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PREFACE

This thesis represents work which forms part of ongoing studies into infant mortality due to
SIDS. The first two results chapters (Chapter4 and Chapter 5) have been published in the
American Journal of Respiratory and Critical Care Medicine (AJRCCM). Chapter 4 is In
Press (1999) and Chapter 5 AJRCCM 1998, 158:802-806. Chapter 6 is currently under
review by the American Journal of Respiratory and Critical Care Medicine. As such I have
decided to include these chapters as they were prepared for submission to the journal. This
has resulted in a degree of repetition particularly with regard to methodology. However 1

feel that presenting the work in this way would maintain continuity and flow.



ABSTRACT

Sudden Infant Death Syndrome (SIDS) is the major cause of death in infants during the
first year of life. SIDS describes the sudden unexpected death of an apparently well infant.
A SIDS diagnosis is one of exclusion, that is, death cannot be explained by history,
circumstance or a specific pathological condition. The underlying pathophysiological
mechanism resulting in death in SIDS is unknown. Although a number of abnormalities in
several organ systems have been associated with SIDS, no specific diagnostic pathology
has been identified. Epidemiological data suggests a range of environmental and
physiological conditions are associated with an increased risk of death from SIDS. These
include frothy fluid in the airways, nose and mouth, intrathoracic petechial haemorrhage,
delayed dendritic spine maturation and delayed myelination of regions of the central
nervous system and vagus nerves. The peak incidence of SIDS occurs between 6 to 11
weeks of life with 90% of SIDS deaths occurring by 6 months of age. Death is usually
uncommon in the first 1 to 2 weeks of life. Ethnicity, low birth weight, short gestation,
socioeconomic background, excessive clothing and bedding, reduced amount of breast
feeding, a prone sleeping position, co-sleeping, a winter peak, maternal use of narcotics and
maternal cigarette smoking have all been associated with an increased risk of SIDS.
Among the risk factors, an association between maternal smoking and an increased risk of
SIDS has been clearly identified. A number of studies have demonstrated that in-utero
cigarette smoke exposure is related to abnormalities in lung function in newborn infants.
However, despite these findings the actual mechanisms resulting in abnormal post-natal

lung function following in-utero cigarette smoke exposure is unknown. Small airway



closure has been hypothesized as a potential mechanism of death in SIDS and may be
related to airway pathology. This thesis examines the hypothesis that small airway closure
could be due to altered lung/airway structure in infants who die of SIDS in response to

maternal cigarette smoke exposure.

We obtained lung tissue from infants dying with and without SIDS which had been
obtained at autopsy from the Victorian Department of Forensic Medicine. Cases were
identified from a previous epidemiological study conducted by the Victorian Sudden Infant
Death Research Foundation from 1991 to 1993. In this study mothers whose infants had
died from SIDS and were asked to indicate whether they smoked before becoming pregnant
and separately during the first, second, and third trimester of pregnancy. Mothers were also
asked whether they smoked between the birth and death of their child. For all questions,
smoking was rated on a 5 point scale with 0) reflecting no smoking, 1) less than 10
cigarettes a day, 2) 10-20 cigarettes a day, 3) 20-30 cigarettes a day and 4 a smoking habit

of greater than 30 cigarettes a day.

Morphometric analysis was performed on tissue obtained from 57 infants who died from
SIDS and compared with 21 age-matched infants who had died from causes other than
SIDS. To increase the number of control cases, 8 cases from a study in Western Australia
where SIDS was not the cause of death were included. Sections of tissue had been obtained
in a standardised way as part of a protocol for the pathological examination of all
(including SIDS) deaths. Identical methodologies were used in both studies to measure

airway dimensions. Transverse sections of airway stained with haematoxylin and eosin



were examined using a video-linked microscope linked to an on-line image analysis
system. Airway wall dimensions included measurements of the inner and outer airway
wall thickness and the areas occupied by smooth muscle, mucous glands and cartilage
within the airway wall. The number of alveolar attachments to each airway were also
measured. In addition, a prospective study of airway dimensions and alveolar attachment
points was conducted in neonatal guinea pigs with and without in-utero cigarette smoke

exposure.

Airways from infants who died from SIDS showed a significantly higher proportion of
airway smooth muscle than control airways when corrected for age and sex (p<0.01). There
was no significant difference between the groups for wall thickness, epithelial thickness or
areas of mucous glands or cartilage. Increased airway smooth muscle in infants who die
from SIDS might lead to excessive airway narrowing raising the possibility that the cause

of death in this condition might be related to abnormal airway function.

In a separate analysis, we examined airway dimensions in 19 children who died from SIDS
whose mothers smoked more than 20 cigarettes a day both prenatally and post-natally and
compared these data with those from 19 infants who died from SIDS and had non smoking
mothers. Inner airway wall thickness was greater in the larger airways of those infants
whose mothers had smoked more than 20 cigarettes a day. These findings suggest that
infants passively exposed to high levels of cigarette smoke develop significant structural
changes in their airways. Increased airway wall thickness may contribute to exaggerated

airway narrowing and may help explain the observed abnormalities in neonatal lung



function which have been described in infants of smoking mothers. We also found that the
number of alveolar attachment points connected to the airway adventitia was decreased in
SIDS cases whose mothers smoked compared to those who did not. If a decreased number
of alveolar attachments leads to a reduced effect of lung elastic recoil on the airway then
this raises the possibility that this may also contribute to altered airway function in these

infants.

