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Abbreviations

a/A-ratio

= arterisl/Alveolsr oxygen tension ratio

BW

= birth weight

Ca02

= arteml oxygen content

CBF

= cerebral blood flow

CBFV

= cerebral blood flow velocity

CBV

= cerebral blood volume

cHb

= blood hemoglobin concentration

cHHb

= concentration of deoxyhemoglobin

CMRO2

= cerebral metabolic rate of oxygen

c0 2 Hb

= concentration of oxyhemoglobin

COD

= cerebral oxygen delivery

CSF

= cerebrospinal fluid

ctHb

= concentration of total hemoglobin

CvOz

= venous oxygen content

cyt 333

= cytochrome 333

EDFV

= end diastolic flow velocity

F1O2

= fraction inspired oxygen

FOE

= fractional oxygen extraction

GA

= gestational age

HbD

= hemoglobin oxygenation index

HR

= heart rate

ICG

= indocyanine green

1CP

= intracranml pressure

IVH

= intraventnculsr hemorrhmge

MABP

= mean arterial blood pressure

NaHCOj

= sodium bicarbonate

NIRS

= near infrared spectrophotometry

PHVD

= post hemorrhagic ventricular dilatation

PI

= pulsatihty index

PSFV

= peak systolic flow velocity

RDS

= respiratory distress syndrome

TSOJ

= regional oxygen saturation index

sa02

= arterial oxygen saturation

sjO:

= venous oxygen saturation from jugulsr vein

Abbreviations

JSSO2

= venous oxygen saturation from sagittal sinus

SVCR

= subcutaneous ventricular catheter reservoir

jvOs

= venous oxygen saturation

TAPFV

= time averaged peak flow velocity

TOI

= tissue oxygenation index

icpCOj

= transcutaneous measured partial pressure of carbon dioxide

tcpOi

= transcutaneous measured partial pressure of oxygen

US

= ultrasound

VI

= ventricular index
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General introduction

Over the last decades, the survival of preterm infants has improved dramatically due to
progress in medical technology and perinatal care With the increasing survival rates for
preterm infants, the incidence of major neurodevelopmental sequelae due to brain damage
has become a matter of major concern The incidence of impaired neurodevelopmental
outcome in infants with very low birth weight varies between 23 and 50% (1,2)
Periventricular

leucomalacia

(PVL),

intraventricular

haemorrhage

(1VH)

and

posthemorrhagic ventricular dilatation (PHVD) are risk factors which can impair
neurological outcome in preterm infants (3,4) Even preterm infants with no demonstrable
intracranial lesions when checked by cranial ultrasound are subjected to the risk of
developing neurological disabilities (2,4,5)
Major fluctuations in cerebral perfusion are considered to be an important pathogenic
factor in the development of IVH (6-8) In addition, disturbances in cerebral perfusion and
oxygenation have been shown to play an important role in the pathogenesis of PVL (8,9)
It is not known whether fluctuations in cerebral oxygenation and hemodynamics contribute
to the pathogenesis of neurodevelopmental disability without demonstrable intracerebral
lesions As long as the critical range for fluctuations in cerebral oxygenation and
hemodynamics is not accurately known, these fluctuations should be avoided as much as
possible in order to minimize the risk of cerebral damage and future handicaps
Sick newborn infants undergo many clinical interventions during their stay at the neonatal
intensive care unit For the majority of these interventions, the effect on cerebral
oxygenation and hemodynamics is still unknown Knowledge of possible disturbances in
cerebral oxygenation and hemodynamics due to clinical interventions is important since
this may lead to the development of new treatment strategies and optimization of neonatal
care Since the introduction of near infrared spectrophotometry (NIRS) as a tool to measure
cerebral oxygenation and hemodynamics in infants (10), several studies have been
performed to investigate the effects of drugs and clinical interventions on the neonatal
brain
In our clinic, we have more than 15 years experience in studying neonatal cerebral
oxygenation and hemodynamics using NIRS This has resulted in the publication of three
academic theses (11-13) In one of these (11), the effects of specific clinical interventions
(e g

indomethacin

administration,

blood

transfusion,

hemodilution,

endotracheal

suctioning) on cerebral oxygenation and hemodynamics in newborn infants have been
investigated Following this line, we have investigated, using NIRS, the effects of other
specific clinical interventions on cerebral oxygenation and hemodynamics
15
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The aims of our study were to investigate changes in cerebral oxygenation and
hemodynamics in newborn infants during and after the following interventions:
(i)

Rapid versus slow infusion of sodium bicarbonate (Chapter 3)

(ii)

Midazolam and morphine administration (Chapter 4)

(iii)

Different methods of surfactant instillation (Chapter 5)

(iv)

Intermittent cerebrospinal fluid drainage from a subcutaneous ventricular catheter
reservoir in infants with a posthemorrhagic ventricular dilatation (Chapter 6)

(v)

Cranial ultrasonography (Chapter 7).
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NIRS in newborn infants
Near infrared spectrophotometry (NIRS) is a noninvasive, safe and inexpensive technique
for continuous measurement of tissue oxygenation and hemodynamics and can be used at
the cotside. Jöbsis introduced NIRS in humans in 1977 (1) and in infants in 1985 (2).
Thereafter, this technique has been increasingly applied to newborn infants in order to
study physiological and pathophysiological processes, as well as the influence of drugs and
clinical interventions on cerebral oxygenation and hemodynamics.

Background
NIRS is based on the relative transparency of biological tissue for light in the near infrared
region (wavelength 700 - 1000 nm) and the presence of chromophores which have oxygendependent absorption properties in the near infrared region. In the brain, hemoglobin and
cytochrome 333 (cyt.aa3) are the main oxygen-dependent chromophores. Oxyhemoglobin
(C^Hb) and deoxyhemoglobin (HHb) have different absorption spectra in the near infrared
region (l;3-5) while the light absorption of cyt.aas differs between its oxidized and reduced
state (1;3;4). In 3 homogenous snd non-scattering medium, the concentration of a
chromophore can be deduced from light absorption using the Lambert-Beer law. In
formula:
ΟΟ(λ) = ε(λ) « c d
where OD is the light absorption in optical densities, λ is the used wavelength, e is the
extinction coefficient of the chromophore (Lmmol" .cm" ), c is the concentration of the
chromophore (mmol.!"'), and d is the optical pathlength (cm), which is equal to the
physical distance between light entry and exit points. The extinction coefficients of OiHb
and HHb are obtained in vitro with hemoglobin solutions (4;5). The extinction coefficient
of cyt.aas is derived from experiments on rat brains after exchange transfusion with
fluorocarbon (4;6).
Since brain tissue is an inhomogenous and scsttering medium, spplication of the LambertBeer law has two important limitations. Firstly, photon loss will occur due to scattering and
absorption by oxygen-independent chromophores in the brain, skull or skin. Furthermore,
scattering will lengthen the pathway of photons. Despite these limitations, the LambertBeer law is assumed to be applicable in human tissue with some modification (4;6;7):
19
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00(λ) = ε(λ) · e · d · Β + 00(λ)κ

where Β is the multiplication factor for the increase in optical path length caused by
scattering Β is considered to be constant and wavelength independent (8,9) 00(λ)κ
represents the photon loss caused by scattering and absorption by tissue The absolute
value of 0ο(λ)κ is unknown, but assumed to be constant as long as the geometry and
optode position are not changed If the OD is measured at three different wavelengths,
changes in concentration of deoxyhemoglobin (AcHHb), oxyhemoglobin (AcC^Hb) and
cytochrome aas (Acyt aas) can be calculated by means of a matrix equation Using a value
of 1 05 g ml ' for brain specific mass these concentration changes can be expressed in
μπιοί 100 g '(10)

Continuous wave NIRS
The continuous wave NIRS equipment consists of a near infrared light emitter and a light
detector, both of which are applied to the skull Some continuous wave NIRS instruments
are commercially available (eg NIRO-1000 and NIRO-500, Hamamatsu, Japan (11),
Oxymon, Artinis, the Netherlands (12)) whereas other instruments are locally produced
Until now, most NIRS studies have been performed using continuous wave NIRS
Several NIRS derived variables have been introduced to study cerebral oxygenation and
hemodynamics using continuous wave NIRS Changes in global cerebral oxygenation and
cerebral blood volume can be continuously measured and directly calculated from changes
in cHbCh and cHHb In addition, changes in cyt aaj can be registered continuously Using
interventions, quantitative measurements on cerebral oxygenation and hemodynamics can
be performed

We summarize the most important NIRS variables as derived using

continuous wave NIRS

Changes m hemoglobin oxygenation index (AHbD)
The difference between AcChHb and AcHHb is defined as AHbD (AHbD = AcOiHb AcHHb in μπιοί 100g ') and represents changes in global cerebral oxygenation The use of
AHbD is preferable above isolated changes of cHHb or cC^Hb since AHbD is not
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influenced by simultaneous changes in AcHHb and AcChHb due to changes in CBV.
AHbD provides a continuous and direct measure for global cerebral oxygenation.
Changes in HbD can be explained by changes in cerebral oxygen delivery (COD) i.e.
changes in cerebral blood flow (CBF), arterial oxygen saturation (5302) or hemoglobin
concentration (cHb) (Appendix;!), and changes in cerebral metabolic rate of oxygen
(CMRO2) (Appendix; 2). The contribution of each of these different variables cannot be
differentiated from AHbD in dynamic situations. However, if cHb, saCh and CMRO2 are
constant, changes in HbD have been proven to represent changes in CBF as measured by
radioactive microspheres (13;14) and laser Doppler flowmetry (15). In addition, changes in
HbD have been validated with changes in arterial (16; 17) and sagittal sinus oxygen
saturation in piglets (16). A major pitfall of interpreting the effect of changes in CMRO2 on
HbD is that CMRO2 and blood flow are partly related to each other. If, for example,
CMRO2 increases this will result in a decrease in HbD. However, in response to an
increase in oxygen consumption, cerebral blood flow will increase resulting in an increase
of HbD. The final change in HbD will therefore depend on the balance between oxygen
consumption and oxygen delivery.
The most important limitation of AHbD is the lack of reference values below which global
cerebral oxygenation is compromised. Baseline variability of HbD has been reported to be
from -0.12 to +0.13 μπιοΙ.ΙΟΟ g"1 brain (18). A decrease in HbD of > 0.3 μηιοΙ.ΙΟΟ^' is
likely to be clinical relevant since this has been found to correspond with the effect of
reducingsaOi by approximately 12% (18).

Changes in cerebral blood volume (ACBV)
The sum of AcHHb and AcC^Hb represents changes in concentration of total hemoglobin
(ActHb in μmol.l00g"1). Provided a stable cHb, changes in cerebral blood volume (ACBV)
can be calculated from ActHb (Appendix; 4). ACBV is caused by cerebral vasodilatation or
vasoconstriction mostly accompanied by changes in cerebral blood flow (CBF). CBF is
determined by cerebral perfusion pressure (CPP) and cerebral vascular resistance (CVR).
CPP is the difference between mean arterial blood pressure (MABP) and cerebral venous
pressure as reflected in intracranial pressure (ICP). CVR depends on blood viscosity, flow
characteristics of the blood and changes in the resistance of cerebral vessels.
Changes in CBV as measured with NIRS have been validated against strain gauge
plethysmography (19). In preterm infants, cyclic fluctuations in CBV have been described
21
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(20-22) that are most likely due to an immature autoregulatory response and rhythmic
changes in vessel tone (23). The frequency of fluctuations in ctHb have been reported 3-6
cycles.minute"' with a range of 0.11 μmol.l00g"1 (20;22). For preterm infants with a
hemoglobin concentration between 7 and 14 mmol.I"1, this means a fluctuation in CBV
between 0.05 and 0.09 ml.lOOg'.

Changes in cytochrome aaj (Δ cyt.aaj)
Since the absorption level of reduced and oxidized cyt.aas differs in the near infrared
region, changes in the cyt.aas redox state can be calculated using NIRS. Cyt.aai, also
known as cytochrome C oxidase, has been used as a marker for changes in cellular
oxygenation state of the brain. Cyt.aas is the last enzyme in the mitochondrial electron
transport chain. In this final step cyt.aas donates electrons to oxygen and becomes oxidized.
If oxygen is unavailable, the enzyme will remain reduced.
The reliability and sensitivity of cyt.aai measurement is strongly debated (24-26). Firstly,
changes in redox state of cyt.aaj are not easy to detect since the concentration of cyt.aaj is
about ten times lower than the concentration of hemoglobin (27;28). Secondly, there are
some indications that in a normoxemic condition, cyt.aas is not fully oxidized and a
detectable reduction of cyt.aaj will only occur at extreme hypoxemic conditions (27;29).
Finally, the algorithm for calculating changes in cyt.aaj is derived from experiments on rat
brains after exchange transfusion

with fluorocarbon

(4-6;23), which means that

contamination with residual hemoglobin might result in some cross-talk signal between
hemoglobin and cyt.aaj (25;26).

Quantification of cerebral blood flow (CBF0 , CBF/CG)
Global cerebral blood flow (CBF in ml.100 g'.min') can be determined from the Fick
principle using oxygen (CBFQ) (Appendix; 5) (30-32) or indocyanine green (CBFICG)
(33;34) as a tracer. Validation studies of CBF0 in infants revealed a good correlation with
CBF as measured by the

Xenon clearance method (35) but variability was high (35-37).

This is probably due to the fact that CBF 0 measurement has to be performed during stable
cerebral metabolism and CBV, which is not always true in dynamic situations. The clinical
use of oxygen as a tracer is limited since the method cannot be applied to infants with saOi
> 95 % while breathing room air, or to mechanically ventilated infants requiring 100%

22

NIRS in newborn infants

oxygen Indocyanine green is a tracer that strongly absorbs near infrared light and is
rapidly cleared from the body It has been safely used in infants without any toxic side
effects CBFico can be determined by measunng changes in light absorption after injecting
ICG and by measuring the concentration of ICG in arterial blood
The validation of

CBFKG

showed a better correlation with different 'gold standards'

(33,34,38-40) than CBF0 This is probably due to the fact that the absorption of NIR light
by ICG is more evident than by C^Hb, since ICG is newly added in the circulation in
contrast to ChHb The clinical use of CBFico is limited, because of the need of repeated
intravenous administrations, which brings an increased risk for infection Furthermore, for
a reliable measurement, administration of ICG has to be standardized regarding the site,
the rate and the volume of injection

Quantification of cerebral blood volume (CBV0 , CBVuc)
Absolute measurement of CBV (in ml 100 g ') can be performed using oxygen (CBV0)
(Appendix, 6) (41) or ICG

(CBVJCG)

(38) as a tracer The validity of CBV0 is questionable

From the few validation studies in animals, the results are inconsistent (16, 42) This could
be explained by differences in study design The clinical use of oxygen as a tracer is
limited due to the same reasons as mentioned above The validity of

CBVICG

studied In literature, one animal study showed a good correlation between

is not well

CBVICG

and

CBV measurement using contrast-enhanced CT scan (38)

Cerebral venous oxygen saturation (svO:)
Cerebral venous oxygen saturation {svOi in %) can be measured using NIRS by temporary
obstruction of the venous outflow The method is based on the assumption that the
introduced increase in CBV is exclusively due to an increase in venous blood Then,
cerebral 5VO2 can be calculated as the ratio between AcC^Hb and ActHb Continuous
measurement of cerebral ivCh has been performed in ventilated preterm infants using the
ventilator pressure curve (43) Furthermore, intermittent measurement of cerebral SVOT in
infants has been made by head-tilting (44,45) or temporary jugular occlusion (46) None of
these techniques are validated in newborn infants but the jugular occlusion technique is
validated against co-oximetry of jugular bulb blood in children (46) The established
reference values of cerebral ÎVO2 in stable newborn infants showed a rather poor

23

Chapter 2

repeatability (47,48) The clinical consequences or risks of the changes in CBV which are
induced by jugular compression are unknown.

