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Language dysfunction is common in Alzheimer’s disease. There is increasing interest in the preclinical or asymp-
tomatic phase of Alzheimer’s disease.
Here we examined in 35 cognitively intact older adults (age range 52–78 years at baseline, 17 male) in a longitudin-
al study design the association between accumulation of amyloid over a 5–6-year period, measured using PET, and
functional changes in the language network measured over the same time period using task-related functional
MRI. In the same participants, we also determined the association between the longitudinal functional MRI
changes and a cross-sectional measure of tau load as measured with 18F-AV1451 PET.
As predicted, the principal change occurred in posterior temporal cortex. In the cortex surrounding the right super-
ior temporal sulcus, the response amplitude during the associative-semantic versus visuo-perceptual task
increased over time as amyloid load accumulated (Pcorrected = 0.008). In a whole-brain voxel-wise analysis, amyloid
accumulation was also associated with a decrease in response amplitude in the left inferior frontal sulcus (Pcorrected

= 0.009) and the right dorsomedial prefrontal cortex (Pcorrected = 0.005). In cognitively intact older adults, cross-sec-
tional tau load was not associated with longitudinal changes in functional MRI response amplitude.
Our findings confirm the central role of the neocortex surrounding the posterior superior temporal sulcus as the
area of predilection within the language network in the earliest stages of Alzheimer’s disease. Amyloid accumula-
tion has an impact on cognitive brain circuitry in the asymptomatic phase of Alzheimer’s disease.
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Introduction
Language dysfunction is common in the early stage of typical
Alzheimer’s disease.1–3 There is an increasing interest in the asymp-
tomatic phase of Alzheimer’s disease, where Alzheimer’s disease-
related brain pathology is present but symptoms are not yet clinically
apparent.4,5 A critical intermediary level between molecular aggre-
gates and clinical manifestations consists of the way in which cogni-
tive brain systems are able to adapt to amyloid-b-related pathology.
This intermediary level is only accessible by means of in vivo techni-
ques of measuring brain function, such as functional MRI. Functional
changes in cognitive brain circuits during the asymptomatic phase of
Alzheimer disease are still poorly understood.

Previous studies of changes in cognitive brain circuits in
asymptomatic Alzheimer’s disease have mainly focused on the
episodic memory system.6–9 These studies have led to a biphasic
model of hippocampal activity in Alzheimer’s disease where a
compensatory increase in the preclinical and mild cognitive im-
pairment stage is followed by hypo-activation in the Alzheimer’s
disease dementia stage.10 Alternatively, the excess hippocampal
activity in amnestic mild cognitive impairment may also be harm-
ful as drug-induced reduction of hippocampal hyperactivity has
led to improved episodic memory performance.11,12

Even if the amnestic phenotype is the most defining character-
istic of Alzheimer’s disease, language changes are highly prevalent
in typical Alzheimer’s disease, even in an early stage.1–3,13

Studying the functional neuroanatomy of language and semantic
processing requires a task paradigm suitable for functional MRI
that reliably activates the widely distributed language and associa-
tive-semantic network with low between-subject and high within-
subject consistency. Such task-related functional MRI studies have
highlighted the vulnerability of the posterior third of the superior
temporal sulcus (STS) and of the middle temporal gyrus (MTG) in
the asymptomatic,4,14 mild cognitive impairment15,16 and early de-
mentia stages of Alzheimer’s disease.17 In the early dementia
phase of amyloid biomarker-positive Alzheimer’s disease, the left
posterior STS and the posterior MTG are decreased in activity dur-
ing associative-semantic versus visuo-perceptual processing. By
contrast, the homologous right-sided region showed an increase
in activity and this correlated positively with offline Boston
Naming Test scores, suggestive of a compensatory mechanism.17

Seed-based resting-state functional connectivity between the left
posterior MTG and the homologous contralateral node is also
decreased in Alzheimer’s disease dementia.18 In cognitively nor-
mal older adults, the only region where activity during associative-
semantic versus visuo-perceptual processing correlates with amyl-
oid load in a whole-brain analysis is the posterior third of the left
STS14: response amplitude in the left STS was higher with higher
amyloid load. Higher amyloid load also correlated with longer re-
action times during an offline confrontation naming task.14 This
series of task-related and resting-state functional MRI studies in
different phases of Alzheimer’s disease demonstrates the vulner-
ability of the posterior STS and MTG as nodes of the language net-
work to amyloid-b-related pathology.14,15,17,18 The findings could
be compatible with a biphasic model where the left posterior tem-
poral cortex first shows increased activity with a higher amyloid
load and subsequently fails to activate. In this model, the right

posterior temporal cortex may show a compensatory increase in
activity in order to maintain adequate performance. Longitudinal
studies, however, are needed to test this hypothesis further.

Here we tested longitudinally over a 5–6-year interval how ac-
tivity in the language network changes in cognitively intact older
adults in relation to changes in amyloid load. Based on the cited
evidence, we hypothesized that an increase in amyloid-b would be
associated with changes in activity in left or right posterior STS/
MTG. Since it is commonly accepted that functional brain changes
may relate more to deposition of tau aggregates than to amyloid-
b,19,20 we also examined the relationship with tau aggregates
measured cross-sectionally using 18F-AV1451.

Materials and methods
Study participants

Thirty-five cognitively intact healthy older adults participated in
the current study. All belonged to the Flemish-Prevent AD Cohort
KU Leuven (F-PACK), a larger longitudinal community-recruited
study cohort of 180 cognitively intact older individuals.21 The F-
PACK cohort was recruited in three waves of 60 participants each.
The first wave was recruited between 2009 and 2012 and received
18F-flutemetamol PET as well as task-related functional MRI of the
language system at baseline. All participants of the first wave of
the F-PACK study cohort were invited to participate in the current
amyloid and tau PET plus task-related functional MRI study be-
tween 2015 and 2019. Twenty-four participants of the first wave
declined participation in the current study. There was no signifi-
cant difference in baseline characteristics between subjects who
consented to participate in the current study and those who
refused (Table 1), according to unpaired two-tailed t-tests and
Mann-Whitney U-tests depending on normality. Of the 35 partici-
pants, one had to be excluded subsequently based on excessive
head movement during the functional MRI scan (see ‘Image ana-
lysis’ section). For a detailed description of the full F-PACK inclu-
sion criteria, refer to the Supplementary material and also
previous reports.21

The local Ethics Committee for Clinical Studies UZ/KU Leuven
approved the study. Written informed consent was obtained from
all participants in accordance with the Declaration of Helsinki.

