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Abstract: A growing body of literature suggests a causative relationship between severe adverse
neurological outcomes and early life exposure to paracetamol (acetaminophen) in the presence of
oxidative stress. Review of the literature revealed that, although its use is not regularly monitored,
paracetamol has achieved near universal acceptance, with exposure in some pediatric populations
exceeding 90%. In addition, use of the drug as well as associated adverse outcomes may have risen
as a result of pharmaceutical advertising rather than need, and inappropriate use of the drug, both
in terms of dose and indication, is widespread. These findings indicate that many clinicians and
patients do not, at the present time, evenly weigh the potential risks with the potential benefits of
paracetamol exposure early in life. Although retrospective studies might be envisioned to further
address the neurodevelopmental risks of paracetamol use during early development, in silico sim-
ulations demonstrated that such studies can be thwarted by very high rates of use of the drug com-
bined with associations between paracetamol use and oxidative stressors that act as cofactors in the
induction of neurodevelopmental injury. These findings suggest that, despite persistent uncertainty,
clinicians and patients should be more aware of available information pointing toward the potential
dangers for neurodevelopment of early life exposure to paracetamol. Most importantly, health care
workers need to provide a more balanced view, weighing both risks and benefits, when providing
advice for patients regarding paracetamol use during periods of brain development.
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1. Introduction

Paracetamol (acetaminophen) is a widely known anti-pyretic and analgesic, with var-
ied mechanisms of action that affect multiple organ systems. The primary means of anti-
pyretic action involves inhibition of cyclooxygenase II, an enzyme necessary for the bio-
synthesis of prostaglandin E2, a lipid which is in turn necessary for brain development
and architecture. Analgesic activity, on the other hand, is achieved through potentiation
via the cannabinoid/vanilloid tone in the brain and in the dorsal root ganglia (1, 2).

Paracetamol is biochemically processed and eliminated from the body much like
other drugs. The primary means of disposal involves addition of sulfate or glucuronate,
which inactivates the drug and facilitates excretion (3). Although some fraction of the drug
is usually oxidized, resulting in production of the highly toxic metabolite N-acetyl-p-
benzoquinone imine (NAPQI), this toxic metabolite is rapidly inactivated by conjugation
with glutathione and secreted under typical conditions. However, under conditions of
oxidative stress, more NAPQI is often produced, and removal of the toxic metabolite is
profoundly impaired due to depleted glutathione reserves (3). Under these conditions,
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NAPQI reacts with a wide range of proteins, permanently damaging those proteins and
resulting in toxicity to the associated cell.

Unfortunately, several studies in laboratory animals have demonstrated that early-
life exposure to paracetamol has profound and long-lasting effects on neurodevelopment
at doses vastly lower than lethal doses of the drug (4-7). Further, numerous studies with
varying degrees of control for confounding factors have observed associations between
the use of paracetamol and neurodevelopmental disorders in humans (8-22), and a recent
study demonstrated that neurodevelopment was never considered when paracetamol
was initially assumed to be safe in the pediatric population (23).

Most studies examining the effects of paracetamol during early development have
focused on exposure during pregnancy and have found associated long-term but rela-
tively minor impairments such as delayed speech and learning. However, based on the
epidemiology of autism spectrum disorders (ASD), work in animal models, and limited
but compelling circumstantial evidence including studies in humans, a causal relationship
between paracetamol use during early childhood and the development of ASD appears
to be very likely (24). In the working model describing this causal relationship (24), oxi-
dative stress, which promotes production of NAPQ]I, the toxic metabolite of paracetamol,
acts as a cofactor with paracetamol to induce severe neurological damage during early
development (Figure 1). In this model, paracetamol exposure without oxidative stress is
considerably safer: without sufficient oxidative stress, neurodevelopment proceeds in a
much more usual fashion despite exposure to the drug. This model is consistent with the
wide range of observed risk factors associated with ASD, all of which induce oxidative
stress (24). However, this view is agnostic as to whether more subtle neurodevelopmental
problems may be associated with paracetamol exposure in the absence of oxidative stress
during early development.
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Figure 1. The apparent role of oxidative stress and paracetamol use in the induction of autism spec-
trum disorder (ASD). In this model, two necessary but insufficient alone factors induce ASD (blue
equation). However, multiple connections between the two necessary factors (green sections of di-
agram) confound classical multivariate analysis.

In this manuscript, current practices regarding the use of paracetamol are critically
reviewed, with special emphasis on the pervasiveness of use and misuse in the pediatric
population. Then, based on the very common use of the drug and its known association
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with factors such as infection that induce oxidative stress, we use in-silico models to eval-
uate the ability of retrospective studies to ferret out the contribution of paracetamol use
to neurodevelopmental disorders in human populations. Finally, we discuss bias in the
field which may impede implementation of the prospective studies needed to examine
the neurodevelopmental consequences of early-life exposure to paracetamol.

2. Methods

2.1. Literature search for determination of current practices regarding the use of paracetamol in
the pediatric population.

