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30 SUMMARY:
31 We describe the analysis of continuous-wave functional near-infrared spectroscopy experiment
32  using a block design with a sensorimotor task. To increase the reliability of the data analysis, we
33  used the qualitative general linear model-based statistical parametric mapping and the compar-
34  ative hierarchical mixed models for multi-channels.
35
36 ABSTRACT:
37 Neuroimaging studies play a pivotal role in the evaluation of pre- vs. post-interventional neuro-
38 logical conditions such as in rehabilitation and surgical treatment. Among the many neuroimag-
39 ing technologies used to measure brain activity, functional near-infrared spectroscopy (fNIRS)
40 enables the evaluation of dynamic cortical activities by measuring the local hemoglobin levels
41  similar to functional magnetic resonance imaging (fMRI). Also, due to lesser physical restriction
42  in fNIRS, multiple variants of sensorimotor tasks can be evaluated. Many laboratories have de-
43  veloped several methods for fNIRS data analysis; however, despite the fact that the general prin-
44  ciples are the same, there is no universally standardized method. Here, we present the qualitative


https://www.editorialmanager.com/jove/download.aspx?id=1262761&guid=7c882a2d-8e31-414a-bdcf-959c126acedc&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1262761&guid=7c882a2d-8e31-414a-bdcf-959c126acedc&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

and comparative analytic methods of data obtained from a multi-channel fNIRS experiment using
a block design. For qualitative analysis, we used a software for NIRS as a mass-univariate ap-
proach based on the generalized linear model. The NIRS-SPM analysis shows qualitative results
for each session by visualizing the activated area during the task. In addition, the non-invasive
three-dimensional digitizer can be used to estimate the fNIRS channel locations relative to the
brain. To corroborate the NIRS-SPM findings, the amplitude of the changes in hemoglobin levels
induced by the sensorimotor task can be statistically analyzed by comparing the data obtained
from two different sessions (before and after intervention) of the same study subject using a
multi-channel hierarchical mixed model. Our methods can be used to measure the pre- vs. post-
intervention analysis in a variety of neurological disorders such as movement disorders, cerebro-
vascular diseases, and neuropsychiatric disorders.

INTRODUCTION:

Neurorehabilitation plays an important role in the functional recovery following sensorimotor
disturbance. To clarify the mechanisms of neuroplasticity-associated functional recovery, various
neuroimaging technologies have been used, such as functional magnetic resonance imaging
(fMRI), positron emission tomography (PET), electroencephalography (EEG), and functional near-
infrared spectroscopy (fNIRS). Different imaging modalities have different advantages and disad-
vantages. Although the fMRI is the most typical device, it is affected by magnetic fields, has a high
cost, high physical restriction, and limited sensorimotor tasks’™. The fNIRS device stands out as
a noninvasive optical neuroimaging and has a relatively lower spatial resolution, but it has a bet-
ter temporal resolution than fMRI. fNIRS is suitable when verifying treatment effects because it
compares the pre- versus post-intervention effects, has dynamic motor tasks, is portable, and
functions more in natural environments than fMRI¥24, NIRS has been reported to be more suita-
ble in the fields of cerebrovascular disease, epileptic disorders, severe brain injury, Parkinson’s
disease, and cognitive impairment®>. With regard to sensorimotor tasks, it is widely used in gait
and standing balance®®, upper limb function (hand grasping, finger tapping)®°, complex motor
skill training'®*!, robotics'?°, and brain-computer interface'®18, The fNIRS is based on the prin-
ciples of optical neuroimaging and neurovascular coupling, which measure cortical metabolic ac-
tivity, increased blood flow, and consequently cortical activity as secondary signals®®. fNIRS sig-
nals have been reported to have strong correlations with signals of blood oxygen level-dependent
fMRI?°, A continuous-wave fNIRS uses the modified Beer-Lambert law to determine the changes
in oxygenated hemoglobin (HbO;) and deoxygenated hemoglobin (HHb) cortical concentration
levels based on measured changes in broadband near-infrared light attenuation?22, Because it
was not possible to measure the differential path-length factor (DPF) using the continuous-wave
NIRS system, we assumed that the DPF was constant and that hemoglobin signal changes were
denoted in arbitrary units of millimole-millimeter (mM x mm)?>28,

