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BBB blood brain barrier
C4a split product of activation of complement component 4
CIRS-WDB chronic inflammatory response syndrome caused by exposure to the interior
environment of water-damaged buildings
CN caudate nucleus
CNS central nervous system
ERMI Environmental Relative Moldiness Index
GFAP glial fibrillary acidic protein
MMP9 matrix metalloproteinase 9
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
NQ NeuroQuant
TGFB1 transforming growth factor beta-1
TS Tourette’s Syndrome
VEGF vascular endothelial growth factor
VIP vasoactive intestinal polypeptide
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Abstract

PT

Executive cognitive and neurologic abnormalities are commonly seen in patients with a chronic
inflammatory response syndrome (CIRS) acquired following exposure to the interior

RI

environment of water-damaged buildings (WDB), but a clear delineation of the physiologic or

SC

structural basis for these abnormalities has not been defined. Symptoms of affected patients

NU

routinely include headache, difficulty with recent memory, concentration, word finding,
numbness, tingling, metallic taste and vertigo. Additionally, persistent proteomic abnormalities

MA

in inflammatory parameters that can alter permeability of the blood brain barrier, such as C4a,
TGFB1, MMP9 and VEGF, are notably present in cases of CIRS-WDB compared to controls,

D

suggesting consequent inflammatory injury to the central nervous system. Findings of gliotic

TE

areas in MRI scans in over 45% of CIRS-WDB cases compared to 5% of controls, as well as
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elevated lactate and depressed ratios of glutamate to glutamine are regularly seen in MR
spectroscopy of cases. This study used the volumetric software program NeuroQuant® (NQ) to
determine specific brain structure volumes in consecutive patients (N=17) seen in a medical
clinic specializing in inflammatory illness. Each of these patients presented for evaluation of an
illness thought to be associated with exposure to WDB, and received an MRI that was evaluated
by NQ. When compared to those of a medical control group (N=18), statistically significant
differences in brain structure proportions were seen for patients in both hemispheres of two of
the eleven brain regions analyzed; atrophy of the caudate nucleus and enlargement of the
pallidum. In addition, the left amygdala and right forebrain were also enlarged. These volumetric
abnormalities, in conjunction with concurrent abnormalities in inflammatory markers, suggest a
model for structural brain injury in “mold illness” based on increased permeability of the blood
brain barrier due to chronic, systemic inflammation.
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1. Introduction
The awareness of acute and chronic health effects caused by exposure to the dense

PT

microbial growth found in many water-damaged buildings (WDB) has progressed steadily over

RI

the past ten years. In 2004, an expert panel from the Institute of Medicine [16] reviewed

SC

literature published through 2003, confirming that reports of respiratory effects of exposure to
WDB were well supported. Later that year a consensus study from the University of

NU

Connecticut’s Center for Indoor Environments and Health [53] suggested that a variety of
symptoms, including headache, vertigo and memory loss, should be recorded by clinicians in

MA

suspected cases of WDB syndrome. In 2005, two clinical studies reported by our group [47,49]
described a larger constellation of symptoms, including executive cognitive and neurologic

TE

D

symptoms, which were routinely noted in 178 affected patients but not in 111 controls. A series
of laboratory findings in these patients identified innate immune inflammatory abnormalities,
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such as complement activation, accompanied by low levels of a critical inflammatory regulator,
alpha melanocyte stimulating hormone (MSH). A prospective re-exposure trial, termed
ABB`AB, performed after patients had been successfully treated for their previously persistent
symptoms, showed that such symptoms, including headache and executive cognitive impairment,
and laboratory abnormalities re-appeared rapidly, essentially reproducing the prior clinical status,
within three days of re-exposure to WDB [47]. The observed re-acquisition of symptoms and
laboratory findings in the ABB`AB trial was further reinforced by another, more intense study
based on prospectively collected data. This work included a double blinded, placebo-controlled
clinical trial confirming the benefits of treatment, beginning with removal from exposure and
followed by the use of an orally administered anion-binding resin, cholestyramine (CSM) [46].
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In 2008 the US Government Accountability Office summarized Federal research on the
health effects of indoor mold [56] and in 2009, the World Health Organization report on illness

PT

acquired following exposure to damp spaces [61], both continued the expansion of the

RI

recognized role of acute and chronic inflammation in the illness. In 2010, an internally peerreviewed consensus report from a panel of Expert Mold Treating Physicians recognized the

SC

importance of neurocognitive and neurological symptoms as well as the innate immune

NU

inflammatory basis of the illness, and termed it a chronic inflammatory response syndrome
(CIRS-WDB) to describe the diversity of inflammatory problems seen in patients [48].

