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ABSTRACT

Real-time and non-invasive measurements of tissue concentrations of oxyhemoglobin (HbO;) and deoxyhemoglobin (HbR) are invaluable
for research and clinical use. Frequency-domain near-infrared spectroscopy (FD-NIRS) enables non-invasive measurement of these chro-
mophore concentrations in human tissue. We present a small form factor, dual-wavelength, miniaturized FD-NIRS instrument for absolute
optical measurements, built around a custom application-specific integrated circuit and a dual-slope/self-calibrating (DS/SC) probe. The mod-
ulation frequency is 55 MHz, and the heterodyning technique was used for intensity and phase readout, with an acquisition rate of 0.7 Hz. The
instrument consists of a 14 x 17 cm? printed circuit board (PCB), a Raspberry Pi 4, an STM32G491 microcontroller, and the DS/SC probe.
The DS/SC approach enables this instrument to be selective to deeper tissue and conduct absolute measurements without calibration. The
instrument was initially validated using a tissue-mimicking solid phantom, and upon confirming its suitability for in vivo, a vascular occlusion
experiment on a human subject was conducted. For the phantom experiments, an average of 0.08° phase noise and 0.10% standard deviation
over the mean for the intensities was measured at a source-detector distance of 35 mm. The absorption and reduced scattering coefficients
had average precisions (variation of measurement over time) of 0.5% and 0.9%, respectively, on a window of ten frames. Results from the in
vivo experiment yielded the expected increase in HbO, and HbR concentration for all measurement types tested, namely SC, DS intensity,
and DS phase.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0227363
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. INTRODUCTION

Near-infrared spectroscopy (NIRS) is an optical non-invasive
method for measuring the optical properties of turbid media by illu-
minating the medium with a light source at one location and then
collecting the diffused light at some distance, usually a few cen-
timeters away from the illumination point." For traditional single-
distance (SD) reflectance NIRS, the measurement is representative of
a banana-shaped region of sensitivity to absorption change beneath
the SD set.”” The further the source and detector are spaced, the
deeper the light permeates. For a source-detector separation of
30 mm in a medium with y, ~ 0.01 mm ™" and g} ~ 1.0 mm™’, the
mean penetration depth is on the order of 5-10 mm depending on
the instrument and the medium.* Frequency-domain near-infrared
spectroscopy (FD-NIRS) measures the intensity (I) and phase (¢)
of detected photon density waves.” Changes in either just I or ¢

may be converted to changes in the absorption coefficient (Ay,) and
then changes in the concentrations of hemoglobin.® Alternatively,
the spatial dependence of both I and ¢ may be converted into abso-
lute optical properties, the absorption coefficient, and the reduced
scattering coefficient (4, and ys, respectively).”

In biomedical applications, the wavelength of the light source
is usually between 650 and 900 nm since this is an optical win-
dow associated with low water absorption in biological tissue.” In
this wavelength range, many chromophores such as water, lipid,
melanin,” and bilirubin interact with the light, but oxyhemoglobin
(HbO;) and deoxyhemoglobin (HbR) dominate y , allowing recov-
ery of their concentrations from optical measurements of g . The
measurements we made on human subjects were focused on finding
changes in concentrations of dynamically changing chromophores.
The only chromophores that we are sensitive to in this wavelength
range that change dynamically are HbO and HbR during a venous
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occlusion. The non-invasive nature of NIRS, coupled with the exis-
tence of this optical window, makes NIRS a very attractive technique
for biomedical researchers. As a result, NIRS has been used in
many clinical studies focused on pediatrics,'’ breast cancer,'' func-
tional brain imaging,"”’ neonatal care,'” ischemia,”” ulcers,'* and
peripheral artery disease,'” to name a few.

