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Time to death, airway wall inflammation and
remodelling in fatal asthma

A.L. James*"*, J.G. Elliot**, M.J. Abramson’ and E.H. Walters"

ABSTRACT: Fatal asthma is characterised pathologically by airway wall remodelling, eosinophil
and neutrophil infiltration, accumulation of mucus in the airway lumen and smooth muscle
shortening. The durations of fatal attacks of asthma show a clear bimodal distribution. Airway
smooth muscle contraction and the accumulation of luminal mucus may contribute to death from

asthma and relate to time to death.

The current authors have examined these two components in uninflated lung tissue in cases of
fatal asthma from the second Victorian asthma mortality study. Based on time from onset of
symptoms to death, cases fell into two distinct groups: short course <3 (1.5+0.6 mean +sb) h;

and long course >8 (12.3+5.9) h.

Short course cases had more muscle shortening, higher levels of salbutamol and higher ratios
of neutrophils to eosinophils than long course cases, who tended to have more mucus in the

lumen.

In conclusion, this study confirms the dichotomy of both time to death and the eosinophil/
neutrophil ratio in cases of fatal asthma. It suggests that in short course cases acute airway
narrowing is due, predominantly, to bronchoconstriction despite higher blood levels of
salbutamol. Mucus accumulation may be more important in long course cases.
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sthma is a common, chronic respiratory
A disease that causes substantial morbidity

and mortality, much of which is poten-
tially preventable. Patients with asthma have
variable lung function and symptoms include
breathlessness, chest tightness and wheeze.
The airway pathology in asthma includes: 1)
inflammation; 2) increased smooth muscle; 3)
hyperplasia of submucosal mucous glands and
goblet cells; 4) the laying down of extracellular
matrix below the basement membrane; and 5)
angiogenesis. All of which contribute to increased
thickness of the airway wall [1-4].

Asthma symptoms are due to excessive airway
narrowing, which may arise from increased
(abnormal) smooth muscle shortening, exaggera-
tion of the effects of muscle shortening due to
encroachment of the thickened wall on the
airway lumen, accumulation of mucus inside
the airway lumen or a combination of all of
these [5]. Fatal acute asthma is characterised
pathologically by accumulation of mucus in
the lumen, thickening of all compartments of
the airway wall, eosinophilic and neutrophilic
inflammatory infiltration of the airway wall
and variable smooth muscle shortening (PMS)
[2,3,6,7]
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A number of studies have demonstrated
that there is a relationship between airway
inflammation and the time course of a fatal
attack of asthma [8-10]. It has been suggested
that a short time course is immunologically
distinct from a long time course of a fatal
attack of asthma [9]. In all these studies, fatal
attacks of short duration (short course) had a
higher ratio of neutrophils to eosinophils in
the airway wall than fatal attacks of long
duration (long course). Intriguingly, none of
these studies observed an overlap of the duration
of attacks between the short course and long
course cases, suggesting different mechanisms.
An alternative explanation was offered by
CARROLL et al. [10] who showed that in the
short course cases, not only was there an
increase in the neutrophil/eosinophil ratio (as
previously observed), but also an inverse rela-
tionship of time to death and the area of the
submucosal mucous glands. They suggested
that the short course cases died more quickly
due to a sudden stimulus acting on more
severe airway pathology, and that the relative
neutrophilia reflected the early influx of neutro-
phils preceding the later influx of eosinophils
that is seen following many inflammatory
stimuli [11].
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TIME TO DEATH IN ASTHMA

Epidemiological studies in the late 1980s and early 1990s from
New Zealand and Canada suggested that excessive use of
bronchodilator medications was associated with an increased
risk of death from asthma [12, 13], although it was difficult to
exclude the confounding effects of severity of the underlying
asthma pathology [14]. In 1993, Monash University
(Melbourne, Australia) and the Victorian Institute of Forensic
Medicine (VIFM; Victoria, Australia) commenced an epi-
demiological study of asthma management and mortality in
the state of Victoria, Australia. The study examined morbidity
from asthma, compared drug levels in asthma deaths with
those in severe asthma control cases and estimated the risk of
death associated with particular patterns of asthma manage-
ment and specific medications. Post mortem examination of
the lungs was undertaken in all cases of asthma death reported
to the VIFM. Substantial histories of asthma morbidity were
observed in both cases and controls [15]. Blood salbutamol
levels were significantly higher in cases than in controls, even
after adjusting for age, sex, mode of salbutamol administration,
ambulance attendance and the underlying severity of asthma.

Death during an asthma attack might result from sustained,
severe airway narrowing due to PMS in combination with
increased thickness of the airway wall and/or to the accumu-
lation of mucus inside the airway lumen. The artefact intro-
duced by the inflation of the lung specimens during fixation
has confounded detailed quantitative assessment of the contri-
bution of these factors in studies of fatal asthma. This may
reverse PMS and dislodge mucus from the airway lumen.

