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Abstract

Introduction

Linguistic disorders are one of the common problems in Alzheimer’s disease, which in

recent years has been considered as one of the key parameters in the diagnosis of Alzhei-

mer (AD). Given that changes in sentence processing and working memory and the relation-

ship between these two activities may be a diagnostic parameter in the early and preclinical

stages of AD, the present study examines the comprehension and production of sentences

and working memory in AD patients and healthy aged people.

Methods

Twenty-five people with mild Alzheimer’s and 25 healthy elderly people participated in the

study. In this study, we used the digit span to evaluate working memory. Syntactic priming

and sentence completion tasks in canonical and non-canonical conditions were used for

evaluating sentence production. We administered sentence picture matching and cross-

modal naming tasks to assess sentence comprehension.

Results

The results of the present study revealed that healthy elderly people and patients with mild

Alzheimer’s disease have a significant difference in comprehension of relative clause sen-

tences (P <0.05). There was no significant difference between the two groups in compre-

hension of simple active, simple active with noun phrase and passive sentences (P> 0.05).

They had a significant difference in auditory and visual reaction time (P <0.05). Also there

was a significant difference between the two groups in syntactic priming and sentence com-

pletion tasks. However, in non-canonical condition of sentence completion, the difference

between the two groups was not significant (P> 0.05).
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Conclusion

The results of the present study showed that the mean scores related to comprehension,

production and working memory in people with mild Alzheimer’s were lower than healthy

aged people, which indicate sentence processing problems at this level of the disease. Peo-

ple with Alzheimer have difficulty comprehending and producing complex syntactic struc-

tures and have poorer performance in tasks that required more memory demands. It seems

that the processing problems of these people are due to both working memory and language

problems, which are not separate from each other and both are involved in.

Introduction

Alzheimer’s disease is the most common type of dementia, which is clinically identified with

cognitive problems [1] memory, especially working memory [2], language skills, and inability

to perform daily activities and behavioral problems [3]. Linguistic disorders as the main and

predominant symptom in the early and preclinical stages of Alzheimer’s disease in recent

years have been considered as one of the important diagnostic parameters in Alzheimer’s dis-

ease diagnosis protocols [4, 5]. The pattern of these linguistic disorders is heterogeneous and

different in each patient but visible from the early and even preclinical stages [6]. Language

disorders are progressive in Alzheimer’s and cover different language domains [7]. Among

these language disorders confrontational naming, information retrieval, verbal paraphrasing

especially in conversational contexts, abstract language comprehension difficulties, difficulty

comprehending complex sentences, deficits in semantic and syntactic processing, simplifica-

tion of the pattern of syntactic structures and sometimes difficulties in sentence processing are

obvious [8]. In this article, our focus is on syntax processing. In the following, we will investi-

gate the production and comprehension of syntax in AD patients, and since working memory

plays an important role in these categories, the relationship between working memory and

comprehension and production of sentences will be discussed.

Patients’ speech is fluent and some morphological-syntactic errors such as omission of

functional words are visible which can indicate problems in sentence processing. Syntactic

processing, in general, is the process at which different types of information are utilized in

order to construct the grammatical structure of a sentence. Parsing is one of the important

parts of syntactic processing at which a syntactic structure is assembled from a string of words

[9]. However, semantic processing is basically concerned with retrieving word meanings.

Semantic processing derives the organization of verbal information for both storage and

retrieval [10]. Sentence processing in AD patients is influenced by numerous grammatical and

meta-grammatical factors such as sentence structures, verb components, sentence compo-

nents, characteristics of the verbs, and also the processing capacity of each person [11]. Com-

prehension and production in Alzheimer’s patients are examined from two aspects of lexical-

semantic processing and syntactic processing. Although studies agree that Alzheimer’s patients

have difficulty in comprehending and expressing sentences [12, 13], there is no consensus on

the underlying problem of this disorder: Older studies have attributed speech and comprehen-

sion processing problems to damage in semantic representations [14, 15], while recent studies

suggested that damages in comprehension and sentence production in Alzheimer’s patients

are attributed to impaired performance in syntactic processing [11, 16]. Although the results

of some studies indicate that syntactic processing is not a problem, at least in the early and
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mild stages of Alzheimer’s disease [17–19], some studies suggest that there are syntactic simpli-

fications and short sentence length which indicate syntactic problems in these patients [20–

29]. Patients with Alzheimer’s disease may have language problems in the early stages of the

disease, but the prominent disorder is episodic memory and the progression of the disease

leads to a reduction in other cognitive areas. Linguistic deficits are mainly due to the reduced

lexical semantic abilities along with naming problems and semantic paraphrases, speech com-

prehension and verbal fluency problems [18, 30, 31]. As the disease progresses, language prob-

lems become more prevalent in Alzheimer’s patients, and their speech is limited to echolalia

and verbal stereotypes [32].

