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Abstract

Background: Despite 15-36% of the U.S. population reporting Chemical Intolerances (Cl) or sensitivity, the condition
has been overlooked in medicine and public health. Cl is characterized by multisystem symptoms and new-onset
intolerances that develop in a subset of individuals following a major chemical exposure event or repeated low-level
exposures. While Toxicant-Induced Loss of Tolerance (TILT) is a two-stage disease mechanism proposed to explain Cl,
less is known about the exposures that initiate the disease, than about the intolerances that have been documented.

Methods: We reviewed eight major exposure events that preceded onset of chemical intolerance in groups of
individuals sharing the same exposure. Our goal was to identify the chemicals and/or groups of chemicals that were
most pervasive during each exposure event as well as identify the concentrations of key chemicals involved in each
exposure event and the proportions of exposed individuals who ultimately developed TILT following exposure. Case
studies we selected for review included (1) workers at U.S. Environmental Protection Agency (EPA) headquarters dur-
ing renovations; (2) Gulf War veterans; (3) pesticide exposure among casino workers; (4) exposure to aircraft oil fumes;
(5) the World Trade Center tragedy; (6) surgical implants; (7) moldy environments; and (8) tunnel workers exposed to
solvents.

Results: Mixed volatile and semi-volatile organic compounds (VOCs and SVOCs), followed by pesticides and com-
bustion products were most prevalent across TILT initiation events. As a broader category, synthetic organic chemicals
and their combustion products were the primary exposures associated with chemical intolerance. Such chemicals
included pesticides, peroxides, nerve agents, anti-nerve agent drugs, lubricants and additives, xylene, benzene, and
acetone.

Conclusion: A select group of exposures were predominant in several major initiating events, suggesting their
potential role in TILT initiation. Such insights are useful to public health scientists, physicians, and policymakers seek-
ing to minimize harmful exposures and prevent future disease.
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following major chemical exposure events or repeated
low-level exposures. Unlike the well-recognized multi-
step damage processes known in the causation of some
cancers and in endocrine disruption, the worldwide
observations of the TILT mechanism fit under neither
classical toxicology nor classical allergy. Stage I of TILT,
called Initiation, begins upon exposure to a particular
chemical or mixture of chemicals that commonly affect
the immune system and/or nervous system. For initiation
to occur, this chemical exposure must interact with one
(or both) of these systems in a way that renders individu-
als intolerant to subsequent triggering events.

Triggering marks Stage II of TILT, in which (following
initiation) affected individuals no longer tolerate eve-
ryday exposures to a wide range of structurally diverse
substances (including but not limited to the chemical
responsible for initiation) at levels that never bothered
them previously and do not bother most people. Trig-
gering exposures may include chemically unrelated sub-
stances, including ingestants, inhalants, implants, and
skin contactants which may take the form of fragrances,
cleaning solvents, cigarette smoke, as well as certain
foods, drugs/medicine, and other exposures. Following
initiation, exposure (even at low levels) to such “trig-
gers” results in symptoms that include fatigue, headache,
weakness, rash, mood changes, difficulties with memory
and concentration (often described as “brain fog”), and
respiratory problems. Many previously tolerated foods
and drugs may trigger symptoms (once initiation from a
prior exposure has occurred). In Fig. 1, we have provided
a schematic—an analogy to observations only at the tip
of an iceberg—to help illustrate the two stages of TILT.
Often, initiation is not observed or reported, and the
phenomenon of masking sometimes obscures triggering
of sensitivities suppressing their observation.

Figure 1 shows illness that appears to develop in two
stages: (1) initiation, i.e., loss of prior, natural tolerance
resulting from an acute or chronic exposure (pesticides,
solvents, indoor air contaminants, etc.), followed by (2)
triggering of symptoms by small quantities of previously
tolerated chemicals (traffic exhaust, fragrances), foods,
drugs and food/drug combinations (alcohol, caffeine).
The medical doctor (MD) sees only the tip of the ice-
berg—the patient’s symptoms—and formulates a diag-
nosis based on them (e.g., asthma, chronic fatigue, and
migraine headaches). Masking hides the relationship
between symptoms and triggers. The initial exposure
event causing breakdown in tolerance also may go unno-
ticed (©UTHSCSA, 1996).

Although TILT was described only recently, reports of
TILT-like illness date back much earlier [3, 4]. Initially,
the condition appeared restricted to North America.
However, a study of nine European countries supported
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Fig. 1 Phenomenology of TILT

by the European Commission documented parallel
observations in 1995 [5, 6]. Interestingly, this cross-coun-
try study comparing different presentations of “chemical
sensitivity” also revealed different initiating events for
chemical sensitivity in each of the nine countries, provid-
ing evidence for the two-step disease process that Miller
[7] described as TILT. Given the abundance of acronyms
that accompany the description and discussion of chemi-
cal intolerance and environmental chemical exposures
that appear in this paper, a list of acronym definitions can
be found in Table 1.

Background and evolution of chemical intolerance

The sharp growth in reports of TILT appears to coin-
cide with the post-WWII expansion of the petrochemi-
cal industry and widespread growth in the production
of petrochemicals such as organophosphate pesticides,
solvents, dyes, and fragrances. U.S. production of the
so-called “synthetic organics,” which had been less than
1 billion pounds per year, soared to over 460 billion
pounds per year by 1994 [8] (of note, while the term
“synthetic” can be interpreted differently, its use in this
paper is in reference to compounds whose chemical
structures do not appear in nature). The same pattern
can be seen for pesticide use in U.S. agriculture, which
grew from 200 million pounds of active ingredient in
1960 to over 600 million pounds by 1980 [9]. Assum-
ing that exposure to synthetic pesticides and other
chemicals is a function of their production and use in
everyday society, it is reasonable to assume that these
trends have led to increased human exposure over time.
Importantly, given their absence prior to modern his-
tory, such chemicals can be considered evolutionarily
novel and may present particular challenges as it relates
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Table 1 List of abbreviations in alphabetical order

Abbreviation Meaning

4-PCH 4-Phenylcyclohexene

AChE Acetylcholinesterase

BFR Brominated fire retardants

BII Breast implant illness

@ Chemical intolerance

CYP Cytochrome P450

El Environmental illness

EMU Environmental medical unit

ENT Ear, nose, and throat

EPA Environmental Protection Agency

IEI Idiopathic environmental intolerance
IgE Immunoglobulin-E

MCS Multiple chemical sensitivity

mVOCs Mold VOCs

OoP Organophosphate

OSHA Occupational Safety and Health Administration
PAHSs Polycyclic aromatic hydrocarbons

PB Pyridostigmine bromide

PCBs Polychlorinated biphenyls

QEESI Quick Environmental Exposure and Sensitivity Inventory
SVOC Semi-volatile organic compounds
TILT Toxicant-induced loss of tolerance
™J Temporomandibular jaw-joint

VOC Volatile organic compounds

WTC World Trade Center

to the body’s ability to process them through detoxifi-
cation or elimination pathways. Furthermore, while
the human toxicity of pesticides is widely recognized
[10], regulations to safeguard the public are likely insuf-
ficient given their focus on the toxicity of individual
chemical ingredients, as opposed to complex mixtures
of multiple chemicals [11], the latter being more reflec-
tive of commercial chemical products and other envi-
ronmental exposures.

Following the 1973-74 U.S. oil embargo, increased
energy conservation efforts led to the construction of
more energy-efficient, air-tight buildings with reduced
fresh air ventilation. This shift toward the increased
airtightness of buildings combined with the fact that
Americans today spend roughly 90% of their day indoors
resulted in an overall increase in exposures to indoor
chemical pollutants (e.g., out-gassing chemicals from
construction materials and furnishings). By the late
1970s, a phenomenon known as “sick building syndrome”
emerged. Eventually, terms such as “multiple chemi-
cal sensitivity” (MCS), “environmental illness” (EI), and
“idiopathic environmental intolerance” (IEI) entered the
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popular press to describe the myriad symptoms reported
internationally.

