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Peripartum asphyxia is a common cause of cerebral hypoxia and when severe can 

lead to neuronal injury and hypoxic-ischemic encephalopathy (HIE) in the newborn. HIE 

has been reported up to 3/1000 live births with a high mortality of up to 50% and 25% of 

survivors developing permanent neurological disabilities. Cerebral hypoxia in neonates is 

a diagnostic challenge due to a combination of poor correlation between hypoxia severity 

and physical exam findings, as well as a lack of methodology to quickly and accurately 

measure cerebral venous oxygen saturation. While diagnosis of neonatal cerebral hypoxia 

is limited, treatment with cerebral hypothermia has shown to decrease both mortality and 

long-term neurodevelopmental disabilities in neonates with moderate to severe cerebral 

hypoxia. Clinicians are still in need of timely and accurate tests to diagnose cerebral 

hypoxia prior to treatment. Invasive internal jugular (IJ) catheters can provide an 

assessment of cerebral hypoxia with poor clinical outcomes seen once saturation is below 

50%, but this method of assessment is not practical for routine screening use in a neonate 

due to risks and procedure complications. A non-invasive measurement of cerebral venous 

oxygen saturation could diagnose cerebral hypoxia earlier and help stratify neonates at risk 

to further improve clinical outcomes.  Our project objective is to evaluate a laser 



vi 

optoacoustic device for non-invasive monitoring of cerebral venous oxygen saturation 

through the open anterior/posterior fontanelles in neonates. Sheep models have shown this 

device can accurately measure cerebral venous oxygen saturation. We initially evaluated 

our laser optoacoustic system using plastisol phantoms of the neonate superior sagittal 

sinus, and then obtained measurements from clinically stable neonates in the UTMB 

neonatal intensive care unit. Analysis of these neonates provided initial data on the range 

of cerebral venous oxygen saturation levels in clinically stable neonates. The ultimate goal 

of this work is to identify a device that can quickly and accurately diagnose neonates at 

risk for cerebral hypoxia and in turn improve mortality and neurological disabilities in these 

at-risk patients. 
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Chapter 1 INTRODUCTION 

Cerebral Hypoxia in Neonates 

Cerebral hypoxia is a lack of oxygen supply to the brain and occurs due to many 

etiologies in adults, such as traumatic brain injury or stroke, but in neonates commonly 

manifests due to peripartum asphyxia in which hypoxia leads to impaired oxidative 

metabolism and subsequent excitotoxicity. When cerebral hypoxia is severe the term more 

commonly used is hypoxic ischemic encephalopathy (HIE), with an incidence of 3/1000 

live births [1–3] in developed countries and estimated much higher in undeveloped 

countries [4,5].  Globally, asphyxia has been implemented in millions of neonatal deaths 

[6]. Approximately 20-50% of newborns with HIE die within the first month of life, and 

25% of survivors develop permanent neurological deficits [1]. Lack of perfusion during 

this period is a major contributor to both neonatal morbidity and mortality, causing multiple 

long term neurological disabilities including mental retardation, motor dysfunction and 

epilepsy [1,3,7,8]. Unfortunately, there has been minimal improvement in diagnosis of 

cerebral hypoxia in neonates and infants because clinical exam is the current primary 

method of evaluation and diagnostic tests are not available. 

Mechanisms of cerebral hypoxia injury stem from prior rat models [1,9] in which 

carotid artery ligation or low oxygen inhalation led to cerebral hypoxia causing impaired 

oxidative dysfunction and subsequent anaerobic metabolism causing lactic acid 

accumulation. Additionally it is thought glutamate imbalance and mitochondrial 

dysfunction contribute to eventual reactive oxygen species formation, cell death apoptosis 

and necrosis [2,10]. Interestingly, piglet, rat, and neonatal modes [11,12] suggest that 

injury from cerebral hypoxia occurs in two phases, with an immediate neuronal injury in 

severe hypoxia followed by a latent period of several hours (6-24 hrs) in which a delayed 

energy failure occurs [2,13] leading to further injury and neonatal encephalopathy. This 
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delayed phased has been supported by accumulation of metabolites related to neuronal 

death when evaluated with magnetic resonance spectroscopy (MRS). This second phase of 

injury is thought to be a major contributor to neonatal encephalopathy and a majority of 

the cell death [13]. Additionally decreased cerebral blood flow is believed to occur in 

conjunction with severe hypoxia due to impaired cardiac output with shunting of blood 

from the anterior cerebral circulation to posterior cerebral circulation in order to maintain 

adequate oxygen supply to the brainstem, preserving respiratory function with injury 

limited to the peripheral cortex and watershed territories [5].  

The clinical manifestations of cerebral hypoxia are described as neonatal 

encephalopathy, and include multiple exam findings such as seizures, altered 

consciousness, respiratory depression, poor feeding, abnormal muscle tone, and others 

[2,5,10]. While these clinical findings are apparent with severe HIE, evaluation for hypoxia 

becomes more difficult with mild and moderate HIE [3]. Longitudinal studies that followed 

neonates with severe hypoxia demonstrated profound mental and physical development 

delays such as in cerebral palsy, with much more variable outcomes in mild/moderate 

hypoxia cases. The Sarnat staging classification system for HIE has been developed to 

categorize infants into mild/moderate/severe HIE based on physical exam findings and 

duration of symptoms, although there is variable correlation with outcome [3]. When 

hypoxia is severe, multiple clinical conditions  and diagnostic tools can suggest prognosis, 

including abnormal fetal heart tones, metabolic acidosis, delayed onset spontaneous 

breathing, arterial cord blood sampling, abnormal APGAR scores, multiple organ failure, 

or known hypoxic event (i.e. uterine rupture, nuchal cord, placentae abruption) [3,8,14].  

Fortunately, the recent development of hypothermia treatment protocols [2,13,15–

17] for HIE have shown improved outcomes both in morbidity and mortality, although 

there is debate with timing of treatment and variable outcomes with less severe hypoxia. 

As a delayed neuronal injury is thought to occur hours after the initial hypoxic insult, a 

suggested treatment window of when neonates should receive therapy to prevent further 
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injury is under evaluation [2,13]. The combination of difficulty with clinical examination, 

variable outcomes, therapeutic window and recent development of treatment emphasize 

the need for a diagnostic test that can provide quick and accurate assessment of cerebral 

hypoxia to stratify patients and guide physicians in clinical management. 

 

Treatment of Cerebral Hypoxia in Neonates 

Initial treatment for suspected HIE typically has traditionally involved supportive 

care, and consists of maintaining respiratory oxygenation, blood pressure, fluid/nutrition 

status, and use of antiepileptics [5] if seizures occur. The recent identification of 

hypothermia as a means to reduce hypoxic injury in cases of HIE has been explored with 

both whole body and selective head cooling [18]. Neonates are cooled to 33.5˚C-35˚C, with 

multiple studies demonstrating a statistically significant improvement in both morbidity 

and mortality in neonates diagnosed with moderate-severe HIE to 18 months of age [13]. 

Additional studies were followed up at 22 month and 7-8 years, and demonstrated 

continued improved outcomes in neonates who had received hypothermia [5,15,19]. Long 

term developmental deficits are seen even in neonates who did not have significant 

disabilities initially, as there appears to be subtle deficits seen in cognitive skills such as 

reading, writing and memory as well as deficits in fine/gross motor skills and increased 

rates of attention deficit-hyperactivity disorder in these patients [15,19]. Hypothermia is 

considered to be safe without any increased neurodevelopmental deficits when compared 

to supportive care, and is considered standard of care for moderate/severe HIE [15,18]. 

Hypothermia does cause complications such as arrhythmias and coagulopathy, but these 

conditions are more commonly noted at temperatures that are not used for treatment of HIE 

[20]. 

Although these studies show hypothermia can improve clinical outcomes in 

neonatal HIE, there is uncertainty on when to implement hypothermia and the duration of 
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treatment. Additionally, there has not been a notable improvement in outcomes for 

mild/moderate HIE [13]. Some initial studies show that early initiation of hypothermia 

treatment had improved outcomes [15] when compared to later implementation [18]. 

Specifically, treatment before 3 hours of age demonstrated improved motor outcomes in 

neonates with moderate-severe hypoxia compared to treatment after 3 hours, underscoring 

the need for a diagnostic test for the diagnosis of HIE that can be rapidly administered and 

interpreted [18].  

While the underlying goal of hypothermia therapy is to reduce neuronal tissue 

injury, the mechanism of hypothermia treatment success is not well understood. 