Choi in 2019 compared normal elderly people with Alzheimer’s disease and found that this

group of patients have impaired sentence comprehension and impairment in comprehension

is strongly influenced by the syntactic complexity of sentences in a way that as sentence com-

plexity increases, comprehension decreases sharply and slowing down speech in sentences

with high syntactic complexity cannot improve perception in these patients [33].

Difficulty in producing sentences is another deficit in patients with Alzheimer’s disease.

Some studies (e.g., 34) reported that the production of basic and simple sentences (routine) in

the early stages of the disease is much worse than more advanced stages and people are weaker

to produce simple sentences in the early stages [34].

Another known deficit in Alzheimer’s patients is a deficit in working memory which plays

an important role in processing comprehension and expression. The results of studies on the

relationship between working memory and sentence processing in Alzheimer’s patients are

different and two different perspectives are observed. In the first view, it is believed that poor

performance in the central execution mechanism of working memory has a positive correla-

tion with sentence processing problems, especially sentences with prepositions, and in fact

sentence processing problems are due to memory deficits, not language deficits [35–37]. Given

the importance of working memory in comprehension problems, Kempler, Almor, Tyler,

Andersen and MacDonald suggested that interventions use some techniques to increase work-

ing memory capacity instead of focusing on language structures, as working memory deficits

reduce a person’s ability to maintain active representations of the information needed to pro-

cess pronouns [38].

It has also been shown that the use of working memory interventions in Alzheimer’s

patients leads to an increase the ability to produce language [39]. On the other hand, the results

of some studies indicate that working memory deficit in Alzheimer’s patients occurs at the

mild stage of the disease and also the syntax and comprehension of complex sentences are

damaged in the moderate stages of the disease. Therefore, the main reason for comprehension

problems is different according to the severity of the disease [40].

Can et al. in 2017 studied patients with Alzheimer’s disease in the primary and secondary

stages and found that the length of sentences in these patients is shortened from the early

stages and processes related to the sentence length are changed and this is affected by limita-

tions in working memory [41]. In addition to the length of the sentences, Sajjadi et al. in 2012

showed that even in the early stages of the disease, Alzheimer’s patients tend to use less com-

plex and simple syntactic structures [26].

But in the second view, the syntactic processing of sentences alone underlies the problem in

Alzheimer’s patients and the problem of syntactic processing has linguistic roots. In principle,

in this view, the positive relationship between memory function and language is not consid-

ered and language and memory are considered as two separate components. In this case, in

these patients, parameters of the language may not be impaired while working memory is

impaired [33, 42]. Studies have shown that Alzheimer’s patients have difficulty processing sen-

tences, especially when verbs become more complex and have multiple prepositions [43]. It
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has also been shown that Alzheimer’s patients have a major syntactic problem that is not

related to semantic or dysfunctional working memory problems, and that they only have diffi-

culty comprehending when the demand for working memory resources increases, even if the

semantic information in the sentence adequate comprehension [42].

Early detection is one of the most important challenges associated with Alzheimer’s disease.

Currently, Alzheimer’s disease is diagnosed using postmortem brain images or specific diag-

nostic criteria and neurological examinations using tools such as MMSE or cognitive instru-

ments such as Moca [27]. Looking for non-invasive, low-cost, and non-adversarial approaches

to diagnosing and classifying Alzheimer’s patients, researchers are trying to use speech analysis

and linguistic parameters such as lexical richness, lexical-syntactic diversity, word-to-speech

ratio, and MMSE score to help in preclinical stages [44–46]. Linguistic markers such as tele-

graphic speech, prominently agraphia, repetitiveness of questions and statement, more writing

errors, declines in structural complexity of the utterances, and semantic impairments can be

helpful in predicting the onset of AD [47].

In recent years, the study of syntactic and semantic features of language have been used not

only to diagnose Alzheimer’s in preclinical stages but also to determine the degree of dementia

such as the Clinical Dementia Rating (CDR) test [48]. Researchers have also considered speech

analysis to differentiate between people with Alzheimer’s and the elderly using machine learn-

ing-based approaches that examine the semantic, syntactic, and pragmatic features of language

as an innovative context for Alzheimer’s research [49]. In the same line, Sung in 2020 found

out that passive structures can be the best predictor to efficiently distinguish the mild cognitive

impairment (MCI) group from the normal aging group. Since linguistic complexity plays a

really important role in the detection of early emerging symptoms of linguistic-cognitive

decline, what she stated has both theoretically and clinically importance for the field [50].

In summary, from a linguistic point of view and based on the results of studies, AD patients

have difficulty processing complex syntactic sentences as well as non-canonical language struc-

tures. In Persian, non-canonical sentences are considered as marked sentences and need more

processing load. In the present study, we also used canonical and non-canonical sentences.

Considering that the novelty of the present study lies in the recognition that syntactic process-

ing patterns and working memory and their relationship may be a diagnostic parameter in the

early and preclinical stages of Alzheimer’s disease [51], this study examines two objectives.