Standard neuropsychological assessment

All participants underwent baseline and follow-up testing for gen-
eral cognition [Clinical Dementia Rating (CDR) and Mini Mental
State Examination (MMSE)], episodic memory [Auditory Verbal
Learning Test (AVLT) and Buschke Selective Reminding Test
(BSRT)], language, fluid intelligence/reasoning and executive func-
tioning. Language and semantic processing were assessed using
the Boston Naming Test.22 Fluency was assessed using a 1-min
Animal Verbal Fluency task and a Letter Verbal Fluency task. The
Dutch version of the Psycholinguistic Assessment of Language
Processing in Aphasia (PALPA) subtest 49 was used to probe verbal
associative-semantic processing.23 Executive functioning was
measured with Trail Making Test (TMT) A and B. Fluid intelligence/
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reasoning was assessed using the 60 items of the Standard
Raven’s Progressive Matrices (RPM).

Table 2 shows demographic characteristics and average stand-
ard deviation (SD) cognitive test scores for the total sample of cogni-
tively intact older adults (n = 35). The same tests were administered
every 2 years for a total follow-up period of 10 years. The average fol-
low-up interval for this study was 75.6 (SD 17.7) months.

Experimental language tests

Given our a priori hypothesis of early involvement of left posterior
STS and given its possible role in lexical-semantic retrieval,15 the
experimental language tests conducted outside the functional MRI
scanner consisted of a computerized version of confrontation
naming and of lexical decision.14 The details of these tests have
been described before14 and are also provided in the
Supplementary material. In summary, for confrontation naming, a
computerized version of the picture naming task from Laiacona
and Capitani24 was used.25 Voice recordings were manually ana-
lysed in the Audacity Cross-Platform Sound Editor version 2.4.2
(https://www.audacityteam.org/; accessed 30 September 2021).
Reaction times were measured for the correct responses from the
onset of the stimulus to the onset of the naming response.
Accuracy was measured as percentage correct responses.

For lexical decision, a computerized version of the visual lexical
decision test from the Dutch version of the PALPA (item 24)23 was
administered, as described before.14 Reaction times were meas-
ured for correct responses from the onset of the stimulus to the
time of the button press. A’ was used as our non-parametric accur-
acy measure, as the data were not normally distributed, as
assessed with the Shapiro-Wilk test.26,27 In addition, we deter-
mined the index of response bias (Table 2).27

Image acquisition

Functional and structural MRI data were acquired at two time
points, one at baseline (2009–12, hereafter referred to as time point
1) and one at follow-up (2015–19, hereafter referred to as time
point 2) with a mean interval of 69 months (SD: 13.2, range: 52–
106 months). The same scanning sequence was used for the two
time points.

At time point 1, 21 subjects were scanned on a 3 T Philips
Achieva system equipped with a 32-channel receive-only head coil
(Philips SENSitivity Encoding head coil). Fifteen other subjects
were scanned on a 3 T Philips Intera system equipped with an 8-
channel receive-only head coil (Philips SENSitivity Encoding head

coil), which was in use prior to the installation of the 3 T Philips
Achieva. At time point 2 all subjects were scanned on the 3 T
Philips Achieva system equipped with a 32-channel receive-only
head coil (Philips SENSitivity Encoding head coil). There were no
statistically significant differences of sex (P = 0.79) (chi-square
test), age (P = 0.49), MMSE (P = 0.92), baseline amyloid (P = 0.59) or
amyloid accumulation (P = 0.29) (Kolmogorov-Smirnov comparison
of two datasets) between subjects scanned on the Intera versus
the Achieva system. Scanner type was included as a covariate of
no interest for all analyses.

Sequence parameters were the same for both scanners: a high-
resolution T1-weighted structural scan was obtained using a 3D
turbo field echo sequence (coronal inversion recovery prepared 3D
gradient-echo images, inversion time 900 ms, repetition time =
9.6 ms, echo time = 4.6 ms, flip angle 8�, field of view = 250 �
250 mm, 182 slices; voxel size 0.98 � 0.98 � 1.2 mm3). Functional
MRIs were acquired using T2* echo-planar images (50 transverse
slices, voxel size 2.5 � 2.5 � 2.5 mm3; repetition time = 3000 ms,
echo time = 30 ms, flip angle 90�, field of view 200 � 200 mm).

Functional MRI

Stimuli and tasks

Stimuli were projected onto a high-resolution screen (1024 � 768
pixels, refresh rate 60 Hz) using Presentation 14.8
(NeuroBehavioural Systems, Albany, CA, USA). The functional MRI
paradigm has been described in detail before.15,17,28–32 In sum-
mary, the experimental design was factorial.28 The first factor
‘task’ had two levels: associative-semantic (Fig. 1, blue and purple)
versus visuo-perceptual judgement (Fig. 1, cyan and yellow). The
second factor ‘input modality’ also had two levels: printed words
(Fig. 1, blue and cyan) versus pictures (Fig. 1, purple and yellow).
The associative-semantic condition was derived from the
Pyramids and Palm Trees Test,33 a classical neuropsychological
test of associative-semantic processing for words and pictures.
During a trial, a triplet of stimuli was presented for 5250 ms, one
stimulus on top (the sample stimulus) and one in each lower quad-
rant (the test stimuli), at 4.6� eccentricity (mean picture size was
3.7� and mean letter size 1.2�), followed by a 1500 ms interstimulus
interval. Subjects were asked to press a left- or right-hand key de-
pending on which of the two test stimuli matched the sample
stimulus more closely in meaning. A given triplet was presented in
either the picture or the word format and this was counterbal-
anced across subjects. In the visuo-perceptual control condition, a
picture or word stimulus was presented in three different sizes
(mean picture size was 3.7� and mean letter size 1.2�). Subjects had

Table 1 Sample characteristics at baseline of the participants of the current study and the refusers

Participants Refusers Statistics

Centiloid value 8.9 [–8.3 to 44.7] 6.8 [–14.1 to 69.5] U = 567, P = 0.08
MMSE (/30) 29.1 [27.0 to 30.0] 28.8 [27.0 to 30.0] U = 528.5, P = 0.21
AVLT total learning (/75) 51.6 [33.0 to 65.0] 47.0 [27.0 to 67.0] T = 1.95, P = 0.06
AVLT % delayed recall 89.7 [57.1 to 116.7] 87.5 [42.9 to 150.0] U = 494, P = 0.51
Buschke mean total retention (/12) 8.9 [7.1 to 10.3] 8.8 [4.8 to 10.5] U = 344.5, P = 0.12
Buschke delayed recall (/12) 9.6 [5.0 to 12.0] 9.1 [3.0 to 12.0] U = 517, P = 0.32
BNT (/60) 54.0 [41.0 to 60.0] 51.8 [38.0 to 60.0] U = 546.5, P = 0.15
AVF (# words) 21.3 [14.0 to 32.0] 19.4 [9.0 to 34.0] T = 1.49, P = 0.14
LVF (# words) 34.3 [14.0 to 59.0] 32.6 [16.0 to 51.0] T = 0.65, P = 0.52
PALPA49 (/30) 26.6 [23.0 to 29.0] 27.1 [21.0 to 30.0] U = 369, P = 0.23
RPM (/60) 43.8 [17.0 to 55.0] 36.9 [5.0 to 58.0] U = 571, P = 0.07
TMT B/A 2.5 [1.2 to 5.3] 2.7 [0.9 to 5.5] U = 398, P = 0.45

