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A B S T R A C T   

We have developed and optimized an imaging system to study and improve the detection of brain hemorrhage 
and to quantify oxygenation. Since this system is intended to be used for brain imaging in neonates through the 
skull opening, i.e., fontanelle, we called it, Transfontanelle Photoacoustic Imaging (TFPAI) system. The system is 
optimized in terms of optical and acoustic designs, thermal safety, and mechanical stability. The lower limit of 
quantification of TFPAI to detect the location of hemorrhage and its size is evaluated using in-vitro and ex-vivo 
experiments. The capability of TFPAI in measuring the tissue oxygenation and detection of vasogenic edema due 
to brain blood barrier disruption are demonstrated. The results obtained from our experimental evaluations 
strongly suggest the potential utility of TFPAI, as a portable imaging modality in the neonatal intensive care unit. 
Confirmation of these findings in-vivo could facilitate the translation of this promising technology to the clinic.   

1. Introduction 

Intracranial hemorrhages (ICHs) occur at a rate of approximately 3.5 
per 1000 live births, and represent the most common birth complication 
in newborns [1,2]. ICHs are associated with prolonged or precipitous 
delivery, vaginal breech delivery, instrumental delivery, use of forceps 
or vacuum extraction, and primiparity or extreme multiparity [3–12]. 
Neonates with low gestational age and/or low birthweight (<1500 g) 
are at high risk for ICH [12] and ischemic brain injuries due to immature 
vascular, cellular, and anatomical features of the developing brain. 

During the past few decades, improvements in medical interventions 
have significantly increased the survival of low gestational age and low 
birthweight infants, while the potential number of infants with ICH has 
also increased [13–16]. Moreover, many sub-clinical cases that may not 
manifest by obvious neurological deficit symptoms remain undiagnosed 
due to limitations of current diagnostic imaging technologies. The extent 
of brain injury is dependent on severity and location of the ICH [17,18]. 
Different types of ICH and their locations are depicted in Fig. 1. Ulti-
mately, a large portion of survivors of neonatal ICH exhibit various 
degrees of cognitive dysfunctions requiring special education and care 

* Corresponding author at: University of Illinois at Chicago, Department of Biomedical Engineering, Chicago, IL, United States. 
E-mail address: avanaki@uic.edu (K. Avanaki).   

1 Authors contributed equally 

Contents lists available at ScienceDirect 

Photoacoustics 

journal homepage: www.elsevier.com/locate/pacs 

https://doi.org/10.1016/j.pacs.2023.100538 
Received 28 October 2022; Received in revised form 28 June 2023; Accepted 19 July 2023   

mailto:avanaki@uic.edu
www.sciencedirect.com/science/journal/22135979
https://www.elsevier.com/locate/pacs
https://doi.org/10.1016/j.pacs.2023.100538
https://doi.org/10.1016/j.pacs.2023.100538
https://doi.org/10.1016/j.pacs.2023.100538
http://creativecommons.org/licenses/by-nc-nd/4.0/


Photoacoustics 32 (2023) 100538

2

[19,20]. Therefore, accurate, early detection, classification, and diag-
nosis of ICH is essential for selection of optimal treatments and prog-
nostication [21–23]. 

Transfontanelle ultrasound imaging (TFUSI) is the current standard 
of care diagnostic modality for detection of grades III-IV intraventricular 
hemorrhage (IVH) [24] (or brain hemorrhages larger than 5 mm) with 
sensitivity of nearly 100% and specificity of 93.3% [25]. TFUSI can 
detect large sub-ependymal, intracerebral, subdural, and epidural he-
matomas, which are usually accompanied by clinical symptoms of 
neurological deficit [26,27]. However, TFUSI has a low sensitivity and 
even lower specificity (i.e., 0–5%) for detection of hemorrhages 
< 5 mm, IVHs of grades I-II, and small cerebral or extra-axial hemor-
rhages [25,28–31]. Hence, the TFUSI outcomes can be inconclusive 
during the first week after birth. Therefore, additional US scans are 
required in the second or third week of life to follow up with any 
hemorrhagic progression that may be detected, and the possible onset of 
a Grade IV periventricular hemorrhage (PVH) and/or white matter 
injury. The frequency of these scans is determined based on the severity 
of the hemorrhage [32,33]. TFUSI has limited sensitivity and specificity 
for the detection of subarachnoid hemorrhage (SAH) (without obvious 
blood clots in the normal-size brain ventricles and cisterns), especially 
SAH with low-concentration blood in CSF, i.e., < 10% [13,25]. Also, 
TFUSI is unable to detect vasogenic edema following hemorrhage or 
ischemia/reperfusion injury [34]. 

Although definitive diagnosis of SAH can only be made by the 
detection of blood in CSF obtained by a lumbar puncture, it is not used as 
a standard of care in infants due to invasive nature, traumatism, and 
potential complications. In contrast, magnetic resonance imaging (MRI) 
and computed tomography (CT) [35] have high sensitivity and speci-
ficity for detecting brain hemorrhages. However, they are not used as 
frontline modalities for routine screening of preterm infants, because 
routine MRI of the brain takes a long time to set up and conduct the 
study (~1 h), and CT uses ionizing radiation. Imaging procedures using 
modalities require transporting clinically unstable newborns out of the 
Neonatal Intensive Care Unit (NICU), in most cases requiring sedation 
that is associated with risks (i.e. respiratory depression, hypotension, or 
hemodynamic changes [36]), and have a relatively high cost per pro-
cedure. Small MRI machines, which have been installed and tested in a 
few NICUs, are expensive and still require sedation during imaging [37]. 
Therefore, portable MRI units have not been widely adopted in neonatal 
clinics. Near-infrared spectroscopy (NIRS) can potentially assist clini-
cians in assessing functional changes in cerebral perfusion and 

oxygenation [38–40], but it has a poor spatial resolution, especially for 
the small neonate head, and poor penetration depth, both of which limit 
its use for cortical mapping [41]. 

Photoacoustic imaging (PAI) is a promising technique that enables 
the non-invasive visualization of structural, functional, and molecular 
changes in organs and tissues [42–44]. PAI combines the technological 
advances of both optical and acoustic imaging (i.e., the high intrinsic 
contrast of optical imaging and the spatial resolution of ultrasound (US) 
imaging) [45–51]. In PAI, nanosecond laser pulses illuminate the tissue 
at the wavelengths that are absorbed by the endogenous chromophores, 
e.g., oxy-hemoglobin (HbO2) and deoxy-hemoglobin (Hb), or by the 
administered contrast agents [52,53]. The photon absorption causes a 
transient temperature change which leads to a thermal expansion of 
photon-absorbing tissue compartments, and consequently a localized 
pressure change, and the resulting acoustic waves are detected by an 
ultrasonic transducer. PAI of the brain can simultaneously provide 
high-resolution images of the brain parenchyma, vasculature, and he-
modynamics [48,54–57]. Compared to NIRS, the most popular optical 
imaging modality used in the NICU to estimate cerebral oxygenation and 
perfusion, PAI has significantly higher spatial resolution and depth 
sectioning capability [42,58–62]. 

