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Background: Post-stroke depression (PSD) is the most common mood disorder
following stroke and is also the main factor that limits the recovery and rehabilitation
of patients with stroke. The prevalence of PSD is ~30%. Since there is no gold standard
for the diagnosis and evaluation of PSD, it is important to raise awareness of PSD and
to establish methods for its evaluation, early diagnosis, and treatment. In the field of
psychiatry, functional near-infrared spectroscopy (fNIRS) has been used as a diagnostic
tool for the measurement of oxygenated hemoglobin (oxy-Hb). This study aimed to
assess whether fNIRS could be applied in the diagnosis and evaluation of PSD.

Methods: We recruited 45 patients with stroke, who were admitted to Nagasaki Kita
Hospital between May 2015 and April 2019. The 17-item Hamilton Rating Scale for
Depression (HAMD17), which is considered to be a useful screening and evaluation
tool for PSD, was used for the assessment of patients after stroke; moreover, oxy-Hb
was measured in the pre-frontal cortex. The subjects were divided into two groups: the
depressed group (n = 13) and the non-depressed group (N = 32). We evaluated the
correlation between the oxy-Hb integral values and HAMD17 scores.

Results: We investigated the relationship between the oxy-Hb integral values and
HAMD17 total scores, and found a negative correlation between them (p = —0.331,
P < 0.005). There was a significant difference in the oxy-Hb integral values during the
activation task period between the depressed and non-depressed groups (3.16 + 2.7
and 1.71 & 2.4, respectively; P = 0.040). The results indicated that the patients of the
depressed group showed lower oxy-Hb integral values and lower activation in the frontal
lobe in comparison with the patients of the non-depressed group.

Conclusion: The present study highlights that the measurement of oxy-Hb by using
fNIRS is a useful methodology for the diagnosis of PSD in patients after stroke.

Keywords: post-stroke depression, verbal fluency task, pre-frontal cortex, functional near-infrared spectroscopy,
assessment
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INTRODUCTION

Post-stroke depression (PSD) is the most frequent psychiatric
problem and is strongly associated with a further worsening
of physical and cognitive recoveries, functional outcomes, and
quality of life (Paolucci, 2017; Shi et al., 2017). In addition, PSD
is a serious problem for both stroke survivors and healthcare
professionals, as it negatively affects the ability of the patient to
engage in rehabilitation (Zhao et al., 2018). Recent meta-analyses
and reviews have shown that the incidence of PSD ranges from
18 to 33%, and the prevalence of the post-stroke depressive
disorder is 33.5% (Mitchell et al., 2017; Medeiros et al., 2020).
Risk factors for PSD include genetic factors, age, sex, medical
history, psychological history, type and severity of the stroke,
location of lesions, degree of disability, and influence of social
support (Ayerbe et al., 2013; Robinson and Jorge, 2016; Shi et al.,
2017). However, there is currently no “gold standard” for the
diagnosis and assessment of PSD due to differences in the timing
of assessments, the use of different rating scales for depressive
symptoms, and the associated signs and symptoms (e.g., aphasia
and cognitive impairment) make the diagnosis and evaluation of
PSD difficult (Laures-Gore et al., 2017; Zhao et al., 2018). The
early recognition, prevention, and treatment of PSD are vital for
the recovery and prognosis of stroke survivors.

Functional near-infrared spectroscopy (fNIRS) is a well-
established, non-invasive tool that can be used to continuously
assess regional tissue oxygenation at the bedside (Hong and
Naseer, 2016). It has been used in different clinical settings,
especially in the field of neuroscience (Obrig, 2014; Hong and
Yaqub, 2019; Chen et al,, 2020). The purpose of this study was
to investigate whether fNIRS is useful for the assessment of PSD
in patients with stroke.

MATERIALS AND METHODS
Subjects

We recruited 45 patients with stroke (male, n = 32; female,
n = 13; mean age, 67.8 & 12.9 years), who were admitted to
Nagasaki Kita Hospital from May 2015 to April 2019 (Table 1).
Of the 45 patients, 26 had cerebral infarction and 19 had cerebral
hemorrhage. The subjects were divided into two groups: the
depressed group (n = 13) and the non-depressed group (n = 32)
(Supplementary Table 1).