Values are presented as mean [range]. Statistics represent t-test and Mann-Whitney U-test depending on normality of the data. AVF = Animal Verbal Fluency; AVLT =

Auditory Verbal Learning Test; BNT = Boston Naming Test; LVF = Letter Verbal Fluency; PALPA49 = Psycholinguistic Assessment of Language Processing in Aphasia subtest 49;

RPM = Standard Raven’s Progressive Matrices; TMT B/A = Trail Making Test ratio B/A.
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to press a left- or right-hand key depending on which of the two
test stimuli matched the sample stimulus more closely in size on
the screen. An epoch, i.e. a block of trials belonging to the same
condition, consisted of four trials (total duration 27 s). The fifth
condition consisted of a resting baseline condition during which a
fixation point was presented in the centre of the screen (Fig. 1,
red). During each functional MRI run (five runs in total), a series of
the five epoch types was replicated three times (Fig. 1, timeline).
The order of conditions was pseudorandom and differed across
runs of the same subject.

Subjects received a practice session before entering the scan-
ner. In this session, we determined which size difference (9%, 6%,
3% or 1%) for the visuo-perceptual conditions was needed for each
individual subject to obtain comparable accuracies as for the asso-
ciative-semantic conditions so as to match overall task difficulty.

This size difference was then used for the visuo-perceptual condi-
tion during functional MRI.

Image analysis

All analyses were performed using Statistical Parametric Mapping
12 [SPM12 software (Wellcome Trust Centre for Neuroimaging,
London, UK, http://www.fil.ion.ucl.ac.uk/spm; accessed 30
September 2021)] running on MATLAB 2014b (MathWorks, Natick,
MA, USA). The procedure for longitudinal functional MRI analysis
was inspired by the longitudinal voxel-based brain morphometry
pipeline described by Chételat et al.34 and is described in detail in
the Supplementary material and Supplementary Fig. 1. In sum-
mary, functional MRI scans of each subject were realigned for time
point 1 and for time point 2 separately, and co-registered with

Table 2 Demographic characteristics and cognitive test scores at baseline and follow-up

Sex, male/female (% male) 17/18 (48.6%)
Education, years, 12.7 (2.7) [6.0 to 19.0]
APOE e4 carriers, n (%) 19 (54.3%)
BDNF met carriers, n (%) 14 (40%)

Baseline Follow-up

Age, years 65.4 (6.1) [52.0 to 78.0] 71.6 (5.7) [59.0 to 83.0]
Centiloids 8.4 (11.2) [–8.3 to 44.7] 21.6 (27.3) [–6.6 to 89.5]
CDR 0.5, n 0 2
MMSE (/30) 29.1 (0.8) [27.0 to 30.0] 29.3 (0.9) [26.0 to 30.0]
AVLT total learning (/75) 51.5 (9.0) [30.0 to 65.0] 51.6 (10.8) [27.0 to 73.0]
AVLT delayed recall, % 89.7 (12) [57.1 to 116.7] 86.9 (14.4) [50.0 to 107.1]
Buschke mean score (/12) 8.8 (0.9) [7.1 to 10.5] 8.0 (1.9) [2.4 to 11.5]
Buschke delayed recall (/12) 9.5 (1.9) [5.0 to 12.0] 7.9 (3.2) [0.0 to 12.0]
BNT (/60) 53.8 (3.9) [41.0 to 60.0] 55.9 (2.8) [49.0 to 60.0]
LVF (# words) 35.1 (9.5) [14.0 to 59.0] 30.2 (11.3) [11.0 to 49.0]
AVF (# words) 21.1 (4.8) [14.0 to 32.0] 23.3 (8.7) [14.0 to 50.0]
PALPA49 (/30) 26.6 (1.6) [23.0 to 29.0] 27.3 (1.5) [23.0 to 30.0]
RPM (/60) 43.6 (7.5) [17.0 to 55.0] 40.6 (7.5) [23.0 to 54.0]
TMT B/A 2.5 (0.9) [1.2 to 5.3] 2.8 (1.1) [1.5 to 5.5]
Confrontation naming RT, msa 1946.4 (249.4) [1506.8 to 2578.3] 1758.6 (266.2) [1415.6 to 2449.7]
Confrontation naming accuracy, %a 92.2 (4.1) [81.7 to 98.3] 91.3 (5.1) [78.3 to 98.3]
Lexical decision RT, ms 1088.0 (224.3) [790.6 to 1855.4] 1067.4 (205.4) [768.0 to 1630.1]
Lexical decision accuracy (A’) 0.98 (0.02) [0.91 to 1.00] 0.98 (0.01) [0.92 to 1.00]
Lexical decision index of bias (B”D) 0.23 (0.44) [–0.77 to 0.89] 0.05 (0.44) [–0.88 to 0.88]

Values are presented as mean (SD) [range]. AVF = Animal Verbal Fluency; AVLT = Auditory Verbal Learning Test; BNT = Boston Naming Test; CDR = Clinical Dementia Rating;

LVF = Letter Verbal Fluency; PALPA49 = Psycholinguistic Assessment of Language Processing in Aphasia subtest 49; RPM = Standard Raven’s Progressive Matrices; RT = reac-

tion time; TMT B/A = Trail Making Test ratio B/A.
aConfrontation naming reaction times and accuracies are based on n = 28 participants, due to missing data of seven participants.

Figure 1 Experimental paradigm. The horizontal arrow at the top of the figure shows a timeline of one functional MRI run, with each condition (i.e. as-
sociative-semantic words/pictures and visuo-perceptual words/pictures as well as a rest condition) indicated in its respective colour. The order of
conditions was randomized for each run and subject. Translation from Dutch to English: deur = door, hek = fence, raam = window.
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their respective corresponding structural MRI. The structural MRI
scans from the two time points were co-registered and normalized
and the same normalization matrix was applied to the functional
MRI scans. Normalized functional MRI images were smoothed
using a 8 � 8 � 8 mm3 Gaussian kernel. One subject was excluded
due to excessive head movement (rotation 43� and translation
43 mm).

Flutemetamol PET

Image acquisition

18F-flutemetamol was obtained from Nucleis, and was produced
under GMP conditions. As described before,35–38 images were
acquired on a 16-slice Siemens Biograph PET/CT scanner
(Siemens). The 18F-flutemetamol PET tracer was injected intraven-
ously as a bolus (mean activity: 151.2 MBq, SD: 8.3, range: 137.9–
192.5 MBq) in an antecubital vein. Image acquisition began 90 min
after tracer injection and lasted for 30 min. Prior to the PET scan, a
low-dose CT scan of the head (11 mA) was performed for attenu-
ation correction. Random and scatter corrections were also
applied. Images were reconstructed using ordered subsets expect-
ation maximization (OSEM; four iterations � 16 subsets).