Spatially resolved spectroscopy
Spatially resolved spectroscopy is a relatively new variant of NIRS (27,49;50). The
equipment consists of a light emitter and 2 light receptors The first receptor is placed at a
short distance from the light emitter while the second receptor is placed more laterally
Using this method, the regional cerebral tissue oxygen saturation (in %) can be calculated
continuously as C^Hb · tHb '· 100 Two spatially resolved spectroscopy systems are
commercially available: the NIRO-300 (Hamamatsu Photonics KK, Hamamatsu City,
Japan) which defines the ratio as tissue oxygenation index (TOI) and the INVOS-5100
(Somanetics Corp., Troy MI) which defines the ratio as regional oxygen saturation index
(rsOj)

Spatially resolved spectroscopy has several important limitations Firstly, the interpretation
of TOI or πθ2 is unclear The oxygen saturation is measured over a segment of brain
tissue

It represents a mixed oxygen saturation, which is dependent on the relative

contribution of the arterial, capillary, and venous compartment in this segment Secondly,
the accuracy of the measurement of TOI and ri02 can be doubted, since reproducibility is
poor (51 ) Thirdly, the measurement seems to be dependent of the NIRS device used since
comparison between the 2 spatially resolved NIRS instruments revealed a poor agreement
(52;53). This can be explained by differences in design and algorithm between both
devices

This hampers comparison of results between different studies as well as

determination of reference values

Conclusions
NIRS is a valuable technique for continuous trend monitoring of cerebral oxygenation and
hemodynamics in newborn infants Changes in HbD and CBV can be measured accurately
using NIRS and reference ranges have been described Unfortunately, the critical values
below which brain damage occurs are unknown. In addition, the lack of quantification
prevented application in the clinical setting so far In order to obtain quantitative measures
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of cerebral oxygenation and hemodynamics, several NIRS derived variables (e.g. CBFo,
CBFICG, CBV0, CBVICG, cerebral svCh) have been developed. However, these measures
can only be obtained intermittently and require specific interventions. Furthermore, the
validity of these NIRS derived variables is still disputable. Recently, spatially resolved
spectroscopy is introduced for measurement of regional cerebral oxygen saturation. This is
a promising technique for continuous and quantitative measurement of regional cerebral
oxygenation in newborn infants but needs to be further validated before it is suitable for
clinical application.
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Abstract
Background Sodium bicarbonate (NaHCCh) is often used for correction of metabolic
acidosis in preterm infants

The effects

of NaHCOs administration on cerebral

hemodynamics and oxygenation are not well known Furthermore, there is no consensus on
infusion rate of NaHCC^
Objectives To evaluate the effects of rapid versus slow infusion of NaHCO, on cerebral
hemodynamics and oxygenation in preterm infants
Methods Twenty-nine preterm infants with metabolic acidosis were randomized into two
groups (values are mean ± sd) In group A (GA 30 5 ± 1 7 weeks, BW 1254 ± 425 grams)
NaHCCb 4 2% was injected as a bolus In group Β (GA 30 3 ± 1 8 weeks, BW 1179 ± 318
grams) NaHCOs 4 2% was administered over a 30 minutes period Concentration changes
of oxyhemoglobin (cO^Hb) and deoxyhemoglobin (cHHb) were assessed using near
infrared spectrophotometry (NIRS) Changes in HbD (= cCKHb - cHHb) represent changes
in cerebral blood oxygenation and changes in ctHb (= cO^Hb + cHHb) reflect changes in
cerebral blood volume (CBV) Cerebral blood flow velocity (CBFV) was intermittently
measured using Doppler ultrasound Longitudinal data analysis was performed using linear
mixed models (SAS procedure MIXED), to account for the fact that the repeated
observations in each individual were correlated
Results Administration of NaHCO-, resulted in an increase of CBV which was more
evident if NaHCOs was injected rapidly than when infused slowly HbD and CBFV did not
show significant changes in either group
Conclusion To minimize fluctuations in cerebral hemodynamics, slow infusion of sodium
bicarbonate is preferable to rapid injection

Key words sodium bicarbonate - premature infants - near infrared spectroscopy - brain blood supply
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Introduction
Metabolic acidosis is a common problem in preterm infants. Severe metabolic acidosis can
result in increased pulmonary vascular resistance and decreased myocardial contractility
(1). Also changes in cerebral activity on EEG have been reported in preterm infants with
moderate to severe acidosis (2).
Sodium bicarbonate (NaHCOi) is frequently used for correction of metabolic acidosis in
preterm infants. There are no recent studies concerning the relationship between NaHCOi
infusion and intraventricular hemorrhage (IVH) in preterm infants. Earlier studies describe
NaHCCb administration as a possible risk factor for IVH (3-6). NaHCOs administration
provokes hypercapnia (7-9), hyperosmolarity (7;10;11) and changes in hemodynamics (1214) which can lead to changes in cerebral blood flow (CBF) when auto-regulation is
impaired. Fluctuating CBF is a known risk factor for IVH in preterm infants (15). In
addition, negative influences of NaHCCh on arterial oxygenation (8; 16) and cerebral
oxygen availability (17) have been reported.
There is no consensus for infusion rate of NaHCOs in the treatment of metabolic acidosis
in preterm infants (18). The ideal speed of infusion should result in fast recovery of
metabolic acidosis without negative changes in cardiorespiratory function, cerebral
hemodynamics or oxygenation. The aim of our study is to evaluate the effects of rapid
versus slow infusion of NaHCOs on cerebral hemodynamics and oxygenation in preterm
infants with metabolic acidosis. We tested the null hypothesis that neither slow infusion
nor rapid injection of NaHCOs has adverse effects on cerebral oxygenation and
hemodynamics.

Materials and Methods
Study population
Preterm infants (gestational age (GA) between 26 and 34 weeks) with metabolic acidosis
were studied until 45 minutes after NaHCO] administration. Metabolic acidosis was
diagnosed if at least two of the following signs were present: A serum bicarbonate less
than 20 mmol.!"1, a base excess less than -6 mmol.!"' or a blood pH less than 7.30. Infants
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with seizures, cerebral hemorrhage, severe asphyxia or major congenital malformations
were excluded from this study.
The included patients were randomized into two groups (group A and B). Randomization
was obtained by opening a sealed envelope from a box in which the order of envelopes was
blindly determinated before the start of the study. Patients in group A received a bolus
infusion of NaHCOs (administrated within approximately 15 seconds) while patients in
group Β received NaHCCh over a 30 minutes period. Sodium bicarbonate 4.2% (1 ml =
1 mmol) was administered through a peripheral vein in a dose which was calculated using
the formula: 1/3 (l.kg"') χ bodyweight (kg) χ base excess (mmol.! 1 ). The study was
approved by the Radboud University Medical Centre ethics committee. Informed parental
consent was obtained before inclusion.

Measurement of cerebral blood oxygenation and cerebral blood volume
Cerebral blood oxygenation and cerebral blood volume were measured using Near Infrared
Spectrophotometry

(NIRS).

The

principle

of

NIRS

is

based

on continuous

spectrophotometric measurement of oxygenation-dependent changes in the light absorption
from hemoglobin in the near infrared spectrum (19). The NIRS-equipment used
(OXYMON*) was developed by the Instrumentation Department and the Department of
Physiology of the Radboud University Medical Centre Nijmegen, The Netherlands (20).
Concentration changes of deoxyhemoglobin (AcHHb) and oxyhemoglobin (AcC^Hb) were
calculated from changes in light absorption using the modified Lambert-Beer law. We used
the modified Keele absorption matrix (21) and a constant multiplying factor for the optical
pathlength which is 4.27 times the distance between both optodes (22;23).
Using a value of 1.05 g.ml" for brain specific mass these concentration changes are
1

expressed in μπιοΙ.ΙΟΟ g" (24). The NIRS-procedure used has been described earlier (25).
Summarizing, near infrared light at three wavelengths (905, 850 and 767 nm) was carried
to the infants head through a fiber optic bundle and received on the opposite side of the
head by another fiber optic bundle leading to a photodiode. The ends of the fiber optic
bundles (optodes) were applied to the parietotemporal regions at opposite sides of the skull
(26). Continuous NIRS-registration was performed with a frequency of 1.0 Hz from 10
minutes before until 45 minutes after NaHCOi administration.
Changes in hemoglobin oxygenation index (AHbD) were calculated as differences between
Ac02Hb and AcHHb (AHbD = Ac02Hb - AcHHb) and concentration changes in total
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hemoglobin (ActHb) were calculated as the sum of AcO^Hb and AcHHb (ActHb = AcO^Hb
+ AcHHb). AHbD represents changes in cerebral blood oxygenation whereas ActHb
reflects changes in cerebral blood volume (CBV in ml. 100 g"') as shown in the following
formula: ACBV = (4 · ActHb) · ( R · cHb) "' where cHb is the blood hemoglobin
concentration expressed in mmol.!"' as monoheme molecule, R is the cerebral-arterial
hematocrit ratio, which is stated to be 0.69 (27) and 4 is a correction factor since ActHb is
expressed in μιτιοΙ.ΙΟΟ g" as a tetraheme molecule.

Measurement of cerebral blood flow velocity
Using the anterior fontanel as an acoustic window, cerebral blood flow velocity (CBFV) in
the internal carotid artery was measured by pulsed Doppler Ultrasound (frequency 6 MHz,
ATL H DI 3000, Advanced Technology Laboratories, Bothell, WA, USA). The insonation
angle was assumed to be negligible (less than 10°) (28). Time average peak flow velocity
over five cardiac cycles was calculated before the administration of NaHCCh and at 5, 15,
30, 45 min (group A) or at 5, 15, 30, 45, 60, 75 min (group B) after the start of NaHCOa
infusion.

Other measurements
Heart rate (HR), transcutaneous measured partial pressure of oxygen and carbon dioxide
(tc/502 and icpCOi) and arterial oxygen saturation (.vaCh) measured by pulse oximetry were
recorded continuously using a neonatal monitor (Hewlett Packard, 68S, M1166A,
Boeblmgen, Germany). Mean blood pressure (MABP) was continuously recorded if an
arterial catheter was available. Otherwise, non-invasive blood pressure was measured
every 15 minutes using the oscillometric method. All continuous variables were registered
at a sample rate of 1.0 Hz using a data collection system (Poly*, Inspektor Research
System, Amsterdam, the Netherlands) connected to the standard patient monitor network
(SDN).
Blood gases and hemoglobin concentration (cHb) were drawn from a capillary heel
puncture or arterial catheter before and 30 minutes after completion of NaHCCb
administration.
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Data management and statistical analysis
The mean value of the continuously recorded variables was calculated over 30 second
periods before (t = 0) and at 5, 15, 30, 45 mm (group A) or at 5, 15, 30, 45, 60 and 75 mm
(group B) after the start of NaHCCb administration Since our study design included
repeated measurements over time in each patient, we performed longitudinal data analysis
using linear mixed models (SAS procedure MIXED) For each separate variable, we
looked for linear trends over time By expressing the variables in the model as their
difference to baseline (t = 0), the necessary normality assumptions for linear mixed models
were met For comparison of blood gases before and 30 minutes after NaHCC^
administration we used the paired student's t-test P-values < 0 05 were considered to
indicate significance
Results are reported as mean ± sd Changes in CBFV (ACBFV) were expressed as a
percentage of the values before NaHCCh inftision

Results
Twenty-nine preterm infants were randomized for this study 15 patients were included in
group A (GA 30 5 ± 1 7 weeks, BW 1254 ± 425 grams) and 14 patients were included in
group Β (GA 30 3 ± 18 weeks, BW 1179 ± 318 grams) There were no significant
differences in physiological variables or degree of metabolic acidosis between group A and
Β before administration of sodium bicarbonate All patients had normal CO2 levels before
inclusion (table 1) Regarding ventilatory support in group A and Β 6 patients in both
groups were mechanically ventilated, 2 patients in group A and 1 patient in group Β were
supported by nasal continuous positive airway pressure (nCPAP), 7 patients in both groups
had no ventilatory support Two patients in group A were treated with dopamine (10
respective 12 μg kg 'mm ') because of hypotension Dopamine was started more than 12
hours before administration of NaHCCh and infused by a different intravenous route At
the time of NaHCCh administration, all patients had a stable blood pressure
NIRS-registration was successful in all patients CBFV could be measured properly in 12
patients in group A and 8 patients in group Β An arterial catheter was available in 8
patients in group A and 5 patients in group B, so in these patients continuous registration
of blood pressure was possible and arterial blood samples could be drawn TcpO: and
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tcpCOi could be registered appropriately in patients in group A and 10 patients in group B.
The dose NaHCCh 4.2 % administered in group A and Β was comparable: 3.1 ± 1.7 ml
versus 2.8 ± 0.9 ml, which corresponds to a dose of 2.4 ± 0.5 mmol.kg"' in group A versus
1

2.4 ± 0.3 mmol.kg" in group B.
Thirty minutes after administration of sodium bicarbonate a statistically significant
increase in pH, serum bicarbonate concentration and base excess was registered in both
groups (table 1) while tcpCCh and pCOj were not changed significantly. Changes in blood
gas values did not differ

significantly between group A and B. Although pC02

measurements from capillary blood and arterial blood are not comparable, the method of
blood drawing was similar in each patient. Therefore changes in pCOj are representative
and comparable between patients.
Infusion of NaHCCb resulted in a statistically significant increase in CBV over time in
both groups (figure 1). The estimated linear rate of change was 0.0050 ml.lOOg'.min"' in
group A and 0.0019 ml.lOOg'.min"' in group B. The difference between these two trends is
statistically significant (p = 0.02).
The absolute increase in CBV was maximal at t = 45 min in both groups and more evident
after bolus injection than after slow infusion NaHCOj (0.16 ± 0.19 ml.lOOg'1 versus 0.06 ±
0.13 ml.lOOg"' equivalent to a change in ctHb of 0.26 ± 0.34 μπιοΠΟΟ^1 versus 0.09 ±
0.21 μmol.l00g"'). We could not demonstrate a correlation between the dose of NaHCOs
and the change in CBV at 45 minutes. HbD, CBFV (figure 1) or physiological variables
did not change significantly in both groups.

Table I. Blood gases before and 30 minutes ajter administration oj NaHCO; m group A In - 15 bolus
injection) and group Β (η = 14 slow infusion)
μΟί

PH

(kPa)
Group A Before
After
Group Β Before
After

pC02

Bicarbonate

Base Excess

(kPa)

(mmol.l ')

(mmol.l1)

10.1±3.6 +

7.29±0.05

5.3 ± 0.7

18.4±1.3

-7.6±1.2

8.5*2.1*

7.33 ±0.05'

5.5 ±1.0

21.1 ± 1.9**

-4.3 ±1.6**

9.4 ± 3.4:

7.29 ±0.05

5.2 ± 0.8

18.3 ±1.1

-7.5 ± 0.8

7.35 ± 0.07*

5.3 ±1.2

21.0 ±2.2**

-4.1 ± 1.9"

9.2±2.9

Î

Values are mean ± standard deviation * If arterial catheter was available

η = 8, * η = 5.

statistically significant changes between values before and after NaHCOj administration in one group (p <
0.01, paired t-test) "statistically significant changes between values before and after NaHCOi administration
in one group (p < 0 0001, paired t-test).
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Figure I. Changes in cerebral blood volume (CBV), hemoglobin oxygenation index (HbD) and cerebral
blood flow velocity (CBFV) after bolus infusion (group Α. η - 15) and slow infusion (group Β η = 14) of
sodium bicarbonate.
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Discussion
We found an increase in CBV after low dose 4 2% sodium bicarbonate administration,
especially when infused rapidly Theoretically, an increased CBV is the result of cerebral
vasodilatation Firstly, this can be caused by an increase in MABP m premature infants
with a possible impaired autoregulation, or a decrease in cerebral blood outflow We did
not observe relevant changes in MABP in our patients Changes in venous outflow were
unlikely since position and ventilation mode remained unchanged during our study
Furthermore, cerebral vasodilatation after NaHCO, administration can be caused by
hypercapnia according the Henderson-Hasselbalch equation or hyperosmolanty (9,13)
During our study normocapnia has been maintained, so apparently the included patients
were capable to exhale the increased CO2 production sufficiently However, we can not
exclude cerebral vasodilatation due to a NaHCOs related increase in intracellular CO2
tension causing intracellular acidosis

The length of hyperosmolanty after NaHCOs

infusion is unknown Siegel et al (11) described a brief increase in blood osmolanty
directly after NaHCOs infusion while others reported a persisting hyperosmolanty 30
minutes after NaHCO^ administration (10) The increase in CBV in our study is most
likely related to cerebral vasodilatation due to hyperosmolanty Unfortunately, we did not
measure blood osmolanty to confirm this hypothesis
The clinical importance and relevance of the measured changes in CBV is not clear As an
equivalent of CBV, the amplitude of normal cyclic fluctuations of ctHb in infants has been
described to be 0 10 μιτιοί 100g ' (29) In this prospective study, the changes in ctHb after
slow administration of NaHCCh remained within the normal range and therefore do not
seem to be of clinical importance On the contrary, changes in ctHb after bolus infusion
NaHCO, (maximum 0 26 μmoll00g')

exceed the amplitude of normal cycling

fluctuations Assuming a normal CBV in healthy term infants of 2 22 ml 100g brain (30),
bolus infusion of NaHCO, will result in a 7 % increase in CBV NaHCO-, administration
has been associated with an increased risk of IVH (3-6) Changes in CBV might contribute
to the pathogenesis of IVH after NaHCOs infusion in preterm infants with vulnerable
blood vessels Although the effect of NaHCOs administration on CBV was limited in our
study, care should be taken in cardiorespiratory instable infants with severe metabolic
acidosis The effect of NaHCO-, on CBV can be enhanced if infants are not capable to
exhale the increased CO: production sufficiently In addition, high doses NaHCOi will
increase the osmolar load which can lead to cerebral vasodilatation Finally, infants with an
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instable blood pressure in combination with severe acidosis might be more sensitive to
hemodynamic side effects of NaHCO, administration (13,14)
Although transient changes in CBV and HbD have been described after rapid infusion of
blood and saline through an umbilical arterial catheter or central venous access (31-33) we
believe that the change in CBV after bolus infusion of NaHCC^ in our study was not the
result of flushing Firstly, the increase in CBV in our study persisted over a 45 minutes
period which is in contrast to the observations during flushing

Secondly, we infused

NaHCOs through a peripheral vein which will diminish possible systemic

effects

Dopamine administration was not likely to have a confounding action in the increased
CBV in group A since dopamine has been started much earlier than NaHCO-, and was
infused by a separate intravenous path
As far as we know, no continuous registration of cerebral hemodynamics after NaHCO-s
administration has been performed before In previous studies, single measurements of
CBF after NaHCOj infusion showed conflicting data