In 1906, von Pirquet coined the term “allergy,” defin-
ing it as “altered reactivity” In 1925, European allergists
redefined allergy in terms of antibodies and antigens.
However, other forms of heightened reactivity did not fit
this new definition, and in 1967, the discovery of the key
biomarker immunoglobulin-E (IgE) solidified the field of
allergy in medicine and its focus on antibody-mediated
responses. Meanwhile, for the many patients showing no
biomarkers of exposure, doctors largely dismissed their
problems as psychosomatic.

The situation is similar today as a growing number of
patients fit this category yet remain unaided by physi-
cians, in some cases being referred to psychiatrists or
psychologists for treatment for alleged psychosomatic
disorders. In effect, the field of allergy defined chemically
intolerant patients as being out of its sphere of study,
despite the fact that these patients have “altered reactiv-
ity” per von Pirquet’s original definition of “allergy” and
fit diagnostic criteria for chemical intolerance.

Dismissal and disease unfamiliarity by physicians often
leave chemically intolerant patients having to consult
ten or more physicians in search of relief. Furthermore,
persistence of symptoms in the face of dismissal by doc-
tors leads to skepticism by family, friends, and employers,
ultimately leaving patients destitute without emotional
support, employment, or medical insurance.

TILT as a disease category

Today, “Chemical Intolerance” and “TILT” are increas-
ingly used instead of “MCS,” “EI and “IEI” Importantly,
however, these should not be considered separate dis-
eases, but rather different descriptive phrases that
attempt to characterize the same constellation of allergy-
like symptoms (triggered by low-level exposures) that
do not fit under the classical definition of allergy yet still
plague large portions of the population both domesti-
cally and abroad. As terminology has evolved, TILT
has become a preferred term since, in contrast to these
other terms that only describe symptoms, TILT refers to
a general disease mechanism that embodies this entire
category of disease, thus paralleling other modern dis-
ease mechanisms that scientists have come to under-
stand, such as infectious diseases or immunological
disorders. The latter categories began as theories: the
germ theory and immune theory of disease, respectively.
Now, we understand these theories as broad categories
that encompass a wide variety of medical conditions
that impact any and every system of the body. With the
discovery of specific germs and specific immune mark-
ers, scientists understood these conditions to be com-
ponents of broad classes of diseases that share a general
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mechanism (see Table 2). Currently, a growing number
of observations worldwide in addition to concurrent
advances in our understanding of chemical intolerance
provide a framework for yet another novel category or
class of disease, namely TILT.

Historically, allergy and allergists have been the home
for “untoward” altered reactivity of variable origin. Since
the discovery of IgE and the redefinition of allergy in
1967, however, words such as “sensitivity” began to take
on restricted use. Since the conditions associated with
TILT do not appear to involve IgE, allergy tests (e.g., skin
tests, blood tests for IgE) often are not helpful except
to rule out “true” allergic conditions; that is, allergies to
natural antigens such as pollen, dust, mold, animal dan-
der, and food reactions involving anaphylaxis, hives or
eczema (atopic dermatitis). In general, the term “intoler-
ance” is preferable for describing non-IgE-mediated reac-
tions. Thus, for instance, adverse reactions to most drugs
are labeled as “drug intolerances.” This nomenclature can
confuse patients, who commonly refer to their recurring
exposure-related symptoms as an “allergy” or “sensitivity,
resulting in a communications gap between patients and
practitioners. The situation is only exacerbated by the
complexity of patient symptoms and complaints, as well
as their time-intensive nature, which many doctors are
unable to treat and prefer to avoid.

Currently, the diverse symptoms resulting from trig-
gering exposures (Stage II of TILT) often lead affected
individuals to see medical specialists based on their
most troubling symptoms. When such persons with
chemically caused damage present themselves to, or
are studied by, various specialists of medicine or toxi-
cology, these practitioners group individuals according
to such symptoms and are understandably bewildered
by the variety of responses that are often manifest at
very low levels of exposure of presumed causation.
This symptom-based approach results in patients with

Table 2 Historical perspective
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breathing problems often being referred to pulmonolo-
gists; those with nasal symptoms sent to ear, nose, and
throat (ENT) doctors; those with stomach and intes-
tinal disorders to gastroenterologists; and those with
mood difficulties to psychologists or psychiatrists. It is
only when groups are identified and separated for study
or treatment according to their initiating events that
the nature of the pathology becomes clearer. Examples
of such initiating events are the focus of the present
analysis.

To date, attempts to characterize TILT are often
focused on triggers—such as fragrances or organic sol-
vents—rather than initiators, which can contribute to
confusion about the condition [12]. However, to pre-
vent TILT and the triggers that often lead to disruptive
and/or incapacitating symptoms, scientists must better
understand the first stage of TILT—initiation. At present,
although numerous cases of chemical intolerances are
well documented in the medical literature, little is known
of the factors and exposures involved in TILT initiation.
In an effort to improve this understanding, the aim of the
present study was to review eight major exposure events
that led to the development of TILT among groups of
individuals who shared the same underlying exposures
to (1) identify the chemicals and/or groups of chemicals
that were most pervasive during each exposure event,
(2) identify, to the extent possible, the concentrations of
key chemicals involved in each exposure event, and (3)
determine, to the extent possible, the proportion of both
exposed and symptomatic individuals who ultimately
developed TILT following each exposure event. By exam-
ining these case studies as a whole, and identifying which
exposures are most associated with TILT initiation, this
analysis provides insights that can aid in TILT inter-
vention, and could help guide patients, physicians, and
policymakers as it relates to the future prevention and
treatment of TILT.

Germ theory Immune theory TILT theory
Awareness began ~160 years ago ~85 years ago ~30 years ago
Hallmark symptom  Fever Anaphylaxis New-onset intolerances to structurally diverse

Causative agents Bacteria, viruses, rickettsia, etc.

How long have we Co-evolved with humans
been living with

this?

Principal treatment Antibiotics, vaccines

Susceptibility factors  General health, genetics,

developmental stage

Prevention Avoidance of sources

Naturally occurring proteins

Co-evolved with humans

Antihistamines, steroids, immunotherapy
General health, genetics, developmental stage

Avoidance of sources

chemicals, foods, and drugs

Acute or chronic chemical exposures, e.g, sick
building, pesticides

Evolutionarily novel

Unknown

General health, genetics, developmental
stage

Avoidance of sources
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Methods

We selected for study eight major events that preceded
onset of TILT in groups of individuals who shared the
same initiating exposure. To our knowledge we have
not excluded any other initiating events in this country,
although a nine-country study in Europe conducted by
one of the authors revealed other initiating events, such
as exposure to chemically treated wood in Germany [5].
Our goal was to determine whether certain classes of
chemicals were more apt to initiate TILT in susceptible
individuals. The eight exposure events that we selected
for analysis included (1) employment in the U.S. Envi-
ronmental Protection Agency (EPA) headquarters during
renovation; (2) participation in the Gulf War; (3) pesti-
cide exposure among casino workers; (4) exposure to air-
craft oil fumes; (5) the World Trade Center tragedy; (6)
surgical implants; (7) moldy environments; and (8) expo-
sure to solvents among tunnel workers. In the absence of
widespread awareness of and widely used diagnostic cri-
teria for TILT, particularly for cases dating back multiple
decades, the inclusion of a given exposure event into our
analysis was: (1) a well-documented occurrence of chem-
ical intolerance and (2) one that occurred in a group of
people (as opposed to an individual), with an inclusion
preference toward larger groups.

We selected these eight events as case studies given
their well-documented occurrences of chemical intoler-
ance that developed among groups of individuals who
shared the same underlying exposures. In our analysis,
we reviewed primary literature that pertained to each
case study so as to identify common themes relating to
the specific chemical exposures underlying each event.
We explore these events, their chemical components and
their exposed and affected populations in the following
sections.

Results

The following text describes the circumstances sur-
rounding eight key exposures/events that led to the
development of chemical intolerance among groups of
individuals who shared the same underlying exposures,
paying special attention to the specific chemicals and/
or groups of chemicals that were most pervasive during
each exposure event.

EPA building renovation

In October 1987, approximately 27,000 square yards of
new carpet were installed in the U.S. EPA headquarters
building in Washington, D.C. Health complaints began
shortly thereafter, and increased as more carpet was
laid. By January 1988, several employees had suffered
severe symptoms requiring hospitalization. An industrial
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hygienist and emergency response team compiled com-
plaint reports and measured indoor air quality.