MA

Although the correlation of specific serum markers is widely disputed, it is widely
accepted that chronic inflammation contributes to cognitive decline, as well as neurologic

TE

D

disease [9]. A significant portion of case definition for CIRS-WDB relies on abnormal serum
markers, important in the initiation and progression of inflammation, such as complement,
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TGFB1, and the neuropeptides, vasoactive intestinal peptide (VIP) and MSH. Cognitive decline
and other neurologic sequelae are persistent problems in patients with CIRS-WDB. Currently,
objective assessment of central nervous system (CNS) findings in cases with neurological
deficits involves magnetic resonance spectroscopy (MRS) and imaging (MRI), with estimation
of brain structure swelling or atrophy mostly qualitative. Non-specific findings of gliosis and the
presence of bright objects seen on T2 weighted images were found in over 45% of CIRS-WDB
cases (Investigating center’s unpublished data) compared to 5% in controls. Although these
neurologic findings are common, no attempts to determine structural abnormalities in the CNS
have ever been recorded in patients with this illness.
NeuroQuant (NQ) is a recently developed software program (CorTechs Labs,
www.cortechs.net) cleared for marketing in 2006 by the US FDA for measurement of brain
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structure volume from the MRI of human subjects. Since its clearance by the FDA, the reliability
and validity of NQ has been supported by multiple peer-reviewed studies of normal controls and

PT

patients with Alzheimer’s disease [11,12,32] other types of dementia [26], mild cognitive

RI

impairment [26,32,37] and traumatic brain injury [41,42]. Because patients with CIRS-WDB
exhibit both neuropsychiatric symptoms and serum inflammatory markers known to impact

SC

blood brain barrier integrity, we used NQ in this study to determine if structural abnormalities in

NU

the brains of patients could be detected.

MA

2. Methods
2.1 Subjects

TE

D

Institutional Review Board approval for this study was granted by Copernicus Group IRB
LLC, Research Triangle Park, NC. Nineteen (19) consecutive patients, between the ages of 20-
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60, coming to a specialized clinic for evaluation and treatment of a chronic inflammatory
response syndrome, potentially acquired following exposure to the interior environment of a
WDB, signed HIPAA releases to participate in a clinical trial to assess the hypothesis that their
illness parameters included volumetric abnormalities in the CNS. All subjects (patients and
controls) self-identified as right handed to avoid potential confounding of brain symmetry
between right and left handed subjects. Each of the patients demonstrated exposure to a building
with a history of water intrusion followed by evidence of microbial growth as shown by any one
or more of the following: (i) presence of visible mold; (ii) presence of elevated levels of
speciated fungi as shown by qPCR using ERMI (Environmental Relative Mold Index) testing; or
(iii) presence of strong, musty odors. Patients were interviewed by a physician to determine the
presence of symptoms consistent with CIRS [48]. Fourteen (14) patients had never been treated
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and had persistent symptoms despite removal from exposure. Four (4) patients had been
partially treated, including use of the bile acid sequestrant cholestyramine (a common treatment

PT

for CIRS), before their office visits but were still symptomatic. One (1) had returned to the

RI

office for a repeat bout of illness following re-exposure (relapse). Symptoms were recorded as
part of a medical history; all suspected CIRS patients then underwent a specific panel of blood

SC

labs to determine current presence of proteomic abnormalities typically found in the illness.

NU

The NeuroQuant® (NQ) computer-automated analysis produces volumetric data on 11
brain regions (Table 2) but only supplies control data for three of these regions. To extend our

MA

analyses, we used our own control population to assess the volumetric differences for all brain
regions mapped by NQ. A group of 18 medical controls between the ages of 20-60 was recruited

TE
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from a patient group coming to the clinic for well evaluation during the same time frame and (i)
who had no symptoms or lab abnormalities suggesting CIRS; (ii) nor history of brain injury or
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executive cognitive impairment; (iii) and who had no significant uncontrolled medical illnesses.