The fNIRS experiments need to select the most adequate methods including the probe settings,
the experiment designs, and the analysis methods. Regarding the probe setting, the international
10-20 method used in EEG measurement is the setting standard used by many researchers in
neuroimaging. In recent years, coordinate settings based on the standard brain on the basis of
Montreal Neurological Institute (MNI) coordinates have been used. The experiment uses a block
design, generally used for sensorimotor tasks, and an event-related design. This is a method of
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comparing changes in hemoglobin concentration at rest and during tasks; HbO, concentration
levels increase and HHb concentration levels decrease with changes in cerebral blood flow asso-
ciated with task-dependent cortical activity. Although there are various analysis methods, the
NIRS-SPM free software enables an analysis similar to the statistical parametric mapping (SPM)
of fMRI. The treatment of NIRS data uses a mass-univariate approach based on the general linear
model (GLM). When performing task-dependent brain activity analysis, the fNIRS measurements
can be affected by evoked or non-evoked neuronal activity and systemic physiological interfer-
ences (heart rate, blood pressure, breathing rate, and autonomic nervous system activity) in the
cerebral and extracerebral compartment?3. Therefore, pre-analysis processing, filtering, wavelet
conversion, and principal component analysis are useful?3. Regarding filtering and artifacts of the
data processing using the NIRS-SPM, low-pass filtering® and the wavelet minimum description
length (Wavelet-MDL)?* detrending were used to overcome the motion or other sources of
noise/artifact. For details of this analytic method, refer to the report of Ye et al.?>. Although there
are reports using only SPM, it is only a qualitative index by image analysis, and due to the low
spatial resolution of NIRS, extreme caution is required for group analysis. Moreover, when the
DPF is constant, numerical comparisons between channels and individuals should not be per-
formed, but the difference in the changes in each channel can be verified. Based on the above
conditions, in order to supplement the NIRS-SPM group analysis results, we used the original
analysis method for multi-channel analysis after improving the accuracy of spatial registration.
This multi-channel analysis compared the amplitude of the change in HbO, and HHb levels be-
tween the rest and on-task periods at each channel before and immediately after treatment using
hierarchical mixed models with fixed interventions (before or after), fixed periods (rest or on-
task), and random individual effects.

In this way, there are several fNIRS measurement and analysis methods; however, no standard
method has been established. In this paper, we introduce our methods, qualitative GLM-based
statistical parametric mapping and the comparative multi-level hierarchical mixed model, to an-
alyze data obtained from a multi-channel fNIRS experiment of pre- vs. post-intervention using a
block design with sensorimotor tasks.

PROTOCOL:
This study was approved by the institutional review board (IRB) of the Fukuoka University, Japan
(IRB No. 2017M017). Prior to participation, all patients provided written informed consent.

1. Preparation of the fNIRS experiment

NOTE: A multi-channel continuous-wave laser-based NIRS system for this experiment was used.
The wavelengths of the near-infrared light were 780 nm, 805 nm, and 830 nm, and the sampling
rate was set at 7.8 Hz. The time and spatial resolution (distances between the light emitter and
detector probe) were 0.13 s and 3.0 cm, respectively.

1.1. Set the fNIRS device in a dark noiseless place. Conduct experiments at room temperature.
Start the fNIRS instrument 30 min before the experiment.
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NOTE: fNIRS systems are used under controlled temperature and humidity conditions to ensure
stable operation of the equipment?®.

1.2. Use a whole head caps for fNIRS recording and attach the head cap on the subject’s head
such that the position corresponding to the central (Cz) of international 10—-20 system is located
at the holder No. 245 of the head cap. (Figure 1).

1.3. Attach the marking sticker to reference locational points: the nasion (Nz), right external au-
ditory meatus (AR), and left external auditory meatus (AL).

