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Objectives: This study examined age-related differences in sentence comprehension by
integrating behavioral performance and prefrontal cortical activation measured with func-
tional near-infrared spectroscopy (fNIRS). Focusing on Korean sentence processing, which
allows flexible word order through case marking, we investigated whether aging is associ-
ated with structure-specific syntactic deficits or with altered recruitment of prefrontal con-
trol resources that support sentence interpretation under increased processing demands.
Methods: Younger (N=11) and older (N=10) Korean adults completed a picture-sentence
matching task while fNIRS data were recorded. Sentence stimuli were systematically ma-
nipulated according to grammatical voice (active vs. passive) and word-order canonicity
(canonical vs. noncanonical), yielding four sentence types. Behavioral measures included
mean sentence comprehension scores and reaction times. Neural activity was indexed by
changes in oxygenated hemoglobin (AHbO) within anatomically defined prefrontal subre-
gions, including the frontopolar and orbitofrontal cortices. Results: Behaviorally, older
adults demonstrated significantly lower comprehension scores and slower reaction times
overall compared to younger adults. However, no significant Group x Sentence Type inter-
actions were observed, indicating that age-related performance differences were not se-
lectively tied to particular sentence structures. Hemodynamic analyses revealed a region-
and condition-specific effect: younger adults showed greater task-evoked activation than
older adults in the right orbitofrontal cortex during passive canonical sentence processing.
No reliable age-related differences were observed in other prefrontal regions or sentence
conditions. Conclusion: These findings suggest that age-related differences in sentence
comprehension may reflect reduced efficiency in recruiting prefrontal control and regula-
tory mechanisms during sentence interpretation, rather than selective degradation of syn-
tactic representations associated with specific grammatical structures.
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Aging affects sentence comprehension, particularly when syn-
tactic structures become complex. Numerous studies have docu-
mented this decline across diverse linguistic contexts and experi-
mental paradigms (Caplan et al., 2011; DeDe et al., 2004; Kemper
& Kemtes, 1999). Working memory (WM) plays a central role in
explaining these age-related difficulties. During sentence process-

ing, WM temporarily holds linguistic information while syntactic
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computations proceed and meaning is constructed (Just & Car-
penter, 1992). The capacity of this system varies across individuals,
and these differences predict comprehension success: people with
greater WM capacity generally comprehend complex sentences
more accurately (Waters & Caplan, 2003).

These cognitive declines are accompanied by structural and

functional deterioration of the brain, which may underlie the
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working memory and comprehension deficits described above,
manifesting in diverse ways (Cabeza et al., 2018; Park & Reuter-
Lorenz, 2009). Neuroimaging studies examining age-related
changes in prefrontal activation during cognitive tasks have yield-
ed contradictory findings. Some studies report that older adults
exhibit increased prefrontal activation compared to younger
adults, particularly at low to moderate levels of task difficulty. This
pattern has been interpreted as neural compensation for declining
cognitive resources (Cabeza, 2002; Reuter-Lorenz & Cappell,
2008). In this compensatory view, as sensory and cognitive sys-
tems deteriorate with aging, older adults may recruit additional
resources to meet the demands of challenging tasks.

In contrast, other studies have reported reduced activation in
task-sensitive brain regions in older adults relative to younger
adults, suggesting limits in the effective recruitment of domain-
specific neural systems with aging (Grady et al., 1994; Logan et al,,
2002). This pattern of under-recruitment has been associated with
insufficient neural resources to support task performance, partic-
ularly when cognitive complexity increases. This divergence un-
derscores the importance of considering task demands and indi-
vidual cognitive resources when interpreting age-related neural
activation patterns. However, these competing accounts make dis-
tinct and testable predictions regarding the direction of age-relat-
ed differences in prefrontal activation under increasing syntactic
demands. Clarifying these predictions is essential for evaluating
whether age-related changes reflect compensatory recruitment or
reduced neural efficiency (Cabeza et al., 2002; Grady, 2012; Re-
uter-Lorenz & Cappell, 2008).

Research on the neural basis of sentence comprehension has
primarily been conducted using functional magnetic resonance
imaging (fMRI; Matchin et al., 2017; Meyer & Friederici, 2016;
Rodd et al., 2010) and electroencephalography (EEG; Hald et al,,
2006; Khachatryan et al., 2018; Weiss et al., 2005). However, both
methods have distinct limitations. While fMRI provides high spa-
tial resolution, it faces significant challenges during language- and
auditory-based task performance due to equipment noise, con-
straints on bodily movement, and restrictions on acoustic stimu-
lus presentation. Moreover, participation among older adults im-
poses a considerable burden. Although EEG offers excellent tem-

poral resolution, its limited spatial resolution constrains the ability
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to differentiate functional variations within subregions of the pre-
frontal cortex. In contrast, functional near-infrared spectroscopy
(fNIRS) is quiet, non-invasive, and permits task performance in
natural postures, thus demonstrating high ecological validity in
language research (Cutini et al., 2012; Ferrari & Quaresima, 2012;
Hoshi, 2011). Notably, the prefrontal cortex exhibits optical acces-
sibility, enabling stable measurement of hemodynamic responses
such as changes in oxyhemoglobin (AHbO) and deoxyhemoglo-
bin (AHbR), which serve as indirect indices of local neural activity
through neurovascular coupling (Ferrari & Quaresima, 2012;
Herrmann et al., 2017; Sato et al., 2013; Shin et al., 2024).