In this narrative review, several parameters associated with paracetamol use in the
pediatric population were assessed. These were (a) prevalence of use, (b) reasons for use,
(c) frequency of administration, and (d) amount administered. In addition, an attempt was
made to ascertain changes in these parameters over time. Given the widespread assump-
tion that exposure to paracetamol during early development is safe when used as directed
(23), little impetus exists to monitor exposure to the drug, and most studies which do doc-
ument use of the drug do so coincidentally, as part of another study. Thus, although nu-
merous studies do evaluate childhood exposure to paracetamol, location of such data is
better accomplished using the knowledge and intuition of experienced investigators ra-
ther than a systematic search. With this in mind, PubMed databases were searched by 5
authors (DB-L, AP, JCH, JTS, VGL, and WP) using a variety of a combination of terms,
including the following: paracetamol or acetaminophen, use, dosage, exposure, preg-
nancy, prenatal, maternal, pediatric, newborn, infant, children, toxicity, overdose, analge-
sic, antipyretic, fever, survey, and pain. Citation tracking was used, and studies which
presented data on exposures to paracetamol in patient samples were collected and sum-
marized. One weakness to this non-systematic approach is that it may overlook some ex-
cellent publications, but a sufficient number of examples were obtained to draw conclu-
sions. Further, to avoid bias, no studies which provided assessments of measured param-
eters (e.g., frequency of exposure, frequency of overdose, etc.) were omitted from the
presentation of results.

2.2. In silico creation of virtual patient populations.

To evaluate the potential for a multivariate logistic regression analysis of retrospec-
tive data to accurately identify the potential contribution of paracetamol use to neurode-
velopmental disorders, the following in-silico simulation was performed: A virtual pop-
ulation of 12000 individuals was created in which the prevalence of autism was 1.5%, with
2/3s of cases of ASD caused by oxidative stress plus exposure to paracetamol, and 1/3
of cases caused by unknown factors. Further, the likelihood of use of paracetamol was
positively associated with the amount of oxidative stress in that individual. To create this
dataset, a randomly generated “oxidative stress variable” for the population of 12000 vir-
tual subjects was generated using R version 3.6.1. The oxidative stress variable was as-
signed for each virtual individual by picking a value from a normal distribution with a
mean of 5 and a standard deviation of 2.

Using Microsoft Excel 2016, the 12000 variables obtained using R were shuffled to
create an initial data set describing a virtual “cohort” of 12000 individuals such that oxi-
dative stress was described as the sum of 10 variables, each normally distributed and ran-
domly assigned across the virtual “subjects” in the population. Paracetamol use was de-
fined as either positive or negative using R, with the prevalence of paracetamol use in the
population set at the following values: 90%, 80%, 70%, 60%, and 50% (Figure 2). Paraceta-
mol use was linearly distributed based on total oxidative stress such that those having
maximum oxidative stress were assigned a probability of paracetamol use of 100%, and
those with the least amount of oxidative stress were assigned probabilities of either 80%,
60%, 40%, 20%, or 0% paracetamol use (Figure 2). For a given virtual individual, the use
of paracetamol was assigned a positive or a negative value using a random variable in
combination with the probability of paracetamol use for that individual. For example, a
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random variable assignment of 0.75 would generate a positive use of paracetamol if the
probability of use was 80%, and a negative use of paracetamol if the probability of use
was 70%.  Finally, using Excel, the prevalence of autism was set to 1.5%, or 180 cases in
the population of 12000. Of those 180 cases, 120 (1% of the population of 12000) were as-
signed as those virtual individuals with the highest oxidative stress plus use of paraceta-
mol. The remaining 60 cases, 0.5% of the total population, were randomly assigned with
the caveat that their percentage of paracetamol use matched the percentage of use in the
total population.

100+ -100
90%

80%

g\

1
=3
(=}

70%
0%
50%

)
<

Percent APAP usage
8 3
\\m\
5 2

abesn dydy juaaiad

T
N
(=]

c T T 1 Ll 0
00 02 04 06 08 1.0

Relative oxidative stress

Figure 2. Assignment of the prevalence of exposure to paracetamol as a function of oxidative stress.
In the simulations described in the Methods, individuals with the highest levels of oxidative stress
where assigned a 100% probability of acetaminophen exposure, and individuals with the lowest
level of oxidative stress where assigned a probability of acetaminophen exposure equal to 100% - (2
x (100% - the average exposure for the population)). The total prevalence of exposure to paraceta-
mol for each simulation is shown in the center of the line representing paracetamol use for that
simulation.

Statistical analyses of resulting virtual data sets were analyzed using SAS (SAS Insti-
tute, Inc., Cary, NC) and R (R Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Paracetamol is widely used in the pediatric population, but the extent of use remains
unknown

Paracetamol is widely used to control pain from birth to early childhood for a variety
of reasons. It is often combined with other pain relief to decrease opioid use, especially for
postsurgical pain in newborns (25). In the widely cited consensus statement from the In-
ternational Evidence-Based Group for Neonatal Pain (26), the authors state “The efficacy
and safety of repeated paracetamol doses are unknown”, but the drug is nevertheless sug-
gested for “routine NICU care and procedures” as well as for circumcision and heel lanc-
ing. Paracetamol is also commonly used for relief of discomfort during teething (27) and
vaccination (28), although use during vaccination may impair the effectiveness of the
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vaccine in some cases (28). Paracetamol is also the most commonly used drug to reduce
fevers in the pediatric population.

