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Abstract

Preterm infants have an increased risk to suffer from brain lesions. To diagnose and study

such lesions, a reliable imaging modality would be important. Powerful diagnostic tools such

as MRI and CT are not applicable as transport of these critically ill infants may put them

at further risk. At the bedside, ultrasound images cerebral pathological structural changes,
but it remains impossible to assess how they affect the functional capacity of the brain or to

reliably predict long-term disabilities.

Near infrared spectrophotometry (NIRS) is a non-invasive method at the bedside. The

aim of this thesis was to design a versatile NIRS imaging instrument particularly suited to

study brain function.

For this purpose a novel NIRS instrument and imaging probes were designed and im¬

plemented. A theoretical photon migration model of the head for near infrared light is

presented, which enables to spatially reconstruct hemodynamic changes. The instrument

is fully non-invasive, can be applied at the bedside and is particularly suited for repetitive

measurements over a longitudinal time scale, since no harmful radiation or substances are

involved.

The system has been validated in vitro and in vivo. The spatial resolution of the sensor

has been simulated and tested in vitro. Functional measurements in adults and neonates were

carried out. The instrument is currently used in several studies at the University Hospital

Zurich. Preliminary data are presented.
The instrument enables the simultaneous measurement of changes in hemodynamics and

neuronal activation. It has proven to be functional and well suited for clinical trials. It has

the potential to become a useful tool for the clinician to diagnose the cerebral functional

integrity of critically ill neonates at the bedside.



Zusammenfassung

Frühgeborene haben ein erhöhtes Risiko für Hirnverletzungen. Um solche Verletzungen dia¬

gnostizieren und klinisch untersuchen zu können, ist ein zuverlässiges bildgebendes Verfahren

von grossem Interesse. Etablierte diagnostische Verfahren wie MRI und CT können nicht

angewendet werden, da ein Transport die schwer kranken Kinder einem weiteren Risiko

aussetzt. Bettseitige Diagnosemethoden wie Ultraschall können strukturelle Veränderungen
am Gehirn dokumentieren, es ist aber nicht möglich die damit einhergehenden funktionel¬

len Schädigungen zu quantifizieren oder eine Prognose für allfällige Langzeitbehinderungen

abzugeben. Dies ist besonders wünschenswert um frühestmöglich mit therapeutischen Mass¬

nahmen beginnen zu können.

Nahinfrarot Spektroskopie (NIRS) ist eine bettseitige, nicht-invasive Methode. Ziel die¬

ser Arbeit war ein auf NIRS basierendes, bildgebendes Verfahren für funktionellen Messun¬

gen an Neugeborenen zu entwickeln.

Ein neuartiges NIRS Instrument mit bildgebenden Sensoren wurde entwickelt und imple¬
mentiert. Hierzu wurde ein theoretisches Photonentransport Modell des Neugeborenenkopfes
für die zweidimensionale Rekonstruktion von hämodynamischen Veränderungen entwickelt.

Das Gerät ist für die bettseitige Anwendung über einen längeren Zeitraum besonders geeig¬

net, da keine radioaktive Strahlung oder Substanzen verwendet werden.

Die Methode wurde in vitro und in vivo validiert. Die räumliche Auflösung des Sensors

wurde simuliert und in vivo getestet. Das Instrument wird momentan in mehreren klini¬

schen Studien am UniversiätsSpital Zürich eingesetzt. Es wurden funktionelle Messungen an

Erwachsenen und Neugeborenen durchgeführt.
Das Instrument ermöglicht die gleichzeitige Messung von hämodynamischen Veränderungen

und der neuronalen Aktivität. Es hat sich in der praktischen Anwendung bewährt und hat

das Potential ein klinisch hilfreiches, bettseitiges Diagnoseinstrument für die funktionelle

Integrität von schwer kranken Neugeborenen zu werden.
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Introduction Chapter 1

Chapter 1

Introduction

1.1 Motivation

Brain lesions due to perinatal asphyxia, infarction or other complications occur relatively

frequently in preterm infants. Although some of these lesions can be detected by ultrasound

scans, it remains impossible hitherto to assess how they affect the functional capacity of

the brain or to allow for a prognosis with respect to long-term disabilities1. This remains a

largely unsolved problem in neonatal medicine. Near-infrared spectrophotometry (NIRS)

is an emerging technique, which offers the possibility to reliably assess the cerebral concen¬

tration changes of oxy- and deoxyhemoglobin (02Hb and HHb) associated with normal and

pathologic processes occurring in the brain.

Currently applied techniques like single photon emission computed tomography (SPECT),

positron emission tomography (PET), computed tomography (CT) and functional nuclear

magnetic resonance (fMRI) provide information about the cerebral metabolism and func¬

tion at the time of measurement. These investigations require a transport of seriously ill

infants because they cannot be performed at the bedside. Appropriate monitoring during

the measurement is difficult. Thus the transport and measurement expose the infant to

increased risk. CT, SPECT and PET require the injection of substances, which can cause

allergic reactions. Additionally SPECT and PET use radioactive compounds. These dis¬

advantages preclude serial investigations which would be needed to follow the functional

impairments on a longitudinal time scale.

In the past NIRS has proven its usefulness as a non-invasive technique for continuous

and repetitive bedside measurements of critically ill neonates and appears to be well suited

for the purpose of functional brain analysis.

1For Switzerland, no consistent statistical data is available for the occurrence of brain lesions in preterm

infants. Not all preterm infants are scanned. Approximately 10% of the infants are preterm infants. Approx¬

imately 10% of these infants (1200 per year) have abnormal ultrasound findings.

3



Chapter 1 Introduction

1.2 Background

1.2.1 Principle

Unlike X-Ray radiation, photons in the near-infrared range do not travel ballistically through

extended distances of biological tissue. They experience many scattering events prior to their

absorption or transmission through the object's boundaries, before undergoing detection. Foi

many biological tissues the absorption length for NIR light is much longer than the scattering

length and the scattering length is much smaller than the dimensions of the sample. Only

elastic scattering occurs with no change in the wavelength oi the light. In this ease the

migration of photons corresponds to a diffusion process.

NIRS can be used to non-invasively measure the optical changes of the brain. The

adult and in particular the neonatal skull are transparent to NIR light. For this reason,

the photons can penetrate several cm deeply through the skull into the brain tissue. Figure

1 1 depicts a typical setting. The external probe (a pair of light emitter and detector) is

attached to the head. The emitted light also travels through the brain. A fraction ol it,

is scattered such that it reaches the detector. These photons describe a "banana" shaped

pathway.

Figure 1 1 The skull is lianspaient to near infrared light The detected light can be

used to quantify the <hanges of the optical piopertics within the brain, which ale I elated

to physiological processes The figure shows a Monte Carlo simulation based on MRI

structural data of the adult head with 4 5cm optode distance [3] Fjinitter And (letectoi

are placed on the scalp Only the paths (red) of the photons horn the emitter, which

reach the detector are drawn (<£ 1 %)

1.2.2 Physiology

Various important physiological processes affect the optical properties of the brain that can

be measured with a non-invasive probe setting.

4



1.3 Aim of the thesis Chapter 1

• Concentration changes of chromophores, namely concentration changes of hemoglobin

can be measured. Hemoglobin is the main carrier of oxygen through the blood vessels.

A change in the neural activity leads to a change in the metabolism of the cells and

therefore, to a change in oxyhemoglobin (AÖ2.ff6) and deoxyhemoglobin (AHHb)

concentration.

• Neuronal activation may lead to changes in the optical properties in the axons - the

light scattering properties are known to be altered during stimulation. These effects

are very small and difficult to accurately determine.

1.3 Aim of the thesis

The aim of this thesis was to develop a NIRS instrument to detect slow regional changes

in cerebral hemodynamics due to neural activity induced by sensory stimuli in term and

preterm infants. This includes the following requirements:

• A good clinical applicability of the device in neonatal medicine.

• In order to measure even small changes in cerebral oxygenation, a very high signal-to-

noise-ratio has to be achieved.

• In response to functional stimulation, distinct brain volumes are activated. In order

to be able to image certain cortex areas (e.g. motor cortex, visual cortex) an imaging

area of approximately 10 cm2 is required.

• To sufficiently resolve distinct spots of activation, the sensor configuration has to sup¬

port a spatial resolution in the order of « cm2.

• Simultaneous access to several areas of the cortex requires multiple source-detector

channels, which need to be supported by the hardware.

• The system needs to perform functional stimulation in newborns.

• Suitability for repetitive monitoring on a longitudinal time scale at the bedside of the

patient is required.

• Data analysis has to support signal extraction of the main quantities of clinical rele¬

vance.

• The time resolution needs to be able to detect fast changes such as neuronal activation.

1.4 Structure of the thesis

As an introduction to NIRS, the important medical and physical fundamentals are described

in chapter 2 and 3. Chapter 4 deals with the physiological signals that should be measurable

5



Chapter 1 Introduction

with the novel instrument and the required signal extraction methods. The technical concepts

of the instrument, considerations made during its development and the implemented signal

extraction methods are discussed in chapter 5 and 6. Finally the system performance, the in

vitro and in vivo validations are described in chapters 7 and 8, including results from clinical

studies. An outlook is given in chapter 9. A list of abbreviations and definitions used in this

document are given in the appendix A.

6



Medical background Chapter 2

Chapter 2

Medical background

2.1 The high risk neonate

2.1.1 Perinatal-neonatal epidemiology

During the last decades the mortality of live births has continuously decreased due to ad¬

vances in prenatal, perinatal and neonatal intensive care medicine (figure 2.1).

1955 I960 1965 1970 IWfl 1985 1995 2000

Figure 2.1: Mortality of live births per 1000 during the last half century in Switzerland

[4]-

In the developed countries, important improvements in nutrition, incubators, oxygen

(O2) administration, and antibiotics have taken place for 5 decades. These improvements

have dramatically lowered the mortality of preterm infants.

7



Chapter 2 Medical background

2.1.2 Pulmonary diseases of the newborn

The development of an embryo starts from the time of fertilization. For practical reasons,

the gestational age (GA) is used to describe its development. The GA is usually counted

from the first day of the mother's last menstrual period1.

The development of the lungs starts at the end of the second trimenon of pregnancy2.

Thus, most preterm infants suffer from respiration depression due to immature lungs, which

leads to asphyxia without medical intervention. Improvements in obstetric and neonatal

management to prevent respiration depression have lead to a decrease of the mortality of

preterm infants, namely:

• In obstetric management: administration of antenatal gluccocorticoids accelerates lung

maturation. In combination with antenatal tocolytics to stop early contractions, an¬

tibiotics to medicate infections, birth can be retarded and lung maturation can be

accelerated.

• In neonatal management: administration of surfactant3 also accelerates lung matura¬

tion. Administration of O2 in combination with forced ventilation such as nasal con¬

tinuous positive airway pressure and high-frequency ventilation are used to improve

02 supply.

2.1.3 The developing central nervous system and possible arising patholo¬

gies

The human brain undergoes complex organizational changes during development in and ex

utero. Pathogenic events affecting the developing brain cause abnormalities or lesions, the

patterns of which, depend on the stage of the brain development [5]:

Intracranial hemorrhage can be caused by immaturity of the hemostatic system due

to deficiency of coagulation factors, maternal disease and drug use, birth trauma or other

conditions such as sepsis and asphyxia. The ventricular system is located near the center of

the brain. It is filled with cerebrospinal fluid (CSF) and nerve fibers which connect different

parts of the brain and the spinal cord. The most common type of injury in the preterm brain

is intraventricular hemorrhage (IVH) from germinal matrix bleeding around the ventricle.

The germinal matrix is an extremely vascular area of tissue. IVH is a common injury in

the premature brain caused by fluctuations in hemodynamics and oxygenation levels, which

can lead to spontaneous hemorrhage (figures 2.2 and 2.3).

Injury in the developing brain from ischemia is influenced by a variety of pathologic

factors such as GA at the time of insult, severity of the insult, mechanism of the insult

*E.g. GA of 30 5/7 means 30 weeks and 5 days. Term infants are born at GA of > 37.

2Trimenon means three months. The second trimenon of pregnancy is from GA 14-26.

Surfactant is a substance that reduces the surface tension of the alveoles, which prevents small alveoles

from collapsing on exhalation. Surfactant production of the lung starts at approximately GA of 24 and is

sufficient at 37 weeks.

8



2.1 The high risk neonate Chaptbr 2

and the selective vulnerability of the populations of the cells undergoing active; metabolic

change. The hypoxic-ischemic injury results in periventricular leukomalacia (PVL) in

the premature infant. PVL is characterized by the death of the white matter of the brain

leading to softening (loss) of the brain tissue. Whereas in the term infant, the deep gray

matter is more likely to be affected (figures 2.4 and 2.5). It is caused by the lack of oxygen

or blood flow to the periventricular area of the brain (brain area surrounding the ventricular

system). PVL may be accompanied by a hemorrhage or bleeding in the periventricular-

intraventricular area, due to the previously mentioned structural weakness of the tissue.

Structural changes are caused by the resorption of the dead brain tissue and bleedings.

Figure 2.2: Ultrasound image: the diffuse grayed area at the marker shows a hemorrhagic

(venous) infarct and an associated ventricular compression.

2.1.4 Neurological problems in the newborn

Cerebral palsy (CP) is a term used to describe a patient who has a non-progressive brain

lesion, leading to a motor activity deficit. The previously mentioned decrease in mortality due

to improved neonatal intensive care was accompanied by a parallel increase in the survival

at lower GA. At the same time, an increasing prevalence of CP, particularly in very and

extremely preterm births, has occurred [6]. In consequence, the total incidence of CP of all

live; births has increased slightly (figure 2.6) during the last decades.

Extremely preterm infants (GA < 28) are approximately 60 times more likely to suffer

from CP than term infants. In addition these infants are approximately 300 times more

likely to develop neurocognitive abnormalities such as mental retardation, specific disorders

of learning, subtle motor abnormalities, or impairment of vision or healing.

9



Chapter 2 Mkdicai, background

Figure 2.3: Hemorrhagic infarct, it is leading to a compression of the surrounding brain

tissue (slice).

Attention has turned increasingly toward improving the neurological outcome of these

critically ill, high-risk infants but also of those born with prenatal brain injuries, brain

malformations or other neurodevelopmental disorders.

2.2 Neonatal neuroimaging

Although the morphological impairments can be detected with diagnostic imaging methods

such as ultrasound, little information can be derived to access the functional impairment at

the patient bedside.

NIRS can fill this gap, by testing the function of the brain. Two types of signals can be

measured with NIRS in the brain as a response to a stimulus:

• Changes in ü2Hb and HHb concentration (section 2.3): the slow hemodynamic signal.

• Changes in optical scattering and absorption properties of the neurons (section 2.4):

the fast neuronal signal.

2.3 Slow hemodynamic signal

The slow hemodynamic effects can mostly be attributed to changes in optical absorption

that are produced by changes in blood oxygenation and hemodynamics, which occur in

active areas of the brain due to neurovascular coupling. This effect has been extensively

studied in human adults [7, 8].

10



2.3 Slow hemodynamic signal Chapter 2

Figure 2.4: The marker shows a periventricular leukomalacia after bleeding (light gray),

delected with M HI. The ventricular system at the center ha*, the same M HI contrast

It is slightly compressed at the hemisphere oi the PVL

The neuronal activity increases the oxygen consumption, which in turn leads to an in¬

crease in blood flow in order to satisfy the increased metabolism with an increased supply

of oxygen to the cells (figure 2.7)

In adults, the increase in blood flow overcompensates for the consumed oxygen. This

leads to a net oxygenation increase in t he activated area. In infants, depending on the brain

development, this effect is gradually established. The superposition of three effects can be

measured with NIRS (figure 2.8):

• An increase in O2 consumption, converts more O^IIb blood into HHb.

• An increase m blood flow affects the O2HI) and HHb concentration, i.e. O2H}) con¬

centration increases and HHb concentration decreases, which is also called washout

effect. This is caused by the replacement of less oxygenated blood by more oxygenated

blood from the arteries, thus causing a lowering of the fraction of HHb.

• An increase in blood volume leads to an increase in O^Hb and HHb This leads to an

increase of the total hemoglobin concentration (tHb)

11



Chapter 2 Mkdical background

Figure 2 5- Periventricular leukomalacia (slice), the dead biain tissue is rcsorbed, an

unrecoverable process, leaving a hole.

l^S IVWJ (4M 147(1 I'm !W0 JW0 19'" 2<HH>

Figure 2.0: Total ceiebral palsy rate per 1000 live births during the last decades [6]

The slow hemodynamic signal mostly originates from the cortex. This was confirmed by a

simultaneous comparison of NIRS to JMRI [9] and PET [7]. Figure 2.9 shows such an

activation during a finger tapping exercise. The measurement of the slow hemodynamic

signal by NIRS is well established for adults.

12



2.3 Slow hemodynamic signal Chapter 2

"*
activity

l
consumption

flow volume

Figure 2.7: An increase in neuronal activity leads to an increase in oxygen consumption

of the cells. The coupling of the cells and vascular system (neurovascular coupling)

regulates the supply of oxygen to the brain cells by altering the hemodynamics (volume

and flow).

STIMULATION

Consumption

Flow

Volume

Figure 2.8: Three effects cause changes in Ö2Hb (red) and HHb (blue) concentrations:

oxygen consumption, blood flow and blood volume. The changes are correlated to the

onset and end of a stimulus. The amplitude ratios of Ö2Hb and HHb are arbitrary

and can be of unequal size, e.g. the change in flow is larger than the one due to Oi

consumption.
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Chapter 2 Medical background

i

--HHb Mean with 95% CI

*»-02Hb Maui with 95% CI
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Figure 2.9: A finger tapping exercise increases the oxygen consumption in the motor

cortex. A decrease in HHb can be observed during the tapping period (wash out effect).

An decrease in Ö2Hb can be observed prior to the repetitive finger tapping exercise.

This is because of the repetitive nature of the exercise; the subject anticipates the start

of the next cycle. Signals were measured with MCPII instrument.

2.4 Fast neuronal signal

The fast neuronal signal is particularly interesting, because it is directly related to neuronal

activity. Its properties are different from the slow signal, e.g. the fast signal is much more

localized than the slow signal. The increase in blood flow affects blood vessels in a larger

volume than the volume of the activated neurons [10].

Stepnoski showed that the change of electrical activity AV in cultured neurons is also

associated with an intrinsic change in optical properties [11]. These results extend the field

of near infrared research to the detection of neuronal activity. The change in scattering AS

is very small and thus several hundred activations need to be averaged. Several studies on

the origin of the fast signal in single nerve cells, animals and humans can be found in the

literature [12, 13, 14]. The manifestation of the changes in optical bulk properties cannot be

completely explained from the literature so far (table 2.1).

2.5 Other physiological signals

The arterial blood pressure and flow pulsates with systole and diastole. The frequency range

is between 60—90 beats per minute in adults and 120—180 beats per minute in infants. Using

14



2.5 Other physiological signals Chapter 2

01

fi-
£

53
CS
1—1

CM
l—i

T—1

T—t

w <0
l-l

t- [18,
19,

20,

21,

22,

23,

24,

25]

CN

o"

iso
e

Ig
en

o

i—i >

o

fi -'S
1—1 >

o
Lh

fi -1

o

fi s

a
s
"o
<

13

'3
E
e

<

§
s
fi

c
o

t§
fi

JO

X Observed
effect
caused
by
a

thinning
of

the

mem¬

brane
or
a

Kerr
effect

{molecules
in

the

membrane

are

aligned
by

the

electric
field).

fi
H

-o
fi
CP

a

_fi

"3
;>

no

§

S
l-l
l-l

o

a>
f-i

«3

B,
c

-8

§
H

01

C
o

2 The

optical
changes
were

related
to

a

sudden

swelling
of

the

gel

layer
of

the

neuronal
mem¬

brane
due
to

an

increase
in

water

content.
This

gel

layer
was
a

superficial
part
of

the

membrane

of

the

axon,
about
0.5

pm

thick.

These
findings
can

either
be

interpreted
as

a

de¬

crease
in

light

scattering
or

increase
in

light
ab¬

sorption. These
findings
can

either
be

interpreted
as

a

de¬

crease
in

light

scattering
or

increase
in

light
ab¬

sorption. 01

c
o

•z. This
can

either
be

interpreted
as

an

increase
in

light

scattering
or

a

decrease
in

light

absorption.

Suggest
either
an

increase
in

light

scattering
or

increase
in

absorption.

I Voltage
dependent
changes
in

birefringence
in

the

membrane
of

the

axon
of

nerve
cells.

A

biphasic
change
in

light

scattering
{90°).

An

increase
in

light

scattering,
which
was

simultane¬

ous
to

the

action

potential,
followed
by

return
to

the

baseline,
followed
by

another
increase
in

light

scattering
was

observed
with
a

peak
at

20ms
after

the

action
potential.

S
u

i

J3
+3

a

i

cd

&>
c

M £3
"S 01

fi 0>
'"

r
0) Srt

S
ë

2 03

F0, «- Thermal
(heat

production
and

absorption),
me¬

chanical
{swelling
and

shrinking)
and

optical

(birefringence)
changes
in

the

axon

were

simul¬

taneous
to

the

action
potential.

|
o

JS

S3

H
(fi

Ë

U
CN

S
.SP

a c
CO O

s '-3

£ 1
•S '%

1 Ja
£ .52

< O A

decrease
in

reflected
light

synchronous
to

the

electrical
signal
was

found.

01

-a
*j

S
CM

bO

.c

13
d

£ '§

"^
CD

1 -S

u o

.S «

fi a
<i 0

1
Ö
o

-a

i,
U

G

1

<* 'S

o as

I ^

«
s

S 2

35 .S

g g
fi S

i—i £. A

decrease
in

the

intensity
of

the

reemerging
light

was

detected.

Table 2.1: Literature overview of studies about the origin, detection and interpretation

of the fast neuronal signal.
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Figure 2.10: Cell cultured neurons were measured with a microscope equipped for dark-

field illumination [11]. Any change in the index of refraction of the cytoplasm or mem¬

brane of the neuron will change the way it scatters light and thus change the detected

intensity S. The change of the scattered light intensity AS was found to be modulated

by the changes of the membrane potential AV.

NIRS, these pulsations of the arterial blood can be used to derive information regarding

the oxygenation of arterial blood. The heart beat has a strong periodicity, which simplifies

the extraction of the signal.

Respiration causes intra-thoracic pressure changes, which manifest themselves as periodic

changes in the NIRS signal. On inspiration, intra-thoracic pressure decreases, improving

venous return and sucking blood toward the heart. On exhalation, intra-thoracic pressure in¬

creases, partially obstructing venous return. This change between obstructed and enhanced

venous return modulates the NIRS signal. The breathing pattern can exhibit a large vari¬

ation in periodicity (adults 14 — 18 respirations per minute, infants 40 — 60 respirations

per minute). Under certain conditions (periodic breathing, mechanically ventilated patients,

measurement of the breathing pattern) this signal can be extracted from the NIRS signal

[28, 29]. It contains information regarding the venous oxygen saturation.

