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Abstract

Background: Language disorders and dyslexia are associated with atypical language- and
reading-related processing, but findings from functional near-infrared spectroscopy (fNIRS)
studies remain heterogeneous. This systematic review and meta-analysis synthesized
existing fNIRS evidence, quantified hemodynamic differences relative to controls, and
examined whether different outcomes showed different levels of consistency. Methods:
PubMed, Embase, and Web of Science were searched through 9 January 2026. Eligible stud-
ies included individuals with language disorders or dyslexia assessed using fNIRS, with
outcomes reported as oxygenated hemoglobin (HbO), deoxygenated hemoglobin (HbR),
[ estimates, or other hemoglobin-based measures. Random-effects meta-analyses were
performed when sufficient quantitative data were available, with subgroup and sensitivity
analyses conducted where feasible. Results: A total of 830 records were identified, of which
10 publications comprising 11 independent samples met the inclusion criteria. HbO was
the only outcome to show a statistically significant overall between-group difference, with
lower HbO in the experimental groups than in controls (SMD = —0.61, 95% CI [-1.12,
—0.11], p = 0.017), although heterogeneity was substantial (I* = 58.6%). In contrast, pooled
results for HbR and 3 were not statistically significant and showed weaker stability across
analyses. Subgroup and sensitivity analyses did not provide sufficient evidence to support
disorder category, region of interest (ROI), or outcome metric type as stable explanations for
effect size variation. Conclusions: Among the included fNIRS measures, HbO showed com-
paratively more consistent cross-study evidence than HbR or 3. However, because the HbO
estimate pooled clinically distinct dyslexia and acquired language-disorder studies within
a limited evidence base, it should be interpreted as a preliminary cross-diagnostic signal
rather than as evidence of a shared disease continuum or common underlying mechanism.

Keywords: functional near-infrared spectroscopy; language disorders; dyslexia;
hemodynamic responses; systematic review; meta-analysis
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1. Introduction

Language and reading-related disorders can occur at various stages from child-
hood to adulthood, significantly impacting an individual’s communication, learning, and
social functioning.

Language disorders can arise from a variety of causes. According to the CATALISE
consensus, language disorder refers to difficulties with language that interfere with ev-
eryday communication or learning and are likely to persist over time [1]. In the present
review, this category includes both developmental and acquired conditions. Developmental
language disorder (DLD) is typically characterized by deficits in language comprehension
and expression. Its neural basis is considered to exhibit networked characteristics [2].
However, acquired language disorders, such as post-stroke aphasia, result from damage
to previously developed language systems [3]. Although developmental and acquired
language disorders differ in onset and etiology, both involve abnormalities in language-
processing networks and may therefore provide insight into altered language-related
hemodynamic responses.

Dyslexia is generally characterized by significant difficulties in word-level reading
and decoding, particularly in establishing and automatizing letter—sound mappings, which
cannot be fully explained by general intellectual impairment or inadequate educational op-
portunity [4,5]. Neuroimaging studies have further shown that dyslexia is associated with
atypical patterns of functional activation and connectivity in neural systems supporting
language and reading.

From a neurobiological perspective, language disorders and dyslexia are not identical,
but they are comparable in that both involve atypical functioning within language-related
neural networks, particularly frontotemporal systems. Their differences may lie in the
relative contribution of specific network components and in the functional activation pat-
terns associated with different processing demands [2,3,6]. Therefore, the inclusion of
both conditions in a single meta-analysis does not assume shared underlying mechanisms.
Rather, it reflects the transdiagnostic question addressed in the present review: whether ab-
normal hemodynamic responses measured during language-related tasks show sufficiently
comparable patterns across language disorders and dyslexia to support synthesis within a
unified analytical framework.

In the study of language disorders and dyslexia, reliance on behavioral measures
alone is often insufficient to fully elucidate their underlying mechanisms. Therefore, neu-
roimaging techniques are needed to further investigate the atypical processing mechanisms
underlying these two disorders at the level of brain function. However, not every neu-
roimaging technique is suitable for language-related research. For instance, functional
magnetic resonance imaging (fMRI), despite its high spatial resolution, is highly sensitive
to head movement, exhibits significant environmental noise during scanning, and requires
high subject compliance [7]. Electrophysiological techniques such as EEG offer excellent
temporal resolution, but their ability to localize cortical activity is relatively limited [8].
Additionally, in natural tasks involving reading and speech production, electromyographic
(EMGQG) artifacts induced by articulation may mask or interfere with neural signals, thereby
increasing uncertainty in result interpretation [9].

Functional near-infrared spectroscopy (fNIRS), a non-invasive, highly portable, and
minimally restrictive brain imaging technique, offers new possibilities to address certain
limitations of conventional methods in developmental populations and natural language
task research. It enables real-time monitoring of hemodynamic changes in cortical activity
during specific task execution with high temporal resolution [10].

It is based on the principle of neurovascular coupling and indirectly reflects local
cerebral hemodynamic responses to neural activity by measuring temporal changes in
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the concentrations of oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) in cortical re-
gions. HbO typically exhibits higher sensitivity to task-related activation and is therefore
widely used as the primary analytical indicator in fNIRS studies. HbR, on the other hand,
is often employed as a supplementary indicator to provide further characterization of
hemodynamic change patterns [11]. In addition, some studies have adopted {3 coefficients
derived from general linear model (GLM) analyses as outcome measures to quantify the
magnitude of hemodynamic responses elicited by specific task conditions or contrasts.
By analyzing the variation patterns of HbO, HbR, and 3 under different task conditions,
researchers can infer the functional involvement of cortical regions and their temporal
dynamic characteristics during specific cognitive or language processing tasks.

In language and reading research, fNIRS-derived hemodynamic measures have in-
creasingly been used to examine the functional characteristics of cortical regions involved in
sentence, semantic, and reading processes [12,13]. In individuals with language disorders
and dyslexia, previous studies have reported atypical hemodynamic responses during
such tasks relative to typical controls, suggesting differences in the organization of cortical
activation. Therefore, fNIRS studies based on HbO, HbR, and model-derived activation
measures provide valuable hemodynamic evidence relevant to understanding the neural
mechanisms underlying language disorders and dyslexia.

