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Summary
Background Autonomic dysfunction has been implicated in the pathophysiology of the Sudden Infant Death Syn-
drome (SIDS). Butyrylcholinesterase (BChE) is an enzyme of the cholinergic system, a major branch of the auto-
nomic system, and may provide a measure of autonomic (dys)function. This study was undertaken to evaluate BChE
activity in infants and young children who had died from Sudden Infant Death or Sudden Unexpected Death.

Methods In this case-control study we measured BChE activity and total protein in the eluate of 5mL spots punched
from the dried blood spots taken at birth as part of the newborn screening program. Results for each of 67 sudden
unexpected deaths classified by the coroner (aged 1 week-104 weeks) = Cases, were compared to 10 date of birth -
and gender-matched surviving controls (Controls), with five cases reclassified to meet criteria for SIDS, including
the criterion of age 3 weeks to 1 year.

Findings Conditional logistic regression showed that in groups where cases were reported as “SIDS death” there was
strong evidence that lower BChE specific activity (BChEsa) was associated with death (OR=0¢73 per U/mg, 95% CI
0¢60-0¢89, P=0¢0014), whereas in groups with a “Non-SIDS death” as the case there was no evidence of a linear
association between BChEsa and death (OR=1¢001 per U/mg, 95% CI 0¢89-1¢13, P=0¢99).

Interpretation BChEsa, measured in dried blood spots taken 2-3 days after birth, was lower in babies who subse-
quently died of SIDS compared to surviving controls and other Non-SIDS deaths. We conclude that a previously
unidentified cholinergic deficit, identifiable by abnormal -BChEsa, is present at birth in SIDS babies and represents
a measurable, specific vulnerability prior to their death.
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Introduction
The term Sudden Unexpected Death in Infancy (SUDI)
covers both explained and unexplained deaths. The
unexplained deaths are termed Sudden Infant Death
Syndrome (SIDS). Despite intensive research over the
past decades, the mechanisms which lead to SIDS
remain elusive. SIDS occurs in an apparently healthy
infant during a period of sleep, with the cause unex-
plained even after a thorough post-mortem
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examination, death scene investigation and review of
the infant’s medical history.1

In recent years, the incidence of SIDS has been more
than halved by public health campaigns however,
despite this dramatic decline in incidence, SIDS
remains the major cause of sudden and unexpected
death in infants in western countries, contributing to
almost 50% of all post-neonatal deaths.2

It is currently believed that SIDS is not due to a sin-
gle factor, but is multi-factorial in origin. Several models
have been proposed to explain the multifactorial nature
of SIDS, with the most widely accepted model being the
“triple risk model” for SIDS which provides a useful
means for organising SIDS knowledge. According to
this model, sudden death in SIDS occurs when three
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Research in context

Evidence before this study

Despite the effectiveness of public health campaigns in
reducing the incidence of Sudden Infant Death Syn-
drome (SIDS), SIDS remains the major cause of infant
death in western countries. The “triple risk model”
hypothesises that SIDS deaths result from coincident
occurrence of a vulnerable infant, a critical developmen-
tal period, and an exogenous stressor. Despite intensive
research, identification of any specific vulnerability prior
to the sudden death has remained elusive. And, while
autonomic dysfunction has long been considered a can-
didate for this vulnerability, studies have been ham-
pered by reliance on post-mortem samples.

Added value of this study

We found that Butyrylcholinesterase Activity, measured
in dried blood spots taken 2-3 days after birth, was sig-
nificantly lower in babies who subsequently died of
SIDS compared to living controls and other Non-SIDS
infant deaths. This study identifies a biochemical marker
that differentiates SIDS infants from control cases and
those dying from other causes, prior to their death. We
postulate that this decreased activity of Butyrylcholine-
serase represents an autonomic cholinergic dysfunction
and therefore an inherent vulnerability of the SIDS
infants.

