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Abstract. We describe the development of a miniaturized broadband near-infrared spectroscopy system
(bNIRS), which measures changes in cerebral tissue oxyhemoglobin (½HbO2�) and deoxyhemoglobin ([HHb])
plus tissue metabolism via changes in the oxidation state of cytochrome-c-oxidase ([oxCCO]). The system is
based on a small light source and a customized mini-spectrometer. We assessed the instrument in a preclinical
study in 27 newborn piglets undergoing transient cerebral hypoxia-ischemia (HI). We aimed to quantify the
recovery of the HI insult and estimate the severity of the injury. The recovery in brain oxygenation (Δ½HbDiff� ¼
Δ½HbO2� − Δ½HHb�), blood volume (Δ½HbT� ¼ Δ½HbO2� þ Δ½HHb�), and metabolism (Δ½oxCCO�) for up to 30 min
after the end of HI were quantified in percentages using the recovery fraction (RF) algorithm, which quantifies the
recovery of a signal with respect to baseline. The receiver operating characteristic analysis was performed on
bNIRS-RF measurements compared to proton (1H) magnetic resonance spectroscopic (MRS)-derived thalamic
lactate/N-acetylaspartate (Lac/NAA) measured at 24-h post HI insult; Lac/NAA peak area ratio is an accurate
surrogate marker of neurodevelopmental outcome in babies with neonatal HI encephalopathy. The Δ½oxCCO�-
RF cut-off threshold of 79% within 30 min of HI predicted injury severity based on Lac/NAA with high sensitivity
(100%) and specificity (93%). A significant difference in thalamic Lac/NAA was noticed (p < 0.0001) between the
two groups based on this cut-off threshold of 79% Δ½oxCCO�-RF. The severe injury group (n ¼ 13) had ∼30%
smaller recovery inΔ½HbDiff�-RF (p ¼ 0.0001) and no significant difference was observed inΔ½HbT�-RF between
groups. At 48 h post HI, significantly higher 31P-MRS-measured inorganic phosphate/exchangeable phosphate
pool (epp) (p ¼ 0.01) and reduced phosphocreatine/epp (p ¼ 0.003) were observed in the severe injury group
indicating persistent cerebral energy depletion. Based on these results, the bNIRS measurement of the oxCCO
recovery fraction offers a noninvasive real-time biomarker of brain injury severity within 30 min following HI insult.
© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in
part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.NPh.6.4.045009]
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1 Introduction
Neonatal hypoxia-ischemia (HI) is primarily caused by systemic
hypoxemia and reduced cerebral blood flow to the brain.
Intrapartum-related HI insults are the third leading cause of
death across the world in children under the age of 5.1,2 As one
of the most common causes of mortality and morbidity in neo-
nates, HI is responsible for nearly one-quarter of all neonatal
deaths worldwide.3 Neonatal hypoxic-ischemic encephalopathy
(HIE) ultimately leads to significant disorders such as cerebral
palsy, mental retardation, learning difficulties, and other dis-
abilities.4 Preclinical studies of perinatal HI, using newborn
pigs (similar gross anatomical features of human neonatal
brain5) have been used to investigate cerebral energetics and

metabolism during and after HI and to develop neuroprotective
therapeutic strategies.1,6–10

Phosphorous (31P) and proton (1H) magnetic resonance
spectroscopy (MRS) are gold standard magnetic resonance
(MR) techniques for assessing injury severity, as the decline
in cerebral energy measured in this manner correlates strongly
with neurodevelopmental outcome.11,12 Studies have demon-
strated that 31P-MRS-measured inorganic phosphate/exchange-
able phosphate pool (Pi/epp), phosphocreatine (PCr)/Pi, and
total nucleotide triphosphate (NTP)/epp ∼1 to 2 h after HI cor-
relate linearly with the decline in cerebral energetics leading to
secondary energy failure.6,10 Furthermore, 1H-MRS lactate/
N-acetylaspartate (Lac/NAA) peak area ratio is the most accu-
rate MR marker of neurodevelopmental outcome in neonates
following HIE.13–15

MR units are expensive dedicated equipment, run by a spe-
cialized team and not always available for in-vivo monitoring
of brain metabolism; there are often major issues with using
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31P-MRS for the induction and monitoring of HI in the newborn
piglet model for neuroprotection.10 They are not portable, so
patients and/or animals need to be transferred to the magnet
room, which carries some risks, especially following an invasive
surgery.

Optical technologies such as broadband near-infrared spec-
troscopy (bNIRS) can provide a noninvasive technique to assess
brain tissue oxygenation and metabolism. The bNIRS does this
through quantification of changes in concentration of oxyhemo-
globin (½HbO2�) and deoxyhemoglobin ([HHb]), and oxidation
changes of cytochrome-c-oxidase (Δ½oxCCO�), a unique marker
for oxygen metabolism at the cellular level. However, resolving
the oxCCO signal in vivo is challenging due to its smaller con-
centration compared with hemoglobin.16,17 Use of the full near-
infrared (NIR) spectrum from 780 to 900 nm obtained by bNIRS
has enabled precise measurement of tissue changes in [oxCCO]
in animals, neonates, and adults.18–30

Cooper et al.31 described the integration of an in-house built
bNIRS system with 31P-MRS to investigate HI in newborn pigs
and discussed the physiological/biochemical relationships of
these measurements. They reported that the measurement of
Δ½oxCCO� correlates with changes in energy metabolism mea-
sured by 31P-MRS during HI and early recovery after reperfu-
sion and oxygenation.31,32 We also demonstrated in our recent
study by Bainbridge, et al.10 (in 24 piglets measured simultane-
ously with 31P-MRS and bNIRS) that 31P-MRS recovery of
energetics were correlated with bNIRS Δ½oxCCO� recovery
within 1 h following HI. Owing to the highly scattering nature
of the brain, hence high attenuation of the incident light, maxi-
mizing light collection at tissue interface is crucial in bNIRS
to improve measurement accuracy. Therefore, bNIRS systems
are developed in-house and utilize broadband light sources and
highly sensitive spectrograph detection units. At University
College London (UCL), we have been building such instru-
ments since the early 1990s, including (1) UCL1, a single
channel bNIRS system;32 (2) PHOS, a hybrid optical spectrom-
eter that offers multidistance, multichannel broadband and
frequency-domain NIRS systems integration;22 (3) cyto-
chrome research instrument and application (CYRIL), which
offers multidistance measurements for use in newborns;33 (4)
and recently a multichannel, multidistance system with imaging
capabilities.28 UCL-developed bNIRS systems have been used
in preclinical models (piglets), in neonates in the intensive care,
in healthy adult volunteers, as well as in adult traumatic brain
injury patients in the neurointensive care.20,25,30–34

These bNIRS systems are bulky, include large spectrographs,
with some of them incorporating lens-based systems and large
highly sensitive cooled CCDs with large active area and/or high
quantum efficiency that are essential for low light levels spec-
troscopy. On the other hand, recent miniature spectrometers
with integrated CCDs offer some favorable characteristics, such
as low cost, high sensitivity, and wide availability and offer a
solution toward developing compact clinical bNIRS systems.
However, the narrow slit (required for high spectral resolution),
which is designed with small height in these miniature spec-
trometers (∼5- to 200 μmwidth × 1 (standard) to 2 mm height),
is almost an order of magnitude shorter than the slit in con-
ventional bNIRS systems, which is about 12 mm.33 This in
combination with the high f-number (F∕#, the ratio of the spec-
trograph’s focal length to the aperture diameter, which is typi-
cally 4 (F∕4) in miniature spectrometers), to produce low stray
light inside the spectrometer, greatly limit their light-gathering

power or light throughput, which is defined as φc ∝ 1∕ðF∕#Þ2.
This is in direct contrast with the large core and high numerical
aperture (NA) of standard optical fibers used in bNIRS systems
to collect maximum reflected light from the tissue surface.
Furthermore, simulations and in-vivo studies have shown that
oxCCO is more precisely measured at larger source–detector
separation (SDS) due to the abundance of mitochondria in the
cortex compared to extracerebral tissues.26,35,36 That is why
highly sensitive detection units (large throughput spectrographs
with high quantum efficiency CCD cameras) are required to
accurately measure small light intensities37 since light is
strongly attenuated before reaching the detector at larger SDS
(attenuation of 103 to 104 at 30 mm SDS38,39).