Hypothermia has long been used as a neuroprotective strategy  after cardiac arrest [20]. 

The proposed physiology is that hypothermia leads to reduced energy consumption, 

leading to decreased lactic acid and glutamate accumulation and a subsequent decrease in 

inflammation and programed cell death [2,13,20]. Studies in piglets treated with 

hypothermia demonstrated a decrease in the number of apoptotic cells [12,21]. 

Additionally recent evaluation of neonates with HIE treated with hypothermia 

demonstrated improved neurological outcomes in those which had preserved mean arterial 

pressure [22]. Both head and whole-body cooling studies demonstrate hypothermia can 

improve both morbidity and mortality. More studies are needed to evaluate when and how 

long treatment should be implemented, which neonates are most at risk and evaluation of 

management with traditional conservative therapies. Clinicians are in need of a rapid and 

accurate diagnostic test that could both screen and stratify neonates for cerebral hypoxia. 

 

Invasive Monitoring of Cerebral Hypoxia 

In the adult patient, monitoring of cerebral hypoxia utilizes invasive catheterization 

of the internal jugular (IJ) vein to measure jugular venous oxyhemoglobin saturation 

(SjO2). The internal jugular veins receive blood from the entire brain as a common drain 
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of the sigmoid sinuses. The internal jugular veins vary in size, with the right typically larger 

and thus more commonly accessed [22, 25]. There is debate whether this would affect 

unilateral brain injury evaluation [26]. Currently SjO2 is used in multiple clinical settings, 

including traumatic brain injury (TBI), stroke, and during cardiovascular surgery as a 

marker for cerebral hypoxia [23]. Previous studies have shown poor outcomes in adults 

when prolonged IJ venous oxygen saturation is below 50%, with upper limits of normal 

range at 75% [23–25]. The cerebral hemodynamics in the neonate are not well understood, 

and are likely dynamic and complex due to changes from in-utero life and immediate 

postnatal changes. There is limited data on the normal range of venous oxygen saturation 

levels in neonates, with data from near-infrared Spectroscopy (NIRS) studies showing 

variability within the first few weeks of postnatal life [26] and with elevated tissue 

saturation levels in neonates with hypoxia who had worse later outcomes [27]. 

As mentioned previously, SjO2 is obtained in the adult by inserting a fiber optic 

catheter into the IJ vein, and is estimated based on the differences of absorption coefficient 

of oxygenated hemoglobin. Different wavelengths can be used to calculate SjO2. Typically 

one fiber directs the light and another fiber absorbs the reflected light at different 

wavelengths to provide the oxygen saturation measurements [28]. 

Unfortunately, this method estimates the SjO2 from IJ venous oxygen saturation, 

which is representative of blood returning from the entire brain. Measurements may be 

artefactual with injury in neonates due to suggested autoregulation that occurs during 

hypoxia in which blood is shunted from cortical structures to the brainstem in order to 

preserve respiratory status [5]. The superior sagittal sinus (SSS) (Figure 1) is a major blood 

vessel that drains the cortical structures. Measurements from this structure could provide 

an earlier and more accurate assessment of neonatal cerebral hypoxia, as blood from the 

cortex and not the brainstem drains into this important vein, and may provide a more 

accurate representation of cerebral oxygen saturation. In support of this, prior piglet studies 

have shown differences between direct measurements from IJ vein and SSS [29]. As the 
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methodology stands, SjO2 acquisition requires an invasive procedure, which holds inherent 

risks including accidental internal carotid puncture, venous thrombosis, subcutaneous 

hematoma, line infection/sepsis and others [23,30]. While these risks are considered low 

in adults due to the large vein size and the current use of ultrasound guidance, the procedure 

would not be acceptable as a screening tool in neonates due to these multiple risk factors, 

enforcing the need for safe alternative methods for cerebral venous oxygen saturation. 

An additional, less invasive test to evaluate for fetal distress during labor includes 

fetal scalp blood pH analysis. The scalp can commonly be accessed through the vaginal 

canal during labor and scalp blood can be analyzed to evaluate for metabolic acidosis, a 

sign of hypoxia. This could be pursued if there was concern for fetal distress such as 

abnormal fetal heart tones on electronic fetal heart rate monitoring. Unfortunately there 

was no significant correlation of outcomes with scalp blood pH and the procedure has a 

high sampling failure rate [31]. 
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Figure 1: Magnetic resonance venography coronal (A) and sagittal (B) images 

demonstrating the superior sagittal sinus (red arrow) which eventually drains to the internal 

jugular veins (yellow arrows). 

Non-Invasive Monitoring of Cerebral Hypoxia 

Due to risks with invasive catheter placement and the need for rapid neonatal 

evaluation of cerebral hypoxia, there have been multiple attempts to provide a quick non-

invasive diagnostic and prognostic tests such as near-infrared spectroscopy (NIRS), 

electroencephalogram (EEG), magnetic resonance imaging (MRI), magnetic resonance 
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spectroscopy (MRS) and cerebral ultrasound (US), but with variable outcomes [32]. The 

use of EEG evaluates the electrical activity of the overlying cerebral cortex that can be 

used both safely and quickly. Poor outcomes are seen in HIE when seizures [33] are 

involved but more studies are needed to evaluate subtle EEG changes when no seizures 

have occurred. MRI can provide exquisite detail of brain anatomy with diffusion weighted 

imaging (DWI) delineating areas of early ischemic changes accurately, but unfortunately 

they are time extensive, expensive and neonates would need sedation, excluding its use as 

a quick screening tool. MRS can evaluate metabolites in the brain which are used as 

markers for ischemia, such as lactate and choline, but encounters similar issues that occur 

with MRI. Cerebral ultrasound is quick and cost-effective, and typically show structural 

injury changes from extensive hypoxia. Unfortunately these examinations commonly 

identify changes of ischemic insult that have occurred after the delayed neuronal injury [5] 

outside the proposed therapeutic window, limiting their roles in the detection of neonatal  

hypoxia.  

Currently electronic fetal monitoring (EFM) is one of the most common ways used 

to estimate for peripartum fetal distress, and involves monitoring fetal heart rate as well as 

maternal uterine contraction. Alteration of fetal heart rate such as tachycardia or 

bradycardia can be seen with fetal distress and are thought to occur from hypoxia and HIE, 

but a large false positive rate has also been identified with this modality [34]. While EFM 

is thought to decrease neonatal morbidity/mortality by allowing for early intervention such 

as a cesarean section, there has been debate on the actual improvement of neonatal outcome 

[35] and could potentially be a source of unnecessary increased surgical intervention [36]. 

NIRS is a noninvasive method to monitor regional cerebral oxygenation by 

measuring light returning from strongly scattering tissues. NIRS transmits light via a fiber 

optic which is received by an optical detector after passing through tissues of varying 

density (Figure 2). The differences in the two wavelengths are used to calculate 

oxygenation of the cerebral tissues [37,38]. Unfortunately this technology cannot evaluate 
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oxygen saturation from individual veins as it assesses superficial regional brain tissue 

oxygenation (mixture of arterial/capillary/venous blood) [39,40]. This regional 

measurement may limit the ability of NIRS to identify cerebral hypoxia due to proposed 

cerebral autoregulation during brain ischemia in which vasodilation would increase arterial 

oxygen saturation altering the measurements seen with NIRS [26]. Direct venous oxygen 

saturation measurements from a major cortical draining vessel such as the SSS could 

provide a more accurate assessment of venous oxygen saturation status [41] rather than a 

measurement of mixed vasculature oxygenation. Additionally, study-to-study variability is 

another important limitation of this technology [42–44]. 

 

 

 

Figure 2: Illustration of NIRS signal acquisition from cerebral and overlying tissues. 
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We have designed a novel optoacoustic laser device which uses optoacoustic 

(ultrasound) waves generated by pulsed light to target an individual vessel to measure 

cerebral venous oxygen saturation. The optoacoustic technology combines optical contrast 

with ultrasound resolution. Using this technology we can target a large cerebral draining 

vein such as the superior sagittal sinus (SSS) in order to measure venous oxygen saturation, 

rather than a mixture of signals from vessels and parenchyma as seen in NIRS. We propose 

that our novel non-invasive optoacoustic device can target the neonatal SSS and measure 

SSS venous oxygen saturation. First, we will evaluate our device in a neonatal SSS plastisol 

phantom. Subsequently, we will evaluate optoacoustic signal acquisition and SSS oxygen 

saturation measurements in a group of healthy neonates. This preliminary study will 

provide crucial initial information on the capability of our device to obtain signal in a 

variety of neonates and the range of cerebral oxygen venous saturation in clinically stable 

neonates. 