Image analysis

The details of the procedure for 18F-flutemetamol PET analysis
have been described before14,21,39 and are also described in the
Supplementary material. Using a standard procedure, an 18F-flute-
metamol standardized uptake value ratio (SUVR) in a composite
cortical volume of interest (VOI) was derived from the 18F-fluteme-
tamol scans. No partial volume correction was applied as this may
introduce additional noise in amyloid PET data in cognitively in-
tact older adults.40

PIB imaging

The follow-up amyloid scan was performed by means of 11C-
Pittsburgh Compound B (PIB) due to unavailability of the 18F-flute-
metamol tracer in Belgium for research at the time of follow-up.
11C-PIB was produced locally under GMP license. 11C-PIB PET was
acquired dynamically over a period of 60 min on a 16-slice
Biograph PET/CT scanner (Siemens). For the details of acquisition
and analysis, refer to the Supplementary material. Using a stand-
ard procedure, global and regional 11C-PIB SUVRs were calculated
between 40 and 60 min post-injection using SPM12. The mean 11C-
PIB SUVR measure was calculated in the same composite cortical
VOI as for the 18F-flutemetamol images. No partial volume correc-
tion was applied.40

Measure of longitudinal change in amyloid load

For the primary outcome analysis, we used a continuous measure
of longitudinal change in amyloid load in the composite cortical
VOI. To analyse amyloid load using two different tracers, corre-
sponding SUVR values were first transformed to the Centiloid (CL)
scale, which was used for both the first and the second scan. The
difference in Centiloid values between the two time points was
used as outcome measure. To this end, the in-house processing
procedures to obtain 18F-flutemetamol and 11C-PIB SUVRcomp val-
ues were first calibrated against the standard Centiloid method,41

using an independent dataset as described before for 18F-fluteme-
tamol39 and an independent in-house dataset of cognitively
intact older controls for 11C-PIB.42 This yielded the following con-
version formulae for 18F-flutemetamol39 (Equation 1) and 11C-PIB
(Equation 2).

CLflutemetamol ¼ 127:6 � SUVR90�110 � 149 (1)

CLPIB ¼ 132:53 � SUVR40�60 � 147:64 (2)

These formulae were then applied to the 18F-flutemetamol
SUVR and 11C-PIB SUVR data from the 35 participants in the cur-
rent study, respectively.

To determine amyloid-positivity in this cohort, we classified
cases in a binary way based on a pathologically validated Centiloid
cut-off of 23.5.43 We also applied a separate classification based on
three levels: low (CL5 10), intermediate (CL410) and high
(CL450) amyloid load.44 This is purely for descriptive reasons
since the primary and secondary analyses all make use of amyloid
load as a continuous variable.

Tau PET imaging

Participants received a dynamic 18F-AV1451 PET scan on a 16-slice
Biograph PET/CT scanner (Siemens). The procedures for tau PET
acquisition and analysis were standard and are described in detail
in the Supplementary material. In summary, we calculated distrib-
uted volume ratio (DVR) images and derived tau PET load in an
early metaVOI. The DVR in this early metaVOI was used for further
analysis. We also used the tau PET to determine which cases were
positive for tau in the early metaVOI with the cut-off set at SUVR
5 1.38. To determine tau-positivity, we made use of SUVRs since
our independent reference group on which the positivity threshold
was based only had static acquisition (Supplementary material).

Statistical analyses

Voxel-wise statistical analyses were conducted in SPM12 soft-
ware running on MATLAB 2014b. All standard statistical analyses
were conducted with R statistical software version 4.0.3 (The R
Foundation for Statistical Computing; https://cran.r-project.org;
accessed 30 September 2021). P-values were considered signifi-
cant when meeting a two-tailed a threshold of 0.05. Correction
for multiple comparisons was performed using Bonferroni cor-
rection. Outliers were assessed using the Grubb’s test (https://
www.graphpad.com/quickcalcs/grubbs2/; accessed 30 September
2021). In case of missing data, only the available data were used
in the analyses.

Prior to statistical analyses, the Shapiro-Wilk test was used to
check for normality of the data. In case the distribution of a vari-
able differed significantly from normality (a50.05), non-paramet-
ric statistics were used for this variable.

The neuropsychological test scores were entered into a latent
growth curve analysis using the R package lavaan45 (http://www.
jstatsoft.org/v48/i02/; accessed 30 September 2021) to determine
whether performance on offline standard cognitive tasks changed
over time at the group level.21 To evaluate whether amyloid accu-
mulation was associated with neuropsychological changes, a lin-
ear regression analysis was also carried out with amyloid
accumulation as regressor and the slope of a selection of the main
conventional neuropsychological test scores (BSRT total reten-
tion,21 Animal Verbal Fluency, Boston Naming Test, Letter Verbal
Fluency, Standard Raven’s Progressive Matrices and Trail Making
Test B/A ratio) as outcome variable.

The Kolmogorov-Smirnov test for comparison of two datasets
was used to compare change in functional MRI response between
subjects scanned on the Intera versus the Achieva system at
baseline.

Reaction times and accuracies of the behavioural task during
functional MRI were calculated per condition [associative-seman-
tic task with words (Sem W) and with pictures (Sem P), and visuo-
perceptual task with words (Visuo W) and with pictures (Visuo P);
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Table 3]. A two-way repeated measures ANOVA was performed,
using the R package afex (https://github.com/singmann/afex;
accessed 30 September 2021),46 to evaluate the effect of the differ-
ent conditions over time on reaction times and accuracy. The ef-
fect of time on both reaction time and accuracy was analysed for
every condition using pairwise comparisons post hoc. P-values
were adjusted using the Bonferroni multiple testing correction
method.

Primary outcome analysis

Based on prior experiments,14–17 we predicted that left and right
posterior STS and MTG would show decreases or increases in rela-
tion to the degree of amyloid accumulation. All analyses were
voxel-wise analyses. Two primary voxel-wise outcome analyses
were performed, one within a VOI, the other across the whole
brain. The VOI was derived from three prior studies using the
same paradigm at different Alzheimer’s disease stages.14,15,17 The
VOI consisted of the sum of the Brainnetome atlas areas47 that
encompassed the activity foci that showed significant between-
group differences during the associative-semantic versus the
visuo-perceptual condition in the Alzheimer’s disease group ver-
sus the controls in these studies.14,15,17 These Brainnetome atlas
areas (labels 81, 82, 121–124) corresponded to the neocortex sur-
rounding the posterior third of the STS bilaterally. These were
combined into one single bilateral VOI, which was used for small
volume correction (Fig. 4A).

