenerative disease often indicate that outcome is best predicted by 

severity of baseline performance (O’Connor et al., 2016; Woolf et al., 2016). Consistent with 

this observation, the initial BNT score explained 96% of the variance in the nine-month 

BNT score. However, the initial BNT explained only 77% of the variance of the 21- month 

BNT score; some patients with initial high scores showed substantial decline by 21 months. 

Demographic covariates (age, gender, education, symptom duration) had no significant 

association with BNT scores.

The baseline imaging features selected by Lasso as strongly correlated to the 21-months 

BNT (Fig. 1) were all pairwise rsfMRI correlations; no volumetric or DTI feature was 

automatically selected by the algorithm. The direct correlation between each of these 

features and the 21-monhts BNT is reported in Table 2. Most of the selected areas are part of 

what is often defined as the “language network”, such as inferior frontal, middle and inferior 

temporal, temporal pole, superior parietal, and fusiform gyrus; and “default network”, such 

as medial frontal and cingulate (table 2). As proof of concept, a multivariable model created 

with these features explained 97% of the 21-month BNT variability, 80% after correction for 

“optimism” (Effron, 2004). The addition of the initial BNT did not improve the model.

4. Discussion

A wealth of rsfMRI studies have shown that one or more networks become progressively 

impaired in different neurodegenerative diseases, such as Alzheimer’s disease and 

frontotemporal lobar degeneration, the most common underlying diseases in PPA. Studies 

have demonstrated that connectivity measured by rsfMRI at a given period of time correlates 

with function in multiple sclerosis, dementia, depression, traumatic brain injury (Palacios et 

al., 2013) and other neurological diseases. Furthermore, changes in connectivity correlate 

with changes in function in both healthy controls (Salami, Wahlin, Kaboodvand, Lundquist, 

& Nyberg, 2016) and neurologically impaired individuals (Goveas et al., 2011), indicating 
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that rsfMRI may provide a good biomarker for recovery. For example, changes in the default 

mode network correlated with cognitive recovery at three months after stroke (Dacosta-

Aguayo et al., 2015). Likewise, changes in connectivity in the default mode network 

correlated with improvement in cognitive scores and depression in patients with multiple 

sclerosis who received cognitive rehabilitation, while changes in executive networks 

correlated with improvement in quality of life in the same patients (Parisi et al., 2014).

In this study, we found that the strength of rsfMRI correlations among frontal (inferior 

frontal, in particular), temporal cortex, fusiform, superior parietal (part of the “language 

network”), cuneus, inferior and middle occipital, subcortical gray matter, and cingulate (part 

of default network) relates to later naming impairment in PPA patients. These findings are 

compatible with the previous knowledge about the atrophy pattern in these patients. 

However, it is interesting that the rsfMRI variables correlated with naming outcome more 

strongly and more reliably than the volumes of the same areas.

The “holy grail” of neuroimaging is to identify imaging markers at baseline that can predict 

later outcomes. Clinically, prognosis at baseline is the most salient goal to patients and their 

families. From all the tested image modalities (volumes and diverse DTI indices), rsfMRI 

was the one that provided the features that most strongly correlated with later naming 

performance. A handful of studies have shown that rsfMRI can identify patients most likely 

to respond to treatment, in a variety of disease states, including depression (Andreescu et al., 

2013) and epilepsy (Negishi, Martuzzi, Novotny, Spencer, & Constable, 2011). Similarly, 

baseline amplitude of low frequency fluctuations in right middle temporal gyrus correlated 

with greater response to a phonological treatment for naming impairment in post-stroke 

aphasia (van Hees et al., 2014). Likewise, density of grey matter (Cotelli et al., 2016) 

predicted improvements in response to transcranial direct current stimulation plus language 

therapy in PPA. Here we have shown that connectivity between specific gray matter regions 

at baseline solidly correlates with naming performance 21 months later. A model created 

with the initial rsfMRI features accounted for 80% of variance of later naming performance 

in this sample, more accurately than baseline naming scores alone (which explained 77%). 

Note, however, that any model created with such limited sample has to be confirmed in an 

independent sample. The present study is essentially an exploratory correlational analysis of 

factors that may be relevant for creating further predictive models.

We recognize that the main limitation of this study is the small sample size, mainly due to 

the longitudinal design and the low prevalence of PPA. Although we cross-validated the 

feature selection, the modest sample size did not allow us to train and test predictive models 

in independent samples, neither allowed us to determine if results vary by PPA variant. 

Although the rate of decline varies across variants, with most rapid decline in naming in 

svPPA, there are slow and rapid de- cliners within each variant. Furthermore, it is often 

difficult to identify the variant early on, especially if impaired naming (and perhaps spelling) 

are the only symptoms. Likewise, it is difficult to distinguish among variants late in the 

course, when all language domains are often impaired (Rogalski et al., 2011). Despite these 

limitations, it is reasonable to infer that initial imaging features (specifically, rsfMRI 

correlations) carry information about later performance in naming, and are potentially useful 

for refining prognosis.
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Fig. 1. 
Graphic representation of the resting state fMRI correlations, at baseline, that correlated 

with Boston Naming Test 21 months later. Fu: fusiform; Cu: Cuneus; SP: superior parietal; 

GP: globus pallidus; ACC: anterior cingulate; IT, MT, ST: superior, middle, and inferior 

temporal; SF, IF: superior and inferior frontal; MFO: middle fronto-orbital gyrus; IO, MO: 

inferior and middle orbital. The brain networks were visualized with the BrainNet Viewer 

(http://www.nitrc.org/projects/bnv/) (Xia et al., 2013).
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