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A B S T R A C T   

Background: Functional near-infrared spectroscopy (fNIRS) is a method to measure cerebral he-
modynamics. Determining the changes in prefrontal cortex (PFC) hemodynamics during dual-task 
paradigms is essential in explaining alterations in physical activities, especially in older adults. 
Aims: To systematically review and meta-analyze the effects of dual-task paradigms on PFC he-
modynamics in older adults. 
Methods: The search was conducted in PubMed, Scopus, and Web of Science from inception until 
March 2023 to identify studies on the effects of dual-task paradigms on PFC hemodynamics. The 
meta-analysis included variables of cerebral hemodynamics, such as oxygenated hemoglobin 
(HbO2) and deoxygenated hemoglobin (HbR). The heterogeneity of the included studies was 
determined using the I2 statistic. Additionally, subgroup analysis was conducted to compare the 
effects of different types of cognitive tasks. 
Results: A total of 37 studies were included in the systematic review, 25 studies comprising 2224 
older adults were included in the meta-analysis. Our findings showed that inhibitory control and 
working memory tasks significantly increased HbO2 in the PFC by 0.53 (p < 0.01, 95% CI = 0.37 
to 0.70) and 0.13 (p < 0.01, 95% CI = 0.08 to 0.18) μmol/L, respectively. Overall, HbO2 was 
significantly increased during dual-task paradigms by 0.36 μmol/L (P < 0.01, 95% CI = 0.27 to 
0.45). Moreover, dual-task paradigms also decreased HbR in the PFC by 0.04 (P < 0.01, 95% CI =
− 0.07 to − 0.01). Specifically, HbR decreased by 0.08 during inhibitory control tasks (p < 0.01, 
95% CI = − 0.13 to − 0.02), but did not change during working memory tasks. 
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Conclusion: Cognitive tasks related to inhibitory control required greater cognitive demands, 
indicating higher pfc activation during dual-task paradigms in older adults. for clinical implica-
tions, the increase in pfc oxygenated hemoglobin and decrease in pfc deoxygenated hemoglobin 
may help explain why older adults are more likely to fall during daily activities.   

1. Introduction 

Aging causes deterioration in brain structure and function, which leads to a gradual decline in cognitive function [1–6]. Therefore, 
older adults show a decline in cognitive performance relative to younger adults [1,2,6]. The significance of cognitive performance in 
older persons, particularly in terms of walking performance, is well-established [7]. Walking is a motor task that has been suggested to 
be a coordinated movement mediated by cognitive function and motor control mechanisms [7–11]. Higher cognitive demands (e.g., 
simultaneous walking and talking) are associated with slower walking speeds [4,12,13]. In addition, the difficulty to maintain a 
conversation while walking (i.e., stopping walking when talking) is predictive of future falls in older persons [14–16]. This suggests 
that cognitive function plays an important role when performing motor tasks in conjunction with cognitive tasks, especially in older 
adults. 

Dual-task is defined as the simultaneous execution of two distinct tasks [2]. For example, in daily life, it is common to encounter 
situations in which a motor task (e.g., standing or walking) is performed along with a cognitive task (e.g., thinking, or talking) [13,15, 
17]. Reduced ability to perform dual-task is the leading cause of postural instability, alterations in walking patterns, and increased risk 
of falling in older adults [18,19]. In older adults, falls are directly associated with bone fractures, resulting in substantial complications 
such as increased risk of disability, lower quality of life, and higher mortality [20]. Furthermore, older adults are more likely to fall 
when undertaking dual-tasking while walking compared to walking alone [17]. Therefore, understanding the mechanism that un-
derpin dual-task paradigms in older adults is crucial. 

The prefrontal cortex (PFC) is the cerebral cortex located in the front part of the brain, which is primarily responsible for executive 
function, including inhibitory control, working memory, and cognitive flexibility [21]. The executive function is associated with 
processing and selecting attention for responding when performing cognitive tasks [7,22]. Higher PFC activity is an indication of 
increased neural activity to complete tasks, and may be indicative of limited cognitive capacity [23]. Prefrontal regions relevant to 
cognitive tasks include the dorsolateral PFC [22,24,25], superior frontal gyrus, middle frontal gyrus [26], orbitofrontal cortex, and 
frontopolar cortex [27]. Thus, in terms of cortical activity, the PFC is the most common brain area to measure executive function when 
performing cognitive tasks [6,22,25,26,28–42]. 

