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Abstract

Studies suggest that aging affects the sensory re-weighting process, but the neuroimaging evidence 

is minimal. Functional Near-Infrared Spectroscopy (fNIRS) is a novel neuroimaging tool that can 

detect brain activities during dynamic movement condition. In this study, fNIRS was used to 

investigate the hemodynamic changes in the frontal-lateral, temporal-parietal, and occipital regions 

of interest (ROIs) during four sensory integration conditions that manipulated visual and 

somatosensory feedback in 15 middle-aged and 15 older adults. The results showed that the 

temporal-parietal ROI was activated more when somatosensory and visual information were 

absent in both groups, which indicated the sole use of vestibular input for maintaining balance. 

While both older adults and middle-aged adults had greater activity in most brain ROIs during 

changes in the sensory conditions, the older adults had greater increases in the occipital ROI and 

frontal–lateral ROIs. These findings suggest a cortical component to sensory re-weighting that is 

more distributed and requires greater attention in older adults.
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Introduction

Human balance control is reliant on three classes of sensory inputs: somatosensation, vision, 

and vestibular sensation (Nashner and Berthoz 1978). Recent studies have suggested that 

postural control is a dynamic process which involves re-weighting the three sensory inputs 

to adapt environmental changes (Peterka 2002; Peterka and Loughlin 2004; Mahboobin et 

al. 2005; O’Connor et al. 2008). In addition, studies have shown that the sensory inputs may 
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be used to varying degrees during different life stages (Lee and Aronson 1974; Nashner and 

Berthoz 1978; Woollacott et al. 1987; Woollacott and Shumway-Cook 1990).

Aging is one of the factors that may affect sensory re-weighting (Laurienti et al. 2006; 

O’Connor et al. 2008; Faraldo-Garcia et al. 2012). Several studies have used computerized 

dynamic posturography (Nashner et al. 1982) or other similar systems (Allum et al. 2002) to 

investigate how age affects sensory re-weighting during postural control (Cham et al. 2007; 

O’Connor et al. 2008; Faraldo-Garcia et al. 2012). The demonstrations of the evidence of 

sensory re-weighting in these studies were based primarily on biomechanical measures 

while performing dynamic balance tasks. However, other studies have tried to investigate the 

sensory re-weighting process from a top-down approach, using external cortical stimulation, 

such as transcranial magnetic stimulation (TMS) or neuroimaging tools, such as functional 

magnetic resonance (fMRI). The TMS studies have shown that the motor cortex is involved 

in balance control and that its inhibitory activity decreases with age (Taube et al. 2007; 

Papegaaij et al. 2014b). Using fMRI neuroimaging studies, it has been shown that stance and 

locomotion rely on multiple cortical areas activity (Zwergal et al. 2012). Zwergal et al. 

suggested that activation of some cortical areas, such as visual cortical areas, were 

independent of age, while other cortical areas may increase activation (i.e. decrease 

inhibition) with age, such as multi-sensory vestibular cortical areas (Zwergal et al. 2012). 

However, fMRI is not able to measure brain activities during dynamic postural balance 

conditions.

Functional near-infrared spectroscopy (fNIRS) is a noninvasive optical brain imaging 

method that detects cortical activation in a natural environment (Faraldo-Garcia et al. 2012). 

Several studies have suggested that fNIRS has high temporal and spatial correlation with 

MRI during brain hemodynamic changes (Huppert et al. 2006a, b). Applying fNIRS to study 

balance control has shown that the different cortical areas play different roles in postural 

control (Mihara et al. 2008; Karim et al. 2012, 2013a; Huppert et al. 2013). The prefrontal 

cortex has been associated with dual-task stepping choices (Huppert et al. 2013) and 

visuospatial attention cues during perturbations in the anteroposterior direction (Mihara et 

al. 2008). Studies also confirmed the regions involved with multi-sensory integration using 

fNIRS (Karim et al. 2012, 2013a). However, how age affects the cortical activation during 

sensory integration tasks has not been investigated. In this study, fNIRS was used to measure 

cortical blood oxygenation changes during four different sensory integration conditions in 

middle-aged and older healthy adults.

