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Case-Control Study of Paresthesia Among World Trade Center-
Exposed Community Members

Michael Marmor, PhD, Sujata Thawani, MD, MPH, Maria Luisa Cotrina, PhD, Yongzhao Shao, PhD,
Ericka S. Wong, MD, Mark M. Stecker, MD, PhD, Bin Wang, Alexander Allen, MD, Marc Wilkenfeld, MD,
Etta J. Vinik, MA, Aaron 1. Vinik, MD, PhD, and Joan Reibman, MD

Objective: To investigate whether paresthesia of the lower extremities
following exposure to the World Trade Center (WTC) disaster was associ-
ated with signs of neuropathy, metabolic abnormalities, or neurotoxin
exposures. Methods: Case-control study comparing WTC-exposed pares-
thesia cases with “clinic controls” (WTC-exposed subjects without pares-
thesias), and ‘“‘community controls” (WTC-unexposed persons).
Results: Neurological histories and examination findings were significantly
worse in cases than controls. Intraepidermal nerve fiber densities were below
normal in 47% of cases and sural to radial sensory nerve amplitude ratios
were less than 0.4 in 29.4%. Neurologic abnormalities were uncommon
among WTC-unexposed community controls. Metabolic conditions and
neurotoxin exposures did not differ among groups.

Conclusions: Paresthesias among WTC-exposed individuals were associ-
ated with signs of neuropathy, small and large fiber disease. The data support
WTC-related exposures as risk factors for neuropathy, and do not support
non-WTC etiologies.

Keywords: electrodiagnostic neurologic measurements, neuropathic
symptoms, paresthesia, peripheral neuropathy, small nerve fiber density

L ower extremity paresthesias have been reported among first-
responders and community members exposed to the World
Trade Center (WTC) disaster of September 11, 2001 (referred to
herein as 9/11). We previously reported paresthesias among mem-
bers of the WTC Environmental Health Center (EHC), a treatment
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program for community members (local workers, local residents,
students and passersby) exposed to WTC dust and fumes on and
after 9/11 who subsequently developed medical or mental health
conditions thought to be due to this exposure.'> The WTC EHC,
now a federal program, provides services based upon exposure to
the events of 9/11 and development of conditions certifiable as
likely caused by WTC exposure.® Risk factors for paresthesia
included intensity of exposure to WTC dust on 9/11 and employ-
ment in a job that required cleaning of WTC dust.”> Time to
paresthesia was associated with these same variables.* Furthermore,
electromyographic studies of 16 WTC-exposed first-responders
found 1 case of possible demyelinating neuropathy and 3 cases
of motor neuron disease without evidence of compression of the
corticospinal tracts.” Rodent nerves exposed ex vivo to WTC dust
had lower conduction velocities than control nerves.®

Heavy metals and complex hydrocarbons (eg, polycyclic
aromatic hydrocarbons, polybrominated diphenyl ethers, polychlori-
nated biphenyls, and polychlorinated naphthalenes) in WTC dust and
fumes have potential neurotoxicity and provide biologic plausibility
for the hypothesis that WTC exposures were a risk for neuropathy.” =
Additionally, cleaning of WTC dust may have exposed workers to
neurotoxic cleaning agents. Repetitive motions during cleaning
activities may have increased the risk of carpal tunnel syndrome.

We performed a case-control study of lower extremity pares-
thesia among WTC-exposed individuals to explore whether this
subjective symptom was associated with clinical signs, including
markers of small or large fiber nerve abnormalities, and metabolic and
toxic blood markers for possible non-WTC neuropathic etiologies.

MATERIALS AND METHODS
Subjects and Study Design

We enrolled patients primarily from the Bellevue Hospital
WTC EHC. Study enrollment occurred during June 28, 2017 to
August 22, 2018. WTC EHC patients completed questionnaires
interrogating demographics, health, and WTC exposures at their
enrollment visits and at recall, or “monitoring” visits. Potential
volunteers for the present study were identified among WTC EHC
enrollees who consented to the use of their information for research,
and who separately consented to future contact to discuss partici-
pation in related research projects. Inclusion criteria included aged
18 to 75 years and enrollment in the WTC EHC between August 22,
2005 and March 30, 2018.

We employed a case-control study design to contrast symp-
toms, signs and exposures among four groups:

1. Cases: WTC EHC patients who reported paresthesias of the
lower extremities at their most recent WTC EHC visit and in the
screening questionnaire with symptom frequency of “often” or
“almost continuous.” We excluded isolated upper-extremity
paresthesias to minimize cases of carpal tunnel syndrome.

2. Clinic controls: WTC EHC patients who did not report pares-
thesia of the upper or lower extremities at any study visit, and
who continued to be free of paresthesias at the times of screening
and enrollment into the present study. This group was enrolled
primarily to estimate the prevalence of signs of neuropathy
among paresthesia-free WTC survivors.