NOTE: Because the 3D coordinates are read around the positions of the Nz, AR, AL marking sticker
and Cz holder, it is necessary to attach the marking sticker before taking a picture.

1.4. After the calibration of a high-resolution digital camera for spatial registration, take pictures
of the subject’s head with the probe location while showing the reference points (Cz, Nz, AR, and
LR) from 15 perspectives.

NOTE: Please take a picture before placing the probe. If a picture is taken after placing the probe,
the marker landmark may be hidden by the probe and wiring cord. As recommended by the man-
ufacturer, after taking 12 pictures 30° diagonally forward to the right of the subject, take three
or more pictures slightly above so that the Cz (holder No. 245) appears in the picture. This is
because it is easy to make it three-dimensional when capturing a total of 15 or more shots.

1.5. Carefully separate the subject’s hair that interferes with the optode using a light-emitting
diode (LED)-lit plastic rod to attach the probe. Arrange the probe so that the optodes are attached
at a minimal distance from the scalp surface and in contact with the scalp.

NOTE: Check carefully whether there is any pressure or discomfort for the patient due to the
attachment of the optodes, because of increasing strength of the systemic confounders associ-
ated with autonomic nervous system activation?3.

1.6. Arrange the 48-channel system with 32 optodes (16 light sources and 16 detectors; 4 x 4
array for each hemisphere) to a head cap bilaterally over the frontal and parietal areas as regions
of interest (Figure 2).

1.7. Start and use the 3D-digitizer software to determine the spatial registration.

1.8. After scanning the picture data of an entire head, determine the spatial coordinate of each
patient by auto-measuring and save as the Origin and the Others file (*CSV file).

NOTE: If the coordinate points could not be detected from the images using the automatic meas-
urement, input the adjustment manually.

2. Run the experiment
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2.1. Select a block design for the experiment, and the task can be any movement of interest for
the study such as hand opening/closing, finger tapping, etc. In our previous study, the task was
the robot-assisted elbow movements?®.

NOTE: Each cycle is made of three blocks (15 s of rest — 15 s of task — 15 s of rest), and each
patient completes seven cycles in each session.

2.2. Make the participant wait in a comfortable position until the starting signal. Instruct the sub-
ject to close their eyes during the rest and the task.

2.3. Give start and stop cues (i.e., "Repeat flexion and extension of the elbow", "Stop and relax").

NOTE: Do not speak during measurements. Carefully check for artifacts on the monitor screen
during measurements.

2.4. Perform the block design task in the same posture. Upright posture with standing or sitting
position is desirable not to distort the headset.

NOTE: If the patient feels uncomfortable after wearing the head holder for an extended period
of time, remove or loosen the probe during robot-assisted exercise.

2.5. After completing the NIRS measurement, remove the head holder and marking sticker to end
the experiment.

NOTE: Carefully check for skin damage to the scalp due to prolonged wearing.

3. Qualitative GLM analysis using NIRS-SPM software

3.1. Start the NIRS-SPM on the MATLAB software. Convert the data file related to the change in
HbO; and HHb concentration acquired from the NIRS device to the file format for NIRS-SPM anal-

ysis.

3.2. Choose the using NIRS system option from the pop-up menu. Select the load button and
choose the convert HbO; and HHb concentration change options.

3.3. Detect the spatial registration of NIRS channel location. Select the Stand-alone checkbox and
then select the With 3D Digitizer checkbox.

3.4. Within From Real Coordinates to MNI Space, use the dialog box to choose _origin.CSV refer-
ring to the coordinate reference point file, and _others. CSV referring to the coordinate

probes/channels file.

3.5. Select the Registration button. Choose the points to proceed to spatial estimation, and click
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on the OK button. Click on the Project MNI coordinate to Rendered Brain button.

NOTE: The spatial position of the NIRS channel locations is estimated on the basis of Montreal
Neurological Institute (MNI) brain template.