The prefrontal cortex is thought to subserve domain-general
cognitive control functions in sentence processing, such as moni-
toring information maintained in working memory, selecting
among alternative semantic interpretations, and inhibiting or reg-
ulating responses in accordance with task demands (Hogeveen et
al,, 2022; Mansouri et al., 2017). These functions may be especially
critical in the comprehension of Korean passive constructions and
noncanonical word-order sentences, which frequently require re-
analysis based on case-marking cues and verb information.

Within the prefrontal cortex, the frontopolar cortex (approxi-
mately Brodmann area 10) has been implicated in high-level cog-
nitive control, including goal management, prospective memory,
and the integration of multiple information sources during com-
plex task performance (Hogeveen et al., 2022). The orbitofrontal
cortex (OFC), corresponds broadly to ventral prefrontal regions,
including Brodmann areas 11 and 12, and has been associated
with cognitive control and the evaluation and updating of contex-
tual information, which may support the regulation of competing
interpretations under increased processing demands (Rolls, 2004).

By focusing on frontopolar and orbitofrontal regions accessible
to fNIRS, the present study examines whether aging modulates
the recruitment of prefrontal control and regulatory mechanisms
that support sentence interpretation under increased syntactic
processing demands.

Despite these methodological advantages, research using fNIRS
to examine age-related changes in syntactic processing remains
limited, particularly in languages with typologically distinct prop-
erties such as Korean. Korean offers unique opportunities to ma-

nipulate syntactic complexity due to its verb-final structure, rela-
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tively flexible word order, and case-marking system, which differ
substantially from English. However, studies that directly capture
prefrontal activation differences between younger and older adults
during Korean sentence comprehension remain scarce. Impor-
tantly, syntactic manipulations such as passive constructions and
noncanonical word order are assumed to increase demands on
prefrontal control processes, including working memory updating
and the inhibition of initially preferred but incorrect interpreta-
tions. These processes place additional regulatory demands on
prefrontal systems, providing a basis for linking syntactic com-
plexity to prefrontal activation. The neural activity patterns un-
derlying the cognitive load imposed by syntactic complexity, par-
ticularly their relationship to prefrontal functions for sentence
comprehension, have not been sufficiently elucidated.

Although research on Korean sentence processing in aging
populations is limited, some behavioral studies have begun to ad-
dress this gap. As a head-final language, Korean typically follows a
canonical Subject-Object-Verb (SOV) order, which contrasts with
the Subject-Verb—Object (SVO) order of English (Im, 2007; Nam,
1988; Nam et al., 2021). Moreover, because the verb remains
clause-final, Korean permits considerable word-order flexibility
through scrambling, which has led to its classification as a free
word-order language (Sohn, 2006; Yoon, 2018). This flexibility al-
lows scrambled structures such as object-subject-verb (OSV)
alongside the canonical SOV order (Lee et al., 2015). Sung et al.
(2017) leveraged these typological properties to examine how
working-memory capacity affects sentence comprehension in old-
er adults. They manipulated sentence complexity using two lin-
guistic factors—voice (active vs. passive) and word order (canoni-
cal vs. noncanonical)—resulting in four sentence types that varied
in syntactic difficulty. Results showed that older adults with high-
er working memory capacity achieved better comprehension of
syntactically complex sentences, suggesting that working memory
serves as cognitive reserve that mitigates age-related decline in lin-
guistic processing.

In Korean active sentences, the nominative case marker “~ka”
is typically interpreted as marking the agent of the action. For ex-
ample, in “A-ka B-lul ccoth-ta (A7} BE £t}, A chases B),” the
nominative noun phrase (NP) A-ka is straightforwardly under-

stood as the actor who performs the chasing event. However, in
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Korean passive constructions such as “A-ka B-eykey ccoth-ki-ta
(A7} BO Al Z71t}, A is chased by B)”, the NP marked with ‘~ka’
donates the theme (or patient), not the agent. This creates a mis-
match between the syntactic marker and the thematic role expec-
tation. Furthermore, the actual agent is marked by the dative case
along with passive morphological inflections in the verbs. This re-
analysis process associated with passivization is known to signifi-
cantly increase processing demands (Sung, 2015; Sung et al., 2017).

Similarly, in noncanonical active sentences such as “B-lul A-ka
ccoth-ta (BE A7} 21}, the theme appears sentence-initially,
preceding the agent. Although this structure is grammatically
permissible in Korean due to case marking, the canonical “A-ka
B-lul ccoth-ta (A7} BE Zt})” form is generally preferred in ev-
eryday usage. The structural flexibility of Korean allows both
configurations to be interpreted correctly, but this flexibility al-
lows multiple potential agent-theme interpretations during com-
prehension (Yoon, 2018). Korean speakers have been shown to rely
on an initial agent-first parsing heuristic, preferentially interpret-
ing the first noun phrase as the agent (Sung et al., 2017). In nonca-
nonical structures, this heuristic must be suppressed, requiring
readers to reassign thematic roles based on case-marking and
verb-based cues rather than linear order (Hwang & Kaiser, 2014;
Miyamoto, 2002).