There are three main NIRS methods, namely continuous-
wave (CW-NIRS)," time-domain (TD-NIRS),"” and frequency-
domain (FD-NIRS).” The distinguishing feature of these methods
is whether/how the light source is modulated. The simplest imple-
mentation is CW-NIRS, where the light source is not modulated.
In CW-NIRS, the medium is illuminated by a light source with
constant intensity, and temporal changes in the detected inten-
sity are recorded. From these changes, one may recover absorption
changes due to tissue hemodynamics or other physiological pro-
cesses (Au,), but absolute values for y, and y; must be assumed.
Contrary to CW-NIRS, the intensity of the light source is mod-
ulated in the two other methods. For TD-NIRS, this modulation
results in a very short pulse (on the order of a pico-second), whereas
for FD-NIRS the light source is modulated as a sine wave in the
radio frequencies (50-1000 MHz). This modulation makes the light
intensity a function of time; therefore, it becomes possible to com-
pute the average time it takes for the photons to travel through
the media. These additional degrees of freedom make it possible to
recover absolute values of g, and ;, given that the system is prop-
erly calibrated. As a result, TD-NIRS and FD-NIRS methods can
recover the absolute concentrations of HbO, ([HbO;]) and HbR
([HbR]), whereas CW-NIRS methods can only recover the change of
these chromophores’ concentrations over time (given assumed val-
ues of y, and ;). This added capability of TD-NIRS or FD-NIRS
comes with extra hardware and data analysis complexity. For TD-
NIRS, commercially available pico-second laser sources are gener-
ally quite expensive and bulky. In addition, to resolve the recovered
light, photodetectors also need to be high-speed. Hardware com-
plexity for FD-NIRS, however, is relatively relaxed. One can use
off-the-shelf laser diodes and photodetectors to build an FD-NIRS
instrument.

Even though there are many CW-NIRS solutions available on
the market, such as the ones integrated into smartwatches, cur-
rently ISS (Urbana-Champaign, USA) offers the only commercially
available frequency domain instruments.'”'” However, many aca-
demic research groups have designed frequency domain devices.
Some of these designs leverage commercial vector network analyzers
(VNAs) in order to extract the intensity and phase information,””
whereas some other designs use the direct sampling approach, where
analog-to-digital converters (ADCs) with high sampling rates inter-
face with the high frequency signals directly.”* *” Direct sampling is
not the only solution that has been investigated. Instead of handling
the high frequency signals directly, some other groups have utilized
the homodyne approach, where the recovered high frequency signals
are mixed with a local oscillator (LO) of the same frequency and an
I-Q demodulation scheme is used to extract the phase and inten-
sity information.”””” Another solution a few groups have chosen
is the heterodyne approach,”””*” where the recovered signals are
mixed with an LO signal that is at a slightly different frequency. Het-
erodyne mixing preserves the intensity and phase shift information
while translating this information to a much lower carrier frequency,
where sampling is easier.

ARTICLE pubs.aip.org/aip/rsi

Although all of these approaches have proven to be successful,
not all of them are conducive to portable and cost-effective instru-
ments. For instance, VNAs are rather expensive and bulky benchtop
equipment, and the high sampling rate ADCs that are required for
the direct sampling approach consume a lot of power by themselves.
They also usually require a Field Programmable Gate Array (FPGA)
to drive them, which makes this approach even more power-hungry.
On the other hand, there are also integrated attempts that show more
promise toward wearability and portability."' " Therefore, in our
efforts, we chose the heterodyne approach in an integrated plat-
form. In the past, we had presented a few different iterations of
our efforts, improving integration with each iteration.”* *’ Recently,
we had designed and demonstrated a dual-wavelength, heterodyne
FD-NIRS instrument.”’ The instrument consisted of a three stack
printed circuit board (PCB) (12 x11.5x 5 cm?) and featured a
custom-designed application specific integrated circuit (ASIC) in
a 130 nm IBM process™ along with a multi-distance probe. The
heterodyne output signals were sampled via a data acquisition sys-
tem (DAQ, National Instruments Corp., Austin, TX, USA). In this
work, we combine heterodyne FD-NIRS (performed by the ASIC*?)
with the dual-slope approach, which is a specialized multi-distance
method. Furthermore, we improve our previous work by reduc-
ing the size to only a single PCB of 14 x 17 cm?, leaving only the
readout and analysis blocks off-board for which we use compact
commercial solutions instead of a full sized DAQ. The resulting
instrument is compact and portable due to its high level of integra-
tion compared to most of the reported works, where the solutions
include either large dlscrete RF components,”*’"* 7> 1nstrument
mounted on racks,””"’ "or VNA based instruments.” * Addi-
tionally, we remove the need for calibration by employing the
self-calibrating’*/dual-slope””* (SC/DS) geometry. The SC/DS con-
figuration removes the need for phantom calibration, which is
performed regularly and is necessary for typical FD-NIRS systems
intending to measure absolute ¢, and y. The particulars of SC, DS,
and FD-NIRS theory will be discussed in Sec. II. In Sec. III, we
describe the hardware development, block by block. In Sec. IV, we
present our results with phantoms and in vivo human measurements
during vascular occlusion.

