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Functional near-infrared spectroscopy ({NIRS), as a new optical functional neuroimaging method,
has been widely used in neuroscience research. In some research fields with NIRS, heartrate (HR)
(or heartbeat) is needed as useful information to evaluate its influence, or to know the state of
subject, or to remove its artifact. If HR (or heartbeat) can be detected with high accuracy from the
optical intensity, this will undoubtedly benefit a lot to many NIRS studies. Previous studies have
used the moving time window method or mathematical morphology method (MMM) to detect
heartbeats in the optical intensity. However, there are some disadvantages in these methods. In this
study, we proposed a method combining the periodic information of heartbeats and the operator of
mathematical morphology to automatically detect heartbeats in the optical intensity. First the
optical intensity is smoothed using a moving average filter. Then, the opening operator of math-
ematical morphology extracts peaks in the smoothed optical intensity. Finally, one peak is iden-
tified as a heartbeat peak if this peak is the maximum in a predefined point range. Through
validation on experimental data, our method can overcome the disadvantages of previous methods,
and detect heartbeats in the optical signal of fNIRS with nearly 100% accuracy.
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1. Introduction

Functional near-infrared spectroscopy (fNIRS) is a
noninvasive optical functional neuroimaging method,
and can measure the concentration changes of
oxy-hemoglobin (A[HbO2]) and deoxy-hemoglobin
(A[HDb]) to reflect relative regional brain activity.
Along with the development of methods for pro-
cessing fNIRS data,'™ fNIRS has been wildly used
in cognitive neuroscience,* disease,” infant® and
hyperscanning studies’ due to its flexibility and
high ecological validity, and obtained significant
results. In studies using A[HbO2] and A[Hb] to
represent the brain activity, heartbeat is the most
dominant physiological noise, and should be filtered
or removed directly.”!?

There are also many other fNIRS studies using
heartrate (HR) as useful information. For example,
some studies investigated the influence of physio-
logical signals (such as HR) on fNIRS measure-
ment.!' 1% Some other fNIRS studies need HR
information to know the state of subjects. For
example, Durantin et al. used NIRS and HR vari-
ability (HRV) to study the mental overload, and
their results showed that both NIRS and HRV were
sensitive to different levels of mental workload.'?
Tanida et al. used NIRS to study the mental stress,
and they recorded HR simultaneously to verify
the elicitation of stress.'® Nowadays, most of these
studies recorded HR with supplementary instruments.
This increased workload and cost of researches.

Some NIRS studies also need heartbeat infor-
mation to remove its artifacts, like studies on fast
neuronal signal. Nowadays, many researchers try to
measure the fast neuronal signal with NIRS nonin-
vasively.''® The fast neuronal signal can localize
the brain activity with a high temporal resolution
(<100ms) and directly reflect the functional ac-
tivity of nerves,'® which opens a lot of new possi-
bilities for neuroscience research. To obtain the fast
neuronal signal from the optical intensity, the first
important step is removing the artifacts produced
by heartbeat. To do this, some studies calculated
the average heartbeat by detecting each heartbeat,
adapted its length to each heartbeat and subtracted
it from each individual heartbeat. This method can
effectively remove the influence of heartbeats.'%'?

Researchers have developed two methods to
obtain the average heartbeat in NIRS studies on
fast neuronal signal. One method used the moving
time window method (MTWM) to identify each

heartbeat by finding the minimum of the smoothed
time derivative of the optical signal within each
time window.'” Although this method is easy to
carry out, a proper window length (WL) is difficult
to set. Besides, a fixed length of the time window
is difficult to adapt to changes in HR, and
induces influence in detecting adjacent heartbeats.
Recent studies have used the mathematical mor-
phology method (MMM) to help find each heart-
beat peak.'® By setting a threshold, one peak with
amplitudes larger than the threshold was marked as
heartbeat peak. This method can work well for
many optical data. But, a threshold could be chosen
improperly due to the influence of extreme values
for some optical data, and an improper threshold
causes increase in heartbeat miss. Thus, it is nec-
essary to develop a new method to accurately detect
each heartbeat in the optical intensity.

Taken together, in many research fields with
NIRS, HR (or heartbeat) is needed as useful infor-
mation to evaluate its influence, or to know the state
of subject, or to remove its artifact. If HR (or heart-
beat) can be detected with high accuracy from the
optical intensity of NIRS, it will save workload and
cost of many researches. In the same time, the sub-
jects might feel more comfortable without more extra
instruments. From this perspective, detecting HR (or
heartbeat) from optical intensity of NIRS will un-
doubtedly benefit a lot to many studies. In this study,
we developed a method combining the periodic in-
formation of heartbeats and the opening operator of
mathematical morphology to automatically extract
HR in the optical intensity of NIRS.

