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SUMMARY 

This report presents research findings obtained as part of the New York City (NYC) Perc Project 
(funded through U.S. EPA STAR Grant #R827446 to the New York State Department of Health 
(NYS DOH)). Households in residential buildings (with and without a co-located dry cleaner 
using tetrachloroethylene (perc)) in the NYC Borough of Manhattan with at least one adult and 
one school-age child, were enrolled in the NYC Perc Project. Adults were about 35–45 years 
old, and children were 9–11 years old. Perc exposures (indoor air, exhaled breath, and blood 
perc levels) and measures of visual function (visual contrast sensitivity (VCS) and color vision) 
were obtained for each participant and associations between all measures of perc exposure and 
visual function were assessed. The main body of this report describes observed associations 
between perc exposure and VCS. (No associations were observed between perc exposure and 
color vision as summarized in Appendix 1 of this report.) 

Visual contrast sensitivity (VCS) describes the ability to distinguish visual images of variable 
light-dark contrast. VCS is dependent upon both the optical components of the eye which focus 
images on the retina (e.g., the cornea, pupil, lens, ciliary muscle) and upon visual pathways of 
the central nervous system (CNS) which transmit and integrate neural signals in the brain (e.g., 
retina, optic nerve, lateral geniculate nucleus, striate cortex). Each eye and its associated CNS 
neural pathways functions independently and is characterized by its own VCS. In this study, 
optical components of vision were controlled prior to VCS testing allowing an assessment of 
whether perc exposure may have influenced the CNS. 

VCS differs depending upon the size of the image focused on the retina. The Functional Acuity 
Contrast Test (F.A.C.T.) used in this study assesses VCS for a range of five images consisting of 
patches filled with parallel dark and light bars within a circle (sinusoidal gratings). The number 
of bars per match (referred to as cycles per degree (cpd) of visual arc within the retina) varies 
from 1.5 to 18 cpd. 

Each eye was tested monocularly, and analyses of participants’ worse performing eyes are 
highlighted to focus on participants’ eyes and associated visual pathways potentially most 
affected by perc. Analyses of individuals’ better performing eyes are also presented to assess the 
minimum possible effect of perc on VCS. Study participants performed very well on the 
F.A.C.T. exhibiting a marked ceiling effect at most spatial frequencies. Hence, analytical 
approaches appropriate for truncated data were applied. This included categorizing VCS as 
being either the maximum (max) or less than maximum (<max) score possible and application of 
non-parametric trend analyses and logistic regression to assess associations between increasing 
perc exposure and VCS. Actual VCS scores were used in non-parametric analysis of variance 
(ANOVA) for matched pairs to assess child-adult differences in VCS scores for adults and 
children residing in the same household 

Indoor air perc levels were significantly elevated in households in buildings with co-located dry 
cleaners. Based on their indoor air perc levels, participants were grouped into one of the 
following three exposure categories: residence in a reference building; residence in a dry cleaner 
building with indoor air perc < 100 µg/m3; or residence in a dry cleaner building with indoor air 
perc > 100 µg/m3. Geometric mean indoor air perc levels for adults in these three categories 
were about 3, 12, and 480 µg/m3, respectively; and for children were about 3, 12, and 340 µg/m3, 
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respectively. Effects of perc exposure on VCS test performance is the subject of this report. No 
measure of perc exposure was significantly associated with decreased color vision performance 
among either adults or children. 

Overall, children performed better on the F.A.C.T. than adults, adult and child worse performing 
eyes performed more poorly than their better eyes, and both eyes of adults and children 
performed more poorly at the highest exposure level. However, differences were observed 
between adults and children in how VCS may have been affected by perc exposure. Analyses of 
relationships between perc exposures and F.A.C.T. performance for worse performing eyes 
suggested that increasing levels of perc exposure decreased children’s VCS, specifically at the 
spatial frequency of 12 cpd. Analyses were less suggestive that increasing perc exposure 
affected adults’ VCS at any spatial frequency. 