2.2. Blood labs

Laboratory blood tests were performed by CLIA-licensed facilities, LabCorp, Quest
Diagnostics, National Jewish Center (Denver) and Cambridge Biomedical. Testing included
HLA DR by PCR, alpha melanocyte stimulating hormone (MSH), vasoactive intestinal peptide
(VIP), leptin, matrix metalloproteinase 9 (MMP9), split product of complement component 3
(C3a) and component 4 (C4a), transforming growth factor beta-1 (TGFB1), IgG for gliadin
(AGA), and IgM for cardiolipin (ACLA), vascular endothelial growth factor (VEGF),
plasminogen activator inhibitor (PAI-1), cortisol, erythrocyte sedimentation rate, C reactive
protein (CRP), lipid profile, complete blood count (CBC), comprehensive metabolic panel
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(CMP), gamma-glutamyl transpeptidase (GGTP), thyroid stimulating hormone (TSH), lipid
profile, and von Willebrand’s profile. Patients were classified abnormal for von Willebrand’s

PT

antigen for results either < 50 or > 150 IU. Dysregulation of simultaneously measured

RI

ACTH/cortisol and ADH/osmolality was determined by (i) absolute high (ACTH > 45 or cortisol
> 21; ADH > 13 or osmolality > 300) or low (ACTH < 5 or cortisol < 4; ADH < 1.3 or

SC

osmolality < 275) values; or (ii) ACTH was below 10 when cortisol was below 7; or ADH was

NU

below 2.2 when osmolality was 292-300 for the two-paired tests; or (iii) in which ACTH was >
15 when cortisol was > 16; and ADH > 4.0 when osmolality was 275-278 for the two-paired

MA

tests.

The diagnosis of CIRS-WDB was made by an experienced clinician using the standard

TE

D

process of differential diagnosis, including assessment of exposure risks, symptoms, and blood
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lab results, as compared to prior cases of known CIRS-WDB and described previously [5, 17].

2.3. Brain Imaging and Analysis

Each subject in this study had (1) a magnetic resonance spectroscopy (MRS) scan
measuring N-acetyl aspartate, creatinine, myoinositol and the ratio of glutamate to glutamine of
lactate, (2) a magnetic resonance image (MRI) scan of the brain using 3.0 Tesla MRI scanner
(Siemens) performed at Peninsula Imaging, Salisbury, Maryland, followed by (3) volumetric
analysis of the image using NQ. In addition to the general requirements for having an MRI (e.g.
having no magnetic metal in the head), the NQ protocol required, at a minimum, the following
scan elements: (i) MRI scanning protocol based on the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) scanning protocol; (ii) T1 timing sequence; (iii) Non-contrast; (iv) Sagittal
sectioning (that is, planes of section parallel to the plane passing through the longitudinal
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fissure); and (v) 3D imaging. This protocol for scanning can be found on the NQ website
(http://www.cortechslabs.net/products/neuroquant.php).

PT

The brain MRI data for each patient or control was uploaded to the NQ server, which
processed and analyzed the brain imaging data. This computer-automated analysis involved

RI

several steps, including an active contour or “snake” model for skull stripping followed by an

SC

automated segmentation and probabilistic atlas-based methods to quantify segmental structures

NU

(details of segmentation methods can be found in [12]). The NQ program provided a fullvolume spatially corrected and anatomically labeled dataset containing the absolute and relative

MA

volumes on 11 brain regions, with left and right hemispheres reported separately for each MRI

2.4. Statistical methods

TE

D

scan. All mapping outputs were visually inspected for segmentation irregularities.
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For the current study, all data analyzed were in the normalized format of intracranial
volume percentage. Statistics for brain structures were first computed across gender and then
across hemispheres (in the same individuals). Further statistical comparisons were made
between patients and controls of the 11 brain structures in two ways. The first used the data
output from the individual hemispheres (left and right hemispheres analyzed separately) for a
total of 22 comparisons (11 structures in the left hemisphere plus 11 structures in the right
hemisphere), each with an N of 35 (18 controls and 17 patients). The second analysis used the
same data but eliminated the distinction of hemisphere (left and right distinction dropped and
each subject contributed two values for each structure) for a total of 11 structure comparisons
each with an N of 70.
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The 22 brain measurements generated by the software (11 brains structures in each
hemisphere) for both patients and controls resulted in 44 data groups. These groups were all

PT

tested for normality using the Shapiro-Wilk test. In all of the following comparisons of volumes,

RI

both a t-test and a Kruskal-Wallis non-parametric test were calculated for each brain structure.
To assess potential differences in gender, a two-sample, two-sided t-test was performed

SC

across gender in controls and patients separately. Since natural asymmetries are known to occur

NU

between hemispheres of brain structures, asymmetry was assessed using a two-sided, pairedsample t-test on structures across hemispheres in controls and patients separately. Finally, to

MA

compare patient against control data, a two-sided, two-sample t-test with unequal variances
(Welch test) was used. For purposes of statistical significance in each comparison, we applied a

TE

D

Holm-Bonferonni stepwise multiple test correction to an alpha of 0.05.
To determine if any correlations existed between blood lab measurements and effects on
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brain regions, a linear regression was performed on each pair of blood and brain variables. The
Pearson correlation coefficient, r, and the p-value, p, from testing the null hypothesis Ho: r=0
were calculated using JMP (version 6.0.3).

