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Abstract.
Background: Earlier research focuses primarily on the cognitive changes due to Alzheimer’s disease (AD); however, little
is known with regard to changes in language competence across the lifespan.
Objective: The present study aims to investigate the decline of language skills at the grammatical and syntactic levels due
to changes in cognitive function.
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Methods: We administered the Litmus Sentence Repetition Task (SRT) to 150 native speakers of Greek who fall into
five groups: 1) young healthy speakers, 2) cognitively intact elder healthy speakers, 3) speakers with subjective cognitive
impairment (SCI), 4) speakers with mild cognitive impairment (MCI); and 5) speakers with AD dementia at the mild/moderate
stages. All participants underwent a physical and neurological examination and cognitive screening with a standardized
neuropsychological battery to assess cognitive status comprehensively and evaluate aspects like working memory, executive
function, attention and memory to appropriately classify them.
Results: The data analysis revealed that the SRT had high discriminatory value in the development of AD; specifically,
both accuracy and grammaticality indices were related to cognitive decline. Additionally, syntax significantly affected the
performance of speakers with structures such as clitics being particularly challenging and in most structures the performance
of speakers with MCI drops significantly compared to speakers with SCI.
Conclusions: Linguistic indices revealed subtle early signs of cognitive decline that can be helpful in the early detection of
AD, thus facilitating the clinical process offering support to language-based assessment tools such as sentence repetition, a
non-invasive type of assessment to evaluate symptoms of AD.

Keywords: Alzheimer’s disease, grammar, healthy aging, language competence, mild cognitive impairment, sentence repe-
tition, subjective cognitive impairment, syntax

INTRODUCTION

Alzheimer’s disease (AD)1 is an irreversible neu-
rodegenerative disease responsible for the majority of
dementia cases and is characterized by a progressive
decline of cognitive functions, with linguistic abil-
ity also affected. Spoken language is a rich source of
information on an individual’s linguistic status since
it allows us to evaluate varied linguistic domains
such as the lexicon and properties relating to lexi-
cal access and processing along with the grammar
component and information on morphosyntactic abil-
ity. Unfortunately, the utility of naturalistic spoken
language as a quantitative measure up until recently
remained limited yet current research has turned in
that direction.2−6 Often, though, language decline in
AD is reported as heterogeneous due to dementia
severity variability in the clinical populations tested,
variants of AD such as the aphasic ones, the small
number of speakers examined and the wide range
of performance of patients especially in the early
phases of AD.2,7,8 Aphasic variants of AD, namely,
logopenic variant primary progressive aphasia, rep-
resent distinct clinical presentations characterized
by specific language impairments such as anomia
(difficulty to recall words), agrammatism (difficulty
with grammar), or semantic paraphasias (substi-
tuting incorrect but semantically related words).9

Differentiating between aphasic variants and other
types of dementia, such as frontotemporal dementia,
vascular dementia, or primary progressive aphasia
allows us to better understand the broad spec-
trum of language-related cognitive impairments seen
in AD that explains the heterogeneity attested in

datasets.10,11 The present study though focuses on
typical AD data and not aphasic variants of AD; the
term will be used hereafter to refer to typical AD
cases.

Most descriptions of the clinical and cognitive fea-
tures of AD highlight deficits mainly in memory
ability and note the relative preservation of language
skills particularly in the early stages, however, the
in-depth understanding of the language deficits of
people with dementia due to AD and especially of
speakers with mild cognitive impairment (MCI) who
run the risk of converting to AD12 requires our atten-
tion. Moreover, the exploration of those deficits is of
particular interest in largely understudied languages
such as Greek (for datasets available in other lan-
guages, see relevant review papers).13−16

Earlier studies on the language breakdown in AD
have noted that as the disease progresses any linguis-
tic aspect can be affected, for example phonological,
lexical, syntactic, or discursive features.17 Specifi-
cally, in the first phase of AD, patients mainly lack
lexical-semantic aspects of the language such as nam-
ing things or finding the right words; meanwhile in
the moderate and severe phases of AD, communi-
cation starts to be non-fluent, which eventually ends
up in the breakdown of comprehension.18,19 Conse-
quently, linguistic decline in AD dementia has been
associated primarily with impairments tapping on
semantic and pragmatic levels exemplified via lexical
access difficulties, semantic/phonemic paraphasias
and repetitions.20,21 While analysis of language skills
such as naming of pictures and objects in isola-
tion provides information on lexical access, analysis
of language in connected speech provides different
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information which is particularly relevant in demen-
tia due to AD as a result of the broad cognitive nature
of the disorder. As such, the examination of the mor-
phosyntactic operation is necessary.

Earlier studies identified the syntactic domain as
relatively unimpaired in AD dementia at least until
the advanced stage of the disease.22−25 Recent work
though suggests that morphosyntactic skills may not
be as preserved as initially thought. Longitudinal
data7 suggest that despite individual heterogeneity,
the AD speakers showed a progressive decline in
the proportion of verbs with inflection. Addition-
ally, syntactic errors, specifically verb agreement
errors, are prominent features of language decline
in mild AD.26 In the same light, a recent study on
10 Greek speaking patients with AD employed a
sentence completion task to examine tense, aspect
and person/number agreement and found that aspect
agreement caused the most difficulties, followed
by tense, and person/number agreement,27 while
another study reports lexical aspect difficulties.28

Data elicited by Greek speakers with mild to moder-
ate AD using a single-picture description task suggest
systematic differences in lexical variation and syn-
tactic complexity between the clinical and control
groups.29

To better interpret though the data provided by con-
trol and clinical groups, it is necessary to consider
the type of methodology used for the elicitation of
spoken language, which is critical especially when
attempting to measure morphosyntactic ability.15,30

Employing narrative discourse elicitation tasks, such
as picture descriptions, allow the speaker to select the
grammatical components they feel competent using
while more structured experimental tasks such as
sentence completion and sentence repetition require
the use of specific structures, which allows us to
test syntactic features in a target like manner. Sen-
tence repetition, the structured language elicitation
task selected by the present study, is an exper-
imental design used to measure verbal working
memory ability along with language ability. Sen-
tence repetition does tap on cognitive ability and
as such it is valuable in the examination of pop-
ulations that experience changes in their cognitive
ability both in typical development and in clinical
populations.31−35