To further test this hypothesis we used an animal model of in-utero smoke exposure to
examine the effects of in-utero smoke exposure on post-natal lung function and airway and
lung morphology in a group of neonatal guinea pigs 21 days after delivery. Pregnant
guinea pigs were exposed to cigarette smoke from day 28 to term (day 68 of gestation).
Following delivery newbom animals did not receive any smoke exposure. Airway wall
thickness, smooth muscle area and the number of points where the alveoli attached to the
airway adventitia were measured. Airway responsiveness was increased (p<0.05) 6 fold and
the mean number of alveolar attachment points per mm of the outer perimeter of the airway
was decreased (p<0.05) (mean 19.4 £ SE 0.41 v 21.6 £ 0.81) in animals exposed to
cigarette smoke in-utero compared with non-exposed animals. Although not statistically
significant, both the inner and outer airway wall and the smooth muscle area were greater in
exposed animals compared with non-exposed animals. These findings suggest that the
increased airway responsiveness observed in post-natal animals, subsequent to in-utero
cigarette smoke exposure, may be the result of decreased alveolar attachment points to the

airways combined with subtle changes in airway wall dimensions.



It is concluded that structural changes in the airway, which may mechanically increase
airway responsiveness, occur in the small airways in infants dying of SIDS. The structural
changes include increased airway smooth muscle and an increase in the thickness of the
inner airway wall in infants who are exposed to maternal smoking. Whether these changes
are confined to small airways only or are also seen in larger airways is not known. No
evidence of exaggerated smooth muscle shortening was seen in the SIDS cases however
whether this is an effect of the post mortem process or not is not known. These findings
also emphasise the dangers of passive cigarette smoke exposure to infants and highlight the
importance of anti-smoking measures aimed at reducing the changes in airway and lung

structure that have been observed in these cases.
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CHAPTER 1 -INTRODUCTION

THE SUDDEN INFANT DEATH SYNDROME (SIDS)

The sudden death of infants has been documented throughout history and was previously
known as "overlay". The reference to the overlaying of an infant goes as far back as the
Old Testament. It was not until the 18th century that the medical fraternity started to
recognize the condition of the sudden unexpected and unexplained death of an infant.
Sudden Infant Death Syndrome (SIDS) has no specific pathological characteristics that can
be used as a means of a positive diagnosis. SIDS is the major cause of death in infants
during the first year of life National Institute of Child Health and Human Development
(1990). Epidemiological data has shown associations with specific maternal and social

practices and an increased risk of SIDS. However, how these practices result in death is

still unknown.

Autopsy studies have observed a number of pathophysiological differences in some infants
who have died from SIDS. However the underlying pathological cause of death remains
uncertain. Abnormalities have been identified in several organ systems including the
nervous and respiratory systems, and in the pulmonary circulation of some infants dying of
SIDS. The direct relationship between these changes and the actual mechanism of death

remains unclear.

The tragedy of an infant's sudden unexpected death can be dramatic for the family and all
community members who are affected by the death. SIDS occurs in all socioeconomic

groups and the infants dying of SIDS appear to be healthy prior to death. The eradication
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of this most puzzling mystery of medical science has been paramount for scientific
researchers for many years. Whilst the numbers of SIDS deaths have fallen in recent years
the mechanism of death is still unexplained. While the avoidance of some risk factors for
SIDS may reduce the incidence of SIDS, no specific risk factor has been shown to be
directly related to the cause of death. As we discuss various risk factors associated with

SIDS, it is however, important to understand SIDS is not a result of abuse or neglect.

THE MODERN DEFINITION

The modern definition was agreed in the United States at the Second International
Conference in 1969 on sudden death in infants and the term “Sudden Infant Death
Syndrome” (SIDS) was adopted. The definition is "The sudden death of an infant, that was
unexplained by history and in which a thorough postmortem examination failed to
demonstrate an adequate cause of death". This definition is still widely accepted. In 1989
NICHD issued a statement suggesting that the SIDS diagnosis be limited to infants under
one year of age as approximately 98% of sudden infant death cases occurred in infants
under the age of one year and the inclusion of infants above this age was likely to represent
a different group. The panel also recommended an investigation of the death scene as a

means of excluding environmental factors and any suspicious circumstances (1).

As there are no categorical features of SIDS that may be utilized as criteria for a positive
diagnosis the process of exclusion remains the only means possible of a positive diagnosis.
Unfortunately, this can vary between investigator, time and place. The comparison of data

is limited as a result of this procedure.
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INCIDENCE

There were 27 cases of SIDS confirmed in Victoria in 1997 and in 1998, forty three cases
in 1996 and 40 cases in 1995 compared with the 137 cases in 1989 at the onset of the
“Reduce the risk” campaign. These figures highlight a marked decline of nearly 80% in
SIDS deaths across this time period (2). SIDS deaths represent 0. 44% of every 1000

deliveries or 1 SIDS death in every 2270 live births in the state of Victoria in 1997.

AIRWAY STRUCTURE AND SIDS

Changes in pulmonary function, thought to be due to airway inflammation and structural
changes as a result of smoking are well documented (3-5). Changes in airway function may
be acute in response to damage to airway components and cells, stimulation of smooth
muscle shortening or increased mucus secretion. On the other hand, changes in airway
function may be the result of chronic changes such as remodelling of the airway wall,
hypertrophy of airway components, and collagen deposition within the airway, all of which
might lead to altered airway function. Airway inflammation may be a response to inhaled
environmental pathogens or viral infections which are readily identified or result from
endogenous stimulation of the immune system by unknown factors. To what extent these
pathways are acting in the lungs of SIDS victims and whether they alter airway structure,

function and maturation is largely unknown.

