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Abstract: Functional near infrared spectroscopy (fNIRS) is an 

imaging system that can measure hemodynamic changes of the 
brain. However, the system incapability to measure beyond the 
brain cortex region make it usage less appealing for in-depth 
brain studies. To overcome this, many researchers combine fNIRS 
with other imaging modalities to gain better understanding of the 
brain activities. In this paper, we described the theory of the 
registering fNIRS signals and positron emission tomography 
(PET) image method and performed experiments to validate it. 
The registration method was validated using specially designed 
phantom for fNIRS and PET. Polaris system was used to track the 
position of the phantom which is based on the Polaris markers 
during fNIRS and PET procedures. The Polaris markers share the 
same coordinate, thus the fNIRS and PET were calibrated to each 
other through these markers. To register the fNIRS signal on the 
PET image, the phantom position in fNIRS coordinate is 
translated to PET coordinate which allow the probe and the 
markers being coordinated in PET.   Polaris markers were used as 
the references marker to determine the transformation matrices. 
The result shows that the fNIRS channel can be viewed on the 
PET image of the phantom. The transformation error from 
Polaris to PET is less than 1.00 mm and the precision test is less 
than 0.1mm while the accuracy is less than 2.8 mm. This result 
suggests that our theory on the registration method could be used 
for multimodal image registration between fNIRS and other 
modalities.  

Keywords: functional near-infrared spectroscopy, PET-fNIRS, 
multimodal image registration 

I. INTRODUCTION 

Multimodal images are gaining attention among medical 

practitioners in enhancing their diagnosis the medical 
images. To produce a good multimodal image, one important 
criterion that needs to be considered is the registration of the 
multimodal images. According to Calvin Maurer 2004, 
image registration could be defined as one-to-one mapping 
between two coordinates in different spaces where the two 
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coordinates correspond to the same anatomical point to each 
other [1]. Meanwhile, multimodal image registration is 
matching images of the same patient which acquired using 
different imaging modalities. Currently, there are a lot of 
medical imaging modalities such as computed tomography 
(CT), magnetic resonance imaging (MRI), single-photon 
emission computed tomography (SPECT) and positron 
emission tomography (PET) which have their specialties and 
drawbacks. Primary concern of most researcher in optimizing 
the advantages and specialties of these imaging modalities, is 
how to register images originated from the same patient but 
different modalities while expanding the anatomical and 
physiological information obtained.  

Most of the existed integrated system such as PET-CT and 
PET-MRI does not need image registration as they acquired 
the image simultaneously and share the same coordinate. 
Although they are separate modalities, image fusion is being 
done by registering the images together. But this integrated 
system has it owns disadvantages due to the high installation 
cost and hardware restriction. There are two methods of 
image registrations; Software-based registration such as SPM 
(statistical parametric mapping) and FSL which was 
developed in Oxford University, UK. The other method of 
registration is hardware-based registration where it uses an 
external device to determine the transformation function. 
Commonly used registering method is software-based 
registration as it only needs a computer. However, the result 
of this method is highly dependent on the image quality, and 
the chosen algorithm. On the other hand, hardware-based 
registration is fast and accurate, but it needs specific 
hardware while motion and non-rigid deformation may cause 
signal not able to register internal structure correctly. In this 
paper, we focus on the multimodal registration of functional 
near-infrared spectroscopy (fNIRS) and PET signal. fNIRS is 
an imaging technique that use near-infrared light to measure 
oxygen concentration changes in blood hemoglobin. The 
changes in oxygen concentration are being presented in 
two-dimension (2D) signals and the interpretation of the 
oxygen level is according to the area of the measurement 
channel. fNIRS is advantageous in measuring cerebral 
hemodynamic during brain activation as it has good temporal 
resolution, but it only capable of measuring the oxygen 
changes in the cortex region.  
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Thus, many researchers combined or compared the fNIRS 
information with others imaging modalities. The fNIRS 
result is being frequently compares with 
blood-oxygen-level-dependent (BOLD) fMRI as the BOLD 
response in fMRI is related to deoxyhemoglobin [2][3–8]. 
Moreover, fNIRS monitoring were often used alongside PET 
scan to study the cerebral oxygen and cerebral blood flow 
during brain activation [9,10]. Thus, it would be very 
beneficial if fNIRS signals can be view on another medical 
image. However, first, fNIRS signal registration with other 
modalities need to be established.  