Superimposed on the previously described signals, the NIRS signal also exhibits peri¬

odic fluctuations in the frequency band of 0.4 — 10 cycles per minute [30, 31]. The origin

of these periodic fluctuations is controversial. Different terms are used in the literature to

describe the phenomenon: vasomotion, spontaneous oscillation, low frequency waves and

16
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Mayer Waves. These low frequency oscillations of hemodynamics and metabolism are signif¬

icantly, approximately 100 times larger in infants than in adults, which may be explained by

an immature cerebral autoregulation. These signals must be considered when detecting the

slow hemodynamic signal and the fast neuronal signal, as they partially overlap in frequency

band.

The signal separation and extraction are covered in chapter 4 and 6.
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Chapter 3

Near infrared spectroscopy

fundamentals

3.1 Historical background of NIRS

Near infrared spectroscopy has been used in clinical practice to measure physiological pa¬

rameters for about a quarter of a century, but its roots reach back to the introduction of

spectroscopy and oximetry in 1860s by Felix Hoppe-Seyler, professor of applied chemistry in

Tübingen [32], Using his spectroscope, he was able to demonstrate that the absorption of

hemoglobin in green and blue light was altered depending on its oxygenation status.

In 1876, Karl von Vierordt, professor of physiology, also in Tübingen, demonstrated an in

vivo experiment (see figure 3.1). While stopping the blood circulation with a tourniquet on

his hand he transmitted visible light through his finger and recorded the spectral changes in

OiHb and HHb. The two absorption peaks of Ö2Hb in the spectrum disappeared (540 nm,

580 nm) and a single peak of HHb appeared (560 nm) which indicated that the oxygen had

left the hemoglobin (see figure 3.2). Unfortunately, not very much attention was paid to von

Vierordts experimental results at that time and later they became forgotten.

With the development of photoelectric cells in the 1920s and 1930s the spectroscopic

measurements where rediscovered by several researchers. 1935 Karl Matthes introduced the

first two-wavelength oxygen saturation meter (measuring at the earlobe). During the Second

World War, most research was focused on measurement of blood saturation of fighter pilots

to prevent black-outs in the unpressurized cabins at high altitudes. This paved the way to

clinical use of oximeters [34, 35, 36, 37].

Oximetry did not fully achieve clinical applicability until the 1970s when Takuo Aoyagi,

a physiological bioengineer, introduced pulse oximetry. The underlying concept is explained

in section 4.2.3. He tried to cancel out the pulsatile signal of an earpiece densitometer with

infrared light, when he had the idea to use the pulsatile part instead in order to measure

the arterial saturation of the blood. This is a measure of the percentage of arterial blood

that is saturated with oxygen. The method avoids the discomfort of the older method of
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Figure 3.1: Spectroscope with a prism in the center for the purpose of physiological

research [33].

oximetry, which often required heating of the tissue to increase the flow and arterialize blood

and squeezing of the tissue to remove the blood (calibration). Nowadays, pulse oximetry has

become clinically accepted and can be found at every intensive care unit.

In 1977, Franz F. Jobsis discovered that bones are relatively transparent to near infrared

light and therefore it is possible to non-invasively monitor the oxygenation of the brain

through the skull. The most significant discovery on which todays instruments and research

is based [38, 39]. He also introduced the measurement of cytochrome with NIRS. The

concentration of its oxygenated form is directly influenced by the metabolism of the cells.

To gain an insight into some clinically important physiologic and patho-physiologic prop¬

erties of the brain, a fundamental knowledge of the intrinsic optical properties of tissue is

required. Furthermore, the complex transport of near infrared light in a turbid medium,

like tissue, must be physically described and simplified in order to derive spatially resolved

physiological information. This requires a model that adequately describes all the relevant

aspects of tissue-light interaction for the functional measurement of the brain.
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Figure 3.2: The light absorption properties of biological tissue are wavelength depen¬

dent. The extinction spectrum is a measure for the spectral dependence of the light

absorption. The plot shows the extinction spectrum of hemoglobin in the visible light

range, measured with a modern spectrometer. O2//6 has two peaks of large light ab¬

sorption at 540 nm and 580 nm. HHb has a large peak at 560 nm. During Karl von

Vierordt's in vivo experiment while stopping the blood circulation with a tourniquet

on his hand, the two peaks of Ö2Hb in the spectrum disappeared and a single peak of

HHb appeared. This indicated that the oxygen had left the hemoglobin and converted

to HHb.

3.2 Light propagation in tissue

3.2.1 Overview

To non-invasively assess the brain with near infrared light, external emitters and detectors are

attached to the head. The light emitted into the head undergoes absorption and scattering

events. A fraction of the light, carrying information of these events, reaches the detector

surface. Figure 1.1 shows a Monte Carlo simulation [40] of a single emitter detector pair.

The detected photons mostly traverse the volume (figure 1.1 in red) between the emitter and

detector, thus carrying information of that volume. Spatial information can be derived with

certain sensor geometries using multiple emitter detector pairs.

In order to be able to quantitatively assess the physiological state in terms of e.g.

hemoglobin concentration changes, the light-tissue interaction and the propagation of the

light through the medium must be described using a physical model. The properties of the
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tissue are described in terms of absorption, scattering, anisotropy factor, and refractive index

(section 3.2.2). An overview of the bulk properties of different kinds of tissues is given in

section 3.2.3. The radiative transport equation is introduced to describe photon transport

(section 3.3.2). In section 3.4, various instrument types to probe the tissue are described.

3.2.2 Optical properties

Macroscopical model

Light can be characterized as an electromagnetic wave. The light intensity is the amount of

energy per second that passes through a unit area perpendicular to the direction of travel [41].

The interaction of the electromagnetic field with a dielectric medium leads to absorption,

scattering or reemission of the incident wave. On the atomic scale electrons, with negative

electric charge, surround a positively charged nucleus [42]. The atomic configurations include

complicated bonding mechanisms where electrons share their orbitals between neighboring

atoms and molecules. In an ideal dielectric medium the electrons cannot be carried around

by the electric field, instead the force of the applied field exerts a charge displacement from

its equilibrium position1. The system responds to an applied field like a harmonic oscillator.

Around the resonance frequency of the oscillator, the induced displacement may be very large.

The involved friction, which is associated with the electronic response mechanism, leads to

a transformation of electrical energy into thermal energy, i.e. the absorption of light2. At

non-resonance frequency, the oscillatory amplitude is much smaller. Elastic scattering of

the electromagnetic wave occurs when the charges in the medium are set into oscillatory

motion by the incident wave, which leads to the reemission of a secondary wave at the

same frequency as the incident wave. In biological tissue, the interaction of a heterogeneous

mixture of many substances and cell structures leads to both scattering and absorption of

light over the spectrum of visible and near infrared light. This leads to a macroscopical

model to describe the optical properties of tissue.

Absorption

In an absorbing medium, the initial intensity exponentially decays with distance. The dissi¬

pation of the incident light radiation in the medium as heat is known as absorption of the

medium.

Figure 3.3 depicts how the intensity ip °f a collimated beam of light in a non-scattering

medium is absorbed while propagating through the medium. This is known as the Beer-

Lambert law (equation 3.1). The length d of the beam path through the medium and the

absorption coefficient ^a(A) of the medium contribute to this attenuation. The absorption

coefficient represents the probability per unit length of a photon to be absorbed (commonly

1In a classical view, a restoring force tries to bind the electrons to its undisturbed equilibrium position.

An adequate description requires quantum-mechanical treatment of the problem.
The exited state has a life time of around 10 to 100 ns in biological tissue.
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lo—

Figure 3.3: Absorption of light through a non-scattering medium.

expressed in mm l). The reciprocal -j-
of the absorption coefficient is the absorption length

which is the required distance d to attenuate the intensity of light to e-1 of its initial intensity.

/ = /0 . e-MA)-d (3j)

If multiple absorbing substances (chromophores) are mixed in the medium, the sum of its

absorption can be written as in equation 3.2, while each chromophore of its individual concen¬

tration Cn contributes with its wavelength dependent absorption coefficient of the absorber

an(X) to the total absorption of the mixed medium. Each absorber has a characteristic

wavelength dependency, which acts like a "fingerprint" of the substance, see section 3.2.3.

Ma(A) = ^an(A)-Cn (3.2)
n

Alternatively, the logarithm with base 10 (log) instead of the natural logarithm can be used.

The extinction coefficient en(A) can easily be converted to the absorption coefficient and vice

versa, but care must be taken if values are taken from the literature, because the base of the

logarithm is not always declared.

/ = Jo • ur**"* = J„ • e~acd (3.3)

e = log(e) a « 0.434 a (3.4)

The same conversion can be done for /^a(A):

/^W^Î^ëyl^nW-c (3-5)

For practical reasons the light absorptionis often expressed in "optical density" (OD). Usually

having the unit [cm-1].

OD = ^ß- (3.6)
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Refractive index

The principle effect is that the incident light wave excites a response from the atoms of the

material; this produces a secondary wave that is delayed with respect to the incident wave.

Combining these waves produces a wave that appears to have traveled more slowly. The

effect of the material therefore does not violate the universality of the fundamental speed of

light constant c.

(3.7)
c

n

A wave front approaching the surface of a material with a higher refractive index is par¬

tially reflected and the remains propagate into the new medium. If the wave approaches the

medium at angle di, the reflected wave leaves at the same angle, while the transmitted wave

enteres the medium at a smaller angle related to the ratio of the speed of light in the two

media. The relationship is summarized by Snell's Law.

ni ' sin((j>i) = ri2 sin(4>2) (3.8)

Figure 3.4: Refractive index: two media with different refractive indices.

Most transparent materials have a refractive index between 1 and 2. For example, water

has n
~ 1.33, window glass has n sa 1.5. Tissue has a refractive index between water and

lipid, n « 1.4. For most purposes air has such a low refractive index that it can be considered

a vacuum, n — 1.

Snell's law can be proven with Fermat's principle which states that the time required by

light to traverse a path is a minimum and the optical path is a measure of this time [41].

Scattering

In addition to absorption, photons experience scattering in tissue. The scattering coefficient

/xs(A) is the product of the scattering particles density and the scattering cross section of the

particles. Thus, ßs(X) represents the probability per unit length of a photon to be scattered.

Comparing a non-scattering medium (figure 3.3) with a scattering medium (figure 3.5), the
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Figure 3.5: Scattering: propagation and attenuation of light through a scattering

medium.

path of the photons traveling from the left to the right side is increased due to the scattering

events. As the collimated beam is dispersed by the scattering events of the photons, only

a fraction of the intensity will reach the detector, unless the detector can collect photons

over all angles and all the points of the surface. Furthermore, the photons will have traveled

varying distances through the scattering medium.

Modified Beer-Lambert law

Taking the scattering effect into account, the Beer-Lambert law (equation 3.1) has to be

modified according to the equation 3.9 (modified Beer-Lambert law). It adjusts the distance

d by the differential path length factor (DPF) to account for the increased distance that the

light has to travel and corrects for the amount of light L that misses the detector surface

due to scattering of the light beam. This factor is geometry dependent.

I = I0- e-MXyDPF.d+L) (3 9)

If only relative changes of absorption are of interest, the factor L can remain unknown as

long as the setting remains unchanged and the factor is time invariant (equation 5.19). The

DPF can be determined by comparing the mean time of the light traversing the scattering

medium and the expected time for such a distance in the medium (see section 3.2.2). In

practice, the DPF for different tissues can be found in the literature.

DPFd=-<t> (3.10)
n

Anisotropy factor

Figure 3.6 depicts the scattering process of a photon on a scatterer. When light experiences

a scattering event, it generally emerges in a preferential direction that is measured relative

to its incident axis. The anisotropy factor g, defined as the mean value for cos((f>), measures

the amount of forward direction retained after a scattering event, g depends on the size,

shape, and refractive index mismatches of the scatterers to the medium.

$(</>) • cos(<f>) is the component of the scattering function $(</>) in forward direction. The
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WO
azimuthal

angle ty

Figure 3.6: Determination of the anisotropy factor g.

scattering function is normalized such that f0 $(0) • 2nsin(<f>)d<p — 1. The forward compo¬

nent of the scattering function is assumed to be independent of the azimuthal angle tp.

'

$(<£)• cos(4>) 2Trsin(<p)d<f> (3.11)
o

The reduced scattering coefficient ß's is a lumped property incorporating the scattering

coefficient ßs and the anisotropy factor g. It is given by the following equation

A*i= A*. (!-$) (3-12)

If one images that there are many scattering events before absorption occurs (ßa <C ß'a).

The situation of scattering-dominated light transport is called the diffusion regime and ß's

given in equation 3.12. It is commonly used when discussing near-infrared light propagation

through biological tissues (see section 3.3.2). The reduced scattering coefficient can be used

to statistically describe the diffusion of photons. Between two points of a distance l/ß's, the

path of the photons can either be described as random walks with a step size of l/ßs [cm]

where each step involves anisotropic scattering or as one step where isotropic scattering is

involved. Figure 3.7 shows the equivalence for a medium having an anisotropy factor g = 0.9.

It compares taking 10 smaller steps of the size of l/ßs (mean free path) with corresponding

anisotropic deflection angles and one big step of size of l/ß'a (reduced mean free path). The

scattering process scales by jpztojrs- The scatter is entirely forward if g = 1.

3.2.3 Optical properties of bulk tissues

The scattering in tissue is dominated by two basic types of scattering [43, 44]. The small

structures, such as membranes of mitochondria, which are much smaller than the wavelength

A cause an isotropic scattering (Rayleigh scattering: size <C A) which scale with A. In that

case g —> 0 and in consequence ßs
= ß's.

Larger structures, such as whole mitochondria are larger than the wavelength A and give

rise to anisotropic forward scattering (Mie scattering: size > A). The measured reduced
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Figure 3.7: Diagram of the random walk for g=0.9: taking 10 smaller steps with size

\/ßs with anisotropic deflection angles which can be described as one big step size of
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Figure 3.8: Reduced scattering coefficient of tissue, superposition of Rayleigh and Mie

scattering [1].

10 -r

scattering property of biological tissue is a superposition of both types (figure 3.8). Normally

the bulk properties of the tissue are a combination of these two basic types.

In order to measure the concentration of chromophores in the tissue, their spectral prop¬

erties must be known, e.g. to measure hemoglobin concentration changes, as described in
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section 4.2, the spectrum of Ö2Hb and HHb must be known. Figure 3.9 depicts the extinc¬

tion coefficients of the two most common hemoglobin derivatives, water and fat as a function

of the wavelength of light.

For functional measurements it is necessary to penetrate the brain deeply with light3. Usu¬

ally several cm interoptode distance are required. For this purpose the near infrared range

between 700 nm and 900 nm is best suited due to the optical properties of the tissue. For

shorter wavelengths towards the visible range, the absorption of hemoglobin is too strong

and most of the light is absorbed. Beyond 900 nm the steep increase of water absorption

also limits the application, as the human body consists of about 60% of intra- and extra

cellular water (neonates 80%). Bone is surprisingly transparent to near infrared light and

its absorption is mostly due to its hemoglobin content.

The accurate measurement of optical properties of tissue can be challenging. The difference

600 650 70« 750 800 850 WW 950 1000

wavelength |nm]

Figure 3.9: Extinction coefficients for common chromophores [2].

between microscopic and macroscopic optical properties must be considered in the setting in

order to derive relevant calibration data. In particular, the measurement of ex-vivo material

is difficult since the optical properties may change post mortem, due to cell death and drying

of the cells. Thus, the preparation of the samples is important. The treatment of the ma¬

terial may further alter the properties as shown in the following example of red blood cells.

They have a disc shape and scatter light due to the shape and the mismatch of the intra

The distance from the skin to the cortex is about 3 — 5 mm in neonates. In adults the distance is about

three times larger.
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and extra cellular refractive indices. The bulk properties of blood depend on the number

of red blood cells in the blood plasma and orientation of the blood cells, which depends on

the flow. Refrigerating the blood may damage the cells and change the optical properties.

Furthermore, the oxygenation level of the blood will alter the ratio of oxyhemoglobin and

deoxyhemoglobin. The oxygen dissociation is further influenced by the pH and temperature

of the blood.

Table 3.1 gives a short overview of optical properties of the brain found in the literature. For

most tissues except e.g. the cerebrospinal fluid, within the optical window, the assumption of

ßa ^ ß's iß valid) which means the diffusion approximation shown in section 3.3.2 adequately

describes photon migration.
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3.3 Imaging techniques

3.3.1 Beer-Lambert interpolation

The Monte Carlo simulation of the head in figure 1.1 shows the traveling paths of the detected

photons. It can be observed that the light collected by the detector is mainly influenced by

the brain tissue volume located in the center beneath source and detector, thus mainly

carrying information of that volume. A probe with multiple sources and detectors allows to

measure multiple neighboring volumes and thus by the help of an adequate reconstruction

algorithm enables to spatially resolve e.g. changes in hemoglobin concentration. A fast

and robust algorithm to measure changes in tHb can directly be derived from the modified

Beer-Lambert law (equation 3.9). The minimal requirements are one source and one detector.

Figure 3.10 shows a probe with 4 sources and 4 detectors. The center of each equidistant pair

of sources and detectors can be associated to a tHb concentration change at that position. A

total of M discrete measurements exists. The contribution to each pixel k can be calculated

by an interpolation of those M measurements.

M

Ac^ = E^-Ac^ (3-13)
j=i

The volume between the emitter and detector depends on the distance between the pair.

Thus, only pairs of the same optode distance can be used for the reconstruction in order to

obtain valid results.

To consider pairs of different distances in the reconstruction and to improve the quality

of the reconstruction, a model of the light propagation in the tissue is required. The diffuse

optical tomography (DOT) is a sophisticated reconstruction technique with superior recon¬

struction quality than the Beer-Lambert based reconstruction technique (see section 8). The

technique is covered in the next section.

3.3.2 Diffuse optical tomography

Radiative transport equation

The optical properties of the tissue in section 3.2.3 showed that the transport of light in

tissue is dominated by scattering events, which cause directional changes (diffusion) of the

radiation. An adequate model to describe the process is the radiative transport equation

(RTE) [50]. In analogy to gas particles, light is treated as an ensemble of photons, such

that the Boltzmann particle transport equation can be applied. This equation describes the

temporal evolution of the photon distribution function.

The RTE assumes that monochromatic light is used and further that no inelastic scat¬

tering and fluorescence occur. After being injected into the medium, each individual photon

is either absorbed or escapes from the medium after multiple scattering events. For an

introduction on the propagation of photons in tissue see [51], [52].
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The RTE describes the balance between the number of photons (per unit volume) of the

source terms (on the right side) and the spatial gradient, temporal change rate and local loss

of the number of photons (left side). This balance is valid for all rEl3, direction s G S2

and time t. S2 is the surface of the unit sphere S2 = {y e K3||y| = 1}- The vectors are

drawn in figure 3.11.

(~ + s-V + ßtr(r))<t>(r,s,t) = ßs(r) f ®(sï,3)^,2,^ds*+ q(r,s,t) (3.14)
vat JS2

4>(r, s, t) is a scalar which represents the number of photons per unit volume at position r at

time t with velocity v in direction s. v is the speed of light in the medium.

ßtr(r) is the transport cross section at position r, which is a measure for the sum of the

local photons lost due to either absorption or scattering.

ßtr (r) = ßa (r) + ßs (r) (3.15)

ö^,?) is the normalized phase function, representing the probability of scattering from

direction s' to s.

In order to gain a qualitative understanding of the terms, </>(r,s, t) can be observed at

a given position and direction within a particular unit volume. The temporal change of

<f>(r, s, t) depends on the difference between the gain and loss of the number of photons in

the unit volume.

d

-^<j)(r,s,t) — "gain in photons" - "loss in photons" (3.16)

These "gain" and "loss" in photons is given by four terms4:

-^-0(r,s,«) = 'l.term' + '2.term' - '3.term' - '4.term' (3.17)

Rewriting equation 3.14 in this manner, we obtain for the temporal change:

1. Term q(r,s,t): the source term q(r,s,t) contributes to a local gain of photons at the

given position and direction.

2. Term ßs(r) Js2 Q(s', s)(j>(r,s',t)dW : Ofs^s) is the normalized phase function, repre¬

senting the probability of scattering from direction s7 to s. It is also a source term,

since photons may scatter from all angles into the direction s, thus contributing to a

gain of photons in direction s.

3. Term ßtr(r)<t>(r,s,t): photons, which experience a scattering event or absorption, thus

account for a loss of photons in the given direction and position.

The speed of the photons is also relevant and taken to the left side to simplify the terms on the right

side.
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Figure 3.10: A probe with multiple sources and detectors (O sources, detectors) is

required to spatially resolve an area. The modified Beer-Lambert based image inter¬

polation considers the contributions of each source-detector pair (total of M pairs) to

a pixel. The weight of the contribution to each pixel is given by the distance between

center of the source-detector volume and the pixel.

z

x,y

^
t

Figure 3.11: The radiative transport equation describes the temporal (t) and spatial (at

position r and in direction s) evolution of the photon density function.
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4. Term s • V</>(r, s, t): The term describes the gradient of photon numbers in the given

direction. This results from the net amount of photons directional leaking out to the

surroundings and entering the volume from the surroundings [53]. A positive gradient

represents a loss in photons.

Two quantities can be defined from <fi(r,s,t). The photon density $(r, t), which accounts

the number of photons in all directions s at the given position r

*(r,*)= / <P(r,s,t)(B (3.18)
Js2

and the photon current J(r, t) at the given position r, which represents the direction and

absolute value of the "photon movement" (vectorial function).

J(r,*)= f s<t>(r,s,t)ds (3.19)

In a non-invasive clinical setting several sources and detectors are attached to the skin, the

boundary. The measurable quantity is the emission of the photons in an outward direc¬

tion (exitance) on the surface of the boundary. In this setting, not the photon current or

photon density, but rather the reconstruction of the spatially dependent optical properties

of the tissue are of interest. To reconstruct the optical properties, we have to solve the so

called backward or inverse problem [54, 55, 56] and for this purpose equation 3.14 must be

simplified. The required steps are covered by the next sections.

Diffusion approximation of the radiative transport equation

The diffusion approximation of the RTE is the first step to simplify the problem in order to

solve the inverse problem. Photon transport is dominated by scattering, whereby a photon's

directional information is gradually lost with each scattering event. The diffusion approxi¬

mation is valid in soft tissues with a source-detector separation of at least ~ 1cm (i.e. tt-,

compare table 3.1), assuming only isotropic scattering.