Some researchers have tackled the limitations of miniature
spectrometers (in particular QE65000 from Ocean Optics, Inc.)
by removing the narrow entrance slit of the spectrometer and
using the detector fiber (NA ¼ 0.22) to act as the entrance slit
while modifying its design to match the form factor of the original
slit of the miniature spectrometer in order to maintain the optical
resolution.40–42 According to our investigations, high NA fibers
and low f-number spectrometers are essential components of
a bNIRS system for measuring [oxCCO]. We observed that using
a modified geometry fiber to couple light into the QE65 Pro
enhances the transmission intensity across 780 to 900 nm by
303� 56% with almost fourfold increase in the peak intensity
at 810 nm, compared to when a larger NA (0.57) standard fiber
is used with the same spectrometer. We further demonstrated that
using a larger light throughput miniature spectrometer (lower
f-number) combined with a standard NA ¼ 0.57 optical fiber
further increased the transmission intensity across 780 to 900 nm
by 665� 146% (and sevenfold increase in peak intensity at
810 nm), compared to when the same optical fiber coupled the
collected light into the highly sensitive QE65 Pro.43

The aim of this study is to present the development of a
miniature bNIRS system called miniCYRIL for measuring brain
tissue change in ½HbO2�, [HHb], and [oxCCO]. This is based
on a miniature light source and a customized large light through-
put miniature spectrometer coupled to high NA optical fibers.
In addition, we describe the utilization of miniCYRIL in a pre-
clinical study of perinatal HI. We report how the miniCYRIL
measurements of brain tissue hemoglobin oxygenation and
oxCCO can be used to predict the severity of primary brain
injury in piglets following HI as prognosticated by cerebral
Lac/NAA measurements of 1H-MRS, 24 h post HI. Our aim
is to determine whether bNIRS can distinguish injury severity
during the first half-hour after HI as this might have significant
impact on our understanding of injury severity and a basis for
further decision-making regarding the application of appropriate
neuroprotection strategy in the preclinical model.

2 Methods

2.1 miniCYRIL Instrumentation

2.1.1 Hardware

The miniCYRIL device is a single-channel bNIRS system and
uses a thermally stabilized miniature white-light source (HL-
2000-HP)—a 20 W tungsten halogen lamp (Ocean Optics).
The light source is compact and small (6.2 × 6 × 15 cm) and
produces a continuous spectral output in the NIR region.

The source and detector optical fibers are identical bundles
and custom-built by Loptek (Germany) with high NA (NA ¼
0.57, 2θc ∼70 deg, F∕0.1) for maximum illumination and light
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collection. The fibers were made with a 90-deg bend at the
subject end to ensure efficient light collection from the tissue
surface. The core diameter is 2.3 mm to match the subminiature
version A connector and both fibers are magnet-compatible and
7-m long to enable simultaneous MRS measurements when
needed. Optodes were placed colinear across the head as shown
in Fig. 1, and the measurements were performed in transmission
mode through the piglet’s head with SDS of 40 to 45 mm
depending on the piglet’s head size.

The detection unit of miniCYRIL is a customized version of
the Ventana VIS-NIR miniature spectrometer (Ocean Optics).
The large throughput design (low f-number, F∕2) of the
Ventana spectrometer is advantageous over the other Ocean
Optics QE-spectrometers, which have been used in other
studies,40–42,44 as it allows more of the collected light into the
spectrometer (since the light collection capability of all spec-
trometers is inversely proportional to the f-number squared).
Furthermore, the use of a volume phase holographic grating

instead of ruled grating provides maximum diffraction effi-
ciency with little stray light inside the spectrometer.

The main challenge with the miniaturization of the bNIRS
systems arises from the intrinsic contrast between the high
NA of the optical fibers and the small throughput design of the
spectrometers to maintain a flattened spectral field. Despite their
wide availability, low cost, and compact nature, a limitation of
the off-the-shelf spectrometers is that the optical bench design of
the miniature spectrometers cannot be customized for bNIRS.
Therefore, we took other approaches to enhance the throughput
of QE65 Pro, the upgrade version of QE65000 that has been
used in other studies45–47 due to its highly sensitive CCD with
thermoelectric cooling at −15°C. We attempted to match the
f-numbers of the optical fiber to the spectrometer using external
collimating and focusing lenses, which enhanced the light
throughput of the QE65 Pro by three times. However, the
Ventana VIS-NIR, with lower f-number, increased the light
throughput by an order of magnitude. This was achieved despite

Fig. 1 miniCYRIL setup in a preclinical study of neonatal HIE. (a) A schematic diagram of the exper-
imental design. (b) miniCYRIL’s components including a miniature white-light source (HL2000-HP), a
customized Ventana VIS-NIR miniature spectrometer, optical fibers, and a laptop for the real-time display
of concentration data. Light from the halogen light source is emitted onto the piglet brain (I0) through a
0.57-NA optical fiber with 2.3-mm diameter (c). Light transmitted through the brain (I) is collected at tissue
surface (SDS: 40 to 45 mm) through an identical optical fiber and transferred to the miniature spectrom-
eter. A MATLAB program then converts the collected spectral data to changes in attenuation and accord-
ingly calculates changes in the concentration of HHb, HbO2, and oxCCO based on the measured optical
pathlength. The spectral and concentration data are displayed in real time on a laptop screen (b) and
saved in a CSV file after each measurement.
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the Ventana spectrometer having a less sensitive CCD and
smaller signal-to-noise ratio (SNR) compared to the CCD for
QE65 Pro (quantum efficiency 75% versus 95%, active area
∼14 versus 25 mm2, and SNR 500:1 versus 1000:1).43 As seen
in Table 1, summarizing the spectroscopic and detector specifi-
cations of QE65 Pro and customized Ventana spectrometer, one
of the most important parameters to consider in adapting a

miniature spectrometer for bNIRS application is the light
throughput (f-number).

The only drawback of Ventana for bNIRS is the absence of a
thermoelectric cooling system for the CCD. This leads to a con-
siderably large dark count, which also varies over time. The sta-
bility of dark count is crucial in bNIRS, especially for long
measurements (hours), because the differential spectroscopy
technique uses the first intensity measurement to calculate the
relative attenuation change. In fact, including or subtracting an
inconsistent dark spectrum in the measurement algorithm results
in a false interpretation of change in the intensity and attenuation
of light and consequently causes significant errors in the con-
centration measurement. Therefore, we retrofitted a cooling
system inside the Ventana spectrometer with the help of the
manufacturers (Wasatch Photonics) to stabilize the CCD tem-
perature at ∼15°C. The design is limited to cooling at 15°C
(∼10°C below ambient) to prevent condensation forming on the
sensor at lower temperatures.

2.1.2 Software

AMATLAB compatible driver from Ocean Optics was installed
on a laptop to control the USB spectrometer and a program was
written to collect and process the spectral data from the brain.