Several studies have examined the use of paracetamol in the pediatric population
(Table 1), but no study was found that accurately assessed the total exposure of any child
from birth. For example, using a nationally representative sample and weighting, Kogan
et al. (1994) estimated that 35.4% of three-year old children in the United States were given
paracetamol in the previous 30 days (29). Another study using data from 1999-2006 esti-
mated that 1 in 10 children used a cough and cold medication in a given week; though
paracetamol use was not specifically studied, the authors noted that approximately 20%
of cough and cold products contained an analgesic, almost always paracetamol (30). The
large Danish National Birth Cohort (DNBC) database shows that only 7.7 % of the mothers
providing data for the DNBC database reported giving acetaminophen to their child be-
tween birth and 18 months of age (31). However, a prevalence of 7.7 % may be an under-
estimate, as a study specifically addressing exposure of Danish children to paracetamol
found that 65% of the children were exposed to acetaminophen by their mothers within a
three month period (32). Although data that effectively encompass paracetamol use during
the entire life of the child are lacking, several studies find very high rates of exposure, in
some cases over 95% (Table 1). Notably, a recent NIH-funded examination of the associa-
tion between neuropsychiatric disorders and the products of paracetamol metabolism in
cord blood found that 100% of more than 200 cord blood samples contained paracetamol
(12).

Table 1. Percent of individuals given paracetamol. *Percentages exclude cases where it is unknown
whether or not a child was administered paracetamol.

% exposed to paraceta-

Study Population Years studied/reference

mol
Infants in England aged 6 months or younger 84 July 1991-June 1992
(n=6,973) (89)
Pregnant mothers in Englan'd at 18 weeks of pregnancy, 1991-2016
asked about use during last three months 53 (15)
(n=8,330)
Pregnant mothers in Englan'd at 32 weeks of pregnancy, 1991-2016
asked about use during last three months 42 (15)
(n=8,050)
Pregnant mothers in New Zealand 498 1995-1997
(n=871) ) (19)
Pregnant women in Denmark 59 1996-2008
(n=1,491) (20)
Pregnant women in Norway 40.5 1999-2008
(n=51, 200) ) (10)
Children in the US aged 0-10 years at pediatric emergency
department, who received either paracetamol or ibuprofen May-July 1998
. 70
in the past 24 hours (54)
(n=200)
Cases of drug poisoning of children up to 14 years in Spain 1 1998-2000
(n=13,044) (90)
3-year-olds in Norway (exposure in utero) 461 1999-2008
(n=48,631) ) (16)
Pregnant women in Norway 16.7 1999-2009
(n=112,973) ) (11)
Boys less than 6 years old in the US, exposed to an antipy-
. . . 2000-2015
retic-- cases from the National Poison Data System 39.8 (91)
(n=623,995)
Girls less than 6 years old in the US, exposed to an antipy- 2000-2015

retic --cases from the National Poison Data System 405 (91)
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(n=564,267)

Children in Canada with a fever at an emergency department 84.7 Pre-2002
(n=209) ) (92)
Children in th.e U.nlted Arab Emirates aged 16 or younger at a March-May 2004
pediatric emergency department for fever 91.6 (58)
(n=264)
Children in Spain at age 1 (in-utero exposure up to gesta- 2004— 2007
tional week 32) 43 (22)
(n=2,195)
Children in the US who did not receive a diagnosis of autism
July 2005- ) 2006
(exposure aged 12-18 months) 75 vy (g;mary
(n=68)
Children in thfe US aged 12-18 months with a diagnosis of au- July 2005- January 2006
tism (exposure aged 12-18 months) 94 (8)
(n=69)
Children in Australia aged 6 months-5 years 94 Pre 2007
(n=401) (57)
Children in Denmark undefr '10 ye'ars of age v.vhose parents re- April-May 2008
ported administration at any time 75 (93)
(n=100)
Children in Denm'ar'k un('ier 19 y(?ars of age whose parents re- April-May 2008
ported administration within the last three months 60
(93)
(n=100)
J -March 2008
Children in Turkey aged between one month and 16 years anuary-viarc
. re . (53)
admitted to a pediatric emergency department with a fever 65.5
(n=200)
Children in Turkey aged 0-6 yelre;:srs given paracetamol by par- 066 March-June 2010
’ (94)
(n=388)
Children in Turkey aged O-'14 years given paracetamol for fe- April-luly 2014
ver prior to arrival at the health center 41 (55)
(n=205)
Children in the US with ASD between the ages 3 to 12 given April-May 2017
paracetamol before the age of 2 93.4* (13)
(n=823)
Children in the US between ages 3 and 12 before the age of 2 90.3* April-May 2017
(n=463) ) (13)
Children in the US aged 3, whose mothers reported use of an
L 1991
over-the-counter-medicine in the past 30 days 66.7 (29)

(n=4,374)

3.2. Misguided use of paracetamol to treat fevers

Existing studies suggest that paracetamol is not administered to children in a manner
that weighs the drug’s evident benefits against its risks, resulting in an overaggressive
administration of antipyretics in children. This problem involves misconceptions regard-
ing what temperature constitutes a fever, the dangers posed by fevers, and the extent to
which antipyretics can prevent adverse clinical outcomes associated with fevers.