By April 1988, about 60 employees reported feeling sick
at work and experiencing symptoms triggered by a vari-
ety of chemicals (not only by those associated with new
carpet), consistent with the second stage of TILT—trig-
gering. An estimated 124 of 2000 EPA employees eventu-
ally fell ill. Of these, eight acquired chemical intolerance,
most prominently triggered by fragrances, traffic exhaust,
and tobacco smoke. Several employees quit their jobs due
to illness. Though not the first evidence of TILT, this epi-
sode represents the first widely acknowledged episode of
chemical intolerance acquired in a building. The event
attracted national attention to “sick building syndrome,’
in part because some of those affected were EPA employ-
ees with extensive backgrounds in exposure assessment.

The substance most implicated in these illnesses was
4-phenylcyclohexene (4-PCH) an undesirable byprod-
uct from the manufacture of styrene-butadiene rubber
(SBR) latex—an adhesive used to attach carpets to their
backing. 4-PCH is among the most frequently occur-
ring semi-volatile organic compound (SVOC) emitted
by SBR-backed carpets and gives carpet its “new” smell.
In the months following the EPA building renovation,
indoor air concentrations of 4-PCH were measured to
be as high as 6.7 ppb, with concentrations at the time
of initial exposure estimated in the range of 1-15 ppb,
depending on the room [13, 14]. Since the EPA outbreak,
subsequent studies in humans and animals have shown
mixed results regarding the toxicity of 4-PCH [15]. One
German study found that 4-PCH was associated with
headaches, eye irritation, and nausea (NIEHS, 2002) [15].
Despite the potential role that 4-PCH might play in toxic-
ity, it should be noted that numerous other chemicals can
outgas from new carpeting, resulting in complex low-
level mixtures that may work in an additive or synergistic
fashion to elicit toxicity.

Gulf War lliness

Following the 1990-1991 Persian Gulf War, veterans
reported numerous multisystem symptoms consistent
with TILT [16, 17]. According to a national 1993-1995
survey of Gulf War-era veterans conducted by the U.S.
Department of Veterans Affairs, approximately 30% of
700,000 deployed personnel met the CDC case definition
of multi-symptom illness (resembling TILT), approxi-
mately twice the rate of non-deployed veterans (IOM,
2017). Although the exact cause of illness is uncertain,
numerous studies have shown that stress and psycho-
logical features are insufficient explanations. As noted by
Golomb [18] (2008), post-traumatic stress disorder rates
are not systematically higher among Gulf War veterans
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compared to soldiers deployed in other conflicts, yet the
rates of chronic illness are substantially higher among
soldiers deployed to the Gulf [18]. The Institute of Medi-
cine noted that increased symptoms were also reported
by veterans from other countries who participated in the
Gulf War [19].

Research on wartime exposures has identified chemi-
cal weapons released or otherwise present near military
personnel during the Gulf War as risk factors. When
U.S. forces blew up an Iraqi weapons depot at Khamisi-
yah, 100,000 U.S. troops were exposed to the organo-
phosphate (OP) nerve agents sarin and cyclosarin, which
inhibit the enzyme acetylcholinesterase (AChE). Even
minimal OP exposures can elicit acute symptoms, which
may herald the onset of TILT [17]. To prevent vector-
borne disease among U.S. troops, OP pesticides also
were applied widely in the Gulf. The U.S. Department of
Defense estimates that at least 40,000 service members
may have been overexposed to OPs [17, 20].

An estimated 250,000 U.S. soldiers received pyridostig-
mine bromide (PB) pills as a pre-treatment drug to pro-
tect against possible nerve agent exposure [18]. PB is
a carbamate compound resembling OP pesticides in its
action on the central nervous system. Except for com-
bat, PB in the U.S. was approved only for treatment of a
chronic muscle disease known as myasthenia gravis, in
which affected individuals have antibodies to their cho-
linergic receptors. PB had never been approved for indi-
viduals with normal nervous system function, much less
chemically susceptible individuals.

Other major Gulf exposures included combustion
products from burn pits and oil well-fires [21]. One study
determined that Gulf War Illness was closely associ-
ated with taking PB tablets, being within one mile of an
exploding Scud missile, using pesticides on the skin, and
exposure to oil well fire smoke [22].

The most striking symptoms reported by Gulf War
veterans involved the central and peripheral cholinergic
nervous systems (which require the neurotransmitter
acetylcholinesterase) [16, 23—-25]. Golomb [18] attributed
excess illness in Gulf War veterans, in part, to exposure to
acetylcholinesterase inhibitors, including PB, pesticides,
and nerve agents. Just after the Gulf War, one of the
authors [CSM] served as environmental consultant to the
VA Regional Referral Center in Houston, Texas, where
she evaluated approximately 60 Gulf War Veterans with
unexplained illness. In a 1995 paper, Miller and Mitzel
[26] described 37 chemically intolerant individuals who
developed TILT following OP pesticide extermination,
and were first to point to organophosphates as probable
initiators of Gulf War Illness. Miller subsequently coined
the term “Toxicant-Induced Loss of Tolerance” [2] based
in part on these observations.
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Casino workers

Several hundred casino workers developed a “mystery
illness” extending over a 1-month period [27]. Respond-
ing to complaints of a “Raid-like” smell, an Occupational
Health and Safety Administration (OSHA) industrial
hygienist investigated and noted an unusual odor and
experienced similar symptoms. According to the OSHA
report, carbamate and pyrethroid pesticides applied in
the employee café and basement walls coincided with the
outbreak, with concentrations of the pesticide ingredient
coumaphos (and solvent carriers such as 1,1,1-trichloro-
ethane, methylene chloride, acetone, and xylene) being
measured at 7-8 ppb (and up to 250 ppm). Nine months
later, 12 of 19 workers referred for medical evaluation
developed TILT, describing new-onset “sensitivities” to
perfumes, gasoline, newsprint, cleaning materials, pesti-
cides, and various solvent-containing materials.

In an effort to determine whether a pattern of illness
existed and whether it might be explained by workplace
exposures, particularly pesticides, Cone and Sult [27]
conducted a detailed analysis of the episode. They identi-
fied the likely culprit as a carbamate pesticide called Bay-
gon and its organic solvent carriers, and concluded that
the outbreak represented acute and chronic poisoning
with a cholinesterase-inhibiting pesticide. As support-
ing evidence, they pointed to a measurable decrease in
mean red blood cell cholinesterase levels among affected
employees compared to the laboratory mean.

Aerotoxic syndrome
Pilots, cabin crew, and some frequent flyers have reported
episodic poor cabin air quality, with strong odors and
sometimes visible smoke or fumes, often referred to as
“fume events,” followed by TILT-like symptoms. The term
"aerotoxic syndrome" has been coined to describe these
exposures and symptoms. In some cases, pilots have quit
their jobs to avoid worsening illness. One potential expla-
nation regarding exposure arises when we consider that
airplane engine compressors typically supply cabin air.
Sporadically, synthetic jet oil leaks over the oil seals and
enters the cabin ventilation system. Hydraulic and de-
icing fluids may also enter. These fluids contain triaryl
phosphates and organophosphate anti-wear additives
such as tricresyl phosphate. High temperatures in the
compression chamber cause pyrolysis, producing com-
plex mixtures of combustion products and hydrocarbons.
Michaelis [28] surveyed British pilots about their health
and personal experiences with contaminated air aboard
aircraft. Of 274 pilots who responded to the survey, 88%
were aware of contamination, with 34% reporting “fre-
quent” exposures, 18% reporting “one to two big expo-
sure events,” and 7% reporting visible smoke or mist [28].
Of these pilots, 63% reported immediate-to-long-term
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adverse health effects, with 53% describing neurological
symptoms, including “chemical sensitivity”

World Trade Center tragedy

The 2001 World Trade Center (WTC) tragedy in New
York City dispersed clouds of smoke, fuel, and debris into
the surrounding area, engulfing streets and infiltrating
homes and other structures [29]. Airborne particles and
their re-suspension during clean-up activities resulted in
heavy and prolonged exposures for first responders and
nearby residents. Many developed respiratory symp-
toms including a new syndrome with persistent cough
and severe breathing difficulties, dubbed “WTC cough”
[30-32]. According to the U.S. Government Accountabil-
ity Office, almost all responding firefighters developed
persistent respiratory problems, ending the careers of
hundreds.