Functional Near-Infrared Spectroscopy (fNIRS) is a non-invasive brain imaging method that uses the theory of neurovascular 
coupling [43–45]. Near-infrared light can penetrate tissues, several centimeters deep, making fNIRS a useful tool for non-invasive 
monitoring of brain tissue oxygenation and hemodynamics [45]. fNIRS uses relative changes in oxygenated hemoglobin (HbO2) 
and deoxygenated hemoglobin (HbR) to infer neural activity and investigate neurovascular coupling in the brain associated with 
cognitive and motor tasks [43–45]. Because of its portability and no restriction on motion, fNIRS is a suitable technique for deter-
mining cerebral hemodynamics during any physical activity [44–46]. Therefore, fNIRS is commonly used to examine cortical activity 
during physical activities in the hemodynamic response manner [23,46]. 

Recently, fNIRS has been extensively used to investigate the cerebral hemodynamics of PFC in older adults [6,22,25,26,28–40]. 
However, previous studies have reported discrepancies in PFC hemodynamic results, with some showing an increase, decrease, or no 
change in PFC activity during dual-task performance [26,36,37,39,47–49]. Because of these discrepancies, there is no consensus on 
how dual-tasks may affect cerebral hemodynamics of the PFC in fNIRS studies. Therefore, this study aimed to systematically determine 
the effect of dual-task paradigms on the change of cerebral hemodynamics in the PFC (including HbO2 and HbR) in older adults. 

2. Materials and methods 

This study was conducted according to the guidelines in the Preferred Reporting Items for Systematic Reviews and Meta-analysis 
(PRISMA) statement [50]. 

2.1. Data sources and search strategy 

The search was conducted in the PubMed, Scopus, and Web of Science databases from inception until March 2023. A search 
strategy was implemented to find the study that investigated the effect of dual-task on PFC hemodynamics in healthy older adults. The 
following keywords were entered into each database: (elderly OR older) AND (cognit* OR dual*) AND (fNIRS OR hemodynamic). 
Further information about search strategies, we provide it in the supplementary materials. 

2.2. Eligibility criteria 

The inclusion criteria for this study were as follows: (a) population: older adults (aged 50 or older) [51]; (b) intervention: any 
dual-task that combined a cognitive task with a motor task; (c) comparison: any single-task that involved a motor task related to the 
lower limbs; (d) outcome: cerebral hemodynamics in the PFC. We excluded studies in which the population had cognitive impairment 
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Table 1 
Summary of the included study characteristics.  

Study Population Intervention Outcome 

N Age Cognitive 
function 

Single- 
task 

Dual-task Device detail Brain area Cerebral 
hemodynamic 

Beurskens 
2014 

10 71.0 
± 3.8 

N/A Walking Walking with 
alternate letters of 
the alphabet 

Device: DYNOT Imaging 
System, NIRx Medical 
Technologies, LLC 
Wavelength: 760 and 830 
nm 
Channel: 14 channels 
Sampling rate: 1.81 Hz 

- Bilateral middle 
frontal gyrus 
- Bilateral 
superior frontal 
gyrus 

HbO2 no difference 
HbR no difference 

Chaparro 
2017 

12 63.1 
± 4.4 

RBANS =
105.6 ±
11.3 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIR Imager 1000, 
fNIR Devices LLC, 
Potomac, MD 
Channel: 16 channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Chen 2017 90 78.1 
± 5.5 

RBANS =
93.5 ± 12.8 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIR Imager1000, 
(fNIR Devices LLC, 
Potomac, MD) 
Channel: 16 channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Chen 2022 28 68.6 
± 4.1 

MMSE 
≥24.0 

Walking Walking with 
serial subtraction 

Device: fNIR imaging 
system (LIGHTNIRS, 
Shimadzu 
Corp., Kyoto, Japan) 
Wavelength: 780, 805, and 
830 nm Channel: 22 
channels 
Sampling rate: 13.3 Hz 

- Bilateral dlPFC 
(BA 46) 
- Bilateral OFC 
(BA 11) 
- Bilateral FPC 
(BA 10) 

↑HbO2 

George 
2019 

221 76.0 
± 6.6 

RBANS =
90.4 ± 11.9 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIRS Devices, LLC, 
Potomac, MD) 
Wavelength: 730, 805, and 
850 nm Channel: 16 
channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Germain 
2023 

36 69.9 
± 4.9 

MMSE =
28.7 ± 1.4 

Walking Walking with 
random 
generation of 
numbers 

Device: Oxymon MKIII, 
Artinis Medical Systems 
Wavelength: 765 and 855 
nm 
Channel: 2 channels 
Sampling rate: 10 Hz 

- Left dlPFC (BA 
10) 
- anterior PFC 

↑HbO2 

↓HbR 

Hassan 
2020 

20 69.1 
± 6.9 

MoCA =
26.1 ± 2.9 

Walking Walking with 
backwards 
spelling 

Device: FNIR100W-1, 
BIOPAC 
Wavelength: 730 and 850 
nm 
Sampling rate: 4 Hz 

- Overall PFC ↑HbO2 

Hassan 
2022 

17 71.2 
± 4.9 

MoCA =
25.6 ± 2.9 

Walking Walking with 
backwards 
spelling 

Device: FNIR100W-1, 
BIOPAC 
Wavelength: 730 and 850 
nm 
Sampling rate: 4 Hz 

- Overall PFC ↑HbO2 

Hawkins 
2018 

15 77.2 
± 5.6 

MMSE =
27.4 ± 1.7 

Walking Walking with 
verbal fluency task 

Device: Niro 200NX, 
Hamatsu Phtonics Japan 
Wavelength: 735 and 810 
nm 
Channel: 2 channels 
Sampling rate: 2 Hz 