The inclusion criteria were as follows:

(1) Unilateral lesions of the cerebral hemispheres without
involving the infratentorial region.

(2) More than 1 month after the onset of stroke.

(3) A Mini-Mental State Examination (MMSE) score of = 24.

(4) Antipsychotic drug dose below the recommendation of
the WHO.

(5) No complicating neurodegenerative diseases.

(6) No history of mental illness.

(7) Being able to sit for at least 30 min.

Abbreviations: PSD, post-stroke depression; VFT, verbal fluency task; fNIRS,
functional near-infrared spectroscopy; HAMD17, 17-item Hamilton Rating Scale
for Depression; oxy-Hb, oxygenated hemoglobin; FIM, functional independence
measure; FMA, Fugl-Meyer Assessment; BRS, Bruunstrom Recovery Stage; MDD,
major depressive disorder.

This study was approved by the Ethics Committee of Nagasaki
University Graduate School of Biomedical Sciences (approval
number: 17071374) and the Ethics Committee of Nagasaki Kita
Hospital (approval number: 14-003). Written informed consent
was obtained from all subjects in accordance with the Declaration
of Helsinki.

Assessment of PSD

The 17-item Hamilton Rating Scale for Depression (HAMD17),
which is a comprehensive and quantitative measure of clinical
symptoms of depression, was used to evaluate PSD (Hamilton,
1960; Meader et al., 2014). The severity of each item was scored
on a scale of 0-2 or 0—4. The subjects who showed a severity score
of < 7 were classified into the non-depressive group. The patients
of the depressed group were further classified according to their
HAMDI17 score, as follows: mild, 8-16 points; moderate, 17-23
points; and severe, > 24 points. The HAMDI17 was performed
within 1 week of fNIRS measurement.

Clinical Assessment of PSD
The following items that could affect the onset of PSD
were examined:

e General information: age, sex, type of stroke, damaged
hemisphere, date from the onset of stroke to the evaluation
date, and medications.

e Cognitive function: MMSE.

e Activities of daily living: the sum of the functional
independence  measure  (FIM) total score and
exercise/cognitive items.

e Severity of paralysis after stroke: the upper limb function
items of the Fugl-Meyer Assessment (FMA) and the upper
limb, lower limb, and finger items of the Bruunstrom recovery
stage (BRS).

Measurement of fNIRS

Probe Positioning and Measurement Points

We used a 46-channel fNIRS instrument (OMM-3000/16,
Shimadzu Corporation, Japan) to measure changes in the
concentrations of oxygenated hemoglobin (oxy-Hb) and
deoxyhemoglobin (deoxy-Hb) at three wavelengths (780,
805, and 830nm) of infrared light based on the modified
Beer-Lambert law (Maki et al., 1995; Yamashita et al., 1996).

The probes of the fNIRS machines were placed on the
frontal and bilateral temporal regions of the subject. The frontal
probes measured the hemoglobin concentration changes at 19
measurement points with the lowest probes positioned along the
Fp1-Fp2 line according to the international 10/20 system used in
electroencephalography (Okamoto et al., 2004; Zhu et al., 2018).

The distance between a detector probe and injector probe pair
was set at 3cm, and the area between the detector probe and
injector probe pair was defined as a “channel” (Figure 1).

Activation Task

Participants sat on a comfortable chair and were instructed to
minimize any major body movements to avoid imaging artifacts,
and the verbal fluency task (VFT) was used as an activation task
(Takizawa et al., 2008, 2014). The VFT was a block design task
and consisted of a 30-s pre-task baseline, a 60-s VFT task, and a
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TABLE 1 | Demographic and clinical data of the patients.