Dr. Steven Levin of the Mount Sinai School of Medi-
cine noted that some of his patients, “once away from
Lower Manhattan have noticed a general improvement
in their symptoms but find that exposure to cigarette
smoke, vehicle exhaust, cleaning solutions, perfume, or
other airborne irritants provokes reoccurrence of their
symptoms in ways they never experienced before 9/11”

Pollutants associated with the WTC tragedy include
combustion products and chemicals used in construction
materials, furnishings, and maintenance. Analysis of dust
samples from the wreckage revealed a complex mixture
including polycyclic aromatic hydrocarbons (PAHs), pes-
ticides (e.g., organochlorides), asbestos, polychlorinated
biphenyls (PCBs), dioxins, phthalates, and brominated
fire retardants (BFR) [33, 34].

Implant patients

Following surgical implant operations, numerous phy-
sicians have reported multisystem symptoms among
a subset of patients closely resembling chronic fatigue
syndrome and chemical intolerance [35]. Importantly,
silicone may leach slowly from intact breast implant
membranes [36], producing inflammatory and immu-
nological responses [37, 38]. The chemical composition
of implants varies greatly and may include metals that
migrate into surrounding tissue [39]. Processing aids and
peroxides also have been used to aid the curing process
for implant gels. A causal link between breast implant
illness (BII) and symptoms is supported by reports that
implant removal can reverse symptoms in 40-60% of
patients [40].

Brawer (2017) [41] summarized his observations of
over 500 breast implant recipients by stating that “Prior
to implantation these patients manifested no adverse
reactions to perfumes, room fresheners, deodorants,
hairsprays, cleaning agents, cigarette smoke, exhaust
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fumes, carpeting, fabric dyes, adhesives, caulking, glues,
stain removers, detergents, dry cleaning products, paints,
lacquers, insecticides, pesticides, and printing resins”
After their systemic illness became established, they
subsequently began to experience nausea, dizziness, and
headaches on exposure to nearly all of the above. Brawer
[41] also noted a “profound similarity” between TILT and
four decades of his own observations.

Although the use of silicone for cosmetic breast
implants was banned in 1992, use of silicone persisted in
implants designed to correct temporomandibular jaw-
joint (TM]) dysfunction. Materials used in such proce-
dures included silicone rubber and Teflon film laminated
to plastic composite. Repeated friction from chewing can
liberate microscopic particles from these implant materi-
als into surrounding tissue [41].

Moldy environments

Important evidence of mold-related TILT occurred when
Finnish family members moved into a moisture-damaged
house and subsequently developed chemical intolerance
[42, 43]. Initial symptoms included intense eye irritation,
cough, congestion, sinus and throat infections, and short-
ness of breath, which flared whenever they were home.
Among nine family members, all experienced skin symp-
toms, many had headaches, six had functional abdominal
symptoms, at least four suffered muscle and joint pains,
and some had fevers. Four children developed asthma
requiring medical treatment. Ultimately, seven developed
food and pollen allergies. A relative who visited the home
suffered a migraine attack upon arrival, requiring subse-
quent hospital care. Family members’ symptoms resolved
only after moving to a different home.

Finland is located in a subarctic region where mold
damage and mold-related health complaints occur in
homes, workplaces, and schools. Occupational health
physicians conducting a cross-sectional study of symp-
toms associated with workplace moisture damage used
the validated Quick Environmental Exposure and Sensi-
tivity Inventory (QEESI) to determine how many patients
fulfill criteria for chemical intolerance [44]. Based on
clinical experience with more than 1000 patients with
“Dampness and Mold Hypersensitivity Syndrome,” Finn-
ish physician Ville Valtonen reports that approximately
half of those patients will ultimately develop chemical
intolerance, with some subsequently reporting electro-
magnetic sensitivity [45].

Kilburn [46] compared 105 symptomatic adults
exposed to indoor mold in their homes (where concen-
trations of mold spores in indoor air were at least four
times higher than outdoor air) to 100 individuals exposed
to hydrogen sulfide and formaldehyde as well as various
synthetic chemicals (by our definition) including diesel
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exhaust, organophosphate insecticides, glutaraldehyde,
and cleaning agents. These patient groups were com-
pared with 202 community controls not reporting prob-
lems following mold or chemical exposure. At the time
of Kilburn’s study, there was no way to assess mold/
mycotoxin in dozens of homes or to document histories
of past chemical exposures. Employing a comprehensive
battery of 26 neurobehavioral tests, nonetheless, Kilburn
found 6.1 abnormalities among those reporting mold
exposure, 7.1 among those reporting synthetic chemi-
cal exposures versus 1.2 among controls. Cognitive and
memory difficulties were similar in both exposed groups.
He concluded that the neurobehavioral and pulmonary
impairments in persons exposed to mold and mycotoxins
did not differ significantly from those who became ill fol-
lowing various synthetic chemical exposures.

Molds can irritate any exposed part of the body,
including the skin, eyes, and respiratory tract, and act as
allergens. Although mold spores and particles contain
mycotoxins that can be toxic via ingestion or inhalation,
it may be mold VOCs that play a role in initiating TILT
[47]. During development, fruit flies exposed at concen-
trations of 2.8—14.7 ppmv (in air) to the types of mold
VOC:s released by Aspergillus fumigatus exhibited neu-
rological impairment. In particular, 1-octen-3-ol concen-
trations of 2.8 ppmv adversely affected the dopaminergic
neurons resulting in Parkinson’s-like symptoms [48, 49].
Importantly, the VOC concentrations used to expose flies
were low doses in the range of concentrations reported in
mold-infested buildings [50].

Water intrusion and/or indoor air humidity greater
than 50% fosters growth of mold and other micro-
organisms including dust mites and bacteria. The saying,
“water it and it shall grow” applies to any organic mate-
rial that gets wet, e.g., carpets, fabrics, paper, plywood,
compressed wood, and gypsum board. If not removed
or thoroughly dried within 48—72 h, these materials can
place occupants’ health at risk. Also, when wet, the resins
in these materials can degrade, releasing formaldehyde
and various VOCs indoors. Subsequent remediation, that
is, the removal of moldy materials and/or applying chem-
icals such as cleaning solvents to control mold growth,
may also contaminate indoor air.

Fungi emit multiple VOCs including hydrocarbons,
acids, alcohols, aldehydes, aromatics, ketones, terpenes,
thiols, and their derivatives. They have characteristic
odors and compositions which depend on substrate, tem-
perature, moisture, and pH [50-52]. Where indoor con-
ditions favor mold growth, and where ventilation is poor,
levels of mold and accompanying mold products (i.e.,
spores and VOCs) can build up to higher and more toxic
concentrations than outdoors [50, 53]. Fungi that pre-
fer the same temperatures that we prefer in our homes
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rapidly grow or “amplify” indoors. This helps explain why
fungus-related TILT and its complex symptomatology
generally are reported from indoor exposures [54].

Tunnel workers

Davidoff et al. [55] described the development of chemi-
cal intolerances in workers excavating a subway tunnel
beneath a former gasoline station. For 2 months, they
were exposed to soil contaminated with gasoline vapors
(benzene: 60 ppm) as the tunnel was being dug. The
authors interviewed a random sample of 30 out of 70
workers and assessed their health and chemical intoler-
ances after the tunnel was closed due to high benzene
levels, and did so a second time 10-13 months later. The
authors compared them to a general population sample
of 24 matched individuals. Approximately one-fourth
(26.7%) of the exposed workers reported new chemical
intolerances and other characteristics that fit criteria for
TILT.

Besides benzene exposure from gasoline, other poten-
tially relevant exposures in such a confined tunnel space
would include particulates, soil micro-organisms, diesel
exhaust, and carbon monoxide. The authors noted that
these workers were males of low socioeconomic status
who had not previously reported symptoms related to CI
and were not litigious.