3. Community controls: Individuals without WTC exposure who did
not live or work south of Canal Street, Manhattan, New York on 9/11.
These subjects included: (1) friends or relatives of cases or clinic
controls; (2) participants in other research studies being conducted at
Bellevue Hospital Center; or (3) participants in the ResearchMatch, a
secure registry at NYU Langone Medical Center open to individuals
interested in participating in research studies. This group was enrolled
primarily to estimate the prevalences of paresthesia and signs of
neuropathy in the general population without severe WTC exposure.

4. Historical controls for small nerve fiber density measurements:
Normative data on small nerve fiber densities were obtained
from Therapath Partners, LLC, New York, NY. Therapath
provided a de-identified data set of epidermal small nerve fiber
densities, sweat gland nerve fiber densities, sex, and age for 128
individuals who had been classified as free of neuropathic
symptoms on the basis of history and physical examination.
This study had been conducted with oversight from The Coper-
nicus Group Independent Review Board (study THE4-06-146).
All subjects provided written informed consent. Study recruit-
ment occurred from June 14, 2006 to March 28, 2014 (Arthur P.
Hays, MD, principal investigator). Subjects were recruited at
sites in Arizona, California, Idaho, Maryland, New Jersey, and
New York. These proprietary data were used with permission by
the owner, Therapath Partners, LLC, which also provided sex-
and age-specific cut-points for abnormality.

Cases and clinic controls had to meet their respective
group’s paresthesia requirements (see below) during the month
prior to enrollment. Exclusion criteria applied to cases, clinic
and community controls were: paresthesia before 9/11; cancer
chemotherapy at any time; known vitamin B12 deficiency; diabetes
mellitus; use of antiretroviral medications at any time; and con-
ditions that would preclude elective skin punch biopsies, including
bleeding disorders, use of anticoagulants, and history of keloid
scarring.

We used frequency-matched sampling to recruit subjects into
sex- and age (18t0 25,25 to 34, 35 to 44, 45 to 54, 55 to 64, and 65 to
74 years)-defined strata. We planned to recruit one clinic control per
case and one community control for every two cases.

Of 5457 potential subjects aged 18 to 75 years enrolled in the
Bellevue WTC EHC between August 22, 2005 and March 30, 2018,
first monitoring visits were completed by 2373 individuals (43.5%
of all enrolled WTC EHC patients); second monitoring visits
(conducted from December 5, 2012 on) were completed by 1105
individuals (18.4% of enrollees); and third monitoring (conducted
from April 1, 2015) were completed by 384 (5.6% of enrollees).

Study Size

We planned to recruit 40 cases, 40 clinic controls, and 20
community controls, a sample size with adequate power at the two-
tailed alpha significance level to show a difference between a 30%
or greater prevalence of abnormal small nerve fiber densities in
cases compared to an anticipated prevalence of 5% or fewer among
historical controls with a power of 97%.'° For other parameters of
interest, such as abnormal neurological examination results, the
samples of 40 cases and 40 clinic controls would provide 88%
power at a 5% two-tailed alpha significance level if the risk factor
were present in 30% or more of cases and 5% or fewer of clinic
controls. For comparisons between the planned 40 cases and 20
community controls, the study would have power of 76% at an
alpha-significance level of 0.05 to detect the difference between a
factor present in 30% of cases and 5% of community controls.

Interview Measures

At the single study visit required for the present study,
subjects responded to a questionnaire regarding demographics,
health history, and WTC exposures. The questionnaire included a
self-administered alcohol assessment (cut-annoyed-guilty-eye
questionnaire'") modified to inquire into alcohol issues within
the past year and the PCL-17, used to quantify subjects’ degree
of posttraumatic stress disorder. We used the OccIDEAS to elicit
histories of exposure to potential neurotoxins durinzg work or
hobbies (see Appendix 1 for a list of these agents).'” Interview
data from first monitoring visits were used to complete data on
WTC exposures that were missing from the present study’s
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questionnaire responses for several subjects. We also mailed a 5-
question supplemental questionnaire to 13 subjects to further sup-
plement missing data on WTC exposures (returned by 8 [62%] of
these subjects).

Body mass index (BMI) and vital signs were obtained using
standard equipment.

Neurological Examination

All subjects underwent neurologic examination with trained
neurologists. Subjects completed additional self-administered ques-
tionnaires, including: the Utah Early Neuropathy Scale,'® the
University of Michigan Neuropathy Screening Instrument—Patient
Version,"” a modification of the neurological history and examina-
tion used by the Diabetes Control and Complications Trial/Epide-
miology of Diabetes Interventions and Complications Study
(personal communication, Brian Callaghan, February 2,
2017),"*'% and the Norfolk Quality of Life—Diabetic Neuropathy
(QOL-DN)."®