In this study, we describe the development, optimization, and eval-
uation of the transfontanelle photoacoustic imaging (TFPAI) system – a 
sensitive, portable, and safe imaging modality that can improve the 
detection of ICH in neonates. The lower limit of sensitivity of TFPAI to 
detect the location of hemorrhage and its size was evaluated by con-
ducting in-vitro and ex-vivo studies. The feasibility of TFPAI for 
measuring tissue oxygenation and detection of vasogenic edema was 
also demonstrated. The results obtained from these tests are discussed 
and the clinical potential of TFPAI is considered. 

2. Materials and Methods 

We first describe the TFPAI system design and development. We 
outline the optimization of light delivery (Section 2.1.1) and thermal 
safety (Section 2.1.2); further details are provided in Supplementary 
Sections S1 and S2. We then explain the TFPAI system assembly (Section 
2.2). The experimental designs related to the application of the TFPAI 
for in-vitro hemorrhage detection (Section 2.3.1), ex-vivo hemorrhage 
detection (Section 2.3.2), oxygen saturation measurement (Section 
2.3.3), and vessel rupture and vasogenic edema detection (Section 2.3.4) 
are explained next. 

Fig. 1. Different types and locations of intracranial hemorrhages, ICH (epidural, subdural, subarachnoid, intracerebral, intraventricular). IVH: intraventricular 
hemorrhage; SSS: superior sagittal sinus; Grade IV: extension of IVH into the intracerebral hemorrhage. 
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2.1. TFPAI system design 

2.1.1. Light delivery optimization 
The TFPAI system is intended to be placed on the fontanelle and to 

deliver light with a uniform distribution using a safe laser energy level 
[63]. A 2D schematic of the TFPAI probe front surface is depicted in  
Figs. 2 and 3 demonstrates the optical fiber locations relative to the 
transducer. The diameter of the optical fibers (D), numerical aperture 
(NA), bending angle (θ), the vertical distance of fiber with the tissue 
surface (H), distance from the transducer wall to the first row of optical 
fibers (L) and the arrangement of the optical fibers are the main pa-
rameters to be optimized. Monte Carlo simulations using MCX software 
[64] were used to study the effect of the combination of these parame-
ters on the intensity profile generated on the tissue surface. The number 
of photons used in the simulation was 108. A simulation model with one 
layer of scalp is used in this study with the following optical properties 
(absorption coefficient = 0.56 cm− 1, scattering coefficient = 250 cm− 1 

and anisotropy factor =0.9 [65]). Parameter values selected for these 
simulations are as follows: 1) D = 0.5, 1.0, 1.5, 2.0 and 2.5 mm, 2) NA 
= 0.1, 0.2, 0.3, 0.4 and 0.5, 3) θ = 0, 10, 20, 30, 40, 50, 60 degrees, 4) H 
= 5, 6, 7, 8, 9 and 10 mm, and 5) L = 5, 6, 7, 8, 9 and 10 mm. After 
finding intensity profiles for all configurations, we assessed the perfor-
mance of each configuration to find the best results. To evaluate, we 
used two criteria: (1) the total light energy inside the fontanelle area and 
(2) uniformity of the optical energy distribution. Further details of light 
delivery optimization are given in Supplementary Section S1. 

2.1.2. Thermal Safety 
To optimize the pulse duration, pulse energy, and repetition rate of 

the laser used in the TFPAI system, we conducted a thermal safety 
simulation (to ensure the system is maintained below the tissue heat 
damage threshold as measured using the cumulative equivalent minutes 

at 43ºC model (CEM43ºC)). Optical properties for the simulation (ab-
sorption coefficient, scattering coefficient and anisotropy factor) are 
defined as follows: scalp (µa=0.56 cm− 1, µs=250 cm− 1 and g=0.9 [65]) 
and skull (µa=0.92 cm− 1, µs=358 cm− 1 and g=0.92 [66]). The simula-
tion setup is depicted in Fig. 4. Further details of the thermal safety study 
are provided in Supplementary Section S2. 

2.2. TFPAI experimental system assembly 

We used the results of the simulations to implement the optical 
illumination configuration for the TFPAI system; the schematic of the 
system is shown in Fig. 2. A Quanta Pro Nd:YAG pump laser (Spectra 
Physics, USA) with a repetition rate of 10 Hz, and a pulse width of 7 ns 
was used for illumination (Fig. 2a). A VersaScan optical parametric 
oscillator (Spectra Physics, USA) was used to tune the wavelength 
(450–1100 nm). Light exiting the laser passed through a 3D printed 
parabolic-mirror-like dome with a silvered, inner reflective surface, 
designed for efficient light delivery. An adjustable, engineered optical 
diffuser (grit number 240, Thorlabs Inc., USA) and an adjustable ach-
romatic doublet lens (AC254–040-B, Thorlabs, USA) were used for ho-
mogenization and focusing of light at the distal end of the optical fiber 
bundle (Fig. 2b). Light delivery was realized using the optimized fiber 
arrangement obtained from the MC simulations. As shown in Fig. 2c, the 
fibers were held in a customized 3D-printed probe tip. 36 wide- 
bandwidth (500–1300 nm) borosilicate glass optic fibers, each 2 m 
long (0.5 mm diameter), were used for light delivery. At the distal end, 
the optical fibers were bundled into a cylindrical holder. One additional 
optical fiber was diverted to an energy meter (Gentec Integra, USA) to 
monitor pulse-to-pulse fluctuations for later optical energy normaliza-
tion. For photoacoustic (PA) signal detection, we have previously eval-
uated the performance of several transducer arrays (linear arrays: L7–4, 
L12–5 38 mm and 50 mm, and CL 10–5, and phased arrays: P4–2 and 

Fig. 2. TFPAI system components. (a) Optical setup of laser light coupling to fiber bundle with (i) laser light coupling optics, (ii) laser light, (iii) laser system head, 
(iv) optical breadboard, and (v) optical post and post holder. (b) Laser light coupling optics cut section view with (i) fiber optic cable bundle, (ii) convex lens, (iii) 
diffuser, (iv) spacer, (v) parabolic reflector, (vi) thin silver coating, (vii) laser light, and (viii) horizontal cage system. (c) TFPAI probe including (i) US data cable, (ii) 
fiber optic cable bundle, (iii) flexible strap, (iv) linear array transducer, (v) fiber optic cable housing, (vi) fiber optic bundle housing, (vii) fiber optic cable bundle, 
(viii) main body, (ix) inner fiber optic cable holder, (x) outer fiber optic cable holder, (xi) soft tip, and (xii) Aqualene® coupler. (d) Rendering of TFPAI probe in use. 