As part of this study, lung tissues were fixed without inflation.
The current authors, therefore, were able to examine PMS and
mucus accumulation in relation to time to death and post
mortem blood levels of salbutamol from cases of fatal asthma.
The authors hypothesised that increased muscle shortening
would be present in fatal attacks of asthma of short duration,
whereas increased mucus accumulation would be associated
with a longer course of a fatal attack of asthma.

METHODS

Cases of fatal asthma were from the second Victorian Asthma
Morbidity Study [15]. All cases from this study were <60 yrs
of age, had asthma as the primary cause of death on the death
certificate and were reviewed by two clinicians to confirm that
asthma was indeed the underlying cause of death. Medications
used in the month prior to death were ascertained by
administering the South Australian asthma mortality ques-
tionnaire to the next of kin [16]. The duration of the fatal attack
of asthma was obtained from death certificates, coronial
records and police and post mortem reports. The P,-agonist
assays were undertaken on whole blood or plasma specimens
analysed by gas chromatography-mass spectrometry. A solid
phase extraction procedure was employed, giving a limit of
quantitation of 1 ng-mL™ for each analyte, in 1 mL of blood
and plasma [17].

Tissue blocks were taken at random from several sites in the
lung at post mortem examination at the VIFM. The tissue was
fixed by immersion in 10% buffered formalin solution for
>24 h and then passed through a series of graded alcohols and
embedded in paraffin wax. Sections were cut at 5 pm, mounted
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on glass slides, stained with haematoxylin and eosin and
covered with a glass coverslip.

On airways cut in transverse section, the basement membrane
perimeter (Pbm) was used to define airway size. The inner
(WAi) and outer (WAo) airway wall area and the area of
smooth muscle (ASM) were measured. The percentage of PMS
was calculated by comparing the measured outer perimeter
(fig. 1a) of the ASM with its calculated relaxed perimeter [18].
The amount of luminal mucus (including cellular debris) in the
airway (fig. 1b) was measured and expressed as the mucus
occupying ratio [19]. The number of neutrophils and eosino-
phils were counted in the WAi and WAo and expressed as
neutrophil/eosinophil ratio. Alveolar attachments to the air-
way wall were counted and divided by the adventitial
perimeter of the airway wall, minus the length of any section
that was contiguous with an adjacent pulmonary vessel.

Case groups were categorised using time to death as short or
long course. Statistical analysis was undertaken by running
normality and equal variance tests. Differences between

=, ¥

FIGURE 1. Transverse sections of membranous airways showing a) a highly
contracted airway from a short course case with the perimeter of the smooth muscle
highlighted (Scale bar=0.5 mm), and b) mucus accumulation occluding the airway
in a long course case (Scale bar=0.5 mm).
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groups were compared using Mann-Whitney U-tests for
variables that were not normally distributed and unpaired t-
tests for normally distributed variables. Results are expressed
as mean +sD. Blood salbutamol levels were log transformed
prior to analysis. All measurements were made by the one
observer who was blinded to the case classification.

RESULTS

A total of 24 cases were identified by the Victorian Asthma
Mortality Study panel as having asthma as the primary cause
of death and had both questionnaire data and post mortem
tissue available. Of these, 19 cases had airways that were cut in
transverse sections and were suitable for morphometric
analysis. The mean Pbm (airway size) was 4.49+1.9 mm for
the entire group. One case did not have data regarding
salbutamol levels, and in three cases the time to death was not
available. Measurements of airway dimensions in the authors’
laboratory had a coefficient of variation of <5% [20].

The 16 cases where time to death was available fell into two
distinct categories, based on time to death from the onset of the
fatal attack, short course (<3 h) 1.5+0.6 h and long course
(>8 h) 12.3+5.9 h (table 1). There were no cases that died
between 3-8 h. Groups were similar for age, weight and
height, although there was a trend to more males in the short
course cases. Data regarding severity of asthma was available
for 12 cases. Markers of severity were not significantly
different between the long course and short course cases with
regard to hospitalisation in the last 12 months (25% and 25%,
respectively), use of prednisolone in the last 12 months (33%
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frequency score in the last 12 months (4.3+2 and 2.0+1.4,
respectively; p=0.072).