3. Results

3.1. Patient demographics and diagnoses
Nineteen (19) consecutive patients reporting to a specialized clinic (The Center for
Research on Biotoxin Associated Illness) who met initial criteria for exposure risk and symptoms
of an illness thought to be caused by exposure to a water damaged building (CIRS-WDB) were
entered into the study. However, when blood labs were analyzed, two of the 19 patients did not
meet all the case criteria, as discussed in Results 3.4. This left 17 cases (11 Females, 6 Males,
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mean age; 41.7, std; 11.3, range; 23-56, mean yrs of education; 15.6) matched against a group of
18 medical controls (10 Females, 8 Males, mean age; 45.7, std; 8.1, range; 29-60, mean years of

PT

education; 15.3) for analysis of brain structure volume (Table S1). A diagnosis of CIRS rests

RI

heavily on key blood indicators (Table 1) and the symptoms and blood lab abnormalities in this
cohort of 17 patients passed the same screening as did 1,829 other CIRS-WDB patients seen at

SC

this clinic [50]. A positive diagnosis is generally required to have 4 abnormal values out of the 9

NU

key labs. There was a noteworthy difference in this cohort in that only 65% of the patients tested
abnormal for VIP, which has historically been the best indicator of illness in patients, with

MA

abnormalities in upwards of 90% of prior cases. However, the LabCorp VIP assay has been
undergoing modifications, in addition to new normative values being established. As well,
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historically, 61% of patients recorded abnormally high levels of MMP9, much higher than the
35% reported in this cohort. Neuropsychiatric symptoms (Figure 1) were common in patients
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with 100% reporting difficulties in concentrating and the ability to focus. The medical controls in
this cohort did not present with symptoms of inflammatory illness and as such, the full panel of
blood labs reported in cases was not prescribed. However, basic blood work for controls was
unremarkable and indicated normal health status.

3.2. Volumetric analysis
When tested for normality using a Shapiro-Wilk test (p < 0.05), 34 of the 44 data groups
were found to have normal distributions (Table S1). Non-normal control data included the Right
Cortical Gray, Left Lat. Ventricle, L. Hippocampus, R. Amygdala, L. Caudaute and R. Pallidum,
while non-normal patient data included the L. Lat Ventricle, R. Inferior Lat Vent, L. Amygdala
and R. Thalamus. Because of these non-normal groups, patient versus control comparisons also
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included the Kruskal Wallis non parametric statistical test. However, to simplify presentation the
non-parametric testing results are given as supplementary material (Table S1) as the parametric

PT

testing is robust enough to handle the small to moderate deviations from normality found in our

RI

data.

Because of differences in exposure loads, from different types of mycotoxins, duration of

SC

exposure and illness, as well as age, gender, diet and a myriad of other factors that can all impact

NU

disease status, a minimal amount of correlations to specific volumetric changes were attempted
in this cohort. Correlations of blood lab values to changes in brain structures were not significant

MA

with only one exception. VEGF showed a mild correlation to changes in the forebrain in both
hemispheres with an r of -0.58 and a p-value of 0.018. Additionally, due to small difference in

TE

D

age (4yrs) between controls and patients, a linear regression performed determined there were no
significant differences in brain structure volumes in our study cohort due to this age difference.
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Although the left and right hemispheres of the brain are largely mirror images, they are
known to have a functional asymmetry, hence the terms right brain and left brain. Because the
function of brain structures can show a “handedness” between left and right hemispheres, there is
opportunity for greater development of a structure in one hemisphere over the other. This
question had great bearing on the level of comparison for our patient to control data so our first
task was to determine if detection limits using NeuroQuant (NQ) software analysis on brain
MRIs could identify differences in anatomic symmetry of brain structures. For this we used a
paired sample t-test and a Kruskal-Wallis test. In the control population, both tests showed that
NQ identified significant variability in size between hemispheres for the hippocampus and
forebrain (Table 2) in the same individuals. Patients showed a higher degree of asymmetry with
four of the 11 structures, the hippocampus, forebrain, cortical gray and thalamus, exhibiting
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significant differences in size between hemispheres. This makes sense if we consider that the
inflammatory illness of patients could be contributing to changes in the volume of structures