The main analysis consisted of a linear regression analysis
where longitudinal change in amyloid load was the predictor vari-
able and longitudinal change in functional MRI response during
the associative-semantic minus the visuo-perceptual condition in
the VOI was the outcome variable. The longitudinal change in
functional MRI response was calculated as the interaction between
task (associative-semantic versus visuo-perceptual) and time
(baseline versus follow-up). The significance threshold for the VOI-
based voxel-wise analyses was set at voxel-level family-wise error
(FWE)-corrected P50.05.

As a second primary analysis, the same analysis was per-
formed using a whole-brain voxel-wise approach, with change in
the amyloid load in the composite VOI as predictor, and as out-
come variable the change in the blood oxygen level-dependent
(BOLD) response during the associative-semantic versus the visuo-
perceptual task over time. This whole-brain voxel-wise analysis
was thresholded at a significance threshold of whole-brain FWE-
corrected cluster-level P50.05 with the voxel-level set at Puncorrected

5 0.001.

When we observed significant effects, we also examined how
the change in amyloid and the change in functional MRI BOLD re-
sponse related to changes in the offline behavioural measures
using Pearson or Spearman correlations, depending on normality.
The normalized change in reaction time and accuracy between
time point 2 (t2) versus time point 1 (t1) were calculated for every
subject. Normalized values were calculated as: (t2 – t1) / [(t1 + t2) / 2].

When a significant effect was obtained for the analyses of the
contrast between the associative-semantic and the visuo-percep-
tual condition, we examined whether this was present both for the
word and the picture condition. We also examined interactions be-
tween task and modality.

Secondary outcome analyses

As a secondary analysis, we examined the relationship between
the tau load as measured cross-sectionally with 18F-AV1451 PET
at the second time point, and the change in BOLD response be-
tween the associative-semantic and the visuo-perceptual task
between the two time points, both in a region-based and a whole-
brain voxel-wise analysis. Tau load was measured based on the
early metaVOI.

We also determined whether the study outcome was affected
by grey matter volume loss over time. As an atrophy measure, we
calculated the percental grey matter volume change between the
two time points in MATLAB as 100 � (GM1 – GM2) / GM1 in which
GM1 and GM2 are the grey matter volumes at time points 1 and 2,
respectively. These grey matter volumes were derived from the
grey matter maps in Montreal Neurological Institute (MNI) space
as the summed value within the posterior temporal VOI or within
the whole brain, respectively. For the VOI-based analysis of task-
related functional MRI, the grey matter change in the bilateral pos-
terior temporal VOI was calculated and included as covariate in
the VOI-based voxel-wise regression analysis between amyloid
change and change in functional MRI activity levels. For the
whole-brain voxel-wise analysis, the percentual grey matter vol-
ume change was calculated for the whole brain and was used as
covariate in the whole-brain voxel-wise analyses between amyloid
change and change in functional MRI activity levels. As a further
analysis, we examined whether grey matter volume change was
associated with changes in functional MRI activity level in the pos-
terior temporal VOI or at the whole-brain level. To this end, a
voxel-wise linear regression analysis was carried out between the
grey matter volume change in the posterior temporal volume and
the functional MRI activity change in this VOI (statistical threshold
of small-volume corrected P5 0.05). We also performed a whole-
brain linear regression analysis with global grey matter volume

Table 3 Performance during functional MRI experiments at baseline and follow-up

Baseline Follow-up Statistics

RT, ms Accuracy, % correct RT, ms Accuracy, % correct RT Accuracy

Sem W 2644 (476) 88.7 (7.6) 3190 (416) 85.4 (8.2) T = –7.34 T = 1.93
P50.0001 P = 0.06

Sem P 2817 (543) 81.2 (9.3) 3344 (473) 79.7 (12.8) T = –6.59 T = 0.595
P50.0001 P = 0.56

Visuo W 2448 (438) 79.5 (13.9) 3073 (487) 78.8 (11.9) T = –7.12 T = 0.21
P50.0001 P = 0.84

Visuo P 2656 (495) 80.7 (15.2) 3247 (509) 80.5 (12.1) T = –5.88 T = 0.045
P50.0001 P = 0.94

Values are presented as mean (SD). Statistics represent Bonferroni-corrected P-values for pairwise t-test as post hoc analysis after repeated measures ANOVA. Note that the

results are based on n = 33 participants, due to missing data of two participants. Statistically significant results are highlighted in bold. RT = reaction time; Sem P/W = associa-

tive-semantic task with pictures/words; Visuo P/W = visuo-perceptual task with pictures/words.
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change as an independent variable (statistical threshold whole-
brain FWE-corrected P50.05).

Data availability

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Results
In the current cohort, 12 participants (34%) had intermediate amyl-
oid burden (Centiloid range 10–45) and none had high amyloid bur-
den at time point 1, while at time point 2 14 participants (40%) had
intermediate (Centiloid range 10–27) and seven participants (20%)
had high amyloid burden (Centiloid range 58–89) (Fig. 2A and B).
Two participants (5.7%) were tau-positive in the early metaVOI
(Fig. 2C).

In two participants the CDR had progressed from a global score
of 0 to a global score of 0.5 with corresponding MMSE changes
from 30 to 26 (baseline Centiloid: 1.2; change in Centiloid: –5.9) and
to 29 of 30 (baseline Centiloid: 5.9; change in Centiloid: 8.2). Group-
level neuropsychological performance did not change between
baseline and follow-up as assessed with latent growth curve ana-
lysis. Neither did the change in scores on the conventional neuro-
psychological tests correlate with amyloid accumulation.

Statistical analysis of behavioural performance
during functional MRI

Based on the prior training session, the size difference for the
visuo-perceptual condition was set at a median of 6% at both time
points. Regarding behavioural performance during the functional
MRI experiment, there was no statistically significant interaction
between condition and time on reaction time (F = 0.142, P = 0.93)
nor on accuracy (F = 0.226, P = 0.88). The effect of time on reaction
time was significant for all four conditions (Pcorrected 5 0.0001): reac-
tion times were longer at time point 2 compared with time point 1
(Fig. 3A and Table 3). Time had no significant effect on accuracy for
any of the conditions (Fig. 3B and Table 3).

Primary outcome analyses

As the primary outcome analysis, we performed a VOI-based
voxel-wise regression analysis with change in amyloid load as pre-
dictor and, as outcome variable, the longitudinal change in BOLD
response during the associative-semantic minus the visuo-percep-
tual condition. In the VOI, the increase in amyloid Centiloid score
correlated positively with the difference in response amplitude
during the associative-semantic versus the visuo-perceptual con-
dition in the fundus and upper wall of the right STS (x = 51 mm, y =
–31 mm, z = 5 mm, Z = 3.53, Pcorrected = 0.008). Those individuals who
showed more amyloid accumulation, showed a higher activity in
this right posterior temporal activity focus at the second versus
the first time point (Fig. 4B and C). No significant differences were
observed in the remainder of the VOI (including the left posterior
temporal cortex). The right STS focus of differential activation did
not show a difference in BOLD response change between subjects
scanned on the Intera versus the Achieva system at baseline
(P = 0.702).