Nerve Conduction Studies

We evaluated large fiber neuropathy via nerve conduction
studies using methods recommended for the early identification of
diabetic symmetrical peripheral neuropathy.'> Controls were not
subjected to nerve conduction studies out of concern that there
would be no benefit to most controls and that anticipated discomfort
associated with these studies would reduce participation rates. We
measured distal latencies and amplitudes, and calculated conduction
velocities of the peroneal, tibial and ulnar motor nerves; and of the
sural sensory and radial sensory nerves. These nerves were chosen
because they were included in the nerve impairment score + 7
reported by Suanprasert et al'” and have previously been shown to
be useful in describing diabetic neuropathy.'® Studies were per-
formed whenever possible on the left side. We also analyzed the
sural to radial sensory nerve amplitude ratio and categorized sub-
jects as abnormal if this ratio was less than 0.4, as has been
suggested for diagnosis of axonal polyneuropathy.'® In a study of
Sjorgren syndrome, 20.4% of subjects had sural to radial sensory
nerve amplitude ratios less than 0.4 compared to 6% of healthy
controls.?® Nerve conduction studies were performed after subjects
had been in temperature-controlled spaces maintained at 32° C for at
least 1 hour. We did not conduct electromyography out of concern
that the required insertion of needles might reduce participation
rates. Cut-points for abnormality of electrodiagnostic test results
were provided by the Bellevue Hospital Center Neurology Labora-
tory where the testing was performed.

Epidermal Nerve and Sweat Glands Nerve Fiber
Densities

We evaluated small fiber neuropathy by measuring the density
of small nerve fibers in skin biopsies.>'*> Each case was asked to
undergo a single, circular 3 mm skin punch biopsy of the distal left leg,
approximately 10cm above the lateral malleolus. A commercial
laboratory (Therapath Partners, LLC) stained and evaluated the
biopsy specimens for epidermal nerve fiber density. If the epidermal
nerve fiber density was normal, sweat gland nerve fiber density was
evaluated. This testing resulted in two measures: the quantitative
epidermal nerve fiber density per mm of epidermal length, and a
dichotomous characterization of the epidermal or sweat gland small
nerve fiber density as “normal” or “abnormal” when compared with
age- and gender-specific normative values. Some samples obtained
did not have any visible sweat glands due to either sampling or
compression of the glands during transfer to the specimen vial.

Study neurologists performed the skin punch biopsies and the
nerve conduction velocity studies. Due to their involvement in these
procedures and the scheduling thereof, we were unable to mask the
neurologists to subjects’ case or control status.

TABLE 1. Blood Tests Performed to Investigate Known
Causes of Paresthesia or Neuropathic Injury

System Blood Test

Endocrine
Infectious disorders

Fasting glucose and hemoglobin A1C

Syphilis (Treponema pallidum 1gG Ab), Lyme
(B. burgdorferi)

B12, methylmalonic acid, folate

Antinuclear antibody, antibodies to deamidated
gliadin peptide (associated with celiac
disease)

SPEP with immunofixation

C-reactive protein

Blood lead concentration

Nutritional
Autoimmune disorders

Hematologic
Inflammatory reactions
Toxic exposures

SPEP, serum protein electrophoresis.

Alternative Metabolic, Infectious, Nutritional, or
Toxic Causes of Paresthesia and Peripheral
Neuropathy

Venous peripheral blood samples were evaluated by the NYU
Langone Medical Center Clinical Laboratory, New York, NY to
evaluate possible metabolic, infectious, nutritional, or toxic causes
of peripheral neuropathy (Table 1).2* Syphilis testing followed the
reverse algorithm.?* Blood lead concentrations were measured by a
commercial laboratory (ARUP Laboratories, Salt Lake City, UT).
Blood test results were analyzed as continuous variables and also
were dichotomized into normal versus abnormal with abnormal
defined by the participating laboratories as hemoglobin Alc greater
than or equal to 6%, C-reactive protein greater than or equal to three
units, methylmalonic acid greater than 0.4 mol/L, vitamin B12 less
than 213 pg/mL, folate less than 6 ng/mL, hemoglobin Alc greater
than or equal to 6%, fasting glucose > 100 mg/dL, ANA inverse
titers greater than or equal to 40, C-reactive protein greater than or
equal to 3 units, gliadin peptide IgA antibodies greater than or equal
to 19 units, gliadin peptide IgG antibodies greater than or equal to 19
units, lead greater than or equal to 4.9 wg/dL, and Borrelia burg-
dorferi antibodies greater than or equal to 0.91 units.

Data Management

We managed study data using the REDCap system hosted by
NYU School of Medicine.?*

Statistical Methods

Categorical variables were summarized using counts and
proportions, and statistically evaluated using the chi-squared or Fisher
exact tests. Continuous variables were summarized using means and
standard deviations and differences tested using the 7 test, analysis of
variance or linear regression; or for variables that were not normally
distributed, medians, interquartile ranges (IQRs) and the Wilcoxon
rank-sum or Kruskal-Wallis test. The Mantel-Haenszel technique was
used to calculate summary odds ratios after stratifying on the potential
confounders of sex and categorized age used in the frequency-
matched enrollment process.® Counts for some variables did not
sum to the total numbers of subjects in each group due to missing data.