There are few studies which have examined lung and/or airway pathology in SIDS. Fewer

still have looked at the relationship between maternal smoking, airway structure and SIDS.
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Morphometric assessment of the lungs allows us to quantify the pathology of the airways
and provides us with a reasonable interpretation of airway structure. It also provides us

with important information on the nature of the airway at the time of death.

Cellular hypertrophy and hyperplasia, inflammatory infiltrates, airway wall remodelling
and destruction of the lung parenchyma are pathological changes that are seen in various
disease states. Fibrosis of the airway wall and damage to the lung parenchyma leads to loss
of elastic recoil and is commonly associated with smoking. Hypertrophy and hyperplasia of
the airway smooth muscle may lead to increased airway responsiveness to non-specific
bronchoconstricting stimuli as is seen in asthma. Inflammatory cell infiltration and
activation in the airway wall can result in the release of inflammatory mediators which
cause increased vascular permeability and airway oedema. QOedema fluid may alter
epithelial permeability thereby limiting the epithelium’s ability to act as an effective barrier

to inhaled pathogens.

Modelling the effects of changes in airway dimensions have shown that a small increase in
the thickness of the inner airway wall can lead to a dramatic increase in airway resistance
when smooth muscle shortens (6) while thickening of the outer airway wall might reduce
the distending forces of the lung parenchyma and decrease the loads opposing smooth

muscle when it shortens (7) .

Haque ef al (8) examined 25 cases of SIDS and 18 controls in their study of airway

morphometry in SIDS. They examined over 1,000 airways, predominantly membranous
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bronchioles from SIDS cases and found a significantly increased index of airway wall

thickness compared with control cases.

Martinez (9) has postulated that small airway closure could be associated with SIDS. The
delayed development of parenchyma and its attachment to the airway wall in the postnatal
period relative to the fully mature bronchial tree has been suggested as a possible cause of
small airway occlusion in SIDS. Delayed development may be an explanation for the
findings of Doershuk ef al (10) who demonstrated that during infancy peripheral airway
conductance falls after birth, is lowest between 31 to 60 days of age and then gradually
increases. Tepper (11) similarly found, using pulmonary function tests, that the maximal
respiratory flow at functional residual capacity (VmaxFRC) fell from birth to 1 month of
age before improving again. Stocks and Godfrey (12) found that premature infants had
reduced airway conductance at birth, which continued to fall in the first month after birth.
They suggested that postnatal lung development was similar in premature infants compared
with babies born at full-term. McFawn and Mitchell (13) observed a significant change in
bronchial distensibility in the early postnatal development in pigs. Tepper (11) found that
female infants had higher flow rates when corrected for lung size in the first year of life
compared with males. This may be related to the association with male gender and the

SIDS age peak of 6 to 11 weeks.

Ninety percent of SIDS cases occur by 6 months of age, a period in which reduced airway

conductance is seen in infants. To what extent this results from altered airway function

during this age period is unclear.
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MATERNAL SMOKING AND LUNG FUNCTION

Maternal cigarette smoking is known to be a significant health risk to infants (14). Infants
exposed to passive cigarette smoking in the first year of life have an increased incidence of
lower respiratory tract infections (15, 16). In-utero cigarette smoke exposure has been
shown to produce abnormalities in lung function in newborn infants. While in-utero smoke
exposure is a unique form of passive smoke exposure in that there is no direct exposure of
the foetal lung to cigarette smoke, there is still evidence for altered lung function in these
infants. Tager et al (17) showed that infants born to mothers who smoked during
pregnancy had approximately 10% reduced expiratory flow parameters when compared to
infants whose mothers did not smoke during pregnancy. Young et al (18) showed that
infants whose mothers smoked during pregnancy had increased airway responsiveness to
inhaled histamine 4 weeks after delivery. In epidemiological studies, exclusion of the
effects of any post-natal smoke exposure is difficult, however the use of statistical methods,
in which these confounding variables are adjusted for, suggests that increased
responsiveness in these infants is primarily associated with in-ufero cigarette smoke
exposure (19). Despite these conclusions the actual mechanisms resulting in abnormal post-
natal lung function following in-utero cigarette smoke exposure are unknown. Saetta et al
(20) have previously shown that number of alveolar attachment points to the surrounding
airway adventitia are reduced in active smokers and that this reduction is associated with a
reduction in lung elastic recoil. Several studies (19, 21-23) have reported reduced
respiratory function at birth in infants whose mothers smoked during pregnancy and

propose altered lung/airway development in-utero as a likely mechanism although no
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attempts were made to test these hypotheses.

SMOKING AND LUNG DISEASE

The harmful effects of cigarette smoking have been well documented. The functional
characteristics of chronic obstructive pulmonary disease (COPD) caused by cigarette
smoking are air-flow limitation, reduced lung elastic recoil and increased airway
hyperresponsiveness.  Functional abnormalities seen in COPD may be a result of
pathological changes in the structure of the airways and lung. These changes are
characterised by; (1) airway remodelling (ie. inflammation and fibrosis of the airway wall
and mucus gland proliferation), (2) destruction of the lung parenchyma and a reduced
amount of elastic fibres. The destruction of alveolar walls observed in patients with
moderate to severe emphysema associated with cigarette smoking is associated with airflow
obstruction, increased airway hyperresponsiveness and reduced elastic recoil of the lung.
Saetta et al (20) have previously shown a reduction in the number of alveolar attachment
points, an increase in the distance between attachments, and an increase in the percentage
of abnormal attachments in cigarette smokers compared with nonsmokers. This reduction
was related with the score for airway inflammation and with reduced elastic recoil pressure
in smokers. Airway responsiveness was not assessed in this study. Willems et a/ (24) have
shown a causal relationship between the airway disease process and parenchymal
destruction. Inflammatory processes have been implicated in the destruction of the lung
parenchyma. It has been shown that inflammatory cells are capable of releasing elastolytic
enzymes which can cause parenchymal destruction (emphysema). Eidelman ef al (25) has

reported hypercellularity of the lung parenchyma in cigarette smokers. Petty et al (26) have
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also shown that in patients with mild emphysema, elastic recoil pressure is reduced but that

this is not associated with air-flow limitation.