Although systematic reviews have summarized the application of fNIRS in speech and
language disorders, studies that simultaneously examine language disorders and dyslexia
and quantitatively synthesize hemodynamic outcomes remain scarce. Existing reviews have
focused primarily on participant characteristics, task paradigms, and study design, whereas
quantitative integration of HbO, HbR, and related functional activation measures has been
limited [7,14]. Moreover, substantial heterogeneity in outcome definitions and reporting
practices across studies has hindered direct comparison and cumulative interpretation
of findings. Therefore, a systematic synthesis within a unified framework is needed to
quantify abnormal hemodynamic response patterns in language disorders and dyslexia and
to provide preliminary clues for potential commonalities and specificities among different
types of disabilities.

Specifically, this review sought to address the following questions:

(1) Do individuals with language disorders and dyslexia show altered hemodynamic
responses during related tasks relative to healthy controls?

(2) Do these hemodynamic differences vary according to regions of interest and other
study characteristics?

(3) Do different outcome metrics and analytical frameworks, such as HbO, HbR, and
model-derived 3 estimates, show different levels of stability and comparability in
characterizing these differences?

(4) Do language disorders and reading disorders show a degree of directional similarity
or divergence in their hemodynamic response patterns, thereby providing exploratory
evidence for transdiagnostic features and disorder-specific differences?

2. Materials and Methods
2.1. Search Strategy

This systematic review and meta-analysis was conducted and reported in accor-
dance with the PRISMA 2020 statement [15]. A comprehensive literature search of
PubMed, Embase, and Web of Science was conducted from database inception to 9 January
2026. The search strategy was structured around two main concepts: (1) functional near-
infrared spectroscopy and related terms, including “functional near-infrared spectroscopy,”
“near-infrared spectroscopy,” “near-infrared spectrometry,” “fNIRS,” and “NIRS”; and
(2) language- and reading-related disorders, including “language disorders,” “developmen-
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tal language disorder,” “specific language impairment,” “aphasia,” “dyslexia,” “alexia,”
“reading disorder,” and “reading disability.” Searches were conducted in title/abstract
fields in PubMed, title/abstract/keyword fields in Embase, and Topic fields in Web of
Science. English-language publication was applied as an eligibility criterion. Only studies
published in English were considered. The full search strategies for all databases are pro-
vided in Table S1. The review protocol was registered in PROSPERO on 24 February 2025

(registration number: CRD420250652628).

2.2. Eligibility Criteria

Studies were considered eligible if they met the following inclusion criteria: (1) Study
types: Observational studies; (2) Participants: Individuals diagnosed with language dis-
orders or dyslexia; (3) Detection tool: Functional near-infrared spectroscopy (fNIRS);
(4) Comparator: Typically developing individuals, healthy controls, or other relevant com-
parison groups; (5) Outcome: fNIRS-derived hemodynamic measures, including HbO,
HbR, and B estimates, with other hemoglobin-based measures extracted where relevant for
narrative synthesis.

Studies were excluded if they fulfilled the following exclusion criteria: (1) Studies
primarily designed to evaluate treatment or intervention effects were excluded, unless
eligible pre-intervention baseline data were available; (2) case reports, conference abstracts,
letters, comments, editorials, review articles, and non-English publications; (3) studies not
involving fNIRS; (4) studies without eligible language disorder or dyslexia groups.

2.3. Study Selection Process

Title and abstract screening was conducted independently by two reviewers based
on the predefined eligibility criteria. Articles considered potentially relevant were then re-
trieved in full and assessed for inclusion. Disagreements were resolved through discussion,
and when consensus could not be reached, a third senior reviewer was consulted.

Following the literature search, 830 records were identified from PubMed, Embase,
and Web of Science. After removal of 256 duplicate records, 574 records were screened
by title and abstract. At this stage, 443 records were excluded because they were not
related to language disorders or dyslexia, did not involve fNIRS, or were not empirical
studies. The remaining 131 reports were sought for full-text retrieval, of which 28 could
not be retrieved. A total of 103 full-text reports were then assessed for eligibility. Of these,
93 reports were excluded because they did not meet the population criteria, were not empiri-
cal or peer-reviewed studies, were not published in English, or were intervention/treatment
studies without eligible baseline data. Finally, 10 studies met the inclusion criteria and
were included in the review (Figure 1).

The relatively modest number of retrieved and included studies reflects the focused
nature of the search strategy, which targeted the intersection of fNIRS methodology with
clinically relevant language disorders or dyslexia. Although the search covered each
database from inception, human functional NIRS has been used for brain functional map-
ping only since the early 1990s [11], and its application to clinically diagnosed language
disorders and dyslexia remains a relatively small and emerging field.
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Figure 1. PRISMA flow diagram showing the identification, screening, eligibility assessment, and

inclusion process.

2.4. Data Extraction

Data from the included studies were extracted and coded independently by two re-
viewers. To ensure the reliability of data extraction, all coding sheets were cross-checked
independently. Discrepancies were resolved through discussion, and when consensus
could not be reached, a third senior reviewer was consulted. All raters received standard-
ized training before data extraction to ensure that they followed consistent criteria when
performing their tasks.

Specifically, the following information was extracted from all included studies: first
author, year, country, diagnostic group, fNIRS signal(s) analyzed, outcome metric type,
region of interest (ROI), sample size (control/experimental), age (control/experimental).