The quantities in equation 3.14 can be written as an expansion of spherical harmonics

[55]:

<t>(r,s,t) = J2Y1 (^-")^M)WS) (3-20)
l m=—l

°° l
01 -X- 1 1

q(v,s,t) = £ Y, (-^-)3«,m(r,*)nm(S) (3.21)
l m——l

oo I

e(?-2)^E eiY{:m(?)Yi,m<S) (3.22)
/ m=—I

The terms ©(SjS'), <j>(r,s,t) and q(r,s,t) inserted into 3.14 can be transformed by the

use of specific properties of the spherical harmonics [55]. Finally, after extensive algebra, the

inner sum can be decoupled, which leads to an infinite number of coupled equations.
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The spherical harmonics approximation of order N assumes that all terms with / > N

are set V^,m — 0, which simplifies the equation system. Higher order approximations may

be required, e.g. for small source-detector separations or complex slab geometries [57], For

the application of functional imaging, it is adequate to use order N = 1 approximation [55],

which results in

Im+ ""(r)) *(r't)+v ' Jr(r'() = q°(r,t) (3-23)

\l,+s£j) •«'•'>+ïv*<--(» = *'') <"*>

which leads to the following terms5:

isotropic source: q0 = g0,o

anisotropic source: q1(r,t) = / êq(r,s,t)ds

reduced scattering coefficient: ß's = (1 — @i)ßs

diffusion coefficient: k = -; —tt-

3(ßa + ß's)

For frequency domain instruments (see section 3.4), the conversion ß- <-> iu can be ap¬

plied:

(^ + ßa J *(r,w) + V • J(r,w) = q0(r,u) (3.25)

(v + à) J(r'w) + iv*(r'w) = q^r'^ (3-26)

where 0 — $(r,w) and J = J(r,o;)6. The following simplifications can be made [56]:

• The source is isotropic

A real light source is not truly isotropic, but rather collimated. To overcome this, the

source position is adjusted one random walk step into the medium, where a signifi¬

cant portion of the light is scattered. This is a good approximation for an effective

isotropic source, being placed at a distance I* from the true source (perpendicular to

the boundary)7.

I* = -i- (3.27)
Ms

5The term ©i here is used for better understanding, it equals to g, which is required to calculate ß'3 from

ßs. Refer to section 3.2.2 for details on its definition.

For simplicity, we do not distinguish variables in time space and Fourier space.

In the realized instrument, only light emitting diodes are used. The beam of a light emitting diode is less

collimated than the beam of a laser diode.
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• In this application, for the optical properties of biological tissue we can safely assume

that:

ßa < ß's

• In addition, the light modulation frequency (/ — ^) is smaller than 200MHz [58]8:

^<<^ = (/4 + Ma)

All these conditions convert 3.24 into Fick's law.

J = -^-V* (3.28)
3ms

Equations 3.23 and 3.24 can now be simplified into one. Substitution of equation 3.28 into

3.23 gives, for the time dependent case, the photon diffusion equation (PDE):

(1
+ Vßa(r) - V (D(r)V)\ *(r, t) = vq0(r, t) (3.29)

D(r) is the diffusion coefficient of the PDE.

The problem from the general time dependent case [55, 56] can be further simplified if

an continuous wave instrument is used (see section 3.4.1). In consequence, equation 3.29

simplifies to

(vßa(r) - V (D(r)V) )*(r) = vq0(r) (3.30)

The forward problem

For a reflectance measurement on an infant head, we assume the semi-infinite geometry

[59, 60], To quantify changes in cerebral 02Hb and HHb, the infant head is assumed to have

a homogeneous scattering coefficient and a spatially varying absorption coefficient. The

absorption coefficient is split into the homogeneous part ßa and the spatially varying part

a(r). The diffusion coefficient D can be simplified to a spatially invariant coefficient D.

Further, the influence of ßa in D is also neglected (ßa -C ß's).

ßa(r) = ßa + a(r) (3.31)

D(r) = D = ~ (3.32)
aßs

The semi-infinite space Q is defined in the negative z direction as

fi = {r e R\r êz < 0}

where êz is a unit vector in direction z and the coordinate axes origin is placed on dQ. with

the normal vector n = ê2.

Within the half space, a distribution of tissue parameters (ßa,ß's) is given. The light

sources and detectors are placed on the boundary d£l. The so called forward problem

In the realized instrument, the modulation of the light sources is in the kHz range.
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is to determine the resulting exitance of the light sources through the boundary into the

detectors. The solution to the forward problem for the implemented sensor geometries (see

section 7) can be mathematically derived from the solution of a single source-detector pair.

Both are placed at position m and p respectively on the boundary dCl.

As previously mentioned, the collimated source position (p) must be adjusted, to ap¬

proximate an isotropic point source located at a depth of one scattering length below the

surface (into the semi-infinite medium):

qo(r) = -6(r-ra) (3.33)
v

with

rg=p + êj* (3.34)

where S is the source amplitude, and /* is defined in equation 3.27.

The exitance jM[<&] is measured by the detector placed at the boundary dQ [55]. It

corresponds to the intensity of diffuse light that flows in the direction n out of the medium

into the detector9:

M[*] =
-^TT^-

n • V*(m) (3.35)
v

Solution of the photon diffusion equation

To solve the differential equation for .M[<&], a boundary condition is required.

The extrapolated zero boundary condition is usually used in the literature. It asserts that

the photon density is zero at a distance l\ outside the medium. It can be mathematically

expressed as:

ß[*] = *(m + ÄJi) = 0 (3.36)

An extrapolation length of l\ — 0.7104 is taken from literature [56].

The following two linear operators are defined to simplify the subsequent calculations:

V*AU\ = (-bV2 + va)u (3.37)

V&a[u] = (va)u (3.38)

Assuming a spatial varying absorption (equation 3.31) and constant scattering (equation

3.32), equation 3.30 can be rewritten as:

Vßa+*,DMr)} = vqo(r), S[*(m)] = 0 (3.39)

Green's function: The problem is to solve equation 3.39 for the photon density $(r).

Before solving the forward problem analytically, we consider the general differential equation

problem:

Lu(x) = /(as), xïî, Bu(x) - 0, i£3S) (3.40)

9In a real world sensor application, the intensity over a wide incident angle of the detector surface is

measured.
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with the linear differential operator L and the linear, homogeneous boundary condition B.

The Green's function G(x,y) is the solution of:

LxG(x,y) = 6(x-y), x,y£Ù

BxG(x,y) - 0, leotî.yëSl

Green's function can be interpreted as the solution of equation 3.40 for f(x) being an isotropic

point source placed at position y. Thus, the solution of the general differential equation at

position x has the form10:

u(x) = f dyG(x,y)f(y) (3.41)
Jn

Born Approximation: Consider the solution of the heterogeneous problem 3.39 as

a superposition of its incident (homogeneous) and scattered (inhomogeneous) parts, $ =

$ + 0
.
$ is the solution of the homogeneous problem

t>ßat5mr)} = vq0(r), B[*(m)] = 0 (3.42)

By expansion of equation 3.39 and substraction of equation 3.42, we obtain:

Vßa+aßMr)] ~ Vßa,b$(r)\ = ft)(r) - vq0(r) (3.43)

Using the Born approximation ($ » $Ä) to eliminate the second-order term va$s, this

leads to the following differential equation problem for <&Ä:

°*..£}[*V)] = -^[*(r)], ß[*'(r)] = 0 (3.44)

Green's function G^(ri,r2) solves11

Vßa,DlGm] = ö(ri~r2), ri,r2fî (3.45)

B[Gm] = 0, mi G an, r2£fi (3.46)

Applying equation 3.41 to equation 3.42 and equation 3.44 yields the incident part of the

radiance

*(r) - f dr'G(^(r,r')vq0(r')
Jn

= f dr'G^(r,r')S5(r'-rs)
Jn

= SG^(r,rs) (3.47)

and its scattered part

**(r) = - /"dr'G^V.rOD*!*]
Jn

= - [ dr'GW(r,r')va(r')Ö>(r')
Jn

= - I dr' G<*> (r, t') G<*> (r', rs) vS a(r') (3.48)
Jn

10Green's function are known for many geometries, e.g. semi-infinite half space[58].
11
The operators V and B are applied on the variable »v
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*(r) == *(r)*J(r)

*(r) == gVM

*'(r) == g^M

The change in measurement T defined as

r5 = M[$] - M[$] = -— n V$5(m) = M[$s) (3.49)

is of particular interest. Applying the measurement operator to equation 3.48 gives:

Vs = f dr'G(~r\m,r')GW(r',rs)DSa(r') (3.50)
Jn

where

G(r)("»i,»-2) = ä-VriG<*>(r,,r2)|ri=mi (3.51)

The Rytov approximation: a different approach is to assume that the incident and

scattered part of the solution are superimposed as follows [56]:

(3.52)

(3.53)

(3.54)

(3.55)

The solution from equation 3.47 is still applicable for the homogeneous part (compare prob¬

lem equation 3.42).

VßaßMr)} = vq0(r), B[*(m)] = 0 (3.56)

Rewriting equation 3.39 with $(r) and $ (r), by the use of the identity

V2$ = $$Ä((V^)2 + (V/)2 + 2V<pV<p5 + V2<p + VV) (3-57)

leads to the equation

-D((V<pf + (V/)2 + 2V¥>V/ + V2<p + VV) + vßa(r) = e^-^vq0(r) (3.58)

Assuming ip° «C l13 leads to the approximation e^'ef (r> ps e^T>. So we can neglect the

scattered part at the source, which leads to

-D((V<p)2 + (V/)2 + 2V^V/ + VV + V2/) + vßa(r) = e^vq0(r) (3.59)

Thus, we can write for the homogeneous part

üA,,D^(p)] = e~^o(r), B[y(m)} = 0 (3.60)

Substracting equation 3.60 from equation 3.59 leads to

(V^)2 + 2V0V<p* + VV - = 0 (3.61)

In a typical setting for functional stimulation the difference in absorption between the rest and stimulation

period is of interest. During the rest period a homogeneous blood distribution is assumed.

l3<p(r) can be adjusted to fulfill this requirement.
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In order to be able to solve the equation, we must rewrite the term 2V0V</? .
The following

identity

V*(r) = *(r) • V<p(r) (3.62)

changes the equation to

(V/)2 + 2^V + V2/ -

H
= o (3.63)

$ D

Rearranging the equation and multiplication with $ leads to

2V$V</ + SVV = -$(V/)2 + $^ (3.64)

We already know the homogeneous part of the solution, so we can solve for the product of

$(r)</? (r) in order to find the scattered part of the solution. By the use of the identity

V2($/) = V2$</ + 2V$V^ + $VV (3-65)

we further rewrite the V2($V ) part with the help of the identity

V2$(r) = ï!&*(r) (3.66)

which is only valid at a distance from the point source. This leads to

V2($¥>Ä) - ^$(r)/ + 2VÖV/ + $VV (3-67)

Finally we can write

(V2 - ^)(V) - ^*(tV + 2V$V/ + *vV - ^$/ (3.68)

which further simplifies the identity to

(V2 - ^)($^Ä) = 2V*V0* + *vV (3.69)

Now we can see that the left part of equation 3.64 is the same as the identity 3.69, which

leads to

(V2 - V-h)(V) = -§(V)2 +* (3.70)

or

Vßaßl($(r)<pS(r))} = 5$(V/)2 - *«a, B[(*(iV(r))] = 0 (3.71)

Finally we make the Rytov approximation, which assumes that (\7ips)2 -C va/Du. So

we can rewrite the problem to

Vßaö[($(r)<p5(r))} = -é(r)va(r), ß[($(r)/(r))] = 0 (3.72)

This approximation restricts that ip is slowly varying.
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which leads to a similar problem as equation 3.44

Ik.ßlW'VM)] = -î£[*(r)], B[(*(tV(r))] = 0 (3.73)

and its solution:

$(r)<ps(r) = - [ dr'GW(r,r')Vi[$]
Jn

= - ( dr'G{*\r,r')va(r')$(r')
/n

= -/dr'G("(r)r')G<*l(r')r,)«Sû(r') (3.74)

Measuring the logarithmic measurement operator values, the term ln(r) — ln(r) evolves to

InVO-lnVO = ln($V</>) - ln($V<p) (3-75)

= <p + ln(Vy>) - <£ - ln(V^) (3.76)

= y> - (p + ln(V£ + SJip6) - ln(Vp) (3.77)

which can be approximated as (ln(V<^ + Vy^) — ln(V<^) «0)

lnV*-lnV* = ¥>-£ = / (3.78)

this leads to

*ln(E)= [ dr'GP\ry)GW(r',r,)vSa(r') (3.79)
r Vn

Finally, the use of the measurement operator in analogy to 3.50 results to

fln(£)= f dr'G(r)(m,r')Gw(r',rs)DSa(r') (3.80)
r Jn

Comparing the reconstruction from intensity (Born approximation) and log intensity

measurements (Rytov approximation) it was found that the latter provided considerable

improvement [61, 56]. The Rytov approximation is much more suitable for most biological

situations, because it does not place a rectriction on the magnitude of the scattered wave,

but rather assumes that the scattered field is slowly varying.

The Green's function

Finally we must solve the problem from equations 3.45 and 3.46 and find an expression for

the Green's function.

For the extrapolated zero boundary condition, the construction is based on the method

of images [56], where a negative source of the same strength is placed at a position outside

the medium, so that the condition of the zero photon density (equation 3.36) applied to the

Green's function is complete. Both of the sources will be solved separately for the infinite

medium problem:

(-DV2ri+vßa)G!X1(rl,r2) = <5(n - r2), rl,r2eM3

lim G00(r1,r2) = 0, 7-i,r2elR3
ln|-»oo
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Figure 3.12: The extrapolated boundary condition with image of V2 at V2-

In [62], the solution for Goo is given as:

Goo(ri,r2)
1 exp(—fc|ri - r2|)

4irD \ri-r2\

where

Vßa

D
k = J^ = yßfcfi\

(3.81)

(3.82)

Applying the method of the images, the image of r2 at the extrapolation length l\ from

the boundary must be placed (figure 3.12). This results in the position

T2 = r2 + 2êz(k -êz -r2)

which yields the Green's function:

G(*)(ri r2) -
_Lrexp(-fc|n-r2l)
47T51 \r\-r2\

exp(-fc|ri - f2|)*

Fi -**2 }

Finally we obtain G^r' from equation 3.51:

G(r)(mi,r2) =
„1/ (k+ 3L yexp(-fc|mi^M
4nD I V |mi-r2|/ \mi — r2\

êz (mi - r2)

exp (-k\mi - r2\) ez (mi - r2)

+ (k +
|w»i - r2| V |mi - r2|

rni — r2 F>1 -»"2 }

(3.83)

(3.84)

(3.85)

The inverse problem

In order to calculate the spatial distribution of the tissue absorption from the photons re¬

ceived at the detector, the inverse problem must be solved [63].

42



3.3 Imaging techniques Chapter 3

The sources and detectors are placed at the boundary dil. P collimated sources exist at

postions

pt 6 dU, i = 1... P (3.86)

and M detectors exist at positions

mj e dU, j = l... M (3.87)

This results in a total number of measurements pairs up to Mtot = P x M.

For all i measurement positions we define (see equation 3.34) the isotropic source position

as

r„=p, + ê«J' (3.88)

with the source term

q<*(r) = -ö(r-rsl) (3.89)
v

where St depends on each source (position and wavelength A).

In practice the number of measurements Mp is smaller than Mtot- To simplify the notation

we first look at only one wavelength and map the index pair set {(i,j)} into the new index

set {t}, i.e.

(hi) <—*, l = \...Mp

Let us redefine the measurement operator Ai:

MM = -B^à h V$x(m3) (3.90)

where $, corresponds to the radiance generated by the source i at the wavelength A, and its

application on the radiance:

For the Born and the Rytov approximations, the inverse problem consists of solving

yt= f dr'G^(m3,r')G^(r',rsl)DSta(r') (3.91)
Jn

For the spatial change in absorption a, where yL depends on the approximation type:

Born: yL = Tt - f
t (3.92)

Rytov: yt = ftln& (3.93)
1

(.

Tt and Tt are the measured intensities during brain stimulation respectively, at rest for the

measurement i at the wavelength A.

To invert the problem, we break up the region of interest into N voxels (figure 3.13) of

volume h [56]. The equations 3.50 and 3.80 can be rewritten as a sum of discrete elements

N

Vt = ^G(r)(mJ,rfc)GW(rfc,r„)I?S,fcafc, i=l...Mp (3.94)
fc=i
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Detectors m Sources p

Figure 3.13: Top: the slab parallel to the boundary dCl is reconstructed (side view).
Bottom: the reconstruction volume is divided into N voxels of volume h (top view).

where the vector Tk points on the center of the voxel k and ak = a(rk) corresponds to the

change in absorption in the voxel k.

The equation 3.94 can be written in the following matrix form, where each line in the

system belongs to a measurement of a source detector pair:

/ 3/1 \ / wi,i
•

wi,n \ ( ci \

\Vmp J \ wMpti WMp,N J \0!N J
or in short

y = Wâ, (3.95)

where W is the forward matrix with coefficient

wL,k = G<r>(TOJ-,r*)G<*>(rfc,rai)i?1S'i/i (3.96)

Instead of imaging the spatial absorption parameter distribution, we are rather interested in

the spatial chromophore concentration distribution. So to extend the problem for multiple

wavelengths, we can write:

yx = Wx âx (3.97)

At each voxel k, the difference of the absorption between rest and functional stimulation is

a linear combination of the AcnHb and Aco2Hb concentration changes15. Thus, we need to

l5The absorption coefficients are well known from literature.
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reconstruct â& of each voxel k at two distinct wavelengths Ai and A2.

àk = (<*o2fffc,A Aco2//b,fc + aHHb,\ &CHHb,k) (3.98)

Another way is to directly reconstruct the chromophores [64]. This suppresses image noise

and reduces cross talk in the Acum and ^o2Hb images. Combining the transformations

of equations 3.97 and 3.98 into one matrix, the inverse problem can be expressed in the

following form:

( VXl \
= ( a02HbM wM <*HHbM wXl \ ( àco2Hb \

f3 9Q)

V V* ) V aO*Hb,X2 ^A2 GHHbM WX> J
'

{ AcHHb J

Algebraic reconstruction

Both linear systems from 3.97 and 3.99 require an algorithm to solve a linear problem of the

form:

y = Ax

where

A = (aitj) G Mm,n, x G Rn, y e Rm

The linear problems 3.97 and 3.99 are illposed and underdetermined, because there are

more voxels than measurements (Mp « 10 <C ^V « 1000). Regularization techniques, such

as algebraic techniques and the subspace techniques exist [56, 55, 65, 59].

The simultaneous iterative reconstruction technique (SIRT) [66] is an iterative method to

estimate the solution of a linear system of equations. A grid with TV voxels gives an image

TV" degrees of freedom. Each row of A represents a hyperplane in the TV" dimensional space

in the form of16:

üjX = yj (3.100)

where

x : is any point on the hyperplane which satisfies the equation

xl : ith iterative estimate of the object function

aj : jth row of the transformation matrix A

yj : jth component of y

The jth row aj can be transposed to a column vector aj and interpreted as a scalar

product, which describes the hyperplane:

a] •£ = yj (3.101)

16When an unique solution to these Mp equations would exist, the intersection of all these hyperplanes is a

single point, giving that solutions. As the system is underdetermined and measurement noise is present, the

SIRT algorithm is applied to find an approximation near the intersections of the hyperplanes.
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Figure 3.14 depicts the problem. The hyperplane (bold line) is perpendicular to the

vector aj and describes all the possible solutions of x. Starting from an initial guess x°, for

the next iteration step x} is calculated.

x1 can be obtained by adjusting the vector x° by the vector HG, which is equal to the

vector FA.

aj-ÔÂ

From this we can calculate

l^^l l T1

Ki

_

Vi

i«7i

\ÖF\ _

aj-x»
~

l Tl

K-l

\HG\ =; \ÖA\-\Ö~F
T -0

yj
-

aj
- xv

, Tl

Ki

Vj - ajà°

KTI

(3.102)

(3.103)

(3.104)

(3.105)

(3.106)

(3.107)

(3.108)

The following property can be used

|aj|2 = aja] (3.109)

to calculate the vector HG. The direction of the vector HG is parallel to the vector aT:

T

HG = \HÔ\^L (3.110)
KI

\aj\ \aj\

= y-i^f-a] (3.112)

(3.113)

This procedure is repeated for all Mp hyperplanes. For the next iteration step, the best

estimation is adjusted by the average of all Mp calculated projections. This finally leads to

the following iteration algorithm:

i
M" -i

-

MP^X+ ajaj
a>
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Figure 3.14: To explain the algorithm, the simultaneous iterative reconstruction tech¬

nique is shown in two dimensional space. The bold line represents one row of the

transformation matrix. The bold line (hyperplane in N space) is perpendicular to the

aj vector and satisfies equation 3.100. The initial vector is x°. The projection of the

hyperplane can be obtained by correcting its initial position by the vector HG. This

procedure can be done for each hyperplane. SIRT corrects with the average of the

projections of all hyperplanes.
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In this application, where Mp < TV", no unique solution can be obtained. The final solution

found depends on the initial guess and the number of iterations, while the convergence rate

depends on the angle of the hyperplanes to each other [66]. Phantom tests have shown that

good reconstruction results can be obtained with 10 iteration steps [54]. The results of the

reconstruction are described in sections 7 and 8.

3.4 Near infrared instrumentation overview

3.4.1 Continuous wave

The basic principle of continuous wave (CW) instruments [46] is to emit light of a constant

intensity and specified wavelength and to measure the attenuated intensity of the incident

light at the detector. The modified Beer-Lambert law (Equation 3.9) is used to measure

the attenuation. If only relative changes in absorption are of interest, the initial intensity Jo

and the factor L must not be quantified. With more complex geometries in a homogeneous

medium, it is also possible to measure the absorption ßa of the tissue by comparing the

slope of the intensity as a function of the distance from the light source. This slope is then

compared to an implemented model (diffusion equations based or empirical model) in order

to calculate the absorption coefficient of the tissue [67], This technique is called spatially

resolved spectroscopy. To quantify multiple chromophores, different discrete wavelengths or

a full spectrum of light are used as sources. The wavelengths are typically modulated in an

interleaved on/off fashion (time multiplexing) or by using different modulation frequencies

(few kHz) to separate the wavelength dependency of the tissue absorption. Using a white

light source, charged-coupled devices (CCD) with a grating can be used to quantify the

spectrum of light. Due to tissue heating, only a few cm of tissue can be penetrated in the

latter case. A high time resolution of 100 Hz and more in conjunction with a sufficient signal

to noise ratio can be obtained in the tissue. These circumstances allow to quantify even

small optical changes due to functional activity of the brain.

The drawback of continuous wave systems is that the DPF and ß's cannot be quantified

and must be derived from the literature. The advantage is that the components are very

inexpensive and can be miniaturized, which makes this concept very attractive (see section

9).

3.4.2 Frequency domain

If the intensity of light is modulated at frequencies greater than 10 MHz, it is possible to

measure the scattering in addition to the absorption [46]. The phase shift of the incident light

compared to the reference signal is used to derive the path length and scattering coefficient.