Methods

Experimental participants

Fifteen healthy middle-aged adults (MA, 5M/10F, age 46 ± 11 years) and 15 healthy older 

adults (OA, 8M/7F, age 73 ± 5 years) participated in this study. All participants were right-

handed. After providing informed consent, participants had screening tests performed to 

exclude those with vestibular, balance, and mobility impairments. The screening tests 

included a general neurological examination, a caloric vestibular function test (Jongkees 

1948), and the Functional Gait Assessment (Whitney et al. 2004; Wrisley et al. 2004) by a 
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physical therapist. This study protocol was approved by the University of Pittsburgh 

Institutional Review Board.

fNIRS instrumentation

The principle of fNIRS for brain imaging is based on the different absorption rates of oxy- 

and deoxy-hemoglobin at two different wavelengths of light (690 and 830 nm). The 

wavelengths may vary in different instruments. Source-detector pairs are basic elements to 

construct the brain spatial map. The sources are used to deliver the two different 

wavelengths and the detectors measure the attenuation of light due to absorption and 

scattering by the intervening tissues of the head. When the brain cortex evokes activity, the 

regional change in blood flow alters the concentration of oxy- and deoxy-hemoglobin which 

changes the absorption rate of the two different wavelengths. The modified Beer-Lambert 

law is used to convert the changes in light intensity to the changes in hemoglobin 

concentration. Thus, the brain spatial map can be made by spatially arranging the source and 

detector pairs on the head so the region of interest can be approximated (Boas et al. 2004).

In this study, a 30-channel continuous wave fNIRS instrument, consisting of 18 detectors 

and 12 sources, (CW6 real-time system; TechEN Inc, Milford, MA, USA) was used in this 

study. This fNIRS instrument has been used in previous studies (Abdelnour and Huppert 

2009; Karim et al. 2012, 2013a, b). A three-piece cap with the optodes embedded in it was 

used to record the hemodynamic changes bilaterally in the frontal–lateral, temporal–parietal, 

and occipital regions (Fig. 1). Two different wavelengths of light, 690 and 830 nm, were 

emitted by the 12 sources to assess the changes of both oxy- and deoxy-hemoglobin 

concentration in the brain cortex. There were 11 source-detector pairs (four sources and six 

detectors) over each lateral hemisphere and 12 source-detector pairs (four sources and six 

detectors) over the occipital region (Fig. 1). Each pair was arranged in a nearest neighbor 

geometry with 3 cm spacing. FNIRS data were sampled at 4 Hz. The frontal–lateral region 

of interest (ROI) consisted of the two most anterior sources on each side and their nearest-

neighbor detectors and targeted activity in the executive function/attention regions; the 

temporal–parietal ROI was centered over the superior temporal gyrus and thus targeted 

activity in the multi-sensory vestibular cortex; the occipital ROI targeted activity in the 

visual cortex. Custom data acquisition software was used to record the hemodynamic 

changes in each source-detector pair (Abdelnour and Huppert 2009).

Procedures

All participants performed four trials of standing on a NeuroCom posturography platform 

(Natus®, Clackamas, OR, USA) so that the visual and somatosensory inputs could be 

modified, while fNIRS signals were recorded. An A1-B-A2 block design was implemented 

in this study. Table 1 describes the test conditions of the four trials. The sensory 

modifications involved changing either visual input [Eyes open in light (EO) and dark 

(EOD)] or somatosensory input [Fixed or Sway-referenced (SR) platform]. The EOD 

condition was accomplished by having the participants keep their eyes open while wearing 

darkened goggles. Each trial consisted of a change from greater sensory input to reduced 

sensory input. Each sub-block lasted 40 s. All the participants performed the four trials one 

Lin et al. Page 3

Exp Brain Res. Author manuscript; available in PMC 2017 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



time, in random order. The stimuli markers were recorded in the fNIRS data acquisition 

when each block started to synchronize the postural data with fNIRS data.

fNIRS data analysis

The analysis of fNIRS data can be found in several previous papers (Huppert et al. 2009; Ye 

et al. 2009; Karim et al. 2013a). In general, the fNIRS time series data were converted to 

optical density followed by conversion to oxyhemoglobin concentration, [HbO] and deoxy-

hemoglobin concentration [Hb] via the modified Beer-Lambert law (Cope et al. 1988). The 

mean of the fNIRS signal during the test condition (B) relative to the mean of the fNIRS 

signal during the pre-baseline condition ( A1) was estimated using a regression model and 

computed using an autoregressive model, prewhitened iterative reweighted least squares 

(AR-IRLS) algorithm that is robust to artifacts introduced by subject motion and serial 

correlations introduced by systemic physiology (Barker et al. 2013). Based on our previous 

work (Karim et al. 2013a, b), we used a hemodynamic response function (HRF) that had an 

elongated return to baseline after the termination of the test condition. The relative signal 

change was computed on a per subject basis, in which the results were used for a second, 

group-level analysis. Group level analysis was performed via a linear mixed effects model 

that included random intercept terms for each subject to model within-subject correlations 

(Abdelnour and Huppert 2010). The group level model was estimated per channel using the 

built-in MATLAB 2014b package for estimating linear mixed effects models (Mathworks, 

Natick, MA, USA). The fNIRS measurement positions were registered to an anatomical 

atlas brain (Colin27) (Holmes et al. 1998) using a custom registration algorithm based on the 

international 10–20 coordinate system (Tsuzuki and Dan 2014).