Ethical Oversight

All study procedures were approved by the NYU School of
Medicine Institutional Review Board (study number 016-1490
and WTC EHC research database NCT00404898). Written
informed consent was provided by all study participants. Data on
historical controls were provided by Therapath, Inc., in a Health
Insurance Portability and Accountability Act-compliant, de-identi-
fied manner.
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FIGURE 1. Flowchart of recruitment for case-control study of paresthesia.

RESULTS

Study Enrollment

We identified 1302 patients who met the paresthesia case
definition, 1493 who met the clinic control definition, and 2586 who
met neither definition. Patients were excluded based on paresthesias
prior to 9/11 (n=47), diabetes (n =370) or cancer chemotherapy
(n="711). There resulted 849 potential cases and 1235 potential
controls (Fig. 1). Two enrolled cases were referrals from a collabo-
rating hospital to the WTC EHC for certification of illnesses.
Participation rates were 11% among cases and clinic controls
and 43% among community controls. We enrolled 41 cases, 38
clinic controls, and 20 community controls.

Enrollment Demographics

Due to frequency-matching during enrollment, the age and
gender distributions were similar across groups (Table 2). There were
no significant differences in race or ethnicity. Cases reported lower
annual household incomes compared with clinic or community con-
trols. The distributions of BMI did not differ among groups. cut-
annoyed-guilty-eye scores did not differ significantly among groups.

WTC Exposure Histories

Around 27% (11/41) of cases reported being ‘‘heavily cov-
ered and unable to dust most of the dust off with their hands before
returning home on 9/11”” compared to 13% (5/38) of clinic controls
(P=0.17, Fisher exact test). The Mantel-Haenszel age- and sex-

adjusted summary odds ratio (OR) for paresthesia associated with
being heavily exposed to WTC dust on 9/11 was 2.3 (95% CI1=0.7
to 7.8, P =0.18). There also was a suggestion that paresthesia was
associated with having worked in a job requiring cleaning of WTC
dust (22%, 9/41) compared to controls (11%, 4/38, P =0.23, Fisher
exact test; age- and sex-adjusted OR =2.4, 95% confidence inter-
val=0.7 to 8.3, P=0.16).

Standardized Neurological Questionnaires and
Obijective Tests

Scores on the Norfolk Diabetic Neuropathy QoL—Diabetic
Neuropathy instrument were significantly higher (worse) in paresthesia
cases than in both control groups (Table 3). High total QoL scores as
well high large- and small-fiber nerves scores indicated impairment.

The Utah Early Neuropathy Scale indicated significant
impairments among cases (median score =6, IQR =4 to 10) com-
pared to both clinic controls (median score =0, IQR =0 to 2) and
community controls (median score =0, IQR =0 to 2), P < 0.0001)
(Table 3). The greatest impairments of cases compared to controls
among the components of the Utah Early Neuropathy Scale were in
pin sensation and deep tendon reflex, and great toe joint position
(Supplemental Table 1, http://links.lww.com/JOM/A712).

The Michigan Neuropathy Screening Instrument indicated
significantly higher scores for neuropathic symptoms among par-
esthesia cases than controls (Table 3). The neurological history and
examination also indicated significantly higher (worse) scores
among paresthesia cases compared to controls (Supplemental

310 © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American College of Occupational and Environmental Medicine.
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TABLE 2. Demographic Description of Subjects Enrolled in a Case-Control Study of Paresthesia and World Trade Center

Exposures®
Variable Clinic Community
Value Cases Controls Controls P Value*
Number enrolled 41 38 20
Gender
Male 15 (37) 13 (34) 8 (40) 0.9
Female 26 (63) 25 (66) 12 (60)
Age
25-34 2 (5) 1(3) 1(5 1.0
35-44 4 (10) 4 (11) 2 (10)
45-54 8 (20) 7 (18) 4 (20)
55-64 16 (39) 15 (39) 7 (35)
>65 11 (27) 11 (30) 6 (30)
Race
Caucasian 15 (37) 21 (55) 8 (40) 0.16
African—American 11 (37) 8 (21) 9 (45)
American Indian, Asian and other 3(7) 4 (11 0 (0)
Do not know/Refused to answer 12 (29) 5(13) 3 (15)
Ethnicity
Not Hispanic 27 (66) 29 (76) 14 (70) 0.8
Hispanic 13 (32) 8 (21) 6 (30)
Refused to answer 112 133 0 (0)
Annual household income (USD)
<$25,000 15 (37) 6 (16) 7 (35) 0.047
$25,001-$75,000 17 (41) 15 (39) 7 (35)
> $75,000 3 (12) 16 (42) 6 (30)
Refused to answer 4 (10) 133 0 (0)
BMI (kg/m?)
<25 6 (15) 12 (32) 7 (35) 0.2
25 to < 30 15 (37) 12 (32) 7 (35)
30 to < 35 10 (24) 6 (16) 5 (25)
> 35 10 (24) 8 (21) 1(5)
CAGE alcoholism score
<2 39 (98) 31 (86) 18 (95) 0.3
>2 1(3) 4 (11) 1(5)
Weekday alcohol consumption outside mealtimes
No 37 (95) 31 (89) 14 (74) 0.06
Yes 2(5) 4 (11) 5 (26)
Days per week consumed alcohol
0-1 31 (82) 23 (66) 11 (61) 0.3
2 4 (11) 4 (11) 4 (22)
>3 3(8) 8 (22) 4 (17)
Caught in WTC dust cloud on 9/11
No 17 41) 17 (45) 0.8
Yes 24 (59) 21 (55)
Heavily covered with dust on 9/11
No 30 (73) 33 (87) 0.177
Yes 11 (27) 5 (13)
Worked in a job requiring cleaning of WTC dust
No 32 (78) 34 (89) 0.239
Yes 9 (22) 4 (11)

BMI, body mass index; WTC, World Trade Center.

