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Abstract

We previously reported our investigation of the stereognostic ability of the tongue to recognize the shape and size
of materials in the mouth and its clinical applications. In the present study, we observed brain activity while
performing stereognostic discrimination using the tongue; the changes in levels of oxyhemoglobin (oxy-Hb),
deoxyhemoglobin (deoxy-Hb), and total hemoglobin (total-Hb) in the frontal cortex area of 37 healthy individuals
(18–75 years old) were measured using a functional near-infrared spectrometer with 45 channels. As an
experimental task, the stereognostic test piece (TP) was placed on the center of the tongue dorsum, and subjects
moved the TP for shape discrimination without letting it touch the teeth or gums. As a control task, subjects did not
move the TP placed on the tongue. Stereognostic task-attributed changes in Hb levels were obtained by subtracting
the Hb level of the control task from that of the experimental task. During the stereognostic task, oxy-Hb levels
increased in the frontal cortex, including the prefrontal area, in most subjects. However, the results also
demonstrated large individual variability. When the degree of change in Hb levels during the stereognostic task was
mapped, it was found that the changes in the oxy- and total-Hb levels were similar, while the deoxy-Hb level did not
change to the same degree. When subjects were divided into three groups, highly-, moderately- and mildly-
increased oxy-Hb levels, there was a significant negative correlation between age and degree of oxy-Hb level
increase. The present study suggests stereognosis may be involved in several different information processing
pathways, and that aging may also be a factor in the large variability we observed.
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fNIRS; Aging

Introduction
In our aging society, the increase of the elderly population and the

accompanying increase of patients with cerebrovascular disorders have
led to a rise in the prevalence of eating and swallowing dysfunction.
Because the rehabilitation of proper eating and swallowing is
important, the motor function of the tongue has been highly studied
due to its role in these processes [1-3]. By examining stroke patients
with dysphagia using video fluorography, Han et al. [1,2] studied the
factors influencing the functional prognosis of aspiration and
swallowing and reported that the tongue played an essential role in
these functions.

The importance of sensory feedback in motor control and learning
is well known [4]. The size and shape of an intraoral bolus of food
provides oral sensory information important for the various stages of
eating and swallowing, such as the masticatory, oral, and pharyngeal
stages [5], and the tongue is responsible for oral stereognosis [6-11].
However, it is not clear to what degree impairment of higher sensory
perception of the tongue, including stereognosis, is associated with
disorders of tongue movement and deglutition.

We previously developed an objective evaluation method of oral
stereognostic ability, using twenty types of test pieces, and a

rehabilitation method that targets recovery of this ability [12].
Furthermore, we showed that oral stereognosis is achieved mainly
through sensory information from the tongue and that this ability
declines with age. Further study revealed that it is possible to screen
for a decline in stereognostic ability in the elderly with the use of six
types of test pieces [13]. In addition, we preliminarily reported that
oral stereognostic ability in poststroke patients with dysphagia had a
significant positive correlation with a video fluoroscopic dysphagia
scale, especially in the oral phase [14].

Focus on brain areas that regulate the higher-order sensory and
motor functions of the tongue is important to elucidate the
relationship between the decrease in oral sensory, tongue motor
disability, and dysphagia. Functional brain imaging studies using
Functional Magnetic Resonance Imaging (fMRI) have reported that
brain activity is associated with oral functions such as mastication
[15-18]; however, there have been few reports about the brain activity
in relation to oral stereognosis. In the present study, we investigated
the changes in hemoglobin (Hb) levels in various age groups using
Functional Near-Infrared Spectroscopy (fNIRS) to determine both the
brain activity of individuals performing a test piece shape
discrimination task, and the effect of aging on this activity.
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Materials and Methods

Subjects
The subjects were 37 healthy volunteers (30 men, 7 women aged

18-75 years) without masticatory or swallowing dysfunction. Approval
for the study protocol was obtained from the ethics committee of
Kyushu Dental University. Written consent was obtained from all
subjects following sufficient explanation of the purpose and content of
the research.

Measurement procedure of hemoglobin levels during the
oral stereognostic tasks

Three polyethylene test pieces (Figure 1, 13 mm length, 2 mm
thickness) were used in the stereognostic tasks.

Figure 1: Three different shapes of polyethylene test pieces used in
the present study.

These test pieces were selected from the six test pieces used in the
previous report [13] on the basis of the subject’s ability to detect the
differences in simple shapes. A fine thread (diameter: 0.2 mm) was
attached to each Test Piece (TP) to prevent choking.

The tasks were performed in a room where faint natural ambient
sounds, like the murmur of a stream, were played by tape player to
promote a feeling of relaxation. Subjects were fitted with a probe set
covering the frontal cortex area, including the prefrontal area (Figure
2), and performed all tasks in a sitting position with their eyes closed
according to the examiner’s instructions.