 

Chapter 2 PRINCIPLES OF OPTOACOUSTICS 

Optoacoustic Background 

The basis of optoacoustics is that absorption of light in a media will lead to an 

increase in temperatures inducing thermal expansion with subsequent pressure wave 

production that can be detected with an ultrasound probe (Figure 3). The combination of 

optical generation of optoacoustic waves with time-resolved detection of the waves allows 

for oxygen saturation measurements directly from vessels such as the SSS.  

Figure 3: Optoacoustic pressure wave generation by light pulses. 
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The thermal expansion pressure formation P (z) after administration and absorption of light 

energy in a media can be calculated by following equation: 

 

        P=ρocs
2β T    (1) 

 

in which ρo (kg/cm3) is the medium density, cs (cm/s) is the speed of sound, β (1/oC) is the 

thermal expansion coefficient, and T (K) is the temperature increase within the medium. 

The temperature rise is related to the laser fluence (F): 

 

     T= μaF/ρocp                  (2) 

 

in which Cp (J/goC) is heat capacity, F (z) (J/cm2) is laser fluence, and μa (cm-1) is the 

absorption coefficient of the medium irradiated. When these equations are combined we 

obtain: 

 

                    P (z) = (βcs
2/Cp) μaF (z) = ΓμaF (z)                     (3) 

 

in which the GrÜneisen parameter Γ= βcs
2/Cp.  Per Beer-Lambert law, transmittance 

decreases exponentially in an absorbing medium:  

 

        zaeFzF


 0        (4) 

 

The absorption within the media can be combined with the prior equation for the following: 

 

   P (z) = ΓμaF (z) = Γμa 
zaeF



0       (5) 
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These equations demonstrate how the pressure wave amplitude received by the ultrasound 

probe is proportional to laser fluence, absorption coefficient of media and Gruneisen 

parameter [45]. As z and t are related as: z = cs t, then the temporal profile P (t) of the signal 

obtained is proportional the attenuation coefficient of the media as well as speed of sound: 

 

   P (t) = Γμa
tcsaeF



0        (6) 

 

With these equations we can then measure the depth of the blood vessel of interest. As the 

pressure depends linearly on the absorption coefficient we can evaluate the varying 

absorption coefficients between both oxygenated and deoxygenated hemoglobin. When 

light interacts with a strongly scattering medium there are three major types of interactions: 

absorption, scattering and effective attenuation. They are characterized by absorption (μa), 

scattering (μs) and effective attenuation (μeff) coefficients [45,46]. The effective attenuation 

in scattering media is described as:  

 

       )1(3 gsaaeff             (7) 

 

The anisotropy factor (g) defines whether light is scattered forward, backward or in other 

directions [47]. In the near infrared spectral range (600-1300 nm), which is the range of 

our pulsed lasers, there is decreased scattering and absorption coefficients of tissues that 

allows for deeper penetration of light. From the previous equations we can incorporate the 

effective attenuation coefficient as follows: 

 

    P (t) = Γ·μa
)(

0

tcseffeF


           (8) 

 

With this equation there is a direct relationship of the signal temporal profile with 

the attenuation coefficient of oxygenated hemoglobin and speed of sound. As the 
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absorption coefficient of hemoglobin depends on its oxygenation, we can predict the 

oxygen saturation based on different pressure amplitude generation. We can predict 

hemoglobin oxygen saturation by using the coefficients of a linear fit ratio to the 

interpolated data of hemoglobin oxygen saturation levels. Since the amplitude of 

optoacoustic signal generated is linearly proportional to the absorption coefficient we can 

use a formula of the ratios of the peak to peak amplitudes at 800 nm and 760 nm using 

linear fit, hemoglobin oxygen saturation = 1.54 - 0.76 x (amplitude of 760 nm/ amplitude 

of 800 nm). 

The differences in absorption coefficients of hemoglobin as well as water 

absorption coefficient can be seen in Figure 4. Human tissues are predominately comprised 

of water. However, the wavelengths utilized in our experiments are below water absorption 

coefficients, ranging from (760-800 nm).  Hemoglobin has a high absorption coefficient in 

the near infrared range with the absorption dependent on oxygenation levels [48]. Of 

importance, with light at 800 nm (the isobestic point) there is no difference in the 

absorption coefficients of oxy- and deoxygenated hemoglobin while there is a difference 

at 760 nm. The significant difference between oxygenated and deoxygenated hemoglobin 

absorption coefficients in the near infrared spectral range will allow increased sensitivity 

in signal acquisition despite attenuation by chromophores such as melanin in the skin. 

Melanin does have a high absorption in the near infrared range but consists only of a thin 

layer in the superficial dermis with the absorption spectra that has a mildly flat course at 

the wavelengths we are measuring [49]. Additionally using the peak amplitudes of two 

wavelengths (760 and 800 nm) that are close together we can limit the effects of melanin’s 

absorption on our measurements [50]. Additional chromophores, such as cytochrome c, 

will be in the tissues we are evaluating but their absorption coefficients are minimal in the 

wavelength range we are utilizing [51].  
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Figure 4: Absorption coefficients spectra of oxygenated/deoxygenated blood and H2O  

 
[52] with the isobestic point at 800 nm (yellow circle).  

By comparing the absorption amplitude differences with 800 nm and another 

wavelength such as 760 nm in which amplitude varies with hemoglobin oxygenation 

(Figure 5) we can predict hemoglobin oxygen saturation. This is done by algorithms using 

the exponential slope or amplitude of signal obtained at these two wavelengths. The 

selection of 760 nm was based on the large difference between of oxygenated and 

deoxygenated Hb (Figure 4), while 800 nm serves as a reference wavelength. The plotted 

estimates of varying oxygenation saturation levels based on absorption coefficients (Figure 

600 800 1000 1200 1400
0

2

4

6

8

10

 water

 HbO
2

 Hb

 

 

A
b
so

rp
tio

n
 C

o
e

ff
ic

ie
n

t 
(c

m
-1
)

Wavelength (nm)



 

15 

5) correlated well when compared to in-vitro sheep blood (Figure 6) measured in cuvettes 

[52]. Additional animal studies were performed in which venous oxygen saturation was 

varied by changing the fraction of oxygen with inhaled gas (FiO2) and measuring the 

cerebral venous oxygen saturation with our laser optoacoustic device that demonstrated 

accurate measurements between invasively obtained SSS venous samples and our device 

[53–56].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 5: Spectra of absorption coefficients of Hb plotted with 10% oxygenation 

increment. The spectra are obtained using the data from Prahl [57].   
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a thin layer of covering soft tissues. The anterior fontanelle is the largest in human neonates 

and is open for several months while the posterior fontanelle is smaller in size. Since this 

fontanelle is not covered by bone (Figure 7), only by a thin soft tissue overlying the SSS, 

it allows for excellent acquisition of the SSS signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 6: Effective attenuation coefficients at different hemoglobin saturation [52]. 

Our project will utilize a non-invasive optoacoustic device to measure cerebral 
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SSS and overlying soft tissues. Subsequently we obtained measurements from neonates in 

the neonatal intensive care unit at UTMB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Neonatal 3D CT head demonstrating open fontanelle between skull bones (green 

arrow). 
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Optoacoustic Detection: Reflection and Transmission Modes 

As per Beers-law, a light is attenuated exponentially within an absorbing medium, 

meaning as light passes through a medium, energy is absorbed by the medium and results 

in a reduction in light intensity [38]. This exponential growth of optoacoustic signal will 

depend on the effective attenuation, based on the combination of tissue scattering and 

absorption coefficients. We will be testing two different laser modes in these studies, which 

differ primarily in the placement of the optoacoustic detector. In both modes, the laser 

enters the tissue and is attenuated by the tissue. In reflection mode, the ultrasound records 

the pressure wave reflected back to the position of the laser (Figure 8). In transmission 

mode, the transmitted light travels through the tissue and the ultrasound pressure wave is 

recorded opposite of the laser pulse (Figure 9). A wide-band ultrasound probe was 

calibrated to receive the appropriate signal amplitude produced from hemoglobin by using 

a central frequency that can evaluate for the attenuation coefficient of hemoglobin in the 

range of near-infrared light.  Our probes are manufactured so that it can perform both in a 

reflection and transmission mode.  