Change in attenuation was calculated and interpolated to the
nearest nanometer across 780 to 900 nm using a spline interpo-
lation. The UCLn algorithm [Eq. (1)] was then applied to
resolve changes in [HHb], ½HbO2�, and [oxCCO] across 120
wavelengths using their specific extinction coefficient spectra
while accounting for the wavelength dependence of the differ-
ential pathlength factor (DPF).17 The UCLn is a least-squares
regression analysis, which finds the best fit of chromophore
concentration change (Δc) based on the chromophore extinction
coefficients (ελ) (Fig. 7, Sec. 7), the measured attenuation
changes over n wavelengths (ΔAλ) and the optical pathlength
of light through the tissue.16

EQ-TARGET;temp:intralink-;e001;63;347
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The optical pathlength through the tissue in existing bNIRS
systems is calculated via multiplying the SDS by DPF, a scaling
factor that is typically measured by time-domain48,49 and fre-
quency-domain NIRS systems.50,51

In this study, we estimated the optical pathlength in real time
[Eq. (2)]. We first acquired a reference spectrum to characterize
the input light and the pathlength for the 840-nm water absorp-
tion feature was obtained by fitting the second differential of
the attenuation spectra to the second differential of in-vitro
water signal between 800 and 880 nm and assuming 85% water
content.52

EQ-TARGET;temp:intralink-;e002;63;136Pathlength ð840 nmÞ ¼ ½εH2Ot
ðλÞ 00�−1:AðλÞ 00
0.85

: (2)

The algorithm was corrected for the wavelength dependence
of pathlength, according to the work done by Essenpreis et al.53

in 1993, to account for decreasing scattering effects at increasing
wavelengths in tissue. Then we calculated changes (Δ) in the
brain concentration of HHb, HbO2, and oxCCO in real time.
Accordingly, changes in hemoglobin difference (Δ½HbDiff� ¼
Δ½HbO2� − Δ½HHb�; indicating changes in brain oxygenation)
and total hemoglobin (Δ½HbT� ¼ Δ½HbO2� þ Δ½HHb�; indicat-
ing cerebral blood volume) were also estimated.

2.1.3 miniCYRIL device characterization

Dark noise. The modified Ventana spectrometer was charac-
terized for its dark count and noise performance before and after
customization (the retrofit cooling system). To investigate the
thermal noise and the dark count of the CCD detector in terms
of magnitude and stability over time since several hours of
bNIRS measurement is required for the study of HI in piglets,
intensity data were acquired for 10 h with the slit of the spec-
trometer closed (CCD integration time set at 10 s). Dark count

Table 1 Comparison of the miniature spectrometers QE65 Pro and
customized Ventana VIS-NIR.

Specifications QE65 Pro
Customized
Ventana

Light throughput F∕4 F∕2

Bandwidth 353 nm (700
to 1053 nm)

677 nm (430
to 1100 nm)

Spectral resolution 3.5 nm 4 nm

CCD peak quantum
efficiency

95% 75%

CCD pixel size 24.6 μm2 14 μm2

CCD pixels 1024 × 58 1024 × 64

CCD active area 24.576 × 1.392 mm2 14.336 × 0.896 mm2

CCD temperature −15°C (40°C
below ambient)

15°C (10°C
below ambient)

Dark noise
(single spectrum)

3 counts RMS 6 counts RMS

SNR 1000:1 500:1
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distribution between 780 and 900 nm and the change in the
intensity of individual wavelengths over time were investigated.

Stability. To test the stability of the system over time, studies
on solid phantoms with tissue-like optical properties [μa ¼
0.02 and μs

0 ¼ 0.9 (mm−1 mol−1)] were performed using
miniCYRIL. Changes in the spectral data and chromophore con-
centrations on the phantom were measured during dark (no light
through the phantom) and when light from the light source was
incident on it at an SDS of 4 cm.

2.2 Preclinical Study

2.2.1 Animal preparation

All animal experiments were approved by the UCL Ethics
Committee and performed under the UK Home Office
Guidelines [Animals (Scientific Procedures) Act, 1986]. A total
of 27 term-born piglets, aged less than 36 h were anesthetized
and surgically prepared, as previously described.1,10,54 Briefly,
animals were sedated with intramuscular midazolam (0.2 mg∕
kg) and anesthetized with isoflurane mixed with air (3% v/v
during surgery, 1.5% to 2.5% during experimentation) to remain
unconscious throughout the experiment. The animals were
mechanically ventilated through tracheostomy (SLE 2000 infant
ventilator, Surrey, UK) and arterial oxygen saturation (SpO2)
was monitored (Nonin Medical) continuously. The common
carotid arteries were surgically isolated and carefully sur-
rounded by remotely inflatable vascular occluders (OC2A,
InVivo Metric). An umbilical arterial line was inserted for inva-
sive mean arterial blood pressure (MABP) and heart rate (HR)
monitoring, and an umbilical venous line was inserted for infu-
sion administration. A multichannel EEG (Nicolet) was used to
record the electrical activity of the piglet brain during baseline,
HI insult, and continuously for 48 h after HI.

2.2.2 miniCYRIL measurements

The experimental setup for bNIRS measurement is presented in
Fig. 1. Prior to the experiment, a reference spectrum was
acquired for 30 s using a poster tube to record the intensity
of the light source through free space with no absorbing medium
while avoiding ambient light interference (CCD integration
time = 50 ms). The intensity spectra were saved as a MATLAB
file to be processed for real-time calculation of the optical
pathlength.

Animals were positioned prone in a plastic pod with the head
immobilized in a stereotactic frame. The pod was equipped with
the miniCYRIL probe holders against the sides of the head and
built within a purpose-built MR compatible transport incubator.

The source and detector fibers were securely fitted in the
probe holders, which were provided with tightening screws
to make sure good contact with the scalp is achieved. The dif-
fused light was collected from the surface of the head using the
detector fiber at a sampling rate of 0.1 Hz (CCD integration
time = 10 s) and were displayed along with the calculated
concentration data on a laptop.

2.2.3 31P and 1H magnetic resonance spectroscopy

MRS was performed at 24 and 48 h post HI in a Philips clinical
3T MRI scanner. Whole-brain 31P-MRS spectra were acquired
with 1-min resolution and analyzed using the Advanced Method
for Accurate, Robust, and Efficient Spectral fitting of MRS

data55 as implemented in the jMRUI software. NTP is predomi-
nantly composed of adenosine triphosphate (ATP); thus,
changes in this signal during the experiments reflected changes
in ATP. Measurements of Pi, PCr, epp (epp = Pi + PCr + 2γ-
NTP + β-NTP) were acquired over the whole brain, and peak
area ratios were calculated (Pi/epp, PCr/epp, and NTP/epp).10

Brain pH was estimated using the chemical shift separation
of Pi with PCr.56,57 The Pi signal was fitted using three singlet
components, and pH was estimated using the amplitude‐
weighted mean chemical shift separation.