Comparing case studies

Table 3 presents a summary of the eight case studies
examined in this analysis according to the chemicals and
chemical groups most pervasive in each exposure event
and the numbers and percentages of people (where data
was available) who were exposed and subsequently devel-
oped illness and TILT. As shown, the number of people
exposed across the various events ranged from fewer
than a dozen (moldy home case) to several hundred
thousand (Gulf War Illness).

For the cases (n=4) in which both the number of peo-
ple exposed and the number of people who developed
TILT-like symptoms was reported, the proportion of
those who developed TILT-like symptoms ranged from
0.4% (EPA Building Renovation) to 44% (moldy home
case), with an average of 25%. This average decreased
to 20% when excluding the moldy home case where the
sample size was low and individuals were genetically sim-
ilar (same family).

For the cases (n=4) in which both the number of peo-
ple who reported any illness/symptoms (not just chemi-
cal intolerance) and the number of people who developed
TILT were reported, the proportion of those who devel-
oped TILT-like symptoms ranged from 5% (Casino
Workers case) to 44% (moldy home case), with an average
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Table 3 Initiating events described according to the chemicals and/or chemical groups most pervasive in the event and the number
of people who experienced exposure, illness, and the development of TILT-like symptoms

Case study Initiating event # of People Exposure type Key chemical exposures Chemical concentrations
(% of exposed,
% of ill)
EPA building remodel Carpet installation Exposure: 2000 Mixed VOCs 4-PCH 1-15 ppb
lliness: 60 Formaldehyde 6-59 ppb
TILT: 8 (0.4%, 13%) Xylene 0.9-4.2 ppb
Gulf War lliness Vehicle and burn pit Exposure: 700,000  Nerve agents Sarin, cyclosarin NA
emissions, pesticide lliness: 210,000 Nerve agent (anti-) PB NA
use, and nerve and anti-  TILT: ~ 200,000 o
nerve agents (~29%) Pesticides Organophosphates NA
Combustion products  PM, 104-9576 ug/m??
PM, NA-2889 pg/m?3?
PAHs 5-500 pg/m??
Mixed metals NA
Mixed VOCs Benzene, acetone, tolu- 2-55 ppb
ene, xylene, etc.
Casino workers Pesticides and solvent Exposure: NA Pesticides Carbamates 7-8 ppb
carriers lliness: ~250 Mixed VOCs Xylene, acetone, etc. 240 ppb (max)
TILT: 12 (5%)
Aerotoxic syndrome  Pyrolysis products of Exposure: NA Mixed SVOCs Triphenyl phosphate and ~ NA®
lubricant oil and addi-  Iliness: 142 Tricresyl phosphate
tives from airplane TILT: 16 (11%)
engine
WTC disaster Structure fire and "WTC Unknown Mixed SVOCs PCBs, dioxin, phthalates NA®
dust”from building and BFRs
collapse Combustion products  PM, PAHs, metals, etc.
Pesticides Organochlorides
Implant syndrome Surgical implants and Unknown Silicone Poly-dimethylsiloxane NA
processing aids Mixed metals
Peroxides 2,4-Dichlorobenzoyl
peroxide
Tunnel workers Outgassing of gasoline Exposure: 30 Mixed VOCs Benzene 60 ppm
vapors lliness: NA
TILT: 8 (27%)
Mold case in Finland ~ Mold spores, mVOCs, Exposure: 9 Fungi Mycotoxin NA
- ) b
cleaning solvents [lIness: 9 Mixed mVOCs 1-octen-3-ol, geosmin, nd-0.9 ppb
etc.
TILT: 4 (44%, 44%)  Mixed VOCs Unknown NA

2 Since measurements were not available for this exposure event, concentration values are those from a similar combat zone in a nearby geographic region (Iraq) [21]

b Since measurements were not available for this exposure event, concentration values were drawn from measurements in other homes that were sampled following

mold-related complaints (hd=non-detect) [50]

€While on-site air sampling was not conducted during the events, the presence of visible smoke/fumes (reported by some pilots in Aerotoxic Syndrome case and well

known for WTC case) suggests potentially high exposure

of 18%. This average decreased to 9% when excluding the
moldy home case.

Figure 2 presents the number of initiating events for
which each group of chemicals was identified as a poten-
tial contributor to TILT-related illness, as described by
the case reports we analyzed. As shown, the category of
mixed VOCs and SVOCs was the most prevalent expo-
sure (6 of 8 events) that was implicated for potential TILT
initiation across exposure events, followed by pesticides
(3 of 8 events) and combustion products (2 of 8 events).
The mixed VOC/SVOC group of chemicals included

such VOCs as benzene, acetone, toluene, and xylene as
well as SVOCs including BFRs, PCBs, dioxin, phtha-
lates, and triphenyl and tricresyl phosphates. Among
this groups of compounds, xylene was identified most
frequently across exposure events, followed by both ben-
zene and acetone.

Pesticides included carbamates, organophosphates,
and organochlorides, the latter of which consisted of
pesticides that were federally banned in the 1970s (e.g.,
DDT) yet still linger in the environment. Each pesticide
type was equally identified across exposure events. Of
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Fig. 2 The number of initiating events for which each group of chemicals was identified as a potential contributor to TILT-related illness

note, while pesticides could also be considered in the
VOC/SVOC category, the division of these into sepa-
rate categories allowed for a more nuanced examina-
tion of exposure. And importantly, this grouping did not
underweight the VOC/SVOC category, since there was
no case of pesticide exposure that was not accompanied
by separate chemicals in the VOC/SVOC category. The
combustion products identified through our case studies
included PM, 5, PM,,, PAHs, and mixed metals. Combus-
tion products are known to contain other products as
well; however, these products are among the most impor-
tant as it relates to health effects at ambient levels [56,
57].

Discussion

Identifying potential initiators

The purpose of this paper was to examine eight major
exposure events associated with TILT to better under-
stand the often-misunderstood pathology of toxicant
induction (the initiation step) followed by loss of tol-
erance (the second and often only observed step). We
found that mixed VOCs/SVOC:s, followed by synthetic
pesticides and combustion products, were the primary
exposures associated with TILT initiation. In many
instances, such as exposure to pesticides, mixed VOCs/
SVOCs, nerve agents, anti-nerve agent pills, lubricants
and additives, and WTC exposures could be housed
under the phrase “synthetic organics,” as defined earlier.
That such exposures were predominant in several major
initiating events suggests that they may play a role in

TILT initiation and provides further evidence for TILT as
a new, two-step disease mechanism.

As a broader group, synthetic organic chemicals were a
primary source in five cases (Gulf War, building remod-
eling, aircraft oil fumes, casino workers, tunnel workers)
and a secondary source in three cases (WTC tragedy,
moldy environment, implants). Four of eight initiating
events (Gulf War Illness, WTC tragedy, Aerotoxic Syn-
drome, tunnel workers) involved decomposition of
synthetic organics by burning or pyrolysis, producing
secondary exposures. Such combustion products consist
of variable mixtures of organic and inorganic gases and
particles. The fact that these exposures were pervasive
in several major events suggests their relevance to TILT
initiation.

Although the proportion of exposed and/or ill indi-
viduals who later developed TILT fluctuated considerably
depending on the exposure event, the proportions across
all cases were far from trivial, supporting the poten-
tial magnitude of this public health problem on a global
level. The largest proportion of exposed individuals to
develop TILT occurred in the case involving the family
in a moldy home, potentially due to gene-related similari-
ties between individuals with heightened susceptibility.
The lowest proportion occurred surrounding the EPA
building renovation, still resulting in nearly a dozen cases
among just 2000 exposed.

To date, the identification of TILT initiators stems
from observational reports and studies of major expo-
sure events, as highlighted in this analysis. Notewor-
thy, however, is a study undertaken for the European
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Commission [5, 6] that revealed other initiators includ-
ing wood-preservative chemicals (pentachlorophenol),
organic solvents, anesthetic agents, carpets and glue, and
formaldehyde.

The case of the EPA building renovation was the first
large-scale event to demonstrate TILT. The fact that
numerous employees developed chemical intolerance fol-
lowing this exposure served as early evidence for TILT
as a new medical problem that can evolve in some sick
building occupants.