This paper will review the fNIRS and PET registration 
theory and its validation method. As the registration method 
of fNIRS signal and PET image has already been performed 
on human and published [11], this paper will only describe 
the signal registration method theory and validation using 
specially designed phantom for fNIRS and PET.  

 

 
 

Fig. 1. The schematic diagram of the coordinate system in the 
registration. CfNIRS represent the fNIRS coordinate of the 
probes position during fNIRS measurement, CPET represent 
the coordinate system of the PET image whearas CPOLARIS 
represent coordinate system tracked by Polaris.  

II.  THEORY OF THE REGISTRATION METHOD 

Fig. 1 showed the schematic diagrams and coordinates of 
the registration method. In this method, the coordinates of the 
fNIRS signal probe are translated from fNIRS coordinate 
(CfNIRS) to PET coordinate (CPET) based on the references 
marker given by Polaris coordinate (CPol). Polaris is an 
optical tracking system that detects the position and 
orientation of Polaris markers within a specific measurement 
volume. Polaris provides precise, real-time spatial 
measurements of the location of the marker and can track 
multiple markers simultaneously. In this study, Polaris 
system used to track the three-dimensional (3D) position of 
Polaris markers during fNIRS and PET measurement 
procedure. These 3D coordinate act as a reference point to 
translate the fNIRS probe to the PET coordinate, as they 
share the same coordinate. 

fNIRS is the measurement using emitting and receiving 
probe whereas fNIRS signals are measured in the channels in 
between those two probes. In this study, we used specially 
designed fNIRS-PET phantom to validate the registration 
method. The position of the fNIRS channels and the probes 
are illustrated in fig. 2. The red color blocks indicate the 
transmitting probes and the blue color blocks are the 

receiving probes whereas the numbers in the yellow color 
blocks indicate the channel number.  

To view the fNIRS signals on the PET image, these 
channels must be registered on the PET image, thus the 
probes information must be translated from CfNIRS to CPET as 
shown in fig. 3. Using information of these positions and 
rigid body transformation, the acquired signal was registered 
to the CPET based on the reference marker which is being 
shared between the two modalities.  

III. VALIDATION EXPERIMENT 

This experiment is carried out to validate the registration 
method. In this experiment, we determined the position of the 
fNIRS probe in CPET and register on the PET image and test 
the precision and accuracy of the translation process from 
CfNIRS to CPET.  

 

 
Fig. 2. The illustration of the emitting, receiving and the 
measurement signal channels. The red and blue color blocks 
are transmitting and receiving probe respectively whereas the 
numbers in the yellow color blocks are the channel number. 

 
Fig. 3. The illustration of the transformation of the phantom 
from CfNIRS to the CPET. The coordinate of the probe on the 
phantom must be transformed to the PET coordinate in order 
to register the probe on the PET image. 

A. fNIRS-PET Phantom Set Up  

This experiment was performed to validate the phantom 
which is being specially designed to be measured by fNIRS 
and PET. The phantom was set up as in fig. 4 to acquire 
fNIRS signal. The phantom was filled up with aqueous lipid 
solution, and the fNIRS probe was fixed from the bottom of 
the phantom tank.  
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The source holder put in place the black ink or radioactive 
source when the aqueous lipid solution was being filled in the 
phantom tank. The black ink was used in the fNIRS 
measurement while the Na-22-point source was used for PET 
scanning. Four Polaris markers were placed on the phantom 
that will be detected by Polaris system during the fNIRS 
examination and PET scan. Because the fNIRS probes were 
fixed from the bottom of the phantom, one sheet with the 
exact same position as the probe was made and placed on the 
side of the phantom which facing the Polaris. Four Polaris 
markers were placed in between the probe position randomly.  

 

 
Figure 4: The fNIRS-PET phantom setup. 

 

B. fNIRS Measurement  

Fig. 5 shows the position of Polaris and fNIRS-PET 
phantom position during fNIRS measurement. The fNIRS 
signal was recorded as the container holder is moved toward 
the bottom on channel 6. During the same time, Polaris 
system tracked the position of Polaris markers on the 
phantom.  

In order to test the Polaris marker transformation precision 
from different phantom positions, this measurement was 
repeated using two other positions where; first, the phantom 
was moved 5 cm to the right and second, 5 cm towards the 
Polaris.   