Implications of all the available evidence

This finding represents the possibility for the identifica-
tion of infants at risk for SIDS infants prior to death and
opens new avenues for future research into specific
interventions.
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factors occur simultaneously: a vulnerable infant, a criti-
cal developmental period for homeostatic control and an
exogenous stressor. An infant will die of SIDS only if
he/she possesses all three factors; the infant's vulnera-
bility lies latent unless subjected to an exogenous
stressor during the critical period.3 Despite intensive
research over the past decades, identification of any spe-
cific vulnerability has remained elusive.

Acetylcholine (ACh) is a major neurotransmitter of
the autonomic nervous system and the principal neuro-
transmitter of the parasympathetic nervous system. It is
hydrolysed at cholinergic synapses by two enzymes,
Acetylcholinesterase (AChE), and Butyrlycholinesterase
(BChE) (also known as pseudocholinesterase). Variable
levels of AChE and BChE have been observed in para-
sympathetic dysfunction and inflammatory disease
states and it has been suggested that levels of cholines-
terases could potentially be used as biomarkers for cho-
linergic deficit and parasympathetic dysfunction as well
as inflammation-related disease.4 As AChE and BChE
(the cholinesterases) are responsible for hydrolysis of
ACh they modulate cholinergic activity. The cholinester-
ases are present throughout almost all tissues of the
body, and the activity of the different cholinesterases
varies amongst those different tissues. In an exploratory
study such as ours, the ideal would be to measure both
AChE and BChE and our initial study plan included
analysis of both cholinesterases, BChE and AChE. How-
ever, we found this was not possible in the Dried Blood
Spot (DBS)samples and the methodological issues we
encountered likely explain why other researchers
describe the measurement only of BChE in DBSs, and
not the measurement of AChE.5�7 Using the DBSs
taken routinely at birth via a heel prick (Guthrie Test)
we conducted a case-control study evaluating the BChE
activity of SIDS infants, against Non-SIDS infants and
date of birth- and gender-matched (living) controls. The
present study sought to determine whether infants who
succumb to SIDS have altered levels of BChE activity at
time of birth, thus evaluating the activity of this enzyme
as a biomarker for detecting an infant’s vulnerability to
SIDS.
Methods

Samples
DBSs for this study were collected on post-natal day
(PND) Day 2�4 on Whatman 903 filter paper (Perki-
nElmer) over a 5 -year period, 2016�2020 and stored at
room temperature.

Children categorised as SUDI who died aged <24
months from unknown causes between July 2018 and
July 2020 were identified from the databases of 3 Foren-
sic Pathology sites within the state of NSW, Australia.
The forensic pathologists’ classification of death was
used in all but 5 cases: 2 cases classified as SIDS were
reclassified as SUDI because they were aged � 3 weeks,
1 case classified as SIDS was reclassified to SUDI due to
being > 52 weeks, and 2 cases classified as unknown
met the criteria for, and were reclassified as, SIDS. All
Non-SIDS Cases had an identified cause of death.

From Forensics, for privacy reasons, we were given
only the name of the deceased child while dried blood
spot samples are recorded under the mother’s name.
Thus, only those dried blood spots recorded with the
same surname for mother and child were identifiable.
If these names differed those cases could not be fol-
lowed. The typical example would be where the mother
and father have different surnames, and the infant is
identified by mother’s name in the newborn period, but
later identified by the paternal surname. As this was a
random issue, we considered the analysed samples to
be representative of the wider population.

The DBS identification number for each child was
retrieved from the database of the NSW Department of
Newborn screening (NBS), located at The Children’s
www.thelancet.com Vol 80 Month June, 2022
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Hospital Westmead (CHW). For each case, 10 date of
birth- and gender-matched samples of surviving chil-
dren, born on the same day as the index case, and whose
blood spot was taken on the same PND, were identified
(Controls). From the 98 cases listed in the forensic med-
icine database 31 cases were excluded as the DBS sam-
ple could not be identified from the limited information
available, or the sample was collected on day 1 which
excludes their suitability for newborn screening. Certain
conditions may go undetected if the blood sample is
drawn before 24 h of age and this also avoids measuring
maternal rather than infant-specific levels of the com-
pounds of interest.8 Filter papers for all cases and their
matched controls were retrieved from storage. Each fil-
ter paper was punched twice with a 3mm hole punch,
each punch roughly equivalent to 5ul of blood. Punches
were stored at room temperature, in the dark, in Eppen-
dorf tubes until time of analysis.