Within the area of linguistic research, sentence
repetition is a tool that is often used to assess differ-
ent linguistic levels and language production skills
at the sentential level; the Litmus SRT employed
in the present study focuses on the role of syntax,

while other SRTs may be assessing other linguis-
tic conditions depending on their design. The task
for the participant is to repeat sentence provided by
the examiner, consequently the information content
(lexical items) of the sentence is given and the partici-
pant needs to reconstruct its surface representation to
be able to repeat the sentence accurately.35 An early
study that examined the role of syntax in sentence
repetition in AD35 explored syntactic complexity via
three parameters; canonical/non-canonical thematic
role assignment, right/left branching of embedded
relative clauses and number of verbs testing 13 speak-
ers with mild to moderate AD; their analysis revealed
difficulties for the AD group due to syntactic com-
plexity, specifically in canonical sentences that were
left branching and noncanonical ones with right
branching, while the number of verbs did not appear
to affect their performance.

Beales et al.32 on the other hand, employed the
repetition task from the Arizona Battery for Com-
munication Disorder of Dementia (ABCD), which
contains 10 phrases/sentences that are grammatically
correct but not semantically or syntactically mean-
ingful and developed an error evaluation schema for
omissions and substitutions at the beginning, mid-
dle and end of the sentence. Their analysis highlights
that speakers with AD (N: 4) opt for ending omissions
and unrelated word substitutions. Furthermore, in a
recent study reporting data from 13 French speakers
with AD,31 researchers administered a sentence rep-
etition span task with testing items including three
to nine content words; note that this experimental
design does not address syntactic complexity, rather
the working-memory ability of the participant. Their
analysis showed that while performance dropped as
sentential length increased, the number of content
words as a measure was not sufficient as a diag-
nostic criterion for the progress of AD. Considering
this earlier work, despite the limited data due to the
small number of speakers, linguistic decline may
be detected via sentence repetition; yet this type
of methodology has the potential to track language
changes in speakers provided that it manipulates spe-
cific linguistic features keeping the working memory
requirements constant.

Yet the question is open with regard to how early
on can linguistic decline be identified. Research on
speakers with MCI suggests that language impair-
ment may occur; confrontation naming and semantic
verbal fluency tasks might be able to differentiate
individuals with MCI from healthy older adults.36

However, there are some controversial findings.
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Some studies suggest that the visual stimulus naming
test is not suitable for detecting early AD or distin-
guishing between healthy elders and speakers with
MCI,37 while other findings demonstrate that seman-
tic verbal fluency tasks are useful for differentiating
between healthy elderly and AD groups but were less
able to accurately differentiate the MCI groups from
healthy elderly adults or people with AD.38 Turn-
ing to other language components affected by MCI,
research suggests mild discursive difficulties, impair-
ments in sentence comprehension, impaired recall
and reading comprehension39,40 with no detailed
description though of the grammatical skills of speak-
ers living with MCI.

Turning to online measurements and processing
speed in language tasks, often speakers with MCI
appear to have high accuracy levels similar to healthy
controls and, thus, their performance appears unaf-
fected, yet they differ in their speed of language
processing. For Greek speakers with MCI, see 41; for
other languages, see 42−44. Lastly, data from healthy
aging and subjective cognitive impairment (SCI) sug-
gests that speakers retain the microstructural aspects
of language, such as morphosyntactic properties, with
no significant communicative difficulties.45,46 Even
though a number of studies explore the language
abilities in healthy aging, SCI and MCI, to the best
of our knowledge there is no study yet employing
sentence repetition to assess changes in grammatical
competence in these groups. Considering the above,
there is an urgent need to extent language assess-
ment in MCI and preclinical groups so as to provide
a comprehensive evaluation of language function,
particularly in detecting mild or emerging changes
so that we can inform clinical decision-making pro-
cesses in the detection of MCI and potentially other
cognitive impairments; the present study will attempt
to contribute to this endeavor.

Consequently, there is a gap in research with
regard to the detailed linguistic profiling of speak-
ers of Greek experiencing early cognitive changes
and cognitive decline due to AD. Despite the fact
that research on language ability in AD has received
a lot of attention in recent years; datasets cur-
rently available contain data primarily from English
speakers and there is no dataset on typical AD speak-
ers of Greek available in the Dementia Talkbank
(https://dementia.talkbank.org/), hence we consider
this area of research significant. The present study
aims at extracting information on the grammar fea-
tures of language production both in unimpaired and
clinical Greek speaking populations in attempt to map

language and cognition across the dementia contin-
uum. Our goal is to disentangle healthy aging and
AD effects in language skills and possibly identify
the grammatical indicators for the early diagnosis
of AD. To this aim, we employ the Litmus Sen-
tence Repetition Task (SRT) to explore language
changes along the healthy aging – AD dementia
continuum. SRTs are highly structured complex lin-
guistic tasks that test language at a variety of levels,
i.e., language perception, lexicon, morphosyntax, and
language production;33,34 as such, an SRT provides a
global measurement of verbal abilities and it enables
us to track language decline.

The Litmus SRT was initially developed to assess
grammatical development, yet we selected it as a
tool for the adult populations for the following rea-
sons: 1) it is designed to assess syntactic operations
in Greek and as such it can provide information on
grammatical and syntactic competence; 2) the sen-
tential length is constant and as such it allows us to
see if different structures have an effect in the perfor-
mance of participants rather than testing incremental
length that relates primarily to working-memory abil-
ity; 3) word frequency, a factor often affecting lexical
access, has been controlled for in the development
of test items; 4) grammatical phenomena acquired
later in life appear to be more sensitive to linguistic
decline, since the syntactic structures included in the
task include both early and later acquired structures,
it allows us to test possible linguistic decline in aging
adult speakers and adult speakers with MCI and AD.
For similar findings, see also first language attrition
data in cognitively intact multilingual speakers.47−49

Currently, there are no normative data of the Lit-
mus SRT available for adult speakers, yet the present
data can be considered as preliminary evidence in
that direction. For developmental datasets of data
elicited via the Litmus SRT in various languages, see
https://www.litmus-srep.info/.