3.6. Select the Dorsal View option, and click on the Save button.
3.7. In the Specify the 1% Level section, select the NIRS data filename and SPM directory. Select
the hemoglobin checkbox; HbO, or HHb. Highlight the Specify design’ option and select the Sec

option. Highlight the Number of Condition/Trials options and enter the number 7.

3.8. Highlight the Vector of Onset and Duration[s] options and enter a vector of onset multiplied
by the duration of the experimental conditions as follows.

NOTE: In this case, the vector of onset times should be specified as [15:45:285] or [15 60 105 150
195 240 285]. The vector of duration should be specified as [15* ones(7,1)] or [15 15 15 15 15
15 15].

3.9. For detrending, select the Wavelet-MDL button. Use the precoloring method: low-pass filter
and select the hrf button, and correct for serial correlation, then select the none button.

3.10. In estimating the temporal correlations, check the Individual Analysis.

NOTE: Save the spatial localization of fNIRS channel positions in the individual MNI coordinate
systems as a text file. Similarly, save the map based on the individual Brodmann area (BA) as a
text file.

3.11. In estimating the temporal correlations, check the Group Analysis. The NIRS-SPM aligned
the mean optode positions of the number of participants according to the MNI standardized

brain coordinate system.

3.12. Compute the activation map based on the changes in hemoglobin level for the standardized
brain. HbO, and HHb levels were considered significant at an uncorrected threshold of p < 0.01.

NOTE: Left/right information was flipped in the right-affected sides for group analysis.

4. Multi-channel comparative analysis based on hierarchical mixed model

4.1. Start the SAS software. Convert the text document (.TXT) of concentration changes of HbO;
and HHb in the NIRS data file processed with a low pass filter (cut-off frequency was set at 0.1

Hz) to the spreadsheet software comma separated values file (.CSV).

4.2. Create the Import SAS data (.sas7bdat) using the program.
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4.3. Output the Import file with the following command, libname out “Import file”

4.4. Output the pre- vs. post-intervention file for each subject, run the following commands in
the Analysis SAS. (Figure 3) During the creation of the import file, give a name such that can
identify the subject information and pre- vs. post-intervention (e.g., id1 pre, id1 post...)

4.5. Run the pre- and post-intervention data command for each channel (ch1-48; HbO; and HHb)
as follows (Figure 4).

4.6. Based on the data obtained from the output results, input the pre- vs. post-intervention dif-
ferences in change (difference at on-task and rest), rest, and on-task values (estimated values,
upper limits, and lower limits) of each channel in the spreadsheet workbook file (.xIsx).

4.7. Similarly, input the numerator and denominator degrees of freedom, F value, and P value of
the interact item of the fixed-effect Type 3 test to the spreadsheet workbook file (.xlsx).

4.8. To control the false discovery rate (FDR) in multi-channel testing, use the Benjamin and
Hochberg methods?’ and control the FDR at a p-value < 0.01.

REPRESENTATIVE RESULTS:

Herein, we introduce the robot-assisted rehabilitation that our group is currently working on: the
biofeedback effects on upper limb motor deficit in patients with acute stroke. We included 10
consenting stroke patients (mean age: 66.8 + 12.0 years; two women and eight men) who were
admitted to our hospital. At the subacute stroke stage, more than 2 weeks after the onset, we
evaluated the motor-related cortical activity of these patients using an fNIRS system before and
immediately after upper limb robot-assisted rehabilitation on the same day. Regarding the block
design tasks, they carried out affected elbow flexion/extension movements 15x within 15 s in
each task cycle, and they repeated seven task cycles. In addition, six healthy volunteers (mean
age: 58.7 + 7.1 years; two women and four men) were also enrolled as controls to identify the
location of the normal task-related cortical activation during the right elbow flexion/extension
movements.

Figure 5 shows the results of the group analysis of 10 stroke patients by the t-statistical mapping
values using GLM models with the NRS-SPM software. This method showed an increase in the
cortical activity of the primary motor cortex in the measured hemisphere immediately after the
robot-assisted rehabilitation compared with that before the training. The pre-intervention data
gathering, intervention (robot-assisted exercise), and the post-intervention data gathering were
performed at the single experimental session on the same day and at the same place.