All patients Depression group Non-depression Group difference
group

(n =45) (n=13) (n=32) p-value
Age? 67.8+12.9 67.2+9.6 67.8+12.9 0.670
Gender, male/female® 32/13 9/4 23/9 0.859
Types of strokesP
Infarction/hemorrhage 26/19 6/7 20/12 0.321
Right hemisphere stroke/left hemisphere stroke 26/19 6/7 20/12 0.094
Time from onset to fNIRS (months)? 28+13 3.0+15 27+12 0.548
MMSE (point)? 28 £2.2 282+15 28.0+2.4 0.678
FIM (score)?
Total 114.6 £ 11.0 108.4 + 141 117.2 £8.2 0.027*
Motor 82.8+9.9 77.2+131 85.0+7.2 0.011*
Cognition 31.9+3.7 31.2+3.1 32.2+3.8 0.122
FMA (point)@ 50.2 & 21.0 341 +£23.9 56.7 &+ 15.5 0.001*
BRS (stage)®
Upper limb 48+13 37+12 5.3+0.9 <0.001***
Lower limb 50+1.2 43+1.2 53+1.0 0.005*
Finger 49+1.2 40+1.2 53+1.0 0.001**
HAMD17 (point)® 47+39 9.8+27 26+1.9 <0.001***
oxy-Hb Integrated value? 27 +27 1.7+24 32+27 0.040*

Values are mean =+ SD. *P < 0.05, *P < 0.01, **P < 0.001. @Mann-Whitney U-test. P chi-squared test The Mann-Whitney U-test or Spearman rank correlation coefficient was used for
comparing (these variables) each item between patients and controls. MMSE, Mini-Mental State Examinaton; FIM, Functional Independence Measure; FMA, Fugl-Meyer Assessment;
BRS, Bruunstrom Recevery Stage; HAMD 17, The 17-item Hamilton Rating Scale for Depression.

detector probes solid white numbers denote the channels of measurement.

Right Left

. injecter probes . detector probes D measuring channels

FIGURE 1 | Functional near-infrared spectroscopy (fNIRS) measurement points. We used a 19-channel system with 14 optodes, seven injector probes, and seven
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70-s post-task baseline. The subjects were instructed to generate
as many words as possible where the initial syllable was /a/, /ki/,
or /ha/. The three initial syllables changed every 20-s during the
60-s task. The subjects were also instructed to utter the Japanese
syllables (/a/,/i/,/u/,/ e/, and / o /) during the pre- and post-
task baseline periods, which were used for baseline correction
(Figure 2).

Data Analysis of fNIRS

As no standardized method has been established for the analysis
of fNIRS data, various approaches have been reported (Obrig and
Villringer, 2003). In this study, after removing artifacts, the last
10s of the 30-s pre-task period was used as the pre-task baseline
and the first 55-s of the 70-s post-task period was used as the
post-task baseline. Baseline correction was performed using the
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FIGURE 2 | The verbal fluency task (VFT) protocol. The cognitive activation task had a block design and consisted of a 30-s pre-task baseline period, a 60-s VFT
activation task period (three initial syllables, 20-s each), and a 70-s post-task baseline period.
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FIGURE 3 | Analysis of the fNIRS data. The blue line indicates oxygenated hemoglobin (oxy-Hb) before the baseline correction, and the red line indicates oxy-Hb after
the baseline correction. Baseline correction was performed in the last 10-s of the pre-task period and the first 55-s of the post-task period, which is shown by the
dotted line on the time axis. Baseline correction was performed using the moving average method. We, then, averaged the oxy-Hb data of 19 channels and calculated

the integral value of the task periods.

moving average method (Suto et al., 2004; Kameyama et al., 2006;
Takizawa et al., 2008, 2014).

We obtained the integral value by averaging the data of the 19
channels, showed the size of the hemodynamic response during
the activation task period (Figure 3).

Regarding the index of brain activity in fNIRS, oxy-Hb
has been demonstrated to have a strong positive correlation
with regional cerebral blood flow (Hoshi et al, 2001),
and an increase in regional cerebral blood flow has been
found to reflect an increase in neural activity (Jueptner
and Weiller, 1995). Total hemoglobin roughly corresponds
to blood flow variability but when the variability is small,
it is unreliable (Hoshi et al,, 2001; Miyai et al., 2001), and
there are individual differences regarding changes in deoxy-
Hb (Hesselmann et al, 2001). In this study, we only on

focused oxy-Hb and analyzed the data (Takizawa et al., 2008,
2014).