MATERIALS AND METHODS

Participants

For the purposes of the present study, we informed
the local community on the study with an open call for
participation and we recruited 150 Greek-speaking
participants in collaboration with the University
General Hospital of Thessaloniki AHEPA and the
Greek Association of Alzheimer’s Disease and
Related Disorders (GAADRD; Alzheimer Hellas
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Table 1
Demographic information of study’s participants

N Female N Male Sign.

Sex yHC 20 10 n.s.
eHC 22 8
SCI 23 7
MCI 20 10
AD 21 9

M SD
Age yHC 26.96 4.82 **

eHC 66.76 6.96
SCI 64.00 6.13
MCI 71.46 7.01
AD 79.83 6.20

M SD
Years of education yHC 17.16 0.87 **

eHC 15.53 2.59
SCI 15.20 2.91
MCI 14.30 2.69
AD 10.50 2.71

yHC, young healthy adult speakers; eHC, cognitively intact elder
healthy speakers; SCI, Subjective Cognitive Impairment; MCI,
Mild Cognitive Impairment; AD, Alzheimer’s disease; M, mean;
SD, standard deviation; *p < 0.05; **p < 0.001; n.s. not signifi-
cant.

https://www.alzheimer-hellas.gr/index.php/el/). Eth-
ical consideration was given to all aspects of the
study adhering to the principles of the World Med-
ical Association’s Declaration of Helsinki and the
Ethics Committee of the host institution (AUTH
Ethical Approval N 272183/2020). Informed con-
sent and demographic information were obtained
from all participants. We tested 150 speakers, 30
speakers per group: 1) young healthy adult speakers
(yHC), 2) cognitively intact elder healthy speak-
ers (eHC), 3) speakers with SCI, 4) speakers with
MCI, and 5) speakers with AD dementia at the
mild/moderate stages. See demographic information
in Table 1. With regard to age, considering that we
are looking across the lifespan, the groups differ to
each other (F(4,145) = 319.830, p < 0.001) with eHC
and SCI groups matched in age, the MCI group
marginally matched to SCI group; pair comparisons
including either yHC or AD: p < 0.001. Turning to
years of education, the groups differ to each other
(F(4,145) = 30.242, p < 0.001), yet eHC, SCI, MCI
groups are matched; yHC > eHC, SCI, MCI > AD
(pair comparisons: yHC versus MCI/AD: p < 0.001).

Diagnosis of healthy controls, individuals with
SCI, MCI, and AD was determined by two neurol-
ogists with expertise on neurodegenerative diseases
based on structural magnetic resonance imaging
(MRI), medical history, neuropsychological tests,
and the neurological examination. All participants
underwent a clinical evaluation and a detailed

neuropsychological assessment.50 The neuropsycho-
logical battery aimed to assess cognitive status
comprehensively and evaluate aspects like working
memory, executive functioning, attention and mem-
ory so that we appropriately group the participants.1

Specifically, participants diagnosed with AD met
the criteria outlined by the National Institute of
Neurological and Communication Disorders and
Stroke/Alzheimer’s Disease and Related Disor-
ders Association (NINCDS-ADRDA) for probable
AD,1,51 as well as the Diagnostic and Statistical
Manual of Mental Disorders (DSM-V) criteria for
dementia of Alzheimer type.83 Participants with MCI
fulfilled the Petersen criteria52 and they were all indi-
viduals with single domain amnestic MCI (aMCI),
while the SCI group met IWG-2 Guidelines1 as
well as the latest suggestions proposed by the SCD-
I Working Group.53 Moreover, the identification
of SCI participants further included self-perceived
memory decline compared to other cognitive func-
tions and in reference to others of the same age
occurring during the past five years as determined
by the individuals’ medical history and an informant
report, at an age cut-off of 60. Regarding the preclini-
cal stages, we tried to eliminate possible confounding
factors based on blood tests (hormonal disor-
ders, vitamin deficiency, etc.) and structural MRI
(vascular/demyelinating lesions, tumors, anatomical
variations, etc.). We considered all the above for the
recruitment process, since they are factors that could
affect our sample performance and signal elicita-
tion. Additional inclusion criteria for the SCI and HC
groups were to have a normal medical, neurological,
and neuropsychological examination.

For the cognitive screening of yHC and eHC
groups the following tasks were employed: Raven’s
Progressive Matrices (RPM), Mini-Mental State
Examination (MMSE – Greek version),54 Mon-
treal Cognitive Assessment (MoCA),55 Memory
Alteration Test (M@T),56 Verbal and Semantic
Fluency Test (FAS),57 Digit Backwards Recall
(Wechsler Adult Intelligence Scale, WAIS-IV),58

Verbal Stroop,59 and Non-Verbal Stroop Card Sort-
ing Test.60 The individual scores of the yHC and eHC
speakers were within the cut-off scores set for typical
populations and validated their inclusion in these two
control groups; scores provided in Table 2.

Moreover, we administered an extensive battery of
neuropsychological assessment tools to participants
of the three clinical groups.50 Specifically, we admin-
istered the following: MMSE – Greek version,54 Rey
Auditory Verbal Learning Test (RAVLT),61 River-
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Table 2
Cognitive screening of control speakers

Task yHC eHC Sign.
M SD M SD

RPM 50.35 4.98 42.54 9.13 *
MMSE – Greek version 29.83 0.44 29.16 0.88 *
MoCA 28.64 1.31 27.00 1.70 **
M@T 48.89 1.14 46.66 2.25 **
Semantic fluency test (FAS) 22.19 7.34 18.56 3.99 n.s.
Verbal fluency test (FAS) 14.22 3.36 13.46 3.13 n.s.
Digit backwards recall (WAIS-IV) 27.06 8.17 24.04 6.19 n.s.
Verbal stroop card sorting test – words/colors 54.11 12.73 48.06 12.47 n.s.
Non-verbal stroop card sorting test 27.17 8.16 18.51 4.10 *

yHC, young healthy adult speakers; eHC, cognitively intact elder healthy speakers; M, mean; SD, standard deviation; RPM,
Raven’s Progressive Matrices; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; M@T,
Memory Alternation Test; WAIS-IV, Wechsler Adult Intelligence Scale; *p < 0.05; **p < 0.001; n.s. not significant.