It is apparent from the literature that there are a number of potential mechanisms by which
environmental factors might interact in the first few months of life to increase the risk of
death. These factors include socio-economic factors, cigarette smoke exposure, viral

respiratory infection and those related to the age of the infants, such as:

(1) Immaturity / development of central nervous system.

The central nervous system continues to develop post-natally and reduced arousal
mechanisms or respiratory control mechanisms may result in inappropriate or absent
responses to harmful stimuli. Instability of respiratory control may result in intermittent

and prolonged apneas, either spontaneously or in response to noxious stimuli.

(2) Immaturity / development of the immune system.
The immune system develops intra-natally and post-natally and abnormalities of
development may be responsible for allergies or inappropriate responses to antigens. This

is a relatively new area of research with little data related to SIDS infants.

(3) Immaturity / development of the lung.
Underdevelopment of the lung may predispose the infant to excessive airway narrowing
or inflammation in response to respiratory infection. Exposure to cigarette smoke in-utero

or in the early post-natal period may contribute to abnormal airway structure and function.
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Increased loads on the respiratory system, possibly associated with poor ventilatory control,

may predispose infants to apnea or asphyxia.

The overall aim of this thesis is to examine differences in airway structure in infants dying
from SIDS and from other causes and to examine the relationship between airway structure
and cigarette smoke exposure in cases of SIDS. Finally, using an animal model, the effect

of in-utero cigarette smoke exposure on airway structure post-natally was examined.

AIMS

The specific aims of this study were;

1) To examine the small airways structure of SIDS and compare them with controls.
2) To examine the effects of maternal smoking on airway structure in SIDS.
3) To test the effects of in-utero smoke exposure on airway hyperresponsiveness and

airway structure in an animal model.

HYPOTHESES

The hypotheses of this study are;

o Altered small airway structure is present in infants dying of SIDS.
. Altered small airway structure is present in infants dying of SIDS, as a result of

exposure to maternal cigarette smoke.
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o Abnormalities of the small airways in SIDS may produce exaggerated airway
contraction.
) Altered post-natal lung function and airway hyperresponsiveness observed

following in- utero cigarette smoke exposure are due to altered lung/airway structure in a

small animal model.
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CHAPTER 2 - LITERATURE REVIEW

EPIDEMIOLOGY OF SIDS

The epidemiological study of SIDS is difficult because the majority of the observed risk
factors are interrelated. The majority of studies that have been undertaken have been
retrospective studies, not hypothesis based and so may have recall bias effects.

Confounding this also is the dramatic fall in the rate of SIDS since the late 1980s.

The “Reduce The Risks” (RTR) campaign highlighted specific risk factors associated with
SIDS and has led to a significant reduction in the rate of SIDS death. The campaign also

encouraged breast-feeding as a means of reducing risks.

A possible shift in the classification of SIDS over time may have caused a reduction in the
overall numbers of SIDS cases reported (1, 27). An overall fall in sudden postnatal deaths
in South Australia in this period suggests that a diagnostic shift is not responsible for the

reduction in the rates of SIDS deaths (28).

A possible result of the RTR campaign is that the epidemiological characteristics of the
remaining SIDS cases may have changed. Sawaguchi et al (29) reported a statistically
significant increase in SIDS death in Japan and Hong Kong in contrast to western countries.
Post-neonatal mortality in infants between the ages of 1-5 months fell, suggesting that the

increased rates of SIDS deaths could be due to a change in diagnostic characteristics.

The decrease in SIDS deaths may have led to changes in the epidemiological characteristics
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of the remaining SIDS deaths. Nevertheless the relevance of work compiled before the
introduction of RTR has demonstrated a number of key associations which have led to the

dramatic decline in SIDS numbers.

Many factors have been associated with SIDS. Some of these factors were first reported in
the last century in Dundee, Scotland (30). The poor social conditions of the time were
reflective of what we now regard as high-risk practices. Cases reported as being accidental
overlaying by the parents were frequent, as bed sharing was common place at that time
(30). As with most modemn studies, a winter and age peak was evident and is still a
consistent characteristic of SIDS. Other associations and risk factors relating to the high
prevalence of SIDS include a higher male to female ratio, an association with premature
birth, low birth weight, low socioeconomic status, prone sleeping and parental cigarette

smoking.

PREMATURITY AND LOW BIRTH WEIGHT

Many authors have reported an association between prematurity, low birth weight, and
SIDS (31-38). This association is independent of the length of gestation, suggesting a sub-
optimal in-utero environment may be important in the development of the foetus (31, 35,
36). Taylor and Sanderson (37) reported that this association disappeared when SIDS
deaths were compared with post-neonatal deaths in the first year of life. However, maternal
smoking remained independently associated with SIDS and may be the primary cause of

the association with low birth-weight and prematurity.
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BREAST FEEDING

It has been postulated that breast-feeding has a protective role against SIDS. Mitchell et al.
(39) found that after adjusting for other risk factors, a significant association between
breast-feeding and reduced risk of SIDS existed. Golding (40) was unable to reproduce
Mitchell’s findings and concluded that other previous studies had failed to adjust for other
confounding factors (eg. maternal smoking and viral respiratory infections). Breast feeding
also reduces the risk of RSV infections (41). Brooke and Gibson (36), after adjusting for
maternal smoking, concluded that maternal smoking was a more important issue than the

protective effects of breast-feeding.