Pre-amplifiers were also calibrated to obtain a signal-to-noise ratio (SNR) adequate 

to provide an acceptable optoacoustic signal. The optoacoustic probes were designed to be 

hand held and small in order to facilitate use by medical providers in the confined areas 

that are commonly encountered in the hospital such as neonatal or pediatric intensive care 

units. 
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Figure 8: Representation of laser optoacoustic measurements in reflection mode.  
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Figure 9: Representation of laser optoacoustic measurements in transmission mode.  

 

Optoacoustic Setup  

Our optoacoustic setup is based on a laser diode system which was developed and 

built using our experience with optoacoustic systems utilizing optical parameter oscillators 

(OPOs) [59–63] (Opolette HE, Opotek Inc., Carlsbad, CA) as a pulsed laser light source. 

OPO-based optoacoustic systems are large devices (Figure 10A) and not easily 
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maneuverable in small confines. The optoacoustic system our lab developed uses a multi-

wavelength fiber-coupled laser diode and allows us to perform optoacoustic monitoring in 

small confines (Figure 10B). Additionally, we implemented a high pulse repetition rate, 

fast acquisition, and processing software that accommodates for decreased motion artifacts 

compared to the OPO-based system. 

The laser diodes emit pulsed light in the near-infrared range (680 – 1064 nm) with 

short 130 ns duration at 1 kHz pulse repetition rate. By using such short pulses the stress-

confined conditions allow for high resolution, while high pulse repetition rate and provide 

fast measurements. Our software was designed in order to acquire and process signals very 

quickly for both the reflection and transmission modes [59,60]. The fast signal acquisition 

and processing allows us to obtain real-time continuous cerebral venous oxygen saturation 

and provides both single measurements as well as continuous monitoring of blood oxygen 

saturation. 

 

      
 

Figure 10: A) OPO based optoacoustic system and B) a laser diode- based optoacoustic 

system.  
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 We obtained measurements in the reflection mode over the anterior and posterior 

fontanelles. Transmission mode was used with light introduced at the frontal bone and 

signal acquisition obtained from the occiput region at the back of the neonatal head. Post 

processing analysis was performed with OriginLab© data analysis and graphing software 

which was used to design our graphs and process data. 

    

Chapter 3 NEONATAL PHANTOM DESIGN 

Superior Sagittal Sinus 

In order to manufacture a neonatal phantom we evaluated the normal dimensions 

of the SSS within neonates via imaging. Multiple imaging modalities were reviewed to 

consider which could provide the most accurate assessment of neonatal SSS dimensions 

such as computed tomography (CT), MRI, magnetic resonance venography (MRV) and 

US. There were many neonatal head ultrasounds available at our institution that provided 

excellent imaging of the neonatal SSS anatomy (Figure 11) but there were concerns due to 

differences in operator technique, overlying pressure from the US probe altering normal 

overlying soft tissues/SSS morphology and off axis measurements.  Both MRI and MRV 

(Figure 12A and B) provided excellent detail of the SSS anatomy and overlying soft tissues 

but were limited in the number of studies available due minimal usage in neonates.  CT 

was finally selected as the modality of choice due to amount of studies available, excellent 

visualization of both soft tissues/bones and reformatting availability in multiple 

sagittal/coronal/axial views (Figure 13A) allowing for accurate measurements of the SSS 

(Figure 13B) and overlying structures. 
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Figure 11: US transverse image of a neonatal SSS (yellow arrow), subcutaneous tissues 

(red arrows) and brain parenchyma (green arrows).  
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Figure 12: A) MRV sagittal and B) coronal images demonstrating SSS dimensions (yellow 

arrows). 
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Figure 13: A) CT coronal image of neonatal head and B) Small field of view brain window 

demonstrating SSS dimensions (yellow lines). 

 

We subsequently performed a retrospective review of neonatal head computed 

tomography (CT) over a span of 4 years after obtaining approval by the Institutional 

Review Board of UTMB. Over 40 CT heads were reviewed with approximately 25 selected 

for measurements and the others excluded due to multiple factors including subgaleal 

hematomas, caput succedaneum, calvarial fractures, intraparenchymal hemorrhage, 

craniosynostosis or other abnormalities that would alter either neonatal SSS dimensions or 

overlying soft tissue measurements. The most frequently encountered abnormalities were 

scalp swelling or hematomas which caused variable thickening of the overlying soft tissues 

(Figure 14). 
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Figure 14: CT coronal images with small scalp hematomas over the A) posterior fontanelle 

(red arrow) and B) anterior fontanelle (yellow arrow) in a different neonates causing 

variable soft tissue thickening over the fontanelles. 

 

We obtained measurements at three locations consisting of the anterior fontanelle, 

posterior fontanelle and occiput. The fontanelles are openings between skull bones which 

are only covered by soft tissues and can be easily located on physical examination as “soft 

spots”. The anterior fontanelle is located anteriorly between the frontal bone and bilateral 

parietal bones and has been used for years with ultrasound to investigate cerebral anatomy 

and pathology in neonates [64] due to lack of overlying bony calvarium that would 

significantly attenuate any acoustic signal. The anterior fontanelle measures approximately 

2.1 cm (average of the anterior-posterior and transverse dimensions) [65] although 

variations between ethnicities have been seen [66] and appears to enlarge with increased 

gestational age. The posterior fontanelle is on average smaller than the anterior fontanelle 

but also can be accessed with US to evaluate intracranial structures due to minimal 

overlying bone [67]. The occiput was measured near the location of the superior sagittal 

A 
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sinus just prior to draining into the confluence of sinus. The relation of the 

anterior/posterior fontanelles, confluence of sinuses and SSS can be well visualized on 

sagittal CT images (Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Sagittal CT head demonstrating the relationships of the anterior fontanelle 

(green arrow), posterior fontanelle (red arrow), bony occiput (blue arrow), SSS (yellow 

arrows) and confluence of sinuses (purple arrow). 

We were able to obtain an average and standard deviation of the SSS height and 

width at the levels of the anterior/posterior fontanelles and occiput. We also measured the 

overlying skin/bone to aid in designing of a model of the SSS and overlying structures that 

might affect signal acquisition. Measurements from the anterior/posterior fontanelle and 

occiput of 0-2 week neonates are presented in Table 1, with additional measurements in 
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neonates from 2-4 weeks presented in Table 2. Table 3 demonstrates the average 

measurements for all three locations. The average SSS height and width at the anterior 

fontanelle was 5.5 and 6.2 mm, respectively. The average SSS height and width at the 

posterior fontanelle was 5.9 and 8.1 mm, respectively. The average overlying soft tissue 

depth at the anterior fontanelle was 2.3 mm and at the posterior fontanelle was 3.5 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Measurements of anterior/posterior fontanelle, occiput, SSS and overlying tissues 

in neonates (0 - 2 weeks). 

0- 2 weeks 

Age Sex

AF  

SSS 

Height 

(mm)

AF SSS 

Width 

(mm)

AF 

Skin to 

SSS 

(mm)

PF SSS 

Height 

(mm)

PF SSS 

Width 

(mm)

PF 

Skin to 

SSS 

(mm)

PF 

Bone 

Width

Occiput 

Region 

SSS  

Height 

(mm)

Occiput 

region 

SSS 

Width 

(mm)

Occiput 

Region  

Skin (cm)

Occiput 

Region 

Bone 

Width

Head 

Length 

(mm)

Head 

Width 

(mm)

