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The pathogenesis of sudden infant death syndrome (SIDS) is elusive and probably
multifactorial. The occurrence of mast cell activation in SIDS was assessed in this study by
measuring concentrations of tryptase, a neutral protease produced mainly by mast cells, in
postmortem sera from term infants with SIDS and from age-matched control infants who died
unexpectedly at home from a known cause. Tryptase levels were significantly higher in the 50
infants with SIDS than in the 15 control infants (p = 0.0004). Forty percent of the infants with
SIDS and none of the control infants had a tryptase level greater than 10 ng/mi, the threshold
chosen to indicate premortem mast cell activation. An infant with SIDS had a 20-fold higher
chance of having an elevated tryptase level compared with a control infant. The postmortem
interval did not influence these results. Thus mast cell-mediated anaphylaxis is likely to be the
pathogenetic mechanism involved in some but not all SIDS cases. Recognition of this pathway
as operative in SIDS should facilitate a more precise identification of the allergens involved,
the processes leading to mast cell activation, and procedures to identify those infants at risk for
anaphylaxis, and should, in time, lead to better therapeutic interventions aimed at preventing
this specific cause of SIDS. (J ALLERGY CLIN IMMUNOL 1994;94:250-6.)
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The cause of sudden infant death syndrome
(SIDS) is elusive and probably multifactorial. Its
diagnosis is one of exclusion, and it was defined in
1989 by the expert panel convened by the Na-
tional Institute of Child Health and Human De-
velopment as: “the sudden death of an infant
under 1 year of age which remains unexplained
after a thorough case investigation, including per-
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Abbreviations used
PMIT: Postmortem interval
SIDS: Sudden infant death syndrome

formance of a complete autopsy, examination of
the death scene, and review of the clinical his-
tory.”! Disorders of neurologic,>* cardiac,> ¢ and
respiratory systems” ®; anaphylaxis®; and environ-
mental factors such as maternal cigarette smok-
ing'® have been proposed as risk factors, but each
remains unproven as the cause. Typically, these
disorders do not leave pathognomonic footprints,
which is consistent with the absence of disease
observed in autopsies of SIDS victims." For ex-
ample, pulmonary changes of acute emphysema
and airway edema are only seen in a minority of
adults who die of systemic anaphylaxis, and these
changes are not specific for this cause of death."
Infant victims of systemic anaphylaxis may be less
able to generate such changes.

Of particular interest to our investigations is
the possibility that an anaphylactic event causes at
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TABLE |. Characteristics of SIDS and control groups
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Characteristic SIDS group Control group
Number of subjects 50 15
Sex
Male 29 8
Female 21 7
Race
White 11 3
Black 36 12
Other 3 0
Age (mo)
Median 2 3
Range 0.5-11 1-11
Postmortem interval (hr)
Median 26 22
Range 2-41 6-36
Resuscitation interval (min)
Median 26 20
Range 5-40 (n = 12) 10-45 (n = 8)

least a portion of these unexplained deaths in
infants. Cow’s milk protein and house dust mite
antigens, agents to which infants are commonly
exposed, have been proposed to contain potential
inciting allergens. Evidence against this hypoth-
esis includes studies in which antigen-specific IgE
levels® and serum total IgE™ were not significantly
different between subjects with SIDS and control
subjects. However, the likely multifactorial nature
of SIDS may mask a putative anaphylactic sub-
group identified by measurement of allergen-spe-
cific IgE alone. Additional evidence against an
anaphylactic cause is that no alteration in the
number or histochemical staining properties of
pulmonary mast cells has been detected in post-
mortem tissue taken from infants with SIDS com-
pared with normal tissue.'*'* However, histo-
chemical techniques at the level of light micros-
copy do not reliably distinguish between mast
cells at rest and those that are activated and
therefore do not rule out the premortem occur-
rence of anaphylaxis.

Mast cells are the predominant effector cells of
anaphylactic reactions.'® Mast cell activation can
be detected in vivo by measuring the serum or
plasma concentration of tryptase, an enzyme se-
lectively concentrated in mast cell secretory gran-
ules."” Along with histamine, tryptase is released
by degranulating mast cells in tissues, diffuses
more slowly than histamine into the circulation,
and, after reaching a maximal concentration by
about 1 hour, exhibits a half-life of about 2 hours,
compared with a half-life for histamine of less

than 2 minutes.'® Concentrations of tryptase in
blood correlate with the clinical severity of an
anaphylactic response.”” Tryptase concentrations
are increased in postmortem sera from adult
victims of anaphylactic reactions but not in post-
mortem blood from subjects in whom the diagno-
sis of anaphylaxis was excluded clinically.*

In this study tryptase concentrations were mea-
sured post mortem in samples of serum obtained
from the left side of the heart of infants with
SIDS and from control infants to determine
whether mast cell activation is involved in the
pathophysiology of sudden death in infants.