First, we aim to investigate sentence processing patterns in two levels of comprehension and

production in mild AD patients compared to the healthy aged people. Any difference observed

between the two groups may signal the possibility that comprehension and production tasks

can be considered as helpful in diagnostic protocols of AD. Our second purpose is to shed

more lights to understand the main cause of sentence processing problems based on working

memory deficits. For this purpose, we will manipulate working memory load by using tasks

which are designed in different memory-demanding levels. In this respect, one of the tasks

demands more and the other demands fewer working memory resources. Regarding the clini-

cal and theoretical importance of the matter, if part of the syntax processing that depends on

memory changes, but processing without the involvement memory does not change for a per-

son, this provides evidence that syntactic processing problems in AD patients may be due to

working memory deficits. It is also important to note that working memory is compared in

both groups.

Experiments

The study includes 3 experiments; a sentence production task, a sentence comprehension task

and a working memory experiment. Sentence comprehension experiment included 2 different
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tasks: a sentence-picture matching and a cross modal naming task. Sentence production exper-

iment also included 2 different tasks: syntactic-priming and sentence completion tasks. Before

the Experiments, 50 healthy aged people were tested for calculating the validity and reliability

of the tasks. To measure the reliability of tests such as syntactic-priming, sentence completion

and sentence-picture matching tasks which included questions with correct or incorrect

answers, the Kuder-Richardson method was used. Cronbach’s alpha reliability test was also

used for cross modal naming task which had quantitative answers. The reliability of the syntac-

tic priming task was 0.8, and 0.79 for sentence-completion task. For sentence-picture matching

task, the reliability was 0.82, and the reliability of the cross-modal naming task was 0.85. Then

25 healthy elderly people and 25 patients with mild Alzheimer’s were included in the study to

perform the main test. Each experimental session lasted approximately 45 minutes. The exper-

iment was conducted in a quiet room. They were given a set of 10 practice trials including sam-

ples of all conditions in order to familiarize themselves with the experimental tasks. Subjects

were given a 5-minute break between tasks. All pictures were printed on A4 screen in white

background. The laptop was used only for performing cross modal naming task.

Method

Participants

A total of 25 healthy elderly people (4 women, 21 men) with the age range of 61 to 77 and 25

patients with mild AD (9 women, 16 men) with the age range of 60 to 80 attended in this

study. All participants were evaluated by two geriatricians using the Diagnostic and Statistical

Manual Disorders-Fourth Edition (DSM-IV) Criteria for the Diagnosis of Alzheimer’s Disease

and National Institute of Neurological and Communicative Disorders and Stroke and the Alz-

heimer’s Disease and Related Disorders Association (NINCDS-ADRDA) Criteria. Also the

Persian Clinical Dementia Rating (P-CDR) scale was conducted for all of the participants [52].

According to CDR scores, although the score of healthy old people was 0, the score for patients

with mild AD ranged from 0.5 to 1. Inclusion criteria for study were: being Persian native

speakers, having normal hearing and vision and having no history of psychiatric disorders or

other cognitive problems. In order to assess the working memory capacity, the forward and

backward digit span tasks from Wechsler Adult Intelligence Scale-IV (WAIS) were used [53].

The tasks included sequences of numbers starting from span 2 to span 8. Participants were

required to repeat the numbers in forward or backward chains after hearing them. Both direc-

tions included 14 trials. If the participant could not recall both trials for each span, the testing

process was stopped. The total score for each task was 14 and the whole score for working

memory task was 28. Demographic information of participants is presented in Table 1. In this

study, as determined by t and p-values, individuals in the two groups were matched in terms

of age (t (50) = -1, p = 0.07), and education (t (50) = 1, p = 0.09). Due to some limitation in

accessing participants during the Coronavirus pandemic, there was no matching in the case of

gender.

Table 1. Demographic information of the participant.

Age Mean ± SD Education Mean ± SD DF Mean ± SD DB Mean ± SD

AD (n = 25) 70.68±6.638 11±2 7.44±1.917 3.76±1.562

NC (n = 25) 67.12±5.357 12±2 9.64±1.868 5.76±1.877

Note. Demographic information for patients with Alzheimer’s disease (AD) and normal controls (NC), digit forward (DF), digit backward (DB), age at the time of

testing and years of education.

https://doi.org/10.1371/journal.pone.0266552.t001
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Ethics approval

Ethics committee approved the whole procedure of Isfahan University of Medical Sciences

(Ethics code: IR.MUI.RESEARCH.REC.1398.304). Participants completed the formal written

ethical consent form of Isfahan University of Medical Sciences.