During analysis experimenters were blind to group
assignment and outcome assessment, for all experi-
ments. Once the sample identification numbers were
retrieved, cases and controls were de-identified and the
diagnoses only re-identified at the time of statistical
analysis. BChE activity as well as total protein were
assayed using commercially available kits.
Study design
While we planned to measure both cholinesterases we
were unable to measure AChE in the DBS samples.
BChE is found in plasma, which is virtually free of
AChE and the assay for BChE is specific to this enzyme
as it utilises the substrate butyrylthiocholine, which
shows almost zero reactivity with AChE.9 By contrast,
AChE is found in erythrocytes and the assay for AChE
evaluates total cholinesterase, as the substrate acetylth-
iocholine iodide is metabolised by both AChE and
BChE. The assay recommendation is to determine total
cholinesterase activity but determine AChE by subtract-
ing BChE from that total.9 Our preliminary studies
revealed that we were unable to measure AChE using
that method, and we obtained only BChE, presumably
because the erythrocyte is lysed during the drying pro-
cess10 resulting in denatured AChE.
Sample preparation
Two punched samples from the DBS cards, approxi-
mately equivalent to 10 ul blood, were eluted with 90ul
of water, giving a 1:10 initial dilution. Water was the elu-
ate chosen as previous research has shown that this is
the optimal elution medium for BChE and total pro-
tein.10 Samples were placed in a 96-deep well (Porvair
Sciences, Wrexham UK) plate and placed on shaker
(Ratek Instruments, Victoria Australia) at 750 rpm for
30min. Samples were then spun at 5°C for 10 min at
4500 rpm (Eppendorf, Centrifuge 5804 R, Merck
www.thelancet.com Vol 80 Month June, 2022
Instruments, Germany). The eluate was then trans-
ferred to a new shallow 96-well plate, sealed with heat-
sealing foil (Eppendorf, NSW Australia) and stored at
-20°C until analysis.
Sample assays
Butyrylcholinesterase activity: Total BChE for each sam-
ple was quantified using the DetectX� Butyrylcholines-
terase Fluorescent Activity Kit (Arbor Assays, Ann
Arbor, MI, USA, catalogue number K016-F1) and the
assay was performed as per the manufacturer’s instruc-
tions. Previous analyses of BChE in dried blood spots
have used the colormetric ELISA Ellman’s assay, or a
modification thereof, but as the DBS samples we were
analysing had been stored for some time, we decided to
utilise a fluorescent ELISA assay due to the increased
sensitivity of this method.

Blood samples from 2 healthy adults were used to
monitor quality control (QC) of the assay. Blood from a
finger prick was spotted onto a filter paper and stored in
the same manner as the infant DBSs. At the same time
venous blood was taken and placed in EDTA tube, spun
down and the plasma frozen until required. For each
assay plate, duplicate samples of the DBS QC and its
matching plasma QC were assayed to ensure accuracy
of the method.

Briefly, samples were diluted further as per man-
ufacturer’s instructions such that sample and QC values
were within the standard curve. 100 ml of standard,
diluted sample or QC was then placed in duplicate in a
96-well microtitre plate and the reaction was initiated by
the addition of 50 ml reaction mix containing the butyr-
ylthiocholine substrate and ThioStar� (proprietary, non-
fluorescent molecule). After a 20-min incubation, at
room temperature and in the dark, the signal was read at
510nm with excitation at 390nm. MyAssay software was
used to perform a four parameter logistic curve (4PLC)
to quantify total BChE activity via a calibration curve of
seven standard points and activity measured in mU/ml.