Miller and Prihoda [58], who surveyed Gulf War vet-
erans, chemically intolerant patients, surgical implant
patients, and a control group, used the QEESI to iden-
tify individuals who reported developing multisystem
symptoms and new-onset intolerances for structurally
unrelated chemicals, foods, and drugs which they had
previously tolerated and are tolerated by most people.
This recurrent pattern of illness following major expo-
sure events occurring in unrelated individuals seen by
different doctors in different countries supports a shared
underlying mechanism.

Exposures and associated symptoms reported by
individuals involved in the WTC collapse closely paral-
lel symptoms of the Gulf War veterans, EPA workers,
and others reporting TILT following exposures to com-
bustion products and synthetic organics from build-
ing and furnishing materials. Dust samples from the
WTC wreckage contained complex mixtures including
PAHs (combustion products), pesticides, PCBs (build-
ing materials), polychlorinated dibenzodioxins, phtha-
late esters, and brominated diphenyl ethers (used as fire
retardants) [33]. It remains unclear which specific chemi-
cals or chemical combinations are responsible for TILT
initiation.

Pesticides were implicated in at least two of the initi-
ating events explored in this analysis, namely, the Gulf
War and casino workers examples. As early as the 1960s,
occupational health practitioners observed that some
individuals who “recovered” from acute pesticide poison-
ing experienced protracted multisystem symptoms [3].
In the same report, 20 of 114 victims stated that even 3
years later they could no longer tolerate pesticides and
became symptomatic from merely a “whift” of pesticides.
Among a group of Nicaraguan agricultural workers,
Rosenstock et al. [59] noted decrements in neuropsycho-
logical performance that persisted years after acciden-
tal organophosphate intoxication. Various studies have
similarly shown persistent memory difficulties, cognitive
problems, motor impairment, mood alteration, fatigue,
and other symptoms following organophosphate pesti-
cide exposure [3, 60, 61].

In a study by Miller and Mitzel (1995) [26], 112 indi-
viduals reported TILT-like symptoms following either
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a well-documented pesticide exposure or building
remodeling. The reason this study was not included in
the eight events documented in this paper was because
unique initiating exposures were difficult to docu-
ment, a ubiquitous defect of many studies of exqui-
sitely sensitive persons. Despite having had entirely
different exposures, both groups exhibited remarkably
similar symptom patterns and subsequently reported
near-identical triggers (chemicals and specific foods)
for their symptoms. Not unexpectedly, the pesticide-
exposed group reported somewhat more severe neuro-
muscular, affective, airway, gastrointestinal, and cardiac
symptoms. This study, coupled with Miller’s detailed
evaluations of Gulf War veterans, led to the develop-
ment of the QEESI (detailed described later).

Numerous studies have linked chronic multisystem
symptoms and new-onset chemical intolerances to
organophosphate and carbamate pesticide exposures.
Such studies include the case of the casino workers
explored in this analysis, as well as farmers, an attorney
whose home was exterminated, and others [27, 62, 63].
Ashford et al’s nine-country European study likewise
identified TILT-like cases following various pesticide
exposures [5, 6]. Furthermore, in addition to contami-
nation from air bleeding off of the engines, aircraft cab-
ins are often treated with pesticides [64].

While vehicle exhaust and other combustion prod-
ucts are commonly reported triggers, this analysis
also points to these pollutants as potential initiators
(e.g., the WTC disaster, Gulf War veterans’ exposures
to oil well fire smoke, diesel exhaust, and incineration
of human waste, plastics, and other battlefield mate-
rials). More recently, soldiers deployed to Iraq and
Afghanistan have reported persistent pulmonary and
multisystem symptoms attributed to exposure to com-
bustion products from nearby burn pits in which a wide
range of trash was burned, including, but not limited
to, paint, medical and human waste, metal/aluminum
cans, munitions, petroleum and lubricant products,
plastics, rubber, wood, electronics, and discarded food
[65, 66]. Chronic and acute upper and lower airway dis-
ease due to combustion products is well documented.
Less widely known are studies linking air pollution with
psychiatric emergency room visits, psychiatric hospital
admissions, family disturbances, and anxiety [67-73].
Whether individuals with these exposures develop
new-onset chemical, food, and drug intolerances needs
to be further studied.

Research has linked indoor air pollution to reduced
cognitive performance and productivity [74, 75]. Oth-
ers have shown an association between air pollution and
autism [76, 77]. We (authors Miller and Palmer) have
documented a two-to-three-fold risk for autism and for
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ADHD in offspring of mothers who are chemical intoler-
ant, based on the QEESI [78].

Thousands of patients report developing multisystem
symptoms and chemical, food, and drug intolerances
following a wide variety of surgical implants. Common
chemical exposures in these cases include silicone and
various metals. In addition, processing aids and perox-
ides such as 2,4-dichlorobenzoyl peroxide are synthetic
organics substances that may initiate TILT [79]. Metals
leaching from implants may also play a role [80].

In the U.S.,, increasing numbers of people report
adverse reactions to mold [81]. Molds release not only
spores and fragments, but also mold VOCs (mVOCs)
that become airborne and have toxic and immunogenic
effects. Inamdar et al. [82—-84] (2012) demonstrated
adverse neurological effects on fruit flies (Drosophila
melanogaster) of short-chain mVOCs containing as few
as eight carbons (e.g., 1-octen-3-ol). With changing cli-
mate and increasing major flood events, mold appears
to be placing more people at risk for developing TILT.
Repairing or refurbishing wet interiors introduces poten-
tial exposures to cleaning chemicals, bleach, paints, and
other exposures that can exacerbate illness. Unfortu-
nately, many occupants have little choice but to remain in
their homes during clean-up.

TILT-related dose and exposure levels

As it relates to the toxicity of various compounds, it has
long been understood by toxicologists that the “dose
makes the poison” A more nuanced approach to toxi-
cology, however, is to say that the “dose plus host makes
the poison” This latter concept highlights the important
role that person-to-person biological variation plays in
determining the toxicity of a given xenobiotic to a par-
ticular individual. Polymorphisms in the genes that code
for various cytochrome P450 (CYP) enzymes have been
shown, for instance, to produce different metabolic phe-
notypes and in turn play a role in such variation. For
example, individuals whose CYP2D6 phenotype renders
them poor metabolizers of debrisoquin are at risk of vari-
ous adverse drug reactions, whereas extensive metaboliz-
ers are at greater risk of lung cancer, perhaps due to the
production of carcinogenic metabolites [85].

As it relates to TILT, our analysis demonstrates that
important chemical concentration data are often miss-
ing from major exposure events, in some cases due to
the hazardous nature of the event (e.g., Gulf War com-
bat zone) or its unexpected and episodic occurrence (e.g.,
WTC disaster). While improved environmental field
monitoring would contribute invaluably to understand-
ing TILT, limited measurement data available for our
analysis suggest that TILT initiation may occur within the
range of chemical exposure levels typically considered
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hazardous (e.g., the tunnel workers being evacuated due
to high benzene concentrations). While measurement
data did not exist to characterize the numerous expo-
sures experienced by Gulf War veterans, evidence from
other combat zones in the same general geographic
region similarly showed extremely high exposure levels
(in this case for PM), as noted by an Institute of Medi-
cine report on Joint Base Balad (one of the largest U.S.
military bases in Iraq), stating that “the average of the 51
PM,, measurements was 709 pg/m? (range 104-9576 pg/
m?) and [that] the NAAQS [National Ambient Air Qual-
ity Standard] was exceeded for 49 of the 51 samples [21].
Similar results were shown for PM, ..

While concentration data did not exist for our case
study on mold, measurements from related research has
shown mVOC levels to range from non-detect to roughly
1 ppb in homes that experience complaints, suggest-
ing that mVOCs may affect individuals at extremely low
levels (if in fact they are responsible for the complaints).
While this analysis did not focus on TILT triggers, such
exposures appear to elicit symptoms at very low levels
(below those described here for initiation). More field
research is needed to determine chemical exposure lev-
els and internal doses required to both initiate TILT and
trigger symptoms in susceptible individuals to aid our
understanding of chemical intolerance and help prevent
future illness.