C. PET Scanning 

After the fNIRS measurement, the phantom was brought to 
the PET room and positioned on the PET bed. The Polaris 
markers side were placed facing the Polaris as shown in fig. 
6. The black ink container was replaced with the Na-22-point 
source and positioned the holder on top of channel 6. During 
the PET scanning, Polaris system read the position of the 
markers.  

 
Fig. 5: The position of the Polaris and phantom during 

the fNIRS measurement. 
 

 
Fig. 6. The position of the phantom and Polaris during 

PET scan. 

 
Fig. 7. a) The Na-22-point source which surrounded by three 
Polaris markers, and placed on the adjustable tool and b) the 
set-up of the calibration experiment where Polaris read the 
markers around the source and the gantry markers.   

 

D. Calibration from Polaris to PET coordinate 

The calibration study was conducted to determine the 
transformation matrixes from CPol to CPET. The calibration 
experiment was carried out using Na-22-point source which 
is mounted on the adjustable tool as shown in fig. 7a. There 
are three Polaris markers surrounded the source. Six PET 
scans were performed on the source and for each scan, the 
source was moved to a different position by moving the 
source holder of the adjustable tool. During each scan, the 
Polaris read the markers and the gantry markers. Fig. 7b 
shows the position of Polaris and the adjustable tool during 
the experiment.  Both of source coordinate given by Polaris 
and PET were relatively corresponds to each other. Using the 
position of markers in both CPol and CPET, the transformation 
matrix from Polaris to PET was determined. 

E. Transformation 

The transformation is performed to bring the probe 
coordinate and marker coordinate from fNIRS to PET. The 
following are the transformation steps to get the probe and 
marker coordinate in CPET.  

The marker coordinate, MfNIRS (x, y, z) in CfNIRS is 
corresponded to the marker location, MPol_1 (x, y, z) in CPol_1, 
as shows in the following relationship; 

MPol_1 = TfNIRS →Pol_1 * MfNIRS 

Therefore, TfNIRS →Pol_1 is given by the following 
relationship; 

TfNIRS →Pol_1 = MPol_1 * MfNIRS
-1 
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By using TfNIRS →Pol_1, coordinate of probe, P Pol_1 (x, y, z) in 
CPol_1 was calculated by the following equation; 

PPol_1 = TfNIRS →Pol_1* PfNIRS 

The coordinate of marker, M Pol_1 (x, y, z) in C Pol_1 is 
corresponded to M Pol_2 (x, y, z) given by Polaris in CPol_2, as 
given by the following relationship; 

 
MPol_2 = TPol_1 →Pol_2 * MPol_1 

 

Therefore, TPol_1 →Pol_2 is given by the following 
relationship; 

 
TPol_1 →Pol_2 = MPol_2 * MPol_1

-1 

 

By using TPol_1 →Pol_2, coordinate of probe, P Pol_2 (x, y, z) in 
CPol_2 was calculated by the following equation; 

 
PPol_2 = TfNIRS →Pol_1* P Pol_1 

 

The coordinate of probe, PPol_2 (x, y, z) and marker, MPol_2 
(x, y, z) in CPol_2 is corresponded to PPET (x, y, z) and MPET (x, 
y, z) in CPET, as given by the following relationship; 

 
PPET = TPol_2 →PET * PPol_2 and MPET = TPol_2 →PET * MPol_2 

 

The TPol_2 →PET is given by the calibration experiment using 
sodium point source (22Na). By using TPol_2 →PET, coordinate 
of probe, PPET (x, y, z) in CPET was calculated by the following 
equation;  

PPET = TPol_2 →PET * PPol_2 

as well as coordinate of marker coordinate.  
MPET = TPol_2 →PET * Mpol_2 

IV. RESULT 

A. The transformation 

Fig. 8 shows the theory of transformation from fNIRS to 
PET. The probes and markers position on the phantom were 
transformed to the Polaris 1 coordinate (CPol_1) and Polaris 2 
coordinate (CPol_2) before transformed to CPET. During fNIRS 
measurement, the Polaris system read the position of Polaris 
markers as well as during the PET measurement separately, 
thus; the CPol_1 is the Polaris coordinate during fNIRS 
measurement while CPol_2 is Polaris coordinate during PET 
scan. The transformation error from fNIRS to Polaris and 
Polaris to CPET is less than 1.00 mm as presented in table 1. 
The highest error is 0.89 mm at Y axis from Polaris to PET.   