mead Behavioral Memory Test (RBMT-story Direct
& delayed recall),62 Rey Osterrieth Complex Figure
Test copy and delay recall (ROCFT-copy and delayed
recall),63 Trail Making Test part-B,64 Functional
Cognitive Assessment Scale (FUCAS),65 Functional
Rating Scale for Symptoms of Dementia (FRSSD),66

Geriatric Depression Scale (GDS),67 Neuropsychi-
atric Inventory (NPI),68 The Alzheimer’s Disease
Assessment Scale–Cognitive Subscale – ADL Scale
(ADAS-Cog),69,70 Verbal & Semantic Fluency Test
(FAS),57 MoCA,55 Digit Backwards Recall (WAIS-
IV),58 Verbal Stroop,59 and Non-Verbal Stroop Card
Sorting Test,60 Clinical Dementia Rating (CDR),71

Royal Prince Alfred Prospective Memory Test (RPA-
ProMem);72 scores provided in Table 3.

Note that following exclusion criteria apply in the
present study: 1) any severe physical illness; 2) cur-
rent psychiatric or neurological disorder; 3) history
of drug or alcohol abuse and use of neuro-modifying
drugs other than cholinesterase inhibitors or meman-
tine in AD group; 4) having any somatic disorder that
may have caused subjective or objective cognitive
impairment such as a cerebrovascular accident, other
neurodegenerative diseases, traumatic brain injury,
brain tumor, alcohol abuse and depression or other
psychiatric disorders; 5) being under treatment at
least for 90 days before the assessment/experimental
sessions; and 6) hearing impairment or age-related
hearing loss.

Litmus SRT tool

The Litmus SRT serves as a language latent abil-
ity assessment task and has been developed within
the COST Action following the guidelines outlined
in 73. The tool consists of 32 test items assessing eight
structures—four test items per structure. The struc-

tures are the following: subject–verb–object (SVO)
sentences, sentences containing negation, structures
with clitics, complement clauses, coordinated sen-
tences, adverbial clauses, wh-questions, and relative
clauses. Note that all sentences were matched for
length and word frequency; examples appear in
Table 4.

Participants were tested in a quiet room and lis-
tened to the test items via headphones; the sentences
were pre-recorded by a female native speaker of
Greek and had normal intonation. The participant
was asked to repeat each sentence as accurately as
possible, and the examiner recorded their response.
Subsequently, the recordings were transcribed and
scored by two linguists for cross-checking purposes.
To evaluate performance in the task we assess accu-
racy, grammaticality, and completeness.

We measure accuracy following the scoring pro-
cedure of the SR subtest of the Clinical Evaluation
of Language Fundamentals (fourth edition) (CELF-
4).74 We awarded 3 points if the participant made
no errors while repeating the sentence, thus, pro-
ducing a verbatim repletion of the target sentence;
2 points if their utterance included one error; 1 point,
if their utterance included two errors; and 0 points
for three errors or more. With regard to the accu-
racy index, the scoring scale ranges from 0 to 96
yet for ease of presentation data appear in % in
the following section. Turning to grammaticality, the
participant’s responses are evaluated with respect
to whether they produced grammatically acceptable
utterances or not regardless of whether their utterance
was identical to the one provided. We awarded 1 point
for every grammatical utterance and 0 points for every
ungrammatical one. With reference to completeness,
the participant’s responses are identified as complete
and incomplete. We awarded 1 point for every com-
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Table 3
Neuropsychological assessment of speakers with SCI, MCI, and AD

Task SCI MCI AD Sign.
M SD M SD M SD

MMSE – Greek version 28.94 0.87 27.57 1.53 19.40 3.44 **
MoCA 26.56 1.56 23.6 2.60 not admin. **
M@T 45.45 1.75 not admin. not admin. n/a
RAVLT - recall 49.90 7.31 39.71 12.56 22.43 6.73 **
RBMT-story direct 15.12 2.42 11.16 3.22 8.00 3.53 **
RBMT-delayed recall 12.65 1.87 9.33 3.38 3.41 3.36 **
ROCFT-copy 34.68 1.46 33.50 2.52 24.35 9.01 **
ROCFT-delayed recall 19.25 5.05 13.72 7.61 3.38 3.62 **
Trail making test part-B 125.75 44.71 218.25 112.63 368.62 112.38 **
FUCAS 42.75 1.29 43.26 1.65 57.14 11.39 **
FRSSD 2.84 2.18 2.85 1.81 8.71 4.97 **
GDS n/a n/a 1.62 2.03 3.10 3.15 n.s.
NPI 1.06 2.32 2.47 4.45 8.33 8.38 *
ADAS-Cog 9.93 3.55 13.88 4.02 28.83 6.39 **
Semantic fluency test (FAS) 18.70 2.74 17.01 3.26 8.33 3.06 **
Verbal fluency test (FAS) 12.23 2.03 11.10 3.61 5.61 2.47 **
Digit backwards recall (WAIS-IV) 20.13 4.50 14.94 3.70 7.50 3.78 **
Verbal stroop card sorting test – words/colors 35.93 10.98 25.39 9.83 18.29 14.37 **
Non-verbal stroop card sorting test 47.62 7.16 51.54 13.55 78.38 18.25 **
CDR n/a n/a 1.10 0.57 4.68 2.56 **
RPA-ProMem 2.00 1.26 2.29 1.04 not admin. n/a
ADCS-ADL not admin. not admin. 60.00 9.12 n/a

SCI, Subjective Cognitive Impairment; MCI, Mild Cognitive Impairment; AD, Alzheimer’s disease; M, mean; SD, standard deviation;
MMSE – Greek version, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; M@T, Memory Alternation Test; RAVLT,
Rey Auditory Verbal Learning Test; RBMT, Rivermead Behavioral Memory Test; ROCFT, Rey Osterrieth Complex Figure Test; FUCAS,
Functional Cognitive Assessment Scale; FRSSD, Functional Rating Scale for Symptoms of Dementia; GDS, Geriatric Depression Scale; NPI,
Neuropsychiatric Inventory; ADAS-Cog, Alzheimer’s Disease Assessment Scale–Cognitive Subscale; WAIS-IV, Wechsler Adult Intelligence
Scale; CDR, Clinical Dementia Rating; RPA-ProMem, Royal Prince Alfred Prospective Memory Test; ADCS-ADL, Alzheimer’s Disease
Cooperative Study ADL Scale; *p < 0.05; **p < 0.001; n.s. not significant.

plete utterance they produced and 0 points for every
incomplete one. The grammaticality and complete-
ness indices have a scoring scale of 0 to 32 for each
participant and similarly to the accuracy index, we
report data in % in the following section. Indicative
examples of all types of scoring appear in Table 5.