METHODS
Subjects

Fifty SIDS and 15 control cases (Table I) identified
between March and November of 1992 were studied at
the Office of the Chief Medical Examiner in Baltimore
(26 SIDS and 11 control cases), and the Medical
Examiner’s Office in Philadelphia (24 SIDS and 4
control cases). All infants were 1 year of age or
younger. For each case, a scene report or viewing by the
medical investigator of the office, clinical history, com-
plete autopsy examination, and toxicologic analyses
were performed. Microscopic evaluations were com-
pleted by the pathologist responsible for the case and
also reviewed by either M. Platt or A. Sekula-Perlman.
Only term infants were studied to avoid the confound-
ing variables of extreme prematurity, bronchopulmo-
nary dysplasia, low birth weight, and apnea of prema-
turity. Cases in which there appeared to be abuse or
neglect, trauma, infection, or intoxication were ex-
cluded as cases of SIDS.' Cerebrospinal fluid and blood
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FIG. 1. Tryptase concentrations (log scale) in postmortem
sera from 50 infants with SIDS (o) and 15 control infants
{®). The range for infants with SIDS was 0.5 to 117 ng/ml,
and the range for control infants was 0.5 to 9.5 ng/mi.
Corresponding box plots show the median, 25th, and 75th
percentiles (box borders); 10th and 90th percentiles
{whiskers); and 5th and 95th percentiles (asterisks).

cultures were obtained in 31 of the Baltimore cases,
and only bacteria thought to be contaminants were
detected. All subjects in the study died at home. No
infant with SIDS was receiving a medication near the
time of death, which was likely to have caused drug-
induced anaphylaxis. One infant with SIDS had re-
ceived diphtheria-pertussis-tetanus vaccination 1 day
previously, and was being given Tylenol. Control infants
received cause of death diagnoses of pneumonia

{(n = 7), trauma (n = 1), suffocation (n = 1), sepsis
(n = 1), congenital heart disease (n = 2), myocarditis
(n = 1), heart tumor (n = 1), or smoke inhalation

(n = 1). Although all infants were receiving milk, his-
tories to distinguish how many were receiving cow’s
milk versus breast milk or soy formula were available
for only 30 infants with SIDS and two control infants,
each of whom was receiving cow’s milk. No evidence for
general or milk-related allergies, asthma, or urticaria
was apparent as determined by history. The high per-
centage of minorities among the SIDS and control
groups reflects the distribution of individuals served by
the participating centers.

Serum studies

Blood was typically obtained from the left side of the
heart (left ventricle, aorta, pulmonary veins). However,
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tryptase levels in samples of blood taken from the right
side of the heart were comparable to samples from the
left side {data not shown). Also, gentle compression of
the left ventricle did not increase the level of tryptase in
blood from the left side of the heart (data not shown).
Each sample of blood was subjected to centrifugation at
300g, and the supernatants, containing the defribri-
nated type of plasma found in postmortem specimens,
were stored at —20° C or —70° C. Tryptase was
analyzed by a radioimmunoassay,”’ for which the lower
limit of sensitivity is 1 ng/ml. Purified human lung-
derived tryptase was used as standard. IgE-specific
antibodies to bovine B-lactalbumin, a-lactalbumin, and
k-casein (Sigma Chemical Co., St. Louis, Mo.) and
Dermatophagoides pteronyssinus and D. faringe mite ex-
tracts (Miles Allergy Products, Spokane, Wash.) were
measured by solid-phase radioimmunoassay in which
each allergen was coupled to CNBr-activated micro-
crystalline cellulose.”” The respective lower limits of
sensitivity for each allergen-specific IgE were 3.7, 1.7,
0.9, 1.6, and 2 U/ml. Pooled sera from milk-sensitive or
mite-sensitive subjects were used as standards, and each
pool was arbitrarily assigned an allergen-specific IgE
content of 1000 U/ml. A negative control serum and a
low-level positive serum were analyzed for each assay to
determine interassay coefficients of variation. For
samples in which the concentration of tryptase or anti-
body was lower than the limit of detection, a value of half
the lower limit was assigned for statistical calculations.