 
Fig. 8.  The illustration of the flow of the transformation 
done on the phantom. The phantom coordinate in fNIRS 

was transformed to Polaris coordinate and PET 
coordinate. 

Table I: Transformation error from fNIRS to Polaris and 
from Polaris to PET 

Axis  
Transformation error (mm) 

From fNIRS to Polaris  From Polaris to PET 

x-axis 2.32 x 10-8 ± 5.88 x 10-9 0.87 ± 0.053 

y-axis 1.65 x 10-6 ± 2.94 x 10-7 0.89 ± 0.058 

z-axis 1.12 x 10-6 ± 2.18 x 10-7 0.32 ±0.041 

B. The registration  

The transformation result in the position of the probe and 
Polaris markers in PET coordinate and the probes was then 
registered on the phantom PET image using in house 
software. The illustration of the probes position, Polaris 
markers and Na-22 source at channel 6 in PET coordinate are 
presented in fig. 9. The fusion image of the registration result 
was shown in fig. 10, it clearly seen that the source is located 
at channel 6 in the fusion image, compare to actual position 
as illustrated in fig. 9.   

C. Precision and accuracy test  

During fNIRS measurement, the measurement was 
repeated at different position to test the precision of the 
transformation. The precision test compared the 
measurement of phantom at three different positions. This is 
done by calculating the standard deviation of the differences 
of the Polaris markers, M1, M2, M3 and M4 coordinate in 
three different position of the phantom and the result 
presented in in bar chart form in fig. 11. The precision test 
shows that the standard deviation is less than 0.1 mm which 
mean that the transformation is consistence even though the 
phantom was moved to different position during fNIRS 
measurement.  

Accuracy test was calculated by comparing the position of 
the channel 6 in CPET with the actual position of the source in 
PET image. Since the position of the source was above the 
actual position of the phantom, so, only x-axis can be 
compared. Fig. 12 shows the standard deviation of the three 
position of the phantom compare to the actual position of 
channel 6. The result shows the accuracy is less than 2.8 mm.  

 

 
Fig. 9. The illustration of channel 6, the fNIRS probes 

and the Polaris markers in CPET. The blue and red dot are 
the probes  
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Fig. 10. The fusion image on the source on channel 6, the 
probe and the Polaris markers image. The blue ‘dot’ are 

the probes, the white ‘dot’ (appointed by the arrows) are 

the markers while the red ‘dot’ is the source. 
 

 
Fig. 11. The precision test of the markers position in three 

different position. 
 

 
Fig. 12. The accuracy test of the marker coordinate in 

x-axis at three different position presented in bar chart.  

V. DISCUSSION 

The validation experiment showed that the fNIRS probes 
and Polaris markers can be observed in the PET image from 
the fusion images as shown in fig. 12. This method involves 
several transformations from the fNIRS coordinate to the 
PET coordinate. Because of this, it is important to identify the 
transformation error.  The transformation error from fNIRS 
to Polaris and Polaris to PET coordinate is less than 1.00 mm 
at each x, y and z-axis. The precision test compared the 
measurement of phantom at three different positions and the 
differences is less than 0.1 mm which indicate that the 