Earlier studies employing the Litmus SRT have
used the accuracy and grammaticality indices.33,75,76

The only measurement we added is that of Complete-
ness so that we have a better overview of how the
participants responded to the task in terms of being
able to provide a complete sentence.

Data analysis

For the statistical analysis of SRT data, we used
the IBM SPSS Statistics Software v. 27 (IBM Corp.
Released 2020. IBM SPSS Statistics for Windows,
Version 27.0. Armonk, NY: IBM Corp); statistical
significance was set to two-tailed p-value <0.05.
Firstly, we performed analysis of variance (one-way
ANOVA) to assess the effect of Group (yHC versus
eHC versus SCI versus MCI versus AD) on Accu-

racy, Grammaticality, and Completeness indices for
overall task scores followed by Bonferroni pair group
comparisons to identify significant differences. Sec-
ondly, we performed a similar analysis of variance to
examine the effect of Group on the Accuracy index
for the per structure scores, which was also followed
by Bonferroni pair group comparisons. Next, consid-
ering that the AD group had less years of education
compared to the rest of the groups of the study, we
ran a Pearson’s r correlation analysis examining the
relationship between Years of Education and SRT
performance. Lastly, we proceeded with a receiver
operating characteristic (ROC) analysis to evaluate
the discriminatory ability of the task and the sensitiv-
ity of the Accuracy index in particular.

RESULTS

Language assessment data via litmus SRT

With regard to the data analysis of SRT, we
examine the overall performance based on the
three measures we developed, namely, the accuracy,



1122 M. Kaltsa et al. / Language Markers of AD

Table 4
Litmus SRT conditions & examples per syntactic structure

Structure Example

SVO
the tourist-NOM forget-PAST-PERF the guide-ACC the vacation-GEN at-the home-ACC

“The tourist forgot the travel guide at home.”

Negation
the painter-NOM want-PRES his friends-ACC to not touch his paintings-ACC

“The painter does not want his friends to touch his paintings.”

Clitic
the coffee-ACC it-ACC drink-PAST-PERF in a hurry the grandfather-NOM to-the coffee shop
“Yesterday, the grandfather had his coffee in the coffee shop in a hurry.”

Coordinated sentences
the mother-NOM cook-PAST PERF pasta-ACC and grandmother make-PAST PERF a pie-ACC

“The mother- cooked pasta and the grandmother made a pie.”

Complement clauses
the nurses-NOM say-PAST-PERF that the flight-ACC the doctor-GEN have-PRES delay-ACC

“The nurses said that doctor’s flight had a delay.”

Adverbial clauses
when the school-NOM close-PAST-PERF the summer-ACC the children-NOM run-PAST-IMPERF to-the streets-ACC

“When the school closed for summer the children were running in the streets.”

Wh-questions
only the policeman-NOM know-PAST-IMPERF what steal-PAST from the living-room-ACC the robbers-NOM

“Only the policeman knew what the robbers stole from the living-room.”

Relative clauses
the newspapers-NOM write-PRES a lot-ACC about the robber-ACC that cautch-PAST the police-NOM

“The newspapers write a lot about the robber that the police arrested.”

Table 5
Examples of Accuracy, Grammaticality & Completeness Scoring

Target sentence

The mother-NOM put-PAST-PERF the shirt-ACC the girl-GEN at-the balcony-ACC

“The mother put the girls’ shirts at the balcony.”
Participant’s utterance Index

Accuracy

The mother-NOM put-PAST-PERF the shirt-ACC the girl-GEN at-the balcony-ACC
3 points

The mother-NOM put-PAST-PERF the shirt-ACC the child-GEN at-the balcony-ACC
2 points

1 point
The mother-NOM put-PRES the shirt-ACC the child-GEN at-the balcony-ACC

put-PAST-IMPERF on-the-shirt-ACC the girl-GEN at-the balcony-ACC
0 points

Grammaticality

The mother-NOM put-PAST-PERF the shirt-ACC at-the balcony-ACC
1 point

put-PAST-IMPERF on-the-shirt-ACC the girl-GEN at-the balcony-ACC
0 points

Completeness

The mother-NOM put-PAST-PERF the shirt-ACC the girl-GEN at-the balcony-ACC
1 point

The mother-NOM put-PAST-PERF
0 points
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Table 6
Litmus SRT Scores per group

Grammaticality Accuracy Completeness
M SD M SD M SD

yHC 99.06 1.86 95.38 3.82 100.00 0.00
eHC 98.13 2.91 90.76 6.94 99.38 2.38
SCI 96.46 4.24 88.75 8.63 99.27 1.58
MCI 93.13 5.94 76.87 16.58 97.60 3.73
AD 60.52 24.14 27.08 22.19 70.42 24.51

Values in %; M, mean; SD, standard deviation; yHC, young healthy adult speakers; eHC, cognitively intact
elder healthy speakers; SCI, Subjective Cognitive Impairment; MCI, Mild Cognitive Impairment; AD,
Alzheimer’s disease.