Il. FREQUENCY-DOMAIN NEAR-INFRARED
SPECTROSCOPY THEORY

A. Measurements of absolute absorption
and reduced scattering coefficients:
The self-calibrating (SC) method

In FD-NIRS, the estimation of the absolute optical properties,
namely y, and u;, can be obtained by multi-distance,” multi-
frequency measurements,”” or even single-distance and single-
frequency measurements,’® after proper calibration. Typically, these
strategies require previous calibration on a phantom with known
optical properties. At least two shortcomings of this phantom
calibration approach can be mentioned,

e one must assume that the coupling between each optode and
the medium remains unchanged between calibration and
measurement on an unknown medium and,

e one must also assume that the laser’s output power and/or
the detector’s gain do not change between calibration and
measurement.
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These prerequisites are difficult to satisfy, especially during in
vivo measurements. A more robust approach adopted in this work
is the SC method.” This method uses a probe with two sources (S;
and S;) and two detectors (D; and D3) (see Fig. 1). Several configu-
rations of the optodes are possible,”” but all of them must satisfy one
fundamental property: that the closest detector to S, (i.e., D) is also
the farthest detector from S;, and vice versa: the farthest detector
from $; (i.e., D7) is the closest detector to S;.”” In addition, it must
be verified that

81Dy — 81Dy = §;Dy — $;D; = Ar, (1)

where Ar is the difference between long and short distances. The
method relies on both measurements of ¢ (phase) and I (intensity)
data types for all the possible combinations of source-detector pairs
[i.e., four single-distance (SD) measurements per each data type]. A
single-slope (SS) measurement is identified by one source and two
detectors (e.g., $1D1D;), and it is defined by

_AY _ Y(r2)-Y(n)

5§
Ar Ar

(2)

where Y is either ¢ or the logarithmic intensity In[r*I] (where r is

source detector distance), and source—detector distances r; and r2
are defined as

rn= 51D1, (3)

ry = 81 Ds. (4)

In other words, one SS measurement is defined by using two
SD measurements relative to the same source. If I and ¢ data were
calibrated, one S§ measurement of both data types would be enough
to measure the optical properties.””"" This is impossible without
calibration because the optodes coupling to the medium and the
gains of the detectors are unknown. However, when both SS mea-
surements are averaged [(SS; + 852)/2], all the unknowns related
to source emission, detector sensitivity, and probe-sample coupling

cancel out, and the true slope (due only to the medium’s optical

ARTICLE pubs.aip.org/aip/rsi

properties) is obtained.”*" Therefore, the SC method uses both
SS measurements obtained with the source-detector combinations
$1D1D; and S; D3 Dy and calculates the average of the two SS slopes.
The retrieval of the optical properties is obtained iteratively.” Once
these methods recover absolute y , absolute [HbO,] and [HbR] are
calculated with Beer’s law and known extinction coefficients®” of
HbO; and HbR.

B. Measurement of changes in the absorption
coefficient: The dual-slope (DS) method

The absolute optical properties measured with the SC method
involve I and ¢ data types in combination. These two data types
individually have different depth-sensitivities to Au,.” Therefore, we
would mix information from different depths using the SC method
to measure these changes. A straightforward depth-selective method
to measure Ay, relies on only one data type (I or ¢). For SD data, I
will be mostly sensitive to changes occurring through superficial tis-
sue, while ¢ data will be preferentially sensitive to deeper tissue (in
the case of a semi-infinite homogeneous medium). The Ay,’s can be
measured with a single data type and with either SD or SS data by
generalizing the concept of the differential path-length factor (DPF)
for SD to the differential-slope factor (DSF) for SS.° By averaging
the changes of two SSs, we obtain the dual-slope (DS) method,™
which allows one to get rid of most instrumental confounds with
the same reasoning as the SC method above. Here, we are using the
DS method to translate changes of DS data into Ap’s according to
the formula

—[ﬁSSn + ﬂSSn]

(La)y1 = (Li)vi + (La)va — (Li)yv2” )