These processing difficulties arise not from sentence length or
lexical complexity, but from the need to inhibit incorrect structur-
al interpretations that compete during comprehension. Older
adults show particular vulnerability in these inhibitory processes;
they experience greater difficulty suppressing misleading inter-
pretations when confronted with noncanonical structures com-
pared to younger adults (DeDe et al.,, 2004; Hasher & Zacks, 1988;
Just & Carpenter, 1992; Kemper & Kemtes, 1999). These age-relat-
ed vulnerabilities in syntactic processing have been observed
across languages, suggesting that aging affects core components of
syntactic parsing and the suppression of competing interpreta-
tions, thereby contributing to declines in sentence-comprehension
performance.

Therefore, the present study investigated whether age-related
difficulties in syntactic processing are closely related to changes in
prefrontal function—either diminished efficiency or increased

compensatory activation—during the comprehension of sentenc-
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es with varying syntactic complexity. By combining behavioral
and fNIRS measures, the present study examined how syntactic
conditions influence sentence-comprehension accuracy, reaction
times, and prefrontal hemodynamics in younger and older Korean
adults.

Based on these theoretical accounts, several predictions can be
derived. First, at the behavioral level, we predicted a Group X Sen-
tence Type interaction, such that older adults would show dispro-
portionately reduced accuracy and increased reaction times rela-
tive to younger adults under conditions of greater syntactic com-
plexity. Behaviorally, older adults were expected to experience
greater difficulty than younger adults when processing syntacti-
cally complex sentences, particularly those involving passive con-
structions and noncanonical word order. Because these structures
require reanalysis of thematic roles and suppression of initial pars-
ing heuristics, older adults were predicted to show disproportion-
ately lower comprehension accuracy and longer reaction times in
these conditions. Importantly, the greatest difficulty was expected
in conditions combining passive voice and noncanonical word or-
der, which impose the highest syntactic processing demands.
These behavioral predictions were operationalized as specific
Group X Sentence Type interactions, with planned comparisons
focusing on differences between canonical and noncanonical
word orders as well as between active and passive constructions.

At the neural level, competing theoretical accounts make differ-
ent predictions regarding prefrontal activation. These predictions
can be directly tested by examining group differences in AHbO
responses across syntactic conditions. Specifically, we examined
age-related differences in AHbO responses across syntactic condi-
tions and prefrontal regions to determine whether the observed
activation pattern was more consistent with compensatory re-
cruitment or under-recruitment. Under a compensatory recruit-
ment account, increased task demands associated with syntactic
complexity should elicit greater prefrontal activation in older
adults relative to younger adults, reflecting the additional recruit-
ment of cognitive resources. In contrast, an under-recruitment ac-
count predicts reduced activation in task-sensitive prefrontal re-
gions in older adults, reflecting limitations in effectively engaging
domain-relevant neural resources during complex sentence pro-

cessing.
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Specifically, we addressed the following research questions:

1. Do sentence-comprehension scores and reaction times differ
depending on age groups and syntactic conditions?

2. Do AHbO responses differ between younger and older adults

as a function of syntactic condition and prefrontal subregion?

METHODS

Participants

Twenty-one adults residing in South Korea participated in this
study. Participants were divided into two age groups: Young adults
(N=11, M=27.36, SD =6.10) and Old adults (N=10, M=68.73,
SD =8.19). An independent sample t-test confirmed a significant
age difference between the two groups, while no significant differ-
ence was observed in years of education. The current study was
authorized by the Institutional Review Board (No. 2023-0337) and
written consent was obtained from all participants.

Old adults were included if they scored at or above the 16th per-
centile, adjusted for age and education, on the Korean version of
the Mini-Mental State Examination (K-MMSE; Kang, 2006), indi-
cating normal cognitive function. Additionally, all participants
scored within the normal range on both the Subjective Memory
Complaints Questionnaire (SMCQ; Youn et al., 2009) and the
Short-form Geriatric Depression Scale (SGDS-K; Cho et al., 1999).

Group characteristics and test scores are summarized in Table 1.

Experimental Task
The experiment employed a sentence comprehension task
adapted from previous work (Sung, 2015, 2017; Sung et al., 2017),

in which similar manipulations have been shown to reliably mod-

Table 1. Demographic information and screening results

Variable Yomgi?ﬁup Ol(d,\? r:g1r8)u ? p-value
Sex (male: female) 56 55

Years of education 15.82(1.07) 13.82 (3.40) 088
K-MMSE 29.09(1.22) 28.55(2.01) 452
SGDS-K 2.27(2.19) 1.27(1.48) 226
SMca 1.55(1.29) 2.36(1.286) 152

Values are presented as mean (standard deviation).