R. Manwar et al.                                                                                                                                                                                                                                



Photoacoustics 32 (2023) 100538

4

P6–3) with the central frequency ranging from 2.5 MHz to 8.5 MHz, 
which covers the entire spectrum of the transducer arrays typically used 
for brain imaging. This allows imaging the brain to a depth of 4 cm with 
an adequate axial resolution [31]. The best-performing US transducer 
array was the ATL L7–4 (Philips, USA) US probe with 128-elements 
(element width: 0.25 mm, spacing: 0.3 mm, focal length: 25 mm) and 
5 MHz central frequency (bandwidth: 4–7 MHz). PA signal acquisition 
was performed using a 128-channel, high-frequency, programmable US 
system (Vantage-128, Verasonics Inc., USA) [67]. To accurately control 
the movement of the TFPAI probe during measurements, it was placed 
on a triaxial stage with a clamp. Fully automatic MATLAB code was 
developed to simultaneously acquire the US and PA signals in A-scan, 
produce B-mode images and analyze them in real-time [67]. We used a 
signed-Delay-Multiply-And-Sum (s-DMAS) algorithm for image recon-
struction. The design of the s-DMAS algorithm is described in [68]. 

s-DMAS ensures linearity in the original PA signal response while 
providing the increased image quality of DMAS [68]. For the 
transducer-scalp interface, a coupler consisting of a thin layer of 
Aqualene® filled with water (sack-like) was used. 

Aqualene® was chosen as the coupling layer because of its me-
chanical integrity, chemistry, and the similarities of its acoustic prop-
erties to water [69–72]. The optimum thickness for the Aqualene® 
layer, to meet the required weight tolerance with the least attenuation 
and best impedance match, was 0.5 mm [73]; these results were ob-
tained from a comprehensive finite element method (FEM) performed 
for static and dynamic structural analysis. A 3D rendered illustration is 
depicted in Fig. 2d to demonstrate the application of the TFPAI probe on 
a neonate’s head. 

We characterized the TFPAI system resolution in both lateral and 
axial directions at depths of 0.5–5.0 cm with 0.5 cm steps as follows. We 

Fig. 3. Simulation studies for optimum light delivery. (a) (i)Top view: an US transducer is placed at the fontanelle center (darker grey outline) and optical fibers 
(yellow circles) located at the sides act as light sources. Fontanelle is considered as a 20 × 20 mm square (black box). Distance from transducer wall and the first row 
is L, (ii) Side view: the distance between fibers and tissue surface is H and bending angle of fibers is θ, (iii) fiber diameter, D, fiber positioning in a square (left) and 
honeycomb (right) configurations. The separation between adjacent fibers is 0.5 mm in both cases, (iv) different fiber arrangements: one row at one side (top left), 
one row on each side (top right), two rows on each side in a square configuration (bottom left) and three rows on each side in a honeycomb configuration (bottom 
right). (b) Effects of changing the parameters of optical fiber on light intensity profile for fiber located at (x,y) = (0,0). Alterations described in (ii-v) are additive. (i) 
Intensity profile of a single fiber with diameter D = 0.5 mm, numerical aperture (NA) = 0.1, bending angle θ = 0º (perpendicular) and distance from the surface H 
= 5 mm. (ii) θ = 60º, (iii) D = 2.5 mm, (iv) NA = 0.4 and (v) H = 10 mm. (c) Light intensity profiles for different configurations, (i) one row at one side, (ii) one row 
at each side, (iii) five rows at each side in a square configuration and (iv) in a honeycomb configuration. Green boxes show the fontanelle area, and the middle green 
line is the US transducer axis. (d) (i) Evaluation metric, M (see Supplementary Section S1), for all ~124,000 possible probe configurations considered in this study, 
(ii) optimized configuration of fiber bundle on the probe side. 

R. Manwar et al.                                                                                                                                                                                                                                



Photoacoustics 32 (2023) 100538

5

used a phantom made of a human hair (diameter: 54 µm) suspended in 
deionized water inside an open-top plastic cubic box (see Fig. 5a). A 2D 
Gaussian was fit to the 1D intensity profile of the PA image of the hair 
phantom. Next, the full width half maximum (FWHM) was determined 
from the Gaussian fit (see Fig. 5b-d) [67]. 

2.3. Experimental designs for application of TFPAI 

2.3.1. Preparation of a hemorrhage phantom (In-vitro) 
This study was designed to demonstrate the advantage of the TFPAI 

over conventional US imaging for the detection and assessment of the 
severity of ICH, by utilizing the innate higher sensitivity of PAI for the 
detection of blood (hemoglobin). The schematics of the experimental 
setup are shown in Fig. 6a. A series of phantoms were prepared using 8% 
gelatin in distilled water that was left to solidify in small cups with a 
0.5 cm diameter aluminum rod in their top to mold a small cylindrical 
opening 0.5–1.0 cm deep. To model the ICH distributed inside the 
ventricular space, the heparinized sheep blood (Quad Five, USA), at 
different concentrations, i.e., 0.2%, 0.4%, 0.8%, 1.6%, 3.13%, 6.3%, 
12.5%, and 25% (in 1 × phosphate buffered saline) was injected into the 
openings of the gelatin phantoms (see Fig. 6b). To model the intrace-
rebral hemorrhage, we prepared the gelatin phantoms with different 
concentrations of sheep blood (i.e., 0.2%, 0.25%, 0.3%, 0.4%, 0.5%, 
0.6%, 0.8%, 1%, 1.2%, 1.6%, 3.13%, 6.3%, 12.5% and 25%) mixed with 
homogenized sheep brain tissue at 2% by wt/vol (Fig. 6c). A thin layer of 
gelatin was added on top of each phantom (~2 mm) for phantom 
integrity. 

2.3.2. Hemorrhage detection inside the sheep brain (Ex-vivo) 
In this ex-vivo study, we tested the ability of TFPAI to detect a 

hemorrhage in an adult sheep brain. The rationale for choosing a sheep 
model is: 1) the brain is closest in size to a human neonatal brain 
(especially preterm neonatal brain) and 2) skull anatomy is amenable to 
relatively easy surgical access [74–76]. Adult sheep do not have a cra-
nial fontanelle (a natural “window” enabling efficient light illumination 
and US or more precisely PA detection). Therefore, conducting ex-vivo 
studies on a sheep head with a surgically induced cranial window which 
represents a fontanelle, will produce the most relevant results. Several 
freshly decapitated sheep heads were purchased from a local slaugh-
terhouse. Initially, hair, fatty tissues and flesh were removed from the 
top of the head using a scalpel, followed by cleaning the 
pseudo-fontanelle area, then a hole was drilled into the skull with a 
circular saw (Fig. 7a(i)) to expose the dura without rupturing it. Chicken 
skin (representing scalp) was placed over the cranial window to cover 
the exposed dura mater. In a typical experiment (the experimental setup 
and its detail are shown in Fig. 7a(ii-iv)), PA and US “before” images 
were collected of the sheep brain. Next, the blood/brain tissue mixture 
was injected into the brain (the tip of the needle was guided through US 
imaging). The air gaps between the chicken skin and dura mater, and the 
transducer surface and the skin, were filled with US gel (Aquasonic Inc., 
USA), to ensure the acoustic coupling. Then, a second set of PA and US 
images (“after”) were collected. The PA and US before images were 
subtracted from the after images and binarized (including only 80% of 
maximum intensity or more) to identify the hemorrhage area. The 
rationale for using subtraction to identify injected blood is that ex-vivo 
heads contain blood clots that will generate US and PA signal that is 
otherwise not distinguishable from the injected, controlled hemorrhage 
phantoms. 