Total protein in each sample was quantified using
the BCA (Bicinchoninic acid) Dual Range Protein
Detection Kit (Arbor assays, Ann Arbor, MI, USA, cata-
logue number K041-H1) and measured in duplicate.
This colorimetric assay relies on the formation of a Cu2
+-protein complex under alkaline conditions, followed
by reduction of the Cu2+ to Cu1+. The amount of reduc-
tion is proportional to protein present. 10 µL of stan-
dard, diluted sample or QC was then placed in duplicate
in a 96-well microtitre plate and the reaction initiated
by the addition of 75 µL of the BCA Colour Solution.
The plate was sealed and incubated at 37°C for two
hours and optical density then read at 560 nm.

MyAssay software was used to perform a 4PLC to
quantify total protein via a calibration curve of seven
standard points, and total protein content measured in
µg/ml.
3
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Specific activity: The specific activity of BChE
(BChEsa) was calculated by dividing BChE activity
(mU/ml) by the total protein content (µg/ml) giving
BChEsa in mU/µg. Results are reported in U/mg.
Statistical analysis
Conditional logistic regression models were used to
model the outcome of case (death)/control (alive) status
in each sample group using the predictors of BChE as a
continuous variable, cause of death (SIDS versus other)
and their interaction. If evidence of interaction was
found, BChE as a predictor of case/control status was
tested in conditional logistic regression models sepa-
rately in SIDS and Non-SIDS sample groups.

Models with age at death as the outcome variable and
BChEsa, gender and cause of death as predictors were
each run individually in univariable models then all
three in a multivariable model.
Ethics
Consent for use of the DBSs in future de-identified
health research was obtained from parents or caregivers
at the time of collection. The study was approved by the
SCHN Research Ethics Committee (HREC Reference:
2019/ETH12837).
Role of funders
The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or the
writing of the report.
Results
We analysed 722 DBS including 67 DBS (58% male)
from SUDI infants (26 SIDS and 41 Non-SIDS), and
655 date of birth- and gender-matched controls. SIDS
cases, mean age-at death 15¢7 (§ 8¢1) weeks, (4-35
weeks), 54% male and Non-SIDS cases, mean age at
death 31¢7 (§ 30) weeks, (1-103 weeks), 64% male.

All DBSs were analysed for BChE activity and total
protein content and the BChEsa calculated. Consistent
with other studies,7 our initial experiments confirmed
that BChE activity was retained despite the elution pro-
cesses. There was good correlation between the BChE
activity of plasma QCs and their corresponding DBS
QCs (r 0¢84), although the recovery of BChE activity in
the DBS QC compared to the plasma QC was lower
(23¢4 § 2¢0%) than has been reported in other
studies.6,7 BChE activity for infants born in 2016 and
2017 (a total of 6 of the DBSs from those who died dur-
ing the study period) yielded several results below the
standard curve that were therefore discounted from fur-
ther analysis. Five Non-SIDS samples and their controls
had a batch assay problem and, as there was insufficient
sample to re-assay, these samples were excluded from
the analysis. This left 30 Non-SIDS cases, mean age at
death 23¢5 (§ 30) weeks, (range 1�103 weeks), 57%
male, and their controls in the final analysis (Fig. 1).

To overcome variability due to differences in punch
location and hematocrit we normalised BChE activity to
total protein content7 and there was good recovery of
the total protein in the plasma QC compared to its corre-
sponding DBS QC (96¢25 § 11¢8%).

Mean values (§ Standard Deviation) for BChEsa for
SIDS cases (n=26) and their controls (n=254) was 5¢6
(§2¢1) vs 7¢7 (§3¢6), respectively and for Non-SIDS
cases (n=30) and their controls (n=291) was 8¢5 (§4¢2)
vs 8¢5 (§3¢4), respectively. Descriptive statistics are
detailed in Table 1 and illustrated in Figs. 2 and 3.