K-MMSE = Korean Mini-Mental State Examination (Kang, 2006); SGDS-K=Short
version of the Geriatric Depression Scale (Cho et al., 1999); SMCQ= Subjective
Memory Complaints Questionnaire (Youn et al., 2009).
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ulate sentence comprehension performance. The task followed a
picture-sentence matching paradigm, in which participants
viewed pairs of pictograms depicting three abstract characters (the
Yellow, the Blue, and the Black) and listened to corresponding Ko-
rean sentences. All stimuli were limited to two-argument struc-

tures and classified into four syntactic conditions based on two

Table 2. Representative sentence stimuli and their structural characteristics
across conditions (A_C, A_NC, P_C, P_NC)

Condition  Example (English) ~ Example (Korean) Gloss e
count
AC The Yellow chases 0|7t Yellow-NOM 3
the Black. ’m*_j?; oS Black-ACC
e chase-DECL
A_NC  The Yellow chases HHE0|E Black-ACC 3
the Black. i§°|7 t Yellow-NOM
e chase-DECL
PC The Black is chased AHol7t Black-NOM 3
by the Yellow. ijioloﬂﬂl Yellow-DAT
e chase-PASS-DECL
P_.NC  TheBlackischased ‘=00 Yellow-DAT 3
by the Yellow. ’afol? t Black-NOM
e chase-PASS-DECL

Word count corresponds to eojeol units in Korean.

English translations are identical across canonical and noncanonical conditions be-
cause differences arise from word order rather than propositional meaning.
NOM=nominative case marker; ACC=accusative case marker; DAT =dative case
marker; PASS =passive marker; DECL =declarative sentence ending; A_C=active-
canonical; A_NC=active-noncanonical; P_C=passive-canonical; P_NC=passive-
noncanonical.

variables: voice (active vs. passive) and word order canonicity (ca-
nonical vs. noncanonical), resulting in four conditions: active-ca-
nonical (A_C), active-noncanonical (A_NC), passive-canonical
(P_C), and passive-noncanonical (P_NC). Sentence length (word
count) was controlled across conditions, with word counts based
on eojeol units in Korean. Representative examples of each sen-
tence type are provided in Table 2.

A block-design functional near-infrared spectroscopy (fNIRS)
paradigm was used to examine cerebral hemodynamic responses
to these syntactic structures. Each block began with a 60-second
rest period, followed by six trials from a single syntactic condition.
Each of the four syntactic conditions (A_C, A_NC, P_C, P_NC)
was presented in a single block, resulting in a total of 24 trials (6
trials per condition). The sequence of blocks was pseudo-random-
ized across participants to minimize order effects. In each trial,
participants listened to a sentence presented only once, then se-
lected the matching picture from two options displayed on a lap-
top screen. Responses were made using designated keyboard keys,
and only the first response was recorded (correct=1, incor-
rect=0). The position of the correct response (left/right) was
counterbalanced across trials, and foil images were also counter-
balanced to minimize response bias. Before the main task, partici-

pants completed four practice trials to become familiar with the

Fixation

+ Jitter

‘,) Stimulus
2.84s

300-700ms

Response
Up to 5s

A

Resting A Resting B
60sec ~57sec 60sec ~57sec

Resting

(o Resting D
~57sec 60sec ~57sec

Figure 1. Experimental task procedure of the fNIRS block design.
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procedure (see Figure 1 for task structure).

All visual and auditory stimuli were presented using PsychoPy
version 2024.1.5 (Open Science Tools, Nottingham, UK) on a
Samsung laptop with a 13.3 X 10.8 inch screen. Stimuli were con-
trolled for lexical properties and plausibility across conditions. In
addition, auditory stimuli were matched for duration as closely as
possible to ensure comparability across sentence types. Partici-
pants wore the fNIRS device throughout the experiment, includ-

ing during rest and task blocks.

fNIRS Device and Data Acquisition

Cerebral hemodynamic activity was measured using the NIR-
SIT Lite system (OBELAB Inc., Seoul, South Korea), a portable
fNIRS device with a sampling rate of 8.138 Hz (Choi et al., 2016).
The device consists of five laser sources and seven photodetectors,
yielding 21 channels: 15 long-separation channels (source-detec-
tor distance: 3 cm) and 6 short-separation channels (0.8 cm). Near-
infrared light at 780 and 850 nm was emitted by the sources, and
the detectors captured signal changes reflecting changes in hemo-
globin concentration (AHb). To reduce the influence of superficial
blood flow, only 15 long-separation channels were included in the
analysis, while short-separation channels were used to regress out
extracerebral signals.

Prior to device placement, participants’ foreheads were fully ex-
posed by securing their hair with pins or bands. The center mark
of the device was aligned with the midpoint between the eyebrows,
and the headband was fastened with a Velcro strap, to ensure a se-

cure yet comfortable fit and prevent discomfort or headaches.

Signal Preprocessing

Raw light intensity signals were first screened for quality. Chan-
nels with a signal-to-noise ratio below 20 dB (Lin et al., 2023) were
excluded. Participants for whom more than 30 percent of channels
failed to meet this criterion were removed from subsequent analy-
ses (three younger and two older participants). The remaining sig-
nals were converted to optical density and corrected for motion
artifacts using Temporal Derivative Distribution Repair (TDDR;
Fishburn et al., 2019). Short-separation channel data (8 mm) were
regressed out of long-separation signals (30 mm) to remove super-

ficial hemodynamics (Gagnon et al., 2012; Wyser et al., 2020). The
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optical density time series were then filtered using a fourth-order
Butterworth bandpass filter (0.01-0.5 Hz) and transformed into
hemoglobin concentration changes via the Modified Beer-Lam-
bert Law, applying Moaveni’s extinction coefficients (Zhao et al,,
2017). Additional noise correction was performed using Correla-
tion-Based Signal Improvement (CBSL; Cui et al., 2010; Ehlis et al,,
2024).