&#a.}' =

where ASSy,; is the change of slope i (where i€ [1,2]) and (L;)y;
is the generalized path-length at the distance j (where j € [1,2] for
the short and long source-detector separation, respectively) of the
slope i.° The Au, may be recovered with either DS intensity (DSI)
or DS phase (DS¢) data; regardless, similar to above, Ay, is finally
converted to A[HbO;] and A[HbR] using Beer’s law and known
extinction coefficients.®"
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Ill. HARDWARE IMPLEMENTATION

In this work, we present a portable FD-NIRS instrument that
employs heterodyne down-conversion using a single-frequency,
multi-distance technique with time-division multiplexed light
sources. The full instrument is shown in Fig. 2, consisting only of
a printed circuit board of 14 x 17 cm?, an STM32G491 microcon-
troller, and a Raspberry Pi 4. This system is designed for a DS probe
configuration.

The key building blocks are shown in Fig. 1. For an FD-NIRS
instrument employing heterodyne down-conversion, two radio fre-
quencies (55.001 and 55.000 MHz in this case) that are sepa-
rated by an intermediate frequency (IF = 1 kHz) are needed. The
55.001 MHz signal is used to modulate the intensity of the light
sources. Therefore, the detected photon density wave from the
medium will also be modulated at this frequency. With the het-
erodyne readout scheme, the information encoded in the recovered
signal will be down-converted to a much lower frequency (i.e., IF).
In this work, IF was chosen as 1 kHz. The reasoning behind this is
that 1 kHz is low enough to be properly sampled by the STM32G491,
while being high enough to be unaffected by low frequency noise
sources like 1/f noise. This enables a much lower sampling rate
compared to the direct sampling of the 55.001 MHz modulated sig-
nal, which would be significantly more expensive in terms of power
consumption, unhelpful in terms of portability and require very
powerful data processing solutions since the amount of data points
generated would be directly correlated with the sampling speed.

An AD9959 Direct Digital Synthesizer (DDS) is used for sig-
nal generation. This component was selected due to its four output
channels that are individually programmable (in frequency, ampli-
tude, and phase), with very low phase noise (—110 dBc/Hz at 1 kHz
offset with 75.1 MHz output frequency) and very high spectral purity
characteristics (—87 dBc spurious free dynamic range at +10 kHz

FIG. 2. Photo of the instrument. Panels show the following: (a) Avalanche Photo
Diode (APD) supply, (b) APDs, (c) and (d) 830 and 690 nm lasers, respectively,
(e) laser drivers, (f) application specific integrated circuits, (g) direct digital
synthesizer, (h) Raspberry Pi 4, and (i) STM32G491 microcontroller.

ARTICLE pubs.aip.org/aip/rsi

offset with 75.1 MHz output frequency).®’ One of the output chan-
nels modulates the intensity of the four laser diodes through two
laser driver circuits, each of which drives a pair of laser diodes of
the same wavelength, 830 nm (HL8338MG, Thorlabs) or 690 nm
(HL6750MG, Thorlabs). Another channel is fed into the ASICs as
the reference signal against which the phase shift of the recovered
signal is defined. The last two channels are used as the local oscil-
lator signals. The laser driver circuits are a modified version of the
well-known linear current regulator topology.®” In this implementa-
tion, the circuit uses the monitoring current from the laser diodes,
which is proportional to the optical power, to mitigate the effects of
aging and thermal drifts.

The DS probe consists of two source locations and two detector
locations, where the detector locations are sandwiched between the
source locations. In this configuration, we have four source-detector
combinations for each wavelength (as is typical for a DS set).”” The
geometry of the probe enables us to overcome systematic errors that
are multiplicative in intensity and additive in phase™™” (see Sec. I1).
Two bifurcated optical fibers deliver light from two pairs of laser
diodes (each pair comprising one laser at 690 nm and one at 830 nm)
to the source locations on the probe (indicated with §; and S; in
Fig. 1). In other words, each source location on the DS probe is
connected to one laser diode at 690 nm and one at 830 nm.

During operation, each laser diode is alternately turned on for
50 ms, sending light to the source locations one at a time. After the
light from the laser diodes gets attenuated and scattered in the tissue
(medium), two fibers collect the light from the detector locations
on the probe (D; and D, in Fig. 1) and guide the detected light to
photodetectors.