GENDER
A male to female ratio of approximately 1.6:1.0 has been reported in the literature,
compared with non-SIDS post-natal deaths, which affect the sexes equally. The small

disparity of male to female births -1.05:1.0- does not account for this excess in male to

female deaths (33, 36).

AGE AT DEATH

Age at death is the most consistent factor in SIDS and is consistent internationally and is
independent of other factors such as ethnicity, birth weight, gender, seasons and maternal
age (33, 39, 42-53). SIDS peaks at 6 to 11 weeks and 90% of cases occur by 6 months

however death is uncommon in the first 1 to 2 weeks of life (53, 54).
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FAMILY SIZE AND BIRTH ORDER

An increase in maternal parity has been reported by many authors to increase the rate of
SIDS (32, 45, 46, 55-60). Increased parity has an effect on infant mortality and is increased
with young mothers (30). Spiers et al. (61) reported that larger families have a greater risk
of SIDS and within the family the first bormn child is at greatest risk while the risk
diminishes relative to the first born. Spiers concluded that the risk of SIDS was related to
sibship not maternal parity, and may reflect the negative correlation between

socioeconomic status and family size.

BEDDING

Kemp et al (62) examined whether bedding used by infants who are at risk of SIDS differed
in physical properties, which may favour rebreathing of exhaled gases. They concluded
that sociodemographic factors dictated use of bedding that had physical properties which

may favour rebreathing.

TEMPERATURE IN BED

Bed temperature, excess clothing and bedding have been identified as independent risk
factors for SIDS and may be implicated in the death of the older infants (63, 64).
Overheating may be also associated with external temperature, which has been
demonstrated to be a significant risk factor for SIDS. Infants are at greatest risk of SIDS
during warmer minimum temperatures or when small hourly variation in temperature is
recorded (65). Fleming et al (66) later suggested that overheating may be associated with

poorer thermoregulation and increase in the body mass to surface area ratio of the older
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infants.

CO-SLEEPING

A case-control study in New Zealand examined the association of co-sleeping and SIDS
(67). SIDS infants were significantly more likely to co-sleep and have a smoking mother.
Conversely the risk of SIDS was significantly reduced if the infant slept alone in a cot in

the same room as the parents, given the parents did not smoke.

PRONE SLEEPING

The association between prone sleeping and SIDS has been well documented (68). SIDS is
relatively rare in countries where prone sleeping is uncommon (69). The reduction in the
prevalence of prone sleeping has made a significant reduction in the incidence of SIDS (63,
67, 70-74). Scragg and Mitchell (75) suggest that a further substantial decrease in SIDS
death could be achieved if infants were placed on their backs to sleep. It is likely that the
increase of infant back sleeping contributed to the fall in the number of SIDS cases,
however, the reduction of other risk factors associated with SIDS will have also contributed

significantly.

ETHNICITY

A number of epidemiological studies have examined the relationship between ethnic groups
and the incidence of SIDS. These studies suggest that the difference in the rates of SIDS
reflect the prevalence of risk factors rather than any ethnic predisposition. Bulterys (76)

examined the rate of SIDS in native north Americans from different demographic regions
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and determined that the difference in the rates of SIDS was possibly due to the variation in
the socioeconomic status and prenatal care. After adjusting for these various factors,
maternal smoking was the only significant factor between the different regions. The rate of
SIDS in the Caucasian community in the southwestern region was the same as in the
indigenous community from the same region. This suggests that environmental factors
rather than ethnicity may explain the relatively high rates in the same racial groups. Kraus
et al. (31) demonstrated that, after adjusting for socioeconomic status and maternal

education, the previously higher rates of SIDS deaths among black infants disappeared.

WINTER PEAK

In some centres, a winter peak has been observed in deaths occurring in infants over two
months of age ((32, 53, 65, 69, 77-79). However this has not been observed in
Scandinavian studies (77). A winter peak may reflect an increase in viral respiratory
infection in the general community in this time period however this relationship has not
been consistently demonstrated (66). Deacon (80) demonstrated that in the northern region
of North America, there was an increased incidence of SIDS compared with southemn
regions. Similarly, incidence of death in mid summer in South Australia was 0.7 per 1,000
live births while in Tasmania the incidence was 6.3 per 1,000 live births in mid winter (77).
Schluter et al. (65) confirmed the seasonality of SIDS in a retrospective epidemiological
study in New Zealand from 1968 to 1989. They also observed that on days that showed
little change in hourly temperature and on days with warmer minimum temperatures there

was a significantly increased rate of SIDS.
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SOCIOECONOMIC STATUS

Many authors have reported an association with various indexes of low socioeconomic
status and SIDS. Ford and Nelson (81) suggests that the observed reduction in SIDS deaths
since the late 1980’s have occurred in the middle to upper income groups and that low
income groups are three times more at risk of SIDS than middle to upper income groups.
The suggestion that maternal smoking may confound this association is supported by
Taylor and Sanderson (37) who compared factors associated with post-neonatal death in the
first year of life with factors associated with death from SIDS. After adjusting for low level
of education and maternal smoking, maternal smoking continued to be significantly more
common amongst SIDS, leading the authors to conclude that maternal smoking is the only

factor independently associated with an increased risk of SIDS.