To avoid effect-size dependency arising from multiple ROIs reported within the same
study, only one ROI was selected for each outcome measure from each study. ROI selection
followed a sequential, source-based procedure. First, when the original study explicitly
designated a study-level primary or focal ROI, or a study-specific measurement region,
that region was selected, provided that sufficient group-level data were available for the
relevant task and outcome. Second, when no such study-level designation was provided, an
outcome-specific ROI or channel was retained only when it was explicitly identified by the
original authors in the abstract or main outcome-specific analysis and sufficient group-level
data were available for extraction. Third, when the original study identified more than one
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comparably eligible ROI for the same outcome, the following theoretical hierarchy was
applied: inferior frontal gyrus/inferior frontal cortex (IFG/IFC), followed by prefrontal
cortex/dorsolateral prefrontal cortex/medial prefrontal cortex (PFC/DLPFC/medial PFC),
and then temporoparietal junction/superior temporal gyrus (TP]/STG). Eligible ROIs were
not independently ranked according to effect-size magnitude, p-value, or effect direction;
instead, original-study designations and outcome-specific reporting were followed as
documented. The procedure was applied separately to each outcome measure; therefore,
different ROIs could be selected for different hemoglobin measures within the same study.
The selected ROI and the corresponding selection criterion for each study are summarized
in Supplementary Table S2. When a study reported multiple independent samples, each
sample was extracted separately and treated as an independent effect size.

2.5. Quality Assessment

Independent bias assessment was conducted by two reviewers using the JBI checklist
for analytical cross-sectional studies [16]. Discrepancies between reviewers were resolved
through discussion. For interpretive purposes, studies scoring 1-3 were classified as low
quality, 4-6 as moderate quality, and 7-8 as high quality. No studies were excluded on
the basis of quality score, in order to enhance transparency and ensure that all available
evidence in this area was considered.

2.6. Statistical Analysis

Statistical analyses were conducted in R (v4.4.2; R Foundation for Statistical Comput-
ing, Vienna, Austria) using the meta and metafor packages. Included studies were grouped
according to the reported fNIRS outcome metric (HbO, HbR, or (3 estimates). Studies were
entered into quantitative synthesis when sufficient numerical data were available to derive
an effect size for the experimental and control groups; otherwise, they were included in
narrative synthesis only. The primary outcomes of interest were between-group differences
in oxyhemoglobin (HbO), deoxyhemoglobin (HbR), and {3 estimates. For studies reporting
group means and standard deviations, standardized mean differences (SMDs) and their 95%
confidence intervals (Cls) were calculated for meta-analysis. Individual study results and
pooled estimates were presented using forest plots, grouped by outcome type (HbO, HbR,
and (). Where appropriate, publication bias was explored using funnel plots. Statistical
heterogeneity was assessed using Cochran’s Q, 12, and 12, with I? indicating the proportion
of total variability attributable to between-study heterogeneity and 12 representing the
absolute between-study variance in true effect sizes.

Separate random-effects meta-analyses were performed for HbO, HbR, and (3 out-
comes. A random-effects model was prespecified because true effect sizes were expected to
vary across studies owing to differences in ROls, participant characteristics, and outcome
definitions. Sensitivity analyses were conducted to examine the robustness of the pooled
estimates. First, leave-one-out analyses were performed by sequentially omitting each
study or independent effect estimate, as applicable. Additional sensitivity analyses were un-
dertaken by excluding studies that used maximum-based metrics rather than mean-based
measures, restricting analyses to pediatric and adult samples separately, and assessing the
robustness of the pooled estimates to variation in specific frontal ROI definitions, so as to
evaluate the influence of metric type, age group, and ROI selection on the overall results.
Subgroup analyses were conducted according to disorder type to explore potential sources
of heterogeneity and to determine whether diagnostic category influenced the magnitude
or direction of the pooled effects.

Publication bias was initially evaluated using Egger’s regression test. Because the
number of included studies was small (k < 10) and Egger’s test has inherently low statistical
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power in such scenarios, the non-parametric trim-and-fill method was additionally em-
ployed. This served as a sensitivity analysis to estimate the number of potentially missing
studies and to assess their impact on the overall pooled effect size.

3. Results

The Results section is presented in relation to the four research questions stated in the
Introduction. The pooled analyses of HbO, HbR, and {3 estimates address whether altered
hemodynamic responses are present in individuals with language disorders or dyslexia
relative to controls. Subgroup and sensitivity analyses further examine whether these
effects vary according to ROI, age group, metric type, and disorder category. Comparisons
across HbO, HbR, and 3 outcomes are used to assess the relative stability and comparability
of different {NIRS-derived metrics, whereas disorder-type subgroup analyses are used to
explore directional similarity or divergence across diagnostic categories.

3.1. Study Characteristics and Risk of Bias

A total of 10 studies comprising 11 independent samples were included in the review,
including two studies on developmental language disorders, two studies on acquired
language disorders (post-stroke aphasia), and six studies on dyslexia (Table 1). Fu et al. [17]
reported separate child and adult samples, which are presented as two rows in Table 1
but represent a single publication. In terms of outcome definition, three studies reported
model-derived {3 coefficients, whereas the remaining studies reported hemoglobin-based
hemodynamic measures [17-19]. Most studies analyzed HbO and/or HbR signals, with a
small number additionally reporting HbT or HbDiff [20,21]. Five studies were included
in the HbO meta-analysis and 3 in the HbR meta-analysis [22-26]. Of the 10 publications,
8 provided sufficient data for quantitative synthesis, whereas 2 were included in the
narrative review only [20,21]. The included studies involved both pediatric and adult
populations, with some studies reporting independent age-defined cohorts that were
extracted separately for analysis [17]. The primary ROIs were predominantly located in
frontal regions, including the IFG, DLPFC, medial PFC, and broader PFC regions. All
included studies met seven or eight of the eight JBI appraisal criteria (Table S3).

3.2. HbO Synthesis

A total of five studies were included in the HbO meta-analysis, comprising 169 par-
ticipants overall, with 81 in the experimental group and 88 in the control group. Of these
studies, three focused on dyslexia and two on acquired language disorders. The regions of
interest mainly involved frontal areas, including the PFC, DLPFC, and IFG. The random-
effects model showed that HbO levels were significantly lower in the experimental group
than in the control group (SMD = —0.61, 95% CI [-1.12, —0.11], p = 0.017). Moderate-to-
substantial between-study heterogeneity was observed (Q = 9.65, p = 0.0467; I?> = 58.6%;
72 = 0.1996; Figure 2). In addition, Elshazly et al. reported significantly higher HbDiff
values in typically developing students than in those with dyslexia, suggesting greater
oxygenation-related cortical activation in the control group [21]. Although HbDiff is not
directly equivalent to HbO, this finding provides indirect narrative support for reduced
oxygenation-related activation in the experimental group.
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Table 1. Characteristics of included studies.