“Counts not summing to the total number of subjects in each group reflect missing data.

“P values from the chi-squared test unless otherwise indicated.
9P value from Fisher exact test.

Table 2, http://links.Iww.com/JOM/A712). The physician-adminis-
tered neurological examinations showed that 39% of cases had
multiple examination findings consistent with distal symmetric
polyneuropathy versus 8% of clinic controls and 0% of community
controls. Considering examination findings and symptoms, the
study’s neurologists rated 58% of cases as “‘definitely yes” and
34% as “possible yes” for having clinically evident distal symmet-
ric polyneuropathy, which was significantly greater than the 3% and
21%, respectively, among clinic controls, and the 0% and 0% among
community controls.

Total PCL total scores were higher among paresthesia cases
(median =44, IQR =32 to 62) than clinic controls (median =25,
IQR =21 to 34) or community controls (median = 18.5, IQR =17
to 20; P < 0.0001).

Nerve Conduction Studies

Peroneal and ulnar motor nerve conduction velocities
were below the cutoff for normality in 3% of paresthesia cases, a
prevalence that did not differ from expected (Table 4).'* However,
delayed latencies were present in 40% of subjects for the tibial
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TABLE 3. Findings from the Norfolk Quality of Life—Diabetic Neuropathy (QOL-DN) instrument, the Utah Early Neuropathy
Scale, and the Michigan Neuropathy Screening Instrument Among Paresthesia Cases, Clinic Controls, and Community
Controls (Higher Scores Indicate Greater Neuropathic Impairment)

Cases Clinic Controls Community Controls
[Median, IQR] [Median, IQR] [Median, IQR]
Scale (n=41) (n=38) (n=20) P Value®
Norfolk physical functioning/large fiber score 31 (16,41) 0(=1,9) 0(-1,9) <0.0001
Norfolk small fiber score 2(1,4) 0 (0,0 0 (0,0) <0.0001
Norfolk total score 53 (32,70) 2(—-1,9) 0 (—1.5,3.5) <0.0001
Utah early neuropathy scale 6 (4,10) 0 (0,2) 0 (0,2) <0.0001
Michigan neuropathy screening instrument 54,7 1(0,2) 0 (0,1) <0.0001

DN, diabetic neuropathy; IQR, interquartile range; QOL, quality of life.
“P from the Kruskall-Wallis test.

motor nerve and low amplitude nerve action potentials were
present in O to 36% of nerves tested. The sural to radial
sensory nerve amplitude ratio was abnormal (less than 0.4) in
29.4% (10/34) of subjects. Of the 10 paresthesia cases with
abnormal sural to radial sensory nerve amplitude ratios, 60%
(6/10) had reduced epidermal skin or sweat gland fiber densities
compared to 52% (11/23) of those with normal sural to radial
sensory nerve amplitude ratios. Quantitative sural to radial sen-
sory nerve amplitude ratios also were not correlated with epider-
mal nerve fiber densities (Spearman r=0.07, P=0.7). The
Wilcoxon rank-sum test revealed no significant differences in
the blood measures shown in Table 5 between subjects with
reduced (less than 0.4) sural to radial sensory nerve amplitude
ratios and those with normal ratios. None of the subjects had
clinical or nerve conduction evidence of chronic inflammatory
demyelinating polyneuropathy.

Skin Biopsy Examination for Epidermal Nerve and
Sweat Gland Nerve Fiber Density

Epidermal or sweat gland nerve fiber densities were signifi-
cantly reduced among cases compared to historical controls
(Table 6, Part A). This difference remained significant after adjust-
ing for age and gender by linear regression. The composite measure
of epidermal or sweat gland small nerve fiber density was abnor-
mally low in 57% of cases compared to an expected prevalence of
abnormal findings of 4 to 5%, as estimated from the age- and
gender-similar historical controls (Table 6, Part B, P <0.0001).
Heights of cases with reduced intraepidermal nerve fiber densities
were greater (median = 166.5cm, min=149.3, max =202) than
heights of cases with normal intraecpidermal nerve fiber densities
(median = 159.3 cm, min= 146, max=170.5; Wilcoxon ranked
sum P =0.01). The difference in heights remained significant after
adjustment for age and gender.