Experiment 1: Sentence production task

We used two different tasks for the Sentence production section: Sentence-completion task

and syntactic priming task. The sentence-completion task requires less memory demands than

the syntactic-priming task. Since the important components of the sentence are written below

the image and the examiner provides the beginning of the sentence, the sentence-completion

task is assumed to be less dependent on working memory. A syntactic priming task is a mem-

ory-demanding task which is based on syntactic-priming paradigm. The participants should

memorize the syntactic structure they hear and then produce the syntactic structure similar to

it. Since participants have to keep the syntactic features of the sentence in memory, it seems

that this task is more memory-demanding than the sentence-completion task [51]. We consid-

ered task demands in two ways: (a) memory requests, by promoting two controlled sentence-

production tasks: a sentence-completion task and a syntactic-priming task, in addition (b) lin-

guistic computational loads by differing the canonicity of a word order. Focusing on syntactic

features by decreasing semantic processing with a limited vocabulary is the role of these sen-

tence-production tasks [51].

Procedure

Syntactic-priming task. Each trial included two pictures: one picture was used as the

prime picture and the other was the target picture. The examiner produced a passive sentence

including an agent, a patient, and an action about the prime picture. The participants kept the

sentence in their memories and then produced a sentence with the same structure in order to

describe the target picture. All verbs used in sentences were transitive verbs [51]. For instance,

examiners produced; “the truck is pulled by the car”, then asked participants to produce a sen-

tence for the target picture by saying” the car is pulled by the truck” (See Fig 1). The experi-

ment consisted of two different conditions: In condition 1, the passive-canonical condition,

the noun phrase was placed at the head of a sentence followed by a by-phrase (tavasote). (e.g.,

“mashin tavasote kamiun keshide shod” meaning “The car by the truck was pulled.”). In con-

dition 2, the passive-non-canonical condition, the noun phrase was placed at the head followed

by the verb phrase including a by-phrase (tavasote). (e.g., “mashin keshide shod tavasote

kamiun” meaning “The car was pulled by the truck.”).

The responses were scored correct when participants formed a passive sentence with cor-

rect grammatical markers for every thematic role. If participants did not use a prime target

syntactic structure, responses were scored as an error.

Sentence-completion task. This task included pictures in which a verb and a noun were

written below them (See Fig 2). The participants were asked to complete the first noun phrase

using either a nominative or a dative (by-phrase) grammatical marker that was presented by

the examiner. Similar to the previous task, there were two conditions on the canonicity [51].

In condition 1, a canonical condition, examiners first initiated the sentence with a noun phrase

and a "by" phrase assigned to the patient and asked participants to complete the rest of the sen-

tence. Participant had to use a passive form, to correctly explain the picture: (e.g., “gol tavasote

dokhtar bu shod” meaning “the flower by the girl was smelled”). In condition 2, a non-canoni-

cal condition, examiners initiated a noun phrase and asked participants to complete the
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statement with by-phrase. (e.g., “Mashin tamir shod tavasote pesar” meaning “the car was

repaired by the boy”).

Results

The sentence production ability in syntactic-priming task was compared between the AD and

normal individuals using independent t-test. The mean score passive-canonical syntactic-

priming in AD patients with M = 14.16 were significantly different from normal individuals

with M = 14.92 (t (48) = 2.06>1.96, p<0.05). Also in passive-non-canonical syntactic-priming

task, the mean score in AD patients (M = 9) was significantly (t (48) = 4.56>1.96, p<0.001)

less than the mean score in normal individuals (M = 14.28). In the sentence-completion task,

AD patients (M = 14.72) had no significant difference (t (48) = 1.37<1.96, p>0.1) with normal

individuals (M = 15) in passive-canonical conditions. But in passive-non-canonical conditions,

the mean score in AD patients (M = 13.32) was significantly (t (48) = 2.72>1.96, p<0.05) less

than the mean score in normal individuals (M = 14.88).

Experiment 2: Sentence comprehension tasks

For assessing sentence comprehension, we used sentence-picture matching protocol task

which is a more memory-demanding task than the cross-modal naming test.

Procedure

Sentence-picture matching. This task included 40 sentences, using four grammatical

constructions: simple active, active with a conjoined noun phrase (NP), full passive, and

Fig 1. An example of a syntactic priming task.

https://doi.org/10.1371/journal.pone.0266552.g001
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relative clause (subject-subject and object-subject relatives). Sentences varied in terms of num-

ber of words (ranged from 5 to 9 words), the number of components (2 vs. 3) and syntactic

complexity and included nouns and transitive verbs. The number of sentence components in

each grammatical construction increased. The main reason for this procedure was to make the

sentences more complex in terms of visual representation and semantic density of the picture.

Two pictures depicted above all stimuli one of which served the role of a distracting factor

which contained the same participants who played the same action in reversed roles. To put it

differently, all the grammatical structures used in this experiment were reversible. For

instance, the target picture depicted the action “the girl is pushed by the boy” which was fol-

lowed by a distracting picture depicting the action “the boy is pushed by the girl”.