The conditional logistic regression showed strong
evidence of interaction between BChEsa and cause of
death on the outcome of case/control status
(P=0¢0061), so separate models in SIDS and Non-SIDS
groups were performed. In groups with a SIDS death as
the case there was strong evidence that lower BChEsa
was associated with death (OR=0¢73 per U/mg, 95% CI
0¢60-0¢89, P=0¢0014), whereas in groups with a Non-
SIDS death as the case there was no evidence of a linear
association between BChEsa and death (OR=1¢001 per
U/mg, 95% CI 0¢89-1¢13, P=0¢99).

There was no evidence of an association between any
of the predictors (BCHEsa, gender and cause of death)
and age at death, in either univariable or multivariable
models.
Discussion
SIDS infants exhibited significantly lower BChEsa, in
DBSs taken on PND 2-3, compared to infants who died
of other causes and compared to levels in the DBS of
their date of birth- and gender-matched controls. This is
the first study to identify a biochemical marker in SIDS
infants, prior to their death, which differentiates them
from control cases and from other causes of death. In
terms of SIDS and the triple risk model we interpret
this decreased activity of BChE to mean that the inher-
ent vulnerability of a SIDS infant is autonomic choliner-
gic dysfunction. Thus, the finding presents the
possibility of identifying infants at future risk for SIDS
and it provides a specific avenue for future research into
interventions prior to death.

A SIDS diagnosis is defined by characteristics sur-
rounding the unexpected death of apparently healthy
infants to encourage research into causes for these
deaths. Definitions accepted throughout the literature
state that ‘after thorough investigation of the death
scene and autopsy, no cause of death is found' (i.e. the
cause of death is unknown).11 The goal of these classifi-
cations was to “assist researchers looking for causes”,12

and ultimately reclassify some to death from specific
causes or disease categories. For example, it is now
www.thelancet.com Vol 80 Month June, 2022



Figure 1. Flow Diagram - Sample preparation and analysis. Flow diagram of samples analysed.

Mean (§SD) Range Median OR per U/mg BChEsa OR 95% CI P value

Non-SIDS Control (n=291) 8¢5§ 3¢4 1¢3-21¢3 8¢2
Cases (n = 30) 8¢5§ 4¢2 3¢2-20¢9 7¢8 1¢001 0¢89-1¢13 0¢99

SIDS Control (n=254) 7¢7§ 3.6 1¢7-23¢3 7¢0
Cases (n=26) 5¢6§ 2.1 2¢9-10¢8 5¢2 0¢73 0¢60-0¢89 0¢0014

Table 1: Butyrylcholinesterase Specific Activity (U/mg) in SIDS and Non-SIDS Cases and their matched controls.
Butyrylcholinesterase Specific Activity (U/mg) in infants classified as Sudden Infant Death Syndrome (SIDS) and Non-SIDS (other causes) cases and their date

of birth- and gender-matched controls (SD = standard deviation). Conditional logistic regression was used to calculate Odds Ratio (OR) per U/mg Butyrylcholi-

nesterase specific activity (BChEsa), OR 95% Confidence Intervals (95% CI) and P values.
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Figure 2. Butyrylcholinesterase specific activity in Non-SIDS and SIDS cases and controls. Box plot showing Butyrylcholinesterase
specific activity (U/mg), from left to right, in Non-SIDS controls (n=291), Non-SIDS cases (n=30), SIDS controls (n=254) and SIDS cases
(n=26), illustrating interquartile ranges, outliers, and mean (�) and median (�) values for controls and cases.
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accepted that up to 10% of SIDS deaths are due to
arrythmias caused by channelopathies.13 Should our
current finding be borne out in future studies, it may
become a new disease category or ‘cause’ for those sud-
den deaths, in the same manner as these genetic chan-
nelopathies.