TABLE 4. Frequencies of Abnormal Nerve Conduction Velocity Findings Among Paresthesia Cases Enrolled in the World

Trade Center Environmental Health Center

Latency

Nerve

(% [n Abnormal/n Tested])

Amplitude
(% [n Abnormal/ n Tested])

Conduction Velocity

(% [n Abnormal/n Tested])

Motor nerves
Peroneal motor nerve (left)
Ankle—extensor digitorum brevis
Fibular head—ankle
Tibial motor nerve (Left)
Ankle—abductor hallucies brevis muscle
Ulnar motor nerve (left)
Wrist—abductor digiti minimi muscle
Below elbow—Wrist
Sensory nerves:
Radial sensory nerve (Left)
Forearm—extensor pollicis longus tendon
Sural sensory nerve (Left)
Calf—Ilateral malleolus

8.3 (3/36)"
40.0 (14/35)°

0 (0/36)7

22.9 (8/35)1

2.9 (1/34)%

13.9 (5/36)" )
13.9 (5/36)' 3.0 (1/33)*
8.8 (3/34)!

25.0 (9/36)*

36.1 (13/36)" 2.9 (1/35)"

20.0 (7/35)H 0 (0/35)"*

0 03l 0 (0/34)*

*Abnormal if >6.0 ms.
Abnormal if <2.0mV.
Abnormal if <40m/s.
SAbnormal if >5.6 ms.
Il Abnormal if <3 mV.
YAbnormal if >3.5ms.
#Abnormal if <6mV.
“*Abnormal if <48m/s.
TTAbnormal if >2.7 ms.
¥ Abnormal if <20 wV.
¥ Abnormal if >4.2 ms.
I Abnormal if <5 wV.
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TABLE 5. Blood Tests Investigating Factors Potentially Associated With Paresthesias Among Cases, Clinic Controls, and

Community Controls

Cases Clinic Controls Community Controls
Blood Measure N Median Min Max N Median Min Max N Median Min Max P Value® P Value™*
Vitamin B12 (pg/mL) 41 546 230 2500 38 439 222 2500 19 493 209 1150 0.8 0.5
Methylmalonic acid (pmol/L) 40 0.145 0.05 033 38 0.15 0.05 029 20 0.155 0.11 047 0.4 0.4
Folate (ng/mL) 40 12.8 4.6 60 38 12.1 5 60 19 13.5 9.2 60 0.2 0.8
Hemoglobin Alc (%) 41 5.4 4.8 6.7 38 5.45 4.3 6.4 18 5.35 5 9.4 0.7 0.9
Glucose, fasting (mg/dL) 40 86.5 70 107 38 85 64 111 18 83 59 196 0.5 0.4
ANA (inverse titers) 32 20 20 1280 25 20 20 640 15 20 20 160 0.5 0.2
C-reactive protein (mg/L) 41 2.3 0.1 11 38 2.05 0.1 10 19 1.8 0.4 9.8 0.6 1
Gliadin peptide antibody 39 5 2 37 36 5 2 15 20 5 3 15 0.4 0.3
IgA (units)
Gliadin peptide antibody 39 3 2 28 36 2 2 16 20 3 1 5 0.4 0.2
1gG (units)
Lead concentration (pg/dL) 39 1 1 29 37 1 1 24 18 1 1 3 0.4 0.2
Lyme antibody 1gG/IgM 40 0.32 0.11 1 37 0.34 008 1.1 20 0.31 0.11 2.14 0.9 0.8

(Western blot [normal < 0.91])

“P from the Kruskall-Wallis test comparing cases, clinic controls and community controls.

“*P from the Wilcoxon rank-sum test comparing cases and clinic controls.

YLead levels shown by the laboratory as less than 2.0 were assigned a value of 1.0.

When categorized by frequency of paresthesia symptoms,
there was a suggestion (P =0.10, Fisher exact test) of a trend of
increasing proportion of subjects with abnormal epidermal nerve
fiber density with increasing frequency of paresthesia (0% [0/2] of
those with frequency of “occasional” versus 50% [8/16] of those
with frequency of “often” versus 68% [13/19] of those with
frequency of “almost continuous;” P =0.10, Cochran-Armitage
exact trend test). Scores on the Utah Early Neuropathy scale also
were higher (worse) among persons with abnormally reduced small
nerve densities compared to those with normal epidermal nerve
fiber densities; this difference remained significant after adjustment
for age (P=0.01).

Association of Paresthesias With Known Causes of
Neuropathy

None of the blood tests for factors commonly associated with
peripheral neuropathy differed significantly across groups (Table 5).
Syphilis testing revealed one positive individual who was referred
for treatment and five individuals (all cases) whose syphilis tests

indicated either false-positive screening tests or syphilis that had
been treated and resolved. When blood tests were dichotomized into
abnormal versus normal, the only blood test that showed significant
heterogeneity across groups was methylmalonic acid, with commu-
nity controls having a higher prevalence of abnormally high levels
(suggestive of vitamin B12 deficiency, found in 2/20, 10%) com-
pared to cases (0/40, 0%) or clinic controls (0/38, 0%) (P =0.04,
Fisher exact test). There were no significant differences among
groups in the prevalence of high hemoglobin Alc (P =0.5), high
fasting glucose (P=0.9), or other dichotomized blood values.
When blood lead concentrations were dichotomized at less than
2 pg/dL versus 2 to 4.9 pg/dL, there was a suggestion of an excess
of higher lead concentrations in cases (15.4%, 6/39, in the range of 2
to 4.9 ng/dL) compared to clinic controls (5.4%, 2/37, in the range
of 2 to 4.9 pg/dL, P =0.26, Fisher exact test). Community controls
had an intermediate prevalence (11.1%, 2/18) resulting in an P value
comparing all 3 groups of 0.4 (Fisher exact test).