Photodetectors used in this instrument are §9251-15 Avalanche
Photo Diodes (APDs) from Hamamatsu. Even though photomulti-
plier tubes generally offer higher photosensitivity with lower noise
levels than APDs, they operate under several kV biasing conditions,
which makes them unsuitable for wearable or portable instruments.
These APD:s offer a high enough —3 dB bandwidth (350 MHz), low
junction capacitance (3.6 pF), and 5000 A/W photosensitivity under
only a —200 V biasing condition.

The low level electrical signals from the APDs (at 55.001 MHz)
are then processed by the custom-designed, low noise analog front-
end application-specific integrated circuit (ASIC), designed in a
130 nm IBM process.’” Note that since there are two APDs, to pro-
cess their outputs, either a switch to multiplex two APDs to a single
ASIC is needed, or there needs to be one ASIC per APD. However,
the former approach is unsuitable since the recovered light is on the
order of nW to pW (considering a source on the order of mW), and
the APD outputs are in the order of a few micro-amperes. The lat-
ter approach is selected since the ASICs will amplify any electronic
noise contribution from additional components.

Each ASIC interfaces with one APD and amplifies its output
current via a low noise transimpedance amplifier (TIA).”> Then,
the amplified signal is filtered to reject the out-of-band noise and
finally down-converted to a 1 kHz signal. The ASIC uses the LO
signal from the signal generator to accomplish the heterodyne down-
conversion. The 1 kHz output signals contain all the information
needed for the FD-NIRS, namely the intensity (I) and phase (¢) of
the photon density wave recovered from the medium in the form
of the amplitude and the phase shift of these electrical signals. At
the penultimate stage, the 1 kHz output signals are sampled with the
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integrated analog-to-digital converters of an STM32G491 microcon-
troller to extract the intensity and phase information by applying fast
Fourier transform (FFT) algorithms. Once the intensity and phase
are gathered, they are sent to the final stage: a Raspberry Pi 4, for
the computation of g, and y; of the medium (see Sec. IT). The Rasp-
berry Pi 4 is also used to organize the time-division multiplexing,
program the DDS, provide an interface for the user to control the
experiment flow, and monitor the instrument’s state. Sweeping all
the lasers, sampling the outputs, and processing the data for one
frame takes about 1.4 s, which corresponds to a 0.7 Hz acquisition
rate per DS data point of intensity and phase of both wavelengths.

IV. RESULTS
A. Solid phantom measurements

The instrument was first tested on a solid tissue-mimicking
phantom with known optical properties (4, ~ 0.006 mm ™,

Raw Intensities (690 nm)

Raw Phases (690 nm)

ARTICLE pubs.aip.org/aip/rsi

4t ~0.7 mm™! at the wavelength of interest here). This solid phan-
tom was fabricated in-house using titanium dioxide and India ink
as scattering and absorbing components, respectively. Testing on a
phantom allows one to characterize the instrument in terms of sta-
bility and noise as well as determine if its performance is suitable for
in vivo experiments.

In Fig. 3, the measured intensity and phase of the ASICs’
outputs from 690 nm sources for a 30 min long solid phantom exper-
iment are presented. Figures 3(a)-3(d) show the intensity (I), and
Figs. 3(e)-3(h) show the phase (¢) of all four combinations of the
two sources and two detectors. Figure 3(i) shows changes in SS;
and SS; for the ]11[1'21r ] slope with respect to the first point for the
two SSs and DS. Figure 3(j) shows the ¢ absolute SSs and DS. The
intensity (I) and phase (¢) results are denoted with their source and
detector designations, and $Ss are denoted by which source they are
obtained from (considering they utilize both detectors). For exam-
ple, the two SS measurements for phase data are obtained from phase

2 2051 S1D2(AC) (e) S1ID2¢) L1045 7
— . e v
2 170 W -104.0 §
5 ot e H g
2 1354 (a) s 50 -103.5 &
z 17999 $1D1(AC) i s 51019 Lggs =
2 1755 M [89.0 &
] =
= (=]
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measurements at S;D; and S;D, (SS1) and S;Ds, $:D; (SS2). The
average of these two SSs is the DS measurement. The same logic
also follows for the intensity (I) data. As mentioned in Sec. II, the
procedure from these measurements for the recovery of the opti-
cal properties is based on an iterative solution of the semi-infinite
medium model of the diffuse reflectance and explained in detail by
Blaney ef al.”