After resting for 10 sec, the subject opened their mouth and
extended their tongue. The examiner, who was holding the thread
attached to a TP, without touching the TP directly, placed the first TP
(TP1) on the center of the tongue dorsum of the subject. The subject
moved the TP using their tongue for discrimination without letting it
touch their teeth or gums (experimental task 1). After 20 sec, TP1 was
removed by the examiner and the subject rested for 15 sec. The task
was repeated using TP2 and TP3 as experimental tasks 2 and 3 (Figure
3). In the control task, a TP was placed on the tongue for 20 sec
without moving it.

The levels of oxyhemoglobin (oxy-Hb), deoxyhemoglobin (deoxy-
Hb), and total hemoglobin (total-Hb) were measured using a 45-
channel, functional near-infrared imaging device (NIRStation
OMM-3000; Shimadzu Co., Kyoto, Japan).

Figure 2: A subject wearing a probe set with a 45 channel functional
near-infrared imaging device.

Figure 3: Task design. TP1, TP2, and TP3 from Figure 1 were used
in task 1, task 2, and task 3, respectively.

Data Analysis
All volunteers were treated as subjects and subjects were not

divided into any groups according to age and gender before
measurement of the brain activities which were measured randomly
regardless of age and gender. Data from all subjects was used for
analysis of results.

The mean value of Hb levels for the three 10-sec rest periods prior
to experimental tasks 1-3 was subtracted from the mean value of Hb
levels for the experimental tasks 1-3 and used as the experimental Hb
level. The control Hb level was calculated in the same way. The
stereognostic task-attributed change in Hb levels was calculated by
subtracting the control Hb level from the experimental Hb level.

For the mapping analysis, values were obtained by subtracting the
mean Hb levels of the three 10-sec rest periods from the mean Hb
levels calculated at 7 sec post task initiation in tasks 1-3.

Statistical analysis
A chi-square test was used to examine the association between age

groups and Hb level increase. A p-value of less than 0.05 was
considered significant.

Results

Changes in oxy-Hb levels attributed to the stereognostic task
The stereognostic task-attributed change in oxy-Hb levels was

calculated for every channel to determine the number of channels that
showed an increase or decrease in oxy-Hb levels. The results are
shown in Table 1.
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% of channels (of 45)
showing an increase in
oxy-Hb level

≥80% ≥60% ≥40% ≥20% ≥0%

Number of channelsa

45 (0) 35 (4) 26(13) 12(16) 8(22)

43 (0) 35 (9) 25 (7) 12(17) 8(28)

43 (2) 34 (4) 21 (7) 11(18) 5(30)

42 (0) 30 (4) 19(15) 11(23) 0(39)

41 (3) 30 (8) 19(20) 9(11)  

41 (4) 30(11) 18(16)   

41 (4) 30(11)    

39 (3) 30(11)    

39 (4)     

38 (4)     

38 (5)     

36 (5)     

36 (6)     

36 (7)     

Table 1: Number of channels showing an increase in oxy-Hb level for
each of 37 subjects. a: Numbers shown in parentheses are the number
of channels showing a reduced oxy-Hb level for each of 37 subjects.

There were individual differences in the number and site of
channels showing a stereognostic task-attributed change in oxy-Hb
levels. Performance of the stereognostic tasks increased oxy-Hb levels
in at least 1 of the 45 channels in 36 of 37 subjects, and 22 of the
subjects showed increased oxy-Hb levels in more than 60% of the
channels. On the other hand, oxy-Hb levels decreased in a number of
channels in 34 of 37 subjects; however, only 3 subjects showed reduced
Hb levels in more than 60% of the channels.

Relation between age and stereognostic task-attributed Hb
level increase

Hb levels at 7 sec post task initiation were used to map the degree of
change in Hb levels. It was found that the changes in oxy- and total-
Hb levels were similar, while the deoxy-Hb levels did not change to the
same degree (Figure 4).

There were individual differences with regard to the site and size of
the cortical area involved. The subjects were divided based on the
degree of oxy-Hb level increase into three groups by our visual
evaluation: highly increased oxy-Hb level (Figure 4A), moderately
increased oxy-Hb level (Figure 4B), and mildly increased oxy-Hb level
(including non-increase, Figure 4C). More than half of the subjects
belonged to the highly increased Hb level group (Table 2).

To investigate whether the Hb level increase varied with age,
subjects were divided by age into four groups as defined by a
document provided by the Ministry of Health, Labour and Welfare,
Japan. The relation between the oxy-Hb level groups and the age
groups was examined, and there was a significant negative correlation
between age and degree of oxy-Hb level increase (Table 2, P<0.001).