6d f 5.2 6.6 2.3 5.6 7.0 3.8 0.0 3.9 5.0 4.7 4.5 118.0 98.0

9d m 5.9 7.8 2.0 5.0 11.0 2.3 0.0 3.5 4.6 6.6 5.8 104.0 90.0

0d m 7.0 7.8 2.2 4.1 8.3 5.0 2.2 4.6 6.3 5.4 2.1 121.0 94.0

0d m 3.5 6.1 2.0 5.3 5.7 3.0 1.8 4.0 6.7 6.8 3.8 117.0 101.0

2d f 6.3 6.2 1.8 5.7 5.2 2.4 0.0 4.1 5.3 5.7 4.0 117.0 101.0

1d m 5.2 4.8 3.0 10.0 11.2 4.6 2.2 5.6 8.6 7.1 3.1 115.0 105.0

1d m 5.2 4.2 1.5 6.5 9.8 3.5 0.0 3.5 9.1 5.2 3.5 115.0 87.0

0d m 4.0 5.3 2.2 3.7 6.5 2.1 0.0 4.3 4.8 5.2 2.2 113.0 92.0

1d m 4.5 6.6 2.4 5.1 7.8 4.0 0.0 4.0 10.2 5.3 3.1 118.0 86.0

9d m 4.5 4.0 3.2 6.5 8.1 2.7 0.0 5.3 8.2 5.6 2.4 120.0 98.0

0d m 4.7 6.0 1.0 6.0 4.7 6.4 0.0 3.4 5.2 6.8 4.3 108.0 90.7

2d f 5.5 5.7 1.8 6.4 7.8 4.9 0.0 4.2 4.2 5.0 2.1 118.0 104.0

2d m 5.2 7.3 2.6 4.7 8.6 2.6 0.0 5.4 6.4 5.2 2.9 117.0 93.0

0d m 4.7 8.3 5.8 8.2 15.5 3.0 0.0 6.0 7.7 5.2 3.0 122.0 100.5

1d m 6.5 8.9 2.4 5.7 7.3 5.2 0.0 7.0 5.4 5.6 3.0 118.0 95.0

6d m 7.7 5.9 1.2 5.3 6.5 1.5 0.0 4.5 5.4 4.3 2.9 110.0 88.0

1d f 4.0 4.2 1.0 6.3 6.6 3.4 0.0 5.0 6.3 4.4 2.6 118.0 91.0

3d f 6.7 5.0 1.7 4.6 6.0 3.0 0.0 7.1 6.5 3.4 2.0 108.0 88.0

3d m 4.0 5.7 2.4 8.7 9.2 2.9 0.0 5.1 7.8 3.1 2.0 108.0 86.0

7d f 4.9 7.3 2.9 5.0 8.8 3.9 0.0 5.1 5.1 4.7 3.7 113.0 91.0

Mean 5.3 6.2 2.3 5.9 8.1 3.5 0.3 4.8 6.4 5.3 3.2 114.9 94.0

Standard 

Deviation
1.1 1.4 1.0 1.5 2.5 1.2 0.7 1.1 1.7 1.0 1.0 5.0 6.0
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Table 2: Measurements of anterior/posterior fontanelle, occiput, SSS and overlying tissues 

in neonates (2 - 4 weeks). 

 

   

Anterior 

Fontanelle  

SSS 

Height 

(mm) 

Anterior 

Fontanelle 

SSS Width 

(mm) 

Anterior 

Fontanelle 

Skin to 

SSS (mm) 

Mean 5.5 6.2 2.3 

Standard 

Deviation 
1.4 1.4 1 

 

  

Occiput 

Region 

SSS  

Height 

(mm) 

Occiput 

region 

SSS 

Width 

(mm) 

Occiput 

Region  

Skin 

(cm) 

Occiput 

Region 

Bone 

Width 

Mean 4.9 6.7 5.2 3 

Standard 

Deviation 
1.4 2.2 1 0.9 

 

Table 3: Average and standard deviation of the SSS height/width and overlying soft 

tissues/bones at the anterior/posterior fontanelles and occiput in neonates (0-4 weeks). 

  

Posterior 

Fontanelle 

SSS 

Height 

(mm) 

Posterior 

Fontanelle 

SSS 

Width 

(mm) 

Posterior 

Fontanelle 

Skin to 

SSS (mm) 

Mean 5.9 8.1 3.5 

Standard 

Deviation 
1.5 2.3 1.2 

2-4 weeks

Age Sex

AF 

SSS 

Height 

(mm)

AF SSS 

Width 

(mm)

AF 

Skin to 

SSS 

(mm)

PF SSS 

Height 

(mm)

PF SSS 

Width 

(mm)

PF 

Skin to 

SSS 

(mm)

PF 

Bone 

Width

Occiput 

region 

SSS 

Height 

(mm)

Occiput 

region 

SSS 

Width 

(mm)

Occiput 

region 

Skin  

(mm)

Occiput 

Region 

Bone 

Width

Head 

Length 

(mm)

Head 

Width 

(mm)

15d m 7.4 7.4 4.4 7.8 7.7 5.0 0.0 4.1 4.3 5.4 2.9 119.0 99.0

28d f 5.3 7.2 2.0 4.2 6.7 2.5 0.0 4.3 6.0 5.5 2.3 123.0 91.0

16d f 4.2 4.7 2.2 5.1 7.3 2.0 0.0 3.7 8.0 4.0 1.5 123.0 100.0

20d m 9.8 4.0 2.0 7.0 11.6 3.4 0.0 9.5 14.0 4.5 2.6 116.0 92.0

29d f 4.3 7.1 2.5 4.8 6.4 3.6 0.0 5.9 5.6 5.2 3.3 119.0 98.0

Mean 6.2 6.1 2.6 5.8 7.9 3.3 0.0 5.5 7.6 4.9 2.5 120.0 96.0

Standard 

Deviation
2.4 1.6 1.0 1.5 2.1 1.2 0.0 2.4 3.8 0.6 0.7 3.0 4.2
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Plastisol Phantom 

Polyvinyl chloride plastisol (PVCP) tissue phantoms were manufactured at the 

Center for Biomedical Engineering of UTMB. PVCP (M-F Manufacturing Co., Fort 

Worth, TX) is a non-toxic moldable plastic used in biomedical optoacoustic studies as it 

has similar optical and acoustic properties of soft tissue [49,68–71] and less limitations 

compared to polyacrylamide gels or agar phantoms. Additionally the speed of sound of 

PCVP was found to be within 15% of that encountered in human soft tissue [69]. PVCP 

consists of monomers which after heating can be poured into a mold and cools to a solid 

state. During the cooling process a white dye is mixed into the PCVP liquid at a 

concentration to acquire the same scattering properties of soft tissues that have been 

documented in prior biological tissue optical reviews [68]. The PCVP phantom has the 

following optical properties (μeff = 1.5 cm-1, μs’ = 2.5 cm-1, and μa = 0.27 cm-1) in which 

administration of a white coloring dye provided similar optical properties to skin and 

adipose tissue, with a low absorption but high scattering property [71,72].  Once cooled 

the mold can be removed, easily handled and altered by cutting if necessary. Our phantoms 

had a homogenous turbid appearance with constant optical properties Our prior in vivo 

studies [56] demonstrated a high contrast between blood absorption coefficients and 

background soft tissues, suggesting that the heterogeneous background signal will be 

minimal compared to that of signal obtained from hemoglobin. 

For our experiments, we manufactured a mold in which we were able to insert a 

triangular metallic rod with similar dimensions as the neonatal SSS based on our 

radiological review and overlying depths similar to the skin superficial to the anterior and 

posterior fontanelles. After cooling the mold we removed the triangular rod and were then 

left with a SSS cavity in which we could instill a naphthol green/intralipid (discussed 

below) solution with similar absorption and scattering characteristics of oxygenated 

hemoglobin. A smooth interface was encountered in our phantoms which is similar to the 
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interface visualized between skin/air in a neonatal scalp. The final plastisol phantom was 

considered a representative neonatal model due to the comparable measurements to that of 

a neonatal SSS as well as similar overlying soft tissue thickness at the anterior and posterior 

fontanelles. 

 

Naphthol green and Intralipid Solution 

We made naphthol green and Intralipid (NG:IL) solutions commonly used with 

phantoms, as these solutions have similar optical properties as soft tissues and blood 

[68,70,73–75]. Intralipid is a fat emulsion frequently used as an intravenous supplement 

but is also used in phantoms as a scattering medium [74–76] with minimal absorption. We 

used a 20% solution (20% lipid per 100 ml solution) that consists of soybean oil, lecithin, 

glycerin and water. A naphthol green dye was then mixed with the intralipid solution as it 

is used in biomedical optics due to similar absorption characteristics of tissue [77].  