The most important result in Fig. 3 is the apparent removal
of instrumental drifts by the auto-calibration features of SC/DS.
Due to thermal effects on the source and detector, all four inten-
sities show varying degrees of drift, which is reflected as drift on
SS: and SS; in Fig. 3(i). However, due to the properties of the
SC/DS source—detector configuration, the drift of the two SSs cancels
out when calculating DS. Note that in Fig. 3(i), the intensity slope
changes with respect to the initial intensity slope (slope of In[r*I])
values were reported to demonstrate this auto-calibration feature
of SC/DS geometries.”*” These initial absolute slopes are —0.164,
~0.072, and —0.118 mm™" for SS;, SS5, and DS, respectively.

Here, we use standard deviation to quantify the noise level
of measured ¢’s and standard deviation over mean to quantify
the noise over signal ratio for everything else (i.e., intensities I's,
etc.). In this experiment, the average standard deviation over the
mean for intensities from the 25 mm source-detector separation
(S1D; and S;D3) was 0.07%. For the 35 mm source-detector sepa-
ration, this average relative error is 0.11% (S;D; and S;D;). For the
phase, the average standard deviation was measured to be 0.069° for
the 25 mm source—detector separation and 0.082° for the 35 mm
source-detector separation. It is worth noting that the stability met-
ric (i.e., phase variation) is better for the signals obtained from
25 mm source-detector separations than 35 mm. This is expected
since the recovered signals weaken as the separation increases and
the noise-to-signal ratio becomes larger. Additionally, we have per-
formed repeated probe placement experiments where we placed
the probe on the phantom for 30 times. The instrument achieved
a 3.5% standard deviation over the mean for intensity and 0.64°
standard deviation for the phase at 25 mm source—detector separa-
tion and 3.3% standard deviation over the mean for intensity and
0.77° standard deviation for the phase at 35 mm source-detector
separation.

Similarly, the recovered optical properties from this experiment
can be seen in Fig. 4. In Figs. 4(a) and 4(b), the measured p_ and
for both wavelengths are presented, respectively. For the recovered
optical properties, the standard deviation over mean for y, was mea-
sured as 0.6% and 0.5% for 830 and 690 nm sources, respectively.
For p., this relative error was measured as 1% and 0.8% for 830 and
690 nm, respectively.

We have also compared the stability and drift performance of
intensity and phase to the ISS Imagent V2 instrument. In terms of
stability metrics mentioned before, Imagent V2 achieved 0.03% and
0.09% standard deviation over the mean for intensities for 25 and
35 mm source-detector separation, respectively, while our instru-
ment had achieved 0.07% and 0.11%. For the phases, Imagent V2
achieved 0.013° and 0.043° standard deviation compared to our
0.069° and 0.082° for 25 and 35 mm separations, respectively. The
drift in intensity for Imagent V2 was measured as 2.3% for 25 mm
and 1.6% for 35 mm source-detector separations over a duration
of 10 min. Qur instrument has achieved 1.2% drift for 25 mm
and 0.9% for 35 mm source-detector separations. For the phase
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FIG. 4. (a) Measured absorption coefficient (Fa) and (b) reduced scattering
coefficient (uZ) during a hali-hour phantom experiment.

drifts, Imagent V2's performance was 0.06° for 25 mm and 0.04°
for 35 mm source-detector separation. This instrument achieved
0.02° for 25 mm and 0.04° for 35 mm source—detector separation.
Even though we could match or surpass the Imagent V2 in terms
of drift performance, these results show that there is still room for
improvement for our instrument for stability.

B. Vascular occlusion experiment

After characterizing the instrument on a solid phantom and
verifying its capabilities, an in vivo vascular occlusion experiment
was conducted on a healthy, 30-year-old male human subject in
accordance with the Tufts University Institutional Review Board
(IRB). In this experiment, an inflatable cuff was placed on the left
upper arm. An inflated cuff pressure of 80 mmHg was applied, which
is below arterial pressure but above venous pressure to induce a
venous occlusion. The calculated radiant exposure to skin was cal-
culated to be 97 mJ/cm?, which is well within the requirements from
ANSI Z136.1 laser safety standards.” The experimental procedure
was as follows:

e The subject was seated on a chair with their left lower arm
placed on a table, under the DS probe.

e The DS probe was positioned on the brachioradialis mus-
cle, and an inflatable cuff was wrapped around the left upper
arm.

e 5 mins of baseline optical data were collected.

e The cuff was inflated to 80 mmHg, and 3 min of occlusion
data were collected.

e The cuff was deflated, and 2 min of recovery data were
collected.