Two sets of experiments were performed: (a) different size hemor-
rhages were created in the sheep brain by injecting varying quantities of 

Fig. 4. Optical energy distribution through the fontanelle and evaluation of safety from thermal damage. (a) Fluence inside the tissue and significance of 
fontanelle, (i) the geometry used for Monte Carlo light simulations with three layers of the scalp (2 mm), skull (4 mm), and brain (20 mm), (ii) the same geometry 
with a 20 × 20 mm area of scalp to act as fontanelle, (iii) fluence inside the tissue for illumination through the skull and (iv) for trans-fontanelle illumination. (b) 
Normalized fluence decay in log scale (vertical dashed line corresponds to the bottom edge of the skull/ fontanelle as shown in (a-i and ii)). (c) Thermal studies: (i) 
cumulative equivalent minutes at 43 ºC (CEM43ºC); CEM43ºC model gives the equivalent exposure time with the same thermal effect as if the temperature was 
constant at 43ºC, (ii) temperature profile for different configurations of pulse repetition rates and energy levels after illuminating the tissue for 30 s; below the dashed 
line is considered as a safe choice. 

R. Manwar et al.                                                                                                                                                                                                                                



Photoacoustics 32 (2023) 100538

6

blood/brain tissue mixture (20 – 100μl, step size of 20 µL) at a depth of 
approximately 2.5 cm; and (b) same size of hemorrhage (20μl) at depths 
varying from 0.5 cm to 2.5 cm. To quantify, we have utilized a 
wavelength-dependent fluence compensation curve which was gener-
ated based on the measured optical energy at different depths of a sheep 
brain tissue, as explained in [47]. 

2.3.3. Oxygen saturation measurement 
The impairment of blood flow, with subsequent tissue hypoperfusion 

and hypoxia (lack of brain oxygenation), can be caused by a hemorrhage 
or by an ischemic stroke [46]. TFPAI, using at least two wavelengths and 
spectroscopic analysis, is designed to measure oxygen saturation in the 
brain vasculature. We have chosen 758 nm (λ1) where the absorption 
ratio of deoxy-(Hb) and oxyhemoglobin (HbO2) has a local peak. 

According to Wang et al. [77,78], this selection will increase the dy-
namic range of the spectroscopic absorption differences between HbO2 
and Hb and hence improve the accuracy of PA measurements. Using the 
spectroscopy formula, Eq. (1), [77–81], a value for sO2 was obtained. At 
798 nm (λ2) wavelength (isosbestic point), ελ2

HbO2
= ελ2

HbR; therefore, 

Δελ2=798
Hb = 0. First term in the denominator of the original equation (as 

shown below) presented in literature is simplified for further 
calculation. 

sO2 =
CHbO2

CHbO2 + CHbR
=

μλ2
a ελ1

Hb − μλ1
a ελ2

Hb

μλ1
a Δελ2

Hb − μλ2
a Δελ1

Hb

sO2 = −
ε758

Hb

Δε758
Hb

+
ε798

Hb

Δε758
Hb

μ758
a

μ798
a

;Δελ2=798
Hb = 0

(1) 

Fig. 5. TFPAI probe resolution as a function depth. (a) Schematic of the experimental setup, including a hair phantom photograph captured by a 4 × objective on 
a light microscope (SME-F8BH, Amscope, CA, USA). (b) PA image of a hair. The dotted line shows the cross section from which the full-width half maximum (FWHM) 
is calculated. (c) 1D intensity profile obtained from the specified cross section. (d) 2D Gaussian fit of the intensity profile. (e) Axial and (f) lateral resolutions versus 
depth. OPO: optical parametric oscillator. 
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To confirm the ability of TFPAI to measure the sO2, we imaged un- 
diluted heparinized sheep blood in a capillary system with varying ox-
ygen saturations (sO2) and compared the sO2 measurements derived 
from the PA signal amplitude to measurements obtained using a blood- 
gas analyzer (BGA) (Opti CCA-TS, Optimedical, USA). The schematic 
and actual experimental setup are shown in Fig. 8a and b. We varied the 
blood oxygen saturation from 62% to 95% to model the hypoxic and 
normoxic tissue scenarios. As measured by BGA, the sO2 of fresh blood 
was 95%, while the sO2 of blood refrigerated for a few days was only 
60%. To achieve different levels of sO2, the fresh and old refrigerated 
blood samples were mixed at different proportions without exposing the 
samples to the atmospheric air. Specifically, the 95% sO2 blood was 
imaged, followed by mixing 15 mL of this high sO2 blood with 5 mL of 
the 60% sO2 blood. The resulting mixture was continually mixed with 

5 mL of 60% saturated blood until the lowest oxygen saturation (~62%) 
was achieved. The sO2 of the blood mixture was stable during imaging 
and confirmed by measuring the oxygenation level using the BGA before 
and after the imaging. Blood samples for each saturation level were 
imaged inside a low concentration of intralipid-10% (1%) at depths of 
0.5–5.0 cm in 0.5 cm increments. We recognize this low concentration 
of intralipid-10% is a less scattering environment than brain tissue. We 
used this concentration to specifically study the effect of depth and its 
relation to the focal range of the detection transducer on sO2 measure-
ments, without the confounding problems of increased attenuation and 
reduced fluence. 

2.3.4. Vessel rupture and vasogenic edema detection using contrast agent 
When a vessel ruptures in the brain and bleeds, it not only creates a 