By definition first described by Carl R.A. Wunderlich more than a century ago (33)
and still widely accepted today (34), a fever in humans constitutes a temperature greater
than or equal to 38°C (100.4° F). However, a temperature of 38.3°C (100.9° F) is a more
appropriate cutoff for a fever (35), with many healthy infants having a normal tempera-
ture of 38.1°C or 38.2 °C, especially during the summer months (36). Nevertheless, ap-
proximately half of parents consider a temperature of less than 38°C (100.4°F) to be a fever
(37), and among surveyed pediatric emergency nurses, 46% also stated that a temperature
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less than 38°C is considered a fever (38). These findings indicate that many parents as well
as health care workers do now know how to accurately define a fever.

Fever under a variety of circumstances, including brain injury, is associated with
worsened outcomes and can lead to damage to specific organs, including the kidney and
the liver (39). However, most fevers, associated with infection, constitute a critical com-
ponent of the immune response to infection and are beneficial (40, 41). Evans and col-
leagues, for example, assert that an increase of 1 to 4°C in core body temperature is asso-
ciated with “improved survival and resolution of many infections” (42). With this in mind,
antipyretic treatments are, in fact, immunosuppressive. Further, even within the higher
range of 40°C to 42°C, there is no evidence to suggest that typical fevers in children with-
out brain injury present an increased risk for adverse health outcomes such as brain dam-
age (34, 40, 41).

Several investigators have reported “fever phobia” —exaggerated concerns about fe-
ver in children and its complications (seizures, brain damage, etc.) (34, 37, 40, 43, 44).
Ninety-one percent of caregivers believe fevers can have harmful effects, with 21% of care-
givers listing brain damage and 14% listing death (37). Fever in children causes dispro-
portionate anxiety even among health care professionals; for example, among pediatric
emergency nurses, 38% state that temperatures less than 40°C could cause serious com-
plications (38). Sixty percent of pediatricians state that temperatures at 104°F (40°C) or
greater can cause seizures, brain damage, or death (45).

Consequentially, antipyretics are administered by caretakers (34, 37, 43, 44) and pe-
diatric health care professionals (38, 45), even when there is minimal fever or no fever. A
survey of 340 caregivers in two hospital-based pediatric clinics in Maryland found that
25% of caregivers gave antipyretics for temperatures under 37.8°C (less than 100°F) (37).
Another survey of 230 caregivers of children in a Pediatric Emergency Department in Vir-
ginia reported that 63.9% considered a temperature of less than 37.8°C to be the minimum
temperature for antipyretics (43). A survey of caregivers of 201 children in Israel estimated
that 65.2% caregivers indicated that they would administer antipyretics for temperatures
lower than 38°C (46). Finally, among pediatricians in Massachusetts, 72% reported they
always or often recommended treatment to reduce fever (including paracetamol), and
89% stated they did so at temperatures between 38.3°C and 38.9°C (45). Further, an Italian
study found that a surprising 74% of all administrations of paracetamol for fever were
given to treat fevers less than 38.4 °C. The authors conclude that “preventive action should
be taken regarding the use of paracetamol as antipyretic drug in children in order to re-
duce the fever phobia and self-prescription...” (47). Thus, with the possible exception of
a study of 402 parents in Palestine that found that only 1.5% would give antipyretics for
temperatures less than 38° (44), numerous studies point toward a wide-spread fever-pho-
bia, with many parents and even health care workers over-treating fevers.

Unfortunately, the efficacy of antipyretics for managing febrile seizures, morbidity
and mortality, and discomfort in febrile illnesses is questionable. Studies have shown that
antipyretics were not effective and did not prevent recurrent febrile seizures (40, 48-50).
Further, there is insufficient evidence to conclude that antipyretics reduce morbidly or
mortality in febrile illness among otherwise healthy individuals, though there may be ex-
ceptions for children whose metabolic reserves are marginal from either chronic health
conditions or a critical illness (40, 51). Finally, there is a paucity of research on the extent
to which antipyretics alleviate the discomfort of fever and illness (40).

3.3. Overdoses of paracetamol in the pediatric population

Paracetamol has a relatively low “therapeutic index” —the difference in the amount
required for a therapeutic effect and the amount that is toxic is relatively small. A low
therapeutic index, coupled with wide availability and apparently wide use, poses safety
concerns with respect to dosing (52). Research indicates that some caregivers administer
incorrect doses to children, with some studies demonstrating a supratherapeutic dosage
being given (46, 53-56) (Table 2) and others suggesting doses at too-frequent intervals (43,
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46, 54, 56-59) (Table 3). Some authors report that a combination of medications containing
paracetamol are being given to children, and that this might be a problem (60).

Table 2. Percentage of children administered more than the recommended dose of paracetamol.