TILT prevalence

Chemical intolerance has been overlooked in both
medicine and public health, despite 15-36% of the U.S.
population reporting being “especially” or “unusually”
intolerant to certain chemicals, and ~ 5% reporting physi-
cian-diagnosed “MCS;” “IEL, or other environmentally or
chemically related impairment [58].

A nationally representative U.S. population survey con-
ducted in 2016 (n=1137) found a prevalence of 25.9%
self-reported chemical sensitivity and 12.8% reported
medically diagnosed “multiple chemical sensitivities”
or MCS [86]. Two previous nationally representative
U.S. population surveys, conducted in 2002-2003 [87]
(n=1057) and 2005-2006 [88] (n=1058), found a prev-
alence (respectively) of 11.1% and 11.6% self-reported
chemical sensitivity and 2.5% and 3.9% medically diag-
nosed MCS. Based on these data, the prevalence of
chemical sensitivity may have increased by over 200%,
and diagnosed MCS by over 300%, in the past decade.

In a U.S.-based study, 35% of people reported one or
more types of adverse health effects attributed to expo-
sure to fragranced consumer products such as cleaning
supplies, air fresheners, fabric softeners, and personal
care products [89]. Fragranced consumer products are
typically composed of tens to hundreds of compounds,
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many derived from petrochemicals [89]. Fragrances are
common symptom triggers for most chemically intoler-
ant patients irrespective of their initiating event. It is not
always clear whether exposure to a fragrance initiates
TILT, or whether an individual associates their symptoms
(e.g., headache, brain fog, breathing difficulties) to a dis-
tinctive odor for the first time.

Similarly, in Japan, Hojo et al. (2018) [90] reported
a 10-year increase in CI in Japan from the 1999-2003
period to 2012-2015, based on QEESI scores for Chemi-
cal Intolerances, Other Intolerances, and Life Impact.
Construction and renovation, which had been the pre-
dominant onset/trigger exposures for CI ten years ago,
decreased from 69 to 35%, while electromagnetic fields
increased significantly from 0 to 26%, perfume from 0 to
21%, and medical treatment from 2 to 7%. These changes
may be attributable to greater exposure awareness,
increased exposures to synthetic substances, and perhaps
the proliferation and use of electronic devices. Notably,
most of these reports from the U.S. and Japan involve
triggering, the second stage of TILT, but not necessarily
initiating exposures.

It is difficult to estimate TILT’s current prevalence and
impact for a variety of reasons. First, there is little or no
follow-up of exposed workers, families, soldiers or oth-
ers except in a few countries where detailed, longitudinal
data are collected. Even in those countries, few doctors
are aware of TILT’s two-step mechanism, Initiation and
Triggering. Additionally, there are no consistent bio-
markers or unique pathology that clearly links illness to
particular initiating exposures. For decades, Gulf War
veterans fought for recognition of their illnesses. In 2016,
Congress declared that Gulf War veterans with medi-
cally unexplained conditions that appeared during Gulf
War service should be recognized. The Gulf War veter-
ans had such diverse exposures, triggers, and symptoms,
that a unifying mechanism has eluded researchers. Sci-
entists and physicians saw no underlying etiology, just
as Civil War doctors could not make sense of the fevers
and symptoms of soldiers who fell ill. They did recognize
one common denominator, fever, but their observations
preceded the germ theory of disease and so they knew
nothing of the microscopic invaders that were underlying
the health crisis. Similarly, doctors today are likely facing
another new disease mechanism [2, 7].

Identifying a physiological mechanism

Possible physiological mechanisms to explain TILT are
being explored. Any proposed mechanism needs to
address the two stages of TILT—initiation and triggering.
We have described how this process often begins, citing
examples of initiating exposures including employment
in the EPA headquarters during renovation, participation
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in the Gulf War, pesticide exposure among casino work-
ers, exposure to aircraft oil fumes, the World Trade
Center tragedy, surgical implants, and damp and moldy
environments. Following initiation, even tiny amounts of
structurally diverse chemicals, foods, and drugs trigger
symptoms and perpetuate illness. It is evident that both
the nervous system and the immune system must partici-
pate in this process, although a specific biological mecha-
nism and markers have remained elusive.

What we do know, based on worldwide observations
by patients and clinicians, is that any mechanism pur-
ported to explain TILT must explain the characteristics
most closely associated with this illness: (1) symptoms
involving virtually any system in the body or several sys-
tems simultaneously; (2) differing symptoms and sever-
ity in different individuals, even those sharing the same
exposure; (3) induction by a wide range of chemicals; (4)
subsequent triggering at lower levels of exposure than
those involved in initiation; (5) concomitant food intol-
erances, estimated to occur in a substantial percentage
of those with chemical intolerances; (6) the spreading of
intolerances to include other, often chemically dissimilar
substances, each of which may trigger a different con-
stellation of symptoms; (7) adaptation (masking), that is,
acclimatization to incitants including various chemicals,
foods and drugs, with continued exposure; withdrawal
symptoms and loss of this tolerance with removal of the
incitants; plus augmented response with re-exposure
after an appropriate interval (for example, 4—7 days), and
(8) an apparent threshold effect referred to by some prac-
titioners as the patient’s “total load”

When considering the two-stage process involved in
TILT, it is useful to recall that multi-stage processes are
not absent elsewhere in pathology. For instance, chemi-
cally—, or radiometrically—caused cancer proceeds
through a mutagenic event, followed by promotion of
the mutation to a recognized tumor [91, 92]. Chemicals
that initiate mutations can be followed by promotion of
the genetic damage by other chemicals that are recog-
nized as promotors. The steps are independent, although
some chemicals can be both initiators and promoters.
Furthermore, endocrine disruption can cause damage
to the reproductive system while not being apparent
until puberty when developmental hormone production
increases. Hormones are, after all, biochemical catalysts
that accelerate somatic processes. TILT can be seen as
another example of a multi-step damage mechanism in
which the loss of tolerance to certain chemicals (or foods
or drugs) is initiated by exposure(s), which later expresses
itself as intolerance to specific chemicals—called “trig-
gers” Often the initiators and triggers can be dissimilar
chemicals, foods, or drugs whose effects may express
themselves at very low levels of exposure.
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One promising potential physiological mechanism to
explain TILT involves mast cells. Mast cells are the first
line of defense involved in our bodies’ cellular immunity
(as opposed to humoral). They consist of white blood
cells that originate in the bone marrow and subsequently
migrate to every tissue in our bodies during an immune
response, in particular the interface between our tissues
and the external environment—the nasal mucosa, the
olfactory-limbic tract, lungs, skin, blood and lymph ves-
sels, gastrointestinal tract, and urogenital tract. Mast cells
are sometimes regarded as our “primitive immunity,” pro-
tecting the body against xenobiotics in the form of chem-
icals, foods, drugs, mold, and viruses. Further details on
mast cells as a potential physiological mechanism under-
lying TILT is the focus of another manuscript currently
under preparation by some of the current authors.

Opportunities and challenges in diagnosing TILT
Undoubtedly, personal exposure history, living condi-
tions, nutritional status, and genetic and epigenetic
make-up determine TILT susceptibility. Effects of major
initiators (e.g., OPs, mold) may persist indefinitely, or
even be lifelong. In contrast, symptoms triggered by
chemicals, foods, or drugs may be reversible within
hours or days. Affected individuals may be unable to link
their symptoms to specific exposures if they are heavily
"masked." Masking results from overlapping responses
to many different chemicals, foods, and drugs, and the
normal habituation that occurs with chronic exposures.
Until "masked" individuals reduce their overall exposures,
it may be impossible to know which if any of their symp-
toms or health problems may be related to their expo-
sures. For a detailed discussion of masking, see Miller [7].
The ideal way to determine whether an individual is
impacted by TILT and how they might modify their
diets and environment to reduce their symptoms is
through a specially designed hospital facility called an
Environmental Medical Unit (EMU). EMUs employ
"takeaway medicine" by controlling diet and insofar as
possible eliminating all potential problem exposures
in a chemically “clean” room. In an environmentally
controlled medical unit, patients can be housed long
enough (4-7 days) to achieve a clean baseline, free of
symptoms, thus enabling double-blind, placebo-con-
trolled challenges and allowing physicians to observe
patients prior to EMU entry, after unmasking, and
before and after specific exposure challenges, while
employing objective measures such as proteomics, pul-
monary function testing, or brain imaging. As micro-
scopes enabled scientists to see the "germs" responsible
for infectious diseases in the late 1800s, the EMU today
is a tool that can enable physicians to see the effects
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of patients’ environments. Such facilities are needed
for research, diagnosis, and treatment of TILT. With-
out these tools, the complex illnesses and exposures
involved in TILT will continue to elude us. Currently,
no EMU exists in the U.S.