To obtain an adequate intensity resolution at the detector, the radio frequency signal must be

demodulated to an intermediate frequency of several kHz. Typically, photomultiplier tubes

(PMT) are used for this purpose. The second stage of the PMT is modulated to mix down
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the signal to an intermediate frequency. PMTs have a large gain, as they have multiple

dynodes to amplify the signal. Because some PMT types show amplitude - phase crosstalk,

care must be taken in the selection of the PMT and the choice of the demodulation dynode

(second dynode preferred) to avoid crosstalk [56]. Avalanche photo diodes (APD) have also

become popular as detectors, although the gain is about an order of magnitude smaller and

special care in the engineering of a low noise amplifier must be taken [68].

To obtain modulation frequencies greater than 30 MHz, laser light sources are commonly

used. The light sources are coupled to the tissue by glass fibers, which makes the equipment

bulky. Since the PMT and APD are more expensive than the laser diodes, probes with

many more laser diodes than detectors are common.

3.4.3 Time of flight

A time domain instrument measures the individual propagation time of a photon pulse

through the tissue [46]. Typically pulses of a few picoseconds length are used, which broaden

by the presence of scatterers and flatten by the presence of absorbers in the medium. The

pulses can be repeated up to approximately 100MHz. The incident light pulse can be

recorded with a streak camera where the photons hit a photocathode and the resulting

electron beam is swept over a phosphorescent screen. However, streak camera units are large

and very expensive. Dark counts, limited illumination area, and non-linearity make them

unsuitable for multi channel instruments.

A digital time resolved detection technique is based on time-correlated single photon

counting (TCPSC). Thereby, fast PMT are used to detect the pulsed laser signal. The

signal to noise ratio is inferior to the frequency domain instruments, because the number of

photons is smaller and thus the shot noise is larger.

This technique can be used to image smaller objects (diameter < 15 cm). Since the

measuring time is more than 10 min, this technique is only suitable to measure slowly varying

optical properties.
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Chapter 4

MCPII measurable signals

4.1 Specification of the instrument and probes

The outlined observable physiological parameters from chapter 2 suggest that functional

signals are small compared to other superimposed physiological signals such as the heart

beat signal, respiration signal and Mayerwaves. The frequency spectrum of these signals is

in the range from DC to 10 Hz. In response to functional stimulation, distinct brain volumes

are activated. In order to be able to image certain cortex areas (e.g. motor cortex, visual

cortex) an imaging area of approximately 10cm2 is required. In order to sufficiently resolve

distinct spots of activation, the sensor configuration has to support a spatial resolution in

the order of « cm2. This leads to the following instrument and probe requirements:

• To measure small changes in cerebral oxygenation, a high signal-to-noise-ratio (>

70dB) has to be achieved.

• To spatially resolve a cortex area, at least 4 different locations must be measured and

supported by the instrument.

• To derive changes in 02Hb and HHb concentration at each location, two distinct

wavelengths per location are required.

• A sampling frequency of 100 Hz per channel was chosen to be able to sample the fast

neuronal signal, resolve heart beat signal and its harmonics. The sampling process is

synchronized to the power line in order to allow the filtering of 50Hz signal potentially

coupled from air or ambient lights (Nyquist theorem).

• To measure several cortex areas at a time, multiple instruments can be cascaded.

None of the existing devices (table 4.1) fulfilled these requirements. Thus the aim was

to develop a NIRS system with multiple channels and a high sensitivity. It should allow

monitoring of small and spatially resolved changes in cerebral optical properties due to

cortical activation in response to a sensory stimulus. With the MCPII instrument a variety
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Instrument Manufacturer high time spatial reso¬ Neonatal

resolution lution of at head sensor

> 100 Hz least 4 loca¬

tions

NIRO 1000 f Hamamatsu V

NIRO 500 f Hamamatsu V

NIRO 300 f Hamamatsu V
NIRO 200 Hamamatsu v7

NIRO 100 Hamamatsu v7

Critikon 2001 f Johnson k, Johnson V

Critikon 2020 t Johnson & Johnson V

INVOS Somanetics V

Oxiplex ISS V

Imagent ISS V V

Oxymon Artinis V
ETG-100 Hitachi V V

MCPII V V V

Table 4.1: Near infrared instrument overview. Instruments marked with f are no longer

manufactured.

of physiological parameters can be quantified and extracted. The following section describes

the physiological background of these parameters and the implemented filtering algorithms.

4.2 Physiological parameters

4.2.1 Absorption signal composition

The total absorption of the light in tissue is a superposition of the specific absorptions of

the different layers and compartments of which it is composed. Figure 4.1 illustrates this

superposition. The absorption of the tissue includes the absorption due to bones, hair,

nails, etc. This portion of the signal can be considered constant under normal conditions.

The changes of the absorption are mainly caused by blood, i.e. concentration changes in

hemoglobin in the capillary, venous and arterial compartment. The individual contribution

of each layer and compartment to the total light absorption depends on the probe location

(e.g. head, leg) and the source detector separation distance, which has an influence on the

penetration depth of the photons (see figure 1.1).
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Arterial blood

nVenous blood

Slow trends such as vasomotion or functional hemodynamic signal

H Tissue

Figure 4.1: Different compartments of tissue exist, which contribute to the total absorp¬

tion of light. The time variant part of the absorption is mainly caused by hemoglobin

concentration changes. Part of the superimposed signals can be extracted by spectral

filtering. Time axis is in seconds.

4.2.2 Relative changes in chromophores

Based on the modified Beer-Lambert law, the changes in intensity can be converted to

concentration changes in hemoglobin. The differential path length factor DPF is constant

and taken from literature. The amount of light L that misses the detector and intensity Jo

of the light emitting diode LED are assumed to be constant during the measurement, but

can remain unknown. The difference in intensity of two samples taken at different times can

be used to measure concentration changes.

I(t) = Jo lQ-k<t).d,DPF+L) (4_!)

Rewriting in logarithmic form yields

log(I(t)) = log(Jo) - e c(t) d DPF - L (4.2)
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The concentration change of the chromophore between il and i2 can be calculated by the

difference of the logarithmic intensity values and division by the known coefficients e, d
.

log(J(i2))-log(J(ii))-log(J0)-log(Jo)-e-c(ii)-d-L»PF-J + e-c(i2)-d-DPF + L (4.3)

«-(<0 = Ac=!ffl_JM (4.4)

From the measured intensities at two specific wavelengths (e.g. 730 nm and 830 nm, see

figure 3.9), the concentration changes of 02Hb and HHb can be converted by resolving a 2

x 2 matrix system.

îogfAfajj-iog^te))

log(JA2(ii))-log(JA2(i2)) CHHb,\2 £02Hb,\2

AcHHb DPF d

Ac02Hb DPF d
(4.5)

4.2.3 Arterial oxygen saturation

The arterial blood pulsates with systole and diastole. The difference in the absorption

spectrum during systole (maximum) and diastole (minimum) refers to the difference in the

arterial blood content during systole and diastole. These changes correlate to the frequency

of the heart beat and its harmonics. Thus, the signal can be extracted by band pass fil¬

tering (according to the heart beat frequency) of the logarithmic intensity values at two

distinct wavelengths. Alternatively, peak to peak detection of the intensity time series can

be performed and equation 4.4 can be applied to the intensity at each wavelength. From the

difference between systole and diastole, the percentage of saturated arterial (oxygenated)

blood can be calculated. This parameter is called arterial oxygen saturation (Sa02) in [%].

It is one of the most important parameters in intensive care as the oxygen supply to the

brain and other organs can be non-invasively and longitudinally monitored.

SaQ =

Aco2Ht • d DPF
=

Ac02Hb
(4 6)2

Ac02Hb- d- DPF + AcHHb-d- DPF ActHb
'

Note that the distance d and differential path length factor DPF can remain unknown as

they cancel out in the quotient. The ratio of the concentration changes in HHb and O2JJ&

can be directly calculated by inverting the system 4.5 and building the ratio. In addition,

by the use of equation 4.7,

A,
_ln(/(*i))-ln(/(t2))

ßa
-

d-DPF
[ }

the arterial oxygen saturation can be written, with a number of algebraic transformations,

into a more convenient form:

Aßa(\\) — (a0iHb,x1Aco2Hb + aHHbM^cHHb) ' d • DPF

Aßa(M) = (ao2mM^c02Hb + aHHbM^CHHb) • d DPF

:The probes are described in section 5.4. The distance d between source and detector (25 mm) and DPF

are known.
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Ac02Hb d DPF
AAta(Ai) - aHHb,\AcHHb d DPF

<X02HbM

Aßg(X2) - aHHb,x2&CHHb d • DPF

<*02Hb,X2

A/ja(A2)
__

A/ja(Ai)

<*02Hb,X2 ao2ub,x1
£*ClIHb

aHHb,\2 aHHb,k

&C02Hb

Sa02 =

ao2Hb,X2 a02Hb,X1

A/ia(A2)ao2g0iAi - Aßg(Xi)ao2HbM

ao2HbMaHHbM - CtHHb,\1<X02HbM

Aßa(X2)aHHb,X1 - Aßa(Xi)aHHb,\2

aHHb,XyCt02Hb,X2 - <X02HbMaHHbM

A^o(A2)ajfffl),A1 -Aßg(Xi)aHHb,X2

<*HHbJXiO'02»b,X2-0'02HbAlaHHb,X2

Aßa(X2)aHHb,X] -A/Ja(Al)Qf/HI),A2 _i_
A/Ja(A2)a0afft,Al -A/tn(Al )ao2Hb,x2

&HHb,X1°'02F{b,\2-<X02Hb,\1<XllHb,X2 fX02Hb,X1&HHb,X2~<XHHb,Xl°'02Hb,\2

=

aHHb,X1Aßa(X2) ~ aHHb,X2Aßa(^l)

[oiHHbM - ao2//6,Ai]A/%(A2) ~ WlîHbM - a02H6,A2]A^a(Al)

This finally leads to

A/j„(A

Sa02 =

^^-^^sgfaa
(48)

[a//i/6,A, - ao2iîb,Ai] - [OiHHb,X2 - ao2Hb,x2] A'^\-)^

4.2.4 Venous oxygen saturation

Respiration causes intra-thoracic pressure changes, which manifest themselves as periodic

changes in the NIRS signal. On inspiration, intra-thoracic pressure decreases, improving

venous return and sucking blood toward the heart. On exhalation, intra-thoracic pressure

increases, partially obstructing venous return. This change between obstructed and enhanced

venous return modulates the NIRS signal. These intensity changes can be attributed to

absorption changes due to changes in the venous blood content. Band-pass filtering of the

logarithmic intensity values at two distinct wavelengths extracts the signal. This method is

particularly well suited in mechanically ventilated patients, where the respiration frequency

remains constant and the respiration pressure pattern can be recorded [28, 29]. The derived

percentage of saturated blood of the total venous blood (Sv02) in [%] can be calculated in

analogy to equations 4.6 and 4.8 as follows:

Svo2 = ^laï (4.9)

The difference between the arterial oxygen saturation and the venous oxygen saturation

is the oxygen extraction (OE) in [%].

OE = Sa02 - Sv02 (4.10)
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4.2.5 Tissue oxygen saturation

The tissue oxygen saturation is defined as the oxygen saturation of the blood of a whole

tissue volume, consisting of arterial, venous and capillary compartments. The tissue oxygen

saturation gives the percentage of oxygenated blood in the tissue. To this end, a multiple

distance approach has to be applied. With this method, the intensity of the light source

is detected at two different distances from the light source. Assuming a semi infinite ho¬

mogenous medium, the relation between the slope and the optode separation can be derived

from the diffusion approximation of the transport equation (section 3.3.2, [69], [70]). These

calculations have been performed for frequency domain instruments [71]. Measuring the

intensity J of a light source at the distance d away from the source, the following linear rela¬

tion between the logarithmic intensity d2 product and distance d (d~2> ß'3~l) can be written.

Side is the slope and In^c is the intercept of the curve which is depending on the diffusion

coefficient and intensity of the light source2.

ln(J d2) = d Sl^ßa, ß's) + Indc(D, K^ (4.11)

The slope depends on the absorption and scattering properties of the tissue ßa and ß's.

Sl^ = -^^- (4.12)

Assuming a highly scattering homogenous tissue media with much smaller absorption than

scattering (ßa <c ß's), the diffusion coefficient D can be approximated.

~ V V

D = —^ ss _JL_ (4.13)
S-(ßa+ß's) 3-ß's

K '

The reduced scattering properties can be taken from the literature (table 3.1)3. With one

source and two detectors the In^c terms cancel out as shown in equation 4.14. A similar

multiple distance approach is implemented in the NIRO — 300 instrument [72], [67].

The intensity of a LED is measured at two different distances. At the long distance di,

the intensity II and at the short distance ds the intensity Is is measured. We are interested

in the slope, the difference of the two measurements gives the following expression

ln(JL • d|) - ln(J5 • 4) = dL SI&. - ds Side + In^ - In^ (4.14)

which can be simplified to

ln(^) + 21n(^)
Side = ~^7 "r^ (4-15)

az, - ds

In real life applications the coupling between the tissue, the sources, the detectors and the

sensitivity of the detectors might be unknown and time variant (e.g. hair, sweat). One

2The relation can be depicted in a two dimensional plot. Indc(D, Kdc) is the intercept with the ordinate.

3In case of a continuous wave instrument, the tissue scattering coefficient must be taken from literature

to obtain fia values, but p'3 can remain unknown if only the tissue oxygen saturation is of interest.
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possibility to correct for the difference in sensitivity of the two detectors at distances ds and

di, (and assuming time invariance) is a calibration prior to the measurement on a phantom

block (NIRO - 300). In clinical routine this may be a crucial obstacle. Figure 4.2 describes

a special "self-calibrating" geometry with two sources and two detectors. It self corrects for

the coupling, as long as the assumption of semi-infinite and homogenous media and equal

optode distance are fulfilled. The "self-calibrating" feature can be proven as follows [71]. We

I,,C
1 »M (J>

CA,Y

A» x A

B CB,Y

B'XB

<2) k,<

Figure 4.2: Source-detector geometry for multiple distance measurements of the tissue

oxygen saturation. Source 1 has an Intensity I\ and a coupling coefficient of C\ into the

tissue. The coupling coefficient of the tissue into the detector A is Ca and the sensitivity

of the detector A is Ya, for light source 2 and detector B respectively, dh is the longer

and d$ the shorter distance.

use two light sources and two detectors as arranged in figure 4.2. Source 1 has an Intensity

Ji and a coupling coefficient of C\ into the tissue. The coupling coefficient of the tissue into

the detector A is Ca and the sensitivity of the detector A is Ya- ol and as is the attenuation

of the initial intensity J due to the semi-infinite medium for the longer distance di and the

shorter distance ds, which can be written as the following ratio of the ideal setting:

Is = I -as

Il = I -CLL

Il
_

o>L

Is as

The intensity signal Ji^ from source 1 at the detector A can be modeled as:

(4.16)

(4.17)

(4.18)

as =

IiCiasYACA

h,A

(4.19)

(4.20)
hCiYACA

The same calculation can be performed for the signal from source 1 to the farther detector
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B.

htB = hCiaLYBCB (4.21)

a =

Jl'B
(4.22)L

hCxYBCB
V '

In analogy to the last two equations, the signals from source 2 to detectors A and B can be

described as:

I2tA = l2C2aLYACA (4.23)

l2C2YACA

h,B = I2C2asYBCB (4.25)

I2C2YbCb

The following identity can be used

ln(^) = ^-ln(g.^) (4.27)

Calculating the ratio of intensities of the shorter distances to the longer distances, we find

the following ratio:

Il II —aL<LL
—

^,Bh,AhCiYAcAi2c2YBcB . .

Is' Is~ asas

~

I2lBIi,AIiCiYBCBI2C2YACA
[ " ;

Note that all the coupling factors cancel out. Thus no calibration is necessary. Plugging

4.28 into 4.15 leads to the expression of the slope:

±ln(£^) + 21n(>)
si* =

2
hAr

,—— (4-29)
dL - ds

From the resulting slope, it is possible to calculate the ßa

ßa = ^% (4.30)

Measuring the slope at two distinct wavelengths the tissue oxygen saturation [St02 in %]

can be directly calculated.

fa(Al)
aHHbM

~

aHHb,X2 TTTXTJ
St02 =

MA2)

^j (4.31)
[tHHbM ~ Oi02Hb,Xi] - [oiHHb,X2 ~ a02Hb,X2]j^x7j

The reduced scattering coefficient can remain unknown:

SW2 =

^^-^^(sckf)
si__ (4.32)

[ctHHbM ~ OLo2Hb,Xi] ~ [otHHbM ~

a02Hb,X2}(sCÏ^y
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Chapter 5

Hardware architecture

5.1 Instrument setup

The multi channel photometer hardware consists of four major components, the data acqui¬

sition instrument, stimulation instrument, sensors and host PC. Figure 5.1 shows a typical

setting used in clinical studies.

The NIRS sensors, which probe the tissue of the patient, are connected to the data

acquisition instruments.

The interface of the data acquisition instrument is versatile, different types of sensors

have been developed for the purpose of functional studies (e.g. the Brain Mapper sensor,

Brain Imager sensor, Brain Imager flow sensor), but also for the measurement of other

constituents such as cytochrome or water. Multiple data acquisition instruments can be

grouped (master, multiple slaves) to increase the number of independent data acquisition

channels or to increase the number of sensors.

The stimulation instrument can drive devices for tactile, auditory and visual functional

stimulation. The instrument can easily be extended to drive other stimulation devices as

well.

The host PC is connected over a 10BASE — T port with one ore more data acquisition

instruments. It records the data for further signal processing and analysis. In addition an

intensive care monitor system (General Electric Healthcare,UK) can be connected to record

additional physiological signals such as ECG, plethysmogram, blood pressure and respiration

curve.

5.2 Data acquisition instrument

5.2.1 Block overview

The data acquisition instrument is the most crucial component, it coordinates the interplay

of the other parts, the sensors, the stimulation instrument and host PC. The main purpose

of the data acquisition instrument is to ensure optimal control of the light sources and de-
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Figure 5.1: MCPII setup: data acquisition instruments and stimulation instrument (a)

consisting of one master device connected to multiple slave devices, stimulation devices

(b), sensors (c) and host PC (à). In addition, an intensive care monitor system (e),

can be connected to record further signals such as ECG, plethysmogram, respiration

pattern, etc in real time.

tectors, analog to digital data conversion of the measured intensities, temporary storage of

the measured data and transmission of the data to the host PC for signal processing, visual¬

ization and storage. Figure 5.2 shows the block diagram of the data acquisition instrument.

The instrument consists of the following modules:
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• The microprocessor board controls the measuring process of the NIRS signals and

communication to the host PC (see sections 5.2.2, 5.2.3).

• The light emitting diode driver board regulates the intensity of the LEDs (see

section 5.2.4).

• The intensities measured at the light detectors are amplified and digitized at the am¬

plifier and digitizer board (see section 5.2.5). The light emitting diode driver board

and the amplifier and digitizer board are both controlled by the microprocessor board

during the measuring process (see section 5.2.2). As the measuring process and data

transmission run in parallel, the measuring and communication tasks have each a ded¬

icated microprocessor.

• The power supply provides different voltages for the microprocessor board, light

emitting diode driver board and the amplifier and digitizer board (see section 5.2.7).

It incorporates a programmable phase locked loop (PLL) which generates the time

slot signals of the sampling process which is derived from the 50 Hz AC power line.

All the printed circuit boards are manufactured in 4 layer technology ensuring proper solid

low impedance power supply traces and shielding against electromagnetic interference.

Probe Emitter
Probe

Detector

Probe Cat*. POWer Supply» Probe Cable

~Lieht —
' Anal0°power

Power and Synchronization
Emitting
Diode

Driver Board
DriverConwol MicrQ *«**,***_

Amplifier &

Digitizer
Board

processor

Board

Figure 5.2: Data acquisition instrument: external sensor consisting of LED und detector,

power supply, microprocessor board, light emitting diode driver board and amplifier and

digitizer board. The microprocessor board controls the light emitting diode driver board

and amplifier and digitizer board.

5.2.2 Measuring process

The measuring process handles the data acquisition. The process is divided into 416ßs time

slots. The microprocessor board switches the different wavelengths in a time multiplexed way
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as shown in figure 5.3. Within each time slot one specific wavelength at a given sensor location

is switched on. After a predefined delay, allowing the LEDs to stabilize on a programmable

constant intensity emission level, the intensity of light at the detector is digitized by multiple

analog to digital conversions. Multiple conversions are taken to improve the signal to noise

ratio, this technique is known as oversampling. Section 5.2.6 covers the signal to noise

improvement due to this oversampling technique in detail.

The light emitting diode driver board and the digitizer board each incorporate two inde¬

pendent units. Thus, two independent measuring processes can be simultaneously executed

in one time slot. This feature allows multi-distance and multi-location measurements with

the use of one time slot. One benefit of this method is the minimization of tissue heating,

as the number of time slots and in consequence the total illumination power per LED is

reduced when light from one LED is detected at two locations at a time.

5.2.3 Microprocessor board

The communication and the measuring process both have an independent dedicated processor

system. The requirements, which have lead to this architecture are discussed in the sections

5.2.6 and 6.1.1. Both processors allow the exchange of information over a 16 kbyte dual port

memory device, which is mapped into the independent memory spaces of both processor

systems. In addition the dual port memory chip features a semaphore mechanism to generate

a processor interrupt at the other processor system. The semaphore is set by a write bus

cycle of one processor and is released again by a read cycle of the other processor. These

features provide a bridged data flow from one processor side to the other, in order to provide

an efficient interprocessor communication (figure 5.4).

The communication processor is a Motorola 68J7Z328 running at 16MHz (2.7MIPS).

This processor features a high level of integration as many peripherals are integrated in

one chip such as DRAM controller, flash controller, RTC, UART, GPIO, LCD controller,

watchdog, interrupt controller and PLL. It satisfies the demands of a minimal Linux embed¬

ded system and offers enough resources for the host PC communication over the WBASE—T

Ethernet interface. The system features 8 Mbyte of DRAM and 2 Mbyte of non volatile flash

memory.

The measuring processor provides the control signals to the light emitting diode driver

board, the digitizer board and the auxiliary port (figure 5.4). The DS80C320 (8 MIPS

16 MHz) from Maxim Semiconductor (former Dallas Semiconductor) is a derivate of the wide

spread 8051 microprocessor family. The memory architecture is built upon the von Neumann

architecture, which clearly distinguishes the instruction and the data space. This architecture

contributes to an improved safety of the instrument, as the microprocessor cannot corrupt its

own instruction memory. In addition, the microprocessor features a watchdog and a power

failure mechanism, which forces the system into a defined state at power failure or power

shutdown. The concept warrants that the LEDs currents are in a defined state under all

conditions and prevents the probes from being destroyed or worst case, causing burns of the
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Figure 5.3: Timing diagram of the measuring process: The channels are acquired in a

time multiplexed fashion, providing a time slot for each channel. Upper trace, onset

of the LED driving current. Lower trace, light intensity proportional signal from the

detector at the analog to digital converter. Within each time slot, an oversampling of

the steady state signal is performed, in order to improve the signal to noise ratio of the

acquired NIRS signals.

subject's skin.