In healthy adults, NaHCO.,

administration resulted in an increased CBF (7), whereas NaHCO., infusion did not lead to
changes in CBF in animal studies (9,10) Lou et al (34) reported a decrease in CBF after
NaHCOs infusion in distressed preterm infants with severe metabolic acidosis They
postulate that their patients had enhanced blood brain permeability due to asphyxia leading
to penetration of bicarbonate from the plasma to the cerebral extracellular fluid with
resulting perivascular alkalosis and vasoconstriction In contrast to this study, we excluded
patients with asphyxia In addition, we only studied patients with mild metabolic acidosis
since the preparations for our NIRS procedure will cause a delay in treatment which is
unacceptable in patients with severe metabolic acidosis In our study design, we were not
able to measure CBF directly Extrapolation of CBFV to CBF is only justified if the
diameter of the measured blood vessel remains unchanged or is small in comparison to the
sample volume The combination of an increased CBV with a stable CBFV supports the
hypothesis of cerebral vasodilatation after bolus infusion of NaHC03
Besides changes in cerebral circulation, negative influences of NaHCO-, on blood
oxygenation have been described In animals with severe metabolic acidosis administration
of NaHCOs resulted in a decreased arterial oxygen saturation (16) and a decreased cerebral
oxygen availability (17) In addition, Bersin et al (8) reported diminished arterial
oxygenation after sodium bicarbonate infusion in patients with congestive heart failure We
did not observe significant changes in cerebral blood oxygenation after rapidly or slowly
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infused NaHCO,. However, in contrast to the studies mentioned above, we only studied
hemodynamic stable patients with mild metabolic acidosis.
In conclusion, administration of low dose 4.2% NaHCO-s in preterm infants results in an
increased cerebral blood volume, especially

when infused

rapidly. To minimize

fluctuations in cerebral hemodynamics, slow infusion of NaHCOs is preferable to bolus
injection.
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Abstract
Background: Midazolam sedation and morphine analgesia are common used in ventilated
premature infants.
Objectives: To evaluate the effects of midazolam versus morphine infusion on cerebral
oxygenation and hemodynamics in ventilated premature infants.
Methods: 11 patients (GA 26.6-33.0 weeks, BW 780-2335 grams) were sedated with
midazolam (loading dose 0.2 mg.kg'1, maintenance 0.2 mg.kg"'.h"') and 10 patients (GA
26.4-33.3 weeks, BW 842-1955 grams) were sedated with morphine (loading dose 0.05
mg.kg', maintenance 0.01 mg.kg"1.h'1). Changes in oxyhemoglobin (AcOiHb) and
deoxyhemoglobin (AcHHb) were assessed using near infrared spectrophotometry. Changes
in HbD (= AcC^Hb - AcHHb) reflect changes in cerebral blood oxygenation and changes
in concentration of total hemoglobin (ActHb = AcChHb + AcHHb) represent changes in
cerebral blood volume (ACBV). Changes in cerebral blood flow velocity (ACBFV) were
intermittently measured using Doppler ultrasound. Heart rate (HR), mean arterial blood
pressure (MABP), arterial oxygen saturation (saOi) and transcutaneous measured pOi
(icpOì) and /7CO2 (XcpCOi) were continuously registered. Statistical analyses were carried
out using linear mixed models to account for the longitudinal character study design.
Results: Within 15 minutes after the loading dose of midazolam a decrease in saC^, tcpCh
and HbD was observed in 5/11 infants. In addition, a fall in MABP and CBFV was
observed 15 minutes after midazolam administration. Immediately after morphine infusion
a decrease in saCh, tcpOj and HbD was observed in 6/10 infants. Furthermore, morphine
infusion resulted in a persistent increase in CBV.
Conclusions: Administration of midazolam and morphine in ventilated premature infants
causes significant changes in cerebral oxygenation and hemodynamics, which might be
harmful.

Key words: morphine - midazolam - premature infants - brain - blood supply

45

Chapter 4

Introduction
There is no consensus on treatment of ventilated preterm infants who are 'fighting against
the ventilator'. Sedation with midazolam and analgesia with morphine are commonly used
and effective to obtain well-tolerated artificial ventilation in preterm infants (1;2).
However, adverse effects

of both midazolam and morphine have been described.

Intravenous midazolam has been associated with hypotension (3-6), myoclonus (4;6-8),
and respiratory depression (5) whereas the adverse effects

of morphine include

hypotension (9; 10), bradycardia (9), and respiratory depression (9; 10).
The precise influence of midazolam and morphine on cerebral oxygenation and
hemodynamics in premature infants is still unknown. Previous studies with Doppler
ultrasound reported a decrease in cerebral blood flow velocity (CBFV) after midazolam
infusion in premature infants (4;8), while intravenous morphine had no effect on CBFV

(Π).
The goal of this study is to evaluate the effects of midazolam and morphine on cerebral
oxygenation and hemodynamics in ventilated premature infants using Doppler ultrasound
and near infrared spectrophotometry (NIRS). We tested the null hypothesis that neither
midazolam nor morphine causes changes in cerebral oxygenation and hemodynamics.

Materials and Methods
Study population
The study was approved by the Radboud University Nijmegen Medical Centre ethics
committee. Ventilated premature infants who were born between 26 and 34 weeks of
gestation and required sedation for the first time because of restlessness or struggling
against the ventilator were eligible for this study. Infants with major congenital
malformations, asphyxia,

convulsions

or intraventricular hemorrhage (IVH) were

excluded.
Informed consent was obtained in all infants. We divided the included patients in two
groups before the start of sedation to prevent selection bias based on patient characteristics.
Selection was obtained by opening a sealed envelope from a box in which the order of
envelopes was blindly determinated before the start of the study. In group A, patients were
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sedated with midazolam (intravenous bolus of 0 2 mg kg ' followed by a continuous
infusion of 0 2 mg.kg '.h' 1 ), in group B, patients were sedated with morphine (intravenous
bolus of 0 05 mg.kg ' followed by a continuous infusion of 0 01 mg kg '.h ') The doses we
used were according the protocol of our neonatal intensive care unit
Twenty-one premature infants were enrolled for this study: 11 patients (gestational age
(GA) 26 6-33 0 weeks, birth weight (BW) 780-2335 grams) were included in group A and
10 patients (GA 26 4-33.3 weeks, BW 842-1955 grams) were included in group Β There
were no significant differences in GA, BW, physiological variables, ventilatory settings or
blood gas values between the two groups Three infants in group A and four infants in
group Β were treated with dopamine (5-10 μg.kg ' mm ') because of hypotension before
the start of sedation. This treatment was continued during the study but midazolam and
morphine were always infused by a separate venous access Blood pressure was within the
normal range (12) before the start of midazolam or morphine in all patients

Measurement of cerebral blood oxygenation and cerebral blood volume
Changes in cerebral blood oxygenation and cerebral blood volume were measured using
Near Infrared Spectrophotometry (NIRS) The principle of NIRS is based on continuous
spectrophotometnc measurement of oxygenation-depended changes in the absorption
properties of hemoglobin in the near infrared spectrum (13) The NIRS-equipment used
(OXYMON*) was developed by the Instrumentation Department and the Department of
Physiology of the Radboud University Nijmegen Medical Centre, The Netherlands (14).
Concentration changes of deoxyhemoglobin (AcHHb) and oxyhemoglobin (AcOiHb) were
calculated from changes in light absorption based on a modification of the Lambert-Beer
law. We used the modified Keele absorption matrix (15) and a constant multiplier factor
for the path length which is 4.27 times the distance between both optodes (16,17). The
NIRS-procedure used has been described earlier (18) In summary, near infrared light at
three wavelengths (905, 850 and 767 nm) was earned to the infants head through a fiber
optic bundle and received on the opposite side of the head by another fiber optic bundle
leading to a photodiode The ends of the fiber optic bundles (optodes) were applied to the
parietotemporal regions at opposite sides of the skull NIRS was performed continuously
with a frequency of 1 0 Hz from 10 minutes before until 120 minutes after the start of
sedation

47

Chapter 4
The difference between AcOiHb and AcHHb was calculated and indicated as AHbD
(AHbD = AcChHb - AcHHb). AHbD represents changes in cerebral blood oxygenation.
Concentration changes in total hemoglobin (ActHb) were calculated as the sum of AcC^Hb
and AcHHb (ActHb = AcC^Hb + AcHHb).
Changes in cerebral blood volume (ACBV in ml. 100 g ' ) can be calculated from ActHb
using the following formula: ACBV = (4 · ActHb) · ( R · cHb) "' where cHb is the blood
hemoglobin concentration expressed in mmol.!"1 as monoheme molecule, R. is the cerebralarterial hematocrit ratio, which is stated to be 0.69 ( 19), and 4 is a correction factor since
ActHb is expressed in μπιοΙ.ΙΟΟ g"1 as a tetraheme molecule.

Measurement of cerebral blood flow velocity
Changes in cerebral blood flow velocity (CBFV) were assessed with pulsed Doppler
Ultrasound (ATL HDI 3000, Advanced Technology Laboratories, Bothell, WA, USA)
using the anterior fontanel as an acoustic window. The insonation angle was assumed to be
less than 10°. Time average mean flow velocity over 5 sequential cardiac cycles was
assessed in the left and right supraclinoid internal carotid artery just before and 15, 30, 60
and 120 minutes after the start of sedation. The mean value from the left and right
supraclinoid internal carotid artery was calculated and used as a measure for CBFV.
Changes in CBFV (ACBFV) were expressed as a percentage of the values before
midazolam or morphine infusion.

Other measurements
Using a neonatal monitor (Hewlett Packard, M1094B), heart rate (HR), arterial oxygen
saturation (saCb), transcutaneous partial pressure of oxygen and carbon dioxide (tcpC^and
tzpCOi) were measured continuously. Mean arterial blood pressure (MABP) was
continuously recorded if an arterial catheter was available, otherwise non-invasive blood
pressure was measured using the oscillometric method before and 15, 30, 60 and 120
minutes after sedation. We defined hypotension as a blood pressure below the normal
range for birth weight (12). All continuously measured parameters were registered at a
sample rate of 1 Hz.
Blood samples for determination of partial oxygen and carbon dioxide pressure (pOi and
pCOi), pH and blood hemoglobin concentration were drawn from a capillary heel puncture
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or arterial catheter before, and 120 minutes after the start of sedation. We employed only
one method for each patient at both points. Thus, we were able to determine changes in
blood gas values for each patient.

Data management and statistical analysis
The mean values for the continuously recorded variables were calculated over 30 second
periods before (t = 0) and at 15, 30, 60 and 120 min after the start of sedation. To account
for the fact that the repeated observations over time of each individual are correlated,
longitudinal data analysis was performed using linear mixed models (SAS procedure
PROC MIXED). In both groups, for each variable the development over time of the
departure from the baseline value at t = 0 was modeled as a piecewise linear function of
time in conjunction with a compound symmetry correlation structure. The piecewise linear
function is a combination of a constant value at t = 15 min, reflecting the short term
changes from baseline, and a linear time dependency between t = 30 and t = 120 min,
reflecting developments after the initial, possibly turbulent period of 30 min. In this
framework, tests can be performed as to significance changes between t = 0 and t = 15 min
and linear trends between t = 30 and t = 120 min.
All data plots were reviewed visually by two investigators (AvA and K.L) who are
experienced with analyzing NIRS-data. If evident changes in one of the continuous
measured NIRS-variables occurred within the first 15 minutes after midazolam or
morphine administration, the maximum of this change was used for further analysis.
All tests are performed on the 5% level of significance. Results are reported as mean ±
standard deviation.

Results
In all patients NIRS variables could be measured successfully. Because of technical
problems, CBFV could not be registered in two patients in both group A and B. An arterial
catheter was available in 6 infants in group A versus 5 infants in group B, so in these
patients continuous registration of MABP was possible. Because of problems with the
intravenous access one patient in group A only received the loading dose midazolam. Since

49

Chapter 4
the clearance of midazolam is slow in preterm infants (20), we did not exclude this patient
from our study.
Midazolam
- Effects between t = 0 and t = 15 mm
At 15 minutes after midazolam administration a decrease in HbD, saCh, MABP and CBFV
was observed (table 1). The change in HbD was highly correlated to the change in saO:
(p = 0.0001). We could not demonstrate a statistically significant correlation between
AHbD and ΔΜΑΒΡ or ACBFV. In addition, the decrease in CBFV could not be related to
changes in pCOi or MABP.

Table I. Values of hemoglobin oxygenation index (HbD), cerebral blood volume (CBV), cerebral blood flow
velocity (CBFV) heart rate (HR) mean arterial blood pressure (MABP) arterial oxygen saturation (saO?)
and transcutaneous measuredpOS (tcpO;) andpCO? (tcpCOj before and 15 minutes after administration of
midazolam and morphine
Midazolam (n = 11)

Morphine (n = 10)

before

t = 15 min

before

t= 15 min

AHbD^moUOOg- )

n. a.

-0.58 ± 1.09*

n. a.

0.25 ± 0.45

ACBV(ml.lOOg')

n. a.

0.08 ±0.11

n. a.

0.09 ±0.1 Γ

ACBFV (%)

n. a.

-14.7 ±14.4'

n. a.

5.0 ±19.5

AHR (beats.min" )

145 ±23

144 ± 19

149 ±10

150±11

ΔΜΑΒΡ (mmHg)

38.4 ±3.2

33.6 ± 5 . 4 "

40.5 ±3.9

39.0 ±4.7

Aja02(%)

95.3 ±2.9

91.8+6.2"

95.1 +2.3

95.4 ±2.4

Atc/702(kPa)

10.8 + 5.7

9.5 ±4.8

9.5 ±5.3

9.3 ±5.0

AtcpCCMkPa)

5.1 ±2.7

5.1 ±2.8

5.0 ±2.0

5.1 + 1.9

1

1

Values are mean ± standard deviation. 5% significance level

1% significance level η a = not available.

Testing in the framework of linear mixed models

Within 5 minutes after midazolam infusion, a decrease in saCh, icpOi and HbD was
observed in 5 infants (table 2). No significant changes in CBV or other physiological
variables were registered during this period. There were no observed clinical events
correlated to the onset of the decrease in saCX To prevent a further fall in saOi, fraction
inspired oxygen (FiO:) was temporary increased in two infants and peak inspiration
pressure was increased in one infant. Values returned slowly to baseline within 20 minutes.
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Table 2. Values of arterial oxygen saturation (saOi), transcutaneous measured pO? (IcpOi) and hemoglobin
oxygenation index (HbD) before and at the point of maximal decrease in saOi after midazolam and morphine
infusion.

Midazolam (n = 5/11)

5a02(%)
tcp02(kPa)
1

HbD^mol.lOOg' )

Morphine (n = 6/10)

before

t mln

before

t min

95.0 ±2.5

85.616.5

95.3 + 2.6

87.9 + 4.2

11.2 ±3.8

8.9 ±3.3

11.7 ±5.4

7.6 ± 3.9

n. a.

-1.49 ±1.13

n. a.

-0.94 ± 0.55

Values are mean ± standard deviation, n.a = not available

Within 15 minutes after the loading dose midazolam we observed hypotension in 7 infants.
In two patients severe hypotension (more than 2 standard deviations below mean blood
pressure for BW (12)) occurred for which clinical intervention was necessary (inotropic
support in one patient and plasma expanders in one patient). Although we only studied a
small sample size, infants who were treated with dopamine before midazolam infusion
seemed to be less vulnerable for hypotension. We did not find a correlation between GA or
BW and the above mentioned short term effects of midazolam infusion.

- Linear trends from t = 30 to I = 120 min
We observed no linear trends in the measured variables over 120 minutes after midazolam
administration. There were no significant changes in blood gas values between t = 0 and
t = 120 min.

- Myoclonus
We observed myoclonus in 5 patients who were treated with midazolam. One of these
infants also had a low serum calcium level (1.66 mmol.!"'). There was no relationship
between icpCOi level, hypotension or decrease in saO: and myoclonus. No changes in
NIRS variables or physiological parameters were observed during myoclonus.

Morphine

- Effects between t = 0 and t = 15 mm
Besides a significant rise in CBV, no changes in HbD, CBFV or physiological variables
were observed at 15 minutes after morphine infusion (table 1 ).
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Immediately after the loading dose morphine, a decrease in saOi, icpOi and HbD was
registered in 6 infants (table 2) No significant changes in CBV or other physiological
variables were observed during this period. There were no observed clinical events that
could explain the decrease in saOi. To prevent a further fall in saCh, F1O2 was temporary
increased in two infants. Within 5 minutes there was a complete recovery of saCh icpOi
and HbD We could not demonstrate a correlation between GA or BW and the above
mentioned changes after morphine infusion.

- Linear trends from t = 30 to t = 120 mm
After morphine administration a statistically significant increase in CBV over time was
observed (linear trend of 0 0013 ml 100g '.mm ') The increase in CBV was maximal at
120 minutes (0 25 ± 0 15 ml 100g ' equivalent to an increase in ctHb of 0 47 ± 0 21
μιτιοί 100g"'). HbD and CBFV remained stable after morphine infusion. A small, but
statistically significant, decrease in heart rate (linear trend of -0 06 beats.min ' min"1) and
increase in saCh (linear trend of 0.02 % mm ') was observed over time The other
physiological variables did not show significant linear trends There were no significant
changes in blood gas values between t = 0 and t = 120 mm. We did not find a correlation
between GA or BW and changes in CBV

Discussion
Midazolam-induced hypotension is frequently reported in premature infants (3-6) The
exact pathogenesis is not clarified yet We registered an overall decrease in blood pressure
within the first 15 minutes after intravenous midazolam Although this decrease is partly
due to the sedative effect of midazolam, hypotension occurred in 7 infants The role of
treatment with dopamine before midazolam infusion is not clear In the small group of
infants we studied, patients with inotropic support seemed to be less susceptible for
hypotension.
We observed a 14 7% decrease in CBFV after bolus infusion of midazolam which
corresponds to data published previously (4,8) Although the fall in CBFV has been
associated with changes in CO2 levels (8) and midazolam-induced hypotension (4) we
could not demonstrate this relationship in our infants Fluctuations in blood pressure and
CBFV are known risk factors for IVH in infants with a possible impaired autoregulation
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(21). We postulate that midazolam induced hypotension or decrease in CBFV influences
cerebral blood oxygenation. However, although HbD decreased after midazolam infusion,
we could not demonstrate a significant relationship between changes in HbD and MABP or
CBFV.
Myoclonus was frequently observed after midazolam infusion in our patients. During
myoclonus we did not register any changes on global cerebral hemodynamics and
oxygenation as measured by NIRS. However, local changes in cerebral blood oxygenation
and hemodynamics cannot be excluded.