The final 15 seconds of the rest period preceding each block
were defined as the baseline, and changes in oxygenated hemoglo-
bin (AHbO) during sentence processing were computed relative to

this baseline.

Channel Selection and Anatomical Grouping

To examine the effects of syntactic condition on cortical activa-
tion, the prefrontal cortex (PFC) was divided into four anatomical
subregions: right frontopolar PFC (right FP), right orbitofrontal
cortex (right OFC), left frontopolar PFC (left FP), and left orbito-
frontal cortex (left OFC). Channel assignments to each subregion
were determined based on estimated anatomical locations derived
from Montreal Neurological Institute (MNI) coordinates and the
standard layout of the NIRSIT Lite system.

Of the 15 long-separation channels, three were excluded from
the ROI analysis: Channel 8, located near the midline and corre-
sponding to a central region, and Channels 1 and 15, located at the
lateral edges of the montage, whose measurement fields did not
sufficiently overlap with any of the four target subregions. The re-
maining 12 channels were assigned to ROIs according to the spa-
tial correspondence between each channel’s estimated measure-
ment field and the target subregions. Channels whose measure-
ment fields fell predominantly within a single subregion were as-
signed exclusively to that subregion: Channels 2, 3, 5, and 6 to the
right FP; Channel 7 to the right OFC; and Channels 9, 11, 12, and
14 to the left FP. Three channels—Channel 4 in the right hemi-
sphere and Channels 10 and 13 in the left hemisphere—were lo-
cated at the boundary between the frontopolar and orbitofrontal
subregions, with measurement fields overlapping the two adjacent
regions to approximately equal extents (about 50% each). Rather
than assigning these boundary channels arbitrarily to a single re-
gion, each was included in both adjacent ROIs with a weight of .5.
Accordingly, ROI-level AHbO values were computed as weighted
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averages of the constituent channels: right FP (Channels 2, 3, 5, 6;
Channel 4, w=.5), right OFC (Channel 7; Channel 4, w=.5), left
FP (Channels 9, 11, 12, 14; Channels 10 and 13, w=.5 each), and
left OFC (Channels 10 and 13, w=.5 each). A complete visualiza-

tion of the channel-to-region mapping is provided in Figure 2.

Statistical Analyses
Behavioral data

To evaluate group differences in sentence-comprehension per-
formance, two dependent measures were analyzed separately:
mean scores and reaction times (RT). For each measure, a two-
way mixed analysis of variance (ANOVA) was conducted with
Group (Young, Old) as a between-subjects factor and Sentence
Type (A_C, A_NC, P_C, P_NC) as a within-subjects factor. As-
sumptions of normality and sphericity were assessed prior to anal-
ysis, and when sphericity was violated, Greenhouse-Geisser cor-
rections were applied. Partial eta squared (n’;) was reported as a
measure of effect size for all ANOVA tests. All behavioral analyses
were performed using IBM SPSS Statistics (version 29.0), with the

significance level set at a=.05 (two-tailed).

Hemodynamic data
To examine age-related differences in task-evoked cortical acti-

vation, AHbO values were averaged within four anatomically de-

Frontopolar Prefrontal Cortex (FP) ~ @ Channel
Orbitofrontal cortex (OFC) § Source
®  Detector

Figure 2. Anatomical grouping of fNIRS channels based on estimated cortical
location.

The layout includes source (green), detector (blue), and channel (pink) positions
projected onto the forehead, along with estimated anatomical locations corre-
sponding to subregions of the prefrontal cortex. Image and coordinate data
adapted from “[NIRSIT LITE] Channel Information”, OBELAB Inc.
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fined regions of interest (ROIs) in the prefrontal cortex: the right
frontopolar prefrontal cortex (right FP), the right orbitofrontal
cortex (right OFC), the left frontopolar prefrontal cortex (left FP),
and left orbitofrontal cortex (left OFC), based on long-separation
channel groupings in the NIRSIT Lite montage. Given the small
sample size and the need to minimize reliance on parametric as-
sumptions, two-sample permutation tests (10,000 iterations) were
performed to compare the Young and Old groups for each syntac-
tic condition. Null distributions of the mean differences were gen-
erated by randomly permuting group labels. Multiple compari-
sons across ROI-condition combinations were corrected using the
Benjamini-Hochberg false discovery rate (FDR) procedure with a
significance threshold of a=.05. All hemodynamic analyses were

performed in Python (Google Colab), using the pandas, NumPy,

6 I
5 L
g 4r
g
§ 3+ Group
= ® Young
e ® 0ld
‘I L
0
AC A_NC P_C P_NC

Sentence type

Figure 3. Group differences in sentence comprehension scores across sen-
tence types.

Error bars represent +1 standard error of the mean (SE).

Sentence types included active-canonical (A_C), active-noncanonical (A_NC),
passive-canonical (P_C), and passive-noncanonical (P_NC).

Young =younger adults; Old=older adults.

Table 3. Descriptive statistics of sentence comprehension scores by sentence
type and group

Sentence type Young Old
AC 6.00(.000) 5.90(.316)
A_NC 5.55(.688) 4.50(1.509)
PC 6.00(.000) 460(2.011)
P_NC 5.82 (.405) 5.40(1.578)

Values are presented as the mean (SD).