. Diagnostic fNIRS Outcome Region of Sample Size Samp}e Size Age (Years) Age (Years)
First Author Year Country Grou Signal Metric Tvpe Interest (Control (Experimental (Control) (Experimental)
P Analyzed yp (ROD) Group) Group) P
Language
. disorder mean L IFG;
Luetal. [22] 2025 China (Poststroke HbO, HbR activation medial PFC 15 15 52+17 54 + 13
Aphasia)
United . NR NR
Elshazly etal. - 5554 Arab Dyslexia Hbpiff ~ hemoslobin - Frontal 7 7 (third-grade ~ (third-grade
[21] . difference cortex
Emirates students) students)
Fuetal. [17]
(child 2024 China Dyslexia HbO [ coefficient R IFG 24 20 10.6 + 0.6 11+0.7
sample)
Fuetal. [17]
(adult 2024 China Dyslexia HbO (3 coefficient RIFG 23 20 19.7 £1.5 19.6 £1.0
sample)
Efgieﬁ%r]‘ 2024 USA Dyslexia HbO B coefficient L vIFG 25 25 7.46 +1.33 9.77 + 1.19
Language
Hancock disorder
etal. [19] 2023 USA (developmental HbO [3 coefficient L DLPEC 14 14 114+ 1.75 11.54 +2.03
' language
disorder)
Language
disorder
(specific HbO, HbR, FDA mean R IFC; 5 .
Fu et al. [20] 2016 USA language HbT trend LTP| 15 15 8-12 8-12
impairment—
SLI)
Sela et al. 2014 USA Dyslexia HbO mean L PFC 17 17 25.06 +2384  25.65 + 2.668
[23] activation
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Table 1. Cont.

. Diagnostic fNIRS Outcome Region of Sample Size Samp}e Size Age (Years) Age (Years)
First Author Year Country Grou Signal Metric Tvpe Interest (Control (Experimental (Control) (Experimental)
P Analyzed yp (ROD) Group) Group) P
Song et al. 2013 China Dyslexia HbO mearl L DLPFC 20 20 1037+ 042  10.12+0.81
[24] activation
Sela etal. 2012 USA Dyslexia HbO, HpR ~ Peak/maximum  ppe 23 19 25.05+2.10 2536+ 323
[25] change
Language
Sakatanietal. 49 China disorder HbO, HpR ~ Peak/maximum -y ppe 13 10 50.7 £ 7.9 56.9 + 7
[26] (Poststroke change
Aphasia)

Note. HbO, oxygenated hemoglobin; HbR, deoxygenated hemoglobin; HbT, total hemoglobin; FDA, functional data analysis; ROI, region of interest; IFG, inferior frontal gyrus; vIFG,
ventral inferior frontal gyrus; DLPFC, dorsolateral prefrontal cortex; PFC, prefrontal cortex; TPJ, temporoparietal junction; SLI, specific language impairment; NR, not reported. Age is
reported as mean + SD or range. The child and adult samples reported by Fu et al. [17] are presented separately but originate from the same publication.
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Standardised Mean

Study Difference SMD 95%-Cl Weight
Dyslexia :

Sela et al., 2012 —— -0.79 [-1.42; -0.16] 21.9%
Song et al., 2013 —— -1.00 [-1.66; -0.33] 21.3%
Sela et al., 2014 —— -0.85 [-1.56; -0.15] 20.2%
Random effects model e -0.88 [-1.26; -0.49] 63.4%

Heterogeneity: 1?=0%, =0, p =0.9042

Language disorder

Sakatani et al., 1998 —1 0.56 [-0.28; 1.41] 17.3%
Luetal, 2025 —i— -0.80 [-1.55; -0.06] 19.3%
Random effects model ey -0.14 [-1.48; 1.20] 36.6%

Heterogeneity: 12 = 82.3%, 1° = 0.7694, p = 0.0174

Random effects model = -0.61 [-1.12; -0.11] 100.0%
Heterogeneity: I? = 58.6%, 12 = 0.1996, p = 0.0467 U T
Test for subgroup differences: xf =1.09, df = 1 (p = 0.2968) -15-1-05 0 05 1 15

Figure 2. Forest plot showing the subgroup analysis of HbO outcomes by disorder category and the
overall meta-analysis of HbO outcomes. Green squares represent individual-study effect estimates,
and horizontal lines represent 95% confidence intervals. Purple diamonds represent pooled random-
effects estimates. The solid vertical line at zero indicates no effect, whereas the dashed vertical line
indicates the overall pooled effect estimate. The plotted studies were Sela et al. (2012) [25], Song et al.
(2013) [24], Sela et al. (2014) [23], Sakatani et al. (1998) [26], and Lu et al. (2025) [22].

To preliminarily explore potential sources of heterogeneity, a subgroup analysis was
conducted according to disorder type (Figure 2). In the dyslexia subgroup (k = 3), the pooled
effect was statistically significant (SMD = —0.88, 95% CI [—1.26, —0.49]), with no apparent
heterogeneity (Q = 0.20, p = 0.9042, I? = 0.0%; T2 = 0). In the acquired language disorder
subgroup (k = 2), the pooled effect did not reach statistical significance (SMD = —0.14,
95% CI [—1.48, 1.20]), whereas substantial within-subgroup heterogeneity was observed
(Q=5.65,p=0.0174; I = 82.3%; % = 0.7694). However, the test for subgroup differences was
not statistically significant (Q = 1.09, p = 0.2968), indicating that there is insufficient support
for the notion that disorder category significantly explains between-group differences in
HbO effect sizes. Given the small number of included studies, particularly in the language-
disorder subgroup, these subgroup findings should be interpreted with caution.