It has long been considered that the cholinergic sys-
tem may be involved in SIDS deaths but there are few
studies investigating the enzymes AChE and BChE. In
post-mortem samples Dick et al.14 found mean levels of
AChE from a group of 28 SIDS infants to be slightly
lower (but not significantly) than other infant groups
whereas, Livolsi et al.,15 found a significantly increased
level of blood AChE. Both AChE and BChE have roles
in autonomic function, although BChE has not been
investigated to the same extent as AChE.

Recent research on the cholinergic neurotransmitter
system has focused on the dementias and on neurotox-
ins (such as organophosphate poisoning), but a growing
body of research has led to targeted studies of BChE
(rather than AChE), for example as a potential specific
target for treatments in Alzheimer’s disease.16 A role
for BChE regulating ACh at the neuromuscular
junction has also been suggested, where BChE is
involved in the modulation of ACh at the pre-synapse.17

Reviews have also been devoted to the growing body of
literature regarding BChE as a measure of autonomic
function, having a role coregulating the levels of ACh in
the brain in neurodegenerative disorders such as
Alzheimer’s Disease (AD),18 and its usefulness as a bio-
marker in Alzheimer’s Disease19,20 and other disease
states21 together providing sufficient theoretical under-
pinning for a study restricted to the measurement of
BChE. The function of BChE is not well understood and
has been considered by some to be vestigial and physio-
logically irrelevant since, apart from a heightened sensi-
tivity to the muscle relaxant suxamethonium,
individuals deficient in BChE activity appear asymptom-
atic.22 However, evolutionary biology suggests other-
wise as an adult human has ten times more BChE than
AChE and it has survived as a functional protein for
over 500 million years.23 Currently, 75 genetic variants
of BChE have been described.24 This suggests that it is
more than likely to have some physiological relevance
especially given that while AChE is expressed after the
last mitosis coincident with the start of differentiation,
www.thelancet.com Vol 80 Month June, 2022
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Figure 3. Butyrylcholinesterase Specific Activity (U/mg) in Non-SIDS, SIDS and controls. Linear graph showing Mean and Standard
Error of Mean (SEM) values for Butyrylcholinesterase Specific Activity (U/mg) in Sudden Infant Death Syndrome (SIDS, n=26) com-
pared to SIDS matched controls (n=254), p=0.0014; and Non-SIDS Cases (n=30) compared to Non-SIDS matched controls (n=291),
p=0.99.
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BChE is transiently expressed in neural crest cells at an
earlier stage both before and during mitosis, which
hints at a participatory role in the expression of AChE
as well as its possible involvement in cell differentiation
and development.25

Low BChE activity is thought to reflect decreased
availability of ACh and thus an altered cholinergic
homeostasis and several studies have found that low
BChE activity is associated with severe systemic inflam-
mation26�28 and a significant higher mortality after sep-
sis and cardiac events.4,29,30 Interestingly, in terms of
our present findings, inflammation has long been
thought to play a role in SIDS and as far back as 1889
mild inflammatory changes in the walls of the bron-
chioles were observed in SIDS infants.31

The abnormality we identified ties into several previ-
ously identified abnormalities in SIDS. Respiratory and
cardiovascular control mechanisms undergo significant
maturation during the first year of life. Although prema-
turity also carries a risk for SIDS, a study from 1957
evaluating BChE in infancy32 found that there was no
difference between the BChE levels of premature and
www.thelancet.com Vol 80 Month June, 2022
mature newborn infants. A characteristic of a SIDS
death is the occurrence during sleep and the failure to
arouse in response to an exogenous stressor has long
been considered a key component of an infant’s
vulnerability.33

There are two distinct arousal types defined in
infants, sub-cortical activation and full cortical arousal,
reflecting the hierarchical activation from the brainstem
(including heart rate, blood pressure and ventilation
changes) to the cortex.34 Any impairment of these pro-
tective responses may render an infant vulnerable to the
respiratory and cardiovascular instabilities and it has
been suggested that decreased cholinergic activity could
impair arousal responses.35