Sentence types included active-canonical (A_C), active-noncanonical (A_NC), pas-
sive-canonical (P_C), and passive-noncanonical (P_NC).

SD=standard deviation; Young=younger adults; Old=older adults.

https://doi.org/10.12963/csd.260172



COMMUNICATION SCIENCES & DISORDERS

and statsmodels libraries, with custom permutation procedures

implemented in NumPy.

RESULTS

Behavioral Performance
A two-way mixed ANOVA was conducted to examine the ef-
fects of Sentence Type (A_C, A_NC, P_C, P_NC) and Group

(Young, Old) on sentence comprehension scores. Descriptive sta-

Table 4. Descriptive s tatistics of sentence comprehension reaction time by
sentence type and group

Sentence type Young Old

AC 1,062.9(158.9) 2,399.9(629.6)
A_NC 1,242.3(252.3) 2,520.3(760.8)
PC 1,253.2(282.9) 2,833.7(759.2)
P_NC 1,295.7 (287.2) 2,687.5(571.8)

Values are presented as the mean (SD) in milliseconds (ms).

Sentence types included active-canonical (A_C), active-noncanonical (A_NC), pas-
sive-canonical (P_C), and passive-noncanonical (P_NC).

SD=Standard deviation.

Table 5. ROl-wise permutation p-values and FDR-corrected g-values for group
comparisons (Young vs. Old) on mean AHbO for each condition

Condition ROI Permutation p-value FDR-corrected g-value
AC Rt_OFC 083 184
AC Rt_FP 191 .306
AC Lt OFC 035 184
AC Lt FP 028 184
A_NC Rt_OFC 175 306
A _NC Rt_FP 572 572
A_NC Lt OFC 409 504
A_NC Lt FP 507 541
PC Rt_OFC .002* 024*
PO Rt_FP 092 184
PC Lt OFC 320 427
PG Lt_FP 312 427
P_NC Rt_OFC 078 184
P_NC Rt_FP 078 184
P_NC Lt OFC 070 184
P_NC Lt_FP 488 541

p-values were corrected using the Benjamini—Hochberg FDR procedure.

Asterisks (*) indicate statistically significant differences at g<.05.

Sentence types included active-canonical (A_C), active-noncanonical (A_NC), pas-
sive-canonical (P_C), and passive-noncanonical (P_NC).

Regions of interest (ROls) included the right orbitofrontal cortex (Rt-OFC), right fron-
topolar prefrontal cortex (Rt-FP), left orbitofrontal cortex (Lt-OFC), and left frontopo-
lar prefrontal cortex (Lt-FP).
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tistics for comprehension scores across groups and sentence types
are presented in Table 3 and Figure 3. The analysis revealed a sig-
nificant main effect of Group, Fy,19=5.23, p<.05, np’ =.22, indi-
cating that overall mean scores differed between the two groups.
There was also a significant main effect of Sentence type, Fs, 57 =
4.25,p<.05,np’ =.18, demonstrating that mean scores varied across
the four sentence conditions. In contrast, the Group X Sentence
Type interaction was not significant, Fg, 57 =2.31, p=.086, np* =
.11, suggesting that the pattern of sentence-type effects was com-
parable across groups.

A two-way mixed ANOVA was conducted to examine the ef-
fects of Sentence Type (A_C, A_NC, P_C, P_NC) and Group
(Young, Old) on reaction time (RT) during sentence comprehen-
sion. Mean RTs for each group and sentence type are summarized
in Table 4 and Figure 4. The main effect of Group was significant,
Fu,19=527.01, p<.05, np’ =.97, indicating that overall RT differed
between the two groups. In contrast, the main effect of Sentence
Type was not significant, F, s = 2.71, p>.05 (Greenhouse-Geisser
corrected), np>=.12, suggesting that RT did not vary reliably
across the four sentence conditions. The Group X Sentence Type
interaction was also not significant, F 57 =.61, p>.05, np*=.03,
indicating that the pattern of RT across sentence types was com-

parable between the groups.

4,000
1 }’__’+/+\{
)
£
v
£
= 2,000
=]
©
S
) I—‘—'———-‘—{ ¥ -
1,000
Group
® Young
® 0Old
0
AC A_NC P_C P_NC

Sentence type

Figure 4. Group differences in sentence comprehension response times
across sentence types.

Error bars represent + 1 standard error of the mean (SE).

Sentence types included active-canonical (A_C), active-noncanonical (A_NC),
passive-canonical (P_C), and passive-noncanonical (P_NC).

Young =younger adults; Old=older adults.
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Figure 5. Group differences in AHbO by ROI across sentence conditions.
Mean AHbO with standard error for Young and Old groups.

Asterisks (*) indicate significant group differences after FDR correction (g<.05).
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Sentence types included active-canonical (A_C), active-noncanonical (A_NC), passive-canonical (P_C), and passive-noncanonical (P_NC).
Regions of interest (ROIs) included left frontopolar prefrontal cortex (Lt_FP), right frontopolar prefrontal cortex (Rt_FP), left orbitofrontal cortex (Lt_OFC), and right or-

bitofrontal cortex (Rt_OFC).

