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Recent findings suggest that infection (and sepsis) stand alone as the only plausible 
mechanism of causation of sudden infant death syndrome (SIDS) and accordingly 
achieves congruence with all clinicopathological and epidemiological findings. This review 
examines the role of infection in the pathogenesis of SIDS in the context of the major 
risk factor of prone sleep position. The study explores how sleep position could interact 
with the immune system and inflammatory response via vagal neural connections, which 
could play key roles in gut and immune homeostasis. A plausible and congruent clinico-
pathological and epidemiological paradigm is suggested.
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iNtrODUctiON

In a recent review of the role of infection in sudden infant death syndrome (SIDS) (1), it was dem-
onstrated that approaches to SIDS research that failed to take into account the clinicopathology and 
epidemiology of the condition rendered these mainstream lines of research fundamentally flawed. 
The onus on future research, to maintain scientific relevance, therefore must be stringent in account-
ing for the aforementioned points. Without addressing these fundamentals, mainstream research 
will continue to provide largely irrelevant findings.

This study considers the role of infection in the etiopathogenesis of SIDS. Of all areas of SIDS 
etiological research, infection remains the only one that is completely congruent with the clinico-
pathological and epidemiological findings (1). Previously, it was shown that mainstream research 
(e.g., cardiorespiratory control) does not address these aspects in any specific way. Cases used in 
mainstream studies have little or no data pertaining to their pathological findings and/or epidemio-
logical (risk) factors and leave the findings seriously wanting. Moreover, physiological explanations 
for a causal link between prone sleeping and sudden unexpected/unexplained deaths in infants 
(SUDI) remain unsatisfactory on several levels (1).

As part of the infection hypothesis (1–11), we and others have examined normally sterile sites at 
autopsy and have found potentially pathogenic bacteria (e.g., Staphylococcus aureus and coliforms) 
in a notable number of SIDS cases (12–14). No evidence of such bacteremia was found in sud-
den traumatic deaths serving as controls (13). It was considered the positive sterile site findings in 
SIDS cases possibly represented a “footprint” of a fatal bacteremic episode in the last hours of life. 
Postmortem translocation of bacteria, as a possible alternative explanation, is less likely given that 
sterile sites remain sterile in cases of traumatic deaths (vide infra). Potential source of infection in 
SIDS could logically arise from either the gut or the respiratory tract. In favor of a gut origin was the 
finding of non-Shiga toxin verotoxigenic Escherichia coli belonging to a restricted range of serogroups 
not seen in live matched control babies (15). In addition, these E. coli were capable of causing death 
in neonatal mouse pups (4). These studies led us to explore the role of the gut microbiome in SIDS, 
which gave us interesting preliminary findings (16). This work has expanded recently with the use of 
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16S RNA metagenomic analysis. This has shown no major differ-
ences between the two groups (unpublished data, submitted for 
publication). It should be noted that, however, as a consequence 
of its design, the metagenomic analysis was incapable of assessing 
E. coli serogroups or atypical toxigenic factors.

In epidemiological studies of SIDS, cesarean section (CS) has 
been shown not to be a SIDS risk factor (17, 18). While CS carries 
adverse developmental effects on the infant it does not appear 
to affect maturation and diversity of the infant microbiome (19) 
and such finding is congruent with the aforementioned lack of 
association of CS with SIDS.