For each channel, estimates of the regression coefficients, β, for [HbO] and [Hb], as well as 

the standard error, were computed for each subject group (Older Adults, Middle-aged 

Adults), and each trial. T-tests were used to determine if the regression coefficient differed 

from 0, using the false discovery rate method to adjust the p value (pFDR < 0.05). Finally, a 

region-of-interest (ROI) analysis using all channels within each of five ROIs (occipital, right 

frontal–lateral, right temporal–parietal, left frontal–lateral, left temporal–parietal) was 

performed to test if there was a difference in [HbO] and [Hb] between subject groups, using 

pFDR < 0.05.

Postural sway data

Center of pressure (COP) data were recorded from the NeuroCom posturography force plate. 

The root-mean-square (RMS) of the COP data in the anteroposterior direction was 

calculated for the two baseline conditions and the test condition for each trial. For each trial, 

a repeated measures ANOVA was used to examine the between subject effects of group (MA 

and OA) and within subject effect of block ( A1, B, and A2) and their interaction. Post-hoc 

tests of pairwise differences were examined if the main effect of block or its interaction with 

group were significant, using a Sidak adjustment for multiple comparisons. The level of 

significance was α = 0.05.
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Results

fNIRS responses

Changes in the oxy-hemoglobin responses during the test condition compared with the pre-

baseline condition are illustrated in Fig. 2 for MA and OA. Qualitatively, [Hb] responses 

mirrored the [HbO] results, but with lesser magnitude of changes. As a result, this article 

will focus on [HbO] responses. During Trial 1, when the somatosensory information was 

degraded while visual and vestibular information was retained, MA had a significant 

increase in [HbO] in several source-detector pairs in both lateral hemispheres, with very 

little change in the occipital region (Fig. 2a). OA had a greater change in [HbO] in most of 

the source-detector pairs bilaterally, and also had an increase in [HbO] in the occipital region 

(Fig. 2b). The region of interest (ROI) analysis confirmed that the changes from baseline to 

test were significant for all of the ROIs for both groups, except for the occipital and left 

frontal–lateral regions in the MA (Fig. 3A). Furthermore, the OA had significantly greater 

activation during the test compared with MA in the occipital (t = 7.4, pFDR < 0.001), right 

temporal–parietal (t = 2.9, pFDR = 0.014), and left frontal–lateral (t = 3.2, pFDR = 0.006) 

ROIs.

During Trial 2, when the somatosensory information was degraded and visual input was not 

available, the OA and MA had similar patterns of increased [HbO] in most of the source-

detector pairs in the anterior portion of the lateral hemispheres, but only the OA had 

increased [HbO] in the occipital region (Fig. 2c, d). The ROI analysis demonstrated 

significantly increased [HbO] for both groups in all regions, except the occipital region for 

MA (Fig. 3b). While the MA had activation that was slightly greater than OA in the lateral 

regions, it did not reach statistical significance. In contrast, OA had significantly greater 

activation compared with MA in the occipital ROI (t = 3.7, pFDR = 0.001).

During Trial 3, when the somatosensory and vestibular inputs were accurate, and visual 

input was removed, the OA continued their pattern of a widespread increase in [HbO] in the 

lateral regions, while the MA had a relatively modest increase in just a few source-detector 

pairs of the lateral and occipital regions (Fig. 2e, f). Older adults produced significantly 

greater changes in activation compared with MA in the right frontal–lateral (t = 3.6, pFDR = 

0.002) and right temporal–parietal (t = 3.2, pFDR = 0.006) ROIs (Fig. 3c).

During Trial 4, when visual input was removed while somatosensory information was 

degraded throughout the trial, the MA had increased [HbO] in several channels of the left 

frontal–lateral region, and the right temporal–parietal region, and negligible increase in the 

occipital region (Fig. 2g). For the OA, the increase in [HbO] was consistent across all 

source-detector pairs in the lateral regions and there was a strong increase in the occipital 

region (Fig. 2h). The change in activation for both groups during the test condition was 

evident in all ROIs, except for the occipital ROI in MA (Fig. 3d). A significant difference 

was demonstrated between groups in the occipital (t = 5.0, pFDR < 0.001) and right frontal–

lateral (t = 4.9, pFDR < 0.001) ROIs.
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Postural sway

The RMS center of pressure in the anteroposterior direction during the different trials is 

shown in Fig. 4. No between group effects were detected for any of the trials. A significant 

Block × Trial interaction was found (p < 0.001), in which the test condition (Block B, sway-

referenced platform) generated more COP than the baseline condition (Block A1 and A2, 

fixed platform), during both eyes open in the light (Trial 1) and eyes open in the dark (Trial 

2) conditions. However, we did not observe significant changes in COP when participants 

transitioned to eyes open in the dark from eyes open in the light, on fixed (Trial 3) or sway-

referenced (Trial 4) platform conditions.