1H-MRS spectra were also acquired, measuring metabolites
in a white matter voxel in the dorsal right subcortical region
(8 × 8 × 15 mm) and deep gray matter voxel (15 × 15 × 10 mm)
in the thalamus. The data were analyzed using TARQUIN soft-
ware; we included threonine in the lactate fit and the Lac/NAA
peak area ratio was calculated. The inclusion of threonine with
lactate measurement has shown to contribute better prediction of
outcome in neonatal HIE after therapeutic hypothermia.15

2.2.4 Hypoxia-ischemia protocol

Animals were monitored for 1 h to ensure hemodynamic stability,
normal EEG, and stable miniCYRIL baseline were established
prior to the HI insult. At the start of HI, the carotid occluders
were inflated and fraction of inspired oxygen (FiO2) was simul-
taneously reduced to 6%. Reduction of FiO2 to 6% took about
3 min after which the FiO2 was held at this value for around 20 to
22 minutes (duration of HI) while monitoring the drop in the
oxCCO signal (Δ½oxCCO�) with the miniCYRIL system (at this
stage, the electrical activity of the brain was suppressed, and the
EEG was flat). If during HI the oxCCO signal dropped below
−3.5 μM from the baseline or the MABP reduced below
27 mmHg, the FiO2 was titrated (1% every minute) to stabilize
the animal. Blood gas analysis was performed every 5 min during
HI. At the end of the insult period, the occluders were deflated
and oxygen (FiO2) was returned to room air while the animal was
continuously monitored with bNIRS, EEG, and physiological
data for 48 h. The total HI period was decided by two experi-
enced team members based on the duration of isoelectric
EEG, hypotension (MABP < 30 mmHg), area under the curve
(AUC) of the oxCCO signal as measured by miniCYRIL, total
reduction in FiO2 (AUC-FiO2), and blood gases.

All animals received therapeutic hypothermia (whole body
cooling at 33.5°C) 1 h after HI, with some receiving additional
treatment interventions. Moreover, some animals had phar-
macological interventions to sustain systemic physiological
normality while being under continuous physiological monitor-
ing and intensive life support throughout the 48-h experiment.

2.3 Data Analysis

Data analysis was carried out using MATLAB 2015
(MathWorks) and XLSTAT 2018.

2.3.1 Optical data quality control

To investigate the spectral changes accounted to oxCCO,
the UCLn algorithm was used to derive changes in chromo-
phore concentrations at the nadir of HI when solving only for
two chromophores (HHb and HbO2) as well as when solving
for all three chromophores (HHb, HbO2, and oxCCO).32 The
attenuation change spectra were then back-calculated from the
concentration changes at the nadir of HI and the difference
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between the measured attenuation spectra with the two- and
three-chromophore fit were studied. If all the chromophores that
determine the attenuation spectra were fitted, then the residual
error from the measured attenuation and back-calculated attenu-
ations must be almost zero having no defined shape. However, if
the residuals have defined shapes, it would suggest that there
was a chromophore that is unaccounted for in the calculations.
This analysis was carried out using a MATLAB script for all
the experiments.

2.3.2 Recovery fraction

An algorithm was developed to quantify the recovery of bNIRS
measurements of Δ½HbT�, Δ½HbDiff�, and Δ½oxCCO� after HI.
The bNIRS signals were closely monitored for a stable period
following HI, which occurred during the first 30 min after the
resuscitation. Data at baseline and recovery were averaged over
a 1-min window to calculate the recovery fraction of each signal
relative to baseline. All the measurements were normalized
against the nadir point as seen in Eq. (3).

EQ-TARGET;temp:intralink-;e003;63;535Recovery FractionðRFÞ¼Recovery afterHI−Nadir

Baseline−Nadir
×100%:

(3)

2.3.3 Receiver operating characteristic

The receiver operating characteristic (ROC) analysis was per-
formed in an iterative approach to select an optimal cut-off value
of a potential prognostic marker for clinical use. ROC curves
compare the sensitivity (percentage of true positives) against the
specificity (percentage of true negatives) across a range of val-
ues to predict a dichotomous outcome. In this study, ROC analy-
sis was carried out in XLSTAT to investigate how the recovery
fraction of bNIRS signals (Δ½HbT�, Δ½HbDiff�, and Δ½oxCCO�Þ
can be used to prognosticate the severity of brain injury, as
measured by the 1H-MRS-measured Lac/NAA at 24 h. The
ROC-AUC represents how well the recovery fraction of the
bNIRS signals are able to distinguish between the two diagnos-
tic groups (mild and severe brain injuries).58

In this study, sensitivity and specificity were used to deter-
mine the ability of the recovery fraction of oxCCO to detect a
severe injury following HI. Sensitivity refers to the proportion
of animals who were diagnosed with severe brain injuries at
24 h post HI, having thalamic Lac/NAA of ≥0.39, and speci-
ficity is the proportion of the animals with mild brain injuries
(Lac∕NAA < 0.39). Thalamic Lac/NAA cut-off value of 0.39
indicates clinical outcome in the neonatal population after
hypothermia following neonatal hypoxic-ischemic encepha-
lopathy,15 and it is used as a clinical biomarker for prognosti-
cation. Plotting the sensitivity and specificity against the
recovery fractions of bNIRS signals provides a range of cut-off
points with different sensitivities and specificities. The bNIRS
measurement with the highest ROC-AUC and a cut-off value
with the highest sensitivity and specificity has the highest poten-
tial to be used as a prognostic measure to separate between mild
and severe injury groups.

2.3.4 Statistics

Statistical analysis was nonparametric and was carried out
in XLSTAT, Microsoft Excel. The Mann–Whitney test was

performed to compare the recovery fraction of the bNIRS mea-
surements (Δ½HbT�, Δ½HbDiff�, and Δ½oxCCO�) between two
groups of mild and severe injuries, separated based on the opti-
mal cut-off point for the bNIRS signal with highest ROC-AUC
and highest sensitivity and specificity. Other data that were com-
pared this way included 1-min average of HR and MABP within
30 min of the recovery period, as well as the absolute ratios
of 1H-MRS [Lac/NAA (thalamus) and Lac/NAA (white matter)]
and 31P-MRS (PCr/epp, Pi/epp, NTP/epp, and pH) at 24 and
48 h post HI. When group data were used, results were presented
as median ± interquartile range (IQR).

3 Results

3.1 miniCYRIL Device Characterization

The dark count of the original Ventana spectrometer was 8850�
725 counts (for 10-s integration time) across all wavelengths,
which was increased by 35% after 10 h. After retrofitting the
cooling system in the modified Ventana, the dark count was
reduced by 75% (2440� 218) and it was stable over 10 h with
less than 1% increase.

Phantom measurements showed that the performance of
miniCYRIL (with the customized Ventana spectrometer) is stable
over long measurement hours. The average change in the inten-
sity of light traversing the phantom was less than 8% during 14-h
measurement (part of it is due to the optical drift of the light
source, which is <0.3% per hour59). The concentration signals
were flat with no prominent features [Δ½HHb� ¼ 0.59� 0.19
(μM × cm), Δ½HbO2� ¼ 0.02� 0.08 (μM × cm), Δ½oxCCO� ¼
−0.30� 0.09 (μM × cm)] (see Sec. 6).

3.2 miniCYRIL Measurements during
Hypoxia-Ischemia

miniCYRIL measurements were recorded in 27 piglets during
baseline, HI, and 30 min of the recovery period after the HI
insult. An example of changes in the intensity of light traversing
the piglet’s brain during baseline (I1) and HI (I2) is shown in
Fig. 2(a). The average peak and mean intensity light emission
and transmission across the bandwidth of interest (780 to
900 nm) in all piglets are presented in Table 2. The intensity
spectra recorded by miniCYRIL have two features around
760 and 830 nm, which are attributed to HHb and oxCCO.
During HI, a larger number of photons pass through the brain
due to the reduction in cerebral blood volume, and hence less
attenuation.

Changes in the attenuation during baseline (ΔA1) and at the
nadir of HI (ΔA2), relative to the first measurement, are pre-
sented in Fig. 2(b). At baseline, there is no major change in the
magnitude and the shape of the attenuation spectrum, relative to
the first measurement. However, during HI, there is a significant
change in the magnitude and shape of the attenuation spectrum
due to the physiological changes in the brain, i.e., reduction in
blood flow and oxygenation.

Changes in the concentration of HHb, HbO2, and oxCCO
were accordingly calculated in real time from the measured
change in attenuation, as explained in Sec. 2.1.2.
Figures 2(c)–2(e) illustrate changes in the systemic data as well
as the bNIRS measurements in one piglet during HI.