- Bilateral 
anterior PFC (BA 
10) 

↑HbO2 

HbR no difference 

Hernandez 
2016 

8 61.0 
± 4.0 

RBANS =
110.0 ±
12.0 

Walking Walking with 
alternate letters of 
the alphabet 

Device: Imager 1000, 16 
channels, fNIRS Devices 
LLC 
Wavelength: 730, 805 and 
850 nm 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

↑HbR 

Hernandez 
2020 

17 66.7 
± 5.4 

3MS = 94.2 
+ 8.9 

Walking Walking with 
object 
discrimination 

Device: Portalite, Artinis 
Medical Systems Inc. 
Wavelength: 760 and 810 
nm 
Sampling rate: 10 Hz 

- Left PFC (BA 
10) 

↑HbO2 

HbR no difference 

(continued on next page) 
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Table 1 (continued ) 

Study Population Intervention Outcome 

N Age Cognitive 
function 

Single- 
task 

Dual-task Device detail Brain area Cerebral 
hemodynamic 

Hoang 2022 25 72 ± 5 MoCA ≥26 Walking Walking with 
serial subtraction 

Device: NIRSport, NIRx 
Medical Technologies 
Wavelengths: 760 and 850 
nm 
Channel: 18 channels 
Sampling rate: 7.81 Hz 

- Bilateral dlPFC ↑HbO2 

↓HbR 

Holtzer 
2011 

11 69–88 MMSE =
27.2 ± 1.8 

Walking Walking with 
alternate letters of 
the alphabet 

Device: Drexel Biomedical 
Engineering laboratory 
Wavelength: 730 and 850 
nm 
Channel: 16 channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Holtzer 
2018 

272 76.7 
± 6.7 

RBANS =
91.2 ± 11.9 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730 and 850 
nm 
Channel: 16 channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Holtzer 
2019a 

56 76.7 
± 6.3 

RBANS =
94.9 ± 11.6 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730 and 850 
nm 
Channel: 16 channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Holtzer 
2019b 

83 78.0 
± 6.3 

RBANS =
93.72 ±
12.37 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730, 805, and 
850 nm Channel: 16 
channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Holtzer 
2020a 

289 76.2 
± 6.5 

RBANS =
97.1 ± 8.1 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730 and 850 
nm 
Channel: 16 channels 
Sampling rate: 2Hz 

- Overall PFC ↑HbO2 

Holtzer 
2020b 

71 76.8 
± 6.2 

RBANS =
95.5 ± 11.0 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730, 805, and 
850 nm Channel: 16 
channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Holtzer 
2022 

55 74.8 
± 4.9 

N/A Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730, 805, and 
850 nm Channel: 16 
channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Izzetoglu 
2020 

83 78.0 
± 6.3 

N/A Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730, 805, and 
850 nm Channel: 16 
channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

↓HbR 

Maidan 
2016 

38 70.4 
± 0.9 

MMSE =
28.8 ± 0.2 

Walking Walking with 
serial subtraction 

Device: PortaLite fNIRS 
system, (Artinis Medical 
Systems, Elst, the 
Netherlands) 
Wavelength: 760 and 850 
nm 

- Overall PFC ↑HbO2 

(continued on next page) 
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Table 1 (continued ) 

Study Population Intervention Outcome 

N Age Cognitive 
function 

Single- 
task 

Dual-task Device detail Brain area Cerebral 
hemodynamic 

Channel: 2 channels 
Sampling rate: 10 Hz 

Marusic 
2019 

10 72.3 
± 3.2 

MoCA =
28.0 ± 1.2 

Tandem 
stance 

Tandem stance 
with serial 
subtraction 

Device: fNIRS (Oxymon, 
Artinis, The Netherlands). 
Wavelength: 780 and 850 
nm 
Channel: 2 channels 

- Left dlPFC HbO2 no difference 
HbR no difference 

Maruya 
2021 

27 76.5 
± 4.8 

MMSE =
26.4 ± 2.0 

Walking Walking with 
serial subtraction 

Device: fNIRS (HOT-2000; 
NeU Co., Ltd., Tokyo, 
Japan) 
Wavelength: 800 nm 
Channel: 2 channels 
Sampling rate: 10 Hz 