Decreasing trends in proportions of children’s worse eyes achieving the maximum possible score 
occurred across increasing perc exposure categories at spatial frequencies of 12 cpd (p < 0.05) 
and 6 cpd (0.05 < p < 0.10). In the highest exposure group (residence in a dry cleaner building 
and perc > 100 µg/m3), no child achieved the maximum VCS score at 12 cpd. Also, increased 
odds for children’s worse eyes to score < max was significantly associated with increasing levels 
of perc in children’s indoor air, breath or blood (p< 0.05), specifically at 12 cpd and no other 
spatial frequency. Although decreasing trends in proportions of adults’ worse eyes achieving the 
maximum possible scores were observed across increasing exposure categories at some spatial 
frequencies, the odds for adults’ worse eyes to have decreased VCS were not increased for any 
measure of perc exposure at any frequency. As noted above, when optical and other 
confounding influences on VCS are controlled for, as they were in this study, alterations in VCS 
can indicate the occurrence of a CNS effect. Decreased VCS test performance observed here 
among perc-exposed children, may therefore reflect altered CNS function. 

In residences of 11 children with the highest indoor air perc levels (i.e., those residing in dry 
cleaner buildings with indoor air perc levels > 100 µg/m3) indoor air perc levels ranged from 127 
to 700 µg/m3 (25th–75th percentile: 220–700 µg/m3) with a geometric mean of about 340 µg/m3. 
These levels are below average residential indoor air perc levels of 700 and 1400 µg/m3 perc in 
indoor air previously reported to be associated with visual and CNS effects, respectively. 
Benchmark concentrations (BMCs) associated with extra risks of 40–50 percent (i.e., above the 
background risk of 60 percent) for children to have decreased VCS at 12 cpd were estimated to 
range from 14 (95 percent Confidence Interval 7–120 µg/m3) to 26 (95 percent Confidence 
Interval 10–420 µg/m3) µg/m3 perc. Although highly uncertain, these analyses also suggest that 
some children may be vulnerable to the effects of perc at levels below previously suggested 
effect levels. 

In summary, the results presented here suggest that increased perc exposures in residences in 
buildings with co-located dry cleaners using perc are associated with decreased VCS test 
performance in children’s worse performing eyes, at a single spatial frequency (12 cpd). Trend 
analyses and adjusted logistic regression suggested that increased residential indoor air levels of 
perc, as well as increased perc levels in children’s breath and blood, were statistically 
significantly associated with decreased VCS test performance at 12 cpd. Although trend 
analyses of adult VCS test performance suggested that increased residential indoor air perc levels 
were associated with decreased VCS test performance at 12 cpd among minority or non-low 
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income adults, adjusted logistic regression found that no measure of perc exposure was 
associated with increased odds for decreased VCS among adults. These analyses suggest that 
children in the highest exposure group, (gemmetric mean: 336 µg/m3, range: 127–710 µg/m3, 
may be more vulnerable to the effect of perc on VCS than adults were. Paired analyses of 
differences in worse eye VCS scores between matched children and adults (child-adult pairs 
residing in the same household) were consistent with the notion that children’s VCS at 12 cpd 
was more affected by increased perc exposure than adults’ VCS. 
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INTRODUCTION 

Tetrachloroethylene (perc) remains the most frequently used solvent by dry cleaning facilities 
(US EPA, 2006; Earnest, 1996). In many urban areas, dry cleaners using perc are often co­
located with residences, and fugitive perc emissions sometimes contaminate indoor air within 
these residences, raising concern that occupants may experience long-term and possibly harmful, 
perc exposures (Wallace et al., 1995; Schreiber et al., 1993; 2002; Garetano and Gochfeld, 2000; 
McDermott et al., 2005). 

Elevated perc levels in residential indoor air due to fugitive perc emissions from nearby dry 
cleaners have been associated with neurobehavioral and visual function effects. Residents 
(n=14) exposed to a median of 1400 µg/m3 perc had slower response times or made more errors 
on three neurobehavioral tests (simple reaction time, continuous performance, visual retention) 
than matched control subjects (Altmann et al., 1995). Visual contrast sensitivity (VCS) and 
color discrimination ability were reported to be decreased among 13 adult residents of buildings 
with dry cleaners where residential indoor air perc levels averaged about 700 µg/m3 perc 
(geometric mean) compared to unexposed adults, although the decreases were not statistically 
significant and both groups still performed within the normal ranges reported for the VCS test 
administered (NYS DOH, 2000; Schreiber et al., 2002; Storm and Mazor, 2004). Effects of perc 
exposure on the central nervous system (CNS), including the visual system, have also been 
reported among workers although exposure levels were considerably higher – about 30,000 
µg/m3 perc or more (Spinatonda et al., 1997; Ferroni et al., 1992; Echeverriea et al., 1995; 
Cavalleri et al., 1994; Gobba et al., 1998). Based on these observations there is concern that 
elevated residential indoor air perc levels associated with co-located dry cleaners may adversely 
effect the CNS and/or visual system. Of additional concern is the possibility that child residents 
may be more vulnerable than their parents to perc in indoor air since they may experience greater 
internal exposures and/or greater health consequences than adults in the same exposure 
environment (Needham & Sexton, 2000; Stein et al., 2002; Schwenk et al., 2003). 