Hemodynamic Responses

To examine age-related differences in task-evoked cortical acti-
vation, permutation tests (N=10,000) were conducted for each
syntactic condition and ROI, with the FDR correction applied.
The right OFC showed significantly higher activation in younger
adults in the P_C condition (p=.002, FDR-corrected g=.024). No
other ROI showed significant differences after FDR correction
(g>.05). All ROI-wise results are summarized in Table 5 and Fig-

ure 5.

DISCUSSION

The current study examined age-related differences in sentence

comprehension using both behavioral measures and fNIRS-de-
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rived hemodynamic responses, focusing on sentences that varied
systematically in syntactic structure. By manipulating voice and
word order, the study sought to determine whether aging selec-
tively affects particular syntactic configurations or more general
aspects of linguistic processing efficiency. However, it is important
to note that the present design primarily captures prefrontal con-
tributions to sentence processing and does not directly assess neu-
ral systems traditionally associated with core syntactic computa-
tion.

The results demonstrated age-related differences in behavioral
performance, alongside highly selective neural effects. While older
adults showed lower mean scores and slower response times over-
all, the pattern of sentence-type effects was comparable across age

groups. At the neural level, significant age-related differences were
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confined to the right orbitofrontal cortex during passive canonical
sentence processing. This finding indicates a condition-specific
difference in prefrontal engagement rather than a generalized pat-
tern of neural change. Importantly, because this effect was ob-
served in a single condition and a single region, it should be inter-
preted with caution and not taken as evidence for broader neural
mechanisms underlying syntactic processing.

The implications of these findings for models of sentence pro-
cessing and cognitive aging are discussed in detail in the following
sections.

The behavioral results demonstrated age-related differences in
sentence comprehension scores, with younger adults showing
higher overall performance than older adults. However, this dif-
ference was not uniform across all sentence types, and some con-
ditions showed comparable performance between groups. This
main effect of group is in line with a substantial body of literature
documenting age-related declines in sentence comprehension,
particularly in tasks that impose demands on syntactic processing
and working memory resources (Caplan et al., 2011; DeDe et al.,
2004; Kemper & Herman, 2006; Kemper & Kemtes, 1999). In ad-
dition, the significant main effect of sentence type indicates that
comprehension scores varied as a function of syntactic structure,
confirming that the experimental manipulation effectively modu-
lated processing difficulty.

However, the absence of a significant Group X Sentence Type
interaction should be interpreted with caution. Notably, the effect
size for the interaction (np’ =.11) suggests a non-negligible magni-
tude despite the lack of statistical significance. This pattern indi-
cates that the absence of a significant interaction may reflect limit-
ed statistical power rather than the absence of meaningful group
differences. Given the relatively small effective sample size follow-
ing data-quality exclusion and the trend-level significance (p=
.086), the present study may have been underpowered to detect in-
teraction effects. In addition, ceiling-level performance in some
conditions among younger adults may have reduced variability
and sensitivity to group-by-condition differences. Therefore, the
absence of a significant interaction does not provide strong evi-
dence against structure-specific syntactic difficulty in aging.
Rather, the present findings may reflect limitations in statistical

power and task sensitivity.
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Reaction time analyses revealed a significant main effect of
group, but no main effect of sentence type and no group X sen-
tence type interaction. Older adults responded more slowly over-
all, a finding that is well established in the aging literature and
commonly attributed to generalized slowing of cognitive and mo-
tor processes (Myerson et al., 2003; Salthouse, 1996; Waters & Ca-
plan, 2001). However, the absence of sentence-type effects on reac-
tion time should be interpreted with caution: given the moderate
effect size (np* =.12), this null result may reflect limited statistical
power with the present sample size rather than a true absence of
condition-specific differences in syntactic processing. Notably,
older adults slowed uniformly across sentence types rather than
selectively under greater syntactic demands—a pattern more con-
sistent with general age-related slowing than with syntax-specific
processing costs, although this interpretation remains tentative
given the power considerations noted above.

Importantly, older adults did not slow their responses selectively
in response to increased syntactic demands to maintain accuracy;
instead, they exhibited uniformly slower response times across
sentence types. However, this pattern may reflect generalized pro-
cessing slowing rather than a definitive absence of sensitivity to
syntactic complexity.

Although both behavioral and neural measures revealed age-re-
lated differences, the present study did not directly examine the
relationship between individual differences in behavioral perfor-
mance and prefrontal activation. In addition, because the ob-
served neural effect was limited to a single condition and region,
the current findings do not allow for strong conclusions regarding
brain-behavior correspondence. Future studies should incorpo-
rate individual-level analyses to more directly examine these rela-
tionships.