To assess the robustness of the pooled estimate and further explore potential sources
of heterogeneity, sensitivity analyses were performed. Subgroup difference tests according
to metric type, ROI, and age group were all non-significant (p = 0.5186, 0.1897, and 0.1115,
respectively), indicating that the available evidence did not support these variables as
significant moderators of the pooled HbO effect. However, these findings should be
interpreted with caution because several subgroups included only a small number of
studies, particularly the children subgroup, which contained only one study. Leave-one-
out analysis showed that the pooled HbO estimates remained consistently negative after
omission of each study (SMD range: —0.86 to —0.51). However, statistical significance
was retained only after omission of Sakatani et al. (1998) [26], whereas the confidence
intervals crossed zero in the other four analyses. Heterogeneity ranged from 0% to 68.4%
and decreased to 0% only after omission of Sakatani et al. (1998) [26]. These findings
indicate directional consistency in the HbO effect, but limited robustness of its statistical
significance (Figure 3).
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Omitted Study Overall SMD if omitted SMD 95%-Cl  P-value Tau2 Tau 12
Omitting Sela et al., 2014 -0.54 [-1.20; 0.12] 0.1059 0.3161 0.5622 67.8%
Omitting Song et al., 2013 -0.51 [-1.13; 0.12] 0.1152  0.2720 0.5215 64.2%
Omitting Sela et al., 2012 -0.55  [-1.23; 0.12] 0.1080 0.3330 0.5771 68.2%
Omitting Sakatani et al., 1998 —_ -0.86 [-1.20; -0.52] <0.0001 0 0 0%
Omitting Lu et al., 2025 -0.56  [-1.22; 0.10] 0.0982 0.3219 0.5674 68.4%
Random effects model ~— -0.61 [-1.12; -0.11] 0.0172 0.1996 0.4467 58.6%

T T T T T T 1

-3 2 3

-2 -1 0 1
Standardised Mean Difference

Figure 3. Leave-one-out sensitivity analysis of HbO outcomes. Blue squares represent the recalculated
pooled SMDs after sequential omission of each study, and horizontal lines represent the corresponding
95% confidence intervals. The red diamond represents the original random-effects pooled estimate
based on all included studies, with its width indicating the 95% confidence interval. The solid vertical
line at SMD = 0 denotes no between-group difference, whereas the dashed vertical line marks the
original overall pooled SMD. The omitted studies were Sela et al. (2014) [23], Song et al. (2013) [24],
Sela et al. (2012) [25], Sakatani et al. (1998) [26], and Lu et al. (2025) [22].

3.3. HbR Synthesis

A total of three studies were included in the HbR meta-analysis, comprising 95 par-
ticipants, with 44 in the experimental group and 51 in the control group. Of these, one
study focused on dyslexia and two on acquired language disorders, with regions of interest
mainly involving the PFC and medial PFC. The random-effects pooled point estimate was
positive, but it was not statistically significant (SMD = 0.38, 95% CI [—0.98, 1.75], p = 0.5823).
Substantial between-study heterogeneity was observed (Q = 21.58, p < 0.0001; I? = 90.7%;
2 = 1.3010; Figure 4).

Standardised Mean

Study Difference SMD 95%-Cl Weight
Dyslexia
Sela et al., 2012 —— -0.95 [-1.60; -0.31] 34.5%

Language disorder

Sakatani et al., 1998 ——@—— 094 [0.06; 1.81] 32.4%
Lu et al., 2025 —— 123 [044; 202] 332%
Random effects model _ 1.10 [0.51; 1.69] 65.5%

Heterogeneity: /2 = 0%, 1° = 0, p = 0.6203

Random effects model R 0.38 [-0.98; 1.75] 100.0%
Heterogeneity: /2 = 90.7%, 2 = 1.3010, p < 0.0001 ' ' ' ! '
Test for subgroup differences: Xf =21.34, df =1 (p < 0.0001) -2

-1 0 1 2

Figure 4. Forest plot showing the subgroup analysis of HbR outcomes by disorder category and the
overall meta-analysis of HbR outcomes. Green squares represent individual-study effect estimates,
and horizontal lines represent 95% confidence intervals. Purple diamonds represent pooled random-
effects estimates. The solid vertical line at SMD = 0 denotes no between-group difference, whereas
the dashed vertical line marks the overall pooled SMD. The plotted studies were Sela et al. (2012) [25],
Sakatani et al. (1998) [26], and Lu et al. (2025) [22].

To further investigate potential sources of heterogeneity, subgroup analyses were
conducted by disorder type (Figure 4). In the dyslexia subgroup, only one study was
available, yielding an effect size of SMD = —0.95, 95% CI [-1.60, —0.31], which sug-
gested lower HbR levels in the experimental group than in the control group. Because
this subgroup contained only a single study, within-subgroup heterogeneity could not
be estimated, and no robust inference can be made for this disorder category. In the ac-
quired language-disorder subgroup (k = 2), the pooled effect was statistically significant
(SMD =1.10, 95% CI [0.51, 1.69]), indicating higher HbR levels in the experimental group,
with no evidence of heterogeneity (Q = 0.25, p = 0.6203; I> = 0%; 1> = 0). The test for
subgroup differences was statistically significant (Q = 21.34, p < 0.0001), suggesting that
disorder type may contribute to variation in HbR effect sizes. Nevertheless, given that the
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dyslexia subgroup was represented by only one study, these subgroup findings should be
interpreted cautiously.