% of children adminis-

Study Population tered an overdose of pa- Years Studied
Reference
racetamol
hildren in th f 0-1 £ t diatric depart-
Children in the I.JS of 0-10 years of age at a pediatric depar May-July 1998
ment given a known dose of paracetamol 15 (54)
(n=140)
Children in Turkey aged. on.e month to 16 years admitted with January-March 2008
a fever to a pediatric emergency department 8.4 (53)
(n=200)
Children in Saudi Arabia younger than 14 years given parace-
tamol for suspected or confirmed fever in last 24 hours prior to o7 March-August 2008
arrival at an emergency department (56)
(n=178)
Children in Turkey agefl 0-14 given paracetamol prior to arri- April-July 2014
val at a primary health care center 12.1 (55)
(n=205)
hildren in Israel aged 0- th ted t
Chi r.er.u in Israe age 0 60 months reported by parents once January-March 2002
arriving at a pediatric emergency department for fever 34.8
(n=201) (46)

Table 3. Percentage of children administered paracetamol more frequently than the recommended
frequency. * Percent of those individuals reported having received paracetamol by their par-

ents/caretakers.
P - P
. % of children adminis Years Studied
Study Population tered paracetamol too
Reference
frequently
Children in the US given paface.ta.mol prior to arrival at pedi- 1% June-September 1999
atric clinics 37)
(n=268)
Children in the U.S of 0-10 years of age given a known dose of May-July 1998
paracetamol prior to arrival at an emergency department 4 (54)
(n=140)
Children in the United Arab Emirates aged 16 years or less
given paracetamol orally for fever prior to arrival at a pediatric o7 March-May 2004
emergency department (58)
(n=85)
Children in Australia aged 6 months-5 years given paraceta- Pre 2007
mol by parents 3.8% 57)
(n=368)
Children in Saudi Arabia younger than 14 years given parace-
tamol for fever in last 24 hours prior to arrival at an emergency 14 March-August 2008
department (56)
(n=178)
Children in the US gi tamol for f ior t ival
ildren in the US given paracetamol for fever prior to arriva ) May-July 2009
at a pediatric emergency department 8 43)
(n=230)
Children in the Negev District in Israel
aged 0-60 months, given paracetamol for fever prior to arrival 01.4% January-March 2002

at a pediatric emergency department (46)

(n=201)
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A variety of evidence indicates that overdoses of paracetamol in the pediatric popu-
lation are common. A study of caregivers to 200 children in Turkey, for example, found
that 8.4% of the patients received too high a dose of paracetamol (53). Further, a study of
another 200 patients aged 10 years or younger at the pediatric ED at Jacobi Medical Center
in New York found that 15% of 124 patients receiving paracetamol were given too high a
dose of the antipyretic (54). The authors also noted that a combined 51% of caregivers
incorrectly stated that dosage should be based on either age of the child or the height of
the fever; caregivers who correctly stated that dosage should be based on their child’s
weight were significantly less likely to give the wrong dosage (RR 0.71, P <0.03, 95% CI =
0.52-0.97) (54). In another Turkish study, 12.1% parents overdosed with paracetamol (55).
A study in Saudi Arabia estimated that 27% of children aged 14 or younger, who had been
given paracetamol for fever prior to coming to the ED, were given a supratherapeutic dose
of paracetamol (56). Similar results were found in an Italian study, with 24% of children
receiving a primary care visit for fever having received an overdose of paracetamol (47).
In one of the most dramatic examples of overdosing, among 201 caregivers surveyed in
Israel, 34.8% reported administering higher-than recommended doses of paracetamol
(46).

In addition to overdose of paracetamol via administration of too much drug, as de-
scribed above, studies from around the world point toward all-too-common administra-
tion of a greater number of doses within a given time frame than is recommended. For
example, an Australian survey of 401 parents found that 3.8% reported intervals of ad-
ministration that were too short— medication was administered at intervals shorter than
the accepted minimum of 4 hours (57). A similar study conducted in New York found that
4% of caregivers administered paracetamol too frequently (54). Furthermore, a survey in
Baltimore found that, among 340 caregivers, 14% gave paracetamol every 3 hours or less
(37). In another study, this one in Virginia, 8% of 230 caregivers administered the drug too
frequently (43). A Saudi Arabian study found that 14% of caregivers administered para-
cetamol too frequently (56). Twenty-seven percent of caregivers surveyed in Abu Dhabi,
United Arab Emirates, reported giving their child paracetamol more frequently than
every 4 hours (58). Among 201 children in Israel, 19.9% were given paracetamol every 1-
3 hours if their fever persisted (46). Further, a retrospective study showed that 52% of
pediatric patients with hepatotoxicity had received adult preparations of paracetamol
(59).

Another possible facet of paracetamol overdose is administering different medica-
tions that contain paracetamol. A survey conducted by Princeton Survey Research Asso-
ciates International in 2013 found that 35 + 6.7% of the parents amongst the 1003 adults
surveyed said it was safe to administer the maximum dosage of Children’s Tylenol in
combination with Children’s Tylenol Plus Multi-Symptom Cold to a child (61). Consider-
ing that both the products contain paracetamol, this would lead to a dose of paracetamol
that is greater than the amount considered safe for children, leading in turn to potentially
serious medical complications such as liver damage (52, 60, 62).