If multiple data acquisition instruments are used in a setting, the synchronization of

the measuring process is an issue. For this reason, the data acquisition instrument has two

operating modes. In master mode, the clock of the measuring process is provided by the

power supply's PLL circuit. In slave mode, the clock signal is derived from the master

instrument, which is connected over the auxiliary port. In slave mode, all auxiliary port

signals are inputs. The stimulation instrument is also connected to the auxiliary port. This

way it is ensured that the master instrument drives the stimulation instrument. In addition,

the recorded stimulation pattern of the slave instruments allows the resynchronization of the

data streams of the master and the slave devices. Details of the stimulation instrument are

65



Chapter 5 Hardware architecture
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Figure 5.4: Microprocessor board: measuring processor, communication processor, dual

port memory bridge and auxiliary port. The measuring and communication processors

are connected over a dual memory bridge to exchange information such as sampled data

and instrument status and setting. The auxiliary port controls the stimulation devices.

The clock is derived from the power line.

covered in section 5.3.1.

5.2.4 Light emitting diodes driver board

The light emitting diode driver board incorporates the 32 LED drivers, which are organized

in two independent units (unit A / B). Each unit controls 16 LEDs driver circuits. A

circuit can drive a maximal current of 1000 mA. The intensity of the light emitting diodes

can be adjusted with a step size of 0.25 mA. This is especially important to cover a large

dynamic range. The NIRS signal shows an exponential decay with distance, which must be

considered in multi distance applications (see section 4.2.5). The light absorption of the skin

pigmentation and hair also show a large inter and intra individual variance (e.g. detector

partially placed on hair). Thus the high dynamic range and fine resolution in setting the

current ensures an optimal NIRS signal level at the digitizer board.

The current driver control circuit is shown in figure 5.5. The current path flows from

the LED D2, through the FET power transistor Tl and through the current sense resistor

R6. The gate-source voltage of the FET transistor sets the current in the current path.

Within normal operation, the intensity of the LED is proportional to the driving current.

The target value of the intensity is set by a digital analog converter (DAC) as a reference
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Figure 5.5: Light emitting diode driver board: light emitting diode current driver control

loop.

voltage (LEDI1). It is adjusted by the resistor network Rl and R3, so that the full DAC

output voltage equals 1000 mV at the comparator + input (U1A pin 3). R6 serves as a shunt

resistor. The comparator - input is fed from the voltage drop over R6, which is linear to the

driving current (Ohm's law). The comparator output regulates the FET gate-source voltage,

then readjusts the driving current with the closed control loop. In condition of steady state,

the actual value over R6 equals the target value set by the DAC.

To improve the behavior of the circuit, some passive components are added. R5 limits the

comparator output current which is fed into the FET gate capacity. C2 and R4 improve the

dynamic behavior of the regulator and reduce the current overshoot as system response of

the step function (transient LED on-off phase). C3 adds phase margin and improves system

stability in the case that a short circuited cable from the instrument to the sensor is used.

If the driver circuit is deselected, the LEDI1 signal is tri-stated. R2 pulls the comparator

+ input to a slightly negative voltage, which forces the Tl to turn off the current. CI and

Rl are forming a low pass filter, to minimize the target value noise. DI is a protection

diode which catches the reverse voltage over D2 in case of long cables with a considerable

inductivity.

The driver circuits demand a protection circuit in case of sudden power failure or shut¬

down. To ensure this, the voltage source +PEXT12V can be disabled by the measuring

processor's power failure mechanism.

5.2.5 Digitizer board

The smallest detectable change in absorption depends on the ADC operation point. The

ADC values are proportional to the light intensity at the detector. The resolution is 1
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ADC unit. As described in equation 4.7 the transformation from intensity to absorption is

a logarithmic transformation

f(x) = ln(x) (5.1)

A difference of 1 ADC unit in the linear ADC scale transforms to

/(*) - f(x + 1) = InOr) - ln(z + 1) = ln(-^-) (5.2)
x +1

Thus, the smallest quantization error can be obtained when the ADC operation point is at

the maximal value of 327671.

The digitizer board can simultaneously acquire two analog signals at a time. The two

acquisition units A and B and are completely independent. Each unit has 8 analog inputs to

acquire NIRS signals from the sensors, which can be routed to the analog digital converter

(ADC). To suppress common noise, the cable from the sensors are differential, thus the input

stage is also designed to amplify the differential input signal and to suppress the common

noise. A demultiplexer selects the input signal fed to the acquisition stage.

The first stage amplifies the signal and then feeds the amplified signal to the software

programmable amplifier. The gain factors of the programmable amplifier arc 1,2,4,8 and

16, which can be adjusted by software for each channel. The settings are controlled by the

microprocessor board. The programmable amplifier optimally adjusts the input signal to

the analog to digital converter input range. Thus, the programmable amplifier increases the

dynamic range of the ADC and reduces the quantization error of the measured absorption.

The next stage is a Bessel low pass filter (figure 5.6). It is an active filter of 6th (at¬

tenuation of sa 120 dB /decade) order with a cut-off frequency of 50 kHz (—3 dB) and a gain

of 9.3dB. During the measuring process, the different LEDs are switched on and off in a

time multiplex fashion (figure 5.3). The resulting response at the detector has the shape of

a step function. The Bessel filter has an ideal response to a step function, as the group delay

is independent of frequency. Thus the step response does not show any overshooting which

shortens the settling time of the analog digital converter input signal.

The analog to digital converter has a resolution of 16 bit and a maximum conversion

rate of 200Ä; samples per second. It is based on the switched capacitor architecture, which

employs a successive-approximation technique to determine the value of the analog input

voltage. Instead of using the traditional laser-trimmed resistor-ladder approach, this device

uses a capacitor array charge distribution technique. Binary weighted capacitors subdivide

the input sample to perform the actual analog-to-digital conversion. The capacitor array

eliminates variation in the linearity of the device due to temperature-induced mismatches

of resistor values. As a result of having an on-chip capacitor array, there is no need for

additional external circuitry to perform the sample/hold function. The measuring processor

is connected through an 8 bit parallel interface to enable a parallel two read cycle bus transfer

of the conversion results.

'The total quantization error of the absorption also depends on the source-detector separation d and the

DPF.
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Figure 5.6: Digitizer board: the 6th order active Bessel low pass filter has a 50 kHz

cut-off frequency (-3 dB) [73].

5.2.6 Signal acquisition

The sampling of the physiological signals is controlled by the measuring process, which

switches the source - detector pairs in a time multiplexed fashion (see figure 5.3), providing

a time slot of 416//S for each channel. The measuring cycle of each channel is repeated every

10ms (100Hz). The onset of the LED intensity leads to a step function at the detectors

input amplifier stage, which is low pass filtered by a Bessel filter (cut-off frequency 50 kHz)

inside of the instrument. The spectrum of the intensity signal consists of physiological signals

and noise (physiological and instrument noise). As described in chapter 2 the physiological

signals are in the Hz range. The sampling frequency is much higher than the spectrum of

the physiological signals, but the in-band noise is only limited by the Bessel filter < 50 kHz.

To minimize the effect of in-band noise an oversampling of the intensity signal is performed

(oversampling frequency 200 kHz).

To estimate the benefits of this technique and by looking at the nature of the consecutive

intensity samples, we assume that physiological signal is constant within the time slot, but

superimposed by the in-band noise.

With an oversampling sequence Xi of n samples, the arithmetical mean is the approxi¬

mation of the real value

l£> (5.3)x = —

n
*=i

The error of a single sample from the arithmetical mean is

(5.4)

The mean error of Ax is the standard deviation of the sampled data (caused by noise)

\ n

1
n

(5.5)
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The mean error of the standard deviation is

\\n(n-l)^
J^(xi-x) (5.6)

The ratio between the mean error of the standard deviation and standard deviation depends

on the number of samples and can be given by

ä-n = ^ (5.7)

The calculation shows that the oversampling of n samples reduces the mean error of noise

by the square root of n. The arithmetical mean x is an average of n elements (n power of

2) consisting of a sum of the n samples followed by a division by n. A fast oversampling

algorithm can be implemented in assembler if n is a power of 2 by a summing of the data

followed by a shift to the right of the binary word.

5.2.7 Power supply

The power supply provides the power to the components. It must comply with class 2a DIN

EN60601-1 guidelines for medical power supplies. Evaluation of an off-the-shelf switched

current power supply showed that the power supply is a critical component. Switched current

transients and crosstalk between the LED driver, the digital and the analog power supply

paths leads to a degradation of the signal to noise ratio of the instrument. For this reason a

customized power supply with a toroidal core has been designed. The LED driver, digital

and analog power supply have independent coils. The GND paths are arranged in a star

topology, in order to separate the current paths, e.g. preventing the driving current from the

LED drivers from floating through the analog input stages and interfere the analog GND

reference. The star point connection has been found to give best results when placed on the

driver board.

In addition, the power supply incorporates a power on current limiter protection circuit and

a PLL circuit, which generates the time slot signal for the master device.

5.3 Stimulation instrument

5.3.1 Block overview

The stimulation instrument is controlled by the data acquisition instrument. The current

clinical setting of the instrument consists of two ultra miniature vibration motors for tactile

stimulation, a pair of goggles with integrated LEDs arranged as four bars for visual stim¬

ulation and a pair of headphones connected to a compact disc player for audio stimulation

(figure 5.7). The stimulation instrument also includes an event keyboard to set markers and

start or stop different stimulation patterns. All stimuli can be switched on or off with a

time resolution of 100 Hz over the auxiliary port, which is controlled by the data acquisition
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Figure 5.7: Stimulation devices (from left to right side): headphones for audio stimula¬

tion, vibration motors for tactile stimulation and LED bars for visual stimulation.

instrument. The timing is fully synchronized with the measuring process. This allows a

correlation of the fast stimuli pattern such as optical stimulation pattern to the physiological

responses.

5.3.2 Power supply

The power supply provides adjustable voltages for the tactile and visual stimulation drivers.

The volume of the acoustic stimulation is adjusted on the compact disc player. A medical

grade power supply is included for the external compact disk player.

5.3.3 Acoustic stimulation drivers

The acoustic stimulation driver is built from two stereo audio amplifier stages with a shut¬

down function (figure 5.9), which eliminates audible on/off transients. The auxiliary port

signals Port12 and Portl3 are connected to the shutdown pins. The AudioInO and Audiolnl

are connected to the first audio amplifier (U9) while AudioIn2 and AudioInS are connected

to the second audio amplifier (U10). The amplifiers only require a unipolar power supply.

For this reason, decoupling capacitors C24, C25, C26 and C27 on the input and C16, C17,

C18 and C19 on the output of the stage are required for a GND free capacitive coupling of

the external audio lines. Each amplifier can drive the load of the headphones. AudioOutO,

AudioOutl and AudioOut2, AudioOut3 can be paired to double the output drive current

such that low impedance vibrotactile headphones can be used.

5.3.4 Tactile stimulation drivers

For tactile stimulation, the amplitude of the vibration can be adjusted by the voltage applied

to the vibration motors. Four motors can be individually switched on and off by four HIFET

solid state power switches (Tl, T2, T3 and T4). These devices include a protection circuit
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Figure 5.8: Set-up of the stimulation instrument: auxiliary port, stimuli drivers, key¬

board and power supply.

to drive inductive loads and can be directly driven by the CMOS output of the auxiliary

port (igure 5.10).

5.3.5 Visual stimulation drivers

Figure 5.11 shows the two Darlington circuits (U7 and U8), which can drive up to 16 in¬

dependent LED bars (PortO to Portio). The intensity of the light can be adjusted in the

power supply. Multiple LEDs can be connected in series to the same bar.
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Figure 5.9: Stimulation instrument: acoustic stimulation drivers.

5.4 Sensors

5.4.1 Clinical routine

The sensor is the most critical part for studies in neonates and preterm infants, because the

neonatal head is sensitive and can easily be harmed. The sensor should not cause pain or

other discomfort. The sensor must fulfill safety regulations and be secured against electrical

hazard and skin burning at all times. For clinical routine, it is important that the sensor

can be attached and removed quickly and that the cable is long enough and flexible for use

in an incubator.

For the mapping and imaging of the brain functional activity, it is important that multiple

locations and wavelengths are measured at the same time2. This requires several sources and

At virtually the same time, due to the time multiplexed nature of the sampling process, a time offset
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Figure 5.10: Stimulation instrument: tactile stimulation drivers.

detectors to be built in the same sensor.

We abandoned the option to use glass fibers as they are not flexible enough, which is on

the one hand uncomfortable for the infants and would therefore require sedation. On the

other hand even if the fibers are flexible, they will break easily in a clinical environment. In

consequence laser diodes or photo multiplier tubes were not used because they are too bulky

to be assembled into the sensor.

5.4.2 Sensor composition

Instead, the sensor uses light emitting diodes as light sources with wavelengths between

730 nm and 940 nm. To increase the sensitivity of the detector, a PIN photodiode with a

large active area of 7.5mm2 was chosen for the design.

A major concern was the ambient electromagnetic noise coupling into the sensor signal.

between two measurements of up to 5 ms must be taken into account.
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Figure 5.11: Stimulation instrument: visual stimulation drivers.

For this reason two measures have been taken to improve the sensor's signal quality, which

are covered in the next section 5.4.3.

1. The transimpedance amplifier has been integrated into the sensor to amplify the small

photocurrent.

2. The signal transmission line between the sensor and the instrument has been designed

as a differential transmission line.

The sensor was made out of medical grade soft silicon and combined with flexible cables

to avoid pressure on the skin, which prevents lesions and discomfort from pressure. The

interoptode distance was set to 25 mm. To prevent direct leakage between the emitter and

the detector, the silicon and several surface mountable devices (SMD) of the PCB design

were placed as an optical barrier. A transparent silicon was molded around the diodes to

provide two optical windows (figure 5.12).

In the clinical application this concept turned out to be a good choice as the sensors are very

well tolerated by the infants and they can be applied and removed quickly without waking

up the infants. No time consuming calibration of the sensors is required.
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Figure 5.12: Brain Mapper sensor with optodes for LEDs and photodiode. The amplifier

circuit is placed on the backside of the photodiode PCB.

Figure 5.13: Soft and flexible Brain Imager sensor: 4 emitters and 4 detectors in com¬

bination allow a good spatial resolution, while covering a large area of 5.0 cm by 2.5 cm.

Vertical interoptode distance is 25 mm, horizontal interoptode distance 1.25 cm. The

enclosure is made of medical grade silicon.

The arrangement of the LED and photodiode elements and the resulting spatial reso¬

lution is investigated in section 7.3. The basic type is the Brain Mapper sensor with one

emitter detector pair. An array detector with 4 emitter and 4 detector positions is used as

a Brain Imager sensor, consisting of 4 Brain Mapper sensor circuits (see figure 5.15).

5.4.3 Transimpedance amplifier and electromagnetic irradiation consider¬

ations

A transimpedance amplifier (first amplifier stage, Ula and Ulb) and a differential amplifier

(second amplifier stage, Ulc and Uld) were mounted close to the PIN photodiode to elim¬

inate electromagnetic noise pickup. The amplifier circuit was build on the backside of the

PCB, shielding the probe toward the patient body. A finger nail sized printed circuit board

(PCB) was build for this reason. Transimpedance amplifiers were used to convert low-level

photodiode currents to usable voltage signals, prior to transmission over the sensor cable.
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Figure 5.14: Symmetrical transimpedance amplifier circuit to amplify photon current of

the PIN photodiode.

Figure 5.15: Brain Imager sensor: cable connector, 4 detectors and 4 light emitters.

Interoptode distance is 25 mm. The connection between the different optodes is made

of flexible PCB material.

5.4.4 LED emission spectra and detector characteristic

The spectra of the LEDs have a specific peak wavelength and spectral width. These depend

on the semiconductor material of the LEDs (GaAlAs, GaAs), manufacturing process, but
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also on other influences such as driving current, temperature and aging of the material. The

spectrum of all LEDs was measured with a spectrophotometer (USB2000, Ocean Optics

Inc., Dunedin, USA). The changes in spectrum due to driving current and aging were found

to be negligible.

The spectral sensitivity of the FJA'' photodiode (Si) is also wavelength dependent and

has its peak around 900 nm (taken from manufacturer datasheet).
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Figure 5.16: Light emitting diode's spectrum with peak wavelength and spectral width

(Peak intensity normalized to 1). The shape of the intensity profile can be approximated

by a Gaussian function.

5.4.5 Calibration model

In order to quantify physiological parameters, the conversion from optical density values to

concentration changes in O2JJ6 and HHb is necessary. The conversion coefficients can be

obtained by resolving equation 4.5 by the inversion of the extinction or absorption coefficient

matrix. The spectrum of the LEDs has a certain spectral width. This results in a small

error since the extinction from the literature at the center wavelength was adopted without

correction.

The spectrum of all LEDs was measured with a spectrophotometer presented in the last

section 5.4.4 and accounted in the following model.

For calibration, a continuous wave light emitting technique in conjunction with a two

compound model, derived from the modified Beer-Lambert law (equation 5.8), was used.

With this method changes in 02Hb and HHb concentration were calculated from the changes

in attenuation with corrected coefficients.

I = IQ- e-(<*-c-d-DPF+L) (5.8)
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Figure 5.17: Relative spectral sensitivity of the PIN photodiode.

The emitted intensity Jo from the LED is attenuated by tissue and the transmitted intensity

I detected at the photodiode. The process is dependent on the geometric factor L, the specific

absorption coefficient a, the concentration c of the compound and the interoptode distance

d. The interoptode distance d is corrected by the differential path length factor DPF, which

takes the effect of multiple fight scattering in the tissue into account and leads to an increased

mean optical path length.

The characteristic spectrum of the LED intensity is included by introducing a wavelength

dependence (equation 5.9).

I(X) - I0(X) e-(°W-*d.DPFW+L) (5.9)

The intensity integrated over the whole spectrum of interest is expressed in equation 5.10.

*xj«w (5.10)

The raw ADC values reflect the intensity proportional to the photo-current flowing through

the photodiode as well as the integral over the spectral sensitivity of the photodiode, which

is also wavelength dependent. Equation 5.11 can be derived from the spectral expansion of

the law (equation 5.9) by equation 5.10.

j SDet(X)I0(X) e-°M-cä-DPFW+Ldx (5.11)
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The measuring system function Soet(X) depends on the efficiency of the detector at a given

wavelength, gain of the amplifier and resolution of the ADC.

SüetW is constant during the entire measurement. By subtracting the ADCLeciOff ambi¬

ent light from the ADCLedOn intensity, only the amount of light incident on the detector,

emitted by the LED is taken into account. Thus measurements are carried out without

darkening the room or light shielding, which is essential in the clinical environment. The

product of the terms Soet(X) and Iq(X) can be substituted in good approximation by a

Gaussian function using the experimentally measured spectral characteristics of the LEDs

and sensitivity profile of the photodiode according to the manufacturer's specification (see

figures 5.16, 5.17).

SDet(X) /„(A) - -^=- e-^~ = h T(X) (5.12)

The peak intensity amplitude Jo, center wavelength A0 and spectral half width a were fit¬

ted over the LED emission spectrum and shaped by the spectral sensitivity of the PIN

photodiode.

ADCLed0n ~ ADCLed0ff =
A J T(X) e-W-ä.DPF(x)+LdX ({U3)

For simplification of the terms, the following definitions are introduced in equation 5.14 for

the transfer function hat\0(c) and equation 5.15 for the light attenuation ADC[d.

haM(c) ü ln( / T(A) • e-°(A)-c-*DPF(A)dA) (5.14)
Jx

ADCld = \n(ADCLed0n - ADCLed0ff) (5.15)

In equation 5.16 the logarithm of equation 5.13 is rewritten by introducing the substitutes

of equations 5.14 and 5.15.

ADCid = ln(^) + L + haM(c) (5.16)

The evaluation of the transfer function does not depend on the absolute intensity Jo of the

LED, but on the shape of the Gauss function of the LED. The transfer function hai\0(c)
and (equation 5.15) can be extended to ha^\Q(c\,c2) and equation 5.15 to take multiple

compounds such as 02Hb and HHb into account.

ha^M(Cl,C2) - ln(/ F(A) • e-^W^+MX)c2).d.DPF{x)dx) (5 17)

Partial derivatives of hai\0(c\,c2) with respect to ci and c2 give the slope of the curve as a

function of the concentration changes. The numerical evaluation of a two compound model

using 02Hb and HHb changes within the physiological range (30ßmol/l) shows a sufficiently

constant slope (linear regression fit r > 0.999). Equation 5.18 represents the first order Taylor
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approximation starting at the baseline concentrations co2Hb0,CHHbo

hao2Hb,aHHb,Xo(c02Hb,CHHb) » hao2Hb,aHHbt\0(co2Hbo,cHHbo)

+(co2Hb - CO2Hb0)
Ô

OCQ2Hb
2

,X0(co2Hb>CHHb)

+(CHHb - CHHbo)
dCfjHb <X02Hb,<*HHb,X0(CO2Hb,CHHb)

CQ2Hb — CO2Hb0

CHHb = CHHbo

CQ2Hb — CO2Hb0

CHHb = CHHbo

(5.18)

Relative concentration changes can be calculated without the knowledge of Jo and L by

subtracting a baseline value ADCid(to).

AADCid(t) = ADCid(t) - ADCld(t0)

ln(A) + L + hQ,Xo(c(t)) ~ HA) -L- haM(c(to)) (5.19)

AADCld(t) = haM(c(t)) ~ h<*,xMto)) (5.20)

Measuring with two or three wavelengths enables determination of the concentration changes.

With these changes, equation 5.21 can be solved using the absorption or extinction coeffi¬

cients from the literature [74]. A matrix can be defined with the partial derivative of the

numerically evaluated integral.

H

an a2\

«12 a22

ai3 a2s

(5.21)
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using the following definitions

an =

gxn<XHHb<C»02Hb

a

,X0^730nm(cO2Hb, CHHb)

«21 — ß-hQHHb,ao2Hb,\0!=730nm(cO2Hb,CHHb)

«12 - Q^haHfIbiao2Hbix0=770nm(co2Hb,CHHb)

a22
dy

haHHb,a0oHb,Xo=770nm(c02Hb,CHHb)

«13 — g-haHHb,aO2Hbl\0=805nm(cO2Hb,CHHb)

«23
d_
8y

haHHb,a:o,HbM=80!>nm(Co2Hb,CHHb)

C02Hb — Co2Hb0

CHHb — CHHbo

Co2Hb - Co2Hb0

CHHb — CHHbo

C02Hb = Co2Hb0

CHHb = CHHbo

C02Hb = Co2Hb0

CHHb = CHHbo

Co2Hb — cO2Hb0

CHHb — CHHbo

C02Hb — Co2Hb0

CHHb — CHHbo

The resulting simplified form is shown in equation 5.28.

AADCidi730nm(t)

AADCldi770nm(t)

_

AADCldß05nm(t)

= H
AcHHb

&Co2Hb

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

The standard equation 5.29 can be solved, provided the det(HTH) is not equal to zero to

obtain a unique solution.