PT

between hemispheres. Another, less likely scenario, is that people with brain structure

RI

asymmetry are more likely to develop CIRS. In any event, these asymmetry results revealed the
importance of comparing matching sides when making assertions of abnormalities between cases

SC

versus controls, even though we present analyses of structures used without distinction of side

NU

(effectively doubling the number of data points for a structure, denoted L&R) with several
significant differences (Table 3), these results are not developed further in the discussion. The

MA

comparison of structure volumes between this cohort of 18 medical controls showed no
significant differences between male and female at the family-wise error rate of 0.01.

TE
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When comparing the mean values of structures between CIRS-WDB patients and
controls, a generalized pattern is observed. Overall, CIRS-WDB patients showed an enlargement
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of parenchymal structures, coincident with a reduction in the volume of ventricles (Figure 2).
The one exception to this generalization was the reduced volume of the caudate nucleus (CN).
Analysis of NQ data identified statistically significant differences in normalized volume between
cases of CIRS-WDB and controls in multiple brain areas. Using parametric statistics, patients
exhibited a significant enlargement of the left amygdala, right forebrain and the pallidum in both
hemispheres, as well as a decrease in the volume of the CN in both hemispheres. Difference in
volume between patients and controls of the right hippocampus was the first structure that did
not meet the level of significance using the Holm-Bonferronni stepwise multiple test correction
that dictated an alpha of 0.0031 for significance while the right hippocampus produced an alpha
of 0.0037 (Table 3). Even though the amygdale, pallidum and CN included at least one nonnormal data set between controls and patients in either the left or right hemisphere, the non-
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parametric Kruskal Wallis test also agreed with the t-test that these structures were significant (p

PT

< 0.001, Table S1).

RI

3.3. Pallidum to Caudate Nucleus ratio

With these results in hand, we calculated a post hoc index of abnormality by using a ratio

SC

of the pallidum volume over the caudate volume (P/C) and multiplied by a constant of 100

NU

(Figure 3). Because volumetric analyses on these structures showed significant differences in
both parametric and non-parametric tests, in both hemispheres, it is not surprising that the P/C

MA

ratio also showed a statistically significant difference between patients and controls. When both
hemispheres are used, the mean patient P/C ratio was 32.4 while the average control P/C was

TE

D

22.7.

AC
CE
P

3.4. Patients excluded from analysis

Although 19 consecutive, potential CIRS-WDB cases were assigned to this study, two
cases were eliminated from our analysis in the process of differential diagnosis as discussed in
section 3.1. In the first case, a female presented with exposure risk and symptoms consistent with
the illness, but blood labs did not pass CIRS-WDB case criteria. Although she did present with
depressed levels of VIP and elevated TGFB1 of over 10,000, which are two of the best indicators
of this inflammatory disorder, other lab values were inconclusive. This patient did have NQ
volumetric analysis and that analysis showed a slightly elevated P/C ratio of 26.0. The second
case eliminated from analysis was also a female. This patient passed all CIRS-WDB case
criteria, but had an abnormal blood sugar lab of over 500 mg/dl (normal fasting blood glucose <
100 mg/dl). Because of confounding factors in this patient’s illness, she was eliminated from our
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overall analysis. However, this patient suffered volumetric abnormalities similar to other cases
with a P/C ratio of 32.1.

PT

4. Discussion

RI

4.1 Summary
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Although closely matched, the differences in class parameters of this study such as age,
gender and sample size must be considered. Additionally, non-normal distributions in some of

NU

the datasets merit a conservative statistical approach. Having taken into consideration these facts,

MA

the findings of increases in pallidum, amygdala and forebrain volume; coupled with a decrease in
volume of the caudate nucleus (CN) confirm that CNS structural changes occur in CIRS-WDB

D

patients. Based on the analysis of 11 brain regions, 8 of the 9 parenchymal structures tended to

TE

enlarge, but only the CN parenchymal volume was reduced, possibly due to damage to the blood
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brain barrier caused by inflammatory markers in CIRS. The decrease in volume of the CN is
likely to be due to the loss of dendritic attachments. This selective atrophy contrasts with other
neurodegenerative or neuro-inflammatory conditions with volume loss from other gray matter
structures [31,35,60].