The other possible origin of a hypothesized fatal bacteremic 
episode is the respiratory tract. Evidence supporting this includes 
inflammatory changes in the lungs and airways in SIDS babies 
(20, 21) and the high rate of E. coli/coliforms in lung tissue  
(12, 13). S. aureus is also a key player whose involvement as a res-
piratory pathogen in SIDS babies has been well documented (22). 
Further evidence of respiratory infection causing deaths akin to 
and mistaken for SIDS and which exhibit SIDS-like pathology 
(subpleural and subepicardial hemorrhages) is described (23). 
The described SIDS-like hemorrhages occurred in cases of overt 
interstitial pneumonia and acute bronchiolitis. Unfortunately, the 
authors failed to mention whether or not these cases also exhib-
ited liquid unclotted blood (seen in all cases of SIDS); however, 
many of the cases had congested organs characteristic of SIDS. 
Upon enquiry, most of the proven interstitial pneumonia and 
bronchiolitis cases also exhibited subserosal petechial hemor-
rhages, liquid blood and edematous heavy brains characteristic 
of SIDS (Szollosi, personal communication). This series of cases 
establishes the fact that SIDS-like pathology occurs in pathologi-
cally recognizable respiratory infection in babies younger than a 
year. It is reasonable to conjecture that such infection results in 
overwhelming sepsis causing sudden unexpected death and that 
it is therefore logical that the same or similar underlying process 
(sepsis) is responsible for causing the typical pathological find-
ings (24) in SIDS cases. On carrying this logic to its conclusion, 
we are bound to judge that overwhelming infection is the cause 
of the majority of SUDI.

tHe PrONe sLeeP POsitiON risK 
FActOr, NeUrOiMMUNOLOGY, AND  
tHe rOLe OF tHe vAGUs Nerve

A further clue in regard to the role of infection especially in 
relation to prone sleeping was revealed in a landmark study 
by Ponsonby et  al. (25). The paper stated “The prone position 
increased the risk of SIDS more than 10-fold among ill infants, 
but it was associated with only a slight increase in risk among 
well infants. This difference in risk was significant (P = 0.02).” It 
should not be forgotten that many SIDS cases have died in supine 
or lateral positions. The underlying reasons for the increased 
risk of prone sleeping in babies undergoing an overt infectious 
process requires deeper enquiry and discussion (vide infra).

While our previous publications (1, 16, 26) proposed a 
plausible mechanism to account for the key risk factor of prone 
sleep position and which incorporated the idea of ingestion or 

inhalation of bacteria that contaminate the sleeping surface, 
supported by evidence showing such bacterially contaminated 
sleeping surfaces (parental bed, sofas, and previously used cot 
mattress) are proven risk factors for SIDS (27–30), there is a need 
to seek out additional and congruent physiological explanations 
to expand our knowledge and further explain the prone sleep 
risk factor. One of these might be the role of the vagus nerve, in 
particular in relation to interaction with the immune system and 
the gut microbiota.

Understanding of the role of the sympathetic and para-
sympathetic nervous systems in relation to immunological 
status has increased in recent times. Neurotransmitters such as 
noradrenaline, acetylcholine, histamine, vasoactive intestinal 
peptide, and substance P demonstrably play important immu-
nological roles (31). In addition, cytokine regulation involves 
neuroendocrine hormones including corticotrophin releasing 
factor, melanocyte stimulating hormone, and leptin (31). Not 
only do interactions between the nervous and immune systems 
represent important homeostatic functions, but there is another 
major system participating in these functions whose impor-
tance is being revealed; and that is the role of the gut bacterial 
microbiota (32).

The two-way communication between the gut microbiota 
and the brain is essential in immune homeostasis and the main 
connection between brain and gut (and spleen) (the brain–gut 
axis) involves the vagus nerve. The gut bacterial microbiota pro-
vides important peptides and short-chain fatty acids that direct 
the development and maintenance of a healthy immune system 
(33). It is the combination of gut bacteria, diet, and prone sleep 
position and the neurophysiology of the vagus nerve (particularly 
during an infectious process) that this paper explores.

It has been shown in an animal model that neurochemical 
and other effects are abolished by vagotomy showing that the 
vagus acts as the major modulatory constitutive communica-
tion pathway between the gut microbiota and the brain (34). 
The gut microbiota also plays a role in neuroendocrine homeo-
stasis (35).