After listening to each sentence presented by the researcher, the subjects had to point to

one of the two pictures which printed on A4 screen in front of them that best showed the

intended meaning of the sentence. Different hypotheses about the source of the deficits in par-

ticipants’ comprehension could be tested using these sentences structures. For example, if

comprehension problems were due to the syntactic complexity, the participants should per-

form poorly on structures like relative clauses and active with a conjoined NP in comparison

to simple active sentences [38].

Fig 2. An example of a sentence-completion task.

https://doi.org/10.1371/journal.pone.0266552.g002
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Cross-modal naming. Twenty grammatical and ungrammatical sentences were used for

the purpose of this cross-modal naming test, from which 10 stimuli were played auditory fol-

lowed by a visual presented target and the other 10 stimuli were represented visually followed

by a visual presented target. All of the sentences began with a complete context sentence fol-

lowed by an incomplete sentence which needs an appropriate verb to be grammatically and

semantically correct. The stimuli were played one after another which was soon followed by a

target verb appearing on the screen of laptop in front of them. This target verb was either

grammatically correct or ungrammatical. The laptop used in this study was Asus model K555L

and also tsco2399 speaker was used for playing the auditory stimuli. Participants were sitting

50 cm apart from the monitor. All texts appeared in font 72 in a fixed location in the center of

the screen. The volume of the loudspeakers was load enough for the listeners so that they

could clearly listen the stimuli. The subjects were asked to listen to the auditory stimuli or read

the visual stimuli simultaneously and then read the target verb attentively [38]. Afterwards, the

subjects were asked to judge whether the appeared target verb could grammatically complete

the sentence by answering using the words “correct” and “incorrect”.

Data collection and item presentation were done by DMDX softwareV.5.1.4.4. For each

sentence reaction time (RT) was measured from the onset of item presentation to the begin-

ning of participant response. After that, all of the output data of DMDX were imported

CHECKVOCAL software to calculate exact RTs. In this part corrects and/or no responses

were utilized for determining RT.

Results

The sentence comprehension ability in sentence-picture matching task was compared between

the AD and normal individuals using independent t-test. In the relative clause construction,

AD patients with Mean = 8.16 performed significantly worse than the normal individuals with

Mean = 9.76 (t (48) = 4.38>1.96, p<0.001) but there was no significant difference between AD

and normal individuals in the other three grammatical constructions (simple active, active

with a conjoined noun phrase (NP), and full passive, all with p>0.05). Furthermore, in cross

modal naming task, the mean visual reaction time for AD patient’s M = 2451.256 was signifi-

cantly higher than the mean time for normal individual with M = 1712.733 (t (48) =

5.02>1.96, p<0.001). Also mean auditory reaction time in AD patients (M = 2194.084) was

significantly (t (48) = 5.21>1.96, p<0.001) different from normal individual (M = 1611.199).

Statistical analysis

SPSS software (22) was used for the analyses of the scores. The T-test at the 95% confidence

level and the Pearson correlation test were used for statistical analyses and calculating the cor-

relation between sentence comprehension, sentence production, and working memory in the

Alzheimer and aged people group, respectively (See Fig 3).

Discussion

The present study compared the comprehension and production of sentences in the mild stage

of the disease. The choice of more or less dependent tasks on working memory assisted us to

determine to some extent that 1) Is the source of comprehension and sentence processing

problems in Alzheimer’s patients linguistic or cognitive? And 2) Can syntax processing be

used to help diagnose Alzheimer’s disease early?

Supported by many other studies, the findings of the present study showed that AD patients

have problems in working-memory, especially in backward digit span, which is identified

from the early stages of the disease [54, 55]. Considering the fact that in backward digit span
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both storing and processing of information occur, this task needs more cognitive or processing

resources. The phonological loop capacity is involved in both forward digit span and backward

digit span, while the latter also involves the central executive component of working memory

[56]. Previous research revealed that hypo perfusion, regional frontal loop degeneration, and

also the breakdown of effective connectivity between neuronal system leads to working-mem-

ory difficulties [57].

As mentioned earlier, four sentence structures, namely simple-active, simple-active with

noun phrase (NP), full passive, and relative clause, were used in assessing the sentence-picture

matching task. AD patients showed only problems in comprehension of relative clause. Our

findings were not in line with Kempler’s study. In his study mild AD patients had difficulties

in comprehending relative clauses in addition to the other three structures [38]. To put it dif-

ferently, AD patients had problems in comprehension of more complex syntactic structure.