At baseline when the piglet was in normal physiological
condition (SpO2 ¼ 98%, HR ¼ 235 bpm, and MABP ¼
50 mmHg) and there were no variations in oxygen levels
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(FiO2 ∼ 21%), all the miniCYRIL signals were stable. As soon
as HI was initiated (shown in the shaded red area), all the sys-
temic data including SpO2, MABP, and HR dropped [Fig. 2(c)]
and simultaneously, bNIRS measurement of Δ½HbO2� declined
and Δ½HHb� increased [Fig. 2(d)], resulting in a significantly
large drop in Δ½HbDiff� due to the limited oxygen availability
(hypoxia) in the brain [Fig. 2(e)]. Blood volume as measured by
Δ½HbT�, slightly increased at the start of HI and remained stable
during HI due to the restriction of blood flow, caused by the
occlusion of both carotid arteries [Fig. 2(e)]. Measured
Δ½oxCCO� also declined significantly because of the insufficient
blood supply and limited oxygen availability [Fig. 2(d)]. In other
words, during HI, oxygen as the final electron acceptor in the
mitochondrial electron transport chain became significantly
reduced, which consequently led to inhibition of cytochrome-

c-oxidase (CCO) oxidization until it reached a nadir value
before FiO2 was titrated or restored to 21% at the end of HI.
At the end of insult, when occluders were deflated and oxygen
was revived (see the SpO2 measurement), all the physiological
and miniCYRIL measurements started recovering back toward
the baseline values [Figs. 2(c)–2(e)].

Figure 2(f) shows the measured attenuation spectrum at the
nadir of HI (minimum Δ½oxCCO�), as well as the back-
calculated attenuations from two- and three-chromophore fit.
When solving only for two chromophores, all the chromophores
were not accounted for as the back-calculated attenuation from
the the two-chromophore fit did not match the measured attenu-
ation. Accordingly, the residual error from the two-chromophore
fit, as shown in Fig. 2(g), had a well-defined shape that matched
the extinction coefficient spectrum of oxidized-reduced CCO

Fig. 2 An example of the optical data from a piglet (LWP483). (a) Incident (I0) and transmitted light spec-
tra (I1 and I2) through the brain during baseline and HI. The significantly reduced photon count in I1 and I2
is due to the optical properties of the piglet brain. The increased peak count in I2 relative to I1 is due to less
absorption during HI. (b) Attenuation spectra measured at baseline and insult. There is no major change
in the attenuation spectrum relative to the first measurement at baseline (ΔA1). However, during HI, there
is a significant change in the magnitude and the shape of the attenuation spectrum due to the physio-
logical changes in the brain, i.e., reduction in blood flow and oxygenation (ΔA2). (c) Changes in the
systemic physiological data at baseline, HI, and recovery. (d) and (e) Changes in the bNIRS measure-
ments baseline, HI, and the recovery period as measured by miniCYRIL based on second derivative
spectroscopy for pathlength change measurement. The shaded area indicates the HI period. There
is no change in the optical pathlength during HI and recovery. (f) Measured attenuation spectrum at
HI and back-calculated attenuations from two- and three-chromophore fit. (g) Residual errors from two-
and three-chromophore fit. The two-chromophore fit residual is similar to the extinction coefficient of
oxCCO, whereas the three-chromophore fit residual error is approximately zero.
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between 780 and 900 nm with a peak around 830 nm (Fig. 7,
Sec. 7). This suggests that resolving only for [HHb] and ½HbO2�
would leave a chromophore with the spectral features of oxCCO
unaccounted for. In contrast, the residual spectrum from the
three-chromophore fit was negligible with no defined shape,
compared to the residual from the two-chromophore fit. This
suggests that when solving for three chromophores, which has
been done in this study, we could genuinely measure [oxCCO]
in the field of view and all the main chromophores would
be accounted for in the measurement. It should be mentioned
that the appearance of a small dip around 820 nm in the residual
signal from the three-chromophore fit [Fig. 2(g)] could be due to
increased spectral noise or signals from other unresolved chro-
mophores such as cytochrome-c or cytochrome-b. However, in
this study, we are mainly interested in measuring [oxCCO], and
the residual analysis demonstrates that our oxCCOmeasurement
is authentic and not simply a cross talk artifact of the larger
hemoglobin signals.

3.3 ROC Analysis: Identifying an Early bNIRS
Prognostic Marker for HI Injury Severity in the
Preclinical Model of Neuroprotection

The miniCYRIL recovery fraction signals that were monitored
for the ROC analysis include hemoglobin difference (HbDiff,
cerebral oxygenation), total hemoglobin (HbT, cerebral blood
volume), and cerebral metabolism through the measurement
of oxCCO. Of the 27 piglets in this study, 13 had thalamic
Lac/NAA of ≥0.39 (having a severe injury) at 24 h post HI and
14 piglets had Lac/NAA of <0.39 (having a mild injury), as seen
in Table 3. The ROC curves for the recovery fractions of
Δ½oxCCO�, Δ½HbDiff�, and Δ½HbT� had AUCs of 0.99, 0.90,
and 0.58, respectively, as shown in Fig. 3(a). This suggests that
the recovery fraction of Δ½oxCCO� is the best classifier of out-
come (mild or severe brain injury). Therefore, piglets were clas-
sified into two groups of mild injury and severe injury based on
the cut-off recovery fraction of oxCCO (79%): a recovery

fraction of ≤79% for the Δ½oxCCO� signal within 30 min post
HI is indicative of a severe brain injury at 24 h with 100% sen-
sitivity and 93% specificity.

The cut-off recovery fractions of Δ½oxCCO�, Δ½HbDiff�, and
Δ½HbT� with their corresponding sensitivity and specificity
graphs are presented in Fig. 3.

Figure 4 illustrates the measurements from miniCYRIL, 1H,
and 31P-MRS, as well as the systemic data for all the piglets

Table 3 Recovery fractions of the bNIRS data in 27 piglets within
30 min post HI. The 24-h Lac/NAA of ≥0.39 is used as a cut-off thresh-
old for mild (0) and severe injury (1).15

Piglets
24-h Lac/NAA
(thalamus)

Outcome
(mild/
severe)

Δ½oxCCO�
RF (%)

Δ½HbDiff�
RF (%)

Δ½HbT�
RF (%)

LWP475 0.21 0 122 111 106

LWP478 0.22 0 176 113 98

LWP479 1.03 1 69 113 3

LWP480 0.43 1 34 49 66

LWP481 0.26 0 86 103 104

LWP484 8.32 1 53 59 141

LWP485 0.18 0 111 100 96

LWP488 0.37 0 89 104 101

LWP489 22.64 1 34 75 102

LWP490 0.36 0 74 100 25

LWP491 0.14 0 117 123 92

LWP492 0.24 0 137 127 107

LWP493 0.22 0 113 95 50

LWP494 0.18 0 81 101 213

LWP495 0.43 1 74 95 117

LWP497 0.62 1 31 58 158

LWP498 0.31 0 88 104 113

LWP499 0.67 1 52 78 21

LWP500 0.48 1 74 100 100

LWP501 0.35 0 129 121 73

LWP502 0.90 1 79 107 194

LWP503 17.07 1 4 78 7

LWP504 112.07 1 42 82 52

LWP507 0.48 1 47 83 24

LWP509 1.00 1 57 58 109

LWP511 0.31 0 99 117 119

LWP512 0.29 0 87 115 136

Table 2 Average peak intensity of light emission and transmission
through the piglet brain measured with miniCYRIL at baseline
(SDS: 40 to 45 mm) in 27 piglets.