Over the last decade, our understanding of the physiology 
and immunology of the cholinergic anti-inflammatory pathway 
(CAP) has expanded. Cytokines are key contributors to health 
and disease. Their production via the vagus nerve inflamma-
tory reflex can prevent cytokine-induced tissue damage and 
death. Vagal stimulation has been shown in animal models to 
prevent cytokine release and damage during sepsis, endotox-
emia, ischemia/reperfusion injury, and hypotensive shock (36). 
Moreover, vagal innervation of the gastrointestinal tract has 
been shown to play a key role in modulating intestinal immune 
activation. Electrical stimulation of the vagus profoundly 
inhibits intestinal inflammation normalizing intestinal homeo-
stasis, whereas vagotomy has the reverse effect (37). Indeed, 
following infradiaphragmatic vagotomy of mice, stimulated 
T  cells (CD4+) from the spleen produced increased levels of 
pro-inflammatory cytokines, e.g., TNF and IFN-gamma. 
Following administration of nicotine and the treatment of 
non-vagotomized animals with a nicotinic receptor antagonist, 
control levels of cellular responses were restored, mimicking 
the effect of vagotomy (38).
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The question remains in regard to prone positioning: how 
does this affect vagal neurophysiology in the context of SIDS?  
A possible clue comes from a study of familial pattern overactivity 
of the vagus nerve indicating a possible link with risk of sudden 
death (39). Involvement of the sympatheticovagal pathway(s) is a 
logical area to explore. A study in infants showed prone sleeping 
did not significantly impact on heart rate variability (HRV) in 
preterm infants. However, reduced maturation of high frequency 
HRV in very preterm infants resulted in significantly altered 
sympathovagal balance at 2–3  months corrected age, the peak 
age of SIDS risk. The authors concluded this may contribute to 
the increased risk of SIDS in infants born at earlier gestational 
age (40).

A study of the effect of prone positioning in adult patients 
with acute respiratory distress syndrome also provides a clue. 
The levels of plasma IL-6 concentration declined significantly 
with time in the prone position group (p = 0.011) and predicted 
mortality assessed at day 14 (41). Similarly in adults, marked 
differences in vagal responses (measuring spectral HRV analysis) 
were observed between prone and supine positions (42).

Mainstream research has rightly postulated that central 
nervous system mechanisms (together with prone sleep posi-
tion) contribute to SUDI/SIDS but for the wrong reasons. 
These include prolonged breath holding, failure of arousal, 
and laryngeal reflex apnea potentiated by upper airway infec-
tion and failure of brainstem-mediated autoresuscitation (43). 
All of these postulated mechanisms have been shown to lack 
congruency with pathological and epidemiological findings (1) 
and therefore cannot be seriously considered as valid areas of 
investigation. Therefore, it is important to explore other areas 
that adhere to the principles of congruency with pathology and 
epidemiology in SUDI/SIDS. Indeed, there seems to be only 
one: infection.

While no studies were found reporting positional vagal 
effects on immune function in babies, there are clues from 
animal studies that indicate a CAP in which cholinergic agonists 
inhibit cytokine production. Stimulation of the vagus prevents 
the untoward effects of cytokine release in experimental sepsis 
and endotoxemia (36). It is thought that the CAP and immune 
homeostasis are mediated through the vagal innervation of the 
gastrointestinal tract (37). Non-vagal spinal pathways may also 
be involved in the anti-inflammatory response. An alternative 
pathway involving C1 neurones located in the medulla oblongata 
mediates adaptive autonomic responses to physical stressors 
(including exposure to bacterial lipopolysaccharides) possibly 
via spinal neurones (44).