It will be important to identify whether the decreased
BChEsa we observed in the peripheral blood of our
SIDS cases is also evident in the brain because of the
possible role BChE plays in maintaining ACh levels. In
the brain, while BChE is largely associated with glia, it
is also associated with neurons particularly in the hippo-
campus and amygdala36 and thalamus.18 These neurons
express Choline Acetyl Transferase (ChAT) and
7
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therefore ACh, and appear to operate normally except
they are under the control of BChE, rather than AChE.23

Particularly, BChE-positive neuropils have been
observed in close relationship with ChAT - positive neu-
rons within the pedunculopontine and laterodorsal tege-
mental nuclei in the pons.37 This caudal cholinergic cell
column innervates numerous areas of the brain, includ-
ing the thalamus,38 pontomedullary reticular formation
and mesolimbic regions and is involved in, amongst
other things, the regulation of the sleep-wake cycle and
arousal.39 Given this close association it has been sug-
gested that BChE may be involved in maintaining ACh
levels in the arousal systems of the Central Nervous Sys-
tem (CNS).40 This is highly relevant as numerous stud-
ies have observed an arousal deficit in infants who
eventually succumbed to SIDS.40,41 It may be that a
decrease in BChEsa implies a decrease in available ACh
and thus a resultant impaired arousal response to a
given environmental challenge, whether it be infec-
tion,42 apnoea,43 or CO2 rebreathing as a result of prone
sleeping.44 In support of this hypothesis decreased
ChAT positive neuron immunoreactivity has been
observed in the brain of SIDS babies,45 as well as
decreased muscarinic acetyl choline receptors
(mAChRs).35

Within the CNS, decreased BChE may also be
related to the consistent finding of decreased seroto-
nergic activity in SIDS infants.46 The caudal seroto-
nergic network in the medulla is intimately involved
in autonomic parasympathetic outflow and activation
of protective respiratory and cardiac autonomic reac-
tions, via bronchovagal preganglionic neurons and
cardiac vagal preganglionic neurons,47 leading to the
suggestion that decreased serotonergic receptor bind-
ing in this area leads to failure of the autoresuscita-
tion and arousal in sleep that ultimately causes
SIDS.48 Bidirectional interactions exist between cho-
linergic and serotonergic brain systems and recent
studies highlight the interactions between these two
systems.49,50 Cholinergic receptors control serotonin
release in hypothalamic slices of rat brain, and stria-
tal cholinergic interneurons are modulated via sero-
toninergic projections from the raphe.51 Arousal and
maintenance of wakefulness involves serotonergic
neurones in the dorsal raphe and cholinergic neuro-
nes in the pons.52 A study in 2019 by Davis et al.50

describes “a previously unknown interaction between
the serotonergic and cholinergic systems in the con-
trol of breathing in early life in rat pups” with the
authors concluding that the findings are relevant to
SIDS. Another study investigated the effects of pre-
natal dexamethasone and a cholinesterase inhibitor
and found suppression of serotoninergic synaptic
function.53 While this possibly related to effects of
both compounds on synaptic function it also demon-
strated simultaneously reduced function in both
systems.53
In this study we found decreased BChE activity at
birth which indicates that the vulnerability probably
originates in the gestational period. Smoking during
pregnancy is associated with more than a threefold
increase in SIDS events,54,55 along with impairment of
autonomic system,56,57 and cardiovascular and arousal
responses.58 One of the few studies evaluating effects
of cigarette smoke exposure on BChE levels evaluated
chronic exposure to cigarette smoke on pregnant rats
and demonstrated increased BChE activity in the rat
pups.59 While the direction of change opposes our
finding, the result supports an impact of gestational
exposure to cigarette smoke on the development of the
autonomic system. Interestingly, the increased level in
rat pups was detected on post-natal day 7, a time equat-
ing approximately to about 8�12 weeks in human
terms, and the period of highest risk for SIDS. At this
stage we do not know how BChE levels change beyond
day 2, 3 when the heel prick samples were collected.
Studies evaluating the impact of cigarette smoke have
also found that both cholinergic and serotonergic sys-
tems are impacted: in the brain tissue of a high-risk
group of SIDS infants with pre-natal exposure to alco-
hol and cigarette smoke, reduced cholinergic receptor
binding in the brainstem was found and was reported
as being linked to the adverse impact on the serotoner-
gic nuclei in the same region.60 And, in a mouse
model, the combination of serotonin deficiency and
cigarette smoke exposure results in failure of
autoresuscitation.61