We evaluated how the longitudinal changes in functional MRI
response related to changes in offline measures on the two com-
puterized language tasks testing confrontation naming and lexical
decision. The increase in functional MRI BOLD response during the
associative-semantic versus the visuo-perceptual task in the right
STS correlated significantly with a decrease in accuracy for the off-
line confrontation naming task. Higher activity in the right STS at
the second versus the first time point correlated with lower con-
frontation naming accuracy scores (Pearson R = –0.5, Pcorrected =
0.016) (Fig. 4D). No significant correlation was found with reaction
times on the confrontation naming task nor with the lexical deci-
sion performance parameters. Increases in amyloid load did not
correlate with change in offline experimental language test scores.

Figure 2 Amyloid accumulation and tau distribution in the current co-
hort. (A) Regression plot between amyloid at time point 1 and time
point 2 expressed as Centiloids (CL). The vertical and horizontal dashed
red lines indicate the cut-off for amyloid-positivity (CL 5 23.5). (B)
Amyloid accumulation expressed in Centiloids: amyloid load is shown
at the baseline PET date and at the follow-up PET date, corresponding
data-points are connected per subject. (C) Distribution of tau SUVR val-
ues in the early metaVOI, with a bin width of 0.02. The vertical dashed
red line indicates the cut-off for tau positivity (SUVR 5 1.38).
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To dissect the effect of amyloid accumulation on the change in
activity during the associative-semantic versus visuo-perceptual
condition in further detail, the VOI-based voxel-wise regression
analysis was repeated for the associative-semantic minus visuo-
perceptual condition for words and pictures separately. The differ-
ence in response amplitude in the right STS during the associa-
tive-semantic versus the visuo-perceptual condition for pictures at
the second versus the first time point correlated positively with
the difference in amyloid load in the composite VOI (x = 51 mm, y
= –31 mm, z = 5 mm; Z = 3.88, Pcorrected = 0.002). No significant effect
was obtained for words. When we lowered the threshold to an un-
corrected P-value of 0.05, a correlation was also found for the word
condition between change in amyloid load in the composite VOI
and the difference in response amplitude in the right STS
(x = 45 mm, y = –37 mm, z = –1 mm; Z = 1.94, voxel-level Puncorrected =
0.026, Pcorrected = 0.978).

In the whole-brain analysis, reduced activity in the left inferior
frontal sulcus (IFS) region (x = –30 mm, y = 23 mm, z = 26 mm, ex-
tent = 61 voxels, cluster level Pcorrected = 0.009) (Fig. 5A and B) as
well as in the right dorsomedial prefrontal cortex (x = 3 mm,
y = 23 mm, z = 56 mm, extent = 69 voxels, cluster level Pcorrected =
0.005) correlated with increased amyloid (Fig. 5A and C). This indi-
cates a decrease in functional response as brain amyloidosis
increases. There was no statistically significant difference in the
functional MRI BOLD response change in the left IFS (P = 0.70) and
the right dorsomedial prefrontal focus (P = 0.89) between subjects
scanned on the Intera versus the Achieva system at baseline.

For these two activity foci, no significant correlation was found
between the mean functional MRI BOLD response change of the
activity focus and performance on the experimental language tests
after correction for multiple comparisons. In addition, no signifi-
cant correlations between functional MRI BOLD response change
and changes in reaction time, nor with accuracy during the
Pyramids and Palm trees functional MRI task were observed.

The whole-brain analysis was repeated for the associative-se-
mantic minus visuo-perceptual condition for words and pictures
separately. Reduced activity in the left IFS during the associative-
semantic versus the visuo-perceptual condition for pictures at the
second versus the first time point correlated with increased amyl-
oid load (x = –30 mm, y = 26 mm, z = 26 mm, extent = 46 voxels,
cluster level Pcorrected = 0.035). When we lowered the threshold to
an uncorrected P-value of 0.001, a correlation was also found for
the word condition between change in amyloid load in the

composite VOI and the difference in response amplitude in the left
IFS (x = –36 mm, y = 23 mm, z = 23 mm; Z = 3.43, voxel-level
Puncorrected 5 0.001, Pcorrected = 0.698) and in the right dorsomedial
prefrontal cortex (x = 3 mm, y = 23 mm, z = 56 mm; Z = 4.41, voxel-
level Puncorrected 5 0.001, Pcorrected = 0.046).

Secondary outcome analyses

Both a region-based and a whole-brain voxel-wise regression ana-
lysis were performed with a cross-sectional measure of tau load at
time point 2 in the early metaVOI, as predictor, and as outcome
variable the longitudinal change in functional MRI BOLD response
during the associative-semantic minus the visuo-perceptual con-
dition. No significant effects were obtained.

A linear regression analysis between grey matter volume
change in the posterior temporal VOI and change in functional
MRI activity levels did not yield a significant effect (Pcorrected 4 0.2).
Neither was there a significant effect in the whole-brain voxel-
wise linear regression analysis with global grey matter change as
regressor and change in functional MRI activity levels at the
whole-brain level (voxel-level Puncorrected 4 0.001).

In the VOI-based analysis, when grey matter volume change in
the posterior temporal VOI was added as a covariate in the regres-
sion analysis between amyloid change and change in functional
MRI activity levels, the results remained essentially the same (right
posterior STS: x = 51 mm, y = –31 mm, z = 5 mm; Z = 3.61, Pcorrected =
0.006).

In the whole-brain voxel-wise regression analysis, when global
grey matter volume was added as a covariate, the result in the
right dorsomedial prefrontal cortex remained essentially the same
(x = 3 mm, y = 23 mm, z = 56 mm, extent = 51 voxels, cluster level
Pcorrected = 0.017), while the result in the left IFS region dropped just
below the significance threshold (x = –30 mm, y = 23 mm,
z = 26 mm, extent = 34 voxels, cluster level Pcorrected = 0.056).

Discussion
Longitudinal within-subject studies of change in cognitive brain
circuits in the asymptomatic stage of Alzheimer’s disease over a
long time course are rare. Such studies are critical to understand-
ing the resilience of cognitive brain circuits during the preclinical
phase of the disease, an important theme given the long and pro-
tracted course of this preclinical phase and its increasing

Figure 3 Behavioural scores on the Pyramids and Palm Trees Task. (A) Violin plot of reaction time per condition per time point (time point 1 versus
time point 2). Significance is indicated as ***P5 0.001. (B) Violin plot of accuracy per condition per time point. Sem P/W = associative-semantic task
with pictures/words; Visuo P/W = visuo-perceptual task with pictures/words.
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relevance for early intervention. Here we examined whether
changes in amyloid load are associated with functional changes in
the language circuit over an average period of 6 years in cognitive-
ly intact older adults, with a special focus on left and right poster-
ior temporal cortex.14,15,17 We also examined whether any such
effect was mediated via aggregated tau given the narrow connec-
tion between the spread of tangles beyond medial temporal cortex
and cognitive symptomatology. The primary hypothesis was con-
firmed: as amyloid accumulates in cognitively intact older adults,
right posterior temporal cortex increased in activity (Fig. 4B and C).
The increase in right posterior temporal activity correlated with a
decrease in offline confrontation naming performance (Fig. 4D).
These changes could not be accounted for by increased tau aggre-
gation levels. Furthermore, in an exploratory whole-brain analysis,
amyloid accumulation was associated with a decrease of activity
in the left IFS and the dorsomedial prefrontal cortex, regions typic-
ally implicated in semantic and cognitive control, respectively.