Discussion

In this study, we used fNIRS to investigate cortical activity in middle-aged and older adults 

during multi-sensory integration postural control conditions. The primary findings were that 

the transition to more impoverished sensory input resulted in greater activity in almost every 

ROI of both groups, and that the older adults had greater activity in several regions of 

interest, but most consistently the occipital region. Overall, we propose that these changes in 

brain activation during actual balance tasks demonstrate a cortical contribution to the 

sensory re-weighting process. Furthermore, it is apparent that in older adults, sensory re-

weighting is more distributed and requires greater attention compared with middle-aged 

adults.

The trial-by-trial results have important implications with regard to understanding the 

cortical control of posture in older adults. During Trial 1, the reduced somatosensory input 

while retaining accurate visual and vestibular information resulted in greater activation in the 

occipital and right temporal–parietal ROIs in OA compared with MA, indicating that older 

adults maximized their visual and vestibular contributions to sensory integration, whereas 

the middle-aged adults did not appear to increase their visual contribution. In addition, the 

relative increase in the left frontal–lateral ROI in the OA compared with MA suggests that 

the increased effort devoted to the sensory integration may come at an increased attentional 

cost for OA.

In the test condition of Trial 2, accurate somatosensory input was degraded under the already 

existing condition of no visual input, meaning that only vestibular input could be used for 

control of standing. The OA had a significant increase in activation in the occipital ROI, 

whereas MA only had a small non-significant increase. These findings suggest that OA were 

attempting to use any available sensory information because of the impoverished sensory 

conditions, even information that was not available. On the other hand, there was no 

statistical difference in the amount of increase in activation in the other ROIs between the 

OA and MA, indicating that the sensory integration and attentional load were relatively 

equal between the groups. The findings for Trial 4, which also featured a transition to 

vestibular-only input, were similar for the occipital ROI. However, increased activation in 

the frontal–lateral ROI in Trial 4 for OA compared with MA may reflect an increased 

attentional load in the OA.
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During Trial 3, somatosensory and vestibular inputs were always available, and visual input 

was removed. Overall, this transition is easiest to make, as demonstrated by the postural 

sway measurements, which changed negligibly. The increase in brain activation was the least 

during this trial, although it was still significant in most ROIs. The OA had significantly 

greater activation in the right frontal–lateral and right temporal–parietal ROIs compared with 

the MA, suggesting somewhat larger sensory integration and attention loading for the older 

adults.

In other neuroimaging studies of posture and gait, older and younger adults have frequently 

demonstrated shared regions of activation as well as regions of different activation (Holtzer 

et al. 2014). For instance, an fMRI study of the motor imagery of walking shows consistent 

areas of activation in the supplementary motor area, caudate nucleus, visual cortex, and 

cerebellum among younger and older adults (Zwergal et al. 2012). The Zwergal study is 

noteworthy because it also showed that older adults had increased activity in the multi-

sensory vestibular cortex (i.e. our temporal-parietal ROI) and motion-sensitive visual cortex 

(i.e. occipital ROI), compared with younger adults. Furthermore, increased task complexity 

produced greater activation in diffuse regions (Zwergal et al. 2012; Wai et al. 2012). 

Consequently, there appears to be a convergence of results favoring increased activation in 

multi-sensory areas during posture and gait tasks in older adults. The findings are also 

consistent with theories of cognitive aging that suggest that increased activation, especially 

bilaterally, is a result of compensation for declining cortical structures and function (Cabeza 

2001; Papegaaij et al. 2014a), or a reduction in inhibitory function (Zwergal et al. 2012; 

Papegaaij et al. 2014b).