Photon count
(mean ± standard

deviation)/
integration time

Wavelength
(nm)

Light emission (I0)

Group mean peak intensity
at a single wavelength

52981� 54∕100 ms 839� 6

Group mean intensity across
all wavelengths

50817� 9∕100 ms 780 to 900

Light transmission (I)

Group mean peak intensity
at a single wavelength

12625� 4662∕10 s 811� 4

Group mean intensity across
all wavelengths

10463� 3782∕10 s 780 to 900
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within mild and severe injury groups classified based on
Δ½oxCCO�-RF (results are summarized in Table 4). In none
of the piglets in severe injury group, the recovery fraction of
Δ½oxCCO� was restored to baseline (100%) within 30 min post
HI [Fig. 4(a)] and the recovery fraction in this group was on
average 58% smaller than that of the mild injury group (p <
0.0001). Even though the cerebral oxygenation (Δ½HbDiff�)
in some piglets in the severe injury group recovered back to
baseline [Fig. 4(b)], the average recovery fraction in this group
was around 30% smaller than that of the mild injury group
(p ¼ 0.0001). There was no significant difference in the recov-
ery of cerebral blood volume Δ[HbT] in both groups [Fig. 4(c)].
However, piglets identified with severe injury at 24 h had a sig-
nificantly higher HR than the mild injury group within 30 min
post HI (ΔHR ¼ 33 bpm, p ¼ 0.05).

1H-MRS-measured metabolites were significantly different
between groups at 24 h. On average, piglets in the severe injury
category had significantly higher thalamic and white matter
Lac/NAA than the group with mild injury [Δ log-thal (Lac/
NAA) = 0.5, p < 0.0001 and Δ log -wm (Lac/NAA) = 0.7,
p ¼ 0.0001].

The average 31P-MRS-measured pH in the severe injury
group was also more acidic (ΔpH ¼ 0.1, p ¼ 0.01), but no sig-
nificant difference was observed in other metabolites measured
this way between mild and severe injury groups as classified
by Δ½oxCCO�-RF at 24 h. However, at 48 h, piglets with
Δ½oxCCO�-RF of ≤79% (severe injury) had significantly lower
PCr/epp (0.07, p ¼ 0.003) and higher Pi/epp (0.1, p ¼ 0.01).
Furthermore, at 48 h, piglets in the severe injury group had
further elevated Lac/NAA in both thalamus and white matter

Fig. 3 (a) ROC curves for the recovery fractions of (Δ½HbT�), Δ½HbDiff�, and Δ½oxCCO�. (b) AUC of the
Δ½oxCCO�-RF is 0.99 and the test is 96% accurate with 100% sensitivity and 93% specificity. (c) The
AUC of the Δ½HbDiff�-RF is 0.9 and the test is 85% accurate for sensitivity and specificity of 77% and
93%, respectively. (d) The test for Δ½HbT�-RF has the least accuracy (67%) and AUC (0.58) with poor
sensitivity (46%) and specificity (86%). The threshold recovery fraction for each bNIRS signal is marked
with a dotted line.
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Fig. 4 Classification of piglets in two groups of mild (Δ½oxCCO�-RF>79%) and severe (Δ½oxCCO�-RF
≤79%) injury as defined by Δ½oxCCO�-RF. The red dots and black triangle markers are the true positive
(24-h thalamic Lac/NAA ≥0.39) and true negatives (24-h thalamic Lac/NAA <0.39), respectively.
(a)–(c) Recovery fraction of the bNIRS signals in piglets classified in the mild and the severe injury groups
based on the threshold recovery fraction of Δ½oxCCO� (79%). The dotted line marks a 100% recovery.
(d) and (e) 1H-MRS measurements at 24 and 48 h post HI in piglets with mild and severe injuries. (f)–(i)
31P-MRS measurements at 24 and 48 h post HI in piglets with mild and severe injuries. (j)–(l) Systemic
data are averaged over a 1-min window at recovery (when the recovery fraction of miniCYRIL signals
were established).
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[Δ log-thal (Lac/NAA) = 0.7, p ¼ 0.02 and Δ log -wm (Lac/
NAA) = 0.4, p < 0.0001].

4 Discussion
We have developed a cost-effective miniature bNIRS system,
called miniCYRIL, based on a miniature white-light source
and a customized solution of a miniature spectrometer by
Ocean Optics and Wasatch Photonics. The miniCYRIL system
can make transmission-mode brain measurements in the piglet
from 600 to 1000 nm with SDS of up to 45 mm (depending on
the head diameter) and spectral resolution of 4 nm. The
miniCYRIL acquired full spectral data in transmission mode
through the piglets’ heads with a sampling rate of 0.1 Hz and
using the spectral data estimated brain tissue concentration
changes of HbO2, HHb, and oxCCO via a measured optical
pathlength in real time.

In this study, we did not detect any light-induced thermal
effects or damages to the piglets since the light source emits
low-power noncoherent light with very small irradiances at tis-
sue interface (1.92 mW∕cm2 across all wavelengths, which
becomes much smaller as light travels through the tissue due
to the use of highly diverging large NA optical fibers). This
is far less than the average irradiance delivered by the entire
NIR part of sunlight on a sunny day that is more than 10 mW∕
cm2.60,61 In addition, the possibility of stimulating photobiologi-
cal effects in piglets’ brains was also highly unlikely in these

experiments, because we observed a stable baseline in the
chromophore concentration signals in all piglets. Furthermore,
in photobiomodulation, the effective irradiance is typically
around tens to a few hundred mW∕cm2, which is produced by
high-fluence monochromatic/quasimonochromatic light from
lasers or LEDs in the red/NIR region,62–64 in contrast with the
broad spectrum multidirectional light produced by the low-
power halogen lamp that was used in this study.

The retrofit cooling upgrade in the Ventana spectrometer
(keeping the CCD temperature at 15°C) reduced the dark count
by 75% and improved the stability of the spectrometer during
the measurement. This is specifically beneficial during long
measurements (few hours) since in differential spectroscopy
high unstable dark noise on the spectral data leads to inaccurate
attenuation change measurements and ultimately erroneous
concentration data.

We performed a feasibility study to assess the physiological
significance of the measurements produced by miniCYRIL in
determining an early marker for classifying the outcome (pre-
diction of brain injury severity) in the neonatal piglet following
HI. Previously, HI was induced inside an MR scanner and 31P-
MRS-measured β-NTP peak height was used to control the HI
and determine the extent of the recovery in piglets.10 Despite its
useful measurements, using MRS to induce HI and examine the
severity of the primary injury has some limitations including the
cost and the need for a trained MR physicist, as well as the fact

Table 4 Baseline and recovery values of bNIRS-RF, systemic data, as well as 24 and 48 h MRS measurements for piglets categorized based
on Δ½oxCCO�-RF. Data are presented in median ± IQR.

bNIRS (recovery fraction) Mild (oxCCO >79%) n � 14 Severe (oxCCO ≤79%) n � 13

oxCCO (%) 111� 34 53� 37**

HbDiff (%) 111� 14 80� 36**

HbT (%) 104� 17 83� 91

Systemic Baseline Recovery Baseline Recovery

SpO2 (%) 96� 2 97� 2 95� 4 98� 2

HR (bpm) 181� 41 176� 35 192� 19 209� 30*

Blood pressure (mmHg) 50� 6 45� 12 53� 8 45� 13

1H-MRS 24 h 48 h 24 h 48 h

Thalamus Lac/NAA (log 10) −0.62� 0.2 −0.61� 0.3 −0.11� 1.1** 0.12� 1.1*

White matter Lac/NAA (log 10) −0.55� 0.5 0.3� 0.7 0.19� 0.6** 0.66� 0.5**

pH 7.3� 0.1 7.3� 0.1 7.2� 0.7** 7.2� 0.5

31P-MRS 24 h 48 h 24 h 48 h

PCr/epp 0.23� 0.1 0.28� 0.1 0.23� 0.03 0.21� 0.1**

Pi/epp 0.21� 0.1 0.22� 0.1 0.29� 0.1 0.32� 0.2**

NTP/epp 0.16� 0.03 0.14� 0.01 0.14� 0.04 0.13� 0.04

*p < 0.05
**p < 0.01
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that clinicians do not have access to the piglet during the pro-
cedure in case of emergencies. Located at the piglet’s cotside,
miniCYRIL can be easily operated by clinicians to monitor
brain hemodynamics and oxygenation changes, as well as met-
abolic status during HI and recovery at up to 48 h.