- Overall PFC ↓HbO2 

Mirelman 
2017 

20 69.7 
± 5.8 

MoCA =
27.5 ± 2.1 

Walking Walking with 
serial subtraction 

Device: PortaLite™ fNIRS 
system (Artinis Medical 
Systems, Elst, the 
Netherlands) 
Wavelength: 760 and 850 
nm 
Channel: 6 channels 
Sampling rate: 10 Hz 

- Overall PFC ↑HbO2 

Pakray 
2021 

383 76.0 
± 6.7 

RBANS =
91.0 ± 11.8 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1100 
(fNIR Devices, LLC, 
Potomac, Maryland) 
Wavelength: 830, 805, and 
850 nm Channel: 16 
channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Ross 2021 55 74.8 
± 4.9 

RBANS =
92.7 ± 11.2 

Walking Walking with 
alternate letters of 
the alphabet 

Device: fNIRS Imager 1000 
(fNIR Devices, LLC, 
Potomac, MD) 
Wavelength: 730, 805, and 
850 nm Channel: 16 
channels 
Sampling rate: 2 Hz 

- Overall PFC ↑HbO2 

Rosso 2017 10 74.0 
± 5.0 

RBANS =
66.0 ± 28.0 

Standing Standing with 
auditory choice 
reaction time 

Device: fNIRS instrument 
(CW6 Real-time; TechEn 
Inc) 
Wavelength: 690 and 830 
nm 

- dlPFC 
- SMG 
- STG 

↓HbO2 

↓HbR 

Salzman 
2021 

20 71.8 
± 6.4 

MoCA =
27.2 ± 1.2 

Walking Walking with 
cognitive-auditory 
tasks 

Device: OctaMon fNIRS 
device (Octamon, Artinis, 
The Netherlands) 
Wavelength: 690 and 830 
nm Channel: 8 channels 

- Overall PFC ↓HbO2 

↓HbR 

Salzman 
2021 

20 72.7 
± 6.9 

MoCA =
27.3 ± 1.4 

Stair 
climbing 

Stair climbing 
with cognitive- 
auditory tasks 

Device: OctaMon fNIRS 
device (Octamon, Artinis, 
The Netherlands) 
Wavelength: 760 and 850 
nm 
Sampling rate: 10 Hz 

- Overall PFC ↑HbO2 

St George 
2021 

26 70.6 
± 7.1 

MoCA =
26.0 ± 3.0 

Standing Standing with 
serial subtraction 

The NIRSport (NIRx 
Medizintechnik GmbH, 
Berlin) system 
Wavelength: 760 and 850 
nm 
Channel: 22 channels 
Sampling rate: 7.8125 Hz 

- Overall PFC ↓HbO2 

St George 
2022 

26 70.3 
± 7 

MoCA =
26.0 ± 1.8 

Walking - Walking with 
alternate letters of 
the alphabet 
- Walking with 
serial subtraction 

The NIRSport (NIRx 
Medizintechnik GmbH, 
Berlin) system 
Wavelength: 760 and 850 
nm 
Channel: 22 channels 
Sampling rate: 7.8125 Hz 

- Overall PFC ↑HbO2 (alternate 
letters of the 
alphabet and serial 
subtraction task) 
↓HbR (alternate 
letters of the 
alphabet and serial 
subtraction task) 

(continued on next page) 
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(e.g., dementia and Alzheimer’s) or motor deficits (e.g., stroke and Parkinson’s Disease). Intervention studies with more than two task 
integrations were excluded. We also excluded non-English language or non-original research studies. 

2.3. Study selection 

All included studies were imported into Endnote 20 (Clarivate Analytics, Boston, USA) to remove the duplicates. After the removal 
of duplicate studies, two independent reviewers (KL and PK) reviewed the remaining studies in accordance with the eligibility criteria 
on the titles and abstracts. Disagreements between the two independent reviewers (KL and PK) about study selection were resolved by 
discussion with the third independent reviewer (GN). 

2.4. Data extraction 

Data from all included studies were extracted and summarized in the table (see Table 1) by two independent reviewers (KL and PK). 

Table 1 (continued ) 

Study Population Intervention Outcome 

N Age Cognitive 
function 

Single- 
task 

Dual-task Device detail Brain area Cerebral 
hemodynamic 

Stojan 2023 49 68.62 
± 3.92 

MMSE =
29.23 ±
0.98 

Walking - Walking with 
serial subtraction 
- Walking with 
Stroop task 

Device: NIRSport systems 
(NIRx Medical 
Technologies, Glen Head, 
NY, USA) 
Wavelength: 760 and 850 
nm 
Channel: 38 channels 

- Bilateral dlPFC 
(BA 9 and 46) 
- Bilateral vlPFC 
(BA 44 and 45) 
- Superior 
parietal lobe (BA 
5 and 7) 
- Inferior parietal 
lobe (BA 39 and 
40) 