Fig. 6. PA versus US amplitude in measuring the severity of hemorrhages. (a) Schematic of the experimental setup. (b) Photograph of heparinized sheep blood 
sample diluted with saline suspended in gelatin phantom mimicking blood in CSF or early-stage intraventricular hemorrhage, and (c) photograph of heparinized 
sheep blood samples mixed with blended brain tissue in gelatin phantom mimicking intracerebral hemorrhage. (d) PA and US signal amplitudes from heparinized 
sheep blood diluted with saline in gelatin phantom. (e) PA and US signal amplitudes from heparinized sheep blood mixed with blended brain tissue in gelatin 
phantom. (f and g) Data points in (d) and (e) at lower concentrations are magnified. The inset in (g) is a magnified version of the specified box in (g). OPO: optical 
parametric oscillator, DAQ: data acquisition, CSF: cerebrospinal fluid. 
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Fig. 7. A feasibility study of TFPAI for detection of intracerebral hemorrhage in an ex-vivo model in sheep. (a) (i)The preparation of the ex-vivo sheep head 
included drilling of a 6 cm diameter cranial window in frontal bone and injection of blood-brain tissue mixture, (ii) experimental setup including sheep head, head 
holder, TFPAI probe, and optical fiber bundle, (iii) sheep head showing probe placement on induced cranial window, (iv) detail of probe with optical fiber bundle and 
placement at the surgically-created cranial window. (b) Hemorrhage detection image processing steps applied on PA images taken from the sheep brain ex-vivo, (i) PA 
image of the sheep brain before blood injection (40 µL), (ii) PA image of the sheep brain after blood injection, (iii) subtraction of the image in (i) from the image in 
(ii), (iv) binarize the resultant image, (v) overlaid hemorrhagic identified region on the US image. (c) The overlaid hemorrhagic area on US images. With increasing 
volumes of injected blood, the hemorrhagic area has increased. Volumes of blood injected were: (i) 20 µL, (ii) 40 µL, (iii) 60 µL, (iv) 80 µL, (v) 100 µL at 2.5 cm deep 
inside the brain tissue. (d) PA images of injected hemorrhage (20 µL) at different depths: (i) 0.5 cm, (ii) 1.0 cm, (iii) 1.5 cm, (iv) 2.0 cm, and (v) 2.5 cm overlaid on 
US images. (e) Actual pixel area of hemorrhages determined from PA and US images as a function of hemorrhage volume (20, 40, 60, 80, and 100 µL), images 
acquired at ~2.5 cm depth. (f) Measured fluence at different depths of brain tissue (0.5–3.0 cm) as a function of wavelength, ranging from 700 nm to 900 nm. (g) 
Normalized, averaged intensity extracted from US image (blue) and normalized, averaged, fluence-compensated intensity extracted from PA image (red), and 
corresponding fitted curves demonstrating quantification of the same hemorrhage (20 µL) at different depths. The fluence compensation curve is shown as an inset. 
SA: subarachnoid, CV: cortical vasculature, RV: right ventricle, LV: left ventricle, SB: skull base. 
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blood clot but also generates edema (swelling, i.e., the extracellular 
accumulation of fluid resulting from disruption of the BBB and extrav-
asations of serum proteins). US imaging is rather insensitive [82] to 
differentiating edema from blood [83,84]. Due to the lack of strong 
absorbing components in the regions of brain edema, no strong PA signal 
is generated in these regions either. Methylene Blue (MB) is an 
FDA-approved contrast agent that binds to plasma proteins and has been 
used in neonatology for the past several years [85]. It is frequently stated 
in blood-brain barrier studies that MB binds rapidly, with good affinity 
to albumin [86,87]. A key criterion for MB dye is that, with a much 
smaller concentration it remains in the circulation at a constant level for 
40 min [87]. Using this contrast agent, quantitative assessments of 
damage to the blood-brain barrier can be realized. The contrast agent 
also lights up the edematous regions. Therefore, we investigated the use 
of MB as a possible exogenous contrast agent for TFPAI to identify the 
localization of the sites of vascular rupture and brain edema regions. 

Vessel Rupture Phantom: The experimental setup is shown in Fig. 9a. 
An agar-gelatin based bilayer phantom was made to model the rupture 
in a vessel (Fig. 9b(i)). Steps 1: a 2 cm thick 3% agar solution in a plastic, 
open-top box was created with two separate cylindrical inclusions. A 
larger diameter inclusion (4 mm) represented the main vessel and the 
smaller inclusion (2 mm deep) represented the location where the 
rupture occurred. A horizontally placed aluminum rod created the larger 
inclusion, and a vertically placed aluminum rod created the smaller one. 
Mold release (Smooth-on Inc., USA) was sprayed on the aluminum rods 
for easy release from agar. Once the agar solution set, an 8% gelatin 
solution was created to surround the main vessel and left at room tem-
perature to cure. Step 2: After both layers were set, the rods were 
carefully taken out to avoid any cracks in the phantom layers. Step 3: 
The smaller inclusion was filled with defibrinated and undiluted sheep 
blood. Step 4: Next, a slight vacuum was applied to the exterior of the 
box to pull the blood into the smaller hollow space, or inclusion. Step 5: 

Fig. 8. Oxygen saturation measurement in-vitro. (a) Schematic of the oxygen saturation measurement and validation setup. (b) Experimental setup of in-vitro 
probe characterization. (i) Laser head, (ii) optical parametric oscillator, (iii) fiber bundle, (iv) energy meter (Gentec-EO, Canada), (v) automatic syringe pump, (vi) 
intralipid solution, (vii) TFPAI probe, (viii) capillary representing vessel, (ix) translation stage, (x) laptop for energy measurement and wavelength switching. (c) 
Homogenized sheep brain tissue was tested for use as a tissue-mimicking environment in in-vitro oxygenation study. Brain tissue mixture (i) whole phantom (initial 
phase) before removing air bubbles in solution generated from the blending, (ii) whole phantom (after removing bubbles), PA images (iii) before and (iv) after 
removing air bubbles. (d) Oxygen saturation of continuously flowing heparinized sheep blood within the range of 62–95% measured by TFPAI at depths of 
0.5–5.0 cm with 0.5 cm increments; compared with and validated by the gold standard BGA measurement results. (e) Average error percentage. OPO: optical 
parametric oscillators, BGA: blood gas analyzer, DAQ: data acquisition. 
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The larger inclusion was filled with heparinized sheep blood. The 
diffused blood from the smaller hollow space mimics the hemorrhage 
model. Step 6: For the detection of rupture location, we created a 1 mg/ 
mL MB saline solution, and slowly injected it into the blood-filled main 
vessel of the gelatin phantom. 

Edema Model Phantom: In another experiment (Fig. 9b(ii)), a 
phantom including an edema model was realized. Step 1: a 2 cm thick 
3% agar solution in a plastic, open-top box was created with one larger 
diameter inclusion (4 mm) representing the main vessel and two smaller 
inclusions (2 mm deep) representing both a rupture location and an 
edema location. Step 2: Similar to Step 2 of the Vessel Rupture Phantom 
method. Step 3: One smaller inclusion space was filled with defibrinated 
and undiluted sheep blood and the other smaller inclusion was filled 
with 1 mL egg white, which contains albumin. Step 4: A slight vacuum 
was applied to the exterior of the box to pull the blood (inclusion #1) or 

egg white (inclusion #2) into the surrounding space. Step 5: The larger 
inclusion was filled with heparinized sheep blood. Step 6: For the 
detection of hemorrhage and edema, we created a 1 mg/mL MB saline 
solution, and slowly injected it into the blood-filled main vessel of the 
gelatin phantom where it diffused into both smaller inclusions. We 
imaged both inclusion locations at three different wavelengths (690, 
758 and 798 nm) every 30 min for 3 h. The images were processed pixel- 
by-pixel using a matrix pseudo-inverse unmixing algorithm to obtain 
concentration of MB in each inclusion. 