Tissue studies

Sections of lung fixed in Carnoy’s fixative and em-
bedded in paraffin were prepared as described previ-
ously and stained for the presence of MC (tryptase”,
chymase') and MC; (tryptase”, chymase™) types of
mast cells.”” Mast cells were examined, and tissue
concentrations were determined at peribronchiolar,
perivascular, interstitial, and bronchial sites in 18 in-
fants with SIDS and eight control infants, chosen at
random; data were collected in a blinded fashion. For
routine histologic analyses, autopsy specimens were
fixed in neutral buffered formalin, embedded in paraf-
fin, and stained by hematoxylin and eosin.

Statistical analyses

The postmortem interval (PMIT) was estimated in
each case as the time between when the child was last
seen alive and the time of autopsy. Because the exact
time of death typically occurs later than when the child
was last seen alive, calculated PMITs likely overesti-
mate the true PMIT in most cases. Comparisons of the
tryptase, PMIT, and mast cell concentration data be-
tween SIDS and control groups were performed by the
nonparametric Mann-Whitney U test for unpaired
samples (STATGRAPHICS,STSC, Inc., Rockville,
Md.). The relationships of IgE levels between infants
with SIDS and control infants, and between those
infants with SIDS with elevated tryptase levels and
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those without elevated levels were analyzed by Fisher’s
exact ¢ test, to account for small sample size, and by
calculation of odds ratios.

RESULTS

Fifty cases diagnosed as SIDS met the stan-
dards set forth by the 1989 National Institute of
Child Health and Human Development expert
panel.! The infants in these cases were under 1
year of age, and their sudden deaths were unex-
plained after a thorough casec investigation, in-
cluding an examination or review of the death
scene, review of the clinical history, and complete
autopsy. The median age for the SIDS group, 2.0
months, was not significantly different than that
for the control group, 3.0 months (p = 0.43)
(Table I). In accord with most epidemiologic
studies, male subjects outnumbered female sub-
jects in this study, 1.4:1 in the SIDS group and
1.1:1 in the control group.

The median level of tryptase in serum was
significantly higher in the SIDS group (6.2 ng/ml)
than in the control group (1.1 ng/ml (p = 0.0004)
(Fig. 1). Tryptase levels in 20 (40%) of the sub-
jects with SIDS, and none of the control subjects
were greater than 10 mg/ml, a value previously
recommended for adults as the concentration of
tryptase best used to indicate mast cell activation
premortem. One control subject had a value of 9.5
ng/ml; he was thought to have been inadvertently
suffocated because he had shared the same bed
with a parent, but there was no evidence of
overlying. All other control subjects had tryptase
values below 5 ng/ml. Infants with SIDS showed
an odds ratio of 20 for having an elevated tryptase
concentration compared with control infants
(Fisher’s exact two-tailed ¢ test, p = 0.003). Living
infants under 1 year of age without active allergic
disease or mastocytosis typically have tryptase
levels below 1 ng/ml (n = 24, three with detect-
able tryptase at 1 to 1.7 ng/ml; Platt and Schwartz.
Unpublished data).

To determine whether variations in resuscita-
tive interventions might account for the different
tryptase concentrations between infants with
SIDS and control infants, treatment measures
were examined. When information was available
and resuscitation was attempted, infants with
SIDS (n = 12) and control infants (n = 8) re-
ceived similar treatments. For example, there was
no significant difference between the median in-
terval of resuscitative treatment in infants with
SIDS (26 minutes) and control infants (20 min-
utes) (p = 0.70) even though tryptase levels were
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FIG. 2. Correlation of tryptase concentrations (log scale)
in postmortem sera from infants with SIDS to the PMIiTs.
Linear regression analysis showed no effect of PMIT on
the level of tryptase (r = 0.33, p = 0.82).

higher than 10 ng/ml in five of the infants with
SIDS. Also, both groups received similar intrave-
nous therapies consisting of fluids, epinephrine,
atropine, and bicarbonate; comparable numbers
in each group underwent intubation and cardio-
pulmonary resuscitation. In eight infants with
SIDS for whom no resuscitation was attempted,
five had a tryptase level greater than 10 ng/ml;
their median of 13.1 ng/ml was not significantly
different from that of the SIDS subgroup that
underwent resuscitation (median = 7.5 ng/ml)
(p = 0.62). Thus the level of tryptase was not
substantially influenced by treatment.

The median PMIT value for the entire SIDS
group (26 hours) was not significantly different
from that for the control group (22 hours)
(p = 0.15). Also, a linear regression analysis of
the PMIT values and the log of the tryptase values
within the subjects with SIDS (Fig. 2) showed no
correlation (r = 0.33, p = 0.82), suggesting that
the tryptase level was not affected by the PMIT.