Considering the effects of perc on the CNS and visual system and other health effects associated 
with perc exposure, the New York State Department of Health (NYS DOH) derived a health-
based guideline of 100 µg/m3 perc for residential air, considering continuous lifetime exposure 
and potentially sensitive people, including children (NYS DOH, 1997; 2003). NYS DOH 
currently considers this level to be a useful guideline in aiding decisions about the nature and 
urgency of efforts to reduce residential exposures to perc when it is present in indoor air. NYS 
DOH recommends actions to reduce exposure if perc levels are above background even if they 
are below 100 µg/m3, but an increase in the scale and urgency of such actions is recommended 
when air levels are above 100 µg/m3. NYS DOH recommends immediate action when an air 
level is 1000 µg/m3 or more. 

When establishing the guideline, NYS DOH recognized uncertainties associated with assessing 
the likelihood that effects, particularly on vision, might occur among residents experiencing 
elevated perc levels in their indoor air. To continue to evaluate residential exposures to perc and 
the possible occurrence of associated vision effects, especially among children, the NYS DOH 
received funding through the U.S. Environmental Protection Agency (US EPA) (STAR Grant 
#827446010) to conduct the New York City (NYC) Perc Project. Objectives of the NYC Perc 
Project were to: assess perc exposures among residents of buildings with co-located dry cleaners; 
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evaluate whether living in a building with a dry cleaner was associated with vision effects; 
evaluate relationships between measures of perc exposure and vision effects; and assess whether 
children were disproportionately exposed to, and/or affected by, perc exposure compared to 
adults. NYC Perc Project participants included children and adults residing in the same 
household in buildings with or without a co-located dry cleaner using perc on-site. 

VCS and color vision of participants were the health outcomes assessed given evidence that 
these measures of visual function appear to be sensitive health endpoints for perc and other 
similar solvent compounds (Gobba, 2000; Iregren et al., 2002; Schreiber et al., 2002). Vision 
and performance on vision tests is dependent on the optical components of the eye which focus 
visual images on the retina (e.g., the cornea, pupil, lens, ciliary muscle) and on the CNS 
components of vision which generate and transmit neural signals from the retina to the brain 
where visual images are interpreted (e.g., retina, optic nerve, lateral geniculate nucleus, striate 
cortex) (Purves et al., 1997). CNS components of the visual system are sensitive to luminance 
contrast within images as well as to orientation, movement, and length of light-dark edges. 
Thus, when optical components of vision are well controlled during vision testing, alterations in 
test performance might be ascribed to an effect in the CNS. 

When inhaled, perc is absorbed into the blood stream, widely distributed throughout the body 
especially to adipose tissue, and largely eliminated unchanged in breath (ATSDR, 1997; ACGIH, 
2001; Monster et al., 1979; Chiu et al., 2006). In both occupational and residential settings, perc 
levels in exhaled alveolar breath and blood are directly correlated with perc levels in inhaled air 
and are widely accepted biologic indices of individual perc exposure (ATSDR, 1997; ACGIH, 
2001; Gobba et al., 2003; Solet et al., 1990). Hence, the measures of perc exposure evaluated in 
the NYC Perc Project include individual exhaled alveolar breath and blood perc levels as well as 
residential indoor air perc levels. 

This report summarizes perc exposures (indoor air, breath, blood perc levels) of child and adult 
participants in the NYC Perc Project, and relates those exposures to participants’ VCS and color 
vision test performance. Several types of statistical analyses of VCS test results were performed, 
including correlation analyses, trend analyses, logistic regressions, and exploratory exposure-
response analyses. Relationships between perc exposure and VCS test performance are 
discussed in detail in the body of this report since some statistically significant associations 
between perc exposure and VCS test performance were found. 