Fig. 9. Validation of TFPAI vessel rupture localization and vasogenic edema detection using MB. (a) Schematic of the experimental setup for imaging the 
vessel rupture phantom and edema model phantom. (b) Steps for creating (i) vessel rupture phantom and (ii) edema model phantom (see Section 2.3.4 for a full 
description). (d) (i) injection of blood in the main vessel and imaged at 758 nm, (ii) reduction in PA image intensity when imaged at 690 nm, (iii) intensity increase in 
both main vessel and the rupture location due to presence of MB, imaged at 690 nm. The rupture location is annotated. (e) (i) Molar extinction coefficients from 250 
to 800 nm for MB, Hb, and HbO2. Dashed lines represent wavelengths used in these experiments, (ii) normalized MB concentrations over time for edema-like in-
clusion (with albumin) (red) and hemorrhage-like inclusion (no albumin) (blue) calculated through unmixing of Hb and HbO2 from MB [90]. 
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3. Results 

3.1. TFPAI design optimization: simulation study 

3.1.1. Optical energy delivery optimization 
The impact of fiber parameters and configurations on optical energy 

delivery is shown in Fig. 3. The intensity profile of a single fiber with 
baseline parameter values of diameter D = 0.5 mm, NA = 0.1, bending 
angle θ = 0º (perpendicular), and a distance from the surface H = 5 mm 
is shown in Fig. 3b(i). In Fig. 3b(ii-v), we demonstrate the effect of 
changing each of the design parameters from baseline, in turn, in an 
additive fashion (ii) θ = 60º, (iii) D = 2.5 mm, (iv) NA = 0.4 and (v) H 
= 10 mm. In addition, an optimum arrangement of the fibers was 
explored. For this, various numbers of rows of identical fibers were 
placed on either side of the transducer, and the optical intensity profile 
was computed. In addition to the number of rows, we introduced a 
parameter L, the distance between the first row and transducer edge; the 
width of the probe ranged from 10 to 20 mm. Note that the width of the 
probe did not exceed 4 cm2 area in any configuration. Fig. 3c(i-iv) 
demonstrates examples of light-intensity profiles with varying fiber 
configurations. The green box shows the potential fontanelle area while 
the center green line indicates the axis of the transducer. Optimization 
was performed to maximize the value of M where the M value indicates 
the uniformity and confinement of the intensity profile (for further de-
tails, please see Supplementary Section 1 Eq. (1)). The light intensity 
profile for all permutations of all of the above parameters in both square 
and honeycomb fashion, amounting to a total number of ~124,000 
(configuration ID in Fig. 3d (i)) combinations were obtained. All con-
figurations assumed an equal input energy to the optical fiber bundle. 

These results are shown in the scatter plot of Fig. 3d(i). Each 
configuration ID refers to a specific probe configuration with a known 
set of parameters. The ID with the highest metric (M = 0.7696), that is, 
greatest homogeneity with highest total illumination to the target, 
referred to the probe configuration consisting of 4 rows of fibers in a 
honeycomb pattern, on either side of the transducer with the following 
parameter combination: D=1.5 mm, NA= 0.5, θ= 40º, H=5 mm, and 
L=5 mm (see Fig. 3d(ii)). This configuration was used for all of the 
following experiments. Some of the NAs with/without “fiber bending 
angles” wasted a lot of laser energy because a fraction of the illumina-
tion was outside of the fontanelle area, and that decreased M 
dramatically. 

3.1.2. Energy deposition and thermal safety simulation 
To demonstrate improved energy deposition through a fontanelle 

and to confirm that TFPAI will not cause thermal damage to tissues, we 
simulated energy deposition with a skull and through a fontanelle. We 
considered two geometries in MCX simulations. Initially, we used a 3- 
layer slab model with the top layer representing scalp (2 mm), the 
middle layer – skull (4 mm), and the bottom layer – brain (20 mm), 
shown in Fig. 4a(i). In the second case, we used the same geometry, 
except replacing a 20 × 20 mm2 region of the skull with scalp tissue to 
simulate a fontanelle, as shown in Fig. 4a(ii). Corresponding fluence 
maps are depicted in Fig. 4a(iii and iv). Both tissues were illuminated on 
the surface with the optimized probe configuration described above. 
Due to lower attenuation, the fluence of light after passing through the 
fontanelle is 2.4 times higher than the light passing through the skull, 
see Fig. 4b. 

The TFPAI probe was also characterized and optimized from a 
thermal safety point of view. For thermal calculations, we used readings 
from a sensor array illustrated with black dots in Fig. 4a(ii). 

It is evident that with higher repetition rates the temperature in-
creases very fast even with lower pulse energies, since the tissue has less 
time to cool down; for instance, with 40 Hz repetition rate even with 
10 mJ pulses, a considerable thermal dose is delivered in 30 s [88]. 
Fig. 4c(i) shows the highest thermal dose received by the tissue calcu-
lated based on the CEM43ºC model. The dashed line in Fig. 4c(i) 

corresponds to 1 min of equivalent thermal dose at 43ºC. Fig. 4c(ii) 
shows the maximum temperature rise after 30 s of illumination, which is 
considered the duration of a typical imaging session. Any configuration 
that is below the threshold can be considered safe [88]. Based on these 
simulation models, we selected a 10 Hz laser pulse repetition rate with 
30 mJ pulse energy: well within the safety limit. 

3.2. TFPAI system characterization 

We have experimentally determined the resolution of the TFPAI 
probe, based on L7–4 US transducer, by imaging the 54 µm cross-section 
of a human hair. Fig. 5b-d demonstrate the postprocessing steps (see 
more details in the caption of Fig. 5. As shown in Fig. 5b and c, the axial 
resolution was 500 µm or better up to 5 cm depth, and the lateral res-
olution was around 600 µm or better up to 5 cm depth. 