Short course cases had a higher ratio of neutrophils to
eosinophils in the WAi (p=0.008) and WAo (p=0.05; fig. 2),
more PMS (p=0.01) and higher blood salbutamol levels at the
time of autopsy (p=0.05), compared with long course cases. In
the short course cases, salbutamol levels ranged from 0-
511.6 ng-mL™, six of the 10 cases were >80 ng-mL™" and four
cases were >200 ng-mL™. In the long course cases, salbutamol
levels ranged from 0-37.9 ng'-mL™" with only two cases
>20 ng'mL™". The mucus occupying ratio was 0.14+0.1 in
the short course cases and 0.23+0.8 in the long course cases
(p=0.087). Of the cases with reliable information regarding the
use of inhaled or oral corticosteroids in the last 12 months
(n=8), 66% of the long course and 80% of the short course cases
were using inhaled corticosteroids. There was no significant
difference between the groups with regard to the number of
alveolar attachments around the airway perimeter, ASM and
airway wall thickness (table 1). No correlation was apparent
between salbutamol levels and muscle shortening percentage

(fig. 3).

DISCUSSION

In the current study of fatal cases of asthma, it was found that
the duration of the fatal attack distinguished two groups of
cases with no overlap. Cases with a short course of the fatal
attack had a higher neutrophil to eosinophil ratio than those

and 37%, respectively), general practitioner score for overall 2) 075
severity (2.3+1.3 and 2.4+1.1, respectively) and symptom ° ",
g ;.
1/:\: 1A= Subject characteristics and airway dimensions in < 0.50+ = .
- relation to time to death in fatal asthma 2 am® .
8 [ ] *
SC cases <3 h LC cases >8 h % .
g 0.25
Time to death hrs 15406 123458 ‘§ :
Case n 10 6 z
Age yrs 19.5+9.9 23.3+12.8
Male/female 8/2 3/3 0.00 . .
Weight kg 53+18 60+26
Height cm ) 163 +22 157 +22 b) 0.75- .
Salbutamol ng-mL 153+ 161 174+14*
Airway n 71 31 ]
Airway n per case 71456 52441 '(% -
Pbm mm 39+13 4.4+21 =
Wall area inner mm? 0.07+0.03 0.11+0.07 -§ 0-507 H .
Wall area outer mm? 0.2040.14 0.4440.45 =
Area smooth muscle mm? 0.03+0.01 0.05+0.03 § -: ¢
NER in the inner wall 0.47+0.7 0.31+0.1** % 0.25- " M
NER in the outer wall 0.41+0.1 0.26+0.1* £ ' " .
Muscle shortening % 23+7 144 5* 2 o*
Mucus occupying ratio 0.14+0.1 0.23+0.8
Alveolar attachments n per mm 0.16+0.03 0.18+0.07 0.00 . .
SC LC

Data are presented as mean+sp unless otherwise stated. SC: short course;
LC: long course; Pbm: basement membrane perimeter; NER: neutrophil/
eosinophil ratio. *: p<0.05; **: p<0.01.

FIGURE 2. Dot plots showing neutrophil/eosinophil ratio in the a) inner and
b) outer airway walls. B: Short course cases (SC); 4 : long course cases (LC). *: }
p<0.05 **: p<0.01.
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FIGURE 3. Dot plot showing salbutamol levels and muscle shortening
percentage. [J: short course (SC) cases with a mucus occupying ratio <20% of
the airway lumen; <: SC cases with a mucus occupying ratio >20% of the airway
lumen; M: long course (LC) cases with a mucus occupying ratio <20% of the
airway lumen; 4: LC cases with a mucus occupying ratio >20% of the airway
lumen.

with a long course. These observations of a dichotomous
timing in the duration of fatal attacks of asthma have been
observed in three previous studies of fatal asthma [8-10]. The
present study is novel in using tissue from uninflated lungs
and it was found that compared with long course cases, those
with a short course had more ASM shortening, despite higher
levels of serum salbutamol.

The use of these tissues enabled PMS and mucus occupying
ratio to be examined with a greater degree of reliability, as post
mortem inflation of the lungs is likely to influence these
outcomes. However, small airways were predominantly
examined and the effects of pathology (such as mucous gland
hypertrophy) in large airways where mucus accumulation is
also observed in fatal asthma could not be assessed [6, 7]. The
current authors did not observe a significant difference in
airway wall dimensions between the two groups in the present
study. Although the numbers of cases in each of the two
groups limited the ability to detect differences between them,
no trends in markers of severity between the short course and
long course cases were observed. A loss of elastic tissue and
disruption of alveolar attachments around small airways in
cases of fatal asthma [21] might contribute to increased
shortening of stimulated smooth muscle, however, no sig-
nificant difference in the number of alveolar attachments
between the case groups was observed. This suggests that
airway/parenchymal uncoupling is not a cause of the
difference between the groups.