Morphine administration resulted in an 11% increase in CBV, presuming a normal CBV of
2.22 ml.lOOg"1 brain in healthy term infants (22). The equivalent increase in ctHb
correlates with almost five times the normal cyclic fluctuations in infants (23). We believe
these changes are of clinical importance and might result in an enhanced risk of IVH in the
premature brain with vulnerable cerebral blood vessels. Theoretically, an increased CBV is
explained by arterial or venous dilation due to an elevated perfusion pressure, a decreased
vascular resistance or outflow obstruction. Although CBFV and MABP remained stable
after morphine infusion, an increased cerebral blood flow can not be excluded. Morphine
has been proven to have dilating cerebral vasomotor effects in vitro (24). Therefore,
cerebral vasodilatation is a possible explanation for the observed increase in CBV.
Unfortunately, we are not informed about cerebral blood outflow.

Bolus infusion of both midazolam and morphine caused a transient reduction in cerebral
blood oxygenation in 5 (46%) and 6 (60%) infants respectively. These changes were
accompanied with a transient decrease in .va02 and tcpOi while hemodynamic variables
remained stable. The decrease in oxygenation might be due to respiratory depression as it
has been described earlier after administration of benzodiazepines (5) and morphine (9). In
addition, administration of opiods has been associated with laryngospasm, chest wall
rigidity and reduced triggered ventilation in premature infants (25). However, infants with
chest wall rigidity showed an increased CO2 and decreased heart rate following
deoxygenation (25). We did not observe these changes in our patients. Moreover, the
duration of decreased saC^ in our patients was shorter than in infants with chest wall
rigidity (25).
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In literature, there is no consensus on the optimal doses midazolam and morphine in
preterm infants. The doses of midazolam that we used in our study correspond to the upper
limit of the recommended range (26). Although hypotension has been observed less
frequently if lower loading doses were used, changes in CBFV have also been reported
with a loading dose of 0.1 mg.kg"' (4;8). The effects of midazolam infusion on cerebral
hemodynamics and oxygenation might diminish if lower doses would be used or if the
loading dose would be given more slowly. Since lower doses midazolam has proven to
result in adequate sedation in preterm infants (2) this is a useful subject for further
investigation. The doses of morphine that we used in our study were relatively low when
compared to others (26). Since even low doses resulted in evident changes in cerebral
hemodynamics and oxygenation, the effects of higher doses should be further investigated.
With the results of our study we cannot conclude which of the two drugs should be the
treatment of choice to obtain well-tolerated artificial ventilation in preterm infants.
Our study was not designed to evaluate the effects of midazolam and morphine on cerebral
hemodynamics and oxygenation at different gestational ages. In our small study
population, we could not demonstrate a relationship between the observed changes in
cerebral hemodynamics and oxygenation and GA or BW. However, since the clearance of
midazolam (27) and morphine (28) is related to GA and BW, a correlation is imaginable.

In summary, both midazolam and morphine infusion results in changes in cerebral
oxygenation and hemodynamics that might be harmful. Therefore, both drugs should be
used with caution in ventilated preterm infants.
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Abstract
Background Surfactant administration in preterm infants results in changes in cerebral
oxygenation and hemodynamics which might be related to the instillation method.
Objectives: To compare the effects of three different methods of surfactant instillation on
cerebral oxygenation and hemodynamics.
Methods : Patients were randomised in three different groups: in group A (n = 7, GA 31.1
(2.8) wk, BW 1420 (517) g) surfactant was administered using a catheter through the
endotracheal tube after tube disconnection from the ventilator, in group Β (n = 5, GA 28.4
(2.5) wk, BW 1124 (1035) g), surfactant was administered using a double lumen
endotracheal tube, in group C (n = 11, GA 31.0 (2.9) wk, BW 1200 (1024) g) surfactant
was administered through a multi-access catheter. Changes in cerebral blood oxygenation
(HbD) and cerebral blood volume (CBV) were assessed continuously using near infrared
spectrophotometry (NIRS) until 60 minutes after surfactant administration. Cerebral blood
flow velocity (CBFV) was intermittently measured using Doppler ultrasound.
Results: Surfactant administration resulted in significant fluctuations in HbD and a
persistent increase in CBV. Changes in HbD and CBV did not differ significantly between
group A, Β and C. CBFV remained unchanged after surfactant instillation.
Conclusions: Changes in cerebral oxygenation and hemodynamics after surfactant therapy
are not related to the method of surfactant instillation.
values are median (interquartile range)

Key words: surfactant - premature infants - near infrared spectroscopy - brain - blood
supply
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Introduction
Surfactant administration causes rapid changes in cerebral oxygenation and hemodynamics
which have been related to the occurrence of IVH (1) To avoid these fluctuations,
alternative administration procedures have been investigated

Slow infusion and

nebulisation of surfactant have proven to prevent major changes in blood pressure (2,3),
paOj (2-4), paCCh (2) and CBF (2) in animals However, this instillation procedure has
been associated with an inhomogeneous distribution of surfactant (3,4) and is therefore
contra-indicated for clinical use in preterm infants Currently, intratracheal bolus injection
is the gold standard for surfactant administration The conservative method of surfactant
instillation implies disconnection of the endotracheal tube from the ventilator and
surfactant administration through an inserted catheter down the endotracheal tube In
earlier studies, surfactant instillation through a double lumen endotreacheal tube (5) or side
hole (6) has been proven to be equally effective In contrast to the conservative method,
surfactant instillation through a side hole (multi-access catheter) avoids disconnection from
the ventilator Moreover, surfactant instillation through the smaller lumen of a double
lumen endotracheal tube minimizes tube obstruction Whether these alternative routes of
surfactant administration diminish fluctuations in cerebral oxygenation and hemodynamics
is yet unknown The aim of our study was to compare the effects of surfactant instillation
on cerebral oxygenation and hemodynamics when using the conservative method, versus
the double lumen endotracheal tube, or multi-access catheter

Materials and Methods
Study population
From January 2001 until January 2004, preterm infants (gestational age between 26 and 34
weeks) with clinical and radiological signs of respiratory distress syndrome (RDS)
requiring mechanical ventilation with a fractional inspired oxygen (F1O2) percentage of
>50% were eligible for this study Infants with seizures, cerebral hemorrhage, severe
asphyxia or major congenital malformations were excluded Informed parental consent was
obtained before inclusion The study was approved by the Radboud University Nijmegen
Medical Centre ethics committee
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Surfactant administration
A single bolus of 100 mg kg ' bovine Surfactant (Survanta* 25 mg ml ') was instilled V* to
1 cm above the carina At entry, the correct position of the tracheal tube was confirmed by
a chest radiography The infant's head was positioned in the midline All infants were
mechanical ventilated with a pressure-limited, time-cycled neonatal ventilator (Babylog
8000, Drager) in the synchronised intermittent mandatory ventilation mode
The included patients were randomised into three groups (group A, Β and C)
Randomisation was obtained by opening a sealed envelope from a box in which the order
of envelopes was randomised before the start of the study Patients in group A received
surfactant by the conservative method This includes disconnection of the endotracheal
tube from the ventilator and surfactant instillation within 5 seconds through a 5 French
gauge feeding catheter inserted down the endotracheal tube The infants were reconnected
to the ventilator immediately after surfactant instillation and mechanical ventilation was
immediately restarted using the previous ventilatory settings Patients in group Β received
surfactant through a smaller second lumen in a double lumen endotracheal tube (Vygon*,
ref 5516 25) which enables continuation of ventilation and minimizes obstruction of the
endotracheal tube Since the second lumen was relatively small, surfactant instillation took
5-10 seconds Patients in group C received surfactant within 5 seconds through a 5 French
gauge catheter inserted through a side hole in the tracheal tube adaptor (multi-access
catheter) which enables continuation of mechanical ventilation during surfactant
administration but does not prevent temporary obstruction of the endotracheal tube
Patients who were included after a transfer from a 2

nd

level hospital did not have a double

lumen tube If they were initially placed in group B, a new envelope was taken since reintubation was considered to be undefensible A new sealed envelope for group Β was then
randomly reinserted in the box
Ventilatory settings were modified according to the clinical response with the lowest level
of F1O2 to keep saCh between 90 and 95% If necessary, peak inspiratory pressure or
ventilation frequency was adjusted based on blood gas values 30 minutes after surfactant
instillation
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Near Infrared Spectrophotometry (NIRS)
The principle of NIRS is based on continuous spectrophotometnc measurement of
oxygenation-dependent changes in the light absorption properties of hemoglobin in the
near infrared region (7) The NIRS-equipment used (Oxymon*) was developed by the
Instrumentation Department and the Department of Physiology of the Radboud University
Nijmegen

Medical

Centre,

The

Netherlands

(8)

Concentration

changes

of

deoxyhemoglobin (AcHHb) and oxyhemoglobin (AcC^Hb) were calculated from changes
in light absorption using the modified Lambert-Beer law We used the Keele absorption
matrix (9) and a constant path length multiplier factor of 4 27 times the distance between
both optodes (10,11) The NIRS-procedure used has been previously described (12)
Summarizing, near infrared light at three wavelengths (905, 850 and 767 nm) was carried
to the infants head through a fiber optic bundle and received on the opposite side of the
head by another fiber optic bundle leading to a photodiode The ends of the fiber optic
bundles (optodes) were applied to the parietotemporal regions at opposite sides of the skull
(13) Infants were examined with the head in midline position NIRS was performed
continuously and sampled with a frequency of 1 0 Hz Differences between AcOiHb and
AcHHb were calculated and indicated as AHbD (AHbD = AcO^Hb - AcHHb)
Concentration changes in total hemoglobin (ActHb) were calculated as the sum of AcC^Hb
and AcHHb (ActHb = AcC^Hb + AcHHb) AHbD represents changes in cerebral blood
oxygenation whereas ActHb reflects changes in cerebral blood volume (CBV)
Changes in CBV (ACBV in ml lOOg') can be calculated using the following formula
ACBV = (4 · ActHb) · (R · cHb) ' where cHb is the blood hemoglobin concentration
expressed in mmol 1 ' as monoheme molecule, R is the cerebral-arterial hematocrit ratio,
which is stated to be 0 69 (14), and 4 is a correction factor since ActHb is expressed in
μπιοί 100g ' as a tetraheme molecule

Doppler Ultrasound
Using the anterior fontanel as an acoustic window, cerebral blood flow velocity (CBFV) in
the internal carotid artery was measured by pulsed Doppler Ultrasound (frequency 6 MHz,
ATL HDI 3000, Advanced Technology Laboratories, Bothell, WA, USA) The insonation
angle was assumed to be negligible (less than 10o)(15) Time average peak velocity over
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five cardiac cycles was calculated before the administration of surfactant and at 5, 15, 30,
45 and 60 minutes after surfactant administration. Changes were expressed as percentage
of the values before surfactant instillation.

Other measurements
Using a neonatal monitor (Hewlett Packard, M1094B, Saranno, Italy) heart rate (HR),
arterial oxygen saturation (saOi) and transcutaneous measured partial pressure of oxygen
and carbon dioxide (tcpCh and tcpC02) were measured continuously from 10 min before
until 60 min after surfactant administration. Mean arterial blood pressure (MABP) was
continuously measured from an indwelling arterial catheter. All continuously measured
variables were registered at a sample rate of 1 Hz.
The hemoglobin concentration was measured for calculation of CBV. Arterial blood gases
were analyzed before and after surfactant administration to calculate the arterial/Alveolar
oxygen tension ratio (a/A-ratio) defined as pzOi · ((/?aimosphcrc - Pwio) ' F1O2 - pCO:) as a
measure of therapy efficiency.

Data management and statistical analysis
Since HbD, IcpOi and saOi showed an obvious biphasic response, minimal (time point I)
and maximal (time point II) values were noted as single data points. At these same time
points, the values of tcpCCK, MABP, HR and CBV were noted as well. In each group, the
differences between time point I and baseline (t = 0) respectively time point II and baseline
(t = 0) were studied using the Wilcoxon signed ranks test. To compare these differences
between the three groups, we used the Kruskall-Wallis test.
The mean value of the continuously recorded variables was calculated over 30 second
periods before (t = 0) and at 15, 30, 45 and 60 minutes after surfactant administration. The
variables were expressed as their differences to the baseline (t = 0). Since our study design
included repeated measurements over time in each patient, we performed longitudinal data
analysis using linear mixed models (SAS procedure MIXED). For each separate variable,
we looked for trends over 60 minutes.
Results are reported as median (interquartile range). Changes in CBFV (ACBFV) were
expressed as a percentage of the values before surfactant administration. P-values < 0.05
were considered to indicate statistical significance.
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Results
In the 3 year study period, we were only able to include 23 patients. This was due to the
following reasons: i) the increasing use of antenatal corticosteroids which decreased the
incidence of severe RDS. ii) the difficulty to obtain informed consent soon after birth,
especially since premature infants with RDS were often born unexpected and parents were
understandably affected by the sudden birth of their child and less willing to participate in
a clinical trial, iii) occasionally, infants were cardiorespiratory very unstable and therefore
not suitable for inclusion in our study.

We could include 7 patients in group A, 5 patients in group Β and 11 patients in group C.
Patient characteristics are presented in table 1. Patients in group Β were all bom in our
tertiary neonatology centre because a specific double lumen tube was needed for inclusion.
There were no significant differences between gestational age, birthweight, a/A ratio,
severity of RDS or ventilatory settings before surfactant administration between the
different groups. NIRS-variables could be measured successfully in all patients. CBFV
could be measured properly in 5 patients in group A, 4 patients in group Β and 9 patients in
group C.
Table I Patient characteristics
Group

GA (wk)

BW(g)

a/A-ratio
before surfactant

after surfactant

A (n = 7)

31.1 (2.8)

1420(517)

0.19(0.06)

0.35(0.17)

Β (n = 5)

28.4(2.5)

1124(1035)

0.11(0.06)

0.20 (0.09)

C(n=ll)

31.0(2.9)

1200(1024)

0.15(0.07)

0.30 (0.25)

GA = gestational age ; BW = birth weight ; a/A-ratio = arterial/Alveolar oxygen tension ratio. Values are
expressed as median (interquartile range)
Surfactant instillation resulted in a biphasic response in HbD (typical example in figure 1),
pa02 and s&Oi in all groups. A maximal decrease in HbD was observed 1.3 (1.0) minutes
after surfactant instillation (time point I) and a maximal increase 5.2 (4.8) minutes after
surfactant administration (time point II) (table 2). After 60 minutes the values were
returned to baseline in all groups. There was no significant difference in HbD, p&Oi or
Äa02 pattern after surfactant administration between the 3 groups.
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Figure I. Typical example of changes in hemoglobin oxygenation index (HbD) after surfactant administration in
one patient
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Table 2. Changes in hemoglobin oxygenation index (HbD), cerebral blood volume (CB V), arterial oxygen
saturation (saOz) and transcutaneous measuredpOi (tcpO?) andpCOj (IcpCO^ at time point I and time point II
after surfactant instillation in group A (conservative method), Β (double-lumen tube) and C (multi-access
catheter), as compared to baseline (t = 0)
Time point I
A

Β

C

AHbD^mol.lOOg )

-1.64(1.21)*

-1.33(1.35)*

-1.99(2.18)*

ACBViml.lOOg')

-0.44(0.19)

-0.15(0.25)

-0.04 (0.09)

Δ53θ2(%)

-11.9(29.4)*

-17.7(23.6)'

-14.3(15.6)*

AtcpCMkPa)

-2.0(3.5)'

-3.4(2.2)'

-4.1 (3.9)*

AtcpCCMkPa)

0.3(0.4)'

1.3(1.4)'

0.4(0.7)*

Group
1

Time point II
A

Β

C

AHbD^moUOOg')

1.27(1.07)'

1.05(1.42)'

0.51 (0.66)*

ACBV(ml.l00g-')

0.14(0.30)

0.05 (0.35)

0.04 (0.48)

Asa0 2 (%)

4.9(7.8)*

4.4 (8.0)

2.3(3.5)*

Atc/>02(kPa)

4.6(3.6)*

6.2(11.8)

2.1(2.9)

AtcpCOzikPa)

0.6(0.6)*

1.0(0.6)'

0.9(0.8)*

Group

Values are median (interquartile range) ' : p-value < 0.05 (Wilcoxon signed ranks test).
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We observed no significant changes in CBV at time point I or II in either group. Hereafter,
CBV remained above the baseline values in all groups until 60 minutes after surfactant
instillation. There were no differences in CBV response between group A, Β and C.
Changes in CBV were correlated with changes in tcpCO:, (r = 0.22, ρ = 0.03 (spearman's
rho)) but not with changes in tcpOi, saOi, MABP or CBFV. TcpCO^ increased
significantly directly after surfactant therapy (table 2) and returned slowly to baseline
within 60 minutes. There were no significant differences between the 3 different groups.
We could not observe significant changes in CBFV after surfactant therapy. In addition,
HR and MABP showed no significant

or recognisable patterns after

surfactant

administration. The grade of improvement after surfactant therapy, as judged by the a/Aratio, was not statistically different between the 3 groups (table 1).