To investigate whether mite or milk allergens
could be involved in the pathogenesis of SIDS,
IgE-specific antibodies to bovine B-lactalbumin,
a-lactalbumin, and k-casein and to D. pteronyssi-
nus and D. farinae mite extracts were measured in
remaining serum samples. For each mite extract
and for a-lactalbumin and «k-casein, no significant
differences in IgE antibody prevalences and mean
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TABLE li. B-Lactoglobulin-specific serum IgE
in SIDS and control groups

SIDS group
B-Lactoglobulin

specific Tryptase = Tryptase < Control

IgE 10 ng/ml 10ng/ml  group
Positive 9 6 1
Negative 7 16 8

levels were found between the SIDS and control
groups. In contrast, for B-lactoglobulin, 15 of 38
subjects with SIDS had detectable antibody
(range, 3.8 to 14 U/ml), whereas only one of nine
control subjects had positive results (6.8 U/ml)
(Table II). Although not significantly different
according to a two-tailed Fisher’s exact ¢ test
(p = 0.16), the odds ratio of 5.9 suggests a ten-
dency for infants with detectable B-lactoglobulin-
specific IgE to be at higher risk for SIDS. Within
the SIDS group, there was a weak tendency for
those with detectable IgE anti-B-lactoglobulin lev-
els to have higher tryptase concentrations (odds
ratio = 3.4; p = 0.10); nine of the 15 (60%) sub-
jects with detectable IgE anti-B-lactoglobulin had
tryptase values greater than 10 ng/ml, whereas
only seven of the 23 (30%) subjects with unde-
tectable IgE anti-B-lactoglobulin levels had a
tryptase level above 10 ng/ml.

Lung sections examined for mast cells revealed
no significant differences in the numbers or types
of mast cells in the entire lung or in peribronchial,
peribronchiolar, perivascular, or interstitial areas
between the SIDS (n = 18) and control (n = 8)
groups and between subjects with tryptase levels
greater than 10 ng/ml (n = 5) and less than 10
ng/ml (n = 13) within the SIDS group. Further-
more, mast cell numbers were similar to previ-
ously reported values in normal adult lungs.*

DISCUSSION

Although the cause of SIDS remains elusive,
one hypothesis periodically begs reconsideration.
Parish et al.”® in 1960 and Coombs and Holgate®
as late as 1990 argued that anaphylactic reactions
to milk protein could account for some of these
deaths. Supporting evidence for this hypothesis
has been lacking. In two previously published
studies, no significant differences between sub-
jects with SIDS and control subjects were found
in the numbers of mast cells in sections of forma-
lin-fixed lung,'* ™ consistent with the results of
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this study in which lung tissue fixed in Carnoy’s
fluid and immunohistochemical stains that are
highly sensitive and specific for mast cells were
used.” Our group and others have been unable to
demonstrate activation of mast cells by examina-
tion under light microscopy of human skin biopsy
specimens taken from sites of an allergic reaction.
Thus histologic procedures to identify the occur-
rence of mast cell degranulation in human beings
are insensitive at best. Ultrastructural studies
have been used to ascertain mast cell activation in
tissues, but such studies require fresh specimens
to avoid the confounding changes observed with
postmortem tissue. Also, no differences in aller-
gen-specific IgE levels between SIDS and control
cases have emerged,'® consistent with the results
of this study when one compares the entire SIDS
group with the control group. Nevertheless, the
inability to provide direct evidence for mast cell
activation has been the most prominent obstacle
in attempting to demonstrate an anaphylactic
cause. This study, by means of a tryptase immu-
noassay to detect mast cell activation, provides
critical new evidence that mast cell activation is
involved in a substantial subgroup of infants with
SIDS.

A tryptase value of 10 ng/ml had been recom-
mended previously as a conservative threshold for
the diagnosis of anaphylaxis as a cause of death in
adults.” Twenty of 50 subjects with SIDS, but
none of the 15 control subjects, had a tryptase
value greater than 10 ng/ml. It is unlikely that
such a level would result from postmortem ma-
nipulation of tissues, resuscitative effort, or the
PMIT because these parameters were not differ-
ent between subjects with SIDS and control sub-
jects. Also, elevations of serum tryptase are not
observed in sensitive adults after bronchial aller-
gen challenge, even though elevated levels of
tryptase were detected in bronchoalveolar lavage
fluid (Schwartz. Unpublished data), suggesting
that the serum tryptase level reflects systemic
rather than local mast cell activation. Thus el-
evated levels of tryptase in at least 40% of the
infants with SIDS likely result from a degree of
mast cell activation sufficient to have caused ana-
phylaxis before death.