ANA titers did not differ among groups, and ANA patterns
among ANA positivity also did not differ significantly across the

TABLE 6. Epidermal or Sweat Gland Nerve Fiber Densities in Cases and Historical Controls

Part A. Quantitative Comparison of Epidermal Nerve Fiber Densities

Mean Density (Fibers/mm

95% Confidence

Group of Epidermal Length) Interval P Value*
Paresthesia cases (n=37) 4.70 3.95-5.45 <0.0001
Historical controls (n=128) 8.32 7.86-8.77

Part B. Categorical Comparison of the Prevalence of Abnormally Reduced Nerve Fiber Densities Based on a Composite Evaluation of

Epidermal and Sweat Gland Nerve Fiber Densities

Composite Nerve Fiber Density Measure

Group Abnormal (n, [%]) Normal Total P Value, Fisher Exact Test
Paresthesia cases 21 (57%) 16 (43%) 37 < 0.0001
Historical controls 5 (3.9%) 123 (96%) 128

“From generalized linear models regression analysis adjusted for age and gender.
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three groups. Among the 14 ANA-positive cases, however, 2 (14%)
had nucleolar ANA patterns and 1 (7%) had nuclear dots, whereas
these patterns were not found in the 9 ANA-positive clinic controls
or 6 ANA-positive community controls.

Serum protein electrophoresis (SPEP) results did not reveal
important differences across groups: 67% (26/39) of cases, 71% (27/
38) of clinic controls and 85% of community controls had normal
SPEP findings. Immunofixation electrophoresis results also did not
differ among groups; no monoclonal bands were detected in 90%
(36/40) of cases, 84% (32/38) of clinic controls, and 85% (17/20) of
community controls.

On interview, lead exposure since 9/11 was more often
reported by cases (11/41, 26.8%) than clinic controls (2/38, 5.3%)
or community controls (0/20, 0%) (Fisher exact P=0.003). A
majority (64%; 7/11) of the cases who said they had been exposed
to lead since 9/11 reported these exposures occurred in the home,
while 27% (3/11) reported WTC-related lead exposures, and 9% (1/
11) reported hobby-related lead exposures. There also were sugges-
tions of differences in post-9/11 exposures to mercury, with 9.8% (4/
41) of cases reporting such exposure compared to 0% (0/38) of clinic
controls, and 0% (0/20) of community controls) (P = 0.07, Fisher
exact test); and exposure to solvents, with 14.6% (6/41) of cases
reporting such exposure compared to 5.3% (2/38) of clinic controls
and 0% (0/20) of community controls (P =0.12, Fisher exact test).

DISCUSSION

This study shows that the high prevalences of paresthesia we
and others have observed among WTC-exposed individuals were
associated with abnormal neurological examination findings.
Importantly, pathologic evaluation revealed reduced epidermal or
sweat gland nerve fiber densities among 57% of cases. Nerve
conduction studies showed reduced sural to radial sensory nerve
amplitude ratios in 29.4% of cases. Clinical examinations and
histories, conducted with standardized neuropathy scales revealed
findings consistent with both small and large fiber neuropathy more
often in cases than in either of the two control groups. Blood tests
did not reveal any other clear associations with non-WTC-related
disease, metabolic, or toxic etiologies of peripheral neuropathy.?’
Paresthesia and abnormal neurologic findings were infrequent
among the community control group. These findings, including
objective measures of disease, support an association between WTC
exposures and neurological injury or disease in a substantial pro-
portion of WTC-exposed members of the general community.

WTC-associated dust and fumes contained heavy metals,
including lead, mercury and arsenic, and complex hydrocarbons.”
Exposure to these materials occurred both at the time of the disaster
when massive dust clouds were released upon collapse of the
towers, and subsequently when materials were re-suspended. Work-
ers involved in WTC clean-up activities also may have been exposed
to neurotoxic cleaning agents or other substances after 9/11 at work,
during hobbies or at home. These exposures provide biologic
plausibility for the findings and are consistent with reports of small
fiber neuropathies associated with exposure to environmental tox-
ins, including lead, solvents and chemical warfare agents.zg’37

The high prevalence of small fiber abnormalities in our
sample of paresthesia cases suggests that a small nerve fiber
condition may be operative. Intraepidermal nerve fiber density
measurement has been recommended as a sensitive and specific
tool for diagnosis of small nerve fiber disease.*® Nerve conduction
velocities, which evaluate large fiber nerve function, were abnormal
in 29.4% of paresthesia cases and reduced nerve action potentials,
were observed in up to 36% of subjects dependingg on the nerve
tested, suggesting axonal injury in some subjects.’