During the HI insult, mitochondrial respiration is inhibited
due to significant reduction in blood supply (occlusion of both
common carotid arteries) and the unavailability of oxygen as the
final electron acceptor in the electron transport chain (ETC)
(FiO2 ¼ 6%), which consequently leads to a reduction in the
Δ½oxCCO� signal (CCO being the final protein complex in the
ETC). After the resuscitation, oxygen and brain blood flow are
recovered back to baseline. Hüttemann et al.65 highlighted that
there are three distinct responses/phases for CCO and cyto-
chrome-c in ischemia/reperfusion injury: (1) the ischemic star-
vation phase, (2) the reperfusion-induced hyperactivation phase,
and (3) the mitochondrial dysfunction phase. We observed
phase 1 in all our animals demonstrated by the significant reduc-
tion in [oxCCO]. In many of our animals (see Figs. 4 and 8, and
Sec. 8), we observed a hyperemia effect and hyperactivation
phase following reperfusion as quantified by the recovery frac-
tion ofΔ[HbDiff] andΔ[oxCCO] above 100% (above baseline).
In a significant number of the piglets, we noted the absence of
phase 2 and instead we detected an early and prolonged mito-
chondrial dysfunction phase following the HI starvation phase
[see an example in Figs. 1(d) and 1(e)]. This observation is
independent of the initial HI injury as all animals received the
same insult. We have recently investigated this observation
using our system’s biology computational model66 and con-
cluded that this early and prolonged nonrecovery of oxCCO and
tissue energetics could be due to multiple effects that involve
mitochondrial uncoupling, disrupted brain blood flow, and cell
death. Therefore, our current results are consistent with the indi-
cation of oxCCO inhibition playing a major role in brain cell
death during neonatal HI, as discussed previously by Cooper
and Springett.32

Our results demonstrate that piglets with oxCCO signal
recovery of ≤79% within 30 min after HI had a more severe
brain injury as shown by 24-h 1H-MRS-measured thalamic
Lac/NAA, a robust marker of neurodevelopmental outcome.15

Piglets with Δ½oxCCO�-RF of ≤79% also had significantly
lower PCr/epp and higher Pi/epp at 48 h post HI, as measured
by 31P-MRS (p < 0.01). As reported previously by Bainbridge
et al.,10 an elevated Pi level is a characteristic of HIE (Pi being a
product of ATP hydrolysis) and a decreased PCr (as a reservoir
for high-energy phosphate) is a marker of the anaerobic condi-
tion. These changes are more prominent after 48 h due to sec-
ondary energy failure.54

It was demonstrated previously in our preclinical model,
using a former in-house developed bNIRS instrument, that there
is a strong relationship between the oxCCO and 31P-MRS ratios
during HI and recovery, and piglets that survived to 48 h of the
experiment had greater recovery of their 31P-MRS ratios and
Δ½oxCCO� at 1 h post HI.10 In this study, piglets were catego-
rized into two groups of mild and severe injuries based on the
recovery fraction ofΔ½oxCCO�within 30 min post HI (threshold
79%, sensitivity 100%, specificity 93%). Piglets in the severe
injury group had significantly higher Lac/NAA (measured in
thalamus and white matter) at 24 h post HI (p < 0.01). The
Lac/NAA measurement was still significantly greater in the
severe injury group (as defined by RF-Δ½oxCCO�) at 48 h
post HI (thalamus p < 0.05, white matter p < 0.01). The

MRS-derived pH was also significantly lower in piglets with
Δ½oxCCO�-RF of ≤79% (severe injury group) at 24 h.

The recovery fraction of Δ½oxCCO� in piglets with severe
injury was on average around 60% smaller than that of the mild
injury group, and this was not associated with any interventions
or treatment, as the therapeutic hypothermia and randomized
treatments were administered 1 h post HI. Piglets with recov-
ery fraction of Δ½oxCCO� ≤ 79% had also significantly lower
recovery fraction of blood oxygenation ([ΔHbDiff]-RF ∼33%,
p < 0.01) even though there was no difference in systemic oxy-
genation (SpO2) between groups. The severe injury group had
on average 30% smaller recovery fraction of total blood volume
Δ[HbT]-RF, which was not statistically significant as both
groups had a wide range of recovery in their Δ[HbT]. While
blood pressure recovered similarly in piglets, regardless of their
category (∼45� 12 mmHg), HR in piglets with severe injury
was on average ∼30 bpm higher than in piglets with mild brain
injury (p < 0.05).

All the piglets in the study received hypothermia treatment
at 1 h following HI and some piglets also received adjacent
therapies, including magnesium, melatonin, and ethanol. Our
analysis of the bNIRS measurements was done before the ad-
ministration of any therapies and, as such, we did not expect
any treatment effects. In addition, we have not observed any
association between our bNIRS recovery fraction analysis and
treatment procedure. We did not expect to see such associa-
tions as the original piglet study was not powered for that
purpose. To investigate this further, we are planning a future
study that uses the bNIRS recovery fraction of [oxCCO] within
30 min following HI to guide treatment strategies at 1 h follow-
ing HI.

The recovery fraction analysis provides a potential real-time
marker (being the recovery fraction of the oxCCO signal) to
predict the severity of the injury as early as 30 min post HI.
Therefore, miniCYRIL can provide valuable information in pre-
clinical studies to assess the severity of HI, predict the outcome,
and investigate possible treatment strategies. The limitation of
this analysis is that it is performed under controlled experimen-
tal condition and hence cannot be applied in the same way in
hospital to assess the severity of the primary injury in babies
affected with HI, as the time of the HI is unknown in the neo-
nates and hence we do not have access to a baseline value. In
view of this issue, our group is currently working toward
developing methodologies in order to implement absolute
oxCCO measurement in the clinical setting as it gives a clearer
understanding of tissue metabolism and allows easy comparison
between patients without the need for complicated data
analyses.

The miniCYRIL based on a customized Ventana spectrom-
eter might have some advantages over previously described
miniature systems based on the QE65000 or more recently the
QE65 Pro, which have been used for reflection mode brain mea-
surements in piglets, adults, and rats.40–42,44–47 The combination
of larger throughput spectrograph (F∕2) with larger NA optical
fibers (0.57) in miniCYRIL enhances light collection capability
of the detection unit and allows performing measurement at
large SDS while maintaining the measurement accuracy. This
is crucial for assessing brain metabolism since computational
and functional activation studies have shown that CCO is a
depth-dependent signal (due to mitochondria being more abun-
dant in deeper tissue layers) and hence its changes can be
more accurately measured at larger SDS due to the allowance
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of light to traverse the brain with greater penetration depth
before reaching the detector.35,39,67,68 In this study, optodes were
positioned on the left and right sides of the head at approxi-
mately the middle part of the brain enabling transmission mode
(whole brain) measurement, which is more sensitive to deeper
structures compared to reflection mode.69

Other studies that have used QE-based spectrometers (F∕4)
are limited to smaller throughput, despite the improvements that
were made in light collection capability of the system as a result
of modifying detector fiber’s geometry41 or using a high NA
fiber (0.5) instead of the standard NA ¼ 0.22, which is adapted
for the QE65 Pro.47 We have found that utilizing a large NA
detector fiber with QE65 Pro in piglets leads to a significant
amount of photon loss and noise in forms of stray light inside
the spectrometer, which is due to the large mismatch between
the NA of the fiber and the f-number of the spectrometer (the
large NA of the detector fiber drastically overfills the small
acceptance cone of the miniature spectrometer).43 In this study,
we used an optimized solution where a large NA fiber is used
with a low f-number miniature spectrometer (Ventana, F∕2)
which maximizes efficient light collection in transmission mode
despite having a less sensitive CCD43 (Table 1).