Whether or not prone body position cancels out anti-inflam-
matory pathways remains to be elucidated. Other factors such as 
nicotine exposure may play a role; Blood-Siegfried et al. (45) found 
that rat pups die from a combination of infectious insults during a 
critical time of development. This is exacerbated by perinatal nico-
tine exposure. Such exposure was shown to alter the autonomic 
responses in exposed offspring. Others have shown effects on vagal 
tone and inflammation through exposure to smoke (46). Exposure 
to smoke is a known risk factor for SIDS (1).

cONcLUsiON

Clinicopathological and epidemiological evidence suggests 
that infection is the underlying basis for most sudden unex-
pected deaths in infancy. Indeed, as mentioned earlier, proven 
infection-related SUDI exhibit pathological findings identical 
to that observed in “classical” SIDS [as per the San Diego SIDS 
definition/category (1A)] (47). This review has postulated that the 
vagus might play an important role in modulating the immune 
response in such a way as to make babies with occult or overt 
infection more likely to die of sepsis. Neurophysiological and 
neurochemical responses to serious bacterial infection in infancy 
require further research to reveal possible specific effects of 
prone position on such physiological events that might increase 
mortality risk. Deutschman and Tracey (48) argue that currently 
understood immunopathological mechanisms involved in sepsis 
fail to adequately explain cellular dysfunction and organ failure 
and death. They call for new ideas in immunometabolics and 
neurophysiology to explain the dysfunction of endothelial and 
epithelial barriers, which lead to organ failure and death (48). 
New avenues of research should also help explain why sepsis 
is often difficult to diagnose in the living as it is postmortem. 
In a vulnerable host death from sepsis can be rapid and can be 
missed at autopsy. Rapid-onset sepsis and death may not leave 
the hallmarks of infection (49); and features of sepsis may not be 
apparent at autopsy except for bacteria in normally sterile sites in 
some cases. Markers of infection such as CD68 cells are not con-
sistently found in the lungs of SIDS cases (1). This may reflect the 
often fulminant nature of the septic process before conscription 
of measurable numbers immune cells to be observed as a marker. 
Neonates who have died of confirmed sepsis show extremely 
variable innate and adaptive immune responses (50) probably 
reflecting immaturity of their immune system.

The true success of the “back-to-sleep” campaign in reducing 
SIDS deaths will be seen when further research is able to fully 
explain the fatal physiological events occurring in vulnerable 
infants. Infection (particularly with the key players S. aureus and 
E. coli) (8, 12, 13) interacting with vagal and/or spinal neural 
pathways concerned with neuroimmunological and neuro-
chemical physiology and inflammatory responses in predisposed 
infants should provide a fruitful pathway for research (51).  
A complete explanation of SIDS etiopathogenesis should arise 
from this together with a deeper understanding of fatal perinatal 
infections.

AUtHOr’s NOte

Work pertaining to some sections of the paper was supported by 
the Foundation for the Study of Infant Death, United Kingdom.

AUtHOr cONtriBUtiONs

The author confirms being the sole contributor of this work and 
approved it for publication.

http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive


4

Goldwater SIDS, Infection, Prone Position, and the Vagus

Frontiers in Pediatrics | www.frontiersin.org November 2017 | Volume 5 | Article 223

reFereNces

1. Goldwater PN. Infection: the neglected paradigm in SIDS research. Arch Dis 
Child (2017) 2017:312327. doi:10.1136/archdischild-2016-312327 

2. Morris JA, Haran D, Smith A. Hypothesis: common bacterial toxins are a 
possible cause of the sudden infant death syndrome. Med Hypotheses (1987) 
22(2):211–22. doi:10.1016/0306-9877(87)90145-9 

3. Bettelheim KA, Goldwater PN, Dwyer BW, Bourne AJ, Smith DL. Toxigenic 
Escherichia coli associated with sudden infant death syndrome. Scand J Infect 
Dis (1990) 22:467–76. doi:10.3109/00365549009027079 

4. Bettelheim KA, Luke RKJ, Johnston N, Pearce JL, Goldwater PN. A 
possible murine model for investigation of pathogenesis of sudden infant 
death syndrome. Curr Microbiol (2012) 64:276–82. doi:10.1007/s00284- 
011-0065-4 