3.3. Applications of TFPAI 

3.3.1. Comparison between TFPAI and US in hemorrhage quantification 
This study was designed to show the advantage of PA imaging using 

the TFPAI probe over conventional US imaging in quantifying the 
severity of a hemorrhage (located in the ventricular space or resulting 
from an intraparenchymal hemorrhage). Data analysis was performed 
on the signal from the 64th element of the transducer for both PA and US 
experiments. The peak amplitude of the signal was used to determine the 
concentration of blood. We calculated the range of samples in the time 
series within which the peak would be expected to be found using time- 
of-flight calculations. Each experiment was repeated 5 times and each 
time the data was acquired 100 times. A median value was identified for 
each experiment and the error bar shows the variation (that is, the full 
range of values found in all 5 experiments). Comparison of the US and 
PA readings for the hemorrhage-mimicking phantoms are given in 
Fig. 6. To simplify the analysis, the US and PA values were normalized to 
their minimum and maximum values in both graphs. In the case of the 
intraventricular hemorrhage mimicking phantom (Fig. 6d and f), it is 
evident that the PA signal exhibits a steep pattern of linear growth with 
increasing blood concentration, even from very low concentration 
samples (0.2%) whereas, the US signal is incapable of providing a 
meaningful pattern at this concentration (i.e., US cannot quantify low 
blood concentration hemorrhages). Only at concentrations around 6% 
or higher can US detect the presence of blood (still without quantifica-
tion as shown in Fig. 6d). A similar pattern was seen in the intra-
parenchymal hemorrhage mimicking phantom (Fig. 6e and g) where 
TFPAI was able to detect and quantify blood concentration in tissue as 
low as 0.25%. By comparison, the US signal can detect presence of blood 
from 0.8% concentration (with a higher value than the 0% blood value). 
From 1.2%, US signal does increase monotonically. This demonstrates 
that unlike US, PA can quantify blood, even at low concentrations both 
in saline and in the brain tissue phantom. The standard approach for 
determining limit of detection (LOD) for PA and US cannot be deter-
mined analytically, because the calibration curves are nonlinear. 

3.3.2. Ex-vivo hemorrhage detection 
The experimental setup to determine the modeled hemorrhage 

location and size inside the sheep brain ex-vivo is provided in Fig. 7a. The 
data in Fig. 7f represents fluence decay at different depths of the brain 
tissue as a function of wavelength. The modeled hemorrhage size and 
location are determined by counting the number of pixels in the pro-
cessed PA or US image after binarization (see the steps in Fig. 7b, detail 
of the steps is given in the figure caption) [89]. We analyzed hemor-
rhages of different sizes at a single depth (see Fig. 7c, e) and of the same 
size at different depths (see Fig. 7d, g). It is evident from Fig. 7e that the 
PA response has a strictly positive linear relationship with the increasing 
size of hemorrhage. The PA response compares favorably to the US 
response, which has higher standard deviations and a less linear 
response at the lower blood volumes/hemorrhage sizes. 
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To measure the fluence decay profile (see Fig. 7g insert), excised 
sheep brain tissue samples sliced with 0.5–3 cm thicknesses were used. 
An optical fiber bundle was placed on one side of the tissue samples, and 
an energy meter (with 1 cm2 aperture) was placed on the other side 
(with its center aligned to the center of the optical fiber bundle) to 
measure the fluence. The fluence decay curve versus depth was created 
(see Fig. 7f insert). Spline interpolation was used to create the fluence 
decay profile. The fluence decay profile was then used to correct the PA 
image intensity values versus depth. This was accomplished by 
normalizing the fluence decay profile and then dividing the PA image 
pixel value by the corresponding depth-specific value from the 
normalized fluence decay profile. As shown in Fig. 7g, US was able to 
detect the model hemorrhages, but normalized average intensity values 
(representing hemorrhage size) varied widely (<0.5–1 a.u.) by depth. 
By contrast, fluence-compensated PA results showed less than 5% de-
viation (0.95–1 a.u.) over a depth of 0.5–2.5 cm. 

3.3.3. Oxygen saturation measurement 
A comparison between sO2 readings determined by TFPAI and by 

BGA at different depths are provided in Fig. 8. The schematic and actual 
experimental setup are shown in Fig. 8a and b. Since a controlled sO2 
level cannot be achieved ex-vivo, we initially attempted to create a brain 
tissue solution and insert a blood vessel-mimicking tube filled with 
defibrinated sheep blood. 

However, the bubbles in between the small pieces of brain tissue 
generated a high PA background signal (see Fig. 8c (i-iv)). Therefore, we 
utilized an intralipid-based brain tissue-mimicking phantom. The PA- 
based sO2 values were calculated using Eq. (1) and Fig. 8d shows the 
sO2 measurement at varying depths (0.5 – 5.0 cm) and O2 concentra-
tions (62–95%). Fig. 8e graphs sO2 error by depth, (error bars represent 
the percent deviation from BGA measurements). Each point in the graph 
is the average of 100 PA signal acquisitions that were normalized by the 
corresponding laser energy. The extracted oxygenation results exhibit 
less than 3.2% deviation from the BGA measurements (i.e., “gold 
standard”). 

3.3.4. Vessel rupture and vasogenic edema detection 
Vessel Rupture Detection: Following the method described in Section 

2.3.4, after Step 5, the phantom was imaged at 758 nm as shown in 
Fig. 9c(i). It is clear that the signal generated from blood made it difficult 
to localize the rupture. Changing the wavelength to 690 nm showed a 
reduction in blood signal (Fig. 9c(ii)). For the detection of rupture 
location, we slowly injected a 1 mg/mL MB (in saline) solution into the 
main vessel of the gelatin phantom (Step 6). We observed the movement 
of the dye in the vessel-like tube, and could readily detect the rupture 
location (Fig. 9c(iii)). This is because the molar extinction coefficient of 
MB is much higher at ~690 nm (Fig. 9d) than hemoglobin. 

Vasogenic Edema Detection: The two inclusion phantom (edema +
hemorrhage) was imaged over time as described in Section 2.3.4 at 690, 
758 and 798 nm every 30 min for 3 h. The images were processed by 
spectral unmixing to determine relative concentration of MB in each 
inclusion. Results are shown in Fig. 9d(ii). The dye flowing through the 
edema bonded with the albumin leading to sustained high concentration 
levels, while unbound MB continued to diffuse through the hemorrhage 
model and hence a reduction in MB concentration was observed. This 
experiment establishes the proof of concept that the proposed TFPAI 
probe is capable of differentiating edema from hemorrhage by utilizing 
an exogenous contrast agent. 

4. Discussion 

To model potential applications of TFPAI in the NICU, several sce-
narios related to hemorrhage were studied through a series of in-vitro 
and ex-vivo experiments and the performance of TFPAI was evaluated. 
We showed TFPAI capabilities for identification of hemorrhage location 
and size, detection of blood in ventricular CSF, accurate determination 

of tissue oxygen saturation, and vessel rupture and edema localization. 
An in-vitro model of a germinal matrix hemorrhage, i.e., a hemor-

rhage that originates due to the rupture of germinal matrix, with pro-
gression (Grade I and II) towards the lateral ventricles was replicated by 
diluting blood samples to different concentrations and TFPAI was able to 
detect and quantify a concentration as low as 0.2% blood, whereas US 
imaging could perhaps detect, but not quantify concentrations below 3% 
blood (Fig. 6d and f). In neonates, CSF has a total volume of 9–14 mL 
[91] which means TFPAI may be capable of detecting as low as 18 µL of 
blood mixed with CSF. In reality, CSF flows out of ventricles and a small, 
slow bleed into the ventricles often leads to no bleeding being observed 
in US images until the blood volume is greater than 5% of ventricular 
space. Further, we used a phantom consisting of a mixture of brain tissue 
and blood embedded in gelatin to mimic a severe hemorrhagic lesion 
(IVH causing ventriculomegaly, and intraparenchymal hemorrhage). A 
minimum concentration of 0.25% blood + tissue was successfully 
identified by the TFPAI system, in comparison to the minimum con-
centration of 1.2% detected by US (See Fig. 6e and g). In the future, we 
expect this ability to differentiate between blood and other materials 
will persist in-vivo. 