To avoid missing or overlooking TILT, doctors must
first understand initiation and triggering, and take
detailed exposure histories. Overlooking an exposure that
initiates TILT may be missing the only opportunity to
intervene and prevent worsening health. Too many peo-
ple remain in a sick building, a moldy home, or continue
to use pesticides or other initiating/triggering chemicals,
only to have their symptoms and intolerances spread to
other triggers including diverse chemicals, foods, and
drugs that never bothered them before. Importantly, if
initiating exposures continue, TILT becomes frustrat-
ingly complex and nearly impossible to reverse.

The QEESI and BREESI diagnostic tools

The QEESI is a validated diagnostic tool developed by
one of the current authors (Miller), which is used interna-
tionally by clinicians and researchers to evaluate patients,
and to identify research subjects and controls in lieu of
a case definition. It is an easy-to-complete and readily
accessible questionnaire now used in over a dozen coun-
tries to help patients and their caregivers understand this
condition and avoid key exposures. The QEESI can also
be used to track the emergence of TILT following a major
exposure event, to compare patient groups for research,
and to document changes in symptoms and intolerances
over time with treatment or avoidance [58, 93].

Of note, the QEESI was not the basis for TILT diagno-
sis or the inclusion of cases in the current analysis for two
main reasons. First, the QEESI is a diagnostic tool that
must be completed by patients. QEESI reveals triggers,
not initiators. In the current analysis, we did not have
access to the symptomatic populations who suffered from
the described exposure events. Additionally, despite the
growing use of the QEESI among medical professionals,
it was not deployed to evaluate chemical intolerance by
the initial scientists and medical doctors who first docu-
mented the exposure events examined in this analysis. In
some cases, the exposure events even predated the devel-
opment of the QEESI tool.

For future research, in addition to helping better under-
stand the more widely documented exposure-TILT rela-
tionships, less understood areas such as those involving
the intersection between ambient air pollution and psy-
chiatric symptoms as well as the role of surgical implants
in initiating TILT could be elucidated (e.g., pre/post-
exposure) using the QEESI. Additionally, in the hands
of epidemiologists, and perhaps workers or community
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groups, the QEESI can serve as a tool to facilitate studies
of TILT in the wake of exposures such as:

+ Agricultural application of pesticides or herbicides
such as glyphosate (now the most widely applied
chemical for weed control on farms, lawns, road-
ways, and golf courses) that may expose workers,
nearby residents, or consumers [94].

+ A large oil spill such as the Exxon Valdez in Alaska
or the Deepwater Horizon spill in the Gulf of Mexico
and the accompanied spraying of dispersant [95, 96].

+ Fracking, with below-ground injection and release of
chemicals that have the potential to contaminate the
local environment or pollute groundwater [97].

« First responders, fire fighters, rescue workers, and
others in the path of a major fire or explosion such
as the destruction of the World Trade Center or the
major wildfire that destroyed the city of Paradise,
CA, in 2018 [98].

» Military exposures such as combustion products
from burn pits (e.g., Afghanistan) or the application
of herbicides (e.g., Agent Orange used in Vietnam)
[16, 99, 100].

« Implanted devices, [36, 37, 41] procedures, materi-
als, or drugs adopted on a broad scale such as vari-
ous chemotherapies. Also, dental implants, sealants,
intraocular lenses, stents, and other medical devices
and procedures [101].

+ Adoption of new chemical practices or processes
such as automated X-ray developing or cleaning
of medical equipment, both of which have exposed
hospital personnel to glutaraldehyde [102]. Another
emerging concern is ethylene oxide, which is used to
sterilize plastics that cannot be autoclaved [103].

The QEESI is a useful tool for patients, researchers,
and physicians alike, and is available online where it
can be downloaded for free [104]. Additional file 1: Fig-
ure S1 presents the so-called “Symptom Star,” which is
an illustrative example of the type of visual results that
the QEESI, once completed, can offer to help patients
and physicians understand and diagnose TILT. In addi-
tion to the QEES], the Brief Environmental Exposure and
Sensitivity Inventory (BREESI) has been developed as a
much shorter 3-item screener for chemical intolerance
with excellent predictive validity [105]. The purpose of
the BREESI is to serve as a more useful tool for a quick
assessment for TILT—ideal for personal or doctor office
assessments and epidemiological studies.

Before there were microscopes, doctors could diagnose
bacterial diseases only by signs and/or symptoms and
patterns of spread. As with infectious diseases, we will
need to apply new tools such as the QEESI and BREESI
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to better understand the exposure-symptom dynamics of
TILT as well as the pathophysiology, genetics and epige-
netics of TILT. During and following the Civil War, fever
was the “hallmark symptom.” Today, TILT’s hallmark
symptom is new-onset intolerances for chemicals, foods,
and drugs that never bothered the individual previously
and do not bother most people. Frequently, symptoms,
and intolerances follow on the heels of recognizable envi-
ronmental exposure, described herein as TILT initiators.
A sick building may initiate TILT gradually over a period
of weeks or months. In contrast, an organophosphate
exposure may initiate TILT in as little as 2 weeks.

In the present paper, we examined a variety of impor-
tant exposure events to help identify key exposures that
may underlie TILT initiation. While results demonstrated
several noteworthy associations, it is important to clarify
that this study cannot confirm causation between the ini-
tiating exposures and TILT. Future research on exposure
events and the underlying mechanism of TILT is needed
to demonstrate causality.

Conclusion

TILT is a two-stage disease process characterized by
new-onset intolerances to certain chemicals, foods, and
drugs following “initiation” by a major exposure event
(or repeated low-level exposures). In this analysis, we
described eight major exposure events that preceded
the onset of TILT in small-to-large populations of peo-
ple who shared the same exposures. Mixed VOCs and
SVOCs, followed by pesticides and combustion products
were most prevalent across these TILT initiation events.
As a broader category, synthetic organic chemicals and
their combustion products were the primary exposures
associated with chemical intolerance, including pesti-
cides, peroxides, nerve agents, anti-nerve agent drugs,
lubricants and additives, xylene, benzene, and acetone.
The pervasiveness of specific chemicals and/or chemi-
cal groups across numerous initiation events suggest a
potential role of these substances in initiating TILT.

The proportion of individuals who developed TILT
from those who were exposed and/or fell ill during each
exposure event supports the existence of a major public
health problem, particularly when one considers the wide
range of exposures associated with TILT initiation and
their prevalence worldwide.

To prevent the initiation of TILT in future popula-
tions as well as help afflicted individuals cope with
chemical intolerance, practitioners need to use the vali-
dated QEESI which has 0-100 rating scales for symp-
toms, intolerances, and life impact, as well as a 0-10
masking index. Doctors and epidemiologists can read-
ily use these validated measures to glean invaluable
insights that can lead to improved patient health by
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identifying and avoiding “triggers” Furthermore, they
need to understand TILT’s two-step process, which
appears to involve both the immunological and nerv-
ous systems. For doctors, the QEESI may also help pre-
dict who is most likely to respond adversely to future
exposures, whether they encounter pesticides, drugs,
implants, new construction materials, petrochemicals,
and also whether their children may be prone to vari-
ous exposures, and perhaps, even react adversely to
immunizations.

It should give us pause that following diverse exposure
events, there is a pattern of new-onset illnesses accompa-
nied by chemical, food, and drug intolerances occurring
in demographically diverse groups in dozens of countries,
where people see different doctors and speak different
languages. These collective observations provide prima
facie evidence that we are dealing with a new disease
mechanism—Toxicant-Induced Loss of Tolerance. In a
forthcoming paper, we propose a new, plausible biologi-
cal mechanism for TILT.
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