By varying the concentrations of our NG:IL solution we were able to alter the 

scattering/absorption coefficients of a solution with the following parameters: absorption 

coefficient of 4.1 cm-1, scattering coefficient of 15 cm-1 and effective attenuation 

coefficient of 15.8 cm-1. We modified our solution to provide a similar absorption 

coefficient to that seen in a hemoglobin oxygen saturation of 46.8%. A hemoglobin 

concentration of 15 g/dL was calculated by data based on linear interpolation of molar 

extinction coefficients between oxygenated and deoxygenation hemoglobin [57,72]. We 

measured our naphthol green transmission spectra with a standard spectrometer prior to 

making our combined NG:IL solution (Figure 16). We then evaluated the combined NG:IL 

solution in spectrophotometric cuvettes to measure absorption under ideal geometry rather 

than the SSS cavity which was corresponding to blood oxygen saturation of 45.5%, closely 

approximating the absorption our target of 46.8%. 
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Figure 16: Transmission spectrum of naphthol green dye.  
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Chapter 4 PRECLINICAL STUDIES 

Phantom Setup 

For our preclinical studies we prepared our plastisol phantom and NG:IL solution 

with a scanning system which allows for fixed scanning across our phantoms. The plastisol 

phantoms had metallic/plastic tubes applied to each end in which the NG:IL solution was 

instilled into the SSS cavity (Figure 17A). We calibrated the laser fluence prior to 

examination (Figure 17B) as some energy is lost between our LDS system and the tip of 

the fiber optic at the end of the optoacoustic probe. The laser parameters (fluence-J/cm2) 

that are used in our studies are small and below the maximal permissible exposure (MPE) 

for ocular injury per the American Standards for Safe Use of Lasers. As such there will be 

no thermal or mechanical damage to a patient’s skin.   

 

 

  
 

 

Figure 17: A) Plastisol phantom study setup B) Setup for measurements of laser pulse 

energy and calibration of the optoacoustic system. 
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All plastisol phantom studies were performed at the Laboratory for Optical Sensing 

and Monitoring of UTMB. A small amount of ultrasound gel was applied to the interface 

of the optoacoustic probe and plastisol phantom which is commonly used in 

ultrasonographic imaging in order to exclude any interjacent air which would significantly 

reduce acoustic signal acquisition. For our plastisol phantom studies we evaluated signal 

acquisition (amplitude) at varying depths corresponding to the overlying soft tissue 

thickness that would be seen in the neonate at the anterior and posterior fontanelles. We 

did this to evaluate changes in amplitude due to varying overlying thickness. 

Subsequently we performed studies starting at midline of the SSS cavity and at 1 

mm increments laterally. Since the geometry of the SSS is triangular we wanted to evaluate 

what signal amplitude alterations would occur from the thickest part of the cavity at midline 

to the lateral margins in which the cavity thins out and eventually when signal acquisition 

would completely fall outside the vessel. Since the cavity itself is not very large (6-8 mm 

width at the anterior and posterior fontanelles) we were interested in what imaging window 

would be available for us to acquire stable oxygen saturation measurements for preparation 

in our later clinical neonatal studies.  

Finally our initial NG:IL solutions were created with a solution comparable to that 

of normal hemoglobin concentration (Hb 15g/dL) with an absorption coefficient 

corresponding to an oxygen saturation of 46.8%.  We then altered our NG:IL solutions to 

mimic a state of anemia (Hb 7.5 g/dL) while maintaining an absorption coefficient to an 

oxygen saturation of 46.8% to see if oxygen saturation measurements would be affected. 

We applied a prototype probe to the neonatal SSS phantom with our NG:IL solution to 

demonstrate an example of how a typical reflection mode signal amplitude can be obtained 

(Figure 18). The 760 nm signal amplitude is higher than the 800 nm wavelength signal 

amplitude corresponding to the higher absorption coefficient that occurs at 760 nm 

compared to the 800 nm isobestic point (no difference between oxygenated/deoxygenated 

hemoglobin). 
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Figure 18: Prototype probe demonstrating signal amplitude in reflection mode. 

 

 

Depth Studies 

For our studies with the neonatal SSS phantoms we used an optoacoustic probe 

(Figure 19) which was specifically developed to be easier for clinicians to manipulate and 

use in small confines seen in a NICU setting where neonates are commonly in small 

incubators limiting movement. A plastic fiber was used in this probe compared to the stiff 

glass fibers in previous experimental probes which allows for bending and shaping of the 

fiber to produce an easier hand held tip. A PVLF film element was also utilized in order to 

provide necessary resolution.   
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The initial depth studies were performed with a NG:IL solution simulating a Hb 

concentration of 15 g/dL. We began our depth studies at a depth of 3 mm as this was the 

minimal depth tolerated by the plastisol phantom before tears in the material could alter 

signal acquisition. We performed depth studies from 3 mm to 4 mm which demonstrated 

gradual incremental decreased signal amplitude with increasing depths (Figures 20/21/22). 

Despite the increased depth attenuating signal acquisition, we were still able to demonstrate 

stable measurements (Fig 23). The depth study average oxygen saturation measurements 

obtained with a full concentration was 52.8 % with a standard deviation of 1.6%. 

 These depths were close to the average overlying soft tissues thickness at the 

anterior and posterior fontanelles seen with our neonatal CT head review (2.3-3.5 mm). 

Our depth study findings demonstrate that despite overlying soft tissues attenuating signal 

with thicker depths we can still obtain stable oxygen saturation measurements, which is 

important as the soft tissues overlying the anterior and posterior fontanelles will vary 

depending on gestational age as well as any scalp swelling which may occur due to birth 

trauma through the vaginal canal.  
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Figure 19: A miniature optoacoustic probe designed for ease of use by clinicians. 
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Figure 20: Depth study demonstrating signal amplitude acquired at a depth of 3 mm. 
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Figure 21: Depth study demonstrating signal amplitude acquired at a depth of 3.5 mm.   
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Figure 22: Depth study demonstrating signal amplitude acquired at a depth of 4.1 mm. 
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Figure 23: Depth study with preservation of oxygen saturation measurements despite 

increased depths. 

 

 

Lateral Displacement Studies 

Following the depth studies we performed subsequent experiments to evaluate how 

the signal acquisition changed with increased lateral measurements from midline. This is 

important as the SSS has a triangular shape and it is unknown how well signal acquisition 

can be achieved along the lateral margins where it thinly tapers. We performed studies 

starting at the midline at three different depths (3, 4 and 5 mm) and then measured signal 
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at 1 mm increments laterally until signal degraded. The designated midline was at the 

location near the visualized midline with the highest signal amplitude. At a depth of 3 mm 

the midline signal amplitude was the highest of all the depths measured and decreased 

continuously as we measured farther away laterally from midline, as was expected, but the 

ratios of the 760 nm/800 nm signal remained stable. This preservation of the ratios between 

the wavelengths allowed us to maintain stable oxygen saturation measurements (Figure 24) 

despite this gradual continuous decrease in signal amplitude. The measurements were also 

stable with lateral displacements at increased depths of both 4 mm and 5 mm demonstrating 

that even starting with decreased amplitudes at midline due to the increased depths, we 

maintained stable measurements with lateral incremental measurements. This gradual 

decrease in amplitude at increasing 1 mm lateral increments is best visualized in Figure 25. 

More notably, the stable measurements were identified within a window measuring 

approximately 6-7 mm (Figure 24) in width. This corresponds well with our neonatal CT 

head SSS width measurements at the anterior/posterior fontanelles which measured 6-8 

mm. Lateral to this window there was significant variability in signal acquisition, 

indicating that we have a 6-7 mm window in which we can obtain accurate measurements. 

The average oxygen saturation measurements obtained within the 6-7 mm window at 

varying depths were 46.6% at 3 mm, 46.2% at 4 mm and 45.6 % at 5 mm for a total average 

of 46.1%.  
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Figure 24: Lateral displacement study with stable measurements within a 6-7 mm window. 
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Figure 25: Lateral displacement study with incremental decrease in amplitude from 

midline. 

 

 

Normal versus Low Hemoglobin Concentration Studies 

Repeat depth studies were performed to simulate an anemic state with a NG:IL 

solution manufactured to represent a Hb concentration of 7.5 mg/dL (half the normal Hb 

concentration). Preservation of stable measurements despite the increase in overlying 

plastisol thickness (Figure 26) was visualized from 2.75 mm – 4 mm. Repeat lateral 

displacement studies were also performed with the low Hb concentration solution and we 

were again able to maintain a 6-7 mm window (Figure 27) in which we acquired stable 
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measurements with significant variability outside this window, like the studies with a 

normal Hb concentration (15 g/dL). The depth study average oxygen saturation 

measurements obtained with a full concentration was 47.4% with a standard deviation of 

1.3%. The average oxygen saturation measurements obtained within the 6-7 mm window 

at varying depths were 45.2% at 3 mm, 43.9% at 4 mm and 49.1% at 5 mm with a total 

average of 46.1%. The increased measurement at 5 mm depth may have been due to 

multiple NG:IL solution leaks during the study. These results indicate that accurate Hb 

oxygen saturation measurements do not depend on the Hb concentration, and can be 

interpreted from neonates with abnormally low Hb concentrations.    
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Figure 26: Low hemoglobin concentration depth study with preservation of oxygen 

saturation measurements. 
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Fig 27: Low hemoglobin concentration lateral displacement study with 6-7 mm window of 

stable measurements.  
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Chapter 5 NEONATAL CLINICAL STUDY 

Neonatal Selection 

The neonatal clinical studies were performed in the UTMB Neonatal Intensive Care 

Unit (NICU). The clinical protocol for these studies was approved by the Institutional 

Review Board of UTMB and informed consents were obtained for each subject. 