5. Drucker DB, Aluyi HS, Morris JA, Telford DR, Gibbs A. Lethal synergistic 
action of toxins of bacteria associated with sudden infant death syndrome. 
J Clin Pathol (1992) 45:799–801. doi:10.1136/jcp.45.9.799 

6. Bettiol SS, Radcliffe FJ, Hunt ALC, Goldsmid JM. Bacterial flora of Tasmanian 
SIDS infants with special reference to pathogenic strains of Escherichia coli. 
Epidemiol Infect (1994) 112:275–84. doi:10.1017/S095026880005768X 

7. Jakeman KJ, Rushton DI, Smith H, Sweet C. Exacerbation of bacterial tox-
icity to infant ferrets by influenza virus: possible role in sudden infant death 
syndrome. J Infect Dis (1991) 163(1):35–40. Erratum in: J Infect Dis (1991) 
164(1):232. doi:10.1093/infdis/163.1.35

8. Prtak L, Cohen M, Fenton P, Adnani M, Kudesia G. Bacterial toxins and sudden 
unexpected death in infancy. Lancet (2008) 372(9640):714–5. doi:10.1016/
S0140-6736(08)61297-0 

9. Sayers NM, Drucker DB, Morris JA, Telford DR. Lethal synergy between 
toxins of staphylococci and enterobacteria: implications for sudden infant 
death syndrome. J Clin Pathol (1995) 48:929–32. doi:10.1136/jcp.48.10.929 

10. Murrell W, Stewart BJ, O’Neil C, Kariks S. Enterotoxigenic bacteria in 
the sudden infant death syndrome. J Med Microbiol (1993) 39(2):114–27. 
doi:10.1099/00222615-39-2-114 

11. Blood-Siegfried J. Animal models for assessment of infection and inflamma-
tion: contributions to elucidating the pathophysiology of sudden infant death 
syndrome. Front Immunol (2015) 6:137. doi:10.3389/fimmu.2015.00137 

12. Weber MA, Klein NJ, Hartley JC, Lock PE, Malone M, Sebire NJ. Infection and 
sudden unexpected death in infancy: a systematic retrospective case review. 
Lancet (2008) 371:1848–53. doi:10.1016/S0140-6736(08)60798-9 

13. Goldwater PN. Sterile site infection at autopsy in sudden unexpected deaths 
in Infancy. Arch Dis Child (2009) 94(4):303–7. doi:10.1136/adc.2007.135939 

14. Prtak L, Al-Adnani M, Fenton P, Kudesia G, Cohen MC. Contribution of 
bacteriology and virology in sudden unexpected death in infancy. Arch Dis 
Child (2010) 95(5):371–6. doi:10.1136/adc.2009.162792 

15. Pearce JL, Bettelheim KA, Luke RK, Goldwater PN. Serotypes of Escherichia 
coli in sudden infant death syndrome. J Appl Microbiol (2010) 108(2):731–5. 
doi:10.1111/j.1365-2672.2009.04473.x 

16. Highet AR, Berry AM, Bettelheim KA, Goldwater PN. Gut microbiome in 
sudden infant death syndrome (SIDS) differs from that in healthy comparison 
babies and offers an explanation for the risk factor of prone position. Int J Med 
Microbiol (2014) 304(5–6):735–41. doi:10.1016/j.ijmm.2014.05.007 

17. Klonoff-Cohen HS, Srinivasan IP, Edelstein SL. Prenatal and intrapartum 
events and sudden infant death syndrome. Paediatr Perinat Epidemiol (2002) 
16(1):82–9. doi:10.1046/j.1365-3016.2002.00395.x 

18. Highet AR, Goldwater PN. Maternal and perinatal risk factors for SIDS:  
a novel analysis utilizing pregnancy outcome data. Eur J Paediatr (2013) 
172(3):369–72. doi:10.1007/s00431-012-1896-0 

19. Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard KM. 
Maturation of the infant microbiome community structure and function 
across multiple body sites and in relation to mode of delivery. Nat Med (2017) 
23(3):314–26. doi:10.1038/nm.4272 