Figure 6 shows the results of the multi-channel group analysis comparing pre- versus post-inter-
vention (robot-assisted exercise). Statistical analysis of the multi-level hierarchical mixed model
with the SAS software was performed. Increased cortical activity in the primary motor cortex was
observed after intervention, the same brain region as in the NIRS-SPM.
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FIGURE AND TABLE LEGENDS:

Figure 1: Setting of three-dimensional (3D) spatial registration and each holder of the head cap
used for fNIRS recording. The No. 245 holder indicated by the arrow in the figure shows the
central position (Cz), which is one of the coordinate axes.

Figure 2: Arrangement of the 48-channel system with 32 optodes during the fNIRS recording.
(A) Location of probes on head holder, (B) arrangement of the 48 channels and probes (16 light
sources and 16 detectors; 4 x 4 array for each hemisphere) to a head cap bilaterally over the
cortical areas, as regions of interest.

Figure 3: Command input for creating files used in the SAS analysis software. The figure shows
how to define terms and numerical values on the command input screen that converts the text
file information obtained from the NIRS file into an Excel CSV file and then converts it for SAS
analysis. ID, Age, Sex, ipsilesional side, before and after the intervention, total time, and task
periods, were entered numerically. In addition, information on HbO,, HHb, and total hemoglobin
concentration level (mM x mm) were also entered.

Figure 4: Command input used for each channel analysis in the SAS analysis software. In this
multi-level hierarchical mixed model, the following numerical values were set and entered on the
SAS command input screen. The status at rest (task = 0) and at task (task = 1) were compared,
and the status at recovery (task = 2) was excluded. Furthermore, the status before the interven-
tion was set to n = 0 and the status immediately after the intervention was set to n = 1, and the
interaction was investigated for statistically significant differences in the amount of change in
HbO; and HHb for each channel. In the figure, the input screen information up to ch2 or ch47 is
omitted.

Figure 5: The results of the group analysis by the t-statistical mapping values using GLM models
with the NRS-SPM software. The average cortical activity from all patients is depicted on the
above view of the standardized brain models. The upper and lower represents the cortical acti-
vation in HbO, and HHb level, respectively. The right image indicates the cortical activity of
healthy subjects during the tasks. Comparing the robot-assisted rehabilitation before, the cortical
activity was increased immediately after robot-assisted training on the same day. Compared to
other cortical regions, each performing status was significantly increased (uncorrected, p < 0.01).
Dotted lines indicate the central sulcus (CS) on the normalized brain images. This figure has been
modified from Saita et al.%>.

Figure 6: The result of the multi-channel analysis using multi-level hierarchical mixed models
with the SAS software. The cortical activity of change represents the comparison between pre-
and post-intervention using robot-assisted rehabilitation treatments. For the left image, the
numbers of NIRS channels were superimposed on the standardized brain according to the MNI
coordinate system. For the right image, red and blue indicate an increase and decrease in the
HbO; level, respectively (FDR corrected, p < 0.01). Gray indicates that the channels did not signif-
icantly change following the robot-assisted rehabilitation. This figure has been modified from
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Saita et al.?>.

DISCUSSION:

In our group analytic methods for fNIRS, in addition to performing an imaging analytic method
by qualitative t-statistic mappings, we compared pre- vs. post-intervention (robot-assisted exer-
cise) using the comparative multichannel analysis. For qualitative analysis, we used the NIRS-SPM
software as a mass-univariate approach based on the generalized linear model. The NIRS-SPM
analysis shows qualitative results of each session by visualizing the activated area during the task.
Moreover, the information of the non-invasive 3D-digitizer enables the estimation of fNIRS chan-
nel locations relative to the brain. The group analysis using NIRS-SPM analysis was able to capture
the rough brain activational areas of pre- vs. post- intervention during the sensorimotor tasks but
could not compare the difference in changes in the same channels. To corroborate the NIRS-SPM
findings, the amplitude of the changes in hemoglobin levels induced by the sensorimotor task
can be statistically analyzed by comparing the data obtained from two different sessions (i.e.,
before and after intervention) in the same study subject using the multi-channel hierarchical
mixed model. By using these two methods, the results mutually complement each other and
were shown more clearly.