4.2. Edema and Blood Brain Barrier
The blood brain barrier (BBB) is a complex partition that selectively protects the brain
parenchyma by restricting passage of cells and molecules from the circulation. Composed of
tight junctions between endothelial cells, adhesion and cellular matrix molecules in a basal
lamina, supported by pericytes, and enveloped by astrocytes, the BBB can be injured by
inflammatory stressors, including those found in CIRS patients, such as MMP9, VEGF and
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TGFB1[46]. This injury can increase permeability of the BBB and may result in edema, which is
well described in the literature [17,25].

PT

An important BBB stressor is TGFB1. The wide ranging effects of this signaling

RI

molecule leave no simple explanation as to its role in BBB integrity. Working through multiple
receptors, with opposing effects, the result of TGFB1 cascades on specific cell types, in specific

SC

tissues is pleiomorphic, although chronically high levels do not speak well for BBB integrity, nor

NU

most common neurological disorders (For review [7]). TGFB1 reduces tight junction adhesions
in CNS derived vascular endothelium, resulting in increased paracellular permeability [44] but it

MA

can also up-regulate the tight junctions of brain vascular endothelial cells, lowering permeability
[25]. Additionally, local secretion of TGFB1 by pericytes decreases permeability in capillary

D

endothelial cells [24]. TGFB1 was elevated in over 90% of cases in a large study of CIRS-WDB

TE

patients [50] and is elevated in brains of patients with AD, MS, Parkinson’s, stroke and traumatic
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brain injury [7]. Given so many influences, TGFB1 can be considered a master regulator,
impacting the activities of many effector molecules, including MMP9 and VEGF, either directly
or via multiple feedback loops.

TGFB1 was shown to quickly and durably up-regulate VEGF in vascular endothelial
cells [28]. Both peripherally-derived [22] and centrally produced VEGF by astrocytes has been
shown to increase vascular permeability [2] and a systemic treatment that blocked VEGF
signaling improved inflammatory disease symptoms in rats [2]. VEGF can increase permeability
from both the abluminal side and intra-luminally, as well as specifically increase the
permeability of the BBB to compounds of small size, including a biologically produced toxin,
tetanus toxin fragment C [4]. VEGF is associated with vasogenic edema in hypoxic-ischemic
brain injury, as hypoxia up-regulates VEGF with a consequent increase in BBB permeability
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[19]. In multiple sclerosis, astrocyte-produced VEGF drives increased BBB permeability, with
the down-regulation of VEGF associated with a reduction in barrier breakdown and decreased

PT

neuropathology in mice [2,3]. In CIRS patients we see a bi-modal distribution of VEGF, with

RI

over 50% of patients outside normative values, either having elevat3ed or reduced VEGF.
The matrix metallopeptidase MMP9, often elevated in CIRS, is associated with brain

SC

edema formation [33], with such edema further activating additional MMP9 production [10].

NU

Disruption of the BBB from hypoxia results in increased permeability involving the
rearrangement of tight junctions with disrupted continuity, gapping and increased extra-cellular

MA

matrix (ECM) destruction due to increased MMP9 [6]. Magnetic resonance spectroscopy of
CIRS patients commonly reveals elevated lactate levels in the frontal lobes, which is indicative

TE
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of hypoxia (data not shown). Peripheral MMP9 is not the only source of MMP9 injury to the
BBB. Neuroglial-secreted MMP9 controls the composition of the extracellular matrix (ECM)
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that connects brain capillary endothelial cells with surrounding brain cells. Both MMP9 and
VEGF increase permeability modulated by pericytes [55]. Treatment protocols for CIRS patients
lower levels of MMP9, although significant increases are seen after re-exposure to the interior
environment of WDB (49). MMP9 has been shown to activate all latent isoforms of TGFB [62];
in a reciprocal fashion, TGFB1 increases MMP9 expression in astrocytes [34]. The mechanism
of white matter damage following systemic inflammation is multifactorial, including cerebral
inflammation and breakdown of BBBs with leakage of plasma proteins into the brain
parenchyma [52]. Once initiated, increased permeability leads to extravasation of plasma
proteins into white matter, which in turn induces interstitial edema, further increasing BBB
permeability [59].
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Low levels of the neuropeptide vasoactive intestinal peptide (VIP) and elevated
complement component C4a are also common to CIRS-WDB patients. Although its importance