20. Rambaud C, Guibert M, Briand E, Grangeot-Keros L, Coulomb-L’Herminé A, 
Dehan M. Microbiology in sudden infant death syndrome (SIDS) and other 
childhood deaths. FEMS Immunol Med Microbiol (1999) 25(1–2):59–66. 
doi:10.1111/j.1574-695X.1999.tb01327.x 

21. Lignitz E, Hirvonen J. Inflammation in the lungs of infants dying suddenly.  
A comparative study from two countries. Forensic Sci Int (1989) 42(1–2):85–94. 
doi:10.1016/0379-0738(89)90201-6 

22. Blackwell CC, Moscovis SM, Gordon AE, Al Madani OM, Hall ST, Gleeson M, 
et al. Ethnicity, infection and sudden infant death syndrome. FEMS Immunol 
Med Microbiol (2004) 42(1):53–65. doi:10.1016/j.femsim.2004.06.007 

23. Bokor J, Danics K, Bencze E, Keller E, Szollosi Z. A single-centre review 
of suspected sudden infant death cases. Med Sci Law (2017) 57(2):84–90. 
doi:10.1177/0025802417704599 

24. Berry PJ. Pathological findings in SIDS. J Clin Pathol (1992) 45(11 Suppl):11–6. 
25. Ponsonby A-L, Dwyer T, Gibbons LE, Cochrane JA, Wang Y-G. Factors 

potentiating the risk of sudden infant death syndrome associated with 
the prone position. N Engl J Med (1993) 329:377–82. doi:10.1056/
NEJM199308053290601 

26. Goldwater PN, Bettelheim KA. SIDS risk factors: time for new interpretations the 
role of bacteria. Pediatr Res Int J (2013) 2013:867520. doi:10.5171/2013.867520

27. Blair PS, Sidebotham P, Berry PJ, Evans M, Fleming PJ. Major epidemiolog-
ical changes in sudden infant death syndrome: a 20-year population-based 
study in the UK. Lancet (2006) 367:314–9. doi:10.1016/S0140-6736(06) 
67968-3 

28. Brooke H, Gibson A, Tappin D, Brown H. Case-control study of sudden infant 
death syndrome in Scotland, 1992–5. BMJ (1997) 314:1516–20. doi:10.1136/
bmj.314.7093.1516 

29. Tappin D, Brooke H, Ecob R, Gibson A. Used infant mattresses and sudden 
infant death syndrome in Scotland: case-control study. BMJ (2002) 325:1007. 
doi:10.1136/bmj.325.7371.1007 

30. Gilbert R, Rudd P, Berry PJ, Fleming PJ, Hall E, White DG, et al. Combined 
effect of infection and heavy wrapping on the risk of sudden unexpected infant 
death. Arch Dis Child (1992) 67:171–7. doi:10.1136/adc.67.2.171 

31. Steinman L. Elaborate interactions between the immune and nervous systems. 
Nat Immunol (2004) 5:575–81. doi:10.1038/ni1078 

32. Veiga-Fernandes H, Vassilis Pachnis V. Neuroimmune regulation during 
intestinal development and homeostasis. Nat Immunol (2017) 18:116–22. 
doi:10.1038/ni.3634 

33. Forsythe P, Bienenstock J, Kunze WA. Vagal pathways for microbi-
ome-brain-gut axis communication. Adv Exp Med Biol (2014) 817:115–33. 
doi:10.1007/978-1-4939-0897-4_5 

34. Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al. 
Ingestion of Lactobacillus strain regulates emotional behavior and central 
GABA receptor expression in a mouse via the vagus nerve. Proc Natl Acad Sci 
U S A (2011) 108(38):16050–5. doi:10.1073/pnas.1102999108 