Statistically significant relationships between increasing residential perc exposure and color 
vision test performance were not observed among either adults or children in this study. 
Analyses of relationships between measures of perc exposure and color vision test performance 
are provided in Appendix 1 to this report. 

METHODS 

Study design and all protocols were under continuous approval by Institutional Review Boards at 
the NYS DOH (Study Number 99–212) and other collaborating institutions (Mt. Sinai Medical 
Center (Project #99–920 0001 05 CM); U.S. Centers for Disease Control and Prevention (CDC) 
(Protocol #2597). 
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Study Area and Building Selection. The study area was an area in NYC characterized by: a high 
number of residential buildings with dry cleaners; the presence of some buildings where 
residential perc levels up to 5500 µg/m3 had been previously documented (NYS DOH, 
unpublished data); and proximity to the ophthalmology clinic where vision evaluations were 
scheduled. Dry cleaners in residential buildings were identified from New York State 
Department of Environmental Conservation (NYS DEC) regulatory compliance records and 
internet-based yellow pages (ReferenceUSASM, InfoSpaceR) as described more fully in 
McDermott, et al. (2005). Each identified dry cleaner building was characterized to verify that 
the dry cleaner was in operation and using perc on-site, that occupied residences were present in 
the building, and that no other businesses using volatile organic compounds (VOCs) (e.g., nail 
salons, shoe repair stores, photography developing) were present in the same building. At least 
three other residential buildings with no dry cleaner or other business possibly using VOCs, and 
located at least one city block away from each dry cleaner building meeting inclusion criteria 
were selected as reference buildings for each dry cleaner building identified. 

Participant Recruitment. Households in identified buildings were contacted through mail and/or 
telephone (mail/telephone) or door-to-door contact as described in McDermott et al. (2005). 
Eligible households included at least one adult (20–55 years old) and one or more children (5–14 
years old) residing full-time in their building for at least one year. Participants meeting the 
above inclusion criteria and willing to participate were screened to exclude those with known 
current or previous exposures to VOCs and/or medical conditions that could possibly interfere 
with visual function evaluation (e.g., substance abuse, diabetes, cataracts, glaucoma). During 
screening, participants were asked to categorize household race/ethnicity into one or more (up to 
four) of the following categories: White, African American, American Indian, Chinese, Japanese, 
Korean, Native Hawaiian, Samoan, Hispanic, or Other. Adult participants were also asked to 
categorize their annual household income into one of the following ranges: < $15,000; $15,000– 
$30,000; $30,000–$45,000; $45,000–$60,000; or > $60,000. 

Considering the possible greater vulnerability of children’s VCS to perc and the matched study 
design, desirable sample size estimates were based on the ability to detect a statistically 
significant difference in child-adult differences in VCS scores among matched child-adult 
residents of reference and dry cleaner buildings. It was assumed that children’s VCS scores 
would be decreased compared to adult scores among residents of dry cleaner buildings; and, that 
a 20 percent decrease in scores would be meaningful (Amler and Gibertini, 1996). Hence, 
minimum sample sizes required to detect a difference in adult-child differences in VCS scores 
were based on the null hypothesis d1=d2 and the alternative hypothesis d1>d2+d2(0.20), a 
significance level of alpha (�) = 0.05 and power of 1-beta (�) = 80 percent, where d1 is the child-
adult difference in scores between matched child-adult residents in dry cleaner buildings and d2 

is the difference between matched child-adult residents in reference buildings. VCS score mean 
and standard deviation values for spatial frequencies 6, 12, and 18 cpd (see below for VCS 
explanation) used in these calculations were as reported in Amler and Gibertini (1996). Desired 
child-adult pair sample sizes for accepting the alternative hypothesis at 6, 12, and 18 cpd were 
30, 40, and 50 respectively. 