When the cuff is inflated, it is expected to occlude only the
veins and not the arteries. Therefore, blood can enter the lower arm
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concentration change.

in an oxygen-rich state through the unobstructed artery, yet it can-
not leave the lower arm through the occluded veins. As a result, we
expect to see a rise in both [HbO,] and [HbR] in the lower arm as
blood-volume increased.®*

In Fig. 5, the measured [HbO;] and [HbR], as well as their
summation, total hemoglobin concentration ([HbT]; for absolute
measurement with SC), are presented. The occlusion interval is indi-
cated by the shaded region. It can be seen from Fig. 5 that during
baseline (first 300 s), hemoglobin concentrations do not increase
or decrease. When the occlusion starts, both [HbO:] and [HbR]
rise steadily until the cuff is released at 480 s, after which point
the hemoglobin levels return to their baseline levels. The baseline
tissue oxygen saturation (StO;) level was measured as 60%, which
is consistent with previously reported values for the human fore-
arm.* Figure 5 shows three versions of these traces in three panels:
the left panel shows the absolute concentrations recovered by SC,”
the center panel shows the change in concentration recovered by
DSL,"* and the right panel shows the change in concentration
recovered by DS¢.* Differences between [HbO;] and [HbR] traces
recovered by DSI or DS¢ result from the data types’ sensitivity to
different regions within the tissue.”"" The SC recovered traces, on
the other hand, are a combination of both I and ¢ data and allow
. to vary with time (Fig. 6) while DS methods fix u! (Sec. I1).°
Assuming ! is fixed at a baseline value (as with DS methods) is
more representative of the physiological reality, and the changes
in the bottom panel of Fig. 6 (recovered by SC) are most likely
an artifact resulting from cross-talk between absorption and scat-
tering. Venous occlusion causes a large change in y, that may not
be spatially homogeneous within the investigated tissue volume.
Because in our analysis we treat the absorption change as spatially
homogeneous, even a purely absorption change may result in an
apparent scattering change as a result of cross-talk between the

measured absorption and scattering changes.”> While an increase
in red blood cell concentration may result in greater optical scat-
tering in tissue, the large scattering change (~20%) and its direction
(decrease) observed in our experiment during venous occlusion is
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FIG. 6. Self-calibrating (SC) recovered absorption coefficient [u,; (a)] and reduced
scattering coefficient [ (b)] during venous occlusion, as indicated by the shaded
area.
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assigned to a model-based cross-talk between measured absorption
and scattering changes.

V. DISCUSSION

We have developed and validated a dual-wavelength, minia-
turized frequency-domain near-infrared spectroscopy (FD-NIRS)
instrument, focusing on its application in non-invasive measure-
ments of oxyhemoglobin and deoxyhemoglobin concentrations in
human tissues using dual-slope (DS) or self-calibrating (SC) tech-
niques. This FD-NIRS system features an on-board signal generator,
laser drivers with linear current control topology to modulate the
intensity of laser diodes, and two APDs with corresponding custom-
designed ASICs for heterodyne down-conversion and signal extrac-
tion. The instrument utilizes an STM32G491 microcontroller for
digitization and a Raspberry Pi 4 for user interface, flow control,
and computation. This work was a significant improvement over
our previous iteration’’ on three aspects. First, we employed com-
pact solutions such as an STM32G491 microcontroller for readout
instead of a large data acquisition system from National Instru-
ments. This removed a major obstacle against our ultimate goal
of making a wearable instrument. Second, this instrument was
also designed to be compatible with DS or SC techniques, which
removes the need for pre-calibration for absolute measurements,
and finally, the overall size of the instrument has been significantly
reduced. Considering its compact design and DS/SC functionality, it
is promising for applications in research and clinical settings.