35. Neuman H, Debelius JW, Knight R, Koren O. Microbial endocrinology: the 
interplay between the microbiota and the endocrine system. FEMS Microbiol 
Rev (2015) 39(4):509–21. doi:10.1093/femsre/fuu010 

36. Tracey KJ. Physiology and immunology of the cholinergic antiinflammatory 
pathway. J Clin Invest (2007) 117(2):289–96. doi:10.1172/JCI30555 

37. Matteoli G, Boeckxstaens GE. The vagal innervation of the gut and 
immune homeostasis. Gut (2013) 62(8):1214–22. doi:10.1136/gutjnl-2012- 
302550 

38. Karimi K, Bienenstock J, Wang L, Forsythe P. The vagus nerve modulates 
CD4+ T cell activity. Brain Behav Immunol (2010) 24(2):316–23. doi:10.1016/j.
bbi.2009.10.016 

39. Lucet V, Le Gall MA, Shojaeï T, Tahiri C, Breton D, Denjoy I, et  al. Vagal 
hyperreactivity and sudden infant death. Study of 15 families. Arch Mal Coeur 
Vaiss (2002) 95(5):454–9. 

40. Fyfe KL, Yiallourou SR, Wong FY, Odoi A, Walker AM, Horne RS. The effect of 
gestational age at birth on post-term maturation of heart rate variability. Sleep 
(2015) 38(10):1635–44. doi:10.5665/sleep.5064 

41. Chan MC, Hsu JY, Liu HH, Lee YL, Pong SC, Chang LY, et  al. Effects of 
prone position on inflammatory markers in patients with ARDS due to 
community-acquired pneumonia. J Formos Med Assoc (2007) 106(9):708–16. 
doi:10.1016/S0929-6646(08)60032-7 

42. Yang JL, Chen GY, Kuo CD. Comparison of effect of 5 recumbent positions on 
autonomic nervous modulation in patients with coronary artery disease. Circ 
J (2008) 72(6):902–8. doi:10.1253/circj.72.902 

43. Thach BT. Potential central nervous system involvement in sudden unex-
pected infant deaths and the sudden infant death syndrome. Compr Physiol 
(2015) 5:1061–8. doi:10.1002/cphy.c130052 

44. Abe C, Inoue T, Inglis MA, Viar KE, Huang L, Ye H, et al. C1 neurons mediate 
a stress-induced anti-inflammatory reflex in mice. Nat Neurosci (2017) 
20:700–7. doi:10.1038/nn.4526 

http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1136/archdischild-2016-312327
https://doi.org/10.1016/0306-9877(87)90145-9
https://doi.org/10.3109/00365549009027079
https://doi.org/10.1007/s00284-
011-0065-4
https://doi.org/10.1007/s00284-
011-0065-4
https://doi.org/10.1136/jcp.45.9.799
https://doi.org/10.1017/S095026880005768X
https://doi.org/10.1093/infdis/163.1.35
https://doi.org/10.1016/S0140-6736(08)61297-0
https://doi.org/10.1016/S0140-6736(08)61297-0
https://doi.org/10.1136/jcp.48.10.929
https://doi.org/10.1099/00222615-39-2-114
https://doi.org/10.3389/fimmu.2015.00137
https://doi.org/10.1016/S0140-6736(08)60798-9
https://doi.org/10.1136/adc.2007.135939
https://doi.org/10.1136/adc.2009.162792
https://doi.org/10.1111/j.1365-2672.2009.04473.x
https://doi.org/10.1016/j.ijmm.2014.05.007
https://doi.org/10.1046/j.1365-3016.2002.00395.x
https://doi.org/10.1007/s00431-012-1896-0
https://doi.org/10.1038/nm.4272
https://doi.org/10.1111/j.1574-695X.1999.tb01327.x
https://doi.org/10.1016/0379-0738(89)90201-6
https://doi.org/10.1016/j.femsim.2004.06.007
https://doi.org/10.1177/0025802417704599
https://doi.org/10.1056/NEJM199308053290601
https://doi.org/10.1056/NEJM199308053290601
https://doi.org/10.5171/2013.867520
https://doi.org/10.1016/S0140-6736(06)
67968-3
https://doi.org/10.1016/S0140-6736(06)
67968-3
https://doi.org/10.1136/bmj.314.
7093.1516
https://doi.org/10.1136/bmj.314.
7093.1516
https://doi.org/10.1136/bmj.325.7371.1007
https://doi.org/10.1136/adc.67.2.171
https://doi.org/10.1038/ni1078
https://doi.org/10.1038/ni.3634
https://doi.org/10.1007/978-1-4939-0897-4_5
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1172/JCI30555
https://doi.org/10.1136/gutjnl-2012-302550
https://doi.org/10.1136/gutjnl-2012-302550
https://doi.org/10.1016/j.bbi.2009.10.016
https://doi.org/10.1016/j.bbi.2009.10.016
https://doi.org/10.5665/sleep.5064
https://doi.org/10.1016/S0929-6646(08)60032-7
https://doi.org/10.1253/circj.72.902
https://doi.org/10.1002/cphy.c130052
https://doi.org/10.1038/nn.4526