Limitations to this study include difficulties compar-
ing our findings of BChEsa with known BChE reference
intervals (0-1 month: 1¢5kU/l-8¢2 kU/l; 1 month-6 years:
4¢2kU/l-13¢6 kU/l), firstly because the reference inter-
vals refer to serum, not DBSs and secondly, they refer to
activity per litre and not to activity per gram (of protein).
Additionally, the samples were over 2 years old and so
would not accurately reflect BChEsa in fresh DBSs. Pre-
vious studies have shown that DBS samples retain >

90% of their initial BChE activity after 40 days of stor-
age at room temperature7 and that proteins in DBSs are
stable over a 22 week period.62 In this study we sought
to minimise the effect of the long storage period by
including 10 date of birth- and gender-matched, surviv-
ing controls, stored under the same conditions and
whose sample was collected on the same PND as that of
the case.

Despite evaluating over 600 control samples we do
not know how common this abnormality is in the wider
population, although this will become clearer with
future testing of greater numbers. Further, we do not
know the status of BChEsa at time of death and many of
the post-natal changes that occur in the first 6 months
of life are also likely to affect the cholinesterases and the
autonomic nervous system.63

Finally, we did not access the autopsy details but used
the Coroner’s diagnosis where possible, only reclassifying
www.thelancet.com Vol 80 Month June, 2022
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Figure 4. Difference in Butyrylcholinesterase specific activity (Case-mean of matched controls). Waterfall plot showing the differ-
ence between the Butyrylcholinesterase specific activity (U/mg) for each case of Sudden Infant Death Syndrome (SIDS) (n=26) or
Non-SIDS (n=30) and the mean of their matched controls.
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5 cases at the time of the original diagnostic groupings to
meet currently accepted SIDS definitions: age (3 weeks to
12 months) and autopsy (unknown) definitions.64 While
the biochemical abnormality we identified fits well with
children diagnosed as SIDS, Fig. 4 illustrates that the
abnormality crosses current SIDS and Non-SIDS groups
and future research will be needed to further identify com-
mon phenotypic and pathological characteristics of the
affected children. While those children aged 12�24
months would be considered sudden unexplained deaths
in childhood (SUDC), in designing the study we noted
growing interest in those babies that die suddenly, and
from no determined cause, aged 12 months�24 months.
As it has been suggested that there is a developmental
continuum,65 we decided to include this age group in our
investigation and chose the term ‘Non-SIDS’ to refer to
this group.

In conclusion, decreased BChEsa was a biochemical
marker that distinguished infants who succumbed to
SIDS from date of birth- and gender-matched (surviv-
ing) controls and from infants with known causes of
death. We hypothesise that this is evidence of an altered
cholinergic homeostasis. This is the first study to iden-
tify a measurable biochemical marker in infants who
www.thelancet.com Vol 80 Month June, 2022
succumb to SIDS, during their newborn period while
they are still alive, and one that could plausibly produce
functional alterations to an infant’s autonomic and
arousal responses to an exogenous stressor leaving
them vulnerable to sudden death. Further work investi-
gating this area needs to be undertaken with urgency, to
determine if specific activity of BChE could potentially
be used as a biomarker to identify and prevent future
SIDS deaths.
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