MATERNAL NARCOTIC USE

An association between maternal narcotic use and SIDS has been shown in the literature
(82, 83). Whilst maternal narcotic use increases the risk of SIDS it would be difficult to
assess other confounding factors such as low socioeconomic status, maternal care and
maternal smoking. This association has not been demonstrated independently of these

other factors.

ALLERGY AND THE RISK OF SIDS
It has been postulated that a link between allergy and SIDS may exist (84-86). However
this has not always been a consistent finding. A study conducted in New Zealand examined

rates of eczema in a nationwide case-control study covering 78% of all births from 1987-
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90. The authors concluded that infants with parental diagnosed eczema had a low risk of
SIDS (81). Other studies have examined tryptase levels and allergen-specific IgE in SIDS
with varying findings (87, 84). Mast cell degranulation and elevated concentrations of

tryptase in blood serum has been reported in some cases of SIDS (86).

MATERNAL CIGARETTE SMOKING

Since 1966 maternal cigarette smoking has been recognized as a statistically significant risk
factor associated with the increase risk of SIDS (88). In later years it has emerged as one of
the most important risk factors. Cooke (38) examined the link between maternal cigarette
smoking and low birth-weight in a case control study of 104 SIDS infants and 206 controls.
Using a birth-weight ratio (BWR), head circumference ratio (OFCR) and a growth
retardation ratio (GRR = OFCR / BWR). Cooke found no significant differences between
SIDS and controls. However, classifying the infants into those exposed to cigarette smoke
and those not, they found a significant growth retardation in the smoke exposed infants.
The non-smoke exposed SIDS cases as a group were not growth retarded, but had a lower
gestation period to birth. The author concluded that the risk associated with growth

retardation and SIDS may be accounted for by maternal cigarette smoking.

Taylor and Sanderson (37) concluded that maternal smoking, when adjusted for low levels
of maternal education, was the only independent risk factor associated with SIDS. Since
Steele and Langworth’s (88) article other authors have identified maternal smoking as a
risk factor for SIDS. Lewak (89) and McGlashan (32) observed that smoking tended to be

more common amongst low socioeconomic groups but neither author adjusted for this
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factor.  Other researchers, who have tried to adjust confounding factors such as
socioeconomic status, birth weight, age and race by selecting appropriate controls, similarly

found that mothers of victims of SIDS’s were more likely to smoke (54, 67, 79, 90, 91).

A dose-response relationship between the amount smoked and the risk of SIDS has
implicated a biologically causal role (88, 67, 79, 90). The contribution of in-utero and
postnatal cigarette smoke exposure is hard to examine because women who smoke during
pregnancy will tend to smoke after birth (92). Mitchell reported that infants of parents who
smoked, but not in the house were still at a statistically significantly increased risk of SIDS.
This suggests that the increased risk of SIDS may be primarily due to the effect of in-utero
cigarette smoke exposure. Haglund ef al. (90) reported that the risk of SIDS associated
with maternal smoking did not vary with season. They suggested that infants were more
likely to be exposed to passive cigarette smoke in winter suggesting that the effect of
smoking is in-utero rather than postnatal. A study by DiFranza and Lew (93), who pooled
published risk ratios and performed a meta-analysis to determine population attributable
risk, estimated that in the United States alone tobacco products were responsible for 1,200

to 2,200 cases of SIDS each year.

RSY BRONCHIOLITIS AND SIDS

Parallels between SIDS and RSV bronchiolitis have been documented. The similarity
between the age distribution and the age at which the most hospital admissions for RSV
occur and SIDS death has been demonstrated by Parrot et al (94). Beal (69) observed a

common “high incidence years” and a winter peak. Similarly with SIDS, RSV has a higher
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male to female ratio, ethnic and sociodemographic distribution (94, 95). There is also
evidence that parental smoking is associated with an increased incidence of lower
respiratory tract infections in infants (96). Mc Connochie and Roghman (97) demonstrated
that infants from a smoking environment were 4 times more likely to develop bronchiolitis
than a smoke free infant. Taylor and Wadsworth (98) demonstrated an association between

pre-natal smoking and an increased frequency of hospitalisation for bronchiolitis.

THE POSTMORTEM EXAMINATION

The definition of SIDS is one of exclusion and cannot be explained by history,
environmental factors or by any inherent lethal pathology. If the death can be attributed to
a specific condition, the death should not be classified as a SIDS death. Postmortem
examinations have identified a number of pathophysiological differences in several organ
systems in some infants who have died of SIDS. These include the nervous and respiratory
systems, and the pulmonary circulation. The direct relationship between these differences

and the actual underlying pathological cause of death remains uncertain.

ENVIRONMENTAL EXAMINATION

The Coronial investigators examine the bedroom environment and conduct interviews with
parents to identify the possible cause of death. Once these factors are excluded as a
possible cause of death a post mortem examination is conducted to identify any

physiological abnormality or trauma that may explain death.
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EXTERNAL EXAMINATION

Berry (99) reported the presence of frothy fluid in the mouth, nose and the airways in 50%
of SIDS cases. Beckwith (100) reported up to 80% of cases with the presence of frothy
fluid. Berry also reported cyanosis of the nailbeds and of the lips, post-mortem hypostatic
staining of the anterior surface, (indicating a face down position at death) and clothing
damp with sweat in some SIDS cases. While SIDS babies tend to be below average

weight, they are usually well nourished.