5

Goldwater SIDS, Infection, Prone Position, and the Vagus

Frontiers in Pediatrics | www.frontiersin.org November 2017 | Volume 5 | Article 223

45. Blood-Siegfried J, Bowers MT, Lorimer M. Is shock a key element in the 
pathology of sudden infant death syndrome (SIDS)? Biol Res Nurs (2009) 
11(2):187–94. doi:10.1177/1099800408324854

46. Taylor L, Loerbroks A, Herr RM, Lane RD, Fischer JE, Thayer JF. Depression 
and smoking: mediating role of vagal tone and inflammation. Ann Behav Med 
(2011) 42:334–40. doi:10.1007/s12160-011-9288-7 

47. Krous HF, Beckwith JB, Byard RW, Rognum TO, Bajanowski T, Corey T, et al. 
Sudden infant death syndrome and unclassified sudden infant deaths: a defini-
tional and diagnostic approach. Pediatrics (2004) 114(1):234–8. doi:10.1542/
peds.114.1.234 

48. Deutschman CS, Tracey KJ. Sepsis: current dogma and new perspectives. 
Immunity (2014) 40(4):463–75. doi:10.1016/j.immuni.2014.04.001 

49. Tsokos M. Postmortem diagnosis of sepsis. Forens Sci Int (2007) 165(2):155–64. 
doi:10.1016/j.forscint.2006.05.015 

50. Levy O. Innate Immunity of the newborn: basic mechanisms and clinical 
correlates. Nat Rev Immunol (2007) 7:379–90. doi:10.1038/nri2075 

51. Olofsson PS, Rosas-Ballina M, Levine YA, Tracey KJ. Rethinking inflam-
mation: neural circuits in the regulation of immunity. Immunol Rev (2012) 
248:188–204. doi:10.1111/j.1600-065X.2012.01138.x 

Conflict of Interest Statement: The author declares that the research was  
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2017 Goldwater. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The 
use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in 
this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these  
terms.

http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1177/1099800408324854
https://doi.org/10.1007/s12160-011-9288-7
https://doi.org/10.1542/peds.114.1.234
https://doi.org/10.1542/peds.114.1.234
https://doi.org/10.1016/j.immuni.2014.04.001
https://doi.org/10.1016/j.forscint.2006.05.015
https://doi.org/10.1038/nri2075
https://doi.org/10.1111/j.1600-065X.2012.01138.x
http://creativecommons.org/licenses/by/4.0/

	Sudden Infant Death Syndrome, Infection, Prone Sleep Position, and Vagal Neuroimmunology
	Introduction
	The Prone Sleep Position Risk Factor, Neuroimmunology, and the Role of the Vagus Nerve
	Conclusion
	Author’s Note
	Author Contributions
	References