Experimental Environment and Position

The room was light- and sound-proofed to the best of authors’
abilities. The instruments as well as the examiner were located
behind the patient, where the examiner could examine the body
movements of the patient without interfering with their visual
field (Kondo et al,, 2018). To prevent artifacts caused by visual
stimuli, the personal computer screen was placed in front of
the patient. In order to avoid physical movement artifacts and
reduce the burden of fatigue and pain, the patient sat on a chair
or wheelchair with a backrest, placed their hands on the desk,
and placed their feet on the floor (Noda et al., 2012). fNIRS was
performed after confirming general information.

Frontiers in Human Neuroscience | www.frontiersin.org

June 2021 | Volume 15 | Article 680847


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Koyanagi et al.

fNIRS and Post-Stroke Depression

Statistical Analysis

Statistical analyses were performed using IBM SPSS for
Macintosh, and statistical significance was set at P < 0.05. The
relationship between the oxy-Hb integral value and the total score
of HAMDI17 was analyzed using Spearman’s rank correlation

14.00
p=-0.331
12.00 * p <0.005
n=45
E 10.00
<
> 8.00 ¢
s *
2 en| ¢ * o
= *
400 | So# *
= Y
PP : .
e .
g s 8 ‘il
0.00 * - ,
] 5 10® 15 o 20
-2.00
*
-4.00
HAMD-17 Total score
FIGURE 4 | The relationship between the assessment of post-stroke
depression (PSD) and the severity of paralysis. A negative correlation (p =
—0.331, P < 0.005) was found between the oxy-Hb integral values and the
total 17-item Hamilton Rating Scale for Depression (HAMD17) scores.

coefficient. The Mann-Whitney U test was used to analyze
age, time from onset to evaluation, MMSE, FIM, FMA, BRS,
HAMD17, and oxy-Hb integral values. Sex and stroke types were
examined using the chi-squared test. Spearman’s rank correlation
coefficient was used to analyze the correlation between the FIM,
FMA, BRS, and HAMD17 total scores.

In statistical analysis, the Shapiro-Wilk test confirmed that all
variables did not show a normal distribution.

RESULTS

Clinical Data

Table 1 shows the demographic characteristics of the 45 patients
with stroke, who were divided into two groups: 32 patients
without depression (the non-depressed group) and 13 patients
with depression (the depressed group). We investigated the
relationship between oxy-Hb integral values and HAMDI17
total scores and found a negative correlation between them
(p = —0.331, P < 0.005; Figure4). Significant differences
in the following items were observed between the non-
depressed and depressed groups: FIM total score, P = 0.027;
FIM motor items, P = 0.011; FMA, P = 0.001; BRS upper
limb, P < 0.001; BRS lower limb, P = 0.005; BRS hand,
P = 0.001; and HAMDI17, P < 0.001. The following items
did not differ between the two groups: age, sex, type of
stroke, hemisphere, time from onset to assessment, and FIM
cognitive items. The prevalence of PSD in the present study
was 29%.

0.016 .
non-depression group (n=32)
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depression group (n=13)
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FIGURE 5 | The change in the ratio of the oxy-Hb between the depressed and non-depressed groups. The blue line shows the mean oxy-Hb values in the
non-depressed group (n = 32), while the red line shows the mean oxy-Hb values in the depressed group (n = 13). The mean of the oxy-Hb integral values in the
non-depressed group was significantly higher than those of the depressed group (3.16 + 2.7 and 1.71 £ 2.4, respectively, P = 0.040).
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Correlation Between the oxy-Hb Integral

Value and the Severity of Paralysis

There was a significant difference between the depressed and
non-depressed groups in the oxy-Hb integral value during the
activation task period (3.16 £ 2.7 and 1.71 % 2.4, respectively;
P = 0.040). This result indicates that PSD may be induced by
decreased oxy-Hb integral values and decreased activation in
the frontal lobe (Figure5). A negative correlation was found
between the total scores of the HAMD17 and the FMA and BRS
values (HAMDI17: EMA, p = —0.580, P < 0.005; HAMD17: BRS
upper limb, p = —0.606, P < 0.005; HAMD17: BRS lower limb,
p = —0.416, P < 0.005; and HAMD17: BRS hand, p = —0.559,
P < 0.005; Figure 6).