PT

to controlling inflammatory cascades in the periphery are well documented [30], the role of VIP
on the BBB is less clear. Activation products of early components of the complement cascade

RI

(such as C4), are co-localized with beta amyloid plaques in Alzheimer’s disease, but without late

SC

components [18]. This seemingly incomplete complement cascade could play a novel role in

NU

neurological illness. Taken together, the inflammatory markers seen in CIRS-WDB patients are
intimately involved with BBB integrity. Having TGFB1, VEGF and MMP9 changing rapidly

MA

with exposure and re-exposure suggests that the BBB permeability will fluctuate as the
inflammatory elements of CIRS-WDB change, creating the potential for ongoing fluctuations in

TE

D

neuropsychiatric symptoms.
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4.3. Caudate nucleus has a role in executive cognitive dysfunction and neurologic disorders
The CN is an element of the basal ganglia, which also includes the putamen, globus
pallidus, subthalamic nuclei and the substantia nigra. It has important frontostriatal connections
that integrate neural network functioning and subserve executive cognitive functioning [38,58].
These nuclei are located at the base of the forebrain, play an important role in working memory,
and are involved in fine motor and cognitive functions [31]. CN lesions lead to impairments in
problem solving, mental flexibility, learning, attention, short-term and long-term memory,
retrieval, and verbal fluency [58]. Caudate and thalamic nuclei play a major role in executive
functioning; damage to these structures are possibly responsible for motor, cognitive, and
sensory disabilities [35,38]. The CN plays a role in cognition with increasing recognition that
corticostriatothalamic loops are involved in attention, executive function and movement disorder.
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It also may be an important anatomical substrate of cognitive dysfunction in Parkinson’s and
Alzheimer’s [1].

PT

4.4 Caudate atrophy in other illnesses

RI

The CN includes neurons and glial cells, extracellular space, dendrite proliferation and

SC

connections. Reduction of any of these components could lead to diminished volume. CN
atrophy is a marker of global gray matter loss in aging and in several neurological disorders [31].

NU

In our small cohort, the presence of caudate atrophy but not other gray matter areas is unique.

MA

There is abundant evidence for gray matter atrophy occurring in association with inflammatory
illness, including rheumatoid arthritis [60], particularly in atrophy of the subcortical gray matter.

D

A global reduction of gray matter has been described in patients with chronic pain conditions,

TE

low back pain, migraine, chronic fatigue syndrome and post-traumatic stress disorder [60]. The
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basal ganglia are involved in the sensory-discriminative, affective, and cognitive dimensions of
pain; as well as in modulation of nocioceptive information.
In multiple sclerosis, caudate atrophy is seen concomitantly with atrophy of the thalamus,
globus pallidus and hippocampus. The inflammatory process is associated with atrophy of gray
matter compared to white [8,45,63]. In Huntington’s disease the CN is atrophic as is thalamus,
midbrain, insula, and white matter [43]. Localized atrophy of a specific structure could
potentially be a biomarker reflecting neuropathic processes [57].
A common misdiagnosis made in CIRS-WDB patients is fibromyalgia. Brain volumes in
fibromyalgia show decreases in gray matter in the prefrontal cortex, amygdala and anterior
cingulate cortex [14]. Note the increase in amygdala volume seen in the cohort reported here.
Parkinson’s presents a clinical entity in which caudate atrophy is present without isolated
caudate atrophy [1,40].
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4.5. Role of caudate in selected neuropsychiatric syndromes
Commonly seen in CIRS-WDB are a variety of neuropsychiatric symptoms, including

PT

obsessive compulsive disorder (OCD). This behavioral disorder may be due to striatal

RI

dysfunction, mainly of the CN, leading to inefficient thalamic gating, resulting in hyperactivity

SC

within the orbitofrontal cortex (intrusive thoughts) and the anterior cingulate cortex (non-specific
anxiety) [23]. Other pathological behaviors triggered by the environment, such as tics in

NU

Tourette’s syndrome (TS) could share similar mechanisms [13].

The inhibition of an unwanted response is an important function of the executive system.

MA

This process is impaired in patients with a dysregulated dopamine system. In such patients,
Bagiayan [5] found multiple abnormalities in neurotransmission in the putamen and caudate

TE

D

(particularly in dorsal aspect of left caudate) during a processing task that called for executive
inhibition. Poor processing performance is reported in patients with attention deficit
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hyperactivity disorder (ADHD), TS, Parkinson’s disease, and schizophrenia, suggesting that the
dopamine system of the left caudate is involved in the inhibition of unwanted responses. The
suggestion is consistent with the observation of hyperactivity, agitation and inattention following
lesion, destruction or shrinkage of the caudate head [15].