Discussion
We observed evident changes in cerebral oxygenation and hemodynamics during
surfactant therapy. These changes included a biphasic response in cerebral blood
oxygenation and a consistent and persistent increase in cerebral blood volume over time.
These changes could not be prevented by surfactant instillation through a double lumen
tube or multi-access catheter. Thus, there seems to be no important role for disconnection
from the ventilator or tube obstruction in the pathogenesis of fluctuations in cerebral
oxygenation and hemodynamics after surfactant therapy. Other modifications on the
surfactant instillation procedure have been suggested to minimize changes in cerebral
oxygenation and hemodynamics. Firstly, different surfactant preparations which require
less surfactant volume have been used. The results of these studies are conflicting (16-20).
Until now, no consistent relationship has been demonstrated between surfactant volume
and changes in pCOj, blood pressure, CBV or HbD. Secondly, active ventilatory
management protocols have been proposed to optimise ventilation and oxygenation during,
and after surfactant administration. There are no randomised studies that evaluate the
effects of active versus passive ventilatory support during surfactant instillation on cerebral
oxygenation and hemodynamics. However, some studies describe less prominent changes
in pCOj and CBV when peak airway pressure was maintained during surfactant therapy
(17;21).
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The observed changes in cerebral oxygenation in our study are comparable with the
observations of others (16;18;21). The initial drop in HbD is likely caused by obstruction
of the alveoli by the surfactant fluid. The secondary increase in HbD after surfactant
instillation is partly due to manipulation of the FiO? within the first minutes after surfactant
instillation to prevent a detrimental initial decrease in saCh. Furthermore, reactive
hyperperfusion of the brain after a period of diminished oxygen delivery and a better
recruitment of alveoli due to surfactant are likely to play a role in the secondary increase in
HbD. The observed fluctuations in HbD concerned more than 10 times the normal
fluctuations (22). Whether these swings are of clinical importance is unknown. However,
in order to prevent any detrimental effect on the premature brain, fluctuations in cerebral
blood oxygenation and hemodynamics should be minimized as much as possible.
CBV showed a large interpatient variability in the first minutes after surfactant therapy.
Thereafter, CBV showed a consistent and persistent increase which is similar with a 7.6 %
increase in CBV, assuming a normal CBV in healthy term infants of 2.22 ml.lOOg"1 brain
(23). The observed changes in CBV were strongly correlated to changes in tcpCC^.
Furthermore, reactive cerebral vasodilatation after a period of diminished oxygen delivery
may play a role in the increased CBV after surfactant therapy. Finally, an increased
intrathoracic pressure resulting in a diminished venous return might contributed to the
observed increase in CBV.
The effect of surfactant therapy on CBFV is debated. Fluctuations in CBFV after surfactant
administration have been described (19;24-26) as a result of changes inpCOi and MABP.
In contrast, other studies report no changes in CBFV after surfactant therapy (16;27). We
could not observe changes in CBFV in our patients. However, we could only study
Doppler hemodynamics in a small patient population. In addition, changes in CBFV during
the first 5 minutes after surfactant instillation can not be excluded since we did not
measure CBFV during this interval.

In summary, we observed changes in cerebral blood oxygenation and cerebral blood
volume after surfactant therapy which might be harmful. These changes could not be
related to disconnection from the ventilator or tube-obstruction. Since all three procedures
are equally effective, we prefer surfactant instillation through a multi-access catheter since
this mode of instillation does not need a modified endotracheal tube, simplifies the
instillation procedure and thereby enhances the safety of administration.
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Abstract
Objective: To assess consecutive changes in cerebral oxygenation and hemodynamics after
serial cerebrospinal fluid (CSF) drainage from a subcutaneous ventricular catheter
reservoir (SVCR) in infants with PHVD.
Methods: Infants with PHVD were studied during CSF drainage from a SVCR on the day
of SVCR placement, half a week and one week after SVCR placement. Changes in HbD
and CBV were assessed using near infrared spectrophotometry. Time-averaged peak flow
velocity (TAPFV), end diastolic flow velocity (EDFV), peak systolic flow velocity (PSFV)
and pulsatility index (PI) were measured before (base-line) and after CSF drainage using
Doppler ultrasound. Longitudinal data analysis was performed using linear mixed models.
Results: Seven patients (GA 26.7 - 40.4 weeks, BW 800 - 4575 grams) were studied. CSF
drainage resulted in a statistically significant increase in CBV during each measurement.
The change in CBV was maximal on the day of SVCR placement. A significant increase in
HbD and EDFV, and decrease in PI was observed after CSF drainage only on the day of
SVCR placement. Baseline values of all Doppler variables improved consecutively after
serial CSF removal in the first week after SVCR placement.
Conclusion: Frequent CSF drainage results in consecutive improvement of cerebral
perfusion and oxygenation in infants with PHVD.

Key words: hydrocephalus - CSF drainage - premature infants - near infrared
spectroscopy - Doppler ultrasound
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Introduction
Post hemorrhagic ventricular dilatation (PHVD) is an important complication of
intraventricular hemorrhage (IVH) in preterm infants and associated with impaired
neurological development (1,2) Drainage of cerebrospinal fluid (CSF) is a common
treatment for infants with PHVD and improves cerebral perfusion (3-5) and oxygenation
(3,4) Drainage of CSF can be achieved by lumbal puncture However, if repetitive CSF
removal is required, a subcutaneous ventricular catheter reservoir (SVCR) is preferred for
easy drainage with minimal discomfort for the patient
The optimal timing and frequency of CSF drainage in infants with PHVD is unclear
Increased intracranial pressure (ICP) resulting in compromised cerebral circulation and
extreme changes in cerebral blood flow (CBF) should be prevented as much as possible In
earlier NIRS studies, an improvement in cerebral perfusion and oxygenation have been
demonstrated after CSF drainage in infants with PHVD (3,4) However, these studies
concerned measurements after one single CSF removal Kempley et al (5) studied the
effect of repetitive CSF drainage on cerebral blood flow velocity as measured with
Doppler ultrasound They demonstrated that infants with frequent CSF drainage showed
smaller fluctuations in cerebral blood flow velocity than infants with less frequent CSF
drainage We hypothesize that repetitive CSF drainage from a SVCR will result in
consecutive improvement of cerebral perfusion and oxygenation The aim of our study was
to evaluate the consecutive changes in cerebral hemodynamics and oxygenation following
repetitive CSF drainage in the first week after SVCR placement For this goal, we
combined continuous near infrared spectrophotometry with intermittent cranial Doppler
ultrasound measurements

Materials and Methods
Study population
Infants with PHVD (after grade 3 or 4 IVH according to the four point scale of Papile et al
(6)) who were qualified to receive a SVCR, were included in this study after informed
parental consent was obtained We initially treat infants with PHVD by means of repeated
lumbal punctures when the ventricular index (VI) exceeds the 97th percentile for
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gestational age (7). If reduction of ventricular dilatation is inappropriate despite repetitive
lumbal punctures, a SVCR is inserted.
CSF drainage from the SVCR was performed once a day. If ventricular dilatation was
progressive despite daily puncture, CSF drainage was performed twice a day. The volume
of CSF removal depended on the size and shape of the ventricles (maximal volume 10
ml.kg"'). CSF was slowly removed under aseptic conditions over 10-15 minutes. To
prevent damage to the SVCR, we used a small needle (25 χ 0.5 mm, Monoject*). Infants
were studied at three different time points (figure 1): The first measurements (Ml) were
performed on the day of SVCR insertion in all infants. The second measurements (M2)
were performed at day 3 or 4 after SVCR placement and the third measurements (M3)
were performed between day 7 and 9 after SVCR placement.

Figure I Time schedule for the consecutive NIRS measurements
SVCR
insertion

I — I — I — I — I — I — I — I — I — I
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Near infrared spectrophotometry (NIRS)
The principle of NIRS is based on continuous spectrophotometric measurement of
oxygenation-dependent changes in the absorption properties of hemoglobin in the near
infrared region (8). The NIRS-equipment used (Oxymon ) was developed by the
Instrumentation Department and the Department of Physiology of the Radboud University,
Nijmegen

Medical

Centre

The

Netherlands

(9).

Concentration

changes

of

deoxyhemoglobin (AeHHb) and oxyhemoglobin (AcChHb) were calculated from changes
in light absorption based on the modified Lambert-Beer law using the Keele absorption
matrix (10) and a constant multiplier factor for the pathlength which is 4.27 times the
distance between both optodes (11; 12). The NIRS-procedure used has been previously
described (13). Summarizing, near infrared light at three wavelengths (905, 850 and 767
nm) was carried to the infants head through a fiber optic bundle and received on the
opposite side of the head by another fiber optic bundle leading to a photodiode. The ends
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of the fiber optic bundles (optodes) were applied to the parietotemporal regions at opposite
sides of the skull (14). NIRS was performed continuously with a frequency of 1.0 Hz from
10 minutes before until 60 minutes after the start of CSF removal.
Differences between AcC^Hb and AcHHb were calculated and indicated as AHbD (AHbD
= AcC^Hb - AcHHb). Concentration changes in total hemoglobin (ActHb) were calculated
as the sum of AcC^Hb and AcHHb (ActHb = AcC^Hb + AcHHb). AHbD represents changes
in cerebral blood oxygenation whereas ActHb reflects changes in cerebral blood volume
(CBV in ml. 100 g"') as shown in the following formula:
ACBV = (4 · ActHb) · ( R · cHb) "' where cHb is the blood hemoglobin concentration
expressed in mmol.!"1 as monoheme molecule, R is the cerebral-arterial hematocrit ratio,
which is stated to be 0.69 (15), and 4 is a correction factor since ActHb is expressed in
μπιοΙ.ΙΟΟ g"' as a tetraheme molecule.

Doppler ultrasound
Doppler ultrasound measurements (ATL HDI 3000, Advanced Technology Laboratories,
Bothell, WA, USA, multifrequency transducer C5-8) were obtained using the anterior
fontanelle as an acoustic window. The insonation angle was assumed less than 10°. Peak
systolic flow velocity (PSFV), time averaged peak flow velocity (TAPFV), end diastolic
flow velocity (EDFV), and pulsatility index (PI defined as (PSFV-EDFV) · TAPFV"1)
were assessed in the left and right supraclinoid internal carotid arteries before puncture.
This procedure was repeated at 15, 30 and 60 minutes after CSF drainage. Changes were
expressed as percentage of the values before CSF drainage (baseline values).

Ventricular index (VI)
The VI was measured as the mean value of the width of the left and the right lateral
ventricle in the coronal view at the level of the foramen of Monro according to Levene (7)
before and after CSF removal. The change in VI (AVI) before and after CSF drainage was
calculated and expressed in mm.
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Other measurements
Using a neonatal monitor (Hewlett Packard, M1094B, Saranno, Italy) heart rate (HR) and
arterial oxygen saturation (.va02) were measured continuously. Mean blood pressure
(MBP) was non-invasively measured using the oscillometric method before and 60
minutes after CSF drainage. All continuously measured variables were registered at a
sample rate of 1 Hz. The hemoglobin concentration was measured for calculation of CBV.

Data management and statistical analysis
The mean value over a 30 seconds period was calculated for each continuously registered
variable (cC^Hb, cHHb, HR and 5a02) before (t = 0) and at 15, 30 and 60 minutes after
CSF drainage. Since our study design included repeated measurements over time in each
patient, we performed longitudinal data analysis using linear mixed models (SAS
procedure MIXED). By expressing the variables in the model per day as their deviation
from baseline (t = 0), the necessary normality assumptions for linear mixed models were
met. For each separate variable, we looked in this framework for deviations at t = 15
minutes from baseline values, for linear trends over time elapsed after CSF drainage and
for linear trends over the three days of measurements. P-values < 0.05 were considered to
indicate significance. Results are reported as mean ± standard deviation.

Results
Seven patients were included in our study. The patient characteristics are presented in
table 1. All patients were cardiorespiratory stable. There were no differences in
physiological variables (MBP, HR, saC^) between the patients before inclusion in this
study. At the day of SVCR placement the VI was 5.0 ± 1.5 mm above the 97lh percentile
for age (7). The volume of CSF drainage was 7.6 ± 2.4 ml.kg"' and did not change
significantly between different time points within each patient.
NIRS-variables could be measured successfully in all patients. Adequate Doppler
ultrasound registrations were obtained in five patients during Ml, M2 and M3. The VI
could be measured in all infants. One patient had asymmetric ventricles due to a clot
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distending one ventricle. In this infant only the smaller ventricular width was measured,
this was the ventricle in which the drain was positioned.

Table 1. Patient characteristics

GA

BW

Ventilatory

Ventilatory

Ventilatory

Postnatal

support

support

support

age at Ml

(weeks)

(grams)

(Ml)

(M2)

(M3)

(days)

30.3

1436

MV

NCPAP

NO

17

32.6

1650

NO

NO

NO

17

40.4

3010

NO

NO

NO

16

32.6

2575

NO

NO

NO

27

38.3

4575

NO

NO

NO

23

26.7

800

MV

NO

NO

22

31.4

1850

MV

MV

NO

8

GA = gestational age, BW = birth weight, MV = mechanical ventilation, NCPAP = nasal continuous positive
airway pressure, NO = no ventilatory support.

NIRS
A typical example of changes in NIRS variables after CSF drainage in one patient on the
day of SVCR placement is shown in figure 2. Overall, CSF drainage resulted in a
statistically significant increase in CBV during each measurement (figure 3). The greatest
increase in CBV (0.54 ± 0.11 ml.lOOg"1 equivalent to a change in ctHb of 0.70 ± 0.18
μmol.l00g"') was measured at Ml. The effect of CSF drainage on CBV diminished after
repetitive CSF removal, although this trend did not reach the level of statistical
significance (p = 0.07). An increase in cO^Hb was measured after CSF drainage at M1, M2
1

and M3. AcCbHb was maximal (0.56 ±0.16 μπιοΙ.ΙΟΟ^ ) at Ml. The effect of CSF
drainage on cC^Hb diminished significantly (p < 0.01) from Ml through M3. cHHb
showed a small, non-significant, increase after CSF drainage. We observed a significant
increase in HbD (0.41 ± 0.34 μπιοΠΟΟ^') at Ml, but not during M2 and M3 (figure 3).
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Figure 2. Typical example of changes in HbD and CB V after CSF drainage in one patient on the day of
SVCR placement (Ml).
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Doppler ultrasound
A significant increase in EDFV and decrease in PI (figure 3) was observed after CSF
drainage at M1. The effect of CSF drainage on EDFV diminished statistically significant at
M2 and M3 as compared to Ml. PSFV and TAPFV did not show significant changes at
Ml, M2 or M3. Therefore, the observed decrease in PI was mainly due to the increased
EDFV. Baseline values (at t = 0) of TAPFV, PSFV and EDFV increased significantly from
Ml through M3. Baseline values of PI decreased from Ml through M3, but this effect was
not statistically significant (p = 0.08) (table 2).
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Figure 3. Bars presenting mean changes in HbD, CB V and PI after CSF removal from a S VCR on the day of
S VCR placement (Ml), and half a week (M2) and one week (M3) after S VCR placement.
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Ventricular Index

The VI before puncture showed a statistically significant decrease from Ml through M3
(table 2). Although AVI diminished from Ml through M3, this trend was not of statistical
significance. We could not observe a relationship between AVI and ACBV or between VI
before puncture and ACBV.

Table 2. Baseline values of PSFV, EDFV, TAPFV, PI and VI before CSF drainage on the day of SVCR
placement (Ml), and half a week (M2) and one week (M3) after SVCR placement

Ml

M2

M3

46.4 ± 14.4

47.2 ± 12.4

53.6 ± 16.0

EDFV(cm/s)"

7.3 ±3.6

10.4 ±5.0

12.2 ±5.9

TAPFV (cm/s)*

22.6 ±6.6

24.8 ±6.8

28.1 ±8.8

PI

1.8 ±0.4

1.5 ±0.3

1.5 ±0.3

VI(mm>p97)"

5.0 ± 1.5

4.4 ± 1.4

3.3 ± 1.3

PSFV (cm/s)"

Values are mean ± standard deviation. P-values concern trends, ρ < 0.05.

ρ < 0.01. Testing in the

framework of linear mixed models

Other measurements
Sa02, HR and MBP did not change significantly at Ml, M2 or M3.