DISCUSSION

In this study, the subjects were classified into depressed and
non-depressed groups based on the results of the HAMDI7.
A negative correlation was found between the oxy-Hb integral
value and the HAMDI7 total score (p = —0.331, P <
0.005). In addition, a significant difference was observed in
the oxy-Hb integral values of the two groups (P = 0.040).

The average value of the oxy-Hb integrated value during the
activation task period was 1.71 &+ 2.4 in the depressed group
and 3.16 £+ 2.7 in the non-depressed group, indicating that
the depressed group had a lower oxy-Hb integral value and
lower frontal lobe activation in comparison with the non-
depressed group.

Functional Near-Infrared Spectroscopy
Study Using a VFT in PSD

There are no established diagnostic criteria or specific methods
for the evaluation of PSD, and the pathophysiology of PSD has
not yet been clarified (Ayerbe et al., 2013; Villa et al., 2018; Zhao
et al., 2018). INIRS is a well-established non-invasive tool that
can be used to continuously assess regional tissue oxygenation at
the bedside.

In this study, we investigated the frontal lobe functions
in patients with PSD after stroke by using fNIRS, with a
VFT as an activation task. We found a negative correlation
between the fNIRS oxy-Hb integral value and the HAMDI17
total score. We also found a significant difference in the
oxy-Hb integral values of the non-depressed and depressed
groups. Makizako et al. (2013) reported that oxygen-Hb values

A B
70 ik . p=—0.580 6 00000 p=—0.606
60 $ ii }0 p <0.005 s
¢ n=45 9
50 Y . £
< 40 1 Q’ E o
S . £
& 301 s 3
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=] 2 4
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L R 2 * *
0 T T T " 1 T
0 5 10 15 20 0 5 10 15 20
HAMD-17 Total score HAMD-17 Total score
Cc D
6 00000 ¢ o p=—0.416 6 900000 p=—0.559
p<0.005 p<0.005
= 5 4 o0 145 S 4 n=45
E o
L 4] eee S d4qe o
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FIGURE 6 | Correlation between HAMD17 total scores and severity of paralysis after stroke. A negative correlation was found between the total scores of the
HAMD17 and the FMA and BRS values. (A) HAMD17: FMA, p = —0.580, P < 0.005; (B) HAMD17: BRS upper limb, p = —0.606, P < 0.005; (C) HAMD17: BRS
lower limb, p = —0.416, P < 0.005; (D) HAMD17: BRS hand, p = —0.559, P < 0.005). HAMD17, The 17-item Hamilton Rating Scale for Depression; FMA,
Fugl-Meyer Assessment; BRS, Bruunstrom Recovery Stage.
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in the pre-frontal cortices of aged people (mean age, 76.1-
6.7 years) were increased in comparison with baseline values:
however, the effect of aging was not clarified. Although
the non-depressed group showed a higher oxy-Hb integral
value than the depressed group, we could not examine the
effects of aging as healthy subjects were not included in
this study.

To date, several papers have investigated major depression
using NIRS during activation tasks.

Noda (Noda et al,, 2012) reported that the oxy-Hb increase
in the frontal and right temporal cortex during a VFT was
attenuated in patients with major depressive disorder (MDD)
in comparison with healthy controls. The relationship between
the severity of depression symptoms and the change in oxy-
Hb was studied in 30 patients with MDD and 30 controls who
were matched for age, sex, and intelligence quotient. The oxy-
Hb increase during the task in patients was significantly smaller
in comparison with controls. The mean increase in oxy-Hb,
during the task, showed a significant negative correlation with
the total score of the Hamilton Rating Scale for Depression
21-item version.