Low levels of IgE-specific antibody to milk
B-lactoglobulin were found in 15 of 38 (39%)
infants with SIDS. In 9 of these 15 (60%) infants,
the tryptase level was greater than 10 ng/ml. In a
previous study by Yunginger et al.,* detectable
IgE antibodies to B-lactoglobulin were measured
in three of 62 (4.8%) infants with SIDS and in
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four of 24 (16.7%) control infants. However, the
allergen-specific IgE antibody assay used in this
study involved a more sensitive and quantitative
technique, and the frequency with which detect-
able IgE antibodies to B-lactoglobulin were mea-
sured in the sera of infants with SIDS was higher
than that in sera from control infants. These
findings tend to support the hypothesis that cow’s
milk may be an offending allergen and induce an
IgE-mediated anaphylactic reaction in some in-
fants. Arguments against milk allergy being truly
involved in SIDS-related anaphylaxis are the low
serum levels and low prevalence of detectable IgE
and the weak statistical association with SIDS
noted above. However, infants may not have the
capacity to generate substantial amounts of anti-
gen-specific IgE,*” such that the little IgE gener-
ated may reside primarily with high-affinity IgE

receptors on tissue mast cells rather than in the

circulation. Indeed, a substantial percentage of
infants with positive skin test responses to egg and
milk allergens have been observed to have no
detectable IgE antibody in serum.”® On the other
hand, fatal and near-fatal cases of putative ana-
phylaxis caused by food ingestion failed to dem-
onstrate elevated serum tryptase levels.” Thus
milk allergy involvement in the mast cell activa-
tion observed in the infants with SIDS remains
uncertain.

Mast cell degranulation may also result from
non-IgE-mediated mechanisms. Complement an-
aphylatoxins are known to activate cutaneous
mast cells and basophils and may be produced in
association with immune complex formation, as
seen with certain infectious and autoimmune dis-
eases. These pathways require further study,
though obtaining laboratory evidence for comple-
ment activation in postmortem samples is likely to
be problematic.

The cause of SIDS is probably multifactorial
and may involve other pathways not directly re-
lated to mast cell activation. Some of these factors
may contribute indirectly to the development of
an allergic reaction. For example, passive inhala-
tion of cigarette smoke has been implicated as a
risk factor for SIDS in some studies'® * but not in
others.*" Total IgE levels are higher in infants
whose mothers smoke than those in a nonsmoking
environment,* and the irritant effects of cigarette
smoke may exacerbate the severity of allergic
pulmonary reactions. However, data on cigarette
smoke exposure were not obtained in this study.
Also, whether the prone or supine position,> the
number of eosinophils in lung sections,* or gas-
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troesophageal reflux’” were factors in our subjects
with SIDS was not ascertained. Recently, a pro-
tective effect of prophylactic treatment with anti-
cholinergic agents was observed for infants at risk
for SIDS.* Thus if small amounts of milk are
aspirated during sleep in SIDS” * and initiate the
allergic reaction, a therapeutic effect of anticho-
linergic agents may be to attenuate the allergic
airway response.

Is elevated tryptase a specific marker for the
immunopathology seen in cases of SIDS? One
might argue that elevated tryptase is an epiphe-
nomenon. For example, it may reflect hypoxemia,
which is thought to be the reason for finding
vitreous humor hypoxanthine” in SIDS. However,
an elevated level of serum tryptase is not a marker
for hypoxia because it was not found in the
control infants who also died unexpectedly out-
side of the hospital as a result of heart disease,
acute pulmonary infection, or smoke and soot
inhalation. Furthermore, an elevated serum
tryptase level in vivo has been shown to be a
specific indicator of mast cell activation."”

In conclusion, we suggest that elevated post-
mortem serum tryptase levels in serum samples
from the left side of the heart indicate that one
cause of SIDS is anaphylaxis caused by mast cell
activation. The finding warrants corroboration by
others. If confirmed, substantial efforts should be
made to identify more precisely any allergen in-
volvement, the process leading to mast cell acti-
vation, and those infants at risk for anaphylaxis
and to develop therapeutic interventions aimed at
preventing this specific cause of SIDS.

We thank Cheryl Rouse, Dick Jones, Robert Vig-
orito, Joyce Ortman, and Arnater Yarbrough for tech-
nical assistance. We also thank Howard J. Igel, MD,
Darrell Lane, MD, and Chase Blanchard, MD, for help
with patient procurement, and Dr. Neal Roberts for
statistical advice.
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