The posterior third of the left STS is a key node in the language
network, close to or overlapping with what has been classically
called ‘Wernicke’s area’ in the neurological jargon,48 although de-
bate exists about its exact anatomical boundaries and the contem-
porary usefulness of this eponym deeply engrained in neurological
history.49 Damage of this region due to stroke in the territory of the

inferior branch of the middle cerebral artery is associated with
word comprehension deficits.48,50 The posterior STS has a word-
specific role and has been implicated in lexical-semantic retrieval,
while the posterior MTG is amodal and involved in semantic proc-
essing of both words and pictures.51–54 The cortex in the fundus
and the upper and lower wall of the left and right STS has been
consistently implicated in word intelligibility by a large series of
imaging studies.15,28,52–54

Previous task-related functional MRI studies on various stages of
Alzheimer’s disease have highlighted response amplitude changes
in posterior temporal cortex. For instance, in cognitively intact APOE
e4 carriers with a family history of Alzheimer’s disease who perform
a famous name discrimination with famous versus unfamiliar
names, activity in the right posterior temporal cortex is higher than
in controls who do not have this Alzheimer’s disease risk factor.16

The right-sided posterior temporal increase was also present in
amnestic mild cognitive impairment patients under the same task
conditions.16

In the current study, while the posterior temporal location is in
agreement with the a priori hypothesis, the direction of the activity
change in left and right posterior temporal cortex did not exactly
match the predictions based on prior studies.14,17 To start, in the
left posterior temporal cortex, a cross-sectional study in

Figure 4 Region-based regression analysis. (A) Region of interest comprising the bilateral STS for the analysis, indicated in red. (B) Region of signifi-
cant correlation between amyloid change in the composite VOI and functional MRI activation change during the associative-semantic minus visuo-
perceptual condition in the right posterior STS (peak 51, –31, 5, voxel-level Pcorrected = 0.008). The colour scale indicates the T-values. MNI coordinates
are indicated in the top left corner and orientation of the brain in the top right corner (R = right). (C) Relation between amyloid accumulation in the
composite VOI expressed in Centiloids (CL) and functional MRI activation change during the associative-semantic minus the visuo-perceptual condi-
tion for time point 2 versus time point 1 in the right STS for illustrative purpose. (D) Correlation between change in functional MRI activation in the
right STS VOI during the associative-semantic minus visuo-perceptual condition and the normalized change in confrontation naming accuracy
scores for time point 2 versus time point 1 (Pearson R = –0.5, Pcorrected = 0.016). Amyloid-negative and amyloid-positive cases at follow-up are indicated
in blue and red, respectively.
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cognitively intact older adults found an increase in activity with
higher amyloid load.14 The same study reported a weak positive
correlation between amyloid load and confrontation naming reac-
tion times.14 From this, one could have expected a longitudinal in-
crease in response of left posterior temporal cortex with
increasing amyloid, which was not observed. Conversely, the

increase in right posterior temporal cortex confirmed the predic-
tions based on Nelissen et al.,17 both in terms of location and direc-
tion of change.

It is widely accepted that the right temporal neocortex contra-
lateral to the left language network can contribute to word com-
prehension.55–57 The right posterior MTG and STS has been

Figure 5 Whole-brain regression analysis. (A) Region of significant correlation between amyloid change in the composite VOI and functional MRI acti-
vation change during the associative-semantic minus visuo-perceptual condition in the left IFS (cluster peak –30, 23, 26, cluster-level Pcorrected = 0.009)
and the right dorsomedial prefrontal cortex (cluster peak 3, 23, 56, cluster level Pcorrected = 0.005). The colour scale indicates the T-values. MNI coordi-
nates are indicated in the top left corner and orientation of the brain in the top right corner. (B and C) Relation between amyloid accumulation in
Centiloids (CL) and the change in functional MRI activation during the associative-semantic minus the visuo-perceptual condition in (B) the left IFS
and (C) the right dorsomedial prefrontal cortex (dmPFC).
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previously reported to show functional MRI response changes in
language recovery following stroke58 (for a review see Schevenels
et al.59). An increase in the right STS and MTG has also been
reported in amyloid PET-positive Alzheimer’s disease in the early
dementia stage.17 In post-stroke aphasia the functional activity
increases seen in homologous right-hemispheric language regions
are generally considered less beneficial for recovery than increases
in the surroundings of the lesioned left-sided region.60 In the cur-
rent study the increase in response amplitude correlated with an
increased proportion of naming errors on an offline confrontation
naming task. Under the hypothesis of a compensatory response,
this would already imply that the compensation is insufficient.
Theoretically, the right-hemispheric posterior temporal hyperacti-
vation could also be harmful. Non-invasive inhibitory brain stimu-
lation of right inferior frontal gyrus or right STS has not allowed
the resolution of this issue unequivocally yet.59,61 Based on the
published studies, overall there seems to be a potential beneficial
effect of inhibitory non-invasive stimulation of these regions in
post-stroke aphasia but publication bias and small effect sizes ren-
der interpretation difficult.

In cognitively intact older adults, when amyloid load is high,
the response in the right IFS with higher executive demands is
reduced.12 The findings in our longitudinal study are in line with
this observation: the associative-semantic task is demanding and
requires more executive control than the visuo-perceptual control
task. As amyloid accumulates, the IFS response to higher cognitive
control demands becomes attenuated. In our study, the effect
occurred to the left with also a subthreshold effect in the right IFS.
The left-sided predominance may well relate to the verbal and se-
mantic nature of our task while the task in Oh et al.12 was based on
colours, isolated vowels and consonants. The left-sided IFS has
been implicated in semantic control in numerous previous studies
(for reviews see Noonan et al.62 and Jackson63). These experiments
are typically based on tasks similar to the associative-semantic
task used in the current experiment. They manipulate semantic
control by varying the association strength between sample and
test stimuli, among other ways.63 The dorsomedial prefrontal cor-
tex has also been found bilaterally relatively consistently in these
studies.62,63 It is part of the multi-demand network,64 a domain-
general cognitive control system, and consists of Glasser et al.65

areas 8BM and SCEF. The correspondence between these previous
foci and the current results lends further credibility to the outcome
of the whole-brain voxel-wise analysis results. The findings dem-
onstrate the subclinical alterations in the cognitive control net-
work in preclinical Alzheimer’s disease. These findings in the
semantic domain are highly complementary to similar prefrontal
effects on cognitive control found previously in the non-verbal
domain.12

It is well accepted that the amount of tau aggregates relates
better to cognitive scores and Alzheimer’s disease clinical severity
stage than amyloid-b.66 We hypothesized that in the asymptomat-
ic stage, tau aggregation would be more closely related to function-
al brain activity changes than amyloid load but this was not the
case. In cognitively normal older adults, the proportion of cases
with increased tau in early vulnerable regions is generally relative-
ly low, as is also the case in the current study (Fig. 2C). Tau PET has
low sensitivity for the earliest Braak stages, i.e. Braak 1–3.67,68 Early
changes in phosphorylation of tau and fibril formation precede tau
aggregation69 and that would also not be detected by current tau
PET radio-ligands.