Sensitivity analyses were performed to assess the robustness of the pooled estimate
and to explore additional sources of heterogeneity. Subgroup-difference tests based on
metric type and ROI were both non-significant (both p = 0.5211), providing no clear evidence
that either variable significantly moderated the pooled HbR effect. Sensitivity analysis
by age group could not be conducted because all included studies were based on adult
samples. Leave-one-out analysis further showed that the overall HbR findings were
sensitive to individual studies. When Sela et al. (2012) [25] was excluded, the pooled
effect became significantly positive (SMD = 1.10, 95% CI [0.51, 1.69], p = 0.0002), and
heterogeneity dropped to 0%, suggesting that this study had a substantial influence on both
the direction of the pooled effect and the observed heterogeneity. By contrast, omission of
Sakatani et al. (1998) [26] or Lu et al. (2025) [22] yielded pooled effects close to zero that
were no longer statistically significant, while heterogeneity remained high (I?> = 94.3% and
91.4%, respectively). This pattern suggests substantial inconsistency between Sela et al.
(2012) [25] and the studies involving acquired language disorders. Taken together, these
findings indicate that the overall HbR result was not robust and was disproportionately
influenced by individual studies. Given the small number of included studies, as well as
the limited data within several subgroups, these results should be interpreted with caution

(Figure 5).
Omitted Study Overall SMD if omitted SMD 95%-Cl  P-value Tau2 Tau 12
Omitting Sela et al., 2012 —— 1.10 [0.51; 1.69] 0.0002 0 0 0%
Omitting Sakatani et al., 1998 013 [-2.02;2.27] 0.9071  2.2553 1.5018 94.3%
Omitting Lu et al., 2025 —_— -0.03 [-1.88;1.82]  0.9718 1.6294 1.2765 91.4%

#— 0.38 [-0.98; 1.75] 0.5823 1.3010 1.1406 90.7%

I T T T T T 1

-3 -2 -1 0 1 2 3
Standardised Mean Difference

Random effects model

Figure 5. Leave-one-out sensitivity analysis of HbR outcomes. Blue squares represent the recalculated
pooled SMDs after sequential omission of each study, and horizontal lines represent the corresponding
95% confidence intervals. The red diamond represents the original random-effects pooled estimate
based on all included studies, with its width indicating the 95% confidence interval. The solid vertical
line at SMD = 0 denotes no between-group difference, whereas the dashed vertical line marks the
original overall pooled SMD. The omitted studies were Sela et al. (2012) [25], Sakatani et al. (1998) [26],
and Lu et al. (2025) [22].

3.4. B Synthesis

Three studies contributed four independent samples/effect sizes, comprising
165 participants overall, with 79 in the experimental group and 86 in the control group.
Three effect sizes for dyslexia were derived from two studies, whereas one effect size for
developmental language disorder was derived from one study, and the reported regions
of interest mainly involved the IFG, DLPFC, and medial PFC. The random-effects pooled
estimate was negative but not statistically significant (SMD = —0.20, 95% CI [—-1.23, 0.84],
p = 0.7068). Substantial between-study heterogeneity was observed (Q = 30.89, p < 0.0001;
12 = 90.3%; T> = 1.0014; Figure 6). Notably, narrative evidence from Fu et al. (2016) [20]
further suggests that developmental language disorder may also involve atypical hemody-
namic patterns in language-related regions. In the group with specific language impair-
ment, significant between-group differences were observed in oxygenated mean trends
in the right inferior frontal cortex, with control trajectories remaining above those of the
case group.
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Standardised Mean
Study Difference SMD 95%-Cl  Weight
Dyslexia
Fuetal., 2024 —— -0.91 [-1.54;-0.29] 25.2%
Fuetal., 2024.1 —— 1.26  [0.60; 1.92] 25.0%
Eggleston et al., 2024 —— -1.01 [-1.60; -0.42]  25.5%

Random effects model

-0.22 [-1.67; 1.22] 75.7%

Heterogeneity: 1 = 93.5%, 1° = 1.5378, p < 0.0001

Language disorder
Hancock et al., 2023

Random effects model

Heterogeneity: /2 = 90.3%, t° = 1.0014, p < 0.0001 f T
Test for subgroup differences: ;f_f =0,02,df=1(p=0.8881) -2 -1 0 1

-0.11 [-0.85; 0.63] 24.3%

-0.20 [-1.23; 0.84] 100.0%

T T 1

~nN

Standardised Mean Difference

Figure 6. Forest plot showing the subgroup analysis of 3 outcomes by disorder category and the
overall meta-analysis of 3 outcomes. Green squares represent individual effect estimates, and
horizontal lines represent 95% confidence intervals. Purple diamonds represent pooled random-
effects estimates. The solid vertical line at SMD = 0 denotes no between-group difference, whereas
the dashed vertical line marks the overall pooled SMD. The plotted studies were Fu et al. (2024) [17],
Eggleston et al. (2024) [18], and Hancock et al. (2023) [19]. Fu et al. (2024) [17] contributed separate
child and adult samples, labelled “Fu et al., 2024” and “Fu et al., 2024.1”, respectively; “.1” does not
indicate a separate publication.

To further examine potential sources of heterogeneity, subgroup analyses were con-
ducted according to disorder type (Figure 6). In the dyslexia subgroup, three independent
effect estimates from two studies yielded a negative pooled point estimate (SMD = —0.22,
95% CI [—1.67, 1.22]). However, the confidence interval was wide and crossed zero, pro-
viding no clear evidence of a dyslexia-specific difference in 3 values. This subgroup also
showed substantial heterogeneity (Q = 30.68, p < 0.0001; I?> = 93.5%; 12 = 1.5378). In the
developmental language-disorder subgroup, only one study was available, yielding an
effect size of SMD = —0.11 (95% CI [—0.85, 0.63]). Although the direction of effect similarly
suggested lower (3 values in the experimental group, the estimate was not statistically
significant. Because this subgroup was represented by a single study, within-subgroup
heterogeneity could not be estimated and the finding should be regarded as descriptive
only. The test for subgroup differences was not statistically significant (Q = 0.02, p = 0.8881),
indicating that there was no clear evidence that disorder type significantly moderated the
pooled f3 effect.