Ac-HHb

&Co2Hb
= (HTH)-]HT

AADCidjwnm(t)

AADCidi770nm(t)

AADCtdt805nm(t)
_

(5.29)
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Chapter 6

Software architecture

6.1 Introduction

The software of the multi channel photometer consists of a firmware build into the data

acquisition instrument and a host PC software. The firmware controls the sensors, data

acquisition, stimulation instrument and communication to the host PC over Ethernet. The

host PC software running on a PowerPC or x86 supports the operating systems Linux,

Apple OS X or Microsoft Windows. The purpose of the host PC software is to configure

the data acquisition instrument, and display, record and analyze the acquired signals. These

tasks can be distributed over multiple processors or computers.

Figure 6.1 illustrates the different tasks. Some of these tasks have real-time require¬

ments1
.

The firmware of the data acquisition instrument has the following tasks:

• Control of the measuring process, including control of the light emitting diodes driver

board and digitizer board. This task requires a precise timing of < 5ßs to ensure

proper sampling of the NIRS signal, which implies a hard real-time implementation

(see sections 5.2.2, 5.2.6).

• The control of stimulation devices synchronized to the measuring process requires a

precise timing of < 10 ms. This requires a soft real-time implementation.

• Communication with the host PC to control the instrument. It includes the configura¬

tion of the attached sensor and stimulation devices, adjustment of the data acquisition

instrument settings such as programmable amplifier gain and LED intensity of each

channel.

1Real-time systems have to respond to events in a predetermined amount of time, typically they are

categorized into two classes: hard and soft. In a hard real-time system the time deadlines must be met or the

result of a calculation is invalid. In a soft real-time system the goal is to meet the timing constraint, however

whether or not meeting timing constraint is a condition for success.
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• Communication with the host PC for the transmission of the data stream, which

consists of channel status of the instrument, state of stimulation devices and acquired

NIRS data.

• Monitoring of the correct system operation to prevent uncontrolled states.

The host PC is the communication counterpart of the MCPII and has the following

tasks:

• Control of the MCPII instrument, which consists of the regulation of LED intensity

and instrument gain of each channel, to ensure optimal signal quality of the NIRS

data and to avoid intensity underflow or overflow conditions.

• The graphical user interface (GUI) provides a convenient operation of the instrument.

It includes graphical elements to configure the sensor, stimulation device and stimula¬

tion pattern. During the measurement, it displays real-time plots of the NIRS signals,

channel status (intensity overflow, underflow).

• Storage of NIRS signal and intensive care monitor data to harddisk.

• Export of stored data to Matlab or Excel for further processing.

• Optionally an intensive care monitor can be added to the setting to record and visualize

other physiological parameters such as heart rate, respiration curve, plethysmogram,

electrocardiogram.

6.1.1 Real-time considerations

The application of an operating system (such as Windows or Linux) in conjunction with

high level programming languages, such as C and Java, reduces the extent of software de¬

velopment, because much functionality can be built upon standard library functions. The

hard real-time requirements do not a priori disqualify the use of a PC based system2. Many

real-time operating systems and extensions to popular operating systems such as Windows

and Unix exist. The approach behind all these concepts, in order to guarantee defined re¬

sponse times of the real-time tasks, is similar. The scheduler prioritizes the real-time tasks

over all other tasks. The non real-time part of the operating system is scheduled when the

real-time tasks are idle. This technique requires invasive changes in the operating system

interrupt mechanism. The "starvation" of non real-time tasks of the operating system by

the real-time tasks is a common problem, if the real-time processes do not offer enough time

to the operating system. This may cause buffer overflow problems in other less time critical

components, e.g. the communication interface. To overcome this, the system must provide

enough computing power to handle even worst case peak CPU loads. This dramatically

increases power consumption.

2Such as an embedded industrial PC system, e.g. PC — 104.
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Tests using a standard Windows PC showed problems under moderate CPU load (sim¬

ulating online data processing tasks). In the test setting a constant data stream of 5kbyte/s

was transmitted over the serial port to a Windows PC Host. It turned out that sporadic

data corruption of the RS232C (over internal UART) data stream occurred in combination

with hard disk activity. Linux showed a better behavior, but sporadic data corruption did

also occur under increased CPU load. These limitations are caused by the backward com¬

patibility, which reaches back to 1978 to the roots of the PC architecture: the 8086. As a

matter of fact, only a 16 byte long first in first out (FIFO) buffer is build into the UART in

most modern chipsets. For this reason, at a 5 kbyte/s bit stream only a 3 ms interval can be

tolerated to handle an interrupt without any buffer overflow. To overcome this, one possible,

but too complex solution could have been to move the communication task into a real-time

kernel.

To pay attention to the real-time requirements, the data acquisition instrument was

designed as an autonomous embedded system which is connected over a TCP / IP port to

the host PC. It offers a large data buffer for communication with the host PC to prevent data

loss (4kbyte). All PC host applications are not time critical and therefore do not require a

real-time operating system. The hard real-time application, which is the measuring process,

was moved on a dedicated processor and completely coded in assembler. The TCP / IP

communication was implemented in a small embedded Linux processor. Both processors

are connected over a dual port memory bridge (see section 5.2.3) to allow exchange of data

between the two processors. The data exchange has only soft real-time requirements.

6.2 Measuring processor

Figure 6.2 shows the initialization of the measuring processor. On power up, it performs a

self test, then it initializes the internal memory and FIFO memory. The FIFO memory

is build into the dual port memory bridge and is required for the temporary storage of the

measured data prior to transmission to the communication processor.

Next, the measuring state machine is initialized. Once the time slot signal has become

stable, the status is exchanged with the communication processor to indicate that the system

is ready for operation.

If the communication processor also indicates readiness, the external time slot interrupt

source is enabled to perform measuring cycle interrupts. Upon interrupt, the measuring

state machine in the interrupt routine is invoked, triggering a new measurement task. The

routine guarantees to respond to the time slot signal within one machine instruction3.

Finally, the initialization process is terminated and the processing flow ends in a routine,

which monitors the correct system operation (figure 6.2).

The hardware of the data acquisition instrument was previously described in section 5.2.

The hardware related to the measuring process (section 5.2.2) is controlled by the measuring

3The longest machine instruction on the DS80C320 requires 16 oscillator cycles. TëMîiï
" 16 ~ 1/*«
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Figure 6.1: Software architecture: measuring processor, communication processor, host

PC and its software applications. The measuring processor and the communication pro¬

cessor exchange data over the dual port memory bridge. The communication processor

and the host PC exchange data over Ethernet with a TCP / IP protocol

state machine. A state transition of the state machine is initiated by each call of the interrupt

routine. Figure 6.3 depicts the flow chart of the state machine. Two out of the 24 time slots

are dedicated to carry out special tasks in order to update the measuring process upon

reception of an instrument control command and to update the stimulation devices prior to

the beginning of channel 0. During normal measuring cycles 0 — 21, both data acquisition

units are simultaneously configured, samples are taken and the resulting intensity data is

stored in the FIFO memory.

6.3 Communication processor

6.3.1 uClinux

Linux is an open source operating system. Everybody who wishes to, can obtain and modify

its source code. In 1984, Richard Stallman founded the GNU project, which declares the
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"free right" to share and modify source code. These rights are declared under the GNU

Public License (GPL). He started to write a GPLed Unix compatible operating system,

which in 1992 still lacked the most important part, the kernel. Linus Torvalds started in

1991 to write his own Unix alike kernel, which was intended to work on his inexpensive x86

PC In 1992, he decided to put version 0.01 (called Linux) under GPL.

Linux is highly hardware independent, only a small amount of code is directly related to

particular hardware. This makes the operating system ideal for embedded systems and only

moderate efforts are required to port it to a custom platform. Among many other features,

it includes a complete TCP / IP protocol stack. Since the source code is available, it is

possible to adjust the operating system to fulfill soft real-time requirements.

The communication processor is a 68EZ328 microprocessor. It lacks a memory manage¬

ment unit (MMU). A MMU requires a considerable area of the silicon in a microcontroller.

To reduce chip size, which is one of the main cost factors in monolithic circuit manufactur¬

ing, many microcontrollers do not feature a MMU. The benefit of a MMU is that memory

access can be abstracted from the physical memory. For example this feature can be used to

swap memory to disk and back to memory on access, fully transparent to the running task

accessing the memory. uCLinux4, is a special Linux derivate for microprocessors without a

MMU. The required changes in the Linux kernel and libraries due to the lack of a MMU

are not very invasive, basically only the functions which allocate and free system memory

are modified5.

6.3.2 Compiler toolchain

AC/ C++ compiler is required to run applications and the kernel on the 68EZ328 target

platform. Due to the lack of a MMU, uClinux requires the compiler to generate position

independent code, which is provided by the GNU compiler.

In addition, due to the lack of a MMU and very low memory footprint (flash memory

2 Mbyte and DRAM memory 8 Mbyte), a special C library (uClib) is required featuring a

modified memory handling and less memory usage. All these issues do not require changes

in the applications they are hidden in the kernel and libraries. Therefore, the development

environment is very straight forward. The application C sources can be compiled and tested

under any Unix alike environment. Finally, the application must be cross-compiled for the

target.

6.3.3 Embedded Linux on MCPII

It was necessary to modify the uClinux operating system for the MCPII platform. Parts

of the uClinux source code (linux kernel 2.4) were modified to fulfill the requirements of the

4uClinux grew out of the work of Jeff Dionne, Kenneth Albanowski, and later, Michael Durrant.

5The C library functions to fork a process are also affected. For performance reasons, a running child

process only requires a copy of its own of the parent process context on write access. Due to the lack of a

MMU the write access to memory cannot be detected anymore and requires a work-around.
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MCPII instrument. The kernel code and environment were modified in the following way:

• A flash tool was added to write the kernel and bootloader into non-volatile flash mem¬

ory. The kernel memory mapping was adjusted to support the volatile (DRAM) and

non volatile memories (flash).

• An assembler boot loader initializes hardware components (such as SDRAM, flash,

RS232C and Ethernet controller), language C environment and finally starts the kernel.

• The ROM file system memory map was adjusted to support MCPII flash disk.

• The serial port driver was changed for the MCPII platform and some minor bugs

were removed to support a 115200 baud data rate.

• The driver of the Ethernet controller was changed to support the MCPII platform.

• The interrupt handler was rewritten to be more efficient to decrease response latency to

external interrupts triggered by the data exchange over the dual port memory bridge.

• The system memory copy routine was coded in assembler to support 32bit memory

move instructions, which are more efficient.

• A bridge device driver was added for the communication between the communica¬

tion processor and measuring processor through the dual port memory bridge (section

6.3.4).

In addition, outside of the kernel, a wrapper application (see section 6.3.4) was implemented

which handles the TCP / IP network communication.

During the boot process all the device drivers are loaded. During initialization of the

bridge device driver, the data acquisition processor and the communication processor both

signal the successful initialization to its counterpart to proceed. Once the kernel has com¬

pleted the boot process, the /etc/rc shell script is started, which starts a DHCP client. The

DHCP server in the network will then provide a valid network IP address. On success, the

wrapper application is started, which allows the host PC to establish a connection to the

data acquisition instrument in order to start a new measurement.

6.3.4 Network communication and bridge device driver

The Berkeley socket implementation is a TCP / IP streaming protocol, which provides a

rugged point to point connection. The TCP / IP streaming protocol allows the communica¬

tion between the host PC and the data acquisition instrument. It also guarantees delivery,

preserves data sequence and handles error correction of the data packets. It is a client -

server based implementation. The host PC is the client, which connects to the server, the

wrapper application build into the data acquisition instrument.
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The bridge device driver is implemented as a char device driver, which handles data in

entities of bytes. For this reason, a straight forward solution was chosen.

The wrapper application connects to a TCP / IP port on the Ethernet interface through

which the host PC exchanges data with the bridge device driver. The wrapper application is

the crossbar for all incoming and outgoing data, it simply forwards a serialized data stream

from the measuring processor to the TCP / IP streaming protocol and vice versa. All the

intensity data are transferred untranslated by the wrapper as serialized data streams, while

the instrument control commands are parsed by the bridge device driver and translated into

instrument settings, which are then made available to the measuring process over the dual

port memory bridge.

Figure 6.4 shows the flow chart of the wrapper application. The selectQ function provides

an efficient way to check for the arrival of new data, it blocks the wrapper application while

it is idle, freeing the CPU time for other processes. Figure 6.5 shows the basic supported file

operations of the bridge device driver API. The read() function provides a buffered access

to the measured light intensity data. The function implements the serialization of the light

intensity levels within the bridge device driver in entities of bytes. To modify the current

instrument settings, such as light intensity of a given light emitting diode, the writeQ function

is invoked. Different instrument control commands exist; each has a command code header

with a checksum followed by the data block containing the control information. The bridge

device driver parses the serialized data command in the parseQ function, which extracts the

content and finally adjusts the instruments settings after receiving a complete instrument

control command.

The measuring processor signals a new time slot for communication every 10 ms (see

figure 6.6), If a control command update is pending for transmission to a new setting to the

measuring processor, these data are transferred prior to any transfer of intensity data. These

tasks must terminate within 416/xs which can be achieved by the moderate changes made

in the interrupt handler of the uClinux kernel. This only requires soft real-time behavior.

If only a fraction of the instrument settings was transferred within this time, one sample

would be disturbed due to incomplete instrument setting. This would result to a one sample

artifact in the intensity data.

Immediately after the transfer, a bottom half process6 is invoked, which transfers the

measured NIRS data from the dual port memory FIFO structure into a larger FIFO

buffer. The second FIFO is also implemented in software, it is part of the bridge device

driver and has its storage in DRAM. This process is not time critical as both FIFO buffer

sizes are large enough to allow a multiple second drop out of the Ethernet communication

6In the kernel, e.g. as response to an device interrupt, some processing must be done. Concurrent such

events may arise, which can only be processed one after the other. For this reason the run time of each such

routine should be minimized. Time consuming, but not time critical tasks, should be moved to a so called

bottom half process, which will be executed in background with lower priority. The kernel offers special

mechanisms to queue and handle these tasks.
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Figure 6.4: TCP / IP socket implementation with wrapper application. The charac¬

ter device data and command data are exchanged after the successfull connection of

the client (host PC) with the server (wrapper application). The bridge device driver

(/dev/mcpmod) provides the measured data to the wrapper application, parses the in¬

strument control commands and adjusts the settings of the measuring process.

between the host PC and data acquisition instrument.

6.4 Host PC

6.4.1 Data acquisition and storage

To visualize the measured data from the data acquisition instrument, the host PC runs a

graphical user interface called PUBIS, which provides online visualization. This allows to

adjust the experiment and thus improves the quality of the measurements. The graphical

elements are written in JAVA and the data processing part is written in C++ for perfor-
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Figure 6.5: The bridge device driver API data exchange with readQ and write() func¬

tions: the NIRS data are buffered and serialized into a data stream in the read()

function. The write() function deserializes the instrument control commands and ex¬

tracts the device configuration, which is then transferred over the dual port memory

bridge and finally updates the measuring process.

mance reasons. Figure 6.7 shows a screen shot of the FUBIS application. The host PC

controls an optimal intensity of the LEDs. A regulator control loop is implemented for this

purpose. A too strong intensity will result in an overdriven input stage. The data must be

excluded from analysis. A too low light intensity will result in an increased shot noise and

quantization error (see section 5.2.5), which would decrease the quality of the measurement

(e.g. calculation of the arterial saturation). The status of each channel is visible in the GUI.

Furthermore the recorded data are stored in a database. They can later on be exported
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Figure 6.6: The measuring processor signals a new time slot with an external interrupt

to the bridge device driver interrupt routine. It prioritizes the transmission of a control

command update over the transmission of measured intensity data. For the latter, a

bottom half process for low priority interrupt processing is invoked.

for processing with Matlab or Excel. Figure 6.8 shows the simplified flow chart of the data

recorder.

6.5 Data analysis

6.5.1 Filtering of arterial pulsation and motion artifact recognition

As described in chapters 2 and 4, important physiological signals are superimposed on the

functional NIRS signal: the slow hemodynamic signal and fast neuronal signal. To better

reveal the functional signals, slow trends and the pulsatile part of the NIRS signal are

removed. A simple band-pass filter can be used. However, better results are obtained with

a more sophisticated adaptive filter [18].
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Figure 6.7: FUBIS is a JAVA based graphical user interface, which greatly simplifies

in-vivo measurements [75]. It provides online presentation of measured data. This allows

to adjust the experiment and thus improves the quality of the measurements. The

Screenshot was taken during an EMF study to quantify the effects of electromagnetic

irradiation on the cerebral blood flow of an adult volunteer Two imaging sensors were

placed over each hemisphere The signal traces show the raw intensity data with a

pulsatile arterial signal component The windows to the right indicate the status of the

intensity signals. The upper window displays an image of the sensor, where the status

of the signals is color coded (red= too low, yellow borderline, green = fine). The lower

window displays the ADC values and power levels of the LEDs

The original adaptive filter was developed for adults. It extracts a mean shape of an ar¬

terial pulsation, which is a periodical signal with slowly varying frequency. For this purpose,

in a first step in each channel separately, the systole and diastole of an arterial pulse are

detected. The period is then scaled in time to compensate for its different length of period

of each pulse. All time scaled pulses are averaged. To suppress the arterial signal in the raw

NIRS signal, for each pulse, the mean shape is scaled in time and in amplitude by linear

regression and subtracted from the NIRS signal. This scaled mean shape corresponds to

the best estimate of each pulse [18] and is used to remove the arterial pulse from the NIRS

data.

In neonates, this implementation of the filter was not efficient. The original algorithm

had to be improved. The shape of the arterial pulse wave was found to vary with the heart

rate in our neonatal data. For this reason, instead of one mean pulse shape, different mean

pulse shapes were calculated and categorized by heart rate. Thus, the congruency between
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Figure 6.8: Simplified flow chart of the data recorder, which is incorporated into the

graphical user interface.
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the mean pulses and the physiological pulses was increased, resulting in a better suppression

of the arterial pulse wave from the raw NIRS signal.

Instead of a linear regression between the mean pulse and the raw pulse wave, the raw

pulse wave was detrended and cross-correlated to estimate the best scaling of the reference

waveform against the raw data. In the presence of noise, the cross-correlation algorithm

showed a more robust scaling behavior and in consequence a better suppression of the pulse

wave in the filtered data.

For the automated processing of functional data, it is important to detect periods with

motion artifacts. By statistical means it was possible to detect motion artifacts as a deviation

from the regular periodicity of the arterial heart beat. This is an important step toward the

fully automated processing of functional data which enables to exclude periods with motion

artifact from the analysis. Figure 6.9 depicts the flow chart of the improved adaptive filter.

6.5.2 Filtering of slow hemodynamic signal

Section 2.3 described the slow hemodynamic signal. The neuronal activity in response to

a functional stimulus leads to an increase in the oxygen consumption, which in turn leads

to a change in blood oxygenation and hemodynamic. To extract the slow hemodynamic

signal, other superimposed signals, which are not associated with the functional stimulus

must be filtered from the measured concentration changes in 02Hb and HHb. Figure 6.10

shows unprocessed concentration changes in 02Hb and HHb. The following signals are

superimposed to the slow hemodynamic signal, which are not associated with the functional

stimulus:

• Motion artifacts cause disturbances in the signal traces. These disturbances are either

caused by small volume shifts of blood, e.g. venous blood, or movements of the probe

relative to the skin surface it is attached to. These intervals must be detected and

excluded from analysis.

• The pulsation of the arterial blood with systole and diastole, introduces a periodical

signal component. The component is of a similar magnitude as the expected functional

signal and thus must be removed.

• Respiration causes slow trends, which must be removed.

• Slow vasomotion due to autoregulation causes slow trends, which must be removed.

In order to better minimize the influence of the respiration and slow vasomotion to the

functional stimulation, the functional stimulation is repeated several times. The slow hemo¬

dynamic signal is extracted by comparing the stimulation interval with the two rest intervals

immediately before and after the stimulation interval. Figure 6.11 shows such raw data mea¬

sured in neonates over the visual cortex. In addition, the slow vasomotion may synchronize
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Figure 6.9: Flow chart of the artifact recognition algorithm: the adaptive filter extracts

the mean shape (reference) of the arterial pulse by detecting the systole and diastole of

each heart beat, whose period is adjusted before averaging. This mean shape corresponds

to the best estimate of each pulse and is removed to suppress the pulsatile part of the

NIRS data. In addition it is possible with this method to detect even small motion

artifacts in the NIRS data. By statistical means a disturbed arterial pulse and thus a

motion artifact can be detected.
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Figure 6.10: In the majority of infants a large vasomotion signal was superimposed

on the functional signal. This slow vasomotion caused by the autoregulation was not

localized. At time=12s a motion artifact occurred. The pulse signal due to systole and

diastole (arterial pulsation) is visible as a periodic signal with a high frequency. The

numbers 1,2,3 refer to different locations on the sensor. Concentration changes of Û2Hb

and HHb are in (imol/l.

to the periodic functional stimulation intervals and thus produce an artifact. For this reason

the rest intervals are randomly extended in time to prevent this synchronization effect.

The signal processing of the raw concentration changes in 02Hb and HHb is performed

in 4 steps to obtain the averaged functional signals of all functional stimulation cycles:

1. Motion artifacts are excluded from analysis with the previously described algorithm

(section 6.5.1), The same algorithm also removes the arterial pulsatile component from

the raw data.

2. The signal is then low-pass filtered with a cut-off frequency at 0.5 Hz to remove all high

frequency signal components.

3. A symmetrical moving average width a width of one period of stimulation and rest

reduces slow trends.

4. A folded average is calculated, averaging all stimulation intervals and all rest intervals

before and after stimulation7.

These signal processing routines were first written in Matlab, but have been reimplemend

lately in C/C-I-+ for better performance.

7Except the intervals previously excluded from analysis in step 1.
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-3 - dme[i]

Figure 6.11: The time series of unprocessed concentration changes of O2HÖ and HHb

show spontaneous fluctuations in the NIRS signal. This slow vasomotion hampers

the detection of the slow hemodynamic signal. Still a typical increase in 02Hb and

decrease in HHb associated with functional activation is visible during the stimulation

periods. Due to the time range of this plot, the arterial pulsation appears to be noise.

Concentration changes of O^Hb and HHb were measured over the visual cortex in

neonates [ßmol/l].

6.5.3 Filtering of fast neuronal signal

The fast neuronal signal is superimposed to the intensity signal (see section 2.4) of the

chromophores, but it is not directly related to the changes in chromophores.

To extract the fast neuronal signal, several hundred stimulation events are required. In

an experimental setting as described in the last section 6.5.2, several stimulation periods

and rest periods are repeated. During the stimulation interval the stimulus is not a constant

stimulus, but rather a burst like stimulus. E.g. for visual stimulation, a flash light is used.

This generates enough stimulation intervals to detect the fast neuronal signal.

In a first step, motion artifacts are detected with the algorithm previously described in

section 6.5.1. These periods are excluded from further analysis.