Participant Activities. All adult and child participants volunteered and signed consent or child 
assent forms approved by the Institutional Review Board of the NYS DOH and collaborating 
institutions. 
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Participating households were asked to allow collection of indoor air samples to determine levels 
of perc and a suite of other VOCs. During an initial home visit, adult participants were asked to 
complete a residential/occupational/medical history questionnaire for themselves and for their 
child(ren), and organic vapor monitors were deployed. Questionnaires included requests for 
information on years of education (adults and children) and on alcohol and tobacco use (adults 
only). Both adult(s) and child(ren) provided exhaled alveolar breath samples for determination 
of breath carbon dioxide (CO2) and perc level approximately 24 hours later when the organic 
vapor monitor was retrieved. During a home visit or by telephone, participants were scheduled 
at the medical school affiliated ophthalmology research clinic where they completed 
comprehensive eye examinations, VCS, and color vision assessments. They also provided blood 
samples for the determination of levels of perc, other VOCs, lead and mercury, and another 
alveolar breath sample for determination of perc and CO2 immediately after vision testing. 

Participants received $50 for completion of home visit activities and $50 for completion of 
ophthalmology research clinic visit activities to compensate for the inconvenience associated 
with participation. Screening for glaucoma, other eye diseases, and a prescription for corrective 
lenses were also provided to each participant, if warranted, at no cost. 

Analytical Methods. Indoor air samples were collected using 3M (Minnesota Mining and 
Manufacturing Co., Minneapolis, MN) organic vapor monitors deployed in duplicate in main 
living areas. Monitors were placed approximately six feet high and away from any direct 
sources of ventilation such as windows, air conditioners, fans, or heating/cooling vents. Air 
sampling occurred for 21–27 hours during weekdays starting between 3:00 PM and 9:00 PM and 
ending around the same times the following day. A hard plastic, impermeable lid provided by 
the manufacturer was affixed to each monitor at the end of the collection period. 

Monitors were analyzed for perc and 10 other VOCs (1,1,1-trichloroethane, 1,4-dichlorobenzene, 
benzene, carbon tetrachloride, ethylbenzene, trichloroethene, toluene, m- and p-xylene, o-xylene, 
styrene) at the NYS DOH Wadsworth Center in Albany, NY as described by Amin et al. (1998). 
Detection limits varied slightly by analytical run and were generally about 1 µg/m3 for all VOCs 
including perc. Analytical results were reviewed at the laboratory in accordance with approved 
Quality Assurance/Quality Control procedures and entered into the NYS DOH Environmental 
Laboratory Data Accessioning and Reporting System (ELDARS). Results from duplicate indoor 
air samples were averaged. Average percent difference in perc levels of duplicate badges was 10 
percent (upper 75th percentile 11 percent). Both the participating household and the NYC 
Department of Health and Mental Hygiene (NYCDOHMH) were notified as soon as possible 
when apartment perc levels were above 10 µg/m3 perc. The NYCDOHMH initiates follow-up 
activities with other governmental agencies, with the dry cleaner, and/or with the resident when 
elevated residential levels of perc are found. 

Breath samples were analyzed for perc and CO2 as described by Stein et al. (1996). Volumes 
(0.1–1 mL) of breath samples were withdrawn from breath tubes using a gas tight syringe (0.5 or 
1.0 mL) and injected into a gas chromatograph (Hewlett-Packard 5890). The gas chromatograph 
was fitted with a Rtx-volatiles fused silica capillary column (60 m, 0.53 mm ID, Restek Corp.) 
and a Carboxen-1000 stainless steel packed column (15 ft., 1/8” id) connected to an electron 
capture detector for determination of perc and to a separate pulsed discharge detector for 
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determination of CO2. Standards were generated using a Dynacalibrator for volatiles (perc) and 
a 5 percent commercially prepared standard of permanent gases for CO2. 

CO2 levels were normally distributed. Breath samples outside of 1.5 interquartile ranges of the 
mean (for the samples being analyzed) were excluded from analysis in accordance with 
recommendations for excluding outliers (Rosner, 1995). As recommended by Guillemin and 
Gubéran (1982), alveolar breath perc levels were corrected by a proportional adjustment 
assuming that perc levels varied directly with CO2 levels, and that average alveolar breath CO2 

partial pressure was that observed at sea-level: 40.0 mm Hg or 5.3 percent (Guyton and Hall, 
1996). 