Increased shortening of airway smooth muscle in the short
course cases were found despite increased serum levels of
salbutamol, compared with the long course cases. There is no
evidence of significant post mortem redistribution of salbutamol
[22]. Salbutamol is not a lipophilic drug and metabolism of
salbutamol ceases with hepatic blood flow. Although inhaled
B-agonists have a good safety record, there are some data to
suggest the possibility of increased cardiotoxicity of these
agents in the presence of hypoxia [23]. The findings of different
salbutamol levels related to time to death does not necessarily
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support a cardiotoxic effect, although if these medications
exerted toxic effects the findings show these would be confined
to the short course cases where serum levels were highest. The
high levels (>80 ng~mL’1) observed in the majority of short
course cases were much greater than the serum value observed
in children with acute asthma (22.7 ng-mL’]) after administra-
tion of nebulised salbutamol [24]. The apparent lack of effect
of salbutamol in these early cases may suggest tachyphylaxis
in this group, which recently has been suggested to have a
genetic basis [25]. Tachyphylaxis to excessive use of short
acting B-agonists in a susceptible group could make them
particularly vulnerable to acute severe bronchoconstriction.

The present study confirms the dichotomy of both time to
death and the neutrophil/eosinophil ratio in cases of fatal
asthma. METZGER et al. [11] observed in bronchoalveolar lavage
(BAL) an influx of neutrophils and eosinophils into the airways
following local allergen challenge. However, neutrophil levels
had returned to normal by 96 h, while eosinophil and helper T-
cell numbers remained elevated. NOCKER ef al. [26] also
reported elevated numbers of neutrophils in BAL at 4h
following local allergen challenge. These observations suggest
that if death occurs due to excessive airway narrowing
following an acute inflammatory stimulus, the time to death
will determine the observed neutrophil/eosinophil ratio.
The current authors proposed that factors such as the
severity of airway remodelling may determine the time to
death [10]. However, this does not readily explain the clear
distinction in time between the short and long course groups.

Increased thickness of the WA is related (albeit nonlinearly) to
excessive airway narrowing as the smooth muscle contracts
[27]. One might expect a continuum of times to death as a
result. This relationship might be affected by a number of
confounders. These include the strength of the stimulus which
may alter the tension developed in the smooth muscle, the
expulsion of mucus into the airway lumen, the effects of
treatment and the effects of patient variables such as obesity
and other illness, especially in older subjects. These confoun-
ders might be expected to be distributed continuously. The
dichotomy of times which is clearly evident in four different
series of fatal asthma cases is, therefore, interesting. This might
arise for a number of reasons. First, two different mechanisms
of excessive airway narrowing (mucus accumulation versus
PMS) with different time courses of action may cause excessive
airway narrowing. Secondly, different stimuli such as viral
infection or allergen may precipitate the fatal attack, but with
different time courses. Thirdly, exposure to an inflammatory
stimulus, especially allergen, may have a biphasic reaction
with early and late phases [28]. This may correspond to the
dichotomy of times to death in these studies of fatal asthma. In
the present study, the findings of greater shortening of ASM in
the short course cases and more mucus in the lumen in the
long course cases support the first hypothesis. The consistent
findings of increased eosinophils in the long course cases is
compatible with the late phase reaction, however, the present
authors were unable to assess this further in the case series.

It is possible that the strength of the stimulus associated
with the fatal attack might determine the degree of airway
PMS. It has been shown that increasing the stimulus
strength can achieve excessive airway narrowing in subjects
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using long-acting B-agonists [29], and it is possible that
exposure to a powerful bronchoconstricting stimulus (on a
background of severe airway pathology) may have been the
cause of death in the short course cases. Studies of rapid-onset
and slow-onset attacks of near-fatal asthma have suggested
that rapid-onset attacks may have different trigger factors and
lower rates of infection than slow-onset attacks cases [30, 31].
Other studies have also alluded to allergen as a trigger factor
for sudden attacks of asthma [32]. Due to the out-of-hospital
deaths in the present cases and the reliance on second-hand
reporting, it was difficult to assess the role of trigger factors in
the present study. A possible trigger factor was identified in
two (33%) of the long course cases (respiratory tract infection
in both) and in four (40%) of the short course cases (exercise in
two, exposure to birds in an aviary in one, and ingestion of pre-
packaged fried potato chips in one).

It is not clear why some patients die of asthma, although fatal
attacks occur on a background of clinically severe disease and
extensive airway remodelling. It seems likely that a combina-
tion of a strong bronchoconstricting and/or mucus-producing
stimulus and severe airway remodelling are responsible. The
reproducible observations, in four separate studies of post
mortem tissues, of a dichotomy in times to death and in
neutrophil/eosinophil ratios are intriguing.

In conclusion, the present study suggests a strong stimulus,
which causes death through muscle shortening in short course
cases (perhaps with p-agonist tachyphylaxis as an added risk
factor) and possibly through accumulation of mucus in long
course cases. Smooth muscle shortening and mucus secretion
are related to mast cell degranulation. It is possible that a
strong stimulus may lead to mast cell degranulation and that
the time course of the fatal attack is then determined by two
distinct and time-related processes, muscle shortening and
mucus accumulation.
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