The intensity signal during rest is assumed to contain only physiological noise, which is

uncorrelated to the stimulation event. It serves as a reference. A fraction of the intensity

signal during stimulation is assumed to be correlated to the stimulation event and thus con¬

tains information of the fast neuronal signal. To detect the fast neuronal signal, the intensity
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signal power spectrum between stimulation and rest is compared for all the frequencies.

The algorithm tunes a narrow band pass filter through all the frequencies. Within each

band, the power of the intensity signal is compared between stimulation and rest period. If

the power during stimulation period is larger than the power of the rest period, the band is

assumed to contain information of the fast neuronal signal.

Finally, after probing the whole frequency band, the band between the lowest and highest

frequency containing fast neuronal signal information is considered8. The fast neuronal

signal is extracted with a band pass filter. The resulting power signal is folded averaged for

stimulation and rest periods. Figure 6.12 shows the simplified flow chart.

This signal processing routine requires a lot of computing time. For this reason it was

implemented in C/C++9.

8Actually the lowest frequency containing the largest power is taken, because the fundamental frequency

is assumed to contain most of the signal power.

9The filter is implemented as a FIR filter. Especially the calculation of the filtering coefficients is time

consuming. For this reason, the filter coefficients are only calculated once, and kept on hard disk for further

accesses.
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Figure 6.12: To detect the fast neuronal signal, first a narrow band pass filter is used. The

filter is tuned through all the frequencies. Within each band, the power of the intensity

signal is compared between stimulation and rest period. Finally the fast neuronal signal

is filtered and folded averaged from the band between the lowest and highest frequency

where the power of a the band filtered signal was found to be larger during stimulation

than rest [75].
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Chapter 7

System performance and validation

7.1 Introduction

The performance of the implemented instrument was validated to ensure that the require¬

ments of section 4.1 were met. The validation procedures and results are described in this

chapter [76].

In section 7.2 different sensor geometries that have been considered for implementation

are introduced. In section 7.3, the spatial resolution of the Brain Mapper, Brain Imager

sensor and other possible geometries from the previous section, were simulated. The spatial

resolution of the Brain Imager sensor was further validated with an in-vitro phantom (section

7.5).

In section 7.4, the performance of the Brain Mapper sensor in terms of noise, linearity

and drift are tested. Since the Brain Mapper sensor is technically equivalent to the Brain

Imager, these results are also valid for the Brain Imager sensor.

7.2 Sensor geometries

The spatial resolution of reconstructed images produced by a probe depends on the source

detector geometry. By arranging several sources and detectors on the surface of the tissue,

the light bundles interrogate different regions of the tissue. The spatial resolution does not

only depend on the number of sources and detectors, but also on the position of the sources

and detectors and combinations used for measurements1.

In order to get a qualitative impression of the spatial resolution of a probe and to find out

which geometry has the best performance, three different types of source detector geometries

were simulated and compared. In figures 7.1, 7.2 and 7.3 these geometries are depicted. The

next section 7.3 deals with the simulation of these geometries.

1
Equation 3.100 describes the equation system that must be solved. The convergence of the SIRT recon¬

struction algorithm depends on the alignment of the hyperplanes in space. Each hyperplane is given by a

rows of the transformation matrix A. A is given according to equation 3.99, by the forward matrix (equation

3.97), which is geometry dependent, and transformation from absorption to chromophore concentration.
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• The array geometry is shown in figure 7.1. 4 Brain Mapper sensors are arranged in a

row. Each sensor has a source detector separation of 25 mm. The 4 black arrows show

the 4 signal paths used for reconstruction. No other source detector combinations are

considered in the image reconstruction.

• The imager geometry is depicted in figure 7.2. This geometry is used in the Brain

Imager sensor. The performance of image reconstruction was investigated with 8 and

16 signal paths. In this geometry, 8 signal paths have a source detector separation of

25 mm (figure 7.2 left side). The remaining signal source paths have different separa¬

tions:

— 2 signal paths have a separation of 12.5 mm

— 4 signal paths have a separation of 28 mm

— 2 signal paths have a separation of 37.5 mm.

• The radial geometry is described in figure 7.3. 10 sources are arranged around two

detectors, the source detector separation is 12.5 mm.

37.5 mm

t« L 1

i
L i

25 mm!
i
{

i à h â h i h â

Figure 7.1: Array geometry, consisting of 4 Brain Mapper sensors arranged in a row

with 25 mm source detector separation. The 4 black arrows show the 4 signal paths that

can be used for reconstruction (Q source, D detector).

7.3 Simulation of spatial resolution

7.3.1 Simulation settings and results

The image reconstruction performance of the different sensor geometries was simulated with

photon migration imaging software (PMI). PMI is freely available under the GPL license

[77].

A semi-infinite medium with optical properties of brain tissue was chosen (A = 805 nm,

n = 1.37, g — 0.9, ßa = 0.02mm-1, ß's — 1mm-1) as a simplified model of the brain. Within

the medium a sphere with a different absorption coefficient from the background was placed,

representing a localized spot of activation, to qualitatively test the spatial resolution of the
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-*
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Figure 7.2: The left picture shows the Imager geometry (Brain Imager sensor) with

25 mm source detector separation (8 signal paths). On the right picture, 8 additional

signal paths are also accounted in the reconstruction. These signal paths have different

source detector separations (Q source, detector).

37.5 mm

25 mm

Figure 7.3: The Radial geometry with 12.5 mm source detector separation is arranged

from two hexagons, sharing two light sources (O source, D detector).

sensors. The absorption coefficient of the inhomogeneity was increased by +10% compared

to the absorption coefficient of the medium. The radius of the inhomogeneity was 5 mm. The

sphere was placed at a depth of 20mm within the medium. To test the image reconstruction

performance, the positions of the sphere was altered and the reconstructed position was

compared to the real position.

The physical model has been previously described in section 3.3.2. Figure 7.4 depicts

the forward and inverse model. A light absorber is placed in a semi-infinite medium. The

model uses discrete voxels to represent the medium. The forward model describes the distri¬

bution of photon densities within the medium with the given source distribution. It allows

the simulation of intensities measured at the detector. The inverse model is then used to

reconstruct the absorption of each voxel in a plane from the simulated detector intensities.

The image reconstruction at the depth of 20 mm (xy plane) within the semi-infinite medium

requires the following steps:
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1. The forward model must be established, for this reason the medium is divided into

discrete voxels. The absorption and scattering coefficients of the semi-infinite medium

and the embedded absorber are given for each voxel.

2. Based on the probe geometry, the resulting photon densities of the light sources within

the medium are simulated. From these photon densities, the intensities measured at

the detectors are simulated.

3. Finally based on simulated intensities at the detectors, the inverse model is used to

reconstruct the absorption coefficients of the medium (equation 3.95).

Forward model Inverse model

Figure 7.4: A light absorber is placed in a semi-infinite medium. The model uses dicrete

voxels to represent the medium. The forward model describes the distribution of photon

densities within the medium with the given source distribution. It allows the simulation

of intensities as measured at the detector. The inverse model is then used to reconstruct

the absorption of each voxel in a plane from the simulated detector intensities [78].

The probe geometries as shown in figures 7.1, 7.2 and 7.3 were simulated and the sources

and detectors were placed in the parallel plane at the boundary of the medium.

Simulations A-F describe the placement of the inhomogeneity at the following positions2

in a depth of 20 mm:

• Simulation A (figure 7.5), position (10.8/0):the inhomogeneity is placed at the position

of one of the detectors of the radial geometry sensor.

• Simulation B (figure 7.6), position (12.5/0):the inhomogeneity is placed in the middle

between two detectors and two sources of the imager geometry.

• Simulation C (figure 7.7), position (0/0):the inhomogeneity is placed at the origin.

• Simulation D (figure 7.8), position (-12.5/-12.5):The inhomogeneity is placed in the

middle between two detectors of the imager geometry sensor.

2All coordinates in [mm].
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• Simulation E (figure 7.9), position (6.25/-12.5):The inhomogeneity is placed at the

position of a detector of the imager geometry sensor.

• Simulation F (figure 7.10), position (12.5/6.25):The inhomogeneity is placed near to

the two detectors of the imager geometry sensor.

7.3.2 Discussion

The array geometry has only source-detectors signal paths in the y-direction. The com¬

parison of simulations ,4-C with simulations D-F show that the resolution performance of

the array geometry in the y-direction is not possible. For example, the probe shows a

good localization in simulation B (figure 7.6), but fails in simulation D (figure 7.8).

The imager geometry uses the same number of sources and detectors as the array

geometry, but uses a modified geometry, which increases the number of signal paths. This

leads to the capability of the imager geometry to resolve the y-direction, sec simulations

D,E and F (figures 7.8, 7.9, 7.10).

The radial geometry and the imager geometry with 16 signal paths show comparable

performance with respect to resolution. The radial geometry shows best resolution of

the inhomogeneity at the origin (simulation C, figure 7.7, but holds poor resolution of the

inhomogeneity when it is placed over one of the two detectors (simulation A, figure 7.5).

In comparison to the radial geometry, the imager geometry with 16 signal paths

shows a constant resolution quality of all positions of the inhomogeneity. In the imple¬

mentation of the imager geometry, all sources are arranged in a way, which allows the

measurement of two detector locations within the same time slot. This reduces the total

time that each LED is switched on, which results in a reduced tissue heating and further

allows a higher sampling rate. Refer to section 5.2.2 for details of the data acquisition of the

instrument.

In addition, the imager geometry requires a less complex design of the probe with less

emitters than the radial geometry, which improves flexibility of the probe's PCB. This

is very important for the clinical application and has lead to the decision to implement the

imager geometry rather than the radial geometry. Furthermore, the imager geome¬

tries with 8 and 16 signal paths have identical source and detector positions, only the signal

paths are different. This enables to choose by software between different resolution qualities

if multiple probes are required at the same time.

7.3.3 Conclusion

The imager geometry is a good trade-off between probe complexity and performance and

shows a good resolution of the inhomogeneity at all investigated positions.
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geneity at coordinate (1.25/0) [cm] best.
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an offset. In the other two geometries, the reconstruction of inhomogeneity is blurred
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7.4 In vitro system performance

7.4.1 Experiments and results

The aim of the experiments was to assess the system in vitro to ensure the technical perfor¬

mance, to investigate the accuracy and capability to detect small changes in optical properties

related to functional activation. The in vitro experiments were adjusted to two measurement

conditions:

1. For the accurate detection of slow functional hemodynamic changes, the system re¬

quires minimization of slow drift within a period of one minute, which corresponds to

a typical experimental period of stimulation and rest, low noise at a time resolution of

approximately 10Hz (slow system noise), and a high linearity in order to quantify the

concentration changes in 02Hb and HHb precisely.

2. For the detection of neuronal activity the most relevant parameter is the noise level at

high time resolution (fast system noise).

To test for drift, slow and fast system noise, the Brain Mapping sensor was placed on

a head phantom and fixed with a bench vice to eliminate motion artifacts. The phantom

(Johnson &; Johnson Medical GmbH, Newport, UK) consisted of a transparent silicone rubber

with a scatterer (Ti02) and an absorber (Zeneca, Manchester, UK): ß'^ « 1.7mm-1, ßa ~

0.05 mm-1. These parameters where chosen to model a neonatal head consisting of grey and

white matter and partially oxygenated blood, see table 3.1 for reference. Following a cold

start of the entire system, data were acquired for 120 min. Immediately after the restart of

the system, data were recorded for additional 120min (warm start). A difference between

cold start and warm start of the device is expected, caused by the temperature drift of the

LEDs and amplifier circuits.

Drift: Since the applied method calculates relative changes in 02Hb and HHb (section

4.2.2) from raw signals, it is important that the zero drift and the fluctuation of the baseline

are smaller than the expected changes due to the slow hemodynamic signal. The system

drift over the first 120 min after warm and cold start are displayed in terms of concentration

changes in 02Hb and HHb and tHb in table 7.1. The drift is much lower than the expected

slow hemodynamic signal of 0.5ßmol/l, which was taken as reference (100%).

Slow system noise: A time resolution of 10 Hz is sufficient to assess the slow hemody¬

namic signal. Ten samples were averaged to determine the slow system noise. The standard

deviation over one minute (600samples) was calculated. For drift analysis each block of ten

consecutive ADC values was averaged and transformed to obtain 02Hb and HHb concen¬

tration changes (10 Hz resolution). Drift analysis was performed on the two recorded data

sets. The range of the slow system noise is displayed in table 7.1 and is much lower than the

expected signal.

Fast system noise: The fast system noise was calculated as standard deviation within

each block of 10 samples at the original sample rate of 100 Hz. The results were expressed in
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Start Condition Warm Cold

Drift [%] SD[%] Drift [%] SD[%]

AHHb 0.42 5.4-9.2 6.1 5.6-9.4

A02Hb 0.44 4.2-8.2 8.3 4.2-9.4

AtHb 0.46 3.2-5.0 14.3 4.0-17.2

Table 7.1: The mean system drift over 1 min and the range of the standard deviation

(slow system noise) were measured after warm and cold start of the instrument over the

full 120 min interval (sampling rate 10 Hz). The reference period of 1 min was chosen

because a typical stimulation interval would be 1 min or less. The drift and SD is small

compared to the expected functional changes of Q.5umol/l (100%).

percent of the mean light intensity. Table 7.2 shows the mean and the standard deviation of

the fast system noise over the entire 120 min warm start data set. The results demonstrate

that the system drift and the noise are very low. In addition, the noise equivalent power was

measured to be in the order of lOOpW.

Wavelengths 730 nm 770 nm 805 nm

Noise ± SD 0.0090 ± 0.0021% 0.0110 ± 0.0026% 0.0162 ± 0.0039%

Table 7.2: For the fast system noise analysis of the data acquisition hardware, the

120 min warm drift data were analyzed at full data sample speed of 100 Hz. The noise

is given in % of the mean intensity.

Linearity: The linearity of the instrument was tested on a special phantom with ad¬

justable optical density, on which the Brain Mapper sensor was placed and fixed by a bench

vice. The phantom consisted of two blocks of a medium with tissue-like scattering and ab¬

sorption properties (50 mm cube), which were separated by a black light blocking layer. In

the middle of the layer was a slide with drill holes with increasing diameter, which allowed

the light to penetrate from one side to the other. The amount of light could be adjusted

by shifting the slide to four discrete positions and at each position only one optical hole

was open. OD values were recorded for every diameter and averaged over a 10 sec second

interval. Linear regression of all three wavelengths was performed against the reference OD

values. The results demonstrate that the MCPII is linear to ±3% over a larger range of

« 0.6OD.

7.4.2 Discussion

In vitro system drift and signal to noise analysis

The concentration changes in 02Hb, HHb and tHb in the infants head during functional

stimulation were expected to be approximately 0.5/xmo/// [79], [80] and [81]. This value
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Wavelengths Slope Offset r

730 nm 0.978 0.011 0.99

770 nm 1.031 0.011 0.99

805 nm 0.996 0.011 0.99

Table 7.3: The measured and the calibrated optical density of the linearity phantom

were compared by linear regression. The results show the high linearity of the detector

stage, consisting of a photodiode and signal amplifier.

was taken as a reference to determine the relevance of the drift and noise. In a typical

stimulation interval of up to 1 min, the results show that the system drift after a warm start

was much smaller than 0.5ßmol/l, and that the drift, therefore, does not need to be taken

into account. As the system drift is a monotonie process, detrending by a moving average

will further decrease the influence of the system drift. The system drift after cold start,

however, is relevant. In practice it is no problem to warm up the device for two hours before

starting a measurement. The noise was different in magnitude between the LEDs wavelength

types. Therefore the dominant source of noise was concluded to have its origin in the LED

intensity fluctuation. With smaller ADC values, the quantification error of the linear ADC

increases3. This is especially true for low light conditions on a very dense object. Since the

LED noise is found to be dominant over the quantification error, it was concluded that the

16bit ADC provides a satisfactory resolution at a high converter speed. In addition and

due to the superposition of slow vasomotion [31], [30] on functional hemodynamic changes,

it is necessary to repeat a functional stimulation at least 10 times. The triggered averaging

reduces instrumental and physiological noise by a factor of the square root of 10 (compare
section 5.2.6). Consequently, the implemented steps to minimize electromagnetically coupled

noise, such as integration of the transimpedance amplifier in the sensor and sophisticated

PCB design for all functional blocks, power supply decoupling (switched current of LED

drivers, digital and analog part), and power supply filtering, have been successful and have

enabled visualization of an activation pattern with high signal to noise ratio.

In vitro system linearity

The linearity of the system is important for accurate quantification of HHb, 02Hb and tHb.

The system was linear (r > 0.99) throughout the measurement range of sa 0.6O.D, which

was equivalent to 100 times the expected concentration changes in 02Hb and HHb. The

measured deviation of the steepness would result in an error of less than 2.3% for 02Hb and

6.4% for HHb, which is negligible for physiological studies.

3The OD values, are calculated by taking the logarithm of the light intensity. The raw ADC values are

proportional to the light intensity.
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7.4.3 Conclusion

The drift, noise and linearity error of the instrument were tested. The comparison of these

results with the expected magnitude of the functional signals leads to the conclusion that

the measurement error is in the order of < 10% of the physiological signal. Thus, the device

was found to fulfill all the requirements and to be fully suitable for functional studies with

neonates, within the envisaged limits.

7.5 In vitro test of spatial resolution

7.5.1 Experiments and results

In addition to the half space simulations of the brain imager sensor from section 7.3, in vitro

phantom tests were performed [54].

To mimic a semi-infinite medium, aluminium boxes to refrigerate perishable foods (vol¬

ume 0.9/) were used as compartments of the phantoms4. The aluminium boxes were filled

with agar-agar based mixtures, which gel under 36 °C. Two kinds of mixtures were used for

the homogeneous medium and the embedded inhomogeneity, which had optical properties

in the range of an infant head. Table 7.4 describes the ingredients. The absorption and

scattering properties of the mixtures were adjusted with black ink and Intralipids. As these

mixtures perfectly serve to grow fungal and germs, the antidegradant Parabene was also

added to make the phantoms last longer5.

Ingredient Quantity Description

Black ink 100:1 0.6m/ for the surrounding

homogeneous medium and

1.0ml for the inhomogene¬

ity

Absorber

Intralipid 20% 70m/ Scatterer

Distilled water 400m/ Solution

Agar-agar 85 Gelling agent

Parabene 10% 4m/ Antidegradant

Table 7.4: The phantoms were made in aluminum boxes and two mixtures were made

of these ingredients. The two mixtures for the homogeneous medium and embedded

inhomogeneity only vary in the amount of added ink. To speed up the gelification, the

aluminium boxes were cooled from the outside with ice.

The optical properties were validated in two additional phantoms, each containing one of

the two mixtures as a homogeneous medium. Once they turned solid, the ßa and ß's values

4
A minimum of 98% reflectivity is sufficient to mimic an infinite-medium geometry reliably [82].

5After two weeks in a fridge, no significant changes in optical properties were observed.
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were measured with a modified ISS Oxiplex TS (ISS Urbana, USA) [68]. Table 7.5 shows

the measured optical properties of the phantom.

Homogeneous medium Embedded inhomogeneity

A ßa. ß's ßa ß's

730 nm

830 nm

0.014

0.016

1.03

0.93

0.021

0.025

0.99

0.80

Table 7.5: Optical properties for the surrounding homogeneous medium and embedded

inhomogeneity [mm-1].

From the same mixtures, two phantoms with embedded inhomogeneities with rectangular

and cylindrical shapes were made. The first phantom consists of two rectangular inhomo¬

geneities (figure 7.11) with a size of 10x20 mm, the second phantom consists of a single

cylindrical inhomogeneity with a diameter of 20 mm. The depths of these inhomogeneities

were chosen between 5 — 7 mm, which is the depth where cerebral activity at the cortex is

expected in newborn infants.

Figure 7.11: The first phantom consists of two 10x20 mm rectangular inhomogeneities.

The left rectangle has a depth of 12 mm and the right rectangle has a depth of 7 mm.

Both inhomogeneities have a distance of 15 mm from each other (0 source, D detector).

The Brain Imager sensor with the 8 equidistant sensor-detector signal paths were used.

The reconstruction was performed by measuring the homogeneous phantom as a reference

and followed by the two phantoms with embedded inhomogeneities. According to equation

3.97, the difference in ßa between the reference and each phantom was reconstructed at the

depth of 10 mm. The voxel size was chosen to 2.5x2.5x2.5 mm and 10 iterations of the SIHP

reconstruction algorithm with an initial start value 0, assuming a homogeneous medium,

were chosen. Figures 7.13 and 7.14 show these reconstructions.

The reconstruction of the first phantom shows that the edges of the rectangles are blurred

and no longer visible. However separation and positions of the two rectangles is visible.

The reconstruction of the second phantom shows that the shape of the cylindrical object

is also blurred, but its center position is detectable.
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o
Figure 7 12 The second phantom consists of a cylindrical (diameter of 20 mm) inho¬

mogeneity The object has a depth of 5 mm and was placed in the center (O sollt te, IJ

del eel oi )

730nm
x 10

'

Figuie 7.13 In the reconstruction of the first phantom, the separation and positions of

I he two rectangles are visible The edges of the objects are blurred Ten iterations of the

SIRT ieconstruction algorithm and an initial start value of 0, assuming a homogeneous

medium, were chosen Reconstruction of Afia [mm-1] at 730nm (Q source, D detectoi)

The same reconstructions were also performed at 830nm wavelength with similar results.

7.5.2 Discussion

The equation system from 3.97 is underdetermined. This leads to the observed bluriing

effect using the SIRT reconstruction. It is a fundamental limitation of this icconstiuction

approach An increase of the number of measured signal paths, could improve the sharpness

of the objects.

119



Chapter 7 System performance and validai ion

Figure 7 M In the reconstiuction ol the setond phantom, the position of the cylmdiical

inhomogeneity is visible The shape of the object is also bluired Ten delations ol the

SIRT reconst i in tion algorithm and an initial stai t value ol 0, assuming an homogeneous

medium, were chosen Reconstiuction of A/ia [mm-1] at 730 nm (Q source, n detec tor)

7.5.3 Conclusion

The experienced limitations of the reconstruction algorithm are within the expected range

The obtained results from the simulation in section 7 3 aie concurrent with the results from

the m vivo leconstruction and fulfill the lequiied resolution in the order of » cm2 The

reconstiuction algorithm serves its purpose for the resolution of limctional measurements
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Chapter 8

Clinical studies

8.1 Introduction

The in vivo validation of the instrument is presented in this section as well as preliminary

results from clinical trials carried out at the University Hospital of Zurich. All protocols

were approved by the ethical committee of our institution.

8.2 In vivo arterial occlusion on the adult arm

8.2.1 Setting

Arterial occlusions were performed to validate the measuring system in vivo. The mea¬

surements were done on five healthy adult volunteers. Eight Brain Mapper sensors were

attached in two rows of 4 sensors on the left forearm of right handed subjects. In addition

a NIRO — 300 (Hamamatsu Photonics Deutschland GmbH, Germany) near infrared spec¬

trophotometer was attached on the forearm for comparison of the in vivo measurements. A

pneumatic pressure cuff (Kontante II, TRIMED AG, Bochum, Germany) was used to induce

arterial occlusion.