Discussion
Repetitive CSF drainage from a SVCR results in consecutive improvement of cerebral
hemodynamics and oxygenation in infants with PHVD. We observed a significant increase
in CBV after CSF removal, which was maximal 0.54 ml.lOOg' on the day of SVCR
placement. Assuming a CBV of 2.22 ml.lOOg"1 in healthy term infants (16), this reflects a
24 % increase in CBV. HbD only increased after CSF drainage on the day of SVCR
placement. If cerebral oxygen metabolic rate and arterial oxygen saturation are constant,
changes in HbD represent changes in cerebral blood flow (3;18;19). The increase in EDFV
and decrease in PI after CSF removal on the day of SVCR placement confirm an enhanced
CBF and can be explained by a reduction in downstream flow resistance. PSFV and
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TAPFV did not change significantly after CSF removal, which seems to reflect that
ventricular dilatation impairs arterial inflow more during diastole than during systole Half
a week and one week after SVCR placement, HbD and Doppler variables were stable after
CSF removal suggesting an unchanged CBF After daily CSF drainage baseline Doppler
values improved indicating an enhanced cerebral perfusion
The consecutive improvement of cerebral perfusion and oxygen delivery after repetitive
CSF removal is probably related to a reduction in ventricular size Ventricular dilatation
will initially result in compression of thin-walled veins If the ventricles dilate further,
cerebral blood flow will diminish due to an increase in cerebral perfusion resistance We
hypothesize that the ventricular size is relatively large at the time of SVCR placement in
our infants and therefore CSF drainage will result in both an increase in CBF and dilatation
of the venous bed on the day of SVCR placement After repetitive CSF removal the
ventricular dilatation diminished as shown by a reduced VI before puncture Therefore we
suspect that CSF drainage at half a week and one week after SVCR placement only results
in dilatation of veins This results in an increased CBV, without changes in CBF as
reflected by stable HbD
Unfortunately, we were unable to determine ICP accurately since we had to use a small
lumen needle to prevent leakage of the SVCR In combination with the high viscosity of
the CSF, reliable measurement of ICP was impossible The relationship between ICP and
cerebral perfusion in infants with PHVD is currently under debate Two studies failed to
determine a significant relationship between ICP and cerebral blood flow velocity (5) or
CBV (3) in infants with PHVD In contrast, Maertzdorf et al (17) Described an
improvement of CBFV after CSF drainage if ICP was more than 7 0 cm H2O
The observed changes in NIRS variables are consistent with earlier NIRS measurements
after single CSF removal in infants with PHVD (3,4) In addition, our Doppler ultrasound
findings confirm earlier observations after repetitive CSF drainage in infants with PHVD
(5) A combination of NIRS and Doppler ultrasound measurements for studying cerebral
oxygenation and hemodynamics in infants with PHVD has not been described before
Furthermore, there are no previous NIRS data studying consecutive changes in CBV and
HbD following repetitive CSF drainage

Theoretically, removal of a substantial volume of fluid can change the optical property
causing changes in NIRS variables However, this hypothesis is unlikely to explain our
observations since the changes HbD and CBV diminished over time while the volume of
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fluid removal remained constant. In addition, the observed changes in NIRS variables are
supported by our Doppler findings.
The oxidative state of cytochrome aaj, as an index of intracellular oxygen availability, has
been shown to increase after CSF drainage in infants with clinical signs of increased ICP
due to PHVD (4). In absence of clinical signs of raised ICP, CSF removal did not result in
significant changes in cytochrome 333 (3). Changes in cytochrome aai should be
interpreted with caution since the algorithm used for calculation of changes in cytochrome
aa3 is derived from experiments on rat brains after exchange transfusion with fluorocarbon
(18; 19). In addition, cytochrome 333 is relatively insensitive for measurement of cerebral
oxygen sufficiency since chsnges in cytochrome 333 only occur in the presence of severe
hypoxemis (20). Therefore, we decided not to calculate changes in cytochrome 333 in our
study.

There is still no appropriste clinicsl indicstor for nmnsgement of PHVD. The size of the
Isteral ventricles is an often-used vsrisble to determine whether CSF drainage should be
performed. In most trials, infsnts sre trested if the VI exceeds more thsn 4 mm sbove the
97th percentile (7;21) but this criterion is deb3ted (22;23). We did not find 3 retationship
between VI 3nd chsnges in NIRS or Doppler variables. In our study, most infants had 3
VI > 4 mm sbove the 97lh percentile before 3 SVCR W3S inserted. CSF removal on the day
of SVCR placement resulted in a irmjor improvement of cerebral oxygenation and
hemodynamics. In addition, one week after SVCR ptecement CSF drainsge still resulted in
3n improvement of cerebral perfusion slthough VI w3s less thsn 4 mm sbove the 97lh
percentile. This may suggest that the criterion for CSF removal 3t a VI more thsn 4 mm
3bove the 97'h percentile may be delaying beneficial therapy. Due to severe ventnculsr
dil3t3tion the oxygenstion 3nd the perfusion of the brain tissue may be severely
compromised, which could result in brain dsmsge. Our findings support the need of esrly
intervention in infsnts with PHVD. However, a randomized controlled trisl is needed to
3ssess the clinicsl difference between early versus late intervention in PHVD.

Our data support the hypothesis that repetitive CSF drainage results in consecutive
improvement of cerebral hemodynamics and oxygenation in infants with PHVD. Until
now, there is no gold standard for rational management of PHVD. Monitoring cerebral
perfusion in infants with PHVD might play a major role in guiding timing and frequency
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of CSF drainage since impairment of cerebral perfusion is an important risk factor for the
development of neurological sequela.
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Abstract
Objectives: To evaluate whether application of a transducer on the anterior fontanelle
during cranial ultrasound (US) examination effects

cerebral hemodynamics and

oxygenation in preterm infants.
Methods : During cranial US examination, changes in cerebral blood oxygenation (HbD)
and cerebral blood volume (CBV) were assessed using near infrared spectrophotometry
(NIRS) in 76 infants (GA 30.7 (4.1) wk, BW 1423 (717) g) within two days after birth.
Ten of these infants (GA 29.1 (1.6) wk, BW 1092 (455) g) were studied again at a
postnatal age of one week.
Results": We obtained stable and consistent NIRS registrations in 54 infants within the first
two days after birth. Twenty-eight of these infants showed a decrease in HbD (0.59 (0.54)
μmol.l00g"') during the scanning procedure while CBV did not change. Twenty-four
infants showed no changes in NIRS and two infants showed an atypical NIRS response
during cranial US examination. At the postnatal age of one week, stable and consistent
NIRS registrations were obtained in 7 infants. None of these infants showed changes in
NIRS variables during cranial US examination.
Conclusion: Application of an US transducer on the anterior fontanelle causes changes in
cerebral oxygenation and hemodynamics in a substantial number of preterm infants.
values are expressed as median (interquartile range)

Key words: cranial ultrasonography - premature infants - near infrared spectroscopy brain - blood supply
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Introduction
Cranial ultrasonography is widely used for evaluation of intracranial pathology in newborn
infants

In earlier studies, we investigated the effects of midazolam, morphine and

surfactant administration on cerebral oxygenation and hemodynamics in preterm infants
using near infrared spectrophotometry (NIRS) and cranial Doppler ultrasound (US) (van
Alfen et al (1) and unpublished data) During these studies, we frequently observed
changes in NIRS variables during application of the US transducer on the anterior
fontanelle (unpublished data) This phenomenon has been reported by others before (2) but
never studied in detail
The aim of our study was to evaluate changes in NIRS variables due to application of an
US transducer on the anterior fontanelle in preterm infants For this goal, we analyzed data
from previous studies in which preterm infants were investigated in the first two days after
birth To exclude that the observed changes in NIRS variables were related to other causes
than scanning pressure, ι e the reflection of NIR light by the US transducer, we
investigated preterm infants in an additional study In this additional study, we also
investigated whether the effects of application of an US transducer on NIRS variables were
still present at a postnatal age of one week

Materials and Methods
Study population
We reviewed NIRS registrations of 43 previously studied, mechanically ventilated preterm
infants (van Alfen et al (3) and unpublished data) These infants were studied in the first
two days after birth None of them had seizures, cerebral hemorrhage, severe asphyxia or
major congenital malformations The infants were continuously monitored using NIRS
while cerebral blood flow velocity was five times measured using cranial Doppler US over
a time period of one to two hours
Additionally, we studied 33 preterm infants during routine cranial US examination at the
second day after birth If possible, we investigated these infants again at a postnatal age of
one week, to study whether changes in NIRS variables due to cranial US examination were
still present at this age Preterm infants with seizures, cerebral hemorrhage, severe
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asphyxia or major congenital malformations were excluded In addition, infants who were
supported by nasal continuous positive airway pressure (nCPAP) using Infant Flow® were
excluded since this method of respiratory support requires a cap for fixation that prevents
proper placement of the NIRS optodes on the skull
The studies were approved by the Radboud University Nijmegen Medical Centre ethics
committee Informed parental consent was obtained

Cranial Ultrasonography
Cranial ultrasonography (ATL HDI 3000, Bothell, WA, USA) was obtained using the
anterior fontanelle as an acoustic window A small, curved array transducer (type C8-5
14R) was used All measurements were performed by the same individual (AvA), who is
experienced in cranial US examination Data were obtained using the minimal pressure
needed for acceptable images and with the practitioner blinded to the NIRS results during
US examination
In the additional study, cranial US examination involved four phases to exclude that the
observed changes in NIRS variables were related to other causes than scanning pressure
1) holding the transducer above the anterior fontanelle (with a distance of ± 1 cm),
2) touching the anterior fontanelle with the transducer without any pressure,
3) performing cranial US examination,
4) removing the transducer from the anterior fontanelle Each phase lasted at least 30
seconds to obtain stable NIRS values The full procedure was repeated three times If an
infant was agitated during the cranial US procedure, an additional measurement was
tried to attain at least two successful NIRS registrations

Near infrared spectrophotometry (NIRS)
The principle of NIRS is based on continuous spectrophotometric measurement of
oxygenation-dependent changes in the light absorption properties of hemoglobin in the
near infrared region (4) The NIRS-equipment used (Oxymon ) was developed by the
Instrumentation Department and the Department of Physiology of the Radboud University
Nijmegen

Medical

Centre,

The

Netherlands

(5)

Concentration

changes

of

deoxyhemoglobin (AcHHb) and oxyhemoglobin (AcChHb) were calculated from changes
in light absorption using the modified Lambert-Beer law We used the Keele absorption
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matrix (6) and a constant path length multiplier factor of 4.27 times the distance between
both optodes (7;8). The NIRS-procedure used has been previously described (3)
Summarizing, near infrared light at three wavelengths (905, 850 and 767 nm) was carried
to the infants head through a fiber optic bundle and received on the opposite side of the
head by another fiber optic bundle leading to a photodiode The ends of the fiber optic
bundles (optodes) were applied to the parietotemporal regions at opposite sides of the skull
(9) Infants were examined with the head in midline position. NIRS was performed
continuously and sampled with a frequency of 1 0 Hz. Differences between AeC^Hb and
AcHHb were calculated and indicated as AHbD (AHbD = AcOjHb - AcHHb).
Concentration changes in total hemoglobin (ActHb) were calculated as the sum of AcC>2Hb
and AcHHb (ActHb = AcOiHb + AcHHb). AHbD represents changes in cerebral blood
oxygenation whereas ActHb reflects changes in cerebral blood volume (CBV) Changes in
CBV (ACBV in ml.lOOg ') can be calculated using the following formula
ACBV = (4 · ActHb) · ( R · cHb) ' where cHb is the blood hemoglobin concentration
expressed in mmol.l

as monoheme molecule, R is the cerebral-arterial hematocrit ratio,

which is stated to be 0 69 (10), and 4 is a correction factor since ActHb is expressed in
μmol.l00g ' as a tetraheme molecule

Other measurement*;
To identify whether changes in NIRS variables were related to obvious changes in
physiological variables, we continuously recorded the following variables using a neonatal
monitor (Hewlett Packard, M1094B): heart rate, arterial oxygen saturation and
transcutaneous measured partial pressure of oxygen and carbon dioxide. Mean arterial
blood pressure was continuously recorded if an arterial catheter was available Otherwise
mean blood pressure was non-invasively measured using the oscillometnc method before
and after cranial US examination. All continuously measured parameters were registered at
a sample rate of 1 Hz
The hemoglobin concentration was measured for calculation of CBV In the additional
study, the size of the fontanelle and head circumference was measured The size of the
fontanelle (in cm") was calculated as half the distance between the anterior and the
posterior end of the fontanelle multiplied by the distance between the lateral ends of the
fontanelle
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Data management and statistical analysis
All NIRS registrations during cranial US examination were visually screened and
classified by two different observers (AvA and VC). Both observers reviewed the NIRS
registrations independently. NIRS registrations were rejected for further analysis if no
stable NIRS signal was obtained due to body movements, or obvious changes in heart rate
or arterial oxygen saturation. The accepted NIRS registrations were reviewed and patients
were classified in two different categories: 'non-responders' and 'responders'. A patient
was classified as a 'non-responder' if no evident changes were observed during all
accepted NIRS-registrations in this patient. A patient was considered a 'responder' if
evident changes were observed during all accepted NIRS registrations in this patient.
These changes should be obvious and start immediately after scanning pressure and
recover upon the completion of US measurement and removal of the transducer from the
fontanelle. The median value of the maximal changes in NIRS variables (AcO:Hb and
AcHHb) was estimated and used for further analysis. If a patient showed an inconsistent
NIRS pattern during cranial US examination, i.e. sometimes a response and sometimes no
response, this infant was excluded from further analysis. We used the Mann-Whitney test
(numeric variables) and the Chi-square

test (nominal variables) for

intergroup

comparisons. Values are expressed as median (interquartile range). P-values < 0.05 were
considered to indicate significance.

Results
Infants studied in the first two days after birth
We studied 305 NIRS registrations during cranial US examination in 76 preterm infants in
the first two days after birth. Fifty-four infants were included for further analysis and 22
infants were excluded (figure 1 ). Patient characteristics are presented in table 1. Included
infants were significantly more often mechanically ventilated than excluded infants.
Thirty patients demonstrated a NIRS response during application of the US transducer on
the anterior fontanelle: in 28 infants the response consisted of a decrease in HbD (0.59
(0.54) μmol.l00g"') (a typical example is shown in figure 2) without consistent trends in
CBV; 1 patient showed an increase in HbD and 1 patient showed both an increase in
c02Hb and in cHHb resulting in an unchanged HbD.
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Figure I. Classification of infants who were studied in the first two days afier birth

STUDY POPULATION (n = 76)

No stable MRS registrations

Inconsistent NIRS registrations

Accepted MRS registrations

(n = 10)

(n = 12)

(ii = 54)

EXCLUSION (n = 22)

INCLUSION (n = 54)

Responden (η = 30)

Atypical Response (η = 2)

Non - Respondcrs (η = 24)

Typical Response (n = 28)

Figure 2. Typical example of changes in HbD during multiple cranial US examinations (*) in one patient
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Since the NIRS responses of the last two infants differed from the trend of the majority of
the 'responders', we considered them as a separate entity and therefore did not include
them for further analysis Twenty-four patients were classified as 'non-responders' The
patient characteristics of responders and non-responders are presented in table 2.
Responders were significantly younger in gestational age and had a lower birth weight In
addition, these infants received surfactant within 2 hours before NIRS registration more
often Non-responders were more often breathing spontaneously without any respiratory
support (p = 0 05) than responders.
We obtained no stable NIRS registrations in 10 infants (figure 1). Four of these infants
(GA 27 4 (0 1) wk, BW 877 (48) g) showed a fall in arterial oxygen saturation up to
maximal 75% directly after application of the US transducer on the fontanelle These
infants were mechanically ventilated and studied within 2 hours after surfactant or
midazolam administration One infant (GA 26.4 wk, BW 842 g) showed two times a short
bradycardia (until 88 beats.mm" ) directly following the start of cranial US examination
This infant was mechanically ventilated and studied during morphine infusion
In the additional study, we did not observe evident changes in NIRS variables during
phases 1 (holding the transducer above the anterior fontanelle) and 2 (touching the anterior
fontanelle with the transducer without any pressure)

Infants studied at a postnatal age of one week
We were able to investigate 10 out of the 33 additionally studied infants again at the age of
one week. The other 23 patients dropped out because of the following reasons transfer to
2nd level hospital before day 7 (n = 16), nCPAP using Infant Flow H (n = 1 ), very unstable
cardiorespiratory condition (n = 1), withdrawal of informed consent (n = 2) or
development of IVH between the 2nd and 7lh day of life (n = 3) The infants who developed
IVH showed an atypical response (n = 1 ), no response (n = 1 ) or no stable NIRS
registrations due to movement artefacts (n = 1) during the NIRS investigations at the
second day after birth. At the postnatal age of one week, 7 infants were included for further
analysis and 3 infants were excluded (figure 3). The patient characteristics of these infants
are shown in table 3. There were no responders in this group.
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Table I. Patient character! sties of infants who were studied within the first two days after birth
Number

GA (wk)

BW (g)

Ventilatory support Ν (%)

median (IQR)

median (IQR)

MV

NCPAP

No

FS (cm2)

HC (cm)

median (IQR) median (IQR)

Dopa

Surf

Mi/Mo

Coff

Ν (%)

N(%)

Ν (%)

Ν (%)

All Infants

76

30.7(4.1)

1423(717)

54(71)

8(11)

14(18)

1.5(1.36)

29.1(4.0)

10(13)

22(29)

25(33)

16(21)

Inclusion

54

30.4(3.9)

1378(709)

43(80)'

4(7)

7(13)

1.5(1.5)

28.9(4.4)

8(15)

17(31)

16(30)

13(24)

Exclusion

22

31.6(3.6)

1455(794)

11(50)'

4(18)

7(32)

2.0(1.3)

29.3(4.0)

2(9)

5(23)

9(41)

3(14)

GA = gestational age, BW = birth weight, MV = mechanical ventilation, nCPAP = nasal continuous positive airway pressure, FS = size of the fontanelle, HC = head
circumference, Dopa = Dopamine, Surf = Surfactant, Mi = midazolam, Mo = morphine, Coff = Coffeine. " ρ < 0.05 (Chi-square test)

Table 2. Patient characteristics ofresponders and non-responders within the first two days after birth
Number

Ventilatory support Ν (%)

GA (wk)

BW(g)

median (IQR)

median (IQR)

MV

NCPAP

No

FS (cm2)

HC (cm)

median (IQR) median (IQR)

Dopa

Surf

Mi/Mo

Coff

Ν (%)

N(%)

Ν (%)

Ν (%)

Responders

28

29.1(4.2)"

1109(887)*

24(86)

3(11)

1(4)

1.5(2.1)

25.5 (6.7)

6(21)

12(43)'

11 (39)

6(21)

Non-responders

24

30.7 (3.5)"

1551 (555)*

18(75)

1(4)

5(21)

1.5(1.4)

29.0 (5.4)

2(8)

4(17)'

5(21)

7(29)

GA = gestational age, BW = birth weight, MV = mechanical ventilation, nCPAP = nasal continuous positive airway pressure, FS = size of the fontanelle, HC = head
circumference, Dopa = Dopamine, Surf = Surfactant, Mi = midazolam, Mo = morphine, Coff = Coffeine. " ρ < 0.05 (Chi-square test). " ρ < 0.05 (Mann-Whitney
test)