2. Method

The data used to test our method was the optical
intensity of NIRS in a color-word matching Stroop
task from our published study.” The Stroop task
lasted about 28 min. The optical intensity were ac-
quired with a continuous-wave fNIRS system?’ de-
veloped by the Britton Chance Center for
Biomedical Photonics, and sampled at 70 Hz.

Our method has the following five steps to ex-
tract the HR.

(1) Smooth optical intensity

The raw optical intensity (represented by variable
data) was first smoothed using a 5-point moving
average filter (data_s) to reduce the influence of noise.
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(2) Extract peaks using opening operator of
mathematical morphology

For opening operator of mathematical morphology,
a linear structuring element g is used. The ampli-
tude of ¢ is one, and its length (M) is f,/ freart,
where f, is the sampling frequency and fj .. is the
mean HR of the subject. For 1D signal data_s, the
definition of erosion operator and dilation operator
are expressed by Egs. (1) and (2). Compute the
opening (Eq. (3)) of data_s,”"?? that is dilation
operator (Eq. (2)) after erosion operator (Eq. (1)),
and subtract the opening of data_s from data_s, to
get an output (data_s_m) consisting of all optical
signal peaks.

(data_s© g)(n) = min{data_s(n+m)—g(m)}, (1)

(data_s @ g)(n) = max{data_s(n —m) +g(m)}, (2)

where me€0,1,2,.... M —1, n4+m, n—m €0,
1,2,--- ,N —1, N is the length of data_s.

(data_s o g)(n) = (data_s®@ g @ g)(n).  (3)

(3) Find all peaks in data_s-m

Find all local peaks in data_s.m by using the
findpeaks function in Matlab.

(4) Determine whether a peak is a heartbeat peak
One peak in data_s_m is identified as a heartbeat
peak if this peak value is the maximum in a point
range of [peak_loc-r, peak_loc+r], where peak loc is
the point location of the peak value, r is 0.5%f,/
Jheart_Nmin @nd is rounded to the nearest integer.
Jheart_Nmin 1S the mean HR of the Nth minute of the
peak time. For example, if one peak value is located
between 1 and 2min, feare nmin 18 the mean HR of
data between 1min and 2min. So r is kept updated
according to the time where each peak is. The
locations of heartbeat peaks in data_s_m are also the
locations of heartbeat peaks in data_s.

(5) Obtain the HR
Obtain the HR information through each heartbeat.

Figure 1 shows the schematic diagram of our method.
To evaluate the applicability of our method, we used
power spectral density ratio (PSDR, Eq. (4)) to
assess the signal quality of optical intensity, and ex-
plored the detection results of our method for optical
intensity with different signal qualities. Considering
the characteristics of our data, the power spectral
density (PSD) in the frequency range of 0.5-2.5 Hz

Raw optical intensity: data

!

Smooth the raw optical
intensity: data_s

A

e —— 2

data_s m

Y

Find all local peaks in
data_s_m

!

Determine whether a local peak is a heartbeat peak:
One peak is identified as a heartbeat peak only if this
peak is the the maximum in a point range of
|[peak_loc-r, peak_loc+r].

v

Obtain heartrate through hearbeart information

Fig. 1. The schematic diagram of our method for extracting
HR in the optical intensity.

was used to represent the heartbeat PSD. The PSD
in the frequency range of 0.5-f,/2 Hz was used to
represent the total PSD since signal below heartbeat
frequency has little influence on heartbeat detection.
When PSDR is low, the judgement of each heartbeat
is easily influenced by noise. So we only analyzed the
detection results for some typical channels with
relative high PSDR. The detection results were
evaluated by analyzing the heartbeat accuracy and
miss rate separately. In addition, we compared our
methods with the existing two methods.

2.5

PSDR = %PSD : (4)
o5 PSD

3. Results

Figure 2 shows the original optical intensity with
different PSDR over a typical period of time from
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Fig. 2. The original optical intensity over a typical period of

time from three subjects with different PSDR. The data in each
subgraph is from one channel of one subject. The horizontal
axis represents time in points.

three subjects. Figure 2 illustrates that optical in-
tensity with large PSDR has a high signal noise
ratio overall, and optical intensity with small PSDR,
has a low signal noise ratio overall. PSDR can
evaluate the signal quality.