The current findings highlight the importance of amyloid as a
marker of asymptomatic Alzheimer’s disease and establishes an
association with the organization of cognitive brain circuits. The
data suggest a link between amyloid accumulation and function-
al brain organization at a neuroanatomical scale, which is not

mediated via grey matter volume change or tau aggregation.
However, the relation between amyloid accumulation and func-
tional changes in cognitive brain circuitry could still be indirect.
For instance, the amyloid load could serve as a proxy or a ‘timer’
of where the individual is in the Alzheimer’s disease patho-
physiological process. Amyloid accumulation indicates the rising
phase of amyloid-b aggregation. During this phase, specific
pathophysiological processes may be active, the mechanism of
which may be non-amyloidogenic. In that case, amyloid accu-
mulation is a temporal marker of the disease stage rather than a
direct cause.

Study limitations

Theoretically, amyloid in the blood vessel wall may affect the
haemodynamic response, which is the basis of the BOLD signal.
However, this would not explain the regional specificity nor the
observation that some regions show a positive and others a nega-
tive effect of accumulating amyloid on the functional response.

Two different amyloid PET tracers were used; however, a con-
sistent shift in values between tracers will not have an effect on
the regression coefficient with functional MRI response amplitude
change. This issue is further resolved by the use of Centiloid
scale.41 The MRI scanner used was not identical at the two time
points in a subset of cases. This was systematically included as a
covariate in all analyses, and furthermore, no effect was observed
of the difference in MRI scanner.

Conclusion
This 6-year longitudinal multimodal imaging study provides in-
sight into functional changes occurring during the rising phase of
amyloid accumulation. It confirms the vulnerability of the poster-
ior temporal nodes of the language network to Alzheimer’s disease
in this early, asymptomatic stage. It also demonstrates that amyl-
oid accumulation is associated with functional effects on prefront-
al cognitive control regions at this early stage.
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44. Amadoru S, Doré V, McLean CA, et al. Comparison of amyloid
PET measured in Centiloid units with neuropathological find-
ings in Alzheimer’s disease. Alzheimers Res Ther. 2020;12(1):22.

45. Rosseel Y. Lavaan: An R package for structural equation model-
ing and more. Version 0.5–12 (BETA). J Stat Softw. 2012;48(2):1–36.

46. Singmann H, Bolker B, Westfall J, Aust F. afex: Analysis of
Factorial Experiments. R package; 2018.

47. Fan L, Li H, Zhuo J, et al. The human Brainnetome atlas: A new
brain atlas based on connectional architecture. Cereb Cortex.
2016;26(8):3508–3526.

48. Hillis A, Wityk R, Tuffiash E, et al. Hypoperfusion of Wernicke’s
area predicts severity of semantic deficit in acute stroke. Ann
Neurol. 2001;50(5):561–566.

49. Binder JR. The Wernicke area: Modern evidence and a reinter-
pretation. Neurology. 2015;85(24):2170–2175.

50. Bonilha L, Hillis A, Hickok G, den Ouden D, Rorden C,
Fridriksson J. Temporal lobe networks supporting the compre-
hension of spoken words. Brain. 2017;140(9):2370–2380.

51. Scott SK, Blank CC, Rosen S, Wise RJ. Identification of a pathway
for intelligible speech in the left temporal lobe. Brain. 2000;123
(Pt 12):2400–2406.

52. Davis MH, Johnsrude IS. Hierarchical processing in spoken lan-
guage comprehension. J Neurosci. 2003;23(8):3423–3431.

53. Evans S, Kyong JS, Rosen S, et al. The pathways for intelligible
speech: Multivariate and univariate perspectives. Cereb Cortex.
2014;24(9):2350–2361.

54. Obleser J, Kotz SA. Expectancy constraints in degraded speech
modulate the language comprehension network. Cereb Cortex.
2010;20(3):633–640.

55. Kinsbourne M. The minor cerebral hemisphere as a source of
aphasic speech. Arch Neurol. 1971;25(4):302–306.

56. Zaidel E. Auditory vocabulary of the right hemisphere following
brain bisection or hemidecortication. Cortex. 1976;12(3):191–211.

57. Gainotti G. The riddle of the right hemisphere’s contribution to
the recovery of language. Eur J Disord Commun. 1993;28(3):
227–246.

58. Heiss WD, Kessler J, Thiel A, Ghaemi M, Karbe H. Differential
capacity of left and right hemispheric areas for compensation
of poststroke aphasia. Ann Neurol. 1999;45(4):430–438.

59. Schevenels K, Price CJ, Zink I, De Smedt B, Vandermosten M. A
review on treatment-related brain changes in aphasia.
Neurobiol Lang. 2020;1(4):402–433.

60. Heiss W-D. Contribution of neuro-imaging for prediction of
functional recovery after ischemic stroke. Cerebrovasc Dis. 2017;
44(5-6):266–276.

61. Breining BL, Sebastian R. Neuromodulation in post-stroke
aphasia treatment. Curr Phys Med Rehabil Reports. 2020;8(2):
44–56.

62. Noonan KA, Jefferies E, Visser M, Lambon Ralph MA. Going be-
yond inferior prefrontal involvement in semantic control:
Evidence for the additional contribution of dorsal angular gyrus
and posterior middle temporal cortex. J Cogn Neurosci. 2013;
25(11):1824–1850.

63. Jackson RL. The neural correlates of semantic control revisited.
Neuroimage. 2021;224:117444.

64. Assem M, Glasser MF, Van Essen DC, Duncan J. A domain-gen-
eral cognitive core defined in multimodally parcellated human
cortex. Cereb Cortex. 2020;30(8):4361–4380.

65. Glasser MF, Coalson TS, Robinson EC, et al. A multi-modal par-
cellation of human cerebral cortex. Nature. 2016;536(7615):
171–178.

66. Grober E, Dickson D, Sliwinski MJ, et al. Memory and mental sta-
tus correlates of modified Braak staging. Neurobiol Aging. 1999;
20(6):573–579.
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