We first conducted rigorous instrument testing using a solid
phantom to assess its stability and noise performance. During the
half-hour long solid phantom experiment, 0.08° phase noise and
0.11% standard deviation over mean for intensities were mea-
sured at a source-detector distance of 35 mm. These resulted in
an average of 0.5% and 0.9% precision for the absorption and
reduced scattering coefficients, respectively. We also compared our
instrument’s drift and stability characteristics to ISS Imagent V2
and found that in terms of drifting, our instrument performed bet-
ter or was comparable in both intensity and phase for both 25 and
35 mm source—detector separations. However, there is still room
for improvement for stability. These measurements suggested that
the instrument would be appropriate for further human testing.
Furthermore, the results illustrated the efficacy of the SC/DS tech-
nique in addressing systematic errors induced by thermal drifts
and other instrumental or environmental factors. We confirmed
the instrument’s capability to measure hemodynamic changes effec-
tively through subsequent in vivo testing with a vascular occlusion
experiment on a healthy human subject. The occlusion pressure was
picked to induce a venous occlusion. The experiment consisted of
5 min of baseline, 3 min of occlusion, and 2 min of recovery. In this
experiment, we have successfully observed the absolute [HbO,] and
[HbR] to rise steadily during the occlusion and recover to their base-
line levels after the occlusion was released. The dual-slope analysis
performed separately on the intensity and phase data types showed
some differences due to these two data types being more sensitive to
different regions.”

We have also taken notice of several areas to be improved
in the future. The acquisition rate of the instrument is currently
not high enough to compare with many of the instruments in
the literature. We believe the acquisition rate can be improved

ARTICLE pubs.aip.org/aip/rsi

without modifying the hardware, but with software improvements.
We located the major bottleneck to be the serial communication rate
between the Raspberry Pi 4 and the STM32G491 microcontroller.
Another shortcoming is the limited modulation frequency. Even
though the signal generator can generate signals up to 250 MHz,
the -3 dB bandwidth of our ASIC has been the reason behind using
a modulation frequency of 55 MHz in this work. This relatively
low modulation frequency compromises the phase contrast that
the instrument can achieve since the phase difference between the
source and the recovered light increases with increasing modulation
frequency.”” Assuming the additional integrated noise from the elec-
tronics due to higher bandwidth does not degrade the SNR of the
data, a higher modulation frequency of the order of 100-150 MHz
would be preferable. Finally, to accommodate for longer and shorter
source—detector separations at the same time, a scheme allowing
for larger dynamic range would be beneficial. The next significant
milestone of this project is to tape out a new generation of ASIC.
This would feature improved bandwidth (>100 MHz), a lower noise
transimpedance amplifier, and most importantly, phase and ampli-
tude readouts. Upon success, we believe the next major iteration
of the instrument to consist of only the optics, DDS, a microcon-
troller, and the ASIC. Such an instrument can be of a wearable form
factor.

VI. CONCLUSION

In this work, we have presented our new miniaturized, dual
wavelength FD-NIRS instrument, featuring custom designed analog
front-end ASICs designed in a 130 nm IBM process compatible with
the dual-slope method. The instrument employs time division mul-
tiplexing to coordinate the light sources and detector readings and
heterodyne down-conversion to ease the sampling requirements.

The instrument was first tested and characterized on a solid
phantom with a half hour long continuous measurement. In this
experiment, an average of 0.075° phase noise and 0.09% standard
deviation over the mean for the intensities was achieved. These phase
and intensity stability performances translated into 0.5% and 0.9%
standard deviation over the mean for the y, and yy, respectively.
During this Phantom experiment, the self-calibration feature of the
dual-slope probe was also observed. After validating the instrument
on a phantom, a vascular occlusion experiment on the brachioradi-
alis muscle was performed. The cuff pressure was selected to induce
venous occlusion, and the expected [HbO:] and [HbR] trends dur-
ing and after a venous occlusion were successfully observed. We have
also discussed several shortcomings of the instrument. Some of these
shortcomings could be mitigated without modifying the hardware
but through software improvements, e.g., the bottleneck for the slow
acquisition rate was determined to be the data rate between the Rasp-
berry Pi 4 and the STM32G491 microcontroller. However, other
shortcomings pointed us toward a new generation of the ASIC. This
new generation would also mean further integration, such as the
phase and amplitude readout. Another possible future improvement
on this device would be to slightly modify the probe configuration to
allow for multi-distance data acquisition.

To summarize, we present a portable DS FD-NIRS instrument
for non-invasive optical measurements of hemoglobin concentra-
tions. It is a valuable tool with potential for various biomedical
applications, including functional brain imaging, neonatal care, and
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disease diagnosis through tissue oxygenation. In the future, we will
focus on further miniaturization through a new generation of ASIC
and expand the range of clinical applications to realize the potential
of this innovative DS FD-NIRS system.
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