4.6. Glial fibrillary acidic protein, TGFB1 and caudate atrophy
The unifying mechanism for these structural brain findings is not clear. We know that the
activation of astrocytes by rising TGFB1 occurs in inflammatory injury to the BBB [29], thereby
resulting in release of glial fibrillary acidic protein (GFAP), which in turn results in reduced
neurite outgrowth. This finding is enhanced in gray matter compared to white matter [54].
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The inhibition by GFAP of neuronal regeneration is established. Mice deficient in GFAP
have significantly better neuronal survival and neurite outgrowth compared to those with intact

PT

GFAP production [39]. In astrocytes, TGFB1 was shown to activate the promoter for GFAP

RI

[21], although this activation may need a cofactor [20]. Production of GFAP is inversely linked
to production of VEGF [36]. Data from studies on a BBB-disrupting spider venom [51] showed

NU

SC

that the major areas of expression of GFAP is in gray matter.

5. Conclusions

MA

This study demonstrates, for the first time, a distinctive CNS finding of structural,
neurological injury in patients diagnosed with CIRS-WDB. The mechanisms for the observed

TE

D

volumetric changes are suggested to be resultant from antecedent inflammatory injury, although
the theory of increased permeability of the BBB will require prospective validation. The
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presence of atrophy in the CN but enlargement in other areas of gray matter by itself seems a
unique marker. The significant findings here could aid in identification of illness, as well as
provide a basis to explore the mechanisms of neurologic abnormalities in these patients. Followup studies are currently underway that will leverage greater statistical power, likely expanding
the significant structural abnormalities in brains of CIRS patients.

ACCEPTED MANUSCRIPT
21
Figure Legends
Figure 1. Neuropsychiatric symptoms. Neuropsychiatric symptoms are charted as a percentage

PT

of occurrences in current patient and control cohorts (decreased assimilation of new knowledge

RI

is inability to retain read information).

Figure 2. Brain structure volumetric analysis. Volumetric analyses of brain structures in

SC

patients were normalized to control values and plotted as a percentage. Columns in red indicate

NU

statistical significance (0.0031) by parametric testing. Error bars indicate standard deviation.
Figure 3. Pallidum to caudate ratio (P/C). The pallidum to caudate ratio was plotted for

MA

current control and patient cohorts. Three measures were derived for each subject: Right
pallidum/Right caudate, Left pallidum/Left caudate, and the combined Right + Left

TE

D

pallidum/Right + Left caudate. The mean of each cohort is represented following the individual
data. * indicates statistical significance (0.005) for comparisons between case and control data
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for each of the three average measures.
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Table 1. Blood labs. Test value parameters of blood labs for CIRS-WDB diagnosis, the percentage of
patients meeting each criterion and historical values. ADH=anti-diuretic hormone, ACTH=
adrenocorticotropic hormone

ACCEPTED MANUSCRIPT
31

AC
CE
P

TE

D

MA

NU

SC

RI

PT

Table 2. Brain structure asymmetry. Mean, standard deviation (SD) and p-values of paired sample ttests are summarized for comparisons of brain symmetry between left and right hemispheres. Statistical
significance (0.0031) was determined using a Holm-Bonferronni stepwise multiple test correction. *Ho:
Left Hemisphere (LH) volume = Right Hemisphere (RH) volume.
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Table 3. ComparisonofbrainvolumesbetweenCIRSWDBpatientsandmedicalcontrols.Mean,standarddeviation(SD)andp-valuesoftwotailedttestsaresummarized.Statisticalsignificance(0.0031)wasdeterminedusingaHolmBonferronnistepwisemultipletestcorrection.*Indicates data analyzed by individual hemisphere,
**Indicates data analyzed without respect to hemisphere, as described in Methods.
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Chronic exposure to indoor molds can cause a Chronic Inflammatory Response
Syndrome (CIRS)
CIRS, typically marked by abnormal TGFB, VIP, MMP9, VEGF, C4a and MSH can
reduce BBB protection
Patients with mold induced CIRS show significant atrophy of the caudate nucleus
Patients with mold induced CIRS show generalized swelling of the brain parenchyma
Patients with mold induced CIRS show generalized shrinking of brain ventricles
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