INTERNAL EXAMINATION

In the state of Victoria the Victorian Institute of Forensic pathology reviews cases of
sudden unexplained death in infants. An experienced paediatric pathologist performs a post
mortem examination in all cases. Sections of several organ systems are taken, fixed in

formalin and embedded in paraffin wax for sectioning.

PULMONARY PATHOLOGY IN SIDS

Intrathoracic petechial haemorrhage has been observed in many cases of SIDS and was one
of the first pathological findings of SIDS (30). Beckwith (101) postulated that negative
intrathoracic pressure generated by obstructed inspiration may be involved in the observed
petchiae in SIDS. Intrathoracic petchiae has been observed in animal models by tracheal
occlusion (102). Cambell and Read concluded that the intrathoracic petechial haemorrhage
observed in rabbits was an effect of vigorous respiratory effort and was not seen in the
animals that were sacrificed by an induced quiet apnea. Visceral petechiae in SIDS are

considered to be a non-specific manifestation of SIDS rather than a direct suggestion of any
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role of upper airway obstruction. Further, the paper by Berry et al. (99) showed that while
intrathoracic petechiae are found in a high proportion of SIDS cases, subconjunctival
petechiae are not, whereas in cases of strangulation (a true upper airway obstruction)
subconjunctival petechiae are common and intrathoracic petechiae still uncommon
suggesting that the petechiae seen in SIDS are not simple markers of upper airway
obstruction. However intrathoracic petechiae still remains a non-specific pathological

observation in SIDS,

Pulmonary lavage samples from SIDS cases suggest that plasma may be transudated from
the airway wall into the lumen at the time of death (103). This may interfere with
surfactant function (104). Martinez (9) postulated that this frothy fluid might be produced
during a fatal episode of small airway occlusion. He suggests that a liquid meniscus 1S
formed across the collapsed airway and is unable to be cleared due to different opposing
surface tensions. A large pressure difference is required to move a stable meniscus distally
(105). . Gas trapped between the menisci may be aggravated by a pressure difference across
the films, providing a gradient for gaseous diffusion into the trapped space (106). As the
lung inflates more menisci may be produced, and as they move distally they would involve
more and more airways. This may result in frothy fluid in the mouth and nose in SIDS

victims.

Baxendine e? al (107) found an increase in eosinophil numbers in the lungs of SIDS infants

while Howat ef al (108) found a T lymphocyte-mediated pulmonary inflammatory response

present in the parenchyma and in the peribronchial area. Williams (109) reported the
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presence of lymphoid inflammatory infiltrates in around 70% of cases and their rarity in
control infants who die of trauma. Oedema is also reported to be present in the lungs of
some SIDS victims (99). Berry (99) suggested that interstitial oedema is a result of viral

respiratory infection, which is present in approximately 20% of SIDS victims (110).

NEUROLOGICAL PATHOLOGY IN SIDS

A wide range of changes in the central and peripheral nervous systems have been reported
in SIDS cases. These findings are mainly suggestive of delayed maturation and possible
previous hypoxic episodes. Filliano et a/ (111) believed that the hypoplasia of the arcuate

nucleus observed was an indicator of delayed maturation.

Findings suggestive of previous hypoxic episodes in the nervous system of SIDS infants
include microglial activation and elevated neurotransmitters in the carotid body brain stem,

astrogliosis and periventricular and subcortical leukomalacia (112-115).

PATHOLOGICAL MARKERS OF HYPOXIC EPISODES

Naeye (116) first reported changes due to previous hypoxic episodes in the small
pulmonary arteries. He reported 1.6 times as much muscle in the small pulmonary arteries
of infants diagnosed as SIDS. Approximately 60% of SIDS infants have an increase in the
thickness of small pulmonary artery (117). Other studies have confirmed increased muscle
in the small pulmonary arteries (118-120) however this has been contradicted (121).
Naeye’s findings of increased smooth muscle within small pulmonary arteries remains

controversial.,
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Naeye et al (79) also reported an abnormally heavy right ventricle in many of the SIDS
victims and that weight was directly proportional to the mass of muscle in the small
pulmonary arteries. However, Valdes-Dapena (120) was unable to find a significant

difference.

Hypoxanthine levels in plasma, urine and CSF are believed to increase during hypoxia.
Rognum et al (122) found elevated hypoxanthine levels in the vitreous humour of 32 SIDS

infants compared with 8 infants dying of trauma and 7 neonates (p<0. 01).

STRUCTURAL DEVELOPMENT OF THE LUNGS AND AIRWAYS

Knowledge of airway pathology has been gained largely from autopsy studies and in
animal models. In-utero airway development in the human lung occurs between the 10th
and 14th week of gestation. Sixty five to seventy five percent of the bronchial branching
has occurred at this point and is completed by the 16th week. Cilia are noted at the 13th
week and type I type and II cells can be distinguished in the epithelium from the 16th and
26th weeks. From around the 26th week to birth the alveolar sacs develop and continue to
proliferate (123). Sparrow et al (124) speculated that the bronchomotor tone (spontaneous
contraction) of the airway observed in foetal pigs was providing movement of lung fluid

essential for continued growth and development of the lung.

TRACHEOBRONCHIAL TREE

The tracheobronchial tree in the human lung is a series of branching airways. Each series
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of airway size or generation becomes progressively narrower, shorter, and greater in
number as they progress deeper into the lung. The generations are essentially broken up
into 3 groups, 1) cartilaginous airways, 2) noncartilaginous airways and 3) sites of gas
exchange. A slow and gradual simplification of the histologic structures of the airways

takes place towards the terminal bronchioles.