↑HbO2 (serial 
subtraction and 
Stroop task) 
↓HbR (serial 
subtraction) 
HbR no difference 
(Stroop task) 

Stuart 2019 18 72.6 
± 8.0 

MoCA =
28.1 ± 1.5 

Walking Walking with digit 
vigilance task 

Device: fNIRS optical 
imaging system (LABNIRS; 
Shimadzu, Kyoto, Japan) 
Wavelength: 780, 805 and 
830 nm 
Sampling rate: 23.8 Hz 

- PFC 
- PMC 
- SMA 
- M1 

↓HbO2 

Talamonti 
2022a 

24 67.91 
± 5.42 

MoCA =
27.79 ±
1.32 

Walking Walking with n- 
back task 

Device: Portable fNIRS in- 
house prototype 
Wavelength: 735 and 850 
nm 
Sampling rate: 20 Hz 

- PMC 
- OFC 
- Rostral medial 
PFC 
- Caudal dorsal 
PFC 
- Rostral dorsal 
PFC 
- Ventromedial 
PFC 

↑HbO2 

Talamonti 
2022b 

24 66.7 
± 5.4 

MMSE =
28.3 ± 1.1 

Walking Walking with n- 
back task 

Device: Portable inhouse 
built fNIRS system 
Wavelength: 735 and 860 
nm Channel: 256 channels 
Sampling rate: 20 Hz 

- PMC 
- OFC 
- Rostral medial 
PFC 
- Caudal dorsal 
PFC 
- Rostral dorsal 
PFC 

HbO2 no difference 
HbR no difference 

Teo 2021 26 71.1 
± 4.2 

MoCA =
28.1 ± 1.6 

Walking Walking with 
serial subtraction 

Single channel fNIRS 
device (Portalite, Artinis 
Medical Systems, The 
Netherlands) 
Wavelength: 760 and 850 
nm 

- Left PFC ↑HbO2 

↑HbR 

Wagshul 
2019 

55 74.8 
± 5.0 

RBANS =
92.5 ± 11.4 

Walking Walking with 
alternate letters of 
the alphabet 

fNIRS 
Imager 1100 was used 
(fNIRS Devices, LLC, 
Potomac, MD). 
Wavelength: 730 and 850 
nm 16 channels. 

- Overall PFC ↑HbO2 

HbO2: Oxygenated Hemoglobin; HbR: Deoxygenated Hemoglobin; PFC: Prefrontal Cortex; RBANS: Repeatable Battery for the Assessment of Neu-
ropsychological Status; MoCA: Montreal Cognitive Assessment; 3MS: Modified Mini-Mental State Exam; MMSE: Mini-mental State Examination; 
dlPFC: Dorsolateral Prefrontal Cortex; FPC: Frontopolar Cortex; OFC: Orbitofrontal Cortex; SMG: Supra-Marginal Gyrus; STG: Superior-Temporal 
Gyrus; PMC: Premotor Cortex; SMA: Supplementary Motor Area; M1: Primary Motor Cortex. 
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Two independent reviewers (KL and PK) retrieved the following data from each included study: (a) first author and year of publication; 
(b) sample size, age, and cognitive function; (c) task descriptions (including sing-task and dual-task); (d) device details; (e) brain areas; 
and (f) results of cerebral hemodynamics. In case the data were unclear or incomplete, we contacted the first or corresponding author 
of the study by email. If we did not receive a response by email, the data was estimated by using a program custom-written in the 
MATLAB R2020a software (MathWorks, Natrick, MA, USA) [52,53]. When the two independent reviewers (KL and PK) disagreed on 
data extraction, the third independent reviewer (GN) was invited to a meeting to find an agreement on adjudication. 

2.5. Risk of bias assessment 

Two independent reviewers (KL and PK) assessed the risk of bias of the included studies according to the Risk of Bias In Non- 
Randomized Studies-of Interventions (ROBINS-I) [54]. ROBINS-I consists of the following domains: (a) bias due to confounding; 
(b) bias in selection of participants; (c) bias in classification of interventions; (d) bias due to deviations from intended interventions; (e) 
bias due to missing data; (f) bias in measurement of outcomes; and (g) bias in selection of the reported result. The judgments for each 
domain were low risk of bias, unclear risk of bias, and high risk of bias. Disagreements between the two independent reviewers (KL and 
PK) about the risk of bias were also resolved by discussion with the third independent reviewer (GN). 