3.4. Changing use of paracetamol through time

Although changes in paracetamol use over time have not been tracked in any specific
study, available evidence indicates that paracetamol usage has steadily increased since
the 1980s. In adults, paracetamol induced liver toxicity can be used as a proxy for parace-
tamol use. The potential for paracetamol to induce liver failure was discovered in 1966
(63), but was not listed as a significant cause of liver failure prior to 1980 (64, 65). However,
by the late 1990s, paracetamol was the most common cause of liver failure in the United
States, United Kingdom, and Denmark (66). Among 265 patients from a two-year period
(1994-1996) in the United States, Schigdt et al. found that 20% of liver failures were caused
by paracetamol toxicity (66). Larson et al. observed the incidence of liver failure due to
paracetamol toxicity rose from 28% of total liver failures in 1998 to 51% in 2003, with ap-
proximately half of paracetamol-induced liver failures arising from unintentional
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overdoses (67). While these data point toward a dramatic increase in paracetamol use in
the adult population, evidence of this increase is also seen in the pediatric population for
reasons that, at least in part, can be readily identified.

In 1950, aspirin was the most frequently sold painkiller (68). The connection between
aspirin and Reye syndrome caused a profound change in pediatric practice, with aspirin
use giving way to paracetamol during the early to mid-1980s. (69-72). The near absolute
switch to paracetamol for pediatric practice was reflected in a 1984 survey of pediatricians
and pharmacists in Columbus, Ohio: 90.6% of pediatricians and 97.8% of pharmacists no
longer recommended aspirin to their pediatric patients. Further, 90.6% of pediatricians
and 95.6 % of pharmacists then recommended paracetamol for pediatric patients. Chang-
ing prescribing and dispensing patterns were evident in sales of children’s aspirin and
paracetamol products: 93.3% of pharmacies recorded a drop in sales of children’s aspirin
and an equal rise in sales of pediatric paracetamol products. However, the authors note
that observed changes in relative drug sales varied across pharmacies (70).

Notably, the increased use of paracetamol outpaced the decreased use of aspirin, sug-
gesting that factors other than declining use of aspirin were driving greater use of parace-
tamol. A general increase in consumption of pharmaceuticals, for example, likely drove,
at least in part, the increase in paracetamol use in the pediatric population (69). Indeed,
given the increase in paracetamol-induced liver damage in adults during this same time
period, described above, it seems reasonable to postulate that a factor or factors affecting
both the pediatric and adult populations were driving up consumption of the drug by
both populations. Thus, the finding that aspirin is associated with Reye syndrome is prob-
ably not the only factor contributing to the steadily rising use of paracetamol.

One factor introduced in the 1980s, more so than any other factor, may have facili-
tated the widespread use of paracetamol observed today: Direct-to-Consumer Pharma-
ceutical Advertising (DTCPA). In the 1980s, both a political shift favoring pharmaceutical
companies and a cultural shift of patient and physician collaboration for the patients’
medicines were underway (73). In 1980 the total spending on DTCPA was $12 million. In
1990, it had increased to $47 million and in 1995, to $340 million— more than a 2,800%
increase since 1980. Then, exacerbating the situation, FDA regulations of DTCPA were
relaxed beginning in 1997 (with final guidance issued in 1999) and again in 2004, making
it easier for companies to advertise on radio and television. Between 1995 AND 1998,
budgets for drug advertising to consumers nearly tripled, totaling $1.2 billion. Spending
on DTCPA peaked in 2006 and 2007, when DTCPA expenditures were $5.4 and $5.3 bil-
lion, respectively, before dropping to $4.4 billion in 2008 due to a financial crisis and re-
cession (73).

The overall impact of advertising is difficult to quantify, but is likely very significant.
Both negative and positive emotional advertising are considered compelling and are often
used (74-76). In this manner, a drug company can present an image of a fussy, unhappy
baby, followed by an image of the drug, and finally an image of a happy, laughing baby.
In this manner, the pharmaceutical industry is able to paint a favorable picture of their
drug much more effectively than they could if they employed spoken or written language
that may be prohibited. Not only is the qualitative nature of the advertising extremely
compelling, but the quantity of advertising is substantial. A 2001 study tracked the fre-
quency and length of OTC and prescription drug advertisements on network television
appearing within a period of 504 hours — OTC and prescription drugs represented 4.8%
and 2.3% of all advertisements, respectively, and together accounted for more than 8% of
all commercial air time (77). The authors noted that an average television viewer may see
more than 100 minutes of DTCPA in a year, compared to the 15 minutes per year the
average American spends with their primary care physician. Given their availability, pur-
chase of OTC drugs use may be particularly encouraged by DTCPA since they do not
require a doctor’s prescription that would include guidance on indications and dosage
from physicians.

The battle against the opioid crises has, to some extent, further encouraged the use of
paracetamol. Paracetamol is viewed as a useful alternative or adjunct to opioids for acute
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pain relief in the pediatric population (25, 78) particularly in post-surgical care because of
its opioid-sparing effects (25). A significant rise of paracetamol prescriptions after 2012
was observed that corresponded to a more moderate decline of opioid prescription rates
during the same time period (79). In response to the rising number of deaths due to opioid
overdose (80), the CDC issued guidelines for prescribing opioids for chronic pain in March
2016 that reaffirmed the effectiveness of non-pharmacologic and non-opioid pharmaco-
logic treatments (including paracetamol) for treating pain (81).