To obtain accurate task-related brain activity by NIRS data, task design, probe placement, pre-
analysis processing, analysis methods, and environment settings are very important?32%, Regard-
ing the block design using sensorimotor tasks in our representative studies, we set the task and
rest time at 15 and 30 s, respectively?®. It has been reported that the peak after the activity and
the recovery by rest time depend on the task design. In previous researches, it was reported that
the task design is often 10—30 s for tasks related to hand movement (finger tapping, grasping
task) and 30 s for tasks related to posture control and walking”®28. For the task periods, it takes
about 5-10 s to reach the peak after starting the task activation®?, and the recovery periods is
favorable with a randomly varying 15 to 18 s to avoid anticipation effects and Mayer-Wave?830,
In this respect, the task protocol of our research is considered to be suitable and feasible as it
follows block design with elbow movement. However, the task periods may need to be longer
based on the task difficulty, such as for walking tasks and complex cognitive tasks. Regarding the
probe arrangement, fNIRS has a poorer spatial resolution, so rearranging pre- vs. post- interven-
tion is a major issue. In our representative study, this shortcoming was compensated by our de-
sign not requiring probe relocation to confirm the immediate effect of robotic treatment on the
same day. If repositioning is required, it is important to check the distance between the marking
sticker and the holder using a pre-captured image to make sure it is not out of arrangement
compared to pre-intervention. However, in our design, it was insufficient to confirm the effect of
systemic physiological interference such as the autonomic nervous system on the use of the head
holder by continuous measurement for a long time. Therefore, it is necessary to use fNIRS mon-
itoring during functional paradigms and multimodal monitoring?® in the future. Regarding the
area of interest for NIRS measurement, many NIRS studies on cognitive processing have focused
on measuring the prefrontal cortex (PFC) activity given that the PFC is a key area in executive
function and cognitive control of movement3%32, For sensorimotor tasks, it is important to meas-
ure the parietal region in order to assess sensory activity. The measurement of the parietal region
is, however, susceptible to obstacles such as hair and thick scalp; thus, it is necessary to carefully
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set up the measurement. One limitation of this fNIRS experimental method is that due to the
structure of the head holder, we used the general measurement method with an optode distance
of 3 cm. However, using short separation channels to calibrate the superficial signals or noises,
there is a possibility to measure accurate brain activity33.

Regarding the NIRS group analysis methods, as a prerequisite, it is best to carefully analyze the
personal data of NIRS measurement results similar to the EEG. A combination of single-level and
group-level analyses may be the optimal approach?3. Although the standardized brain is used for
the group analysis of NIRS data, limitations with regard to the lower spatial resolution have been
discussed®. In this study, the spatial registration method was devised, and it was possible to de-
tect more accurate coordinates, which potentially led to better results. Second, present study
has limitations in the ability of the described NIRS system here. The numerical values used in the
analysis are relative values using continuous-wave NIRS, and a device such as the Time Domain
(TD)-NIRS needs to be used for evaluation using absolute values3#3>. However, TD-NIRS is expen-
sive and has a drawback of not being suitable for such multi-channel analysis. Because CW-NIRS
is so widely used, we need a relatively accurate evaluation method that can be realized to make
up for this shortcoming. As a pre-analysis process, our channel analysis will also need to consider
means of using additional principal component analysis to remove these confounders.

In the future, we will report the results of change in pre- vs. post-operation of deep brain stimu-
lation for Parkinson's disease®, cerebrovascular disorders with spasticity'?, and cognitive impair-
ment3® using near-infrared spectroscopy application. Our methods can be applied to a variety of
neurological disorders such as movement disorders, cerebrovascular diseases, and neuropsychi-
atric disorders.
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