Relative clauses are the most important and complex descriptive sub-sentence, which is more

complex than other constructions both in terms of syntax and number of words and sentence

length. Perhaps this syntactic complexity and the increase in sentence length, and thus the

increase in memory load, have made it difficult for Alzheimer’s people to understand relative

clauses. AD patients did not show difficulties in comprehending simple active and simple

active with NP structures which may be due to the high frequency of these structures in Per-

sian and their simple syntactic structures. Our findings in comprehending syntactically-com-

plex structures including two clauses (such as relative clauses), were in line with what Rochon,

Just, Carpenter, and Choi have earlier reported [33, 35, 58]. The findings in comprehending

Fig 3. Note. A = comprehension of simple active; B = comprehension of simple active with noun phrase (NP); C = comprehension of full passive;

D = comprehension of relative clause; E = production of canonical syntactic-priming; F = production of non-canonical syntactic-priming;

G = production of canonical sentence-completion; H = production of non-canonical sentence-completion; I = forward digit span; J = backward

digit span.

https://doi.org/10.1371/journal.pone.0266552.g003

PLOS ONE Sentence processing and working memory in mild Alzheimer disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0266552 November 1, 2022 10 / 16

https://doi.org/10.1371/journal.pone.0266552.g003
https://doi.org/10.1371/journal.pone.0266552


passive structures, however, was quite in contrast to what Sung et.al have recently reported.

Sung used sentence-picture paradigm with semantically reversible sentence and showed that

patients with cognitive problems such as mild cognitive impairments (MCI) have difficulty

comprehending passive structures, and these passive sentences were considered as the most

important predictors in distinguishing the MCI group from the normal aging group [50].

Quite the contrary, in this study there was no difference between the normal aging group and

AD patients, which have poorer cognitive skills than MCI group. This difference could also be

due to differences between Korean and Persian.

In addition to different performance in sentence-picture matching, AD patients performed

differently in cross-modal naming task, which is based on grammatical judgments. Research

showed that cross-modal naming task is less memory-demanding compared to sentence-pic-

ture matching [38]. Since the reaction time is important in the analysis of this task, we have

analyzed RTs. Participants were required to do grammatical judgment within 5000 millisec-

onds. If a person’s grammatical judgment lasted more than 5,000 milliseconds, it was consid-

ered as “no response”, however, the no response was also taken into account in calculating the

reaction time [59]. In this study, the mean reaction time in normal aged group was 1644 milli-

seconds, and 2315 milliseconds in AD patients. In other words, the more “no response”

answers in AD patients led to a significant difference in their reaction time compared to the

other group. This is consistent with the results reported in Kempler in 1998. In his study, the

mean reaction time of normal aged group was 2300 milliseconds, however, the mean RT was

more than 4000 in AD patients. This reduction in the speed of sentence processing may lead to

comprehension problems, as stated in [13]. Therefore, the increase in the reaction time may be

related to the reduction in the speed of sentence processing. The speed of language processing

is a cognitive skill [60] and since AD patients have cognitive problems, the weak performance

in cross-modal naming task seems to be justifiable.

As observed in the present study, AD patients exhibited significantly different in compari-

son to the normal aging group in syntactic priming task, in both canonical and non-canonical

conditions and also in non-canonical sentence completion task, but not in the canonical sen-

tence completion task. Syntactic priming task is more memory demanding than sentence com-

pletion task and previous studies in language processing reported that syntactic priming is

based on the non-declarative memory. The neuroimaging also shows that left inferior frontal

gyrus (IFG), bilateral supplementary motor area (SMA), and left middle temporal area are all

involved in processing the language and the sequencing syllable structure, and in the retrieval

of lexical syntactic information from memory [61]. Regarding the results from the syntactic

priming task in this study, the AD patients were supposed to substitute the subject and object

in addition to keeping the syntactic and semantic information embedded in the sentence. The

patients’ failure in substitution and manipulation of the syntactic structure of the sentence

may cause them difficulties in performing syntactic priming task which may be due to the lack

of residual effect and memory impairment in them [62].

Non-canonical sentence completion tasks require more linguistic and cognitive processing

resources in comparison to the canonical sentence completion tasks. Although the length of

the sentences was the same in both canonical and non-canonical conditions, the non-canoni-

cal condition is syntactically more complex, and therefore, it was cognitively more demanding

in production [51]. The sentence completion task is less memory demanding, and it was

expected that the AD patients perform quit well in it. However, due to the more complex syn-

tactic structures in the non-canonical sentence completion, they performed weakly in this

task.

The results of this study were in line with the results of the study of Bates et al. They exam-

ined the production of complex syntax, and found that people with Alzheimer’s disease had
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difficulty producing passive sentences and performed weakly in the descriptions of the two

events and instead, produced simpler forms that could easily reflect memory problems in these

patients [63]. On the other side of the desk, Can and Kuruoglu [34] stated that AD patients’

syntactic ability in sentence production is often intact and deficits are just observed in complex

sentences, but it is ultimately the stage of the disease which determines the severity of language

problems, and syntactic problems show themselves in the moderate and severe stages. None-

theless in the present study mild AD patients also showed problems in syntactic processing. It

is noteworthy that the aging group did not perform that well in syntactic priming and sentence

completion tasks which may be as a result of the decrease in the processing resources.