The mechanisms by which toxic exposures contribute to the
development of paresthesias are unclear. Small fiber neuropathies
have been associated with exposure to environmental toxins. Prior

studies have suggested autoimmune factors may play a role in
chemically mediated neuropathy.*® We observed no significant
difference in ANA positivity or SPEP findings among groups.
ANA nucleolar and nuclear dot patterns, present in several cases
but not in controls, suggests a possible role of autoimmune disorders
in a small fraction of WTC-associated paresthesia cases.

The possibility exists that post-9/11 exposure to environmen-
tal toxins contributed to the neurologic symptoms. More cases than
controls reported exposures to lead since 9/11, and there was a
suggestion in the data that blood lead concentrations in the range of
2 to 4.99 pg/dL were present more often among cases than clinic
controls. Lead levels below 5pug/dL, however, have not been
reported to be associated with neuropathy. Furthermore, it is not
possible to know whether blood lead concentrations measured
during the study might be due to exposures that occurred around
September 11, 2001, rather than previous or substantially after that
date. An alternative explanation, might be recall bias, with cases
more likely to remember and report exposures to neurotoxins than
controls, perhaps because of concern for their symptoms. Partici-
pation bias also might have been present if persons with post-9/11
neurotoxin exposures were more likely to enroll due to fears of
health consequences and out of a desire to obtain related testing and
medical advice.

Heights were greater among cases with reduced epidermal or
sweat gland nerve fiber densities compared to cases with normal
densities, even after adjustment for sex and age. This suggests the
possibility of a length-dependent effect. Greater height is a known
risk factor for diabetic peripheral neuropathy.*!*>

There are potential limitations to our study. We did not conduct
skin punch biopsies in some subjects due to extended blood pressure
or heart rate excursions well beyond normal. Some subjects refused
the procedure despite initial consent. Nerve conduction studies were
not conducted in a few subjects due to equipment problems or refusal
because the subjects had previously undergone nerve conduction
studies elsewhere. Our dependence on historical controls as a com-
parison group for the intraepidermal nerve fiber measurements in
cases could have led to bias if there had been drift in the evaluating
pathologists’ methods over time. Observer bias may have occurred
due to the lack of masking of the study neurologists,* a situation
necessitated by the neurologists’ conduct of the skin punch biopsies
and nerve conduction studies that were performed only among cases.
Inclusion criteria for the study were based on a screening question-
naire that may have caused under- or over-reporting of paresthesia and
the frequency thereof. Two subjects changed their responses to the
question on the frequency of paresthesia, saying during screening that
they “often” experienced paresthesia while during the main study
interview they reported experiencing this symptom “‘occasionally.” It
was of interest, however, that neither of these subjects had reduced
intraepidermal small nerve density, and that there was an increasing
prevalence of abnormal intraepidermal nerve fiber densities as the
reported frequency of paresthesia increased from ““occasionally” to
“often” to “‘almost continuous.”

We enlisted paresthesia cases and clinic controls from the
WTC EHC, meaning that subjects in each of those groups were
exposed to the WTC disaster. In an ideal case-control study design,
cases and controls would be drawn at random from pools of subjects
with and without disease, and not from subject pools in which
exposure has been in any way predetermined. The WTC EHC
patient population is heterogeneous, however, and includes individ-
uals with very different severities of WTC exposures, as well as
widely different exposures to clean-up activities following the
events of 9/11. This heterogeneity allowed us to ask whether there
was any evidence for differential exposures among those with and
without paresthesia, although this was not the primary aim of the
study. We thus found non-significant, but suggestive exposure
differences indicating that more paresthesia cases than clinic
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controls had jobs that required cleaning of WTC dust, and more
paresthesia cases than controls were heavily covered in dust on 9/11.
The study’s sampling scheme would be expected to bias the
associations with WTC exposure variables towards the null. The
lack of significance in these findings may reflect in part the fact that
the study size was derived without consideration of analyzing
associations between signs of neuropathy and WTC exposures.
We have previously demonstrated significant associations between
the symptom of paresthesia and WTC exposure variables.>*

In sum, this study demonstrates increased prevalence of
clinical and laboratory-test abnormalities indicative of neuropathy
among individuals with WTC exposure and paresthesia of the lower
extremities. These abnormalities were observed more often among
paresthesia cases than among members of the control groups. Our
data are consistent with the hypothesis that WTC exposures or
clean-up activities contributed to the development of peripheral
neuropathy with paresthesia. Our findings reinforce the need for
neurologic evaluation after toxic exposures in WTC-exposed as well
as other populations. Future research should seek to identify possi-
ble mechanisms and describe the longitudinal course of signs and
symptoms. Moreover, the impact of these symptoms on mental
health and functional status should be investigated.
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