2.6. Synthesis of results 

The Review Manager v.5.3 (RevMan, The Nordic Cochrane Centre, Cochrane Collaboration, Copenhagen, Denmark) was used to 
determine cerebral hemodynamics in the PFC between single-task and dual-task. Data synthesis was conducted when the included 
studies reported a similar primary outcome in mean ± SD for at least 3 studies [50]. Subgroup analysis was conducted to compare the 
effects of different types of cognitive tasks. The cognitive tasks were categorized in accordance with their respective executive 
functions [21]: a) inhibitory control tasks: the tasks that suppress or countermand before response; b) working memory tasks: the tasks 
that provide the starting information and require the information to be manipulated based on conditions; and c) cognitive flexibility 
tasks: the tasks that allow to choose between two (or more than two) different responses. This meta-analysis used weighted mean 
differences (WMD) with 95% confidence intervals (95% CI) because the outcome was presented in the same units [50]. The I2 value 
was used to define the heterogeneity of the outcome [50]. I2 values of more than 50% were used to indicate heterogeneity. The alpha 

Fig. 1. PRISMA flow diagram summarizing study screening and selection for review.  
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Fig. 2. Forest plots showing weighted mean differences with 95% CI in the influence of dual-task paradigms on: (A) Oxygenated Hemoglobin and 
(B) Deoxygenated Hemoglobin. 
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level was set at 0.05 for statistical significance. 

3. Results 

3.1. Search results 

The PRISMA flowchart shows a summary of the study selection process, as illustrated in Fig. 1. The initial search identified a total of 
1322 studies after searching three databases, four of which was an additional study from a manual search [24,30,55,56]. 849 studies 
remained after the removal of duplicates. The remaining studies were then screened by title and abstract. After the screening, 83 
studies were assessed by full-text reviews. We excluded a total of 46 studies for the following reasons: non-original research studies (n 
= 5), individuals with cognitive impairment (n = 5), interventions involving more than two tasks (n = 29), not comparing with 
physical single tasks (n = 7), and single motor task was not involved lower extremities task (n = 1). Finally, 37 eligible studies [6,22, 
24–28,30–40,47–49,55–70] were included in the systematic review. However, because of limitations in data extraction, 25 studies [6, 
22,25–40,47–49,55–66,68–70] were included in the quantitative synthesis. Of these, data from four studies were extracted using 
MATLAB [33,56,57,59]. 

3.2. Study characteristics 

The included studies were published between 2011 and 2023. The characteristics of the included studies are summarized in 
Table 1. A total of 2224 older adults were recruited from 37 studies [6,22,24–28,30–40,47–49,55–70], with 1642 older adults from 25 
studies of them included in the meta-analysis. The age of participants ranged from 61 to 78 years old (mean 74.92 ± 6.04 years). Most 
of the included studies clearly stated that the older adults had no cognitive impairment, except for 3 studies [26,36,47] that did not 
report. For single-task paradigm, all of the included studies used a motor task including walking in 33 studies [6,24,26–28,30–40, 
47–49,55,57–64,66–70], standing in 3 studies [22,25,56], and stair climbing in 1 study [65]. For dual-task paradigms, cognitive tasks 
were performed as follows: 22 studies [6,22,26,28,34–36,38,39,47,55,57–62,64–67,70] used inhibitory control tasks (i.e., alternate 
letters of alphabet, auditory task, random generation of numbers, and Stroop task), 17 studies [24,25,27,30–33,37,40,48,49,56,63, 
66–69] used working memory tasks (i.e., backward spelling, serial subtraction, n-back, object discrimination, and verbal fluency task). 
Two studies used both inhibitory control and working memory as cognitive tasks [66,67]. None of the included studies used cognitive 
flexibility tasks as cognitive task. 

3.3. The effect of dual-task paradigms on oxygenated hemoglobin (HbO2) 

All of the data synthesis used walking as a single-task (100%), while the dual-task paradigms were inhibitory control tasks (65%) 
and working memory (35%). For subgroup analysis, in inhibitory control task, the majority of studies favor dual-task paradigm, but 2 
study [63,65] favor single-task paradigm. A total of 17 studies [6,28,34–36,38,39,47,55–62,65,66,70] involving 1447 older adults 
were analyzed in order to determine the effect of inhibitory control task on HbO2. The data synthesis revealed that inhibitory control 
tasks significantly increased HbO2 in the PFC by 0.53 μmol/L (Z = 6.35, p < 0.01, 95% CI = 0.37 to 0.70, I2 = 99%). Meanwhile, in 
working memory task, a total of 9 studies [30,31,33,37,40,48,63,66,69] involving 221 older adults were analyzed in order to 
determine the effect of working memory task on HbO2. The data synthesis revealed that working memory tasks significantly also 
increased HbO2 in the PFC by 0.13 μmol/L (Z = 4.99, p < 0.01, 95% CI = 0.08 to 0.18, I2 = 88%). Therefore, a total of 25 studies [6,28, 
30,31,33–40,47,48,55,57–63,66,69,70] involving 1642 older adults were analyzed in order to determine the overall effect of dual-task 
paradigms on HbO2. Meta-analysis revealed that dual-task paradigms significantly increased HbO2 concentration in the PFC by 0.36 
μmol/L (Z = 8.43, P < 0.01, 95% CI = 0.27 to 0.44, I2 = 99%). Fig. 2A shows a forest plot displaying the effects of the dual-task 
paradigms on HbO2. 