Table 7
Accuracy per structure

yHC eHC SCI MCI AD
M SD M SD M SD M SD M SD

Adverbials 68.75 8.04 67.92 10.22 67.08 11.83 54.58 15.91 18.75 21.02
Clitics 67.92 8.80 61.04 13.90 56.67 13.53 43.13 20.78 12.92 15.30
Complement clauses 72.29 4.55 70.63 7.18 66.88 9.59 58.54 21.18 15.21 18.91
Coordination 73.13 4.69 70.63 9.16 70.00 6.44 68.75 7.70 27.71 21.88
Negation 73.96 2.88 68.54 9.06 66.88 12.73 54.79 15.63 19.38 19.65
Relative clauses 73.54 6.29 67.71 8.22 68.13 7.40 61.25 15.17 20.83 17.55
SVO 70.21 6.07 67.50 8.90 66.25 10.96 53.96 20.00 15.83 18.33
Wh-Questions 72.50 4.22 70.63 5.72 70.63 6.39 66.25 9.93 31.88 24.80

Values in %, M, mean; SD, standard deviation; yHC, young healthy adult speakers; eHC, cognitively intact elder healthy speakers; SCI,
Subjective Cognitive Impairment; MCI, Mild Cognitive Impairment; AD, Alzheimer’s disease; SVO, subject–verb–object.

grammaticality, and completeness indices. Table 6
summarizes the average scores per group and per
index. To analyze the data, we performed an anal-
ysis of variance (ANOVA) with SRT scores as the
within-subjects variable and Group as the between-
subjects variable followed by Bonferroni pair group
comparisons.

Starting with the Grammaticality index dataset,
the analysis showed a main effect of Group
(F(4,4644) = 203.227, p < 0.001, ηp

2 = 0.149). The pair
group comparisons revealed that yHC, eHC, and SCI
groups did not differ with regard to how grammatical
their responses were, while grammaticality dropped
significantly for the MCI and AD groups; Grammati-
cality Index: yHC, eHC, SCI > MCI > AD, p < 0.001.

Turning to the Accuracy index dataset, the analysis
showed a main effect of Group (F(4,4644) = 691.604,
p < 0.001, ηp

2 = 0.373). Further pair group compar-
isons revealed that all groups differed significantly to
each other with the exception of eHC and SCI groups
that perform similarly (yHC versus eHC: p = 0.018;
all other pair comparisons p < 0.001). The accuracy
index shows that there is a gradual and steady drop
relating both to healthy aging effects and cognitive
decline effects with speakers with AD producing
accurately less than a third of their responses; Accu-
racy Index: yHC > eHC, SCI > MCI > AD.

Next, we analyzed the Completeness index dataset.
The analysis showed a main effect of Group
(F(4,4644) = 167.551, p < 0.001, ηp

2 = 0.126). The pair
group comparisons revealed that yHC, eHC, SCI, and
MCI groups perform similarly in reference to how
complete their responses were while there was a sig-
nificant drop in performance for speakers with AD;
Completeness Index: yHC, eHC, SCI, MCI > AD,
p < 0.001. Looking at the overall performance of
the participants we identify the Accuracy index as
the most sensitive one to track cognitive decline,
followed by the Grammaticality and Complete-
ness indices, which appear to be affected primarily
by AD.

The impact of syntax in SRT performance

Since the Accuracy index appeared to be the most
sensitive to cognitive changes, as a follow-up step,
we turn to the analysis of Accuracy data per struc-
ture. In this way we are able to assess the impact of
syntax in how speakers perform; Table 7 summarizes
the average scores per group. To analyze each dataset,
we performed an analysis of variance (ANOVA) with
SRT scores per Structure as the within-subjects vari-
able and Group as the between-subjects variable
followed by Bonferroni pair group comparisons.
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Table 8
Between group comparisons per structure - > for every significant drop in performance in btw group comparisons;

all pairs p < 0.001 unless otherwise stated

Group effect Btw group differences

Adverbials F(4,577) = 76.979, p < 0.001, ηp
2 = 0.348 yHC, eHC, SCI > MCI > AD

Clitics F(4,578) = 75.413, p < 0.001, ηp
2 = 0.343 yHC > eHC, SCI > MCI > AD

yHC versus eHC, SCI: p = 0.006
SCI versus MCI: p = 0.001

Complement clauses F(4,575) = 146.686, p < 0.001, ηp
2 = 0.505 yHC, eHC, SCI > MCI > AD

SCI versus MCI: p = 0.018
Coordination F(4,575) = 93.465, p < 0.001, ηp

2 = 0.394 yHC, eHC, SCI, MCI > AD
Negation F(4,570) = 87.499, p < 0.001, ηp

2 = 0.380 yHC, eHC, SCI > MCI > AD
SCI versus MCI: p = 0.005

Relative clauses F(4,574) = 100.171, p < 0.001, ηp
2 = 0.411 yHC, eHC, SCI > MCI > AD

SCI versus MCI: p = 0.041
SVO F(4,582) = 114.706, p < 0.001, ηp

2 = 0.441 yHC, eHC, SCI > MCI > AD
Wh-Questions F(4,578) = 66.654, p < 0.001, ηp

2 = 0.316 yHC, eHC, SCI, MCI > AD

yHC, young healthy adult speakers; eHC, cognitively intact elder healthy speakers; SCI, Subjective Cognitive Impairment;
MCI, Mild Cognitive Impairment; AD, Alzheimer’s disease; SVO, subject–verb–object.

The data analysis showed a main effect of Group
(F(4,4609) = 724.443, p < 0.001, ηp

2 = 0.386) repli-
cating the group differences found at the previous
analysis of overall scores with all groups differing to
each other with the exception of eHC and SCI groups;
yHC > eHC, SCI > MCI > AD; yHC versus eHC:
p = 0.001; all other pair comparisons p < 0.001). The
analysis also revealed a main effect of Structure
(F(7,4609) = 28.084, p < 0.001, ηp

2 = 0.041) with best
performance for Wh-questions (84.6%) and Coordi-
nation (84.3%), followed by Relative clauses (79%).
Performance drops in Negation (77.3%), Comple-
ment clauses (76.7%), Adverbials (74.9%), and SVO
(73.6%)—yet it is similar in these structures—while
the lowest performance is found at Clitics
(65.1%); Wh-questions, Coordination > Relative
CL > Negation, Complement clauses, Adverbials,
SVO > Clitics; p < 0.05 for all pair comparisons.
Finally, the analysis showed a significant interaction
between Group and Structure; F(28,4609) = 2.918,
p < 0.001, ηp

2 = 0.017. This interaction allowed us
to proceed with between group comparisons per
structure with findings summarized in Table 8.