Figure 3 illustrates the results after step (1) ~
step (4) of our method. Figure 3(b) shows that all

(AU) raw optical intensity: data
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0.0255 X R . .
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6 L
5 -
4 -
3 H
2
1
0 -
4.2 4.22 4.24 4.26 4.28 4.3 x10°
()

Fig. 3.

optical signal peaks have been extracted by using
the opening operator of mathematical morphology.
Figure 3(d) shows that heartbeats have been
detected accurately with our method.

In step (4), when r is too small, the error rate
would increase, while when r is too large, the miss
rate would increase. Through comparative analysis,
we set 7 as 0.5%f;/ fucart_vmin- Lhe detection results
in Table 1 show that heartbeats can be detected
with accuracy larger than 99.5%.

Figure 4 shows comparison between our method
and the previous MTWM with data from Sub2
Ch4?. As shown in Figs. 4(a) and 4(b), our method
can adapt to the characteristics of data, and accu-
rately detect heartbeat peaks even if HR varies. To
ensure that the heartbeat number detected by
MTWM approximates to the actual result, WL is
firstly set as 55. As shown in Fig. 4(d), the heart-
beat might be missed or repeatedly detected in the
same epoch when HR varies for this WL. When WL
is smaller, the probability of including two heart-
beats in the same epoch increases (Fig. 4(e)). While
when WL is larger, the probability of missing a
heartbeat increases (Fig. 4(f)).

(AU) —— data_s —— Opening of data_s

0.0265
0.026
0.0255 A L A .

4.2 4.22 4.24 4.26 4.28 43X 10°
(AL)
6 10 — data_s m
4
2
0
42 422 4.24 4.26 4.28 43x 10
(b)
(AU)
10*
6 X —— data_s_m - heartbeat peak
4
2
O ; L L L ! 4
4.2 422 4.24 426 428 4.3x10
(AU) —— data_s - heartbeat peak
0.0265
0.026
0.0255 . . . . ) .
4.2 4.22 4.24 4.26 4.28 43x10
(d)

Tllustration of our method. (a) The raw optical intensity (data) and the smoothed optical intensity (data_s) after step (1).

(b) data_s and its opening (top), and the residual signal data_s_m after step (2). (¢) All local peaks are found in data_s_m after step
(3) and marked with red dots. (d) All heartbeat peaks are identified in data_s_m after step (4) and marked with red dots in data_s_m
(top) and in data_s (bottom). Figure 3 shows the results over a typical period of time from one channel of one subject. The horizontal

axis represents time in points.
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Fig. 4. Comparison between our method and the MTWM. (a) Heartbeat peaks obtained by our method, and the corresponding

heart peak interval is shown in (b). (¢) Minimums (red crosses) within a predefined window detected by the MTWM in the
smoothed time derivative of optical data. (d) Each minimum is the beginning of each heartbeat, marked in data_s. (e) and (f) show
detection results of the MTWM with different WL. The data in (a), (d), (e) and (f) are from Sub2 Ch4?, and the horizontal axis

represents time in points

Figure 5 shows comparison between our method
and the previous MMM. Figure 5(a) shows that our
method can accurately detect heartbeat peaks from
optical intensity with low-frequency drifting and

100%. As shown in Fig. 5(c), the MMM can work
well for data when setting a threshold as the aver-
age amplitude of the adjacent two peak points
generating the largest increment in data_s-m. The

artifacts. The detection accuracy in Fig. 5(a) is  detection accuracy in Fig. 5(c) is 100%. But,
3 4 4
7 X 10 x 10 Py 10
data_s heartbeat peak X
=]
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0
0 5 104 10*
4
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Fig. 5.

Comparison between our method and the previous MMM. (a) Heartbeat peaks detected by our method, and the enlarged

plot of the corresponding period in the bottom subgraph. (b) Heartbeat peaks obtained by MMM. The top subgraph shows all peaks
of waves containing a width smaller M in data_s_m. The middle subgraph shows all peaks in ascending order of amplitude. The blue
line in these two subgraphs indicates the threshold. The optical data in (a) and (b) are from Sub3 Ch6?. (c) Heartbeat peaks

obtained by MMM for another data from Subl Ch2P.
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extreme values in data_s_m might cause improper
selection of a threshold, and result in missing of
heartbeat peaks, as shown in Fig. 5(b).