Given the above information, it is evident that several factors are driving increasing
use of paracetamol in the pediatric population, and that these factors do not take into
account the potential harmful effects of paracetamol exposure on neurodevelopment. As
paracetamol use has grown unchecked, the prevalence of autism has tragically increased
(Figure 3). Given the numerous independent factors connecting pediatric paracetamol use
with autism and other neurodevelopmental disorders (24), action is needed, and needed
urgently.
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Figure 3. The prevalence of autism in California as compiled by Nevison (86) is shown. Data is a
composite of “snapshot’” data (information collected at one point in time) from the California De-
partment of Developmental Services (covering birth years 1970-2011) (86). From 1982 to 1986, gov-
ernment warnings on using aspirin due to the association with Reye Syndrome were issued from
the Centers for Disease Control and Prevention and the Food and Drug Administration (72). From
1990 to 2007, total spending on direct-to-consumer pharmaceutical advertising (DTCPA) underwent
great increases, going from $47 million dollars in 1990 to $5 billion in 2007 (73). A decrease in opioid
use in 2013 (87) accompanied a sudden increase in the number of paracetamol prescriptions as re-
ported by the Medical Expenditure Panel Survey (88).

3.5. In silico simulations reveal difficulties with retrospective analyses of the risk of early life
exposure to paracetamol

The idea that paracetamol is overused in a manner detrimental to health has been
supported by others (82). Of particular concern is the combination of mounting evidence
of danger plus the common but misguided view that use and even overuse of paracetamol
is essentially risk-free. One approach that might be envisioned to quantify the magnitude
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of the problem would be a retrospective study assessing the connection between parace-
tamol use and neurodevelopmental disorders. Indeed, such studies have been conducted,
and are consistent with a contribution of paracetamol exposure to neuropsychiatric disor-
ders, even after considering numerous potentially confounding variables (22). This ap-
proach, however, is faced with two very significant barriers that may preclude determi-
nation of the precise contribution of paracetamol to the problem. First, paracetamol use
has reached virtual saturation in the pediatric population, reaching as much as 96 or 97%
(Table 1) or even more (12) in some cases. Given this state, paracetamol use can become
part of the “background”, blinding multivariate analyses to its true influence on disease.
Second, the degree of paracetamol use is strongly associated with inflammatory factors
such as antibiotic use, ear infections and chronic sinusitis, which are themselves inducers
of oxidative stress. Thus, it may be difficult if not impossible to retrospectively deconvo-
lute the two variables, which is of considerable concern given the working paradigm that
both oxidative stress and paracetamol are required to induce neurodevelopmental disor-
ders. Further, since paracetamol is ubiquitous whereas inducers of oxidative stress are
varied in the population, we would hypothesize that paracetamol use will “fall out” of a
traditional multivariate analysis of retrospective data, even if such use is important for the
induction of injury. Fortunately, this hypothesis is readily tested using an in-silico simu-
lation.

To evaluate the potential for a multivariate logistic regression analysis of retrospec-
tive data to accurately identify the potential contribution of paracetamol use to neurode-
velopmental disorders, a hypothetical population was artificially created in which the oc-
currence of autism was induced in 1% of the total population by paracetamol use in com-
bination with oxidative stress (See Methods). An additional 0.5% of the virtual population
was assigned autism randomly, as described in the Methods. Multivariate analysis of
this virtual population showed that exposure to factors associated with oxidative stress
was, as expected, associated with autism (For example, see Table 4). However, when the
prevalence of paracetamol use was 70% or higher, multivariate analysis failed to identify
paracetamol exposure as a significant contributor to autism (Table 5), despite the fact that
paracetamol had induced 2/3s of all cases of autism in the virtual population. Further,
the adjusted odds ratios were less than 2.0 (Table 5), belying the fact that exposure to pa-
racetamol was responsible for 2/3s of all autism in the population. Further, the results
from the multivariate analysis could not reveal that, for children with the highest levels
of oxidative stress, exposure to paracetamol was almost certain to result in autism.

Table 4. Results of multivariate logistic regression analysis of an artificial data set in which 2/3rds of
all autism was induced by oxidative stress plus exposure to paracetamol. * Five out of ten variables
contributing to oxidative stress were included in the analysis in order to mimic a realistic data set
in which measures of some but not all of the factors contributing to oxidative stress are available.
The asterisks indicate statistical significance of p < 0.05. Paracetamol (APAP); Adjusted odds ratio
(adj. OR); confidence interval (CI).

Variable* adj. OR (95%CI) p-value (Wald’s test)
Oxidative stress variable #1 1.35(1.24 - 1.46) <0.001*
Oxidative stress variable #2 1.34 (1.24 - 1.45) <0.001*
Oxidative stress variable #3 1.34 (1.24 - 1.45) <0.001*
Oxidative stress variable #4 1.35(1.25-1.46) <0.001*
Oxidative stress variable #5 1.40 (1.30 - 1.51) <0.001*

APAP use (prevalence 70%) 1.59 (0.96 - 2.64) 0.074
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Table 5. Results of multivariate logistic regression analysis of an artificial data set in which 2/3rds of
all autism was induced by oxidative stress plus exposure to paracetamol. The prevalence of para-
cetamol exposure was varied as described in the Methods between 50% and 90% in the population.
The asterisks indicate statistical significance of p < 0.05. Paracetamol (APAP); Adjusted odds ratio
(adj. OR); confidence interval (CI).