The brain activity during different sensory integration conditions has been studied in young 

adults (28 ± 9 years) by Karim et al. (2013a). The patterns of activation in the temporal–

parietal regions of the MA and OA in our study generally reflect the patterns of the younger 

adult cohort as observed in the previous study (Karim et al. 2013a). However, the activation 

of frontal–lateral regions varied among the younger adults, MA and OA. In the younger 

adults, the right frontal–lateral region was activated and the left frontal–lateral region 

showed a relative decrease in activation when both visual information and somatosensory 

information were degraded (Karim et al. 2013a). In our study, the MA and OA, both, 

demonstrated an increase in activity in the left frontal–lateral region when both visual 

information and somatosensory information were absent. The frontal–lateral region is 

related to the attentional cost during activities (Radel et al. 2016). The relative increase in 

activity in the left frontal–lateral region in the OA and MA compared with younger adults 

suggests an increased attentional cost for OA and MA compared with younger adults. 

Finally, the occipital cortical areas were not measured in the previous study, and thus we 

were not able to compare the brain activity with the younger adults (Karim et al. 2013a).

Conclusion

Older adults demonstrated increased activity compared with middle-aged adults during 

sensory integration conditions, with greater frequency in the occipital region, followed by 

the frontal–lateral (attention) and temporal–parietal (vestibular) regions. However, the 

increased brain activities did not lead to group differences in postural sway. These findings 
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suggest that in older adults, the sensory re-weighting process requires more resources to 

compensate for the reduction in sensory input. Future research should focus on the sensory 

re-weighting process in different groups of subjects, such as people with peripheral 

neuropathy or people with vestibular disorders, to understand how the impaired sensory 

input for balance control affects the cortical sensory re-weighting process. Using fNIRS to 

measure brain activity may also help to understand the cortical contributions to dynamic 

balance and walking conditions.
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Fig. 1. 
Probe setting

Lin et al. Page 11

Exp Brain Res. Author manuscript; available in PMC 2017 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
a, b Estimated regression coefficients, β, of changes in Oxy-Hemoglobin ( HbO2) from 

baseline conditions to test conditions in Older and Middle-age adults for Trial 1 (top) and 

Trial 2 (bottom). Regions of Interest Occipital (Occ), Right Fronto-lateral (R. F-L.), Right 

Temporo-Parietal (R. T-P), Left Fronto-lateral (L. F-L), and Left Temporo-Parietal (L. T-P). 

*Significant difference between task and baseline, pFDR < 0.05. #Significant difference 

between Older and Middle-age adults, pFDR < 0.05. c, d Estimated regression coefficients, β, 

of changes in Oxy-Hemoglobin ( HbO2) from baseline conditions to test conditions in Older 

and Middle-age adults for Trial 3 (top) and Trial 4 (bottom). Regions of Interest Occipital 

(Occ), Right Fronto-lateral (R. F-L.), Right Temporo-Parietal (R. T-P), Left Fronto-lateral 

(L. F-L), and Left Temporo-Parietal (L. T-P). *Significant difference between task and 

baseline, pFDR < 0.05. #Significant difference between Older and Middle-age adults, pFDR < 

0.05
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Fig. 3. 
a–d T-score maps of fNIRS oxyhemoglobin changes from baseline to test conditions for 

individual channels during the four different sensory integration trials in Middle-Aged (a, c, 
e, g) and Older (b, d, f, h) adults. Channels that were significantly activated (pFDR < 0.05) 

are shown as thick lines overlying brain. e, h T-score maps of fNIRS oxyhemoglobin 

changes from baseline to test conditions for individual channels during the four different 

sensory integration trials in Middle-aged (a, c, e, g) and Older (b, d, f, h) adults. Channels 

that were significantly activated (pFDR < 0.05) are shown as thick lines overlying brain
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Fig. 4. 
RMS COP in four different sensory integration trials in Middle-age (a) and Older (b) adults
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Table 1

Description of experimental trials. During each test block, the sensory input condition that changes is 

underlined

Trial Sensory feedback Pre-baseline (A1) Test (B) Post-baseline (A2)

1 Vision Eyes open in light Eyes open in light Eyes open in light

Somatosensation Fixed platform Sway-ref. platform Fixed platform

Avail. feedback VIS, SS, VEST VIS, VEST VIS, SS, VEST

2 Vision Eyes open in dark Eyes open in dark Eyes open in dark

Somatosensation Fixed platform Sway-ref. platform Fixed platform

Avail. feedback SS, VEST VEST SS, VEST

3 Vision Eyes open in light Eyes open in dark Eyes open in light

Somatosensation Fixed platform Fixed platform Fixed platform

Avail. feedback VIS, SS, VEST SS, VEST VIS, SS, VEST

4 Vision Eyes open in light Eyes open in dark Eyes open in light

Somatosensation Sway-ref. platform Sway-ref. platform Sway-ref. platform

Avail. feedback VIS, VEST VEST VIS, VEST

VIS accurate visual input, SS accurate somatosensory input, VEST Accurate peripheral vestibular input
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