3.4. The effect of dual-task paradigms on deoxygenated hemoglobin (HbR) 

All data synthesis used walking as a single-task (100%), while the dual-task paradigms were inhibitory control tasks (50%) and 
working memory (50%). A total of 7 studies [31,33,39,40,47,55,66] involving 261 older adults were analyzed in order to determine 
the overall effect of dual-task paradigms on HbR. Meta-analysis revealed that dual-task paradigms significantly decreased HbR con-
centration in the PFC by 0.04 μmol/L (Z = 2.85, P < 0.01, 95% CI = − 0.07 to − 0.01, I2 = 95%). The majority of studies favor 
single-task paradigm, but 1 study [40] favor dual-task paradigm. In the subgroup analysis on inhibitory control task, a total of 4 studies 
[39,47,55,66] involving 195 older adults were analyzed in order to determine the effect of inhibitory control task on HbR. The data 
synthesis revealed that inhibitory control tasks significantly decreased HbR in the PFC by 0.08 μmol/L (Z = 2.67, p < 0.01, 95% CI =
− 0.13 to − 0.02, I2 = 91%). However, a total of 4 studies [31,33,40,66] involving 92 older adults revealed that working memory task 
did not change HbR in the PFC (WMD = − 0.02, Z = 1.23, p = 0.22, 95% CI = − 0.05 to 0.01, I2 = 95%). Fig. 2B shows a forest plot 
displaying the effects of the dual-task paradigms on HbR. 

3.5. Risk of bias 

4 studies [26,36,47,62] out of the 37 studies (10%) demonstrated an unclear risk in the domain of confounding. 5 studies (13%) 
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showed a high risk of bias in the classification of interventions [22,25,29,56,65]. 2 studies (5%) showed a high risk of bias in selection 
of the reported results [22,40]. However, all the included studies had a low risk of bias in the remaining domains (i.e., selection of 
participants, deviations from intended interventions, missing data, and measurement of outcomes). The risk of bias for all included 
studies is summarized in Fig. 3. The detailed risk of bias for each study regarding the seven domains is illustrated in Fig. 4. 

4. Discussion 

This study is the first to systematically review and meta-analyze all research studies on changes in cerebral hemodynamics in the 
PFC due to dual-task paradigms in older adults. Most of the included studies demonstrated a low risk of bias, indicating that only 
studies with good-quality evidence were included in the data synthesis. According to the data synthesis, dual-task paradigms (both 
inhibitory control and working memory tasks) increase the concentration of HbO2, but have no effect on HbR in comparison to single- 
task in older adults. Specifically, inhibitory control tasks were more likely to increase HbO2 and decrease HbR than working memory 
tasks. Therefore, we suggest that cognitive tasks related to inhibitory control require greater cognitive demands, resulting in higher 
HbO2 and lower HbR in the PFC during dual-task walking. 

4.1. The effect of dual-task paradigms on oxygenated hemoglobin (HbO2) 

Dual-task paradigms resulted in a higher concentration of HbO2 in the PFC of older adults when compared with single-task par-
adigms. In single-task paradigms, older adults also increased levels of PFC activation during walking [66]. This is consistent with 
previous findings that the human brain utilizes approximately 20% of the total oxygen consumption at rest [71]. During multitasking, 
the brain requires substantially more oxygen to maintain optimal oxygen levels [25,63,72]. For this reason, adequate oxygenation is 
necessary for normal brain function during dual-tasking [25]. In our data synthesis, older adults also exhibited higher HbO2 levels in 
the PFC, suggesting a greater reliance on executive functions when performing dual-tasking. 

4.1.1. Differential effects of cognitive tasks on HbO2 in the PFC 
The cognitive tasks in the included studies were used as dual-tasks to increase cognitive demands during walking. The most 

commonly used cognitive tasks were inhibitory control tasks (such as alternate letters of the alphabet and auditory choice reaction) 
and working memory tasks (such as serial subtraction, verbal fluency, and backwards spelling). Previous studies have reported that the 
underlying mechanism of inhibitory control is associated with an increase in HbO2 concentration in the right PFC [25,30]. Addi-
tionally, previous studies have shown that the concentration of HbO2 in the left PFC increases when performing cognitive tasks that 
require working memory [73,74]. Although the included studies did not independently report the HbO2 concentration in the left or 
right lobes of the PFC, we found that inhibitory control tasks have a greater effect on HbO2 as compared to working memory tasks. It is 
possible that the cognitive tasks related to right PFC activity (i.e., inhibitory control tasks) require more HbO2 concentration during 
walking. 