Zhang et al. (2015) reported similar results to those of Noda
et al. (2012), where patients with MDD had significantly lower
pre-frontal activation during cognitive tasks in comparison with
healthy subjects.

Kawano (Kawano et al, 2016; Takamiya et al., 2017)
investigated the relationship between oxy-Hb integral values
and the severity of depression, as assessed using the Hamilton
Depression Scale in patients with various psychiatric disorders,
such as MDD, and found that the severity of depression was
negatively correlated with the integral value in the frontal lobe,
irrespective of psychiatric disorders.

In a situation where the pathophysiology of PSD is still
unknown, we believe that the decrease in the integral value of
oxy-Hb and the increase in HAMDI17 in the frontal lobe of
the depressed group show significant results, as they represent
similar findings to previous studies in the field of psychiatry.

Effects of Cerebral Lesions on PSD

Robinson et al. (1984) found that lesions involving the left frontal
region of the brain were associated with a significantly higher
frequency of depression during the first 2 months following
acute stroke than comparable lesions of the right hemisphere or
posterior lesions of the left hemisphere. Subsequently, the work
of other investigators (Starkstein et al., 1987; Morris et al., 1996)
identified that left-lateral frontal lobe, caudate, and putamen
lesions were significantly more likely to produce depression
during the acute stroke period than comparable lesions in the
right hemisphere.

Nickel and Thomalla (2017) reviewed whether there is an
association between PSD and stroke lesion characteristics, such
as lesion size and lesion location. Available studies are hampered
by methodological limitations, including the drawbacks of
lesion analysis methods, small sample sizes, and the issue of
patient selection. These limitations, together with differences in
approaches to assess PSD and methods of image analysis, limit
the comparability of results from different studies. Overall, the

results are controversial, and no clear pattern of stroke lesions
associated with PSD has emerged, although findings suggest
that frontal stroke lesions are more so associated with a higher
incidence of PSD. In the present study, the brain lesions in
individual cases were diverse; thus, the relationship between the
lesion and PSD could not be examined.

Effects of Antipsychotic Drugs on fNIRS
Signals

Anti-psychotropic medications have been reported to affect
fNIRS signals. Among these medications (Schecklmann et al.,
2008), high doses of antidepressants showed significant effects on
NIRS signals in comparison with low doses. Three patients in this
study took small amounts of antidepressants or antipsychotics;
thus, we considered that the drugs had no effect on their {NIRS
signals (Supplementary Table 1).

Limitations

The NIRS methodology has several shortcomings. NIRS enables
the measurement of hemoglobin concentration changes only
as relative values, not as absolute values. Furthermore, NIRS
has a relatively low spatial resolution in comparison with MRI,
low cerebral penetration depth, and the contributions from
extracerebral tissue, such as the skin and skull, may contaminate
the NIRS signal. Due to a lack of standard quantification, the
acquired hemoglobin data from various NIRS instruments are
provided as relative values and are measured in different units
(i.e., mmol mm, mmol/L, or arbitrary units). In this study,
we obtained the integral value by averaging all the data of all
channels, which showed the size of the hemodynamic response
during the 60-s activation task period.

Regarding the NIRS reproducibility of NIRS data, the analysis
of NIRS data requires careful interpretation analysis at the
single subject and single-channel level is carefully interpreted
(Schecklmann et al., 2008). In this study, we evaluated the
analysis that was performed using the average values of
multiple channels.

In recent years, some studies have been conducted using new
analysis methods such as machine learning, and it is necessary to
further study the methods of analysis (Kang and Cho, 2020).

Further studies, with larger study populations, are necessary
to investigate the relationship between the lesion and PSD.

Conclusions

We investigated the frontal lobe functions in patients with
PSD after stroke by using fNIRS with VFT as an activation
task. We found a negative correlation between the fNIRS oxy-
Hb integral value and the HAMDI7 total score, as well as
a significant difference in the oxy-Hb integral value between
the non-depressed and depressed groups. Currently, there is
no “gold standard” for the diagnosis and assessment of PSD.
The present study indicates that the measurement of oxy-Hb
using fNIRS is a useful diagnostic method for PSD in patients
after stroke.
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