Recruitment of neonates was performed by collaborating NICU pediatricians participating 

in the study. Our laser diode-based optoacoustic system is portable and small enough to 

easily maneuver in the NICU (Figure 28) in which participating physicians used the device 

without any issues. A variety of neonates were selected who were clinically stable but 

varied in sex, gestational age, clinical histories and age at measurements. 

 

        

 

Figure 28: LDS optoacoustic device and probe in utilization by a physician in the NICU 

that is easily maneuverable within the small confines. 
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Measurements through the Anterior Fontanelle 

Initial placement of our probe at the anterior fontanelle demonstrated optoacoustic 

signal from both the skin and SSS (Figure 29) with the initial amplitude corresponding to 

the overlying skin which varied in amplitude likely due to changes in overlying soft tissue 

thickness and presence of neonatal hair. The SSS depth was calculated by multiplying the 

time scale (the lower X-axis) by the speed of sound in soft tissue (1.5 mm/µs). The signal 

amplitude corresponded to a depth that was minimally less than our CT head review but 

within 1 mm. This was likely related to the pressure from applying the probe to the neonatal 

head and thinning the soft tissues. Overall this supports the ability of our optoacoustic 

system to identify and target the SSS for signal acquisition.  

We monitored the neonatal SSS venous oxygen saturation measurements 

continuously and in real time (Figure 30) in a term infant through the anterior fontanelle. 

Stable measurements at the anterior fontanelle were obtained in different neonates with 

various clinical histories. Oxygen saturation levels were highly stable when the neonate 

was not moving but variation would occur if the baby was crying or moving extensively 

(Figure 31). Fortunately our device can measure oxygen saturation rapidly within seconds 

and provides stable measurements once the baby is not moving. Despite differences in 

gestational age, sex, and clinical histories we were able obtain excellent signal acquisition 

from a premature neonate (Figure 32), again demonstrating the skin and SSS amplitudes 

which we were able to perform real-time continuous monitoring (Figure 33). The 

variability in gestation age, weight, gender and clinical histories can be seen in Table 4. 

The average oxygen saturation measurement acquired with optimal parameters (without 

baby movement) was 64.5% with a standard deviation of 1.8%. 
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Figure 29: Optoacoustic probe signal acquisition in a term neonate in reflection mode 

through the anterior fontanelle with initial amplitude (skin) and SSS. 
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Figure 30: Real time continuous monitoring in a term neonate in reflection mode through 

the anterior fontanelle. 
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Figure 31: Real time continuous monitoring with and without neonatal head movement.  
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Figure 32: SSS signal acquired from a premature neonate in reflection mode from the 

anterior fontanelle. 
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Figure 33: Real time continuous monitoring in a premature neonate in reflection mode 

through the anterior fontanelle. 

 

 

 

 

 

 

 

 

 

Table 4: Neonatal gender, gestational ages, clinical history and oxygen saturation 

measurements at the anterior fontanelle. 

Sex Gestational age at birth Age at measurement Birth weight Weight at measurement Comorbidities Oxygenation Standard Deviation

F 25w 1d 4 months 805g 4710g ASD, PDA 69.4 2.0

M 37w 1d 9 days 3395g 3325g VSD, pulm valve stenosis 68.2 0.7

M 38w 2d 2 weeks 3410g 3725g seizures, post fossa cyst 68.0 0.4

F 38wk 3d 7 days 2940g 3040g ASD, NEC 68.9 2.9

M 36wk 1d 12 days 3590g 3530g ASD, SVT 64.0 4.5

F 39wk 3d 2 days 3405g 3335g Hyperbilirubinemia 64.9 0.8

M 35wk 1d 5 days 1985g 1940g C-section 60.4 1.9

M 25wk 4d 11 weeks 6 days 800g 2780g BPD, ROP 62.1 1.2

F 26wk 0d 11 weeks 990g 2015g BPD, maternal EtOH abuse 60.0 1.8

F 35wk 3d 12 days 3125g 3085g preterm 59.3 2.7

M 36wk 4d 2 days 2200g 2290g IUGR, hypoglycemia 71.9 2.2

F 40wk od 11 days 3260g 3315g ASD, meconnium aspiraiton 59.3 1.1

M 26wk 3 d 9 weeks 1180g 2730g Pulmonary insufficiency 61 0.9

M 26wk 2d 10wk 5d 970g 3510g Preterm, ROP 63.6 2.1

M 39wk 5d 1 day 3970g 3970g hypoglycemia 66.1 2.2

64.5 1.8
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Measurements through the Posterior Fontanelle  

As mentioned previously, the posterior fontanelle is smaller in size then the anterior 

fontanelle and closes earlier but is still patent in the neonatal time period allowing its use 

as a possible method for acquiring SSS venous oxygen saturation. We were able to obtain 

similar signal acquisition when compared to our anterior fontanelle studies with the initial 

amplitude again representing overlying soft tissues (Figure 34). Additionally, while it was 

more technically difficult to find the signal due to the smaller opening at the posterior 

fontanelle and location at the posterior of the scalp, we were still able to provide real-time 

continuous monitoring of SSS venous oxygen saturation (Figure 35). The average oxygen 

saturation measurement acquired utilizing optimal parameters (without baby movement) 

was 66.8% with a standard deviation of 1.3%. 
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Figure 34: SSS signal acquired from a term neonate in reflection through the posterior 

fontanelle.  
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Figure 35: Real time continuous monitoring of SSS oxygen saturation in a term neonate in 

reflection mode through the posterior fontanelle. 

 

Measurements in Transmission Mode 

We performed studies while using the transmission mode which consisted of 

transmitting laser pulses at the frontal bone with a separate acoustic probe placed at the 

opposite side of calvarium. This was technically much more difficult when compared to 

the reflection mode in which the laser and acoustic receiver being embedded within one 

probe. We were able to obtain signal in several neonates which demonstrated the signal 

amplitude of the skin, which was received at a later time due to the positioning of the 

receivers in the different modes (Figure 36). Under optimal conditions were able to obtain 

continuous monitoring (Figure 37) in a few neonates with the SSS venous oxygen 

saturation measuring 75.8% with a standard deviation of 4.0%.  
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Figure 36: SSS signal acquired from a term neonate in transmission mode.  
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Figure 37: Real time continuous monitoring of SSS oxygen saturation in a term neonate in 

transmission mode. 
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Chapter 6 DISCUSSION 

Prior studies performed by our lab have demonstrated the ability of optoacoustic 

signal generation utilizing laser diodes to produce a measurable ultrasound optoacoustic 

wave to evaluate for cerebral venous oxygen saturation. These initial studies were 

performed with an optical parameter oscillator (OPO) system [54,55,59–61] in both sheep 

and a few preliminary neonatal studies. The OPO systems are used to produce lasers at the 

specific wavelengths needed in our studies but were large and bulky which limits its use in 

various clinical settings. Our laboratory developed a laser diode based system (LDS) which 

allowed us to produce the same wavelengths needed but in a smaller, more compact device, 

allowing for easy maneuverability within small confines. Our studies demonstrated that 

our newly developed compact LDS system and optoacoustic probe specifically designed 

for clinical use can acquire signals and measure oxygen saturation from phantom plastisol 

neonatal SSS phantoms and subsequently in clinically stable neonates. 