Average APAP use Range APAP use  adj. OR (95%CI) p-value (Wald’s test)

90% 100% - 80% 1.54 (0.67 - 3.53) 0.30
80% 100% - 60% 1.69 (0.93 - 3.07) 0.088
70% 100% - 40% 1.59 (0.96 - 2.64) 0.074
60% 100% - 20% 1.80 (1.14 - 2.82) 0.011*
50% 100% - 0% 1.84 (1.21-2.79) 0.0042*

This simulation demonstrates that the standard multivariate analysis was not de-
signed to identify the contribution of a relatively ubiquitous but important factor (e.g.,
exposure to paracetamol) that is correlated with other factors (e.g., those that cause oxi-
dative stress) which are also important in the induction of injury. However, this simula-
tion is not intended to demonstrate that retrospective studies are completely blind to the
connection between paracetamol exposure and neurodevelopmental disorders. Indeed,
retrospective studies have shown that heavy use of paracetamol can be strongly associ-
ated with autism even when some confounding factors are considered (13), and our sim-
ulations did not factor in levels of use of the drug. However, our study does demonstrate
that a retrospective analysis of data and even a prospective, observational (non-interven-
tional) study can be confounded by the association between paracetamol use and oxida-
tive stress factors. In addition, paracetamol use in the pediatric population originates from
a variety of disparate and difficult to track sources, including administration in the hospi-
tal for such common procedures as circumcision and vaccination, and administration of
OTC medications by parents and other, often temporary, care providers. Thus, it is highly
unlikely that any real data set will be as accurate as the virtual data sets we analyzed.

4. Discussion

This review demonstrates that paracetamol is used widely in the pediatric popula-
tion, and that excessive use, both in terms of the dose administered and for the indication
given, is widespread. Further, we demonstrate that retrospective analyses can underesti-
mate or even fail altogether to identify long term neurodevelopmental problems associ-
ated with paracetamol use during neurodevelopment.

Although Schultz provided the first evidence that paracetamol may be hazardous to
neurodevelopment under certain conditions more than a dozen years ago (8), no prospec-
tive study has been performed addressing the potential effects of the drug on the pediatric
population. Unfortunately, bias on the part of stakeholders that might discourage the con-
duct of such studies was evident shortly after the Shultz study was published; a rebuttal
was soon published by Cox and McDowell arguing that Shultz’s work contained “fatal
flaws” and should not be used to reconsider clinical practice (83). The rebuttal contained
a litany of errors, some of which were pointed out in the published counter-rebuttal by
Shultz (84). For example, Cox and McDowell implied that the common use of the drug
was an indicator of safety, the classic fallacious argument of argumentum ad populum.
Other criticisms were nonsensical. For example, Cox and McDowell objected that a sample
size should have been calculated prior to the study, despite the fact that the effect size was
unknown prior to initiation of the study, and despite the fact that the results were statis-
tically significant. In addition, Cox and McDowell asserted that the study was invalid be-
cause parents of children with autism have better recall of the drugs they used than did
parents of healthy children. However, no such bias was evident in the data obtained by
Shultz, which showed equivalent recall efficiency in both parent groups (8). Further, such
bias of recall in favor of parents with sick children is not supported by the literature (85).
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In our own experience, we have faced disinterest from administrators in charge of
biomedical research funding as well as peer reviews that express unsupported beliefs con-
tradicted by all available data. For examples (with corrections for grammar and insertions
of parenthetical explanations of abbreviations for clarity): “In fact, paracetamol is the saf-
est drug when used according to guidelines if following medical instructions and doctors’
advice.” Inanother example, “As the authors state, a “likely causal relationship between
paracetamol and autism” is really scary for readers. It is too strong.” In another example,
“Based on the former and the most recent (cfr (Code of Federal Regulations) lower) SmPC
(summary of product characteristics), the general claim on safety is supported by EMA
(European Medicines Agency) (and FDA (Food and Drug Administration) guidance.”

The unfounded bias that paracetamol is safe for use in babies and children (23) has
likely led at least in part to the current state of disorganization in the medical literature
regarding pediatric use of paracetamol. For example, reporting of paracetamol may not
have been considered seriously by caregivers reporting the medical treatment of their chil-
dren in the Danish National Birth Cohort. Such lack of consideration could account for the
dramatically lower prevalence of paracetamol use reported in the large database com-
pared to that reported in a study within the same population that focused specifically on
paracetamol use, as described in the Results. Further, variations in practice depending on
region, time, and data collection methods make systematic assessment difficult. Never-
theless, available information clearly points to extensive overuse and misuse of the drug
in the pediatric population, again most likely a result of the unfounded bias that parace-
tamol is safe for use in babies and children.

5. Conclusions.

The high levels of use and misuse of paracetamol early in life described in this nar-
rative review suggest that many caregivers are not fully aware of the potential hazards to
neurodevelopment of early life exposure to paracetamol. Further, computer simulations
indicate that, with extremely widespread acceptance, the early-life use of paracetamol is
in danger of becoming so commonplace that adverse effects of the drug become mistaken
for normal phenomena occurring within the population. With this in mind, it is important
for parents and health care workers to be better informed of currently available infor-
mation pertaining to the risks of paracetamol use during early development. Most im-
portantly, health care workers need to provide a balanced view, weighing both risks and
benefits, for patients when providing advice regarding paracetamol use during early
brain development.
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