Time of lifea of subjects (age range, mean
age, n)

Number of subjects

Degree of increased oxy-Hb
level

High Moderate Low

Adolescents (18-24 years, 20.8 ± 1.4 years,
14) 9 5 0

Young adults (26-44 years, 34.0 ± 6.3 years,
5) 4 1 0

Middle-aged (45-63 years, 55.8 ± 6.0 years,
12) 7 2 3

Seniors (≥65 years, 68.7±4.1 years, 6) 0 1 5

Table 2: Relationship between age and degree of increased oxy-Hb
levels at 7 sec post task initiation. a Time of life classification is based
on the document (Kenkou Nippon 21, http://www1. mhlw.go.jp/
topics/kenko21_11/s0.html) by the Ministry of Health, Labour and
Welfare, Japan.

In about 65% of subjects, an increased oxy-Hb level was observed in
more than half of measured areas (Table 1), and most subjects showed
increased oxy-Hb levels in the frontal cortex, including the prefrontal
area (Table 2 and Figure 4).

Discussion
Compared to fMRI, the spatial resolution of fNIRS is reduced;

however, fNIRS is easily-transferable and involves minimal cost. The
fNIRS technique can be used to noninvasively examine and measure
the brain activity in a natural state. Therefore, for the present study, we
utilized fNIRS to measure brain blood flow.

In the present study, we examined brain activity, which is visualized
by blood flow, by measuring the change in Hb levels during oral
stereognostic tasks using fNIRS. In most subjects, an increase in Hb
levels was observed. For comparison of the degree of Hb level increase,
we mapped the changes in Hb levels at 4, 7, 10 and 20 sec post task
initiation, normalized to the rest level. We used the values at 7 sec for
mapping due to the increase in level being the highest. Although little
is known about the brain activity attributed to oral stereognosis, Fujii
et al. [19] reported oral stereognosis-specific activated brain areas in
young adults using fMRI, showing activation in the primary
somatosensory area, primary motor area, supramarginal gyrus,
premotor area, supplementary motor area, fusiform gyrus, frontopolar
area, dorsolateral prefrontal cortex, and insular cortex. Although we
did not identify the activated areas in detail as the fMRI study did, the
map of areas with an increase in Hb-levels (Figure 4), in addition to
the number of channels showing a similar increase (Table 1), indicate
that these brain areas are strongly associated with the ability of the
tongue to discriminate shapes.

It was reported that aging reduces cerebral blood flow in association
cortices during rest, yet the influence of age on functional brain
activation is controversial [20-26]. Aging differs among individuals,
and the areas affected by aging may differ depending on the task
[23,27,28]. The fMRI study was performed using only young adults,
and the effect of aging was not examined [19]; however, our results
suggest that aging affects the oral stereognostic task-attributed change
in cerebral blood flow (Table 2). A stereognostic task using the tongue
may not effectively stimulate the prefrontal area of elderly individuals
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as much as it does in young adults. We previously showed that the
stereognostic ability of the tongue declines with age [12], assessed by
identifying twenty test pieces of different shapes placed in the oral
cavity. The percentage of correct identification of each test piece in
that study was as follows: for TP1, young adults 81.3%, elderly 45.2%;

for TP2, young adults 77.0%, elderly 25.7%; for TP3, young adults
70.0%, elderly 27.6%. The reduced stereognostic ability of the tongue
in elderly individuals may have been due to the difficulty of increasing
the blood flow in the prefrontal area.

Figure 4: Mapping of the change in Hb levels at 7 sec post task initiation. 4A, cases with highly increased Hb levels; 4B, cases with moderately
increased Hb levels; 4C, cases with mildly increased Hb levels.

The MRI study by Fujii et al. [19] did not refer to a large variability
in individual differences; however, our results demonstrated large
differences in the area and degree of activation among subjects, as well
as areas of inactivation. While the exact cause is sure to be complex,
individual differences in attention level and the degree of perceived
difficulty of the tasks may have contributed to this variability. The
present study suggests that one of the factors of this variability is aging.
Another possibility is that stereognosis may be involved in several
different information processing pathways.

Previously, we revealed that the stereognostic ability of the tongue
can be improved in elderly individuals by rehabilitation using a TP
[12]. However, it is still unknown how the brain blood flow is
improved after this stereognostic activity, and further study is needed
to elucidate the mechanisms behind these changes. Using feedback
from fNIRS, the knowledge that activation of the brain by sensory

information from the oral area may ward off dementia and may
motivate rehabilitation of oral functions [29,30].

In conclusion, most subjects showed an increase in oxy-Hb levels in
the frontal cortex attributed to the oral stereognostic task; however,
the degree and area of these increases showed large individual
differences, including cases of Hb level decrease. In addition, it was
demonstrated that the degree of change in oxy-Hb levels may decrease
with advancing age.
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