Another important characteristic of miniCYRIL is the on-
board data processing and real-time display of the concentration
data, which is a requirement for use in the clinical environment.
Furthermore, this system enables real-time measurement of
optical pathlength through the brain. This feature improves the
estimation of chromophore concentration, which is especially
crucial when there are changes in the nature and anatomy of the
brain tissue (e.g., through swelling or edema) during the meas-
urement period.70

5 Conclusion
We have developed and described a miniature bNIRS system
(miniCYRIL) based on a miniature white-light source and a
customized miniature spectrometer. The system was utilized
in a preclinical study of neonatal encephalopathy to measure
changes in cerebral oxygenation, hemodynamics, and metabo-
lism in real time in 27 piglets induced with HI.

We have developed an algorithm to use miniCYRIL for
quantification of HI brain tissue injury severity (mild and severe
injury). Recovery fraction of the oxCCO signal within 30 min
post HI demonstrated to be a good predictive marker for the
severity of brain injury in piglets with 100% sensitivity and
93% specificity (AUC ¼ 0.99). Piglets with Δ½oxCCO�-RF
of ≤79% had significantly smaller cerebral oxygenation
(HbDiff) recovery at 30 min post HI and higher thalamic and
white matter Lac/NAA after 24 and 48 h. The MRS-measured
pH in this group was more acidic at 24 h and they had a sig-
nificantly higher HR within 30-min recovery period. At 48 h,
when secondary energy failure is expected to be more promi-
nent, piglets in the severe injury group had significantly lower
31P-MRS-measured PCr/epp and higher Pi/epp, which are char-
acteristics of an HI brain.

The miniCYRIL system can be a cost-effective solution in
preclinical studies for monitoring HI and assessing treatment
strategies, as it can offer a brain injury prediction within 30 min
after HI. The proposed instrument can be operated by experi-
mentalists and clinical staff without the need for a dedicated
technical team. Currently (in 2019), the cost of miniCYRIL
components is about £20,000 to £25,000, which is marginal

compared to the components cost for an MR machine that is
approximately £1 million or more.

Finally, with a much smaller footprint than the custom-made
bNIRS systems, miniCYRIL can be utilized more effectively
in the hospital, both in the intensive care unit and/or in the
operation theater.

6 Appendix A

6.1 Dark Measurement

Dark intensity measurements across 780 to 900 nm at time 0 and
after 10 h are presented in Fig. 5, before and after the custom-
ization (retrofit cooling) of Ventana VIS-NIR. The distribution
of intensity across all the wavelengths in Ventana has a flat
shape with no prominent features. However, the mean dark
intensity across all the wavelengths is significantly large in both
cases when there is no light input into the spectrograph, being
8850� 725 counts at time 0 with 32% increase in the dark count
(11672� 897) across all wavelengths after 10 h [Fig. 5(a)].

Furthermore, the intensity changes at one wavelength
(λ ¼ 780 nm) over time is significantly high and has a mean
value of 11297� 1020 counts. The considerably large standard
deviation from the mean dark intensity at 780 nm shows large
variability in the measurement, which is a limiting factor, and
leads to erroneous concentration change measurements.

Figure 5(c) shows dark noise across all wavelengths (780 to
900 nm) after the retrofit cooling customization in Ventana
VIS-NIR spectrometer at time 0 and after 10 h. The mean inten-
sity at time 0 is 2440� 218 when there is no light input into
the spectrograph, which on average is 75% less than that pro-
duced by the original spectrometer. After 10 h, the average
increase in dark count across all wavelengths is almost negli-
gible (<1%), being 2472� 223 counts. Figure 5(d) shows the
intensity change at one wavelength over time (λ ¼ 780 nm).
The variation in the dark intensity has a mean value of 2625�
25 counts over 10 h, which is significantly smaller (77%)
than that in the absence of cooling. The considerably small
standard deviation from the mean intensity at 780 nm over
10 h is highly significant and improves the accuracy of concen-
tration measurement.

6.2 System Stability

Figure 6 shows the changes in the spectral data and chromo-
phore concentrations resolved on a tissue-like phantom during
dark (no light through the phantom) and when light was incident
on the phantom at an SDS of 4 cm.

There is a negligible change in the average dark intensity
through the phantom across 780 to 900 nm and there are minor
changes in the concentration data, which are stable with no
drift for 2 h [Δ½HHb� ¼ −0.15� 0.16 (μM × cm), Δ½HbO2� ¼
−0.19� 0.07 (μM × cm), Δ½oxCCO� ¼ −0.14� 0.07 (μM ×
cm)]. Figures 6(c) and 6(d) show the spectral data and concen-
tration changes on the phantom when the light was on contin-
uously for 14 h. The average change in the intensity of light
traversing the phantom is around 8% and there is no drift in
the concentration data showing the high stability of the mini-
CYRIL system over 14 h [Δ½HHb� ¼ 0.59� 0.19 (μM × cm),
Δ½HbO2� ¼ 0.02� 0.08 (μM × cm), Δ½oxCCO� ¼ −0.30�
0.09 (μM × cm)].
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Fig. 5 (a) Dark intensity spectrum measured across 780 to 900 nm every 10 s when the slit of the spec-
trometer is closed at time 0 and after 10 h. (b) The dark intensity changes at wavelength 780 nm over
10 h. (c) Dark intensity spectrum measured across 780 to 900 nm every 10 s with the upgraded unit, the
slit is closed at time 0 and after 10 h. (d) The dark intensity changes at wavelength 780 nm over 10 h.

Fig. 6 Phantom measurements in dark and light showing the stability of the miniCYRIL system. (a) and
(b) The spectral data and concentration changes in a tissue-like phantom (μa ¼ 0.02 and μ 0s ¼ 0.9,
½mm−1 mol−1�) for 2 h when the shutter of the light source is closed. (c) and (d) The spectral data and
concentration measurements for 14 h, when the same phantom is illuminated (shutter open). Integration
time for both measurements is 1 s and SDS is 4 cm.
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7 Appendix B

7.1 Absorption Spectra of Chromophores

Figure 7 shows the absorption spectra of oxygenated and deoxy-
genated hemoglobin as well as the difference absorption spec-
trum of oxidized and reduced CCO measured by Cope,71 which
was implemented in miniCYRIL’s software [Eq. (1)] to calcu-
late changes in the concertation of chromophores.

8 Appendix C

8.1 Example of a Typical Response in Piglets with
oxCCO-RF of >79%

Figure 8 represents a typical response in piglets with
Δ½oxCCO�-RF of>79% following HI and being diagnosed with
mild injury at 24 h post HI based on the thalamic 1H-MRS Lac/
NAA measurement. Following the initial ischemic starvation
phase, we observe a reperfusion-induced hyperactivation phase.
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