Table 3. Patient characteristics of infants who were studied at a postnatal age of one week
Parient

GA

BW

Response

Response

Ventilatory

Ventilatory

support

support

Drugs

Drugs

(weeks)

(grams)

(Day 2)

(Day 7)

(Day 2)

(Day 7)

(Day 2)

(Day 7)

1

28 3

1088

NR

NR

NCPAP

NCPAP

Coffeine

Coffeine

2

27 4

836

Εχ

+

NR

No

NCPAP

No

Coffeine

3

31.6

866

R

Ex*

NCPAP

No

CofTeine

Coffeine

4

28 7

1335

NR

NR

MV

No

Coffeine

Coffeine

5

28 7

1190

NR

NR

MV

NCPAP

No

Coffeine

6

30 1

1420

NR

Εχ

+

MV

No

No

Coffeine

7

30.1

1600

R

NR

MV

No

No

Coffeine

8

29 6

1096

Exî

NR

NCPAP

No

Coffeine

Coffeine

9

27.9

622

R

NR

MV

No

Coffeine

Coffeine

NCPAP

No

Coffeine

Coffeine

10

29 6

741

1

Ex

Ex

:

GA = gestational age, BW = birth weight, NR = non-responder, R = responder, Ex exclusion,
=
MV = mechanical ventilation, nCPAP = nasal continuous positive airway
pressure t no stable NIRS registrations, * inconsistent NIRS registrations
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Figure 3. Classification oj infants who were ttudied at a postnatal age oj one week

STUDY POPULATION (n = 10)

No stable MRS registrations

Inconsistent MRS registrations

Accepted MRS registrations

(ii=l)

(n = 2)

(n = 7)

EXCLUSION (n = 3)

INCLUSION (n = 7)

Responders (n = 0)

Non - Responders (n = 7)

Discussion
Performing cerebral ultrasound examination by application of the US transducer on the
anterior fontanelle often results in a decrease in HbD in preterm infants. Changes in HbD
represent changes in cerebral blood oxygenation. If cerebral metabolism and cerebral
arterial oxygen saturation are constant, changes in HbD reflect changes in cerebral blood
flow (11-13). The observed decrease in HbD corresponds to almost 5 times the normal
fluctuation (14). Additionally, a decrease in HbD of > 0.3 μπιοΙ.Κ^" 1 is comparable with
the effect of reducing arterial oxygen saturation by approximately 12 % (14).
We postulate that the decrease in cerebral blood oxygenation can be explained by elevated
intracranial pressure (ICP) due to pressure on the anterior fontanelle. Increased ICP during
cranial US measurements is a known phenomenon in newborn infants (15). Taylor et al.
(16) describe changes in Doppler flow hemodynamics, i.e. an increased pulsatility index
and a decreased cerebral blood flow velocity, during scanning pressure in infants. These
changes correspond to changes in Doppler spectra in infants with an increased ICP. The
effects of elevated ICP on NIRS variables have been studied in piglets (11;17). This animal
model showed a marked decline in HbD during elevated ICP while CBV did not show
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significant changes These data confirm our observations during application of the
ultrasound transducer on the anterior fontanelle
The intermdividual variability in NIRS response on scanning pressure cannot be explained
from our data Previous studies (14) report that the relationship between ICP and HbD can
be described as a sigmoidal curve in which a small increase in ICP has no effect on HbD,
while a larger increase in ICP results in a decreased HbD This observation suggests a
critical threshold of ICP below which impairment of cerebral oxygenation and
hemodynamics occurs In this framework, cerebral-vascular autoregulation is important to
maintain adequate cerebral perfusion during mild elevation of ICP The autoregulatory
capacity of preterm infants is still a matter of debate (18-21) An improvement of cerebral
autoregulation with increasing gestational (22,23) and postnatal age has been reported in
preterm infants (24) In contrast, an impaired autoregulatory response has been described
in sick preterm infants (25,26) and in infants with respiratory distress syndrome (27) We
demonstrated a correlation between decreased cerebral oxygenation during cranial US
examination and gestational age, birth weight, and recent surfactant administration In
addition, infants who showed changes in NIRS variables during cranial US examination
tended to have more respiratory support In contrast, at a postnatal age of one week, no
infants showed changes cerebral oxygenation during cranial US examination Whether the
observed differences in response can be explained by differences in autoregulatory
capacity requires further investigation
Differences in anatomy and dimension of the fontanelle may play a role in the
intermdividual variability in NIRS response during scanning pressure Density of the
elastic membrane in fontanelles varies in preterm infants (28) In addition, the anterior
fontanelle might become stiffer after birth which possibly contributes to the differences in
NIRS response during the first week of life We could not demonstrate a relationship
between size of the fontanelle and changes in cHbD during cranial US examination
An important limitation of our study design includes the fact that scanning pressure was
not standardized Although one person performed all examinations, variability in NIRS
response due to variation in scanning pressure cannot be excluded Other limitations of our
study concern the subjective classification in NIRS responses and the large percentage of
rejected NIRS measurements The relatively high percentage of rejected measurements can
be explained by the strict criteria we used in order to reject NIRS changes due to other
causes than the scanning procedure itself We cannot exclude that some NIRS changes due
to scanning pressure have been missed or overshadowed by simultaneously (usually larger)

Chapter 7

NIRS changes due to movement artifacts or changes in arterial oxygen saturation, heart
rate or blood pressure. It is quite possible that the percentage of responders is higher than
we have found using our subjective classification method.
Theoretically, changes in NIRS variables during cranial US examination can occur due to
changes in optical path caused by displacement of brain tissue. This mechanism is unlikely
to explain the observations in our patients since minimal movements of brain tissue will
not result in major changes in NIRS variables. Therefore we assume that the observed
changes in NIRS variables represent changes in cerebral hemodynamics and oxygenation.
In summary, we demonstrate changes in cerebral hemodynamics and oxygenation during
cranial US examination in a substantial number of preterm infants. These changes might be
detrimental, but the exact clinical relevance is not yet known. We recommend awareness
of scanning pressure during cranial ultrasonography and employment of the minimal
pressure that is needed for acceptable images.
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Continuous monitoring of cerebral oxygenation and hemodynamics in sick newborn
infants is important in order to minimize the risk of neurological complications In
particular, the balance between cerebral oxygen delivery (COD) and cerebral oxygen
consumption (CMRO2) is crucial in order to understand the pathophysiology of cerebral
damage. Once cerebral oxygen needs exceed cerebral oxygen delivery, this will result in
cerebral hypoxia which can cause hypoxic brain damage such as periventricular
leukomalacia. Alternatively, if cerebral oxygen delivery, 1 e cerebral blood flow (CBF),
exceeds metabolic demands, 'luxury perfusion'

exists which may contribute to

intraventricular hemorrhage (IVH)
COD is the product of CBF and arterial oxygen content (Appendix; 1), and CMRO2 is the
product of CBF and the difference between arterial and venous oxygen content (Appendix;
2). These definitions emphasise the role of CBF in interpreting cerebral oxygen
sufficiency. Continuous measurement of CBF is not yet possible. Until now, the standard
methods for measuring CBF are radiolabelled microspheres or 133Xenon but these methods
are invasive and not feasible at the cot side. Intermittent quantitative measurements of CBF
have been made using near infrared spectrophotometry (NIRS) and indocyanine green
(2;3) or oxygen (4;5) as a tracer. However, the variability of these measurements is high
and the repeatability is poor In addition, the measurements can be reliably performed only
in a static situation In view of the importance of accurate, bed side tools for CBF
measurement, it is desirable to improve the current techniques or to develop new methods
Recently, our group published a new technique for CBF measurement using an ultrasound
contrast agent and echodensitometry (6) This promising technique should be further
developed before it can be used in the clinical setting.
Besides CBF, arterial and venous oxygen content are important variables in the
interpretation of cerebral oxygen delivery and consumption. Arterial oxygen content can be
calculated simply by measuring arterial oxygen saturation (5302) using pulse oximetry, and
concentration of haemoglobin (Appendix; 1). Determination of the venous oxygen content
is more complicated, since measurement of cerebral venous oxygen saturation (svC^) is
needed (Appendix; 2) Using NIRS, ivCh can be measured intermittently by partly jugular
occlusion This method has been validated against invasive measurements (7) However,
repetitive measurement of ivCh using partly jugular occlusion should be avoided, since the
procedure causes changes in cerebral blood volume due to temporary outflow obstruction,
which might be harmful. In our group, we are currently investigating the possibility of
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deriving cerebral svO: from the NIR signal using a high sample frequency (unpublished
data)
To avoid the necessity of CBF measurement, Wardle et al (8) introduced the fractional
oxygen extraction (FOE) to study cerebral oxygen sufficiency. This variable represents the
amount of oxygen extracted by the brain as a proportion of that delivered, and it can be
calculated from the arterial oxygen saturation (iaCK) as measured with pulse-oximetry and
the cerebral venous oxygen saturation (svCb) as intermittently measured with NIRS
(Appendix; 3) Normal values of FOE in preterm infants have been measured as 0.37 to
0 38 on the first postnatal day (9,10), and 0 28 to 0 29 several days after birth (8-10), but
the variability is large In addition, it is difficult to interpret FOE because the variable is
influenced by many different factors. Since the critical range for FOE is unknown, absolute
values are of limited value Determination of FOE requires the measurement of Λνθ2 with
its limitations earlier mentioned Using spatially resolved spectrophotometry, fractional
tissue oxygen extraction (FTOE) is derived from the saOj and the regional cerebral mixed
oxygen saturation (rsO: or tissue oxygenation index (TOI)) In this calculation, the regional
cerebral mixed oxygen saturation is used as a measure of cerebral venous oxygen
saturation (5VO2). However, the correlation between these variables is debated since the
regional cerebral mixed oxygen saturation is contaminated by the venous saturation of
extracranial tissue (11-14).
Despite the limitations, NIRS is currently the only non-invasive technique that enables
continuous monitoring of cerebral blood oxygenation and cerebral blood volume in
newborn infants. So far, the limitations of the method have prevented the clinical use of
NIRS at the neonatal intensive care unit. However, in a clinical research setting, NIRS is a
suitable tool for studying cerebral oxygenation and hemodynamics in sick infants.

In our research, we have measured the effects of specific interventions on cerebral
oxygenation and hemodynamics in newborn infants using NIRS. Based on the results of
our studies, we have formulated the following recommendations for clinical practice
1).

To minimize fluctuations in cerebral blood volume, we recommend slow infusion of
sodium bicarbonate in stead of bolus injection, when used for correcting mild
metabolic acidosis in preterm infants.

11).

Disturbances

in

cerebral

oxygenation

and

hemodynamics

administration arise whichever method is used to instillation
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after

surfactant

Therefore, we

recommend surfactant instillation through a multi-access catheter, since this
simplifies the instillation procedure,
iii). Cranial ultrasound examination results in changes in cerebral blood oxygenation in a
substantial number of preterm infants. We recommend that, when the transducer is
applied on the fontanelle during cranial ultrasonography, this is done with full
awareness of the scanning pressure. Furthermore, the minimum pressure that is
needed for acceptable images should be used.
In addition, we have developed the following suggestions for further research:
i).

A loading dose of midazolam of 0.2 mg.kg"' results in a transient decrease in cerebral
blood oxygenation. Since lower loading doses have been shown to result in adequate
sedation (1), we suggest that the effect on cerebral blood oxygenation while using a
lower loading dose should be investigated. In addition, the effect of slow infusion of
the loading dose should be studied,

ii).

Even when relatively low doses morphine were used, we observed a transient
decrease in cerebral blood oxygenation after the loading dose (0.05 mg.kg" )
followed by a clear increase in cerebral blood volume during continuous infusion
(0.01 mg.kg"1.h"1) . It should be investigated whether slow infusion of the loading
dose prevents disturbances in cerebral blood oxygenation. In addition, further studies
should be performed to investigate the lowest effective dose of morphine analgesia in
ventilated preterm infants in order to minimize changes in cerebral blood volume,

iii). We have shown that repetitive cerebrospinal fluid drainage from a subcutaneous
ventricular catheter reservoir results in consecutive improvement of cerebral
hemodynamics and oxygenation in infants with post hemorrhagic ventricular
dilatation. The changes in cerebral oxygenation and hemodynamics were most
evident when the ventricular index was > 4mm above the p97. It should be further
investigated whether earlier intervention e.g. starting cerebral spinal fluid drainage
when the ventricular index just crosses the p97, reduces extreme changes in cerebral
oxygenation and hemodynamics.
In summary, our studies have improved the understanding of some pathophysiological
processes related to diagnostic and therapeutic interventions in sick newborn infants. The
results of our studies can be a key to optimisation the management of sick infants. More
use of NIRS studies during clinical interventions in infants may contribute to an
improvement of neonatal care aimed at improving the neurodevelopmental outcome.
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Appenda
1.

Cerebral oxygen delivery (COD) is the product of arterial oxygen content (CaO:)
and cerebral blood flow (CBF):
COD = CBF · CaO:
Since hemoglobin is the oxygen carrier, CaO: is the sum of oxygen bound to
hemoglobin and dissolved oxygen:
CaO: = β · ί aO: · cHb + α · p a O :
where β is the oxygen

capacity of hemoglobin, saO: is the arterial

saturation, cHb is the arterial hemoglobin concentration, α is the

oxygen
solubility

coefficient of oxygen in blood, and p a O : is the partial pressure of oxygen in arterial
blood. Because the amount of dissolved oxygen is very small in comparison with
the amount of oxygen bound to hemoglobin, its contribution to CaO: can be
disregarded. Then:
CaO: = β · vaO: · cHb

2.

The cerebral metabolic rate of oxygen (CMRO2) is the product of CBF and the
difference between arterial and venous (CvO:) oxygen content:
CMRO2 = CBF · (Ca02-CvO:)
Using the same assumptions as for CaO:, CvO: can be calculated as:
CvO: = β · i v O : · cHb

3.

Fractional oxygen extraction (FOE) can be calculated as the ratio between
CMRO2 and COD:
FOE = (CBF · (CaOrCvO:)) · (CBF χ CaO:)
= (Ca02-Cv02)'(Ca02)"

-1

1

= (β · i-aO: · cHb) - (β · svO: · cHb) · (β · i a O : · cHb) "'
= (5aO:-5vO:)'(iaO:)"1

4.

If hematocrite is constant, changes in cerebral blood volume (ACBV in ml.lOOg"')
can be calculated from changes in ctHb using the formula:
ACBV = (4 · ActHb) · (R · cHb)" 1
where cHb is the blood hemoglobin concentration expressed

in mmol.r'

as

monoheme molecule, R is the cerebral-arterial hematocrite ratio which is stated to
be 0.69 (1), and 4 is a correction factor, since ctHb is expressed in mmol.lOOg"' as a
tetraheme molecule.
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5.

Global cerebral blood flow (CBFo in ml lOOg'Vmin ') can be calculated using
oxygen as a tracer. For this calculation, the inspired oxygen concentration is rapidly
increased (several seconds), inducing a small increase in arterial oxygen saturation
(5302) The accumulation of cC^Hb then represents CBFo and can be calculated
from Aja02 and AcC^Hb as.
CBF0 = (4 · AcOîHb) · ( / (AjaCh) dt · R · cHb) '
where R and cHb are as described above

6.