The following procedure was repeated seven times: after a stable baseline for one minute

the cuff was inflated to SOOmmHg for one minute (arterial occlusion), followed by a two

minute rest period with the cuff pressure released. The whole procedure was repeated after

swapping positions of the Brain Mapper sensors and of the NIRO — 300 sensor. Both

instruments measured the concentration changes 02Hb, HHb and tHb, which were recorded

on a PC notebook.

The slope of 02Hb, HHb and tHb during the arterial occlusion, recorded with both

instruments, were analyzed and compared (mean and SD). The NIRO — 300 was configured

to measure one set of data every 2 s. For the MCPII, 200 samples were averaged to achieve

the same time resolution.
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8.2.2 Results

A total of 70 arterial occlusions were performed. The raw data were visually preprocessed

and 7 occlusions were excluded from the analysis due to improper arterial occlusion (slope
did not become constant while cuff was inflated) or motion artifacts (curve not continuous).

A comparison of the measured concentration changes during arterial occlusion between the

NIRO — 300 and the MCPII are shown in table 8.1. Figure 8.1 depicts the concentration

Parameter Instrument AHHb A02Hb AtHb

[ßmol/1/min] [ßmol/1/min] [ßmol/1/rnin]

Mean ± SD NIRO - 300 8.0 ± 2.4 -7.1 ± 3.5 0.9 ± 2.2

Mean ± SD MCPII 7.6 ± 2.5 -7.4 ± 3.0 0.3 ± 2.0

Table 8.1: The arterial occlusion was performed on 5 healthy volunteers with a total of

63 valid arterial occlusions. During the occlusion, oxyhemoglobin (02Hb) concentration

decreases and the deoxyhemoglobin (HHb) concentration increases in a ramp function

(figure 8.1). The mean values and the standard deviations of the arterial occlusion slopes

were calculated.

changes in HHb, 02Hb and tHb during four consecutive arterial occlusions in one subject.

8.2.3 Discussion

To achieve a sufficient arterial occlusion the arm had to be occluded with a cuff pressure

of 300mmHg. Such pressures cause displacement of tissue, a phenomenon visible as cuff

artifacts in the measurement. As shown in figure 8.1, the slope of the HHb increases,

while the observed decrease in 02Hb, was not perfect at the beginning of the occlusion. As

expected, the slope remained constant once the occlusion pressure was established and the

displaced tissue was steady. The results show a good agreement between the two instruments.

8.3 Hemoglobin concentrations reconstruction during arte¬

rial occlusion

8.3.1 Setting

Arterial occlusions were performed to validate the reconstruction of 02Hb and HHb con¬

centration changes directly from the intensity signals. The measurement was done on one

healthy adult volunteer. The Brain Imager sensor was attached on the left forearm of the left

handed subject. The probe was centered over the large muscle of the elbow at the underarm

(musculus pronator teres). A pneumatic pressure cuff (Kontante II, TRIMED AG, Bochum,

Germany) was used to induce arterial occlusion.

The changes in intensity between rest and occlusion were measured and recorded. The
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time [min]

Figure 8.1: Arterial occlusions were performed on the left arm of a subject at 1, 5,

9 and 13 minutes as indicated by the black bars. During the occlusion, the oxyhe¬

moglobin (02Hb) concentration decreases and the deoxyhemoglobin (HHb) concentra¬

tion increases. The magnitude of the concentration changes is similar for both instru¬

ments, although the trace is much noisier for the NIRO — 300. Both devices had a time

resolution of 2 s in this setting. (MCPII (top), NIRO - 300 (bottom))

direct reconstruction of 02Hb and HHb concentration changes was performed according to

equation 3.99.

8.3.2 Results

Figure 8.2 shows the reconstruction of 02Hb and HHb concentration distribution. Under

perfect arterial occlusion, arterial inflow and venous outflow of the blood are stopped. The

total blood volume remains constant, while successively the 02Hb is converted into HHb

due to tissue metabolism. Thus the 02Hb and HHb concentrations changes during arterial

occlusion are equal in magnitude, with reversed signs.

8.3.3 Discussion

The reconstruction shows the expected results, the reconstructed concentration changes are

equal in magnitude, a decrease in 02Hb and an increase in HHb concentration are visible.
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Figure 8.2: Arterial occlusion of the arm. In each subfigure, the left side shows the

Beer-Lambert and the right side the diffuse optical tomography based reconstruction

(depth 1 cm) of 02Bb (upper half) and the HHb concentration (lower half) (O source,

D detector). The increase in HHb and decrease in 02Hb concentration during the

occlusion are reconstructed with the imager geometry (Brain Imager probe, 8 signal

paths). Under perfect arterial occlusion, the 02Hb and HHb concentrations changes

[mmol/I] are equal in magnitude, with reversed signs (Q source, G detector).

8.4 In vivo measurement of venous and tissue oxygen satura¬

tion

8.4.1 Introduction

Knowledge of the cerebral blood volume distribution into arterial, capillary, and venous com¬

partments is of significant interest for both general diagnostic purposes and the mecisurenient

of the cerebral metabolic rate of oxygen. The Brain Imager sensor can be used to extract all

126



8.5 In vivo functional measurement in an adult subject Chapter 8

these parameters at the same time.

The aim of the study was to assess the distribution of cerebral blood volume into arterial

and venous compartments using tissue, arterial, and venous oxygen saturations measured

with spatially resolved NIRS.

8.4.2 Setting

The Brain Imager comprises four source-detector pairs with optode distances of 25 mm and

37.5 mm. Intensities were measurements with a temporal resolution of 100 Hz. 30 sec mea¬

surements were performed on 7 healthy human adults with the NIRS probe placed on the

right side of the forehead. Calculated tissue oxygen saturation, venous oxygen saturation,

and arterial oxygen saturation were used to determine the percentage of cerebral blood vol¬

ume in venous and arterial compartments. The capillary saturation was taken as the average

of venous and arterial saturations. In section 4 the signal analysis s explained in detail.

8.4.3 Results

Figure 8.3 presents a representative frequency spectrum showing peaks at 0.3 and 1.1 Hz

(the breathing and heart rate frequency). The calculated tissue mixed, arterial and venous

oxygen saturations are shown for individual subjects. Average arterial, tissue mixed, and

venous oxygen saturations were 97.1±0.6%, 71.0±2.9%, and 60.6±6.1% respectively. Figure

8.3 also presents the oxygen extraction fraction (OEF) for individual subjects (dashed line).

Average OEF was 31.0 ± 7.9%. These results have been published [28].

8.4.4 Discussion

Under normal physiological conditions the cerebral blood volume is generally considered to

be distributed into arterial, capillary, and venous compartments in the ratio 20, 10, 70.

Our findings are in agreement with this ratio. As some cerebro-vascular diseases alter the

distribution of cerebral blood volume, the ability to measure this distribution may prove

useful for disease monitoring and may also find use in the non-invasive measurement of

cerebral oxygen metabolism.

8.5 In vivo functional measurement in an adult subject

8.5.1 Setting

Finger tapping exercises were performed by one right handed adult volunteer and recorded by

the MCPII device at 100 Hz. Four Brain Mapper sensors where placed over the motor cortex

of each hemisphere at the C3 and C4 position according to the international EEG10/20

system [83]. Twenty finger tapping exercises were performed. Each exercise consisted of a 20 s

tapping period followed by a 10 s rest period. The two hands were alternated in performing
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Figure 8.3: The breathing and heart beat frequencies can be used to tune band pass

filters in order to extract the changes in venous and arterial blood content. From these

signals, venous and arterial oxygen saturation can be calculated. The tissue oxygen

saturation is calculated with a multi distance approach. From these parameters, the

percentage distribution of the cerebral blood volume can be calculated. The algorithms

are described in section 4.2. a) Representative frequency spectrum showing peaks at 0.3

and 1.1 Hz, the breathing and heart rate frequency, b) Tissue mixed (white bar), venous

(light gray bar), and arterial (dark gray bar) oxygen saturations, percent distribution

of cerebral blood volume in the venous compartment (solid line), and oxygen extraction

fraction (dashed line).

the tapping exercise. Data processing was performed with a Matlab script to remove heart

beat, breathing or vasomotion artifacts, and trends not associated with brain activity (see
section 6.5). Thus, the recorded oxygenation changes were low pass filtered (finite duration

impulse response filter of 644th order, cut-off frequency at 0.5 Hz) and a symmetrical moving

average over one minute was subtracted from the filtered data (to remove DC component

and trend). To suppress cortical signals not correlated to the functional stimulation, a time

triggered average was performed over the repeated stimulation and resting periods [79],

8.5.2 Results

Figure 8.4 shows the time triggered average of HHb and 02Hb concentration changes during

left hand and right hand finger tapping exercises respectively. The left column in each figure

shows the sensors 1-4 placed over the left hemisphere (C3 area). Sensors 5-8 are placed

over the C4 area on the right hemisphere (right column). Typical activation patterns were

observed with a high degree of localization [7]. These measurements were repeated and

activations pattern were observed in 4 out of 5 subjects. Probably in the one subject, the
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sensor was not precisely located on the motor cortex.

Figure 8.4: Finger tapping exercises were performed from second 10 to 30 (dotted box).
The first (sensors 1-4) and the second column (sensor 5-8) measured over left and right

hemisphere respectively before, during and after left hand finger tapping. The third (sen¬

sors 1-4) and fourth column (sensor 5-8) show left and right hemisphere during right hand

finger tapping. An activation typically consists of an increase in oxyhemoglobin (02Hb)

concentration and of a decrease in deoxyhemoglobin (HHb) concentration. The higher

02 consumption in the activated area is immediately overcompensated by an increase

in blood flow which leads to this pattern. Both hands showed a stronger contralateral

activation on the motor cortex hemisphere. The ordinates are scaled to fimol/l.

8.5.3 Discussion

Consistent with the literature, the subject showed a strong contralateral activation [79], [84]
and [85]. During left hand finger tapping (figure 8.4, left half) the left hemisphere showed

strong activation on sensor 3 and 4 while the other sensors showed only a weak activation.

The right hemisphere showed a strong activation on all sensors. A decrease in HHb with a

simultaneous increase in 02Hb during the activation indicates an increased blood flow over

the motor and somatosensory brain areas on the center over sensor 7.

During right hand finger tapping (figure 8.4, right half) a more differentiated activation
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pattern was observed. Sensor 3 over the left hemisphere showed a congruous pattern of

response during left and right hand finger tapping, while the contralateral response was

1.5 times larger in magnitude. The pattern exhibits a high degree of localization, since

it is only visible in one sensor. On sensor 2, 3, 4, 5, 6, 7, 8 both hemispheres showed

an activation of about 4 s before the right hand finger tapping exercise was started. This

premotor activation, which started before the 10th s in the plot may be explained by a more

functionally differentiated right hand.

8.6 In vivo tactile functional measurement in neonates

8.6.1 Setting

Due to the sophisticated sensor design, our protocol of functional measurement does not

require sedation of the infant. One infant with a gestational age of 37 6/7 weeks was measured

at six days postnatal age. Four sensors where placed over the C3 area (international 10/20

system [83], 1st sensor frontal, 4th sensor occipital). A tactile stimulation was performed

using two miniature vibration motors attached to each palm. Each motor was switched on

for 20 s followed by a 10 s rest period. The two palms were stimulated alternately. Analysis

techniques described in section 6.5.2 for functional measurements in adults were employed to

remove heart beat, breathing or vasomotion artifacts and trends not associated with neuronal

activity. A 40 x 10 pixels matrix was used to linearly interpolate the contribution of each

sensors location (at middle of each 10 x 10 pixels field). A second Matlab script was used

to extract 5 Hz image frames of this 40 x 10 pixels image. The frames were compressed and

stored in an AVI file.

8.6.2 Results

In the clinical application, the sensor was well tolerated by the neonate, as it can be applied

and removed quickly and easily. In particular, no calibration is required and it thus fulfills

all the requirements.

Figures 8.6, 8.7, 8.8, 8.9, 8.10 show the extracted frames of the time triggered average of

the changes in HHb and 02Hb concentration during functional activation in a neonate.

8.6.3 Discussion

The images depict the temporal changes in brain activation (figures 8.6, 8.7, 8.8, 8.9, 8.10).

Localized brain activation is visible on the contralateral side of the stimulation. The acti¬

vation of the contralateral side at the beginning of the tactile stimulation (6th second and

following) and an associated decrease in HHb are visible (10th second). The activation

pattern disappears, once the stimulation is switched off (26th second).
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Figure 8 5 Four sensors where placed over the C3 area (international 10/20 system,

1st sensor frontal. 4th sensor occipital) A tactile stimulation wa*. performed using two

immature vibration motois attached to each palm
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the lower half HHb concentration maps.
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tralateral side.

135



Chap i er 8 Clinical studies

7A Stimulation ON 24

ÖZHB

HHB HHB

Stimulation ON

0£HH

*85SW»«i!i

(a) Ipsilateral side at 24 s time (b) Contralateral side at 24 s time

2® Stimulation OFF Î8 Stimulation OFF

OÄHB

HHB

G2HB

*nmmm IHM

(c) Ip^ildteral side at 26s time (d) Contralateral side at 26s time

Î« SAW»! OFF 26 Stimulation OFF

tm&

HHB

(e) Ipsilateral side at 28 s time

OZHB

vm,
H S +0SS»i»|

(f) Contralateral side at 28 s time

Figure 8 10 Altet the end of the tactile stimulation petiod there is a slow letuin to

baseline

136



8.7 In vivo visual functional measurement in neonates Chapter 8

8.7 In vivo visual functional measurement in neonates

8.7.1 Setting

15 healthy term infants born at 37-42 weeks, median 5.5 clays were measured during spon¬

taneous sleep. No sedation was required.

The Brain Imager sensor was attached at the back of the head 1 cm over the inion (center
of 01 and 02 coordinates in 10 / 20 EEC system [83]) with an elastic bandage. As visual

stimulus, a flash red LED light with a frequency of 0.5 Hz and 1 Hz was presented to the

infant, placed in front of the eyes. The red light was also visible through the closed eyelid.

Figure 8.11 shows the attachend of the sensor and LED flash light. The stimulation period

Figure 8.11: The visual stimulation with red LED light also penetrates the closed eyelid,

when the infant is asleep through the closed eyelid. The Brain Imager sensor is attached

at the back of the head 1 cm over the inion.

was 20 s and the rest period was approximately 20 s. The latter was altered to prevent

habituation to the stimulus. The procedure was repeated 20 times. A folded average was

calculated for all light bundles. The light bundles, which showed a statistically significant

increase or decrease in 02Hb or HHb were averaged to obtain an ensemble average for the

visual stimulation in newborn term neonates.

Spatial reconstruction of HHb and 02Hb concentrations was performed based on the

Beer-Lambert reconstruction (interpolated) and diffuse optical tomography based recon¬

struction.
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8.7.2 Results

Out of the 15 infants, ten infants showed a significant increase in 02Hb and five infants

showed a significant decrease; in HHb. One infant showed a significant increase in HHb.

The ensemble concentration changes between rest and stimulation were G2Hb = l.Ufimol/l
and HHb = - 0.2ßmol/l. Figure 8.12 shows the resulting time course.

Figures 8.13, 8.14, 8.15 and 8.16 show the; spatial reconstruction of HHb and 02Hb

concentration changes.

02Hb

— nub

3 0.2
«

c

S
a

s
,

./'

timcjsj

Figure 8.12: The ensemble average of hemoglobin concentration changes during visual

arc shown. All the significant responses of all infants were averaged [fimol/l,].

8.7.3 Discussion

The comparison of these results with adult [79] indicates that the; changes are; similar (increase
of G2Hb and decrease of HHb), but the magnitude of the changes is about two times smaller

in neonates. The maximum of the; 02Hb changes is reached after about 10 seconds in both

adults and neonates, but the; decrease in HHb is delayed by 5 seconds in neonates. After

approximately 10 seconds after the; end of the stimulation, the; activation pattern reaches

baseline levels in both adults and neonates.
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8.8 In vivo functional measurement of the fast signal in neonates

8.8.1 Setting

The following stimulation tasks were performed: tactile (vibration motor), auditory (head¬

phones), and visual (light emitting diodes). Four Brain Mapper sensors were placed over

either the C3 or C4 area (tactile), T3 or T4 area (auditory), or the occipital center of 01

and 02 area (visual). The left and right sides were alternately stimulated for 20s. Stimuli

were pulsed using random on/off cycles ranging from 300 to 500 ms. Each stimulation period

was followed by 10 seconds of rest. Stimulation-rest cycles were repeated for a minimum of

10 min. The adaptive spectral niters (section 6.5.3) where applied to extract the neuronal

signal from the optical intensity power spectrum. A time triggered, folded average allowed

isolation of the time course of the neuronal signal.

8.8.2 Results

For tactile stimulation a total of 29 measurements in 16 neonates were recorded. For auditory

stimulation a total of 27 measurements in 14 neonates, and for visual stimulation a total of 30

measurements in 10 neonates were recorded. Preliminary results indicate that visualization

of the neuronal response to tactile stimulation was possible in 13 infants and to auditory

stimulation in 11 infants. No clear signal could be observed during visual stimulation. The

latter might be due to immaturity, of the visual cortex in term newborns.

8.8.3 Discussion

The observations indicate that it is possible to detect neuronal activation from the optical

NIRS signal in healthy term infants.
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Figure 8.18: Fast neuronal signal of two different infants (blue and red) detected over

the sensomotory cortex. The black trace indicated the on-set and end of the tactile

stimulation. The vibration motor was switched on / of in a 500 ms interval. The intensity

signal during tactile stimulation was squared (power) and band pass filtered. The folded

average of the filtered power spectrum shows two peaks after the on-set and off-set of the

tactile stimulation, which indicates an neuronal activation that is triggered by changes

of the stimulus.
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Conclusions

Preterm infants have an increased risk to suffer from brain lesions. These lesions may

lead to functional deficiencies, which may become irreversible without early therapeutical

intervention. The impracticality to transport critically ill infants to powerful diagnostic tools,

such as MRI, has lead to a demand for a bedside diagnostic tool. To solve this problem,

this thesis which involves the design of an instrument to perform functional measurements

at the bedside in neonates was conducted.

The instrument and analysis software were developed and presented (section 5 and 6).

The instrument enables to spatially resolve the functional activation. For the image recon¬

struction, a semi-infinite head model was developed (section 3) and tested (section 7).

The results from the in vitro, in vivo validation (sections 7 and 8) show that the instru¬

ments fulfills all the technical requirements from sections 1.3 and 4.1.

The conducted clinical trials (section 8) show that, it enables the simultaneous measure¬

ment of changes in hemodynamics and neuronal activation. The instrument has proven to

be functional and well suited for clinical trials. It has the potential to become a useful tool

for the clinician to diagnose the cerebral functional integrity of a critically ill neonate at the

bedside.

9.1 Outlook

Preliminary data have been gathered in the presented clinical trials in healthy newborns.

The collection of data of functional measurements in critically ill infants at the intensive care

unit is the next planned step. Further clinical studies will be carried out to establish this

novel instrument in the routine clinical assessment of cerebral functional disorders.

Many other clinical applications projects are planned e.g. the measurement of blood flow

(ICG tracer) in adults and neonates. For this purpose a special sensor will be designed

with a higher light intensity, to penetrate several cm of brain tissues on the adult head.

Furthermore measurement of tissue oxygenation in animals and for health care is planned.

Altough many clinical studies need to be carried out before routine clinical applications will
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be established,it is quiet clear that oxygenation and bloodflow are parameters, which are

important in many clinical situations and therefore we envision that NIRS will become a

valuable tool in many fields of medicine, such as e.g. intensive care, surgery, anesthesiology,

internal medicine, geriatrics and sports medicine.

NIRS technology is rapidly developing. A wireless sensor system has been derived from

the MCPII instrument architecture. Work is in progress to reduce the power consumption

and to equal the signal to noise ratio to reach the performance of the MCPII instrument.

Figure 9.1 shows this system. Such systems will again lead to new dimensions of applications,

such as e.g. home care monitoring, in natural situations, e.g. at sports during hiking or at

home.

Figure 9.1: A wireless sensor system based on Bluetooth radio and control circuits

has been developed. The light emitter and detector geometry enables the same spatial

resolution as the Brain Imager Sensor.
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Abbreviations and Definitions

CP

CSF

CT

DOT

EMR

SMRI

GA

HHb

IVH

MRI

NIRS

o2

OD

OR

02Hb

PET

PVL

Sa02

SD

SIRT

SPECT

Sv02

tHb

Cerebral palsy, functional deficit of the brain. Children with cerebral palsy may not be able

to walk, talk, eat or play in the same ways as most other children.

Cerebrospinal fluid, clear fluid, that occupies the space between skull and the cerebral cortex.

Computed tomography, diagnostic technique, which uses X-rays to image hard and soft tissue.

Diffuse optical tomography, technique, which uses near infrared light to spatially resolve

optical properties.

Electro-magnetic radiation.

functional nuclear magnetic resonance, uses MRI to image functional activity.

Gestational age, the development of an embryo starts from the time of fertilization. For

practical reasons, the gestational age (GA) is used to describe its development. The GA is

usually counted from the first day of the mother's last menstrual period in weeks and days.

Deoxyhemoglobin concentration per 1 of brain [ßmol/l].
Intraventricular hemorrhage, excessive bleeding into the ventricular system, which may put

pressure on the brain tissue and damage it.

Nuclear magnetic resonance, diagnostic technique, which uses a magnetic field and radio

waves to images hard and soft tissue, etc. .

Near infrared spectrophotometry, a method to measure changes in 02Hb, HHb and tHb in

the brain and other tissue.

Oxygen.

Optical density, an expression of the transmittance (T) of an optical element at a given

wavelength in logarithmic scale ^jl log10(r). It is normalized to the distance I that the light

must travel trough the sample.

Oxygen extraction [%], is the difference between arterial and venous oxygen saturation.

Oxyhemoglobin concentration per 1 of brain [pmol/l].
Positron emission tomography, diagnostic technique, unstable isotope used as marker to e.g.

tag cancer cells. Decay emits two photons in opposite direction. This information allows the

determination of the site of decay.

Periventricular leucomalacia, death of white matter of the brain due to infarction of the brain

tissue.

Arterial oxygen saturation [%] percentage of 02HB of the tHb in the arterial compartment.

Standard deviation

Simultaneous iterative reconstruction technique, algebraic reconstruction technique.

Single photon emission tomograpliy, radiopharmaceutical markers serve as source of gamma

ray emission from within the body. Only the collimated gamma ray is measured to obtain

directional information.

Venous oxygen saturation [%] percentage of 02HB of the tHb in the venous compartment.

Total hemoglobin concentration per 1 of brain [timol/l] equals to the sum of 02Hb + HHb.
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