Conclusion

One of the main question was whether the syntactic processing patterns can be used as an

early diagnosis of Alzheimer’s disease. From a linguistic point of view, as expected, AD

patients’ performance in processing complex linguistic constructions as well as non-canonical

sentence was weak. We found that relative clauses and sentences with non-canonical condition

can be helpful in early diagnosis of the disease. The effect of syntactic priming was also weak in

AD patient’s production which may be due to the lack of residual effect and memory

impairment in them. However, more research is required to be conducted. Regarding the sec-

ond challenge in the field that whether comprehension and production processing problems

have cognitive (memory) or linguistic (syntactic) sources, the present study showed that both

of them are involved in creating comprehension and production problems and that they are

not separated from each other. Thus, this study does not support the hypothesis of working

memory impairments. Because the working memory impairment hypothesis suggests that sen-

tence processing problems in AD patients are only due to the memory problems and have no

linguistic sources. Of course, there is still a need for more studies in this field.

Limitation

• Unavailability of Alzheimer’s patients and aged people due to the coronavirus epidemic.

• In this study sex was not controlled and we suggest that gender be controlled in future

studies.
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44. López-de-Ipiña K, Alonso J-B, Travieso CM, Solé-Casals J, Egiraun H, Faundez-Zanuy M, et al. On the

selection of non-invasive methods based on speech analysis oriented to automatic Alzheimer disease

diagnosis. Sensors. 2013; 13(5):6730–45. https://doi.org/10.3390/s130506730 PMID: 23698268

45. Ammar RB, Ayed YB. Language-related features for early detection of Alzheimer Disease. Procedia

Comput. Sci. 2020; 176:763–70. https://doi.org/10.12963/csd.19602

46. Szatloczki G, Hoffmann I, Vincze V, Kalman J, Pakaski M. Speaking in Alzheimer’s disease, is that an

early sign? Importance of changes in language abilities in Alzheimer’s disease. Frontiers in aging neuro-

science. 2015; 7:195. https://doi.org/10.3389/fnagi.2015.00195 PMID: 26539107

47. Eyigoz E, Mathur S, Santamaria M, Cecchi G, Naylor M. Linguistic markers predict onset of Alzheimer’s

disease. EClinicalMedicine. 2020; 28:100583. https://doi.org/10.1016/j.eclinm.2020.100583 PMID:

33294808

48. Lai Y-h Pai H-h. To be semantically-impaired or to be syntactically-impaired: Linguistic patterns in Chi-

nese-speaking persons with or without dementia. J. Neurolinguistics. 2009; 22(5):465–75. https://doi.

org/10.1016/j.jneuroling.2009.03.004

49. Ammar RB, Ayed YB, editors. Speech processing for early Alzheimer disease diagnosis: machine

learning based approach. 2018 IEEE/ACS 15th International Conference on Computer Systems and

Applications (AICCSA); 2018: IEEE.

50. Sung JE, Choi S, Eom B, Yoo JK, Jeong JH. Syntactic complexity as a linguistic marker to differentiate

mild cognitive impairment from normal aging. J Speech Lang Hear Res. 2020; 63(5):1416–29. https://

doi.org/10.1044/2020_JSLHR-19-00335 PMID: 32402217

51. Sung JEJPo. Age-related changes in sentence production abilities and their relation to working-memory

capacity: evidence from a verb-final language.2015; 10(4):e0119424. https://doi.org/10.1371/journal.

pone.0119424 PMID: 25856161

52. Sharifi K. Diagnostic accuracy comparison between the Persian versions of clinical dementia rating (P-

CDR) and cognitive state test (P-COST) in the elderly dementia screening. Nurs Midwifery J. 2016; 14

(6): 551–561.

53. Wechsler D. Wechsler adult intelligence scale. Archives of Clinical Neuropsychology. 1955.

54. MacDonald MC, Almor A, Henderson VW, Kempler D, Andersen ES. Assessing working memory and

language comprehension in Alzheimer’s disease. Brain Lang. 2001; 78(1):17–42. https://doi.org/10.

1006/brln.2000.2436 PMID: 11412013

55. Perpetuini D, Chiarelli AM, Filippini C, Cardone D, Croce P, Rotunno L, et al. Working memory decline

in alzheimer’s disease is detected by complexity analysis of multimodal EEG-FNIRS. Entropy. 2020; 22

(12):1380. https://doi.org/10.3390/e22121380 PMID: 33279924

PLOS ONE Sentence processing and working memory in mild Alzheimer disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0266552 November 1, 2022 15 / 16