. Trachea Cartilaginous airways
) Main stem bronchi Cartilaginous airways
) Lobar bronchi Cartilaginous airways
o Segmental bronchi Cartilaginous airways
) Subsegmental bronchi Cartilaginous airways
o Bronchioles Non cartilaginous airways

(Membranous airways)

J Respiratory bronchioles Sites of gas exchange
. Terminal bronchioles Sites of gas exchange
J Alveolar ducts Sites of gas exchange
J Alveolar sacs Sites of gas exchange
J Alveoli Sites of gas exchange
STRUCTURE AND FUNCTION

The airway wall can be divided into a number of compartmental areas which contain a

40



number of structural components (125). The inner airway wall comprises the epithelial
layer, the basement membrane, the vascular capillary bed, the sub-basement membrane
connective tissue matrix, elastic fibre bundles and smooth muscle. The outer airway wall
comprises cartilage, mucous glands (in the cartilaginous airways), bronchial blood vessels

and loose connective tissue.

The role of the cartilaginous bronchi and membranous bronchi is to conduct air from out
side of the body to the sites of gas exchange. Cartilage plates help maintain the patency of
the central airways. The epithelium consists of a number of cells including basal cells,
columnar ciliated cells and goblet cells, sitting on the basement membrane which is
normally not visible under the light microscope. Longitudinal elastic bundles are
prominent below the basement membrane. Discrete bundles of smooth muscle lie below or
between the cartilage plates but do not insert into them. The submucosal mucus glands lie
outside the smooth muscle, between the cartilage plates or below them. Their collecting
ducts cross the muscle layer and open onto the mucosal surface where their epithelium

becomes continuous with that of the airway lumen.

The bronchioles do not have cartilage, or glands. The smooth muscle bundles are arranged
spirally and more completely surround the bronchi. Patency is maintained by the stiffness
of the airway wall and the elastic recoil of the surrounding lung which attaches directly to
the adventitial surface of the airway. The epithelium has become cuboid with a decreased
number of goblet cells. Cilia are still present however become sparse in the terminal

bronchioles. In the distal airways the inner airway wall has become thin in appearance,
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consisting mainly of elastic fibres which are interlaced with the smooth muscle cells. The
smooth muscle, although reduced in absolute amount, occupies relatively more of the distal
inner airway wall. The outer airway wall is also thinner than the central airways, extending

outwards and continuing with the rest of the structure of the pulmonary parenchyma.

The respiratory bronchioles have well developed smooth muscle and elastic fibres. The
respiratory and terminal bronchioles are at a point of transition between the conducting and
respiratory portions of the respiratory system. Gas exchange increasingly occurs and the
mechanical properties of the airways approximate that of the lung parenchyma as greater

number of alveoli occupy the airway wall.

The alveolar ducts appear discontinuous in shape with numerous branching to alveolar sacs
and alveoli. The alveoli are small pockets open on one side and the wall consists of a thin
double epithelial partition that contains capillaries. This honeycomb like structure
consisting of elastic and collagen structural elements determines the mechanical properties
of the lung. It links the pleural surface to the airways via the forces of interdependence

(126)

THE AIRWAY EPITHELIUM

The airway epithelium forms a continuous layer from the larynx to the terminal bronchioles
and contains the first cells to come into contact with the external environment (see Fig.1).
The epithelial layer has a number of roles in the lung. The mucociliary layer constantly

clears inhaled particles and micro-organisms from the airways. Mucus is produced from
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the goblet cells and submucosal glands. The epithelial and basal cells act as a tight mesh
and a physical barrier to inhaled toxins and organisms. The airway epithelial cells also
have been reported to play a role in the regulatory control of smooth muscle stimulation
and inflammation in the airway (127-129). Epithelial damage, desquamation and
metaplasia can occur in response to a variety of clinical conditions in the airway. These
processes may lead to airway hyperresponsiveness and contribute to toxin, viral and
bacterial permeability in to the airway wall and, in turn, to the blood stream (130-133). The
airway epithelium also contains a network of nerves, which may act to modulate the

bronchoconstrictor response to inhaled stimuli.

AIRWAY EPITHELIUM

Figure 1 Photomicrograph of the airway epithelium and the basement membrane

running directly under the epithelium.
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THE BASEMENT MEMBRANE

The basement membrane of the airway is an elastic structure located in the inner airway
wall, directly beneath the epithelium (see Fig.2). Lambert (134) examined the mechanical
properties of the basement membrane and its potential to be load bearing. Increased
mechanical stiffness in the airway created by the basement membrane would reduce the
deformability of the airway wall when smooth muscle shortens. Lambert concluded that
the ability of the basement membrane to resist deformation was a function of the number of
folds that occurred. The buckling pressure required varied as the square of the number of
folds. The greater the number of folds that occur in the basement membrane as the smooth
muscle shortens, the greater the resistance to lumenal narrowing. A reduced number of
folds may contribute to excessive narrowing. In asthma, a thickened basement membrane
is a uniform pathological finding (135-139). However it does not correlate with the
duration of clinical disease or severity (138). The increased thickness has been attributed to
the deposition of collagens and fibronectin by activated fibroblasts beneath the basement

membrane (139).
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BASEMENT MEMBRANE

Figure 2 Photomicrograph of the airway basement membrane located under the

epithelial layer.
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THE INNER AIRWAY WALL

The inner airway wall is characterised by the epithelial layer, the vascular capillary bed, the
basement membrane,