The hemodynamic findings revealed a highly selective, region-
and condition-specific pattern of age-related differences in corti-
cal activation. Specifically, younger adults showed greater task-
evoked activation than older adults in the right orbitofrontal cor-
tex during passive canonical sentence processing. Importantly, no
significant group differences were observed in the remaining pre-
frontal ROIs after FDR correction. These null findings should not
be interpreted as evidence for the absence of functional differenc-

es, but rather should be considered in light of the limited sample
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size, restricted number of trials, and potential constraints in signal
sensitivity. Given that this effect was limited to a single region and
condition, it should be interpreted as preliminary and requires
replication. Furthermore, effect sizes and brain-behavior relation-
ships were not examined in the present study, limiting conclusions
about the functional significance of this activation difference. Ac-
cordingly, the present finding should be understood as a condi-
tion-specific observation rather than evidence of a generalizable
neural mechanism underlying syntactic processing. The observa-
tion that greater neural activation in younger adults does not indi-
cate processing difficulty per se, but rather reflects the engage-
ment of neural resources supporting successful sentence compre-
hension, is consistent with neurocognitive frameworks emphasiz-
ing efficient resource utilization and compensatory mechanisms
in aging (Cabeza et al., 2018; Peelle et al., 2010; Reuter-Lorenz &
Cappell, 2008; Rypma et al., 2006; Wingfield & Grossman, 2006).

In the present study, younger adults demonstrated near-ceiling
mean scores in the passive canonical condition, which may have
constrained variability and contributed to the observed neural
differences. By comparison, passive sentences have been consis-
tently reported as particularly challenging for older adults. How-
ever, in the absence of direct measures of working memory or ex-
ecutive control, the interpretation that reduced activation reflects
diminished recruitment of these processes remains indirect. Thus,
any functional interpretation of this neural difference should be
considered tentative. From this perspective, the reduced neural
activation observed in older adults during passive canonical sen-
tence processing may reflect limitations in the recruitment of aux-
iliary neural resources, rather than a degradation of syntactic rep-
resentations themselves.

The orbitofrontal cortex is not traditionally considered a core
language-processing region, but has been consistently implicated
in higher-order evaluative and regulatory functions, including
outcome monitoring, expectation updating, and decision-related
control (Badre & D’Esposito, 2009; Kringelbach & Rolls, 2004).
Accordingly, its involvement in the present study should be inter-
preted in relation to domain-general processes rather than core
syntactic computation. In addition, the right-hemisphere localiza-
tion of this effect warrants further investigation, as right prefron-

tal regions have been associated with broader contextual and inte-
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grative processes during language comprehension.

Accordingly, the reduced right orbitofrontal cortex activation
observed in older adults is tentatively interpreted as reflecting lim-
itations in the recruitment of auxiliary regulatory processes re-
quired during sentence comprehension (Cabeza et al., 2018; Ca-
plan etal., 2011; Just & Carpenter, 1992).

Taken together, the present study examined age-related differ-
ences in sentence comprehension by integrating behavioral mea-
sures with fNIRS-derived hemodynamic responses to sentences
varying in syntactic structure. Behaviorally, older adults demon-
strated lower overall scores and slower response times compared
to younger adults, while preserving a sentence-type difficulty pat-
tern that was comparable across age groups. However, this pattern
should not be taken as definitive evidence against structure-spe-
cific syntactic impairment, given the methodological constraints
noted above.

At the neural level, age-related differences were confined to re-
duced engagement of the right orbitofrontal cortex during passive
canonical sentence processing. Because the present study did not
include classical language regions (e.g., left inferior frontal or tem-
poroparietal areas), it cannot directly adjudicate between struc-
ture-specific syntactic accounts and domain-general processing
accounts. These findings therefore provide limited but suggestive
evidence regarding age-related differences in prefrontal engage-
ment during sentence comprehension. Together, these results un-
derscore the importance of considering both behavioral perfor-
mance and neural resource allocation in characterizing sentence
comprehension in healthy aging, while also highlighting the need
for cautious interpretation of neural findings derived from re-
stricted cortical coverage.

Further methodological advances could also be achieved by in-
tegrating fNIRS with complementary neuroimaging modalities
that offer higher spatial resolution or greater depth sensitivity,
thereby enabling the examination of temporo-parietal and sub-
cortical regions implicated in language processing. Future studies
should also include independent measures of working memory
and executive function to more directly test the proposed mecha-
nisms underlying age-related differences in sentence comprehen-
sion.

In addition, although the syntactic manipulation was based on
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prior literature, the relative difficulty of the four sentence types
was not independently validated within the present sample. The
block design may also have obscured trial-level variability in sen-
tence processing, thereby limiting sensitivity to item-level or trial-
level effects. Furthermore, averaging AHbO across relatively
broad prefrontal ROIs may have reduced anatomical specificity
and limited the ability to detect more fine-grained functional dif-
ferences within prefrontal subregions.

Importantly, the relatively small sample size and participant ex-
clusion based on data quality may have limited statistical power,
particularly for detecting interaction effects and stabilizing effect
estimates. Therefore, the absence of significant effects should not
be interpreted as evidence for the absence of true differences. In-
stead, the observed patterns should be considered in light of effect
sizes (e.g., np” values observed in the present analyses) and theo-
retical expectations. In addition, effect sizes for the hemodynamic
group contrasts were not reported, which limits the evaluation of
the practical significance of the observed neural differences.

In addition, alternative explanations should be considered when
interpreting the hemodynamic findings. For example, age-related
differences in vascular responsiveness, baseline shifts, or hemody-
namic changes independent of neural activity may have contrib-
uted to the observed group differences in AHbO. Future studies
with larger samples, improved experimental designs, and multi-
modal approaches are required to confirm the robustness and

generalizability of the present findings.
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