https://doi.org/10.1044/jslhr.4302.395
http://www.ncbi.nlm.nih.gov/pubmed/10757692
https://doi.org/10.3389/fnhum.2018.00185
http://www.ncbi.nlm.nih.gov/pubmed/29780314
https://doi.org/10.1006/brln.1998.1980
http://www.ncbi.nlm.nih.gov/pubmed/9743544
https://doi.org/10.1080/09602011.2020.1789479
http://www.ncbi.nlm.nih.gov/pubmed/32677586
https://doi.org/10.7717/peerj.8181
http://www.ncbi.nlm.nih.gov/pubmed/31824775
https://doi.org/10.1080/87565649509540606
https://doi.org/10.1080/02643299508251990
https://doi.org/10.1080/02643299508251990
https://doi.org/10.3390/s130506730
http://www.ncbi.nlm.nih.gov/pubmed/23698268
https://doi.org/10.12963/csd.19602
https://doi.org/10.3389/fnagi.2015.00195
http://www.ncbi.nlm.nih.gov/pubmed/26539107
https://doi.org/10.1016/j.eclinm.2020.100583
http://www.ncbi.nlm.nih.gov/pubmed/33294808
https://doi.org/10.1016/j.jneuroling.2009.03.004
https://doi.org/10.1016/j.jneuroling.2009.03.004
https://doi.org/10.1044/2020%5FJSLHR-19-00335
https://doi.org/10.1044/2020%5FJSLHR-19-00335
http://www.ncbi.nlm.nih.gov/pubmed/32402217
https://doi.org/10.1371/journal.pone.0119424
https://doi.org/10.1371/journal.pone.0119424
http://www.ncbi.nlm.nih.gov/pubmed/25856161
https://doi.org/10.1006/brln.2000.2436
https://doi.org/10.1006/brln.2000.2436
http://www.ncbi.nlm.nih.gov/pubmed/11412013
https://doi.org/10.3390/e22121380
http://www.ncbi.nlm.nih.gov/pubmed/33279924
https://doi.org/10.1371/journal.pone.0266552


56. Ruchinskas R. Wechsler adult intelligence scale-digit span performance in subjective cognitive com-

plaints, amnestic mild cognitive impairment, and probable dementia of the Alzheimer type. Clin Neurop-

sychol. 2019; 33(8):1436–44. https://doi.org/10.1080/13854046.2019.1585574 PMID: 30931811

57. Huntley J, Howard R. Working memory in early Alzheimer’s disease: a neuropsychological review.

International Journal of Geriatric Psychiatry: Int J Geriatr Psychiatry. 2010; 25(2):121–32. https://doi.

org/10.1002/gps.2314 PMID: 19672843

58. Just MA, Carpenter PA. A capacity theory of comprehension: individual differences in working memory.

Psychol Rev. 1992; 99(1):122. https://doi.org/10.1037/0033-295x.99.1.122 PMID: 1546114

59. Moayedfar S, Purmohammad M, Shafa N, Shafa N, Ghasisin L. Analysis of naming processing stages

in patients with mild Alzheimer. Appl Neuropsychol Adult. 2021; 28(1):107–116. https://doi.org/10.1080/

23279095.2019.1599894 PMID: 31030561

60. Ebaid D, Crewther SG, MacCalman K, Brown A, Crewther DP. Cognitive processing speed across the

lifespan: beyond the influence of motor speed. Front Aging Neurosci. 2017; 9:62. https://doi.org/10.

3389/fnagi.2017.00062 eCollection 2017. PMID: 28381999

61. Heyselaar E, Segaert K, Walvoort SJ, Kessels RP, Hagoort P. The role of nondeclarative memory in the

skill for language: Evidence from syntactic priming in patients with amnesia. Neuropsychologia. 2017;

101:97–105. https://doi.org/10.1016/j.neuropsychologia.2017.04.033 PMID: 28465069

62. Kootstra GJ. Code-switching in monologue and dialogue: Activation and alignment in bilingual language

production: [Sl: sn]; 2012.

63. Bates E, Harris C, Marchman V, Wulfeck B, Kritchevsky M. Production of complex syntax in normal

ageing and Alzheimer’s disease. Lang Cogn Process. 1995; 10(5):487–539. https://doi.org/10.1080/

01690969508407113

PLOS ONE Sentence processing and working memory in mild Alzheimer disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0266552 November 1, 2022 16 / 16

https://doi.org/10.1080/13854046.2019.1585574
http://www.ncbi.nlm.nih.gov/pubmed/30931811
https://doi.org/10.1002/gps.2314
https://doi.org/10.1002/gps.2314
http://www.ncbi.nlm.nih.gov/pubmed/19672843
https://doi.org/10.1037/0033-295x.99.1.122
http://www.ncbi.nlm.nih.gov/pubmed/1546114
https://doi.org/10.1080/23279095.2019.1599894
https://doi.org/10.1080/23279095.2019.1599894
http://www.ncbi.nlm.nih.gov/pubmed/31030561
https://doi.org/10.3389/fnagi.2017.00062
https://doi.org/10.3389/fnagi.2017.00062
http://www.ncbi.nlm.nih.gov/pubmed/28381999
https://doi.org/10.1016/j.neuropsychologia.2017.04.033
http://www.ncbi.nlm.nih.gov/pubmed/28465069
https://doi.org/10.1080/01690969508407113
https://doi.org/10.1080/01690969508407113
https://doi.org/10.1371/journal.pone.0266552