Most of the included studies showed an increase in HbO2 concentration during dual-task walking. However, some of the included 
studies showed a decrease in HbO2 when walking with cognitive tasks (such as the auditory choice reaction time task [22], visual task 
[26], alternating letters of the alphabet [47] or cognitive-auditory task [39]). The cognitive information processing hypothesis can 
explain these discrepancies [9]. According to this theory, cognitive tasks might be recognized in long-term memory, which has an 
advantageous effect in minimizing interference from dual-tasks [75]. Hence, executive functions may be constrained and reorganized 
in accordance with long-term memory. Moreover, a number of studies have demonstrated that the decrease in PFC activation is 
associated with automatic tasks [76,77]. Nevertheless, this study does not provide a consensus regarding the decrease in HbO2 in older 
adults under dual-tasking. 

Fig. 3. Summary risk of bias for all included studies.  
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4.2. The effect of dual-task paradigms on deoxygenated hemoglobin (HbR) 

Our findings suggest that dual-task paradigms reduced the HbR concentration in the PFC of older adults. Normally, a decrease in 
HbR concentration coincides with an increase in HbO2 concentration. Previous studies have reported that older adults show a 
reduction in HbR concentration and an increase in HbO2 concentration during dual-task walking, which indicates an increase in PFC 
activation [31,33,39,47]. Similar to our study, dual-task paradigms that included both inhibitory control and working memory tasks 
were found to decrease HbR levels in the PFC. 

4.2.1. Differential effects of cognitive tasks on HbR in the PFC 
Our findings revealed that inhibitory control tasks reduced HbR in the PFC, however working memory tasks did not have the same 

effect. The decrease in HbR in the PFC has been associated with the increased in HbO2 level, which consistent with the previous dual- 
task studies [33,47,55,66,67]. The decrease in HbR is usually observed during difficult tasks, which in this case is the inhibitory control 
task [66]. In contrast, working memory tasks do not require the same level of cognitive demand as inhibitory control tasks, resulting in 
less demand for increased PFC activity and oxygen consumption [55,66]. A previous study has suggested that inhibitory control tasks 
were more disruptive to behavioral performance than the working memory tasks [66]. Therefore, our findings suggest that inhibitory 
control tasks and working memory tasks may involve different neural mechanisms, with inhibitory control tasks being associated with 
increased neural activity and decreased HbR in the PFC. 

4.3. Clinical implications 

Utilizing brain hemodynamics, particularly under dual-task paradigms, may provide an early detection approach for screening risk 
of falling in older adults. Early detection of alterations in cortical hemodynamics may also provide a significant chance to design an 
appropriate intervention, thereby minimizing the risk of falling among older adults. 

4.4. Study limitations 

Several limitations of the present study must be taken into account when interpreting the findings. First, this meta-analysis study 
did not restrict the types of cognitive tasks that were included in order to analyze the differential effects of complexity of dual-tasking. 
Future studies and reviews should elucidate the influence of these factors on cerebral hemodynamic. Second, some of the cognitive 
tasks used in the included studies involved speaking, such as counting backwards and verbal fluency, which require muscles located 
near the PFC [78]. Such muscle activities and different facial expressions may affect fNIRS signal quality [79]. Third, although our 
study only included healthy older adults, there was still some variation in their cognitive function, and some studies did not specifically 
report on cognitive functions. This factor should be considered when interpreting our findings. Fourth, the presence of 
physiology-based systemic interferences in the signal (e.g., cardiac pulsation and respiration) are a major concern with fNIRS mea-
surements [80,81]. Such systemic interferences exist in both the cerebral and superficial layers of the head reducing the accuracy of 
fNIRS for identifying brain activation. Recommended approaches for reducing systemic interference in fNIRS signals are low pass 
filtering and low frequency oscillations [82,83]. Lastly, our conclusions cannot be generalized to patients with cognitive impairment 
(e.g., dementia, Alzheimer’s disease) or motor deficits (e.g., post-stroke, Parkinson’s disease). Therefore, future studies examining the 
influences of dual-task paradigms on cerebral hemodynamics in patient populations should be conducted. 

5. Conclusions 

Older adults exhibit an increase in oxygenated hemoglobin concentration and a decrease in deoxygenated hemoglobin in the PFC 
when performing the dual-task paradigms. The increase in PFC oxygenated hemoglobin and decrease in PFC deoxygenated hemo-
globin might explain why older adults are more likely to fall while walking, walk slowly, or reduce physical activity. Although 
cognitive tasks (e.g., alternate letters, serial subtractions, and general conversation) are not particularly difficult, older adults spend 
considerable effort to accomplish tasks, particularly those requiring inhibitory control. Therefore, we propose that cognitive tasks 
associated with inhibitory control tasks are more likely to influence cerebral hemodynamics during dual-task, especially in walking. 
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