The analysis per structure showed that the Clitics
structure is the most challenging one as it reveals
effects relating to both healthy aging and cogni-
tive decline related to AD dementia. Moreover, the
three clinical groups of the study, SCI, MCI, and AD
groups differed in their performance with regard to
Adverbials, Complement clauses, Negation, Relative
clauses, and SVO, while only the AD group’s Accu-
racy index dropped significantly in Coordination and
Wh-question structures. These findings suggest that
1) the grammatical component in language is indeed

affected by cognitive decline and AD dementia and
2) particular structural elements, e.g., Clitics, appear
to be more vulnerable to those effects as opposed to
others, e.g., Coordination.

The impact of years of education in SRT
performance of speakers with AD

Since the AD group had less years of education
compared to the rest of the groups of the study, as
a follow-up step we explored whether speakers with
AD that had more years of education would perform
better compared to the ones with less years of educa-
tion. To this aim, we ran three Pearson’s r correlation
analyses, one for the Grammaticality data, one for the
Accuracy data and one for Completeness data testing
the possible relationship between Years of Education
and overall performance and performance by struc-
ture type.

The analysis revealed that there was no cor-
relation between Years of Education and overall
performance in Grammaticality, Accuracy, and Com-
pleteness Indices. When looking by structure type,
the analyses showed a positive moderate correla-
tion between Years of Education and performance
in Complement and Relative Clauses in the Accu-
racy data (Complement CL: r(30) =0.438, p = 0.016;
Relative CL: r(30) =0.431, p = 0.017) and a similar
one between Years of Education and performance in
Coordinated Sentences in the Grammaticality data
(r(30) =0.387, p = 0.035). Given that the Years of Edu-
cation did not appear to affect the overall performance
in SRT of speakers with AD, and only moderately in a
few cases when looking per structure, the correlation
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Table 9
Sensitivity and specificity of accuracy index of the litmus SRT for each group compared to the other groups

Groups AUC (%) Sign. Threshold Value Sensitivity (%) Specificity (%)

yHC versus eHC 72.7% * 87.5 83.3% 46.7%
yHC versus SCI 76.3% ** 86.5 86.7% 43.3%
yHC versus MCI 92.6% ** 85.5 90.0% 73.3%
yHC versus AD 100% ** 84.5 96.7% 100%
eHC versus SCI 55.9% n.s. 83.5 80.0% 33.3%
eHC versus MCI 79.8% ** 81.5 86.7% 53.3%
eHC versus AD 99.9% ** 80.5 90.0% 100%
SCI versus MCI 74.7% * 76.5 86.7% 46.7%
SCI versus AD 99.8% * 70.5 93.3% 100%
MCI versus AD 95.1% ** 49.5 90.0% 83.3%

data suggest that the deterioration in cognitive ability
and linguistic competency is such in this group that
it overrides individual differences relating to educa-
tional background.

The discriminatory ability of the Litmus SRT

Considering that the Litmus SRT appears to be
sensitive to the (non)clinical status of speakers, we
further explored the discriminatory ability of the task
testing the sensitivity of the Accuracy index to cogni-
tive changes in our dataset. Specifically, we examined
the Area Under the Curve (AUC), the sensitivity and
specificity via ROC analysis and we identified the
best threshold value to discriminate the groups. The
results of the ROC analysis are summarized in Table 9
and Fig. 1.

The ROC analysis showed that the SRT is a quite
sensitive task that can differentiate the groups of the
study. Specifically, there is 72.7% probability that
it can identify healthy aging effects (yHC versus
eHC) and 55.9% probability that it can discriminate
between eHC and SCI; note that in the case of the
latter pair there is limited clinical utility, which also
reflects the ANOVA findings in the previous section.
Turning to the clinical group comparisons, the proba-
bility raises significantly since there is 79.8% proba-
bility that it can discriminate between eHC and MCI,
74.7% probability that it can discriminate between
SCI and MCI and 95.1% probability that it can dis-
criminate between MCI and AD. See Table 9 for com-
plete set of values. These results suggest that there
is clinical utility for the SRT as an add-on diagnostic
tool since it can track the cognitive decline due to AD.

DISCUSSION

The present study aimed to examine the role of
language markers in the early assessment of cogni-

tive changes due to AD. Specifically, we focused on
the investigation of the decline of linguistic ability
due to changes in cognition of speakers along the
healthy aging–AD dementia continuum employing
the Litmus SRT tool, which is a highly struc-
tured complex language task that assesses language
production, serves as a global measurement of ver-
bal abilities33,34,75 and provides information on the
impact of syntactic properties in the performance of
speakers. We tested young adults and cognitively
intact healthy elder speakers along with speakers
with SCI, MCI and mild/moderate AD dementia.
In normal aging, individuals experience slight cog-
nitive changes that may (or not) impact linguistic
ability;34 consequently, we included both a younger
and an older healthy control group so as to address
any possible healthy aging effects in the SRT perfor-
mance and disentangle them from effects relating to
cognitive changes due to AD dementia. To evaluate
the impact of the cognitive decline in clinical pop-
ulations and track changes in language competence,
our study recruited speakers at the preclinical silent
phase of SCI during which individuals may notice
changes that are not detectable via cognitive screen-
ing tools, speakers with MCI, amnestic type, who
experience cognitive changes which are clinically
observable in one cognitive domain and also speakers
with mild/moderate AD who live with severe cog-
nitive impairment.1,6 We have attempted to explore
language performance along a continuum of speakers
of Greek; this is one of the novelties and main con-
tributions of the study; meanwhile, it raises a number
of potential difficulties in how this data may be inter-
preted. To tackle this issue, we included a strict set of
inclusion/exclusion criteria per group.