Sensitivity analyses were performed to assess the robustness of the pooled estimate
and to explore potential sources of heterogeneity. The ROI subgroup-difference test was
not statistically significant (p = 0.1326), whereas the age-group difference was statistically
significant (p < 0.0001). However, the age-related finding should be regarded as exploratory
because the adult subgroup contained only one independent effect estimate, and age was
confounded with study, task, and other sample characteristics. In the leave-one-effect-out
analysis, pooled estimates ranged from —0.72 to 0.08. Omission of the adult sample from
Fu et al. (2024) [17] yielded a statistically significant negative effect (SMD = —0.72, 95% CI
[—1.24, —0.20], p = 0.0070) and reduced heterogeneity to 48.5%, whereas the other estimates
remained non-significant and highly heterogeneous. These findings indicate that the 3
synthesis was sensitive to the composition of the small evidence base (Figure 7).
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Omitted Study Overall SMD if omitted SMD 95%-Cl  P-value Tau2 Tau 12
Omitting Fu et al., 2024 —— 0.04  [-1.26; 1.35] 0.9485 1.2180 1.1036 92.1%
Omitting Fu et al., 2024.1 —— ‘ -0.72  [-1.24;-0.20] 0.0070 0.1020 0.3194 48.5%

Omitting Eggleston et al., 2024 — 0.08 [-1.17; 1.33] 0.9012 1.1093 1.0533 91.0%

Omitting Hancock et al., 2023 -0.22  [-1.67; 1.22] 0.7670 1.5378 1.2401 93.5%
Random effects model -0.20 [-1.23; 0.84] 0.7068 1.0014 1.0007 90.3%
r T T T T 1
-3 -2 -1 0 1 2 3
Standardised Mean Difference

Figure 7. Leave-one-effect-out sensitivity analysis of 3 outcomes. Blue squares represent the recal-
culated pooled SMDs after sequential omission of each independent effect estimate, and horizontal
lines represent the corresponding 95% confidence intervals. The red diamond represents the original
randome-effects pooled estimate based on all included studies, with its width indicating the 95%
confidence interval. The solid vertical line marks SMD = 0, whereas the dashed vertical line marks
the original overall pooled SMD. The omitted effect estimates were derived from Fu et al. (2024) [17],
Eggleston et al. (2024) [18], and Hancock et al. (2023) [19]. Fu et al. (2024) [17] contributed separate
child and adult samples, labelled “Fu et al., 2024” and “Fu et al., 2024.1”, respectively; “.1” does not
indicate a separate publication.

3.5. Publication Bias

Egger’s test showed no statistically significant evidence of funnel plot asymmetry for
the HbO (p = 0.0893), HbR (p = 0.2798), or 3 analyses (p = 0.5035). Trim-and-fill analysis
did not impute any additional effects. However, because each analysis contained only a
small number of studies, these procedures had very limited statistical power. In particular,
publication bias and small-study effects cannot be ruled out for the HbO analysis. These
findings only indicate that funnel-plot asymmetry was not detected, not that publication
bias was absent.

4. Discussion
4.1. Summary of Evidence

The present synthesis showed that different hemoglobin parameters provided varying
levels of evidence across fNIRS studies of language disorders and dyslexia. The pooled
HbO effect was significantly negative and remained directionally consistent in leave-one-
out analyses, although its statistical significance was not consistently retained. HbR and
B findings were non-significant, highly heterogeneous, and more sensitive to individual
studies or samples. Therefore, HbO, HbR, and 3 should not be regarded as equivalent indi-
cators, because they may differ in their sensitivity, stability, and cross-study comparability
in detecting between-group differences. fNIRS reproducibility has been shown to vary
with data quality, response modelling, and analysis-pipeline choices [27], which may partly
explain inconsistent findings across studies using different outcome measures or analytical
methods [28]. Previous reviews have also shown that {NIRS studies frequently prioritize
HbO and report chromophores inconsistently [29].

These findings should be interpreted within the exploratory transdiagnostic frame-
work of this review. Although dyslexia, developmental language disorder, and post-stroke
aphasia differ in onset, etiology, and neurobiological basis, they all involve language- or
reading-related processing and have been investigated using fNIRS measures. The ratio-
nale for the synthesis was therefore to examine whether hemodynamic response patterns
converge or diverge across disorders within this shared functional domain, rather than to
assume that the included conditions are etiologically homologous. Accordingly, the aggre-
gate effects should be interpreted as preliminary evidence of cross-diagnostic convergence
or divergence at the level of task-evoked hemodynamic responses, not as evidence of a
shared disease continuum or common underlying mechanism.

In the HbO subgroup analysis, dyslexia showed a clearer negative pooled effect,
whereas the estimate for acquired language disorders was close to zero and highly uncertain.
The non-significant subgroup-difference test should not be interpreted as evidence that the
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two diagnostic categories showed equivalent response patterns, given the small number
of studies.

Among the studies synthesized, the reported ROIs were concentrated mainly in frontal
regions, particularly the IFG and broader prefrontal cortex, with only a small number of
studies involving temporoparietal regions such as the TPJ. Given the established role of
frontal language-related regions, especially the IFG, in phonological processing, syntactic
processing, and language control, this finding may reflect lower processing efficiency or
less effective engagement of frontal language networks in individuals with language disor-
ders and dyslexia. This interpretation is broadly consistent with previous neuroimaging
evidence. For example, Li et al. reported hypoactivation of the left inferior frontal cortex in
children with dyslexia across different writing systems [30]. However, because the present
study did not systematically compare all cortical regions and the available evidence was
weighted more heavily toward frontal ROlISs, the current findings are better interpreted
as supporting the involvement of IFG-related frontal regions as relatively consistently
affected areas, rather than identifying the IFG as the sole or definitive core region. These
fNIRS findings are broadly consistent with, but more spatially constrained than, evidence
from fMRI studies. In dyslexia, fMRI meta-analyses and reviews have reported atypical
activation within the left-hemisphere reading network, including inferior frontal, tem-
poroparietal, and occipitotemporal regions [31,32]. The reduced HbO pattern observed
in the present synthesis is therefore generally compatible with evidence of less efficient
recruitment of language- and reading-related cortical systems. Accordingly, convergence
with the fMRI literature primarily concerns its frontal component rather than the whole
language or reading network. For developmental language disorder and post-stroke apha-
sia, MRI/fMRI studies also suggest atypical language-network organization and functional
reorganization, including altered activation/connectivity patterns in developmental con-
ditions and compensatory recruitment of preserved left-hemisphere or right-hemisphere
regions after stroke [33-35]. Therefore, the present fNIRS findings should be interpreted as
complementary to, rather than directly equivalent to, the broader fMRI evidence.