4. Discussion

In this study, we proposed a method to detect each
heartbeat to obtain HR in the optical intensity by
combining the opening operator of mathematical
morphology and the periodic information of heart-
beats. Table 1 demonstrates that the detection
accuracy of our method is larger than 99.5% for
28-min data sampled at 70 Hz.

We used the opening operator of mathematical
morphology to extract heartbeat peaks, as used in
many other fields.?>?>® The use of opening operator
of mathematical morphology can minimize the in-
fluence of noise (such as low-frequency drifting and
movement artifacts) in detecting heartbeat peaks,
as shown in Fig. 5(a). Besides, we used the periodic
information of heartbeat, and judged one peak as a
heartbeat peak only when it is the maximum over a
period of time, which can reduce the influence of the
movement artifacts with similar amplitude to
heartbeat peaks to a great extent. So extreme values
in data_s_m have little influence on heartbeat de-
tection for our method. But extreme values in
data_s_m can cause an improper threshold, and in-
duce increase in heartbeat miss for MMM.

For MTWM, the WL has a significant influence
on detection results, and different WL causes dif-
ferent detection number of heartbeats. Besides, the

location of a preceding heartbeat has a great influ-
ence on subsequent heartbeats. As indicated in
Fig. 4, the misjudgment of including two heartbeats
in the same epoch rises for a small WL, and the
misjudgment of missing a heartbeat rises for a large
WL. So it is difficult to choose a proper WL. Even a
proper WL cannot avoid the detection error when
HR varies. While there is little influence in detecting
heartbeat peaks between adjacent heartbeats in our
method. In addition, in step (4) of our method, r is
relative to the instant HR of subject, and this re-
duce the influence of the HR change (variation in
HR across the entire experiment for one subject, or
difference in HR across subjects) on heartbeat de-
tection. From results in Table 1, it can be drawn
that heartbeat can be detected with high accuracy
even if there is considerable change in the HR.
It should be noted that fieart nmin could be modified
according to the specific experimental condition.
The instant HR information could be gained after
the detection of each heartbeat.

Our method can be used in many NIRS studies
that needs HR as useful information. The detection
of HR without supplementary instruments can re-
duce workload and cost of these researches. Subjects
might feel more comfortable without more extra
instruments, which might be important for some
NIRS studies, like studies on emotion or patients.
Our method can also be used in NIRS studies on
fast neuronal signal. The detection results in
Table 1 show that our method can detect heart-
beats in the optical signal of fNIRS with accuracy

Table 1. The detection results of our method to data with different PSDR when r = 0.5* £, / fi.cart_Nmin-
Data Total points (Total heartbeat) PSDR Mean HR Accuracy Miss rate
Subl Ch4? 120160 (1933) 0.7289 67.56 99.845% 0.155%

Subl Ch4? 0.6210 67.56 99.845% 0.155%

Subl Chl2* 0.8623 67.56 99.948% 0.052%

Subl Ch12P 0.8181 67.56 99.897% 0.103%

Sub2 Ch4? 119530 (2153) 0.6704 75.65 99.954% 0.046%

Sub2 Ch4? 0.4012 75.65 99.861% 0.139%

Sub2 Ch5? 0.8348 75.65 100% 0

Sub2 Ch5" 0.7372 75.65 100% 0

Sub3 Ch2? 119810 (2237) 0.5779 78.42 99.911% 0.089%

Sub3 Ch2P 0.4697 78.42 99.821% 0.179%

Sub3 Ch4? 0.7035 78.42 100% 0

Sub3 Ch4? 0.5904 78.42 99.955% 0.045%

Note: The total points are different between subjects (Subl, Sub2 and Sub3) due to the slight different
recoding time before and after the Stroop task. Ch is short for channel. Superscript a, b means 785 nm
(850 nm) for the source wavelength in one channel. Mean HR is the average HR (heartbeats/min) across the

entire experiment.
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nearly 100% along with very low miss rate. These
results demonstrate that our method can be effec-
tively used in data preprocessing to detect fast
neuronal signal by NIRS.

In conclusion, our method can overcome the
disadvantages of previous methods, and accurately
detect each heartbeat in the optical intensity. This
method can gain the subject’s HR, and help to know
the state of subjects without additional devices. In
the future, we are going to compare the detection
results by our method with those measured by
commercial pulse oximeter to further verify the
validity and correctness of our method.
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