Earlier research has analyzed thoroughly the cog-
nitive skills of individuals with MCI and AD;
however, research on the linguistic profiling of speak-
ers with MCI and AD dementia is limited in number
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Fig. 1. (Continued)
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Fig. 1. ROC Curves per group pair.

and often focuses on English speakers.2,7,8,18,21,36,77

Recently, a growing body of research, though, has
highlighted the value of tracking language ability in
populations with AD,3−6 aphasic variants of AD,9−11

and also MCI.36,39−41 The findings on language
changes so far show high variability reflecting the
variation in the language testing methods employed,
languages tested and number of speakers included in
the analyses.2,7,8,31,32,35 Considering this gap in the

literature, the present study compiled an extended
pool of 150 speakers of Greek and analyzed lan-
guage data collected via the Litmus SRT, a language
tool assessing the role of syntax. For the analysis,
we employed language indices that assess 1) over-
all performance (Accuracy index) along with degree
of grammaticality and completeness in the language
production data of the speakers tested; and 2) perfor-
mance per syntactic condition.



1128 M. Kaltsa et al. / Language Markers of AD

Starting with overall performance, the data anal-
ysis showed that the Litmus SRT is a tool with
high discriminatory value in the development of
AD revealing significant aging and dementia effects.
Starting with the Grammaticality index, the analysis
showed that yHC, eHC, and SCI groups did not dif-
fer with regard to how grammatical their responses
were, while grammaticality dropped significantly for
the MCI and AD groups. The Completeness index
analysis revealed that yHC, eHC, SCI, and MCI
groups perform similarly in reference to how com-
plete their responses of speakers were, while there
was a significant drop in performance for speakers
with AD. Unlike the Grammaticality and Complete-
ness indices, the Accuracy index was shown to be the
most sensitive one to track cognitive decline since as
all groups differed significantly to each other with the
exception of eHC and SCI groups that perform simi-
larly. Based on this evidence, the SRT scores appear to
have high discriminatory ability since we could iden-
tify both healthy aging and cognitive function effects
due to AD. Our results provide support to earlier stud-
ies that identify SRTs as sensitive enough tools for
age-related decline in healthy populations.78 Addi-
tionally, the difficulty to discriminate between eHC
and SCI suggests that our study verifies earlier work
that reports that grammatical skills of speakers with
SCI as retained.46

Turning to the language skills of individuals with
MCI and AD, earlier studies suggest that individuals
with MCI may experience mild discursive difficulties,
impairments in sentence comprehension, impaired
recall and reading comprehension,39,40 while lin-
guistic decline in AD dementia affects primarily
the semantic and pragmatic levels.20,21 Thus, the
syntactic grammatical domain initially was consid-
ered unimpaired in early stage AD dementia.22−25

Nonetheless, recent work identifies some syntactic
disturbances7,26,27,29 and our findings provide sup-
port in that direction as well. Specifically, our data
analysis showed that syntax has an impact on how
accurately participants responded overall, and spe-
cific structures appear to be significantly affected by
cognitive decline and AD. Note also that the sig-
nificant drop in performance by speakers with AD
irrespective of index type provides further support
to earlier studies that identified language changes via
SRT methodology.31,32,35 Lastly, the ROC analysis of
the Accuracy index verified the discriminatory value
of the SRT, particularly for the clinical groups of the
study, and suggests that clinical decision-making can
be improved by including language assessment.

Turning to the role of syntax and the effect of
different structures in the performance of speak-
ers of Greek, participants with AD appear to retain
high accuracy in Wh-questions and Coordination
structures, while their accuracy performance dropped
significantly in structures such as Clitics. This finding
reveals that when a speaker with AD is asked to pro-
duce a complex structure involving clitic doubling or
clitic left-dislocation, they opt for the omission of the
clitic element which does not lead to ungrammatical-
ity in Greek; the clitic in such structures copies the
DP argument of the sentence and as such the infor-
mation content of the utterance remains the same
at the expense though of discourse considerations
– on the syntax of clitics see studies.79−81 Clitic
structures have been shown to be particularly chal-
lenging both in typical and atypical development33,82

and the present dataset indicates that it is an equally
challenging syntactic feature for speakers with cog-
nitive decline. This evidence suggests that certain
grammar areas are more vulnerable to change com-
pared to others and future research needs to focus on
the specific grammatical features that appear to be
more or less vulnerable across different languages.
It is also of interest to point out that we identify
changes in language performance relating to syntax in
speakers with MCI with their performance dropping
significantly in relation to speakers with SCI in most
structures, e.g., complement clauses, clitics, relative
clauses, and SVO. This finding suggests that MCI
screening needs to include language assessment as
an integral component of the diagnostic process for
MCI since it can implement the clinical evaluation
early on.

Nonetheless, the present study has some limita-
tions. Recruiting speakers across the spectrum of
cognitive decline, ranging from healthy aging, SCI
and MCI to AD, can be challenging. We attempted to
address variability in the dataset, such as the possible
impact of years of education in AD, the correlation
analysis showed that the deterioration in cognitive
ability and linguistic competency in this group is
so robust that it overrides any individual differences
relating to educational background. However, this
point needs to be further verified in much more exten-
sive research with the use of other language elicitation
methods, more or less structured ones and a possibly
larger data pool; we treat this finding as a prelimi-
nary one that needs be further assessed. Furthermore,
considering that anatomically, the diffuse pathology
of the temporal lobe in AD could explain partially
the language deficits with the repetition retention
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in early stages of AD,84 the assessment of other
structures, either in a SRT format or other type of
structured experiment would further our understand-
ing of grammatical decline in speakers with MCI and
AD. Lastly, there is no follow-up yet that would allow
us to examine the performance of our participants
longitudinally; a cohort study would be particularly
valuable in enhancing our research findings and assist
in more accurate differential diagnoses since moni-
toring changes in language abilities over time can
inform adjustments to treatment strategies and help
track disease progression.

To conclude, considering the pervasive role of
language in daily living, along with the fact that
language-based AD dementia assessment is one of
the least intrusive ways to assess changes in symp-
toms of cognitive decline and AD dementia,2 the
findings of the present study offer further support
in this direction. Future work is required to pro-
vide the detailed mapping of the relationship between
cognitive and linguistic skills along the dementia con-
tinuum. The present study provides a dataset in that
direction; yet it tests one language, using one lan-
guage tool. As a follow-up step, we will be exploring
other areas of language production by speakers across
the healthy aging–AD dementia continuum in an
attempt to enrich language databases and potentially
identify linguistic indicators related to the decline
of cognitive skills due to aging and AD which can
facilitate significantly the clinical process and possi-
bly lead to the development of language intervention
protocols.
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