 

Pre-Clinical Studies 

 We were able to successfully evaluate our LDS system on plastisol phantoms 

designed to represent a neonatal SSS by placing a triangular cavity within the plastisol 

mold with similar dimensions obtained from a neonatal CT head review. The overlying 

soft tissue thickness was also obtained from the CT review with the plastisol material 

representing similar absorption and scattering characteristics of soft tissue. The results 

from our depth studies demonstrated that we were able to acquire stable oxygen saturation 

measurements at varying depths despite decreased signal amplitude due to signal 

attenuation from overlying plastisol thickness. Stable oxygen saturation measurements 

were present in the depth studies from 3-4 mm with an average oxygen saturation 

measurement of 52% in normal Hb concentration studies and 47% in our low Hb 
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concentration studies. These measurements were a close approximation to our intended 

oxygen saturation of 46.8%. Additionally we identified a 6-7 mm window in which we 

obtained stable measurements that corresponded well to the actual SSS width documented 

on our neonatal CT head review. The lateral displacement full concentration studies had 

very stable measurements with the ranges between 45.6-46.6%. The lateral displacement 

half concentration studies had a little more variability but still stable with 44-49% 

measurements and may have been due to leaking of the NG:IL solution in the last study. 

These findings demonstrate that our neonatal probe could provide both stable and 

reproducible measurements in our neonatal plastisol phantoms within a window of 6-7 mm 

from midline. Additionally by using two different solutions to mimic a normal Hb 

concentration and an anemic state with relative stable measurements we propose that stable 

measurements can be measured in varying Hb concentrations. 

 

Clinical Neonatal Studies 

Our neonatal studies confirmed the ability of our device to obtain signal 

measurements from the neonatal SSS in both reflection mode and transmission mode at the 

anterior and posterior fontanelles. The anterior fontanelle was the easiest to access due to 

larger size and anterior location. The posterior fontanelle was smaller in size and required 

repositioning of the neonates in order to access (posterior scalp location) which lead to 

more neonatal movement and difficulty in obtaining oxygen saturation measurements. We 

were able to provide stable continuous monitoring at the anterior and posterior fontanelles 

with real time display showing variability in measurements only when the neonates moved 

significantly during our exams. The fast signal acquisition available with our device allows 

for stable oxygen saturation measurements even with minimal neonatal head movements 

which is ideal for neonates and infants who cannot follow commands.  
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The average oxygen saturation measurement at the anterior fontanelle during ideal 

examination (sleeping with little movement) was 64.5% with a standard deviation of 1.8%. 

The average oxygen saturation measurement at the posterior fontanelle during ideal 

examination was 66.8% with a standard deviation of 1.3%. While the posterior fontanelles 

were patent during our examinations the skull bones adjacent to the posterior fontanelle 

can cover the opening immediately postpartum due to the pressure from passage through 

the vaginal canal and could limit its use in the immediate postpartum period.  

The transmission mode was able to obtain oxygen saturation measurements but was 

technically much more difficult due to placement of two different devices (laser and 

acoustic probe). Future studies are needed to evaluate its feasibility as a tool for oxygen 

saturation measurements. Unfortunately the gold standard for confirming the accuracy of 

our SSS oxygen saturation measurements would be an invasive catheter obtaining venous 

samples from the SSS which is practically unattainable in neonates. Alternatively we could 

correlate measurements with invasive internal jugular venous samples, which is technically 

difficult and has multiple complications including infection and thrombosis and would be 

dangerous and unethical in a neonatal study.   

The neonates we evaluated were medically stable at the time of measurements (i.e., 

no evidence of active hypoxia) with the measurements likely representing levels of a 

normal oxygenation state. Normal adult internal jugular vein oxygen saturation is abnormal 

under 50%  or over 75% [26]. Our oxygen saturation measurements obtained at the anterior 

fontanelle (64.5%) and posterior fontanelle (66.8%) were well within the normal range for 

adults, as was expected due to the neonates being clinically stable. We did not find any 

levels below 50% which is considered abnormal for adults. The ability to monitor at-risk 

infants immediately postpartum may be difficult to due to medical care taking precedence. 

This highlights the advantage of having an easily maneuverable diagnostic tool that can 

safely and rapidly evaluate for cerebral hypoxia such as our laser diode based system. 

When there is a concern for peripartum cerebral hypoxia such as prolonged labor, abnormal 
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fetal heart tones, premature labor, eclampsia, premature rupture of membranes or placenta 

abruption amongst others, our system could be prepared prior to delivery to document 

cerebral oxygen saturation measurements within seconds after delivery without 

significantly impeding care.  

Our study obtained neonatal cerebral venous oxygen saturation measurements in 

stable neonates typically hours to days after delivery. As such this initial study provides us 

a snapshot of neonatal cerebral oxygen saturation. The cerebral hemodynamics during 

labor and immediately post labor are complicated and have not been well established. As 

mentioned previously, several NIRS studies have shown that cerebral oxygenation appears 

to change in the normal postnatal time period [26]. Further studies are needed to evaluate 

what range of cerebral venous oxygen saturation measurements might be obtained 

immediately post-partum in neonates with risk factors for cerebral hypoxia (low birth 

weight, very low birth rate, early gestational age [14]) and those with normal labor to 

evaluate if an oxygen saturation difference between these groups can be identified. 

Measurements need to be monitored continuously to evaluate what normal changes might 

happen in this postnatal period. If a difference can be found between these two groups then 

a threshold for which cerebral venous oxygen saturation levels are concerning for hypoxia 

can be established with the ultimate goal of identifying which neonates have cerebral 

hypoxia and which could benefit from hypothermia treatment. 

 

Caveats and Alternatives 

An alternative to performing plastisol phantom studies with a NG:IL solution 

would have been to use fresh hemoglobin from an animal model, as was performed on 

previous studies [45,54,55]. Using animal hemoglobin would provide a better model when 

compared to NG:IL solution but has many technical difficulties such as keeping the blood 

uncoagulated, corporeal blood oxygenator and layering inhomogeneity over time. An 
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NG:IL solution was ultimately used due to ease of access, success with prior studies, and 

ultimately provided information to satisfy our goal which was to characterize the signal 

from a neonatal SSS phantom and how the signal amplitude varied at different depths and 

lateral displacement. We did not evaluate flow with our NG:IL solution which our group 

has done in prior studies with plastisol phantom and sheep models [45,53,55,59] as our 

main focus was on signal characterization rather than oxygen saturation measurements. 

Since the SSS drains the cerebral cortex our measurements could potentially not identify 

ischemia in structures drained by other veins such as the brainstem or cerebellum. This 

likely is not of concern as HIE or perinatal asphyxia is thought to occur from global hypoxia 

rather than a focal insult. Our device was able to successfully identify the neonatal SSS 

and obtain measurements in predominately term neonates. Very premature neonates may 

have much smaller SSS anatomy that could limit signal acquisition but fortunately our 

previous sheep studies were able to obtain measurements in an SSS measuring as small as 

2-3 mm in width [55]. Finally our neonatal studies utilized only 15 neonates. More 

neonates will need to be recruited with analysis of differences between sex, gestational age 

and birth weight to identify any changes in venous oxygen saturation between these groups 

to establish what a normal range is within neonates. 

 

Future Directions 

As this was a preliminary study we wanted to initially evaluate if we could obtain 

signal from neonates and then what range could be found in stable neonates without signs 

of hypoxia. As neonatal cerebral hemodynamics are not well established, future studies can 

be performed in neonates within the immediate postpartum period and then at a later time 

to evaluate what cerebral venous oxygen saturation measurements can be obtained and if 

there is a normal physiologic change in the neonate during this early timeframe. This can 

then establish what normal range and changes can be expected. Additional studies could 
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also compare the laser optoacoustic measurements taken in neonates who already have an 

invasive catheter in place and compare with their actual venous oxygen saturation. While 

this is uncommon, some major centers which perform neonatal cardiovascular surgeries 

may have this ability. If these future studies demonstrate that our readings and direct 

samples give comparable measurements then we have established a device that can safely 

and quickly provide accurate cerebral venous oxygen saturation which clinicians can use 

in diagnosing cerebral hypoxia. 

 

Chapter 7 CONLCUSION 

Cerebral hypoxia can cause severe morbidity and mortality in neonates leading to 

increased health care costs globally and emotional toll on the family members involved 

with survivors that have lifelong disabilities. There is a crucial need for a safe, noninvasive 

and rapid method to screen neonates and stratify who would benefit from therapeutic 

hypothermia to further improve outcome. Our initial studies were able to demonstrate how 

our LDS optoacoustic system can obtain stable continuous monitoring of neonatal SSS 

venous oxygen saturation measurements in the reflection mode and transmission mode 

with an acoustic probe specifically designed for clinical use [78–80]. Further studies are 

needed to increase the number of neonates involved to find what normal neonatal cerebral 

venous oxygen saturation range are seen in the immediate postpartum timeframe with 

evaluation for differences in neonates with risk factors for cerebral hypoxia.
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