transformation is consistence even though the phantom was 
moved to different position during repetaed fNIRS 
measurement. Therefore, this method can be used regardless 
to where the fNIRS is measured. Meanwhile, the accuracy 
test compared the position of the source on channel 6 after the 
transformation to the PET coordinate and the actual position 
of the source. The accuracy test shows the differences of the 
actual coordinate of the source and the transformation 
coordinate from fNIRS is less than 2.8 mm. As the marker 
diameter is 9 mm, therefore the value 2.8 mm is within the 
diameter of the Polaris marker. It is very important to ensure 
the accuracy of the registration before they are used for the 
clinical or research application. By registering the fNIRS 
probe on the PET image, the fNIRS channels is also 
registered as well so the fNIRS signal can be view on the PET 
image. This registration technique is hardware-based 
registration as we used Polaris, the optical tracking system to 
track the Polaris markers during both procedures. The 
imaging coordinate of PET and fNIRS are calibrated to each 
other by Polaris, so the fNIRS is brought into the same 
physical location of PET and assume that the patient or 
subject remains motionless between both fNIRS and PET 
acquisition. The technique of calibrated coordinate systems is 
also often used in registering the ultrasound to CT or MRI  
and registering the position of surgical tools mounted on a 
robot arm to images [12]. The proposed registration methods 
using hardware tracking system is inexpensive method and 
very convenient to register fNIRS and other imaging 
modality. It is possible to apply this method to register fNIRS 
with other imaging modalities such as MRI, CT scan and 
SPECT however several considerations should be taken. 
fNIRS is radiation safe, non-invasive method and 
inexpensive compare to other brain imaging modalities. 
Thus, fNIRS could be a better option for multimodal 
imaging. fNIRS also portable and regardless to motion and it 
is very convenient to monitor oxygen to the brain area during 
activities. The change in hemodynamic response is a good 
marker for assessing neural activity since the oxygenated 
level is dependent on brain activities and mostly fNIRS 
measurement is done based on mental work in human 
[13][14]. Thus, many researchers tend to combine fNIRS 
with other application especially fMRI. The combination of 
fNIRS and fMRI studies has been reviewed in Scarapicchia et 
al., 2017 and there are over 100 published articles using 
combined fMRI-fNIRS in brain function studies [15].  
Hence, it is very useful if the information given by fNIRS can 
be combined with image from other imaging modalities. 
Thus, this registration method can be used to view the fNIRS 
signal on the image from other modalities. fNIRS signal is 
presented in 2D signals form and fNIRS is obtained from the 
brain surface without the structural and anatomical 
information about the underlaying brain. Thus, fNIRS signal 
is presented in either Montreal Neurological Institute (MNI) 
or Talairach space [16] or superimposed onto the standard 
MRI brain template images by fNIRS-SPM in order to view 
the area of the fNIRS signal on the brain region.  
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In Kikuchi et al., 2018, fNIRS signal is superimposed on 
standard MRI template images to compare the sedative 
effects of antihistamines in term of cerebral glucose 
metabolic changes measured by PET and hemodynamic 
response measured by fNIRS [17]. Therefore, if fNIRS signal 
could be view on the own subject image, we can view both 
information in one image of the same subject. Although 
fNIRS measures only in the cortex region, it is useful to 
determine whether the hemodynamic changes that given by 
fNIRS and metabolic changes observed by PET are occurs in 
the same brain region or not. fNIRS is measured using probes 
on the brain scalp. It is important to view the underlying 
structure of the fNIRS signal. By registering fNIRS on the 
subject individual brain image, the information gathered will 
be expanded to the brain structure or clinical abnormalities 
together with the information given by fNIRS. But to register 
fNIRS on individual image, it is very complex because every 
human has their unique shape and size of the brain. 
Therefore, there are many studies register the fNIRS on the 
standard MRI image. Tsuzuki & Dan 2014., described the 
fNIRS data on the standard stereotaxic space to register the 
fNIRS probe on the brain MRI image, either on the subject 
own’s MRI image or MRI standard image [16]. Other 
registration of fNIRS was describe by Okamoto & Dan 2005, 
where they developed two transcranial projection algorithms 
that project given head-surface points onto the cortical 
surface in structural images; the convex-hull algorithm and 
the balloon-inflation. This software-based method proposed 
the automated transcranial projection to register the fNIRS 
probe on the standard MRI image[18]. Hence in our proposed 
method, the registration of fNIRS can be done with PET and 
other modalities as well and it is very convenient for those 
places without MRI since installation of MRI is very costly.   

Our proposed method of registration is very useful to 
register fNIRS of individual subject on their own PET image 
and can be applied by researcher. However, there are barrier 
to the routine clinical use in term of logistical difficulties in 
getting image to be register one by one.  In future, a standard 
software should be developed for the effectiveness of the 
registration process.  

VI. CONCLUSION 

In this paper we described and validated the registration 
methods of fNIRS signal and PET image. The precision and 
accuracy of this method is small, and this method could be 
used as based to produce fusion image of fNIRS and PET. 
Using this method, the fNIRS signal at the activation area 
could be view on the PET image. By registering fNIRS 
channel on the subject own PET image, we can compare and 
widen the information given by both modalities. In turn, 
fNIRS also can be register on image acquire by other imaging 
modalities and in some ways, multimodal interaction of 
fNIRS is a good research development of fNIRS in future 
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