Compared to HbO, the HbR results were substantially less consistent. Although the
pooled HbR effect was positive in direction, it did not reach statistical significance, and
the substantial between-study heterogeneity indicates that current evidence is insufficient
to support a stable and uniform pattern of HbR alteration across acquired language dis-
orders and dyslexia. On one hand, this may be related to the limited number of studies
included in HbR analysis, with only 3 articles incorporated in this study, resulting in limited
statistical power. On the other hand, f{NIRS signals contain multiple physiological and
stimulus-dependent components whose relative contributions may vary across experi-
mental settings [36]. Such variability may further complicate comparison of HbR findings
across a small and methodologically heterogeneous literature.

The results for (3 coefficients were also inconclusive. The pooled 3 effect was negative
in direction but did not reach statistical significance. Unlike HbO and HbR, 3 estimates
are model-derived parameters that may depend on analytical choices such as model speci-
fication and preprocessing strategies, resulting in limited cross-study comparability [37].
Therefore, although (3 values may capture meaningful task-related activation, the cross-
study comparability may be inferior to directly reported hemodynamic metrics. This
may partly explain why the 3 analysis did not yield a clear or stable pooled effect in the
present study.

Subgroup findings varied across outcomes. Disorder category did not significantly
explain the HbO or f effects, whereas the HbR subgroup difference was statistically signifi-
cant. However, the HbR dyslexia subgroup and the 3 developmental language-disorder
subgroup were each represented by only one study, and the ROI- and metric-type compar-
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isons were also based on sparse data. These findings should therefore be regarded as ex-
ploratory. Age-related variability remains important because the included samples ranged
from school-aged children to older adults with post-stroke aphasia. Cortical maturation,
language-network organization, and neurovascular coupling may influence fNIRS-derived
responses across the lifespan. Although a significant age-group difference was observed for
(3, the adult category was represented only by the adult sample from Fu et al. (2024) [17],
and age was confounded with study, task, and disorder category. This result therefore
does not establish age as an independent moderator. Leave-one-out analyses also showed
different levels of robustness across outcomes. The HbO estimates remained negative, but
statistical significance was not consistently retained. Omission of Sakatani et al. (1998) [26]
eliminated heterogeneity, indicating that this study contributed substantially to the ob-
served variability. The HbR findings were highly sensitive to individual studies. The {3
result was particularly influenced by the adult sample from Fu et al. (2024) [17], whose omis-
sion produced a statistically significant negative pooled effect and reduced heterogeneity.

4.2. Limitations

No previous meta-analysis appears to have synthesized fNIRS findings in language
disorders and dyslexia using a comprehensive search strategy; however, several limitations
should be considered when interpreting the results. First, the number of included studies
was limited and unevenly distributed across outcome measures, with only five studies
contributing to the HbO analysis, three to the HbR analysis, and three studies contributing
four effect estimates to the (3 analysis. This small evidence base may reduce the precision
of pooled estimates and the stability of heterogeneity, subgroup, and sensitivity analyses.
Therefore, the significant HbO finding should be regarded as a preliminary signal requiring
further confirmation, and the non-significant HbR and  findings should be interpreted
cautiously rather than as evidence of no effect. Given the limited number of studies
and unevenly distributed study characteristics, meta-regression was not performed. In
addition, the wide and uneven age distribution across studies may have contributed
to between-study heterogeneity, but the limited number of studies prevented a robust
evaluation of age as an independent moderator. Second, publication-bias assessments
were severely underpowered because each meta-analysis included only a small number of
studies. Consequently, the non-significant Egger’s tests and the absence of trim-and-fill
imputations should not be interpreted as evidence against publication bias. In particular,
given that the HbO analysis included only five studies, the possibility of publication bias
cannot be excluded. Third, to avoid effect-size dependency, only one ROI was selected for
each outcome measure from each study for the main analysis. Although this approach
improved cross-study comparability and reduced statistical dependence, it may also have
limited the extent to which within-study variability was represented. Moreover, because
the selected ROIs were mainly concentrated in frontal and prefrontal language-related
regions, the pooled findings should be interpreted as reflecting the available evidence from
these commonly reported ROIs rather than whole-brain hemodynamic alterations during
language or reading tasks. In addition, the inclusion of both developmental and acquired
conditions introduced substantial clinical and etiological heterogeneity. Although disorder-
stratified results were reported where data permitted, several diagnostic subgroups were
represented by only one study, limiting robust comparisons across diagnostic categories.
The pooled findings should therefore be interpreted cautiously.

4.3. Future Directions

Future research should include larger samples, more balanced representation across
disorder categories, and more standardized ROI selection and outcome reporting to im-

https://doi.org/10.3390/diagnostics16152388


https://doi.org/10.3390/diagnostics16152388

Diagnostics 2026, 16, 2388

17 of 19

References

prove cross-study comparability and further clarify both shared and disorder-specific
features of language disorders and dyslexia.

5. Conclusions

This study systematically synthesized fNIRS evidence related to language disorders
and dyslexia. The current findings indicate that, among the studies included, HbO was
the only outcome to show a statistically significant overall between-group difference
and appeared to provide relatively more consistent evidence across studies. In contrast,
findings based on HbR and (3 were less stable and showed weaker cross-study consis-
tency. However, because the available evidence was limited, clinically heterogeneous,
and unevenly distributed across outcome measures, these findings should be interpreted
as preliminary and hypothesis-generating rather than confirmatory. The observed HbO
pattern should therefore be regarded as an exploratory cross-diagnostic signal within the
available literature, rather than as evidence of a shared disease continuum or common
underlying mechanism.
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