Further characterization of TFPAI for detecting intracerebral hem-
orrhage was carried out ex-vivo. A blood clot mixed with brain tissue was 
differentiated from nearby healthy tissue. We showed that a hemor-
rhagic lesion with a minimum diameter of 1 mm (20 µL) at a depth of 
2.5 cm can accurately be detected using TFPAI (see Fig. 7c). A linear fit 
model based on least square error demonstrated improved linearity 
between pixel areas and the modeled intracerebral hemorrhage size 
(injected blood volume) for PA (R2: 0.98) as compared to US (R2: 0.81) 
(see Fig. 7e). From a clinical point of view, the improved predictability 
of PA results could better quantify the amount of bleeding into the brain 
tissue and better determine hemorrhage location within the brain. The 
benefit of correctly identifying small concentrations of hemorrhage al-
lows for earlier additional diagnostic and therapeutic interventions, 
which may reveal underlying medical issues, such as clotting factor 
disorders, vitamin K deficiency, thrombocytopenia, or other causes of 
hemorrhagic events so appropriate treatments can be initiated promptly 
to minimize the risk of future neurological complications. We observed 
US, at low concentrations, was not as quantifiable as PA (Fig. 7e). US 
was also shown to be not able to quantify hemorrhage volume (repre-
senting severity) at different depths (Fig. 7g). US shortcomings at 
hemorrhage characterization may mislead clinicians, causing less ac-
curate diagnoses and potentially unnecessary interventions. 

The TFPAI probe was tested in-vitro to evaluate its performance in 
terms of accuracy in measuring oxygen saturation by comparison with 
BGA results. We measured sO2 values in an appropriate range (encom-
passing hypoxia and normoxia) up to 5 cm depth (see Fig. 8d). When 
compared to the gold standard BGA results, average error was around 
2%. We tested the accuracy of the TFPAI probe for the measurement of 
sO2 at different depths (see Fig. 8e). Unlike pulse oximetry (which col-
lects information from the entire tissue sampled), TFPAI quantifies 
oxygenation at specific locations and depths, which could provide 
important diagnostic information. Relative accuracy between TFPAI and 
pulse oximetry cannot be determined, however, from our strictly in-vitro 
results. [92–94]. Assessment of cerebral tissue hypoxia in neonates is 
extremely useful in the clinical setting, and could become an important 
application of TFPAI. Acute and chronic episodes of hypoxia can lead to 
damage of BBB through the inflammatory response, and may cause 
disability or death in neonates [95]. Functional MRI is currently the 
method of choice for investigating neonatal hypoxic and ischemic 
events, however, this is not feasible when the neonate is in a clinically 
unstable condition [96,97]. 

Vasogenic edema following hemorrhage or ischemia/reperfusion 
injury (vessel rupture) is currently detected using contrast-enhanced 
MRI [98]. In this study, we demonstrated that the extravasation of al-
bumin (modeling blood plasma proteins, the main component in edema) 
can be detected using the exogenous contrast agent MB (see Fig. 9d(ii)). 
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We also demonstrated the capability of TFPAI for the identification of 
the location of a vessel rupture (see Fig. 9c (i-iii)). Other organic and 
inorganic FDA-approved optical contrast agents can be utilized [99]. 
Taken together, these capabilities suggest TFPAI could potentially 
enable earlier detection of vascular dysfunction and bleeding in the 
neonatal brain. 

This study was focused on demonstrating the potential applications 
of TFPAI and the evaluation of its performance in an environment that 
models transfontanelle imaging in an actual neonatal head. However, 
there are several limitations observed in terms of the design and probe 
application: (1) a more optimum fiber bundle configuration can be 
developed (e.g. see [100,101]); (2) a more sophisticated illumination 
scheme could be found; (3) higher sensitivity transducers could be used; 
and (4) most importantly, the method must be tested in-vivo. During the 
design phase, a major concern was the limited fontanelle area that 
eventually posed two constraints: (1) not able to maximize the number 
of rows of optical fibers since it would not be beneficial if part of the 
light is outside the fontanelle area and (2) not able to increase the optical 
energy due to potential tissue damage. The laser itself is non-ionizing, 
but the primary concern of this modality is possible effects on the skin 
of the newborn. For in-vivo measurement, a continuous temperature 
regulation mechanism could be introduced to suppress temperature 
build-up (without inducing hypothermia). Limited optical energy and 
area of illumination adversely impact the PA signal and image quality. 
To increase penetration depth and extract structural components located 
deep inside the brain, advanced signal enhancement and image recon-
struction algorithms should be implemented. Based on the in-vitro and 
ex-vivo studies included in [102] and this report, it is suggested that 
TFPAI can potentially detect and quantify earlier-stage hemorrhages (i. 
e., lower concentrations of blood in CSF and smaller volumes of intra-
cerebral and subependymal hemorrhages) than US imaging. However, 
this statement has only been studied under in-vitro and ex-vivo condi-
tions and must be further evaluated in-vivo for translation of TFPAI to 
the clinic. 

After qualifying the system in-vivo, the applications of TFPAI can 
potentially be expanded to diagnosis of ischemic events and ischemia- 
reperfusion injuries of neonatal brain. For example, using a neonatal 
porcine model of hypoxia-ischemia brain injury, Kang, et al. [103] has 
demonstrated a robust linear correlation between PAI-based measure-
ments of sagittal sinus sO2 with those measured directly by blood sam-
pling over a wide range of conditions. In another study by the same 
group [104], it has been demonstrated in neonatal piglets that trans-
cranial PA neuroimaging can be used to detect a regional thrombotic 
stroke in the cerebral cortex and that the oxygen saturation metric can 
be used alone to identify regional stroke lesions. 

5. Conclusion 

We have demonstrated some potential capabilities of TFPAI for 
diagnosing brain injuries in neonates through a series of in-vitro and ex- 
vivo experiments. TFPAI requires many more optimizations and evalu-
ations in-vivo to be established as a neuroimaging modality in the NICU. 
Based on the results we have presented, we expect that TFPAI would 
provide complementary information for existing TFUSI systems that are 
routinely used in the NICU and also be able to map brain perfusion 
similar to fMRI with no need for sedation, radiation, or radionuclides. 
The proposed TFPAI technology is intended as a point-of-care non- 
invasive diagnostic device, which can be utilized immediately and 
repeatedly after birth. While the cost of building a TFPAI system for 
clinical use would be higher than off-the-shelf TFUSI, the estimated cost 
of a TFPAI procedure will be similar to the cost of a TFUSI procedure and 
holds the promise of reducing preventable complications due to brain 
injury by identifying various intracerebral events earlier. 
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