Cerebral blood volume (CBV0) can be calculated using oxygen as a tracer: a slow
increase (several minutes) in inspired oxygen concentration induces a small increase
in arterial oxygen saturation (5302) This results in an increase in cC^Hb and
corresponding decrease in cHHb at a steady state and balanced throughout the brain.
If ctHb is assumed to be constant:
Aja02 = AcChHb · ctHb"1 = - AcHHb · ctHb"1
and
ctHb = (AcOjHb - AcHHb) · (2 · AssCh) '
CBVQ

(in ml.lOOg" ) can then be calculated from the following equation.
CBVo = 4 · (Ac02Hb - AcHHb) · (2 · R · cHb · AsaCh) '

where cHb and R are as described above.
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Summary

Disturbances in cerebral oxygenation and hemodynamics can contribute to cerebral injury
in sick newborn infants. During neonatal intensive care, sick newborn infants undergo
many clinical interventions. The effect of these interventions on cerebral oxygenation and
hemodynamics is often unknown. Near infrared spectrophotometry (NIRS) has been
shown to be a valuable tool for continuously measuring changes in cerebral oxygenation
and hemodynamics in newborn infants. In this thesis, NIRS was used to investigate
changes in cerebral oxygenation and hemodynamics during specific interventions in the
neonatal intensive care unit. Chapter 1 gives the general introduction and outlines the
studies. In chapter 2, the basic principles of NIRS are explained. Changes in the
concentrations of oxyhemoglobin (C^Hb) and deoxyhemoglobin (HHb) can be measured
continuously using the NIRS technique. The difference between the concentration OiHb
and HHb is defined as the hemoglobin oxygenation index (HbD). Changes in HbD
represent changes in cerebral blood oxygenation. The cerebral blood volume (CBV) can be
deduced from the sum of the concentration of CKHb and HHb.
The effects of rapid versus slow infusion of sodium bicarbonate on cerebral oxygenation
and hemodynamics in preterm infants are described in chapter 3. Bolus injection of
sodium bicarbonate was compared to slow infusion over a 30 minutes period. Low dose
administration of sodium bicarbonate 4.2% resulted in an increased CBV, especially when
infused rapidly. Low dose administration of sodium bicarbonate 4.2% produced no
changes in HbD, neither when infused rapidly or slowly. In order to prevent fluctuations in
cerebral hemodynamics, we conclude that slow infusion of sodium bicarbonate is
preferable to bolus injection.
Chapter 4 reports the effects on cerebral oxygenation and hemodynamics of administering
midazolam and morphine to ventilated preterm infants. Fifteen minutes after midazolam
administration, a decrease in HbD was observed while CBV showed no significant
changes. In contrast, morphine infusion resulted in a persistent increase in CBV while HbD
remained stable. Loading doses of both midazolam and morphine resulted in a transient
reduction in HbD in more than half of the infants. We conclude that midazolam and
morphine administration result in changes in cerebral oxygenation and hemodynamics
which might be harmful.
In chapter 5 we describe the effects of different methods of surfactant instillation on
cerebral oxygenation and hemodynamics. We compared three different methods of
surfactant instillation: i) the 'conservative method' which includes disconnecting the
endotracheal tube from the ventilator and temporary endotracheal tube obstruction by the
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instillation catheter n) instillation through a smaller second lumen in a double lumen
endotracheal tube, which does not require endotracheal tube obstruction and disconnection
from the ventilator m) instillation through a side hole in a tracheal tube adaptor, which
does not require disconnection from the ventilator but does involve endotracheal tube
obstruction by the instillation catheter Surfactant administration resulted in fluctuations in
HbD and a persistent increase in CBV No differences were observed between the different
instillation methods We conclude that changes in cerebral oxygenation and hemodynamics
after surfactant therapy are not related to the method of surfactant instillation
The effects of intermittent cerebrospinal fluid (CSF) drainage from a subcutaneous
ventricular catheter reservoir (SVCR) on cerebral oxygenation and hemodynamics in
infants with post hemorrhagic ventricular dilatation (PHVD) are described in chapter 6
Infants were studied on three different days in the first week after SVCR placement On all
three days, CSF drainage from the SVCR resulted in a significant increase in CBV
However, the increase in CBV was most evident on the day of SVCR placement HbD
increased significantly on the day of SVCR placement, but not during the later
measurements These data indicate that repetitive CSF drainage results in consecutive
improvement of cerebral hemodynamics and oxygenation in infants with PHVD
In chapter 7, the effects are described ot applying a transducer on the anterior fontanelle
during cranial ultrasound (US) examination on cerebral oxygenation and hemodynamics in
preterm infants On the second day after birth, a decrease in HbD was observed in the
majority of preterm infants while CBV remained unchanged At a postnatal age of one
week, no changes in NIRS variables were observed during cranial US examination To
prevent changes in cerebral oxygenation and hemodynamics during cranial ultrasound
examination in preterm infants, the transducer should be applied on the fontanelle with the
minimum pressure that is needed for acceptable images

In chapter 8, the epilogue, the advantages and limitations of NIRS are summarized
Furthermore, based on the results of the studies, recommendations for clinical practice and
further research are formulated

Conclusion
The results of this research have improved the understanding of the relationship between
changes in cerebral oxygenation and hemodynamics on one hand, and some diagnostic and
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therapeutic interventions in sick newborn infants on the other hand. The results can be used
to develop guidelines and recommendations to improve the clinical management of sick
infants in order to minimize the risks of brain injury. Despite its limitations, NIRS is still
the best available non-invasive method for continuous measurement of changes in cerebral
oxygenation and hemodynamics in sick newborn infants.
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Bij zieke pasgeborenen worden veelvuldig medische handelingen verricht welke mogelijk
de zuurstofvoorziening (oxygenatie) en de doorbloeding (hemodynamiek) van de hersenen
beïnvloeden Veranderingen in de zuurstofvoorziening en doorbloeding van de hersenen
spelen een belangrijke rol bij het ontstaan van neurologische complicaties bij zieke
pasgeborenen Met behulp van nabije infrarood spectrofotometrie (NIRS) is het mogelijk
deze veranderingen continu te registreren

In dit proefschrift worden de effecten van enkele specifieke medische handelingen op de
zuurstofvoorziening en doorbloeding van de hersenen beschreven In hoofdstuk 1 wordt
een algemene inleiding gegeven en de doelstellingen van het onderzoek worden
uiteengezet In hoofdstuk 2 worden de principes en mogelijkheden van NIRS toegelicht
Met behulp van NIRS wordt de concentratieverandering van aan zuurstof gebonden
hemoglobine (C^Hb) continu geregistreerd evenals de concentratieverandering van niet aan
zuurstof gebonden hemoglobine (HHb) Het verschil tussen de concentratie O^Hb en HHb
wordt de hemoglobine oxygenatie index (HbD) genoemd Veranderingen in HbD worden
gebruikt als maat voor veranderingen in de zuurstofvoorziening van de hersenen Uit de
som van de concentratie OiHb en HHb kan het bloedvolume van de hersenen (cerebraal
bloed volume (CBV)) berekend worden

Natnumbicarbonaat is een medicament dat gebruikt wordt om een verhoogde zuurgraad in
het bloed te corrigeren

In hoofdstuk 3 worden de effecten van toediening van

natnumbicarbonaat 4 2 % op de zuurstofvoorziening en doorbloeding van de hersenen van
premature pasgeborenen beschreven Snelle en langzame intraveneuze toediening worden
hierbij met elkaar vergeleken Toediening van een lage dosering natnumbicarbonaat 4 2%
resulteerde in een toegenomen CBV, met name na snelle toediening Er werden geen
veranderingen in HbD geconstateerd na toediening van natnumbicarbonaat

Om

schommelingen in de doorbloeding van de hersenen te minimaliseren heeft langzame
toediening van natnumbicarbonaat de voorkeur boven snelle toediening
Om fysiek ongemak van beademde pasgeborenen te bestrijden, worden zij vaak behandeld
met sederende middelen (zoals midazolam) of pijnstillers (zoals morfine) De effecten van
midazolam en morfine op de zuurstofvoorziening en doorbloeding van de hersenen van
beademde premature pasgeborenen worden beschreven in hoofdstuk 4. Vijftien minuten na
toediening van midazolam werd een daling in HbD geconstateerd Het CBV bleef hierbij
onveranderd Toediening van morfine leidde tot een blijvende verhoging van het CBV
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terwijl de HbD stabiel bleef De oplaaddosis van zowel midazolam als morfine resulteerde
in een tijdelijke daling in HbD bij meer dan de helft van de onderzochte patiënten Wij
concluderen dat zowel toediening van midazolam als morfine kan leiden tot veranderingen
in de zuurstofvoorziening en doorbloeding van de hersenen bij premature pasgeborenen
Surfactant is een medicament dat gebruikt wordt ter bevordering van de longnjping van
beademde premature pasgeborenen Het wordt direct in de longen toegediend via de
beademingsbuis De effecten van verschillende methoden van surfactant toediening op de
zuurstofvoorziening en doorbloeding van de hersenen worden vergeleken in hoofdstuk 5
Bij premature pasgeborenen werden 3 verschillende methoden van surfactant toediening
onderzocht i) de 'traditionele methode', waarbij surfactant werd toegediend door een
opgevoerde catheter in de beademingsbuis Hierbij vond tijdelijke ontkoppeling van de
beademingsmachine plaats en gedeeltelijke obstructie van de beademingsbuis n) de
'dubbel-lumen methode' waarbij surfactant werd toegediend door een smal zijkanaal in de
beademingsbuis waardoor geen obstructie van de beademingsbuis plaatsvond en geen
ontkoppeling van de beademingsmachine noodzakelijk was m) de 'multi-access methode'
waarbij surfactant toegediend werd via een catheter welke door een zijkanaal ingevoerd
werd

door

de

beademingsbuis

Hierdoor

vond

geen

ontkoppeling

van

de

beademingsmachine plaats, maar wel gedeeltelijke obstructie van de beademingsbuis
Surfactant toediening resulteerde in schommelingen in HbD en een stijging in CBV
waarbij geen verschillen werden gevonden tussen de 3 verschillende toedieningsmethoden
Daarom concluderen wij dat de veranderingen in zuurstofvoorziening en doorbloeding van
de hersenen na surfactant toediening met gerelateerd zijn aan de methode van toediening
Een belangrijke complicatie van prematuriteit betreft het ontstaan van hersenbloedingen
Als gevolg hiervan kan een verwijding van de hersenkamers optreden (post
hemorrhagische ventnkeldilatatie (PHVD)) Om de nadelige effecten van verhoogde
hersendruk bij deze patiënten te voorkomen kan drainage van hersenvocht plaatsvinden In
hoofdstuk 6 beschrijven wij de effecten van herhaaldelijke drainage van hersenvocht uit
een onderhuids gelegen reservoir (subcutane ventrikel catheter reservoir (SVCR)) op de
zuurstofvoorziening en doorbloeding van de hersenen bij pasgeborenen met verwijde
hersenkamers als complicatie van een hersenbloeding Gedurende de eerste week na het
plaatsen van het SVCR werden de patiënten op drie verschillende dagen bestudeerd tijdens
drainage van hersenvocht Met name op de eerste dag na plaatsing van het SVCR, maar
ook gedurende de andere dagen, werd een toename van het CBV geregistreerd tijdens
drainage van hersenvocht De HbD steeg alleen significant tijdens hersenvocht drainage op
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de dag na plaatsing van het SVCR. Wij concluderen dat herhaaldelijke afname van
hersenvocht uit een SVCR resulteert in een verbetering van de zuurstofvoorziening en
doorbloeding van de hersenen, met name op de eerste dag na plaatsing van het SVCR.
Om afwijkingen aan de hersenen vast te stellen wordt bij pasgeborenen veelvuldig gebruik
gemaakt van echografie van de hersenen waarbij de echokop met enige druk op de voorste
fontanel geplaatst wordt. Het effect van deze procedure op de zuurstofvoorziening en
doorbloeding van de hersenen wordt beschreven in hoofdstuk 7. Premature pasgeborenen
werden onderzocht op de tweede en zevende levensdag. In de meerderheid van de
onderzochte premature pasgeborenen trad een daling in HbD op tijdens het echografisch
onderzoek op de tweede levensdag. Er werden geen veranderingen in CBV geregistreerd.
Op de zevende levensdag werden geen veranderingen in CBV of HbD waargenomen. Wij
concluderen dat echografisch onderzoek van de hersenen door de voorste fontanel bij
premature pasgeborenen vaak leidt tot veranderingen in de zuurstofvoorziening van de
hersenen op de tweede levensdag.

Hoofdstuk 8 betreft een epiloog waarbij de mogelijkheden en beperkingen van NIRS voor
registratie van de zuurstofvoorziening en doorbloeding van de hersenen bij zieke
pasgeborenen samengevat worden. Tevens worden, naar aanleiding van de verrichte
studies, aanbevelingen gedaan voor de klinische praktijk en verder onderzoek.

Conclusie
De resultaten van dit proefschrift hebben bijgedragen tot een toegenomen inzicht in de
relatie tussen bepaalde diagnostische en therapeutische interventies en veranderingen in de
zuurstofvoorziening en doorbloeding van de hersenen bij ernstig zieke pasgeborenen.
Hierdoor is het mogelijk om aanbevelingen te formuleren om de behandeling van deze
pasgeborenen te verbeteren teneinde het risico op hersenbeschadiging te minimaliseren.
Ondanks de beperkingen is NIRS nog steeds de best beschikbare, niet-invasieve methode
om veranderingen van de zuurstofvoorziening en doorbloeding van de hersenen te meten
bij zieke pasgeborenen. Dit maakt dat deze methode een waardevol hulpmiddel is bij
klinisch

gebonden

wetenschappelijk

onderzoek

naar de zuurstofvoorziening

en

doorbloeding van de hersenen bij zieke pasgeborenen.
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veel dank verschuldigd voor je vakkundige bijdrage, tijd en energie. Jouw geduld en rust
vormde een goede balans met mijn karakter.
Jeroen Hopman, jou beschouw ik als mijn tweede co-promotor Jouw bijdrage in dit
onderzoek was onmisbaar. Ik dank je voor je geduld om mij de beginselen van statistiek bij
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Om je kritische kanttekeningen tijdens onderzoeksbesprekingen heb ik wel eens gezucht,
vooral omdat je meestal gelijk had
John Klaessens, ben ik dank verschuldigd voor het analyseren van mijn data
Ton Feuth, bedankt voor jouw bijdrage in de statistische analyses en je geduld om mij je
bevindingen uit te leggen.
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data verzameling en succes met jullie verdere loopbaan
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ik misschien veel veranderd, maar jij bent en blijft dezelfde Come, onmisbaar' Bedankt
voor je steun en hulp bij het vormgeven van mijn manuscript
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betrekking tot het includeren van mijn patiënten
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samenwerking maar ook over jullie morele steun Jullie gezelligheid bij mijn nachtelijke
metingen hielp mij er doorheen
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Leden van de manuscriptcommissie, bedankt voor uw bereidheid in de commissie plaats te
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buurman moeten hebben. Bedankt voor al je support!
Amy Daisy, my dear sister in law and colleague. You are the only friend who have read my
whole manuscript, thank you for your corrections of my english. I also thank you for being
here with me today as my 'paranimf.
Raoul, jij bent één van mijn studievrienden van het eerste uur en onze vriendschap is heel
bijzonder voor mij. Bedankt datje vandaag mijn paranimf wilt zijn.

Trouwe vrienden, regelmatig heb ik op het laatste moment afspraken geannuleerd omdat er
een geschikte onderzoekskandidaat geboren werd. Ondanks dat zijn jullie nog steeds mijn
vrienden, dat zegt genoeg over jullie. Ik zal mijn leven beteren.
Lieve oppas opa- en oma 's, jullie bijdrage in ons gezin behelst zoveel meer dan oppassen
alleen. Jullie goede zorg geeft mij de kans zorgeloos met werk en onderzoek bezig te zijn.
Bedankt!
Lieve papa en mama, jullie hebben mij alle kansen gegeven om te kunnen studeren en
mezelf te ontplooien. Jullie hebben mij zelfvertrouwen gegeven en gestimuleerd mijn eigen
weg te gaan, ik ben jullie daar heel dankbaar voor.
Siem, like en Tom, lieve kanjers van mama, jullie liefde en geluk zijn voor mij een
onuitputtelijke bron van energie. Jullie houden mama met beide benen op de grond....!
Jan, mijn levensmaatje. Jij noemde dit proefschrift 'ons project', en zo was het. Jeroen
noemde jou mijn 'systeembeheerder' als het om computerzaken ging, maar deze term
strekt veel verder dan dat. Lieverd, bedankt voor alles. We gaan nu eerst genieten van ons
derde kindje. Daama zeg ik niet dat het rustiger zal gaan worden, jij kent me beter. Er zijn
altijd nieuwe plannen
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Janiëlle van der Velden werd op 18 april 1974 geboren te Dinteloord en Prinsenland. Haar
middelbare schooltijd begon in 1986 aan het Thomas Moore college in Oudenbosch. Als
gevolg van verhuizing zette zij haar VWO-opleiding voort aan het Lingecollege te Tiel alwaar
ze in 1992 haar diploma behaalde. In dat jaar begon zij aan de Katholieke Universiteit
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infrarood

spectrofotometrie (NIRS) en premature pasgeborenen. Na het behalen van haar artsexamen
combineerde zij NIRS-onderzoek met een aanstelling als arts-assistent op de afdeling
Neonatologie van het Universitair Medisch Centrum St Radboud te Nijmegen (hoofd
dr. K.D. Liem). In 2001 startte zij in dit cluster met haar opleiding tot kinderarts welke zij in
februari 2006 afrondde (opleiders prof. dr. R.C.A. Sengers en prof. dr. L.A.A. Kollée). Het
onderzoek heeft gedurende haar hele opleiding een prominente rol gespeeld. Sinds maart 2006
werkt zij als fellow kinderendocrinologie in het Universitair Medisch Centrum St Radboud en
het Canisius Wilhelmina Ziekenhuis in Nijmegen (opleider dr. B.J. Otten).
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Stellingen
behorend bij het proefschrift
Changes in cerebral oxygenation and hemodynamics during clinical
interventions in newborn infants

1

Intraveneuze bolustoediening van natnumbicarbonaat heeft geen plaats meer
binnen de neonatologie (dit proefschnft)

2

Het optimale medicament voor sedatie van beademde premature neonaten dient
nog te worden uitgevonden (dit proefschnft)

3

Laagdrempelige liquordrainage bij neonaten met een post hemorrhagische
ventrikeldilatatie voorkomt grote fluctuaties in cerebrale oxygenatie en
hemodynamiek (dit proefschnft)

4

Echo-encephalografisch onderzoek bij premature pasgeborenen is invasiever dan
vaak verondersteld wordt (dit proefschnft)

5

Zolang er geen betere alternatieven zijn voor continue registratie van de cerebrale
oxygenatie en hemodynamiek bij pasgeborenen zijn alle beperkingen van NIRS
relatief

6

Het aantal artikelen over cerebrale Doppler ultrageluid bij pasgeborenen staat
omgekeerd evenredig met het gebruik van deze methode in de klinische praktijk

7

Tandheelkundige controle dient een verplicht onderdeel te zijn van prenatale zorg
(Cothier et al, Best Pract Res Clin Obstet Gynaecol 2007, 21(3) 451-66)

8

Pasgeborenen met een te laag ofte hoog geboortegewicht vormen de schakel
tussen neonatologie en endocnnologie

9

In de stnjd tegen obesitas bij kinderen kan televisie kijken aangewend worden als
therapie (Goldfield et al, Pediatrics 2006, 118(1) e 157-66)

10

De acteur ontvangt het applaus, het belangnjkste werk gebeurt achter de coulissen

11

Moederschap is nooit een part-time aangelegenheid

12

Efficiëntie is een sleutel tot maximaal genieten van het leven
Nijmegen, 13 december 2007
Jamëlle van Alfen - van der Velden