Blood samples were collected and forwarded to the CDC for analysis as previously described for 
perc and other VOCs (Ashley et al., 1992). Briefly, two whole human blood samples were 
collected by venipuncture into vacutainers (Becton Dickinson, Franklin Lakes, NJ) specially 
prepared for VOC analysis (Cardinali et al., 1995). These samples were shipped chilled to the 
CDC and stored at 4° C until analysis. Analysis of perc and other VOCs involved analysis of a 3 
mL aliquot from each vacutainer using solid phase microextraction/gas chromatography/mass 
spectrometry (SPME/GC/MS) as previously described (Cardinali et al., 2000). Isotope dilution 
mass spectrometry was used for calculation of analyte levels based on relative response 
compared with an internal standard (perc-13C1, Cambridge Isotope Labs, Andover, MA). This 
method had a limit of detection of 0.048 ng perc/mL blood, and was able to measure perc in most 
of the blood samples tested. This analysis involved rigorous quality control (QC) procedures 
including evaluation for: contamination, absolute sensitivity, confirmation ion ratios, accuracy, 
and precision. Blind QC samples were evaluated by an independent QC officer according to 
Westgard QC rules (Westgard et al., 1981). If a QC sample exceeded QC limits for an analyte, 
then all results for that analyte on that day were rejected. 

Lead was measured by graphite furnace atomic absorption spectrometry (GFAAS) using a 
modification of the method of Miller et al. (1987). The GFAAS utilized an aqueous calibration 
and Zeeman background correction with a resulting blood lead limit of detection of 0.3 µg/dL. 
The reported lead result was the average of two measurements. 

Whole blood specimens 0.2 mL, were analyzed for total mercury by an automated cold vapor 
atomic absorption spectrophotometry system (Flow Injection Mercury System 400 Perkin-Elmer, 
Shelton, CT) with an AS-91 autosampler and a Maxidigest MX 350, (Prolabo, Fontenay-sous-
Bois, Cedex, France) in-line microwave digester connected to the FIMS-400 system. Matrix 
matched calibration methods were used (Chen et al., 1998). The method has a detection limit of 
0.14 µg/L for total mercury. National Institute of Standards Technology Standard Reference 
Material (NIST SRM 966) was used as a bench quality control material as well as 3 levels of in­
house blood pools traceable to NIST SRM 966 for daily quality control. 

Visual Function. Evaluations of visual function were conducted in a controlled clinical setting 
under standardized testing conditions at the Mt. Sinai School of Medicine (MSSM) Department 
of Ophthalmology Research Clinic. All clinicians conducting evaluations were unaware of 
whether participants resided in buildings with dry cleaners or not. Spanish-speaking clinicians 
administered tests to participants whose preferred language was Spanish. 

5 



Each participant was given a thorough ophthalmologic examination which included 
determination of past ocular and medical history, measurement of visual acuity, pupil size, 
extraocular motility, and intraocular pressure; and anterior (slit-lamp) and posterior (fundus) 
segment exams. For participants whose uncorrected acuity was worse than 20/25, manifest 
refraction was performed. If best corrected visual acuity was not better than or equal to 20/25 or 
if VCS was abnormal, a dilated fundus exam and automated visual field test of the central 30 
degrees was performed to document foveolar sensitivity and retinal function. Participating 
ophthalmologists discussed individual findings with each case. Participants with abnormalities 
or taking medications that could influence VCS and/or color vision (e.g., glaucoma, diabetes, 
cataracts, and astigmatism) were excluded from further consideration. 

VCS was determined using the Functional Acuity Contrast Test (F.A.C.T.) distance chart (Stereo 
Optical Co., Inc., 1993) placed 10 feet from the participant under light conditions specified by 
the manufacturer (i.e., 68–240 cd/m2). This chart (37” x 27”) consists of five rows of nine 
different patches filled with sinusoidal gratings (parallel dark and light bars within a circle) 
oriented at +15°, 0°, or -15°. Spatial frequency (number of bars per patch; referred to as cycles 
per degree [cpd] of visual arc) is constant within rows but increases from the top to bottom row. 
Contrast of bars against background decreases within rows from left to right. At different spatial 
frequencies, different degrees of contrast are required to reach threshold visibility. VCS is 
reflected in a function which relates the threshold stimulus for spatial vision in terms of spatial 
frequency and contrast. 

For each eye, each participant was asked to indicate the orientation of bars in each patch as the 
test administrator called out each patch from left to right, row by row, beginning at the top row, 
left patch. If orientation was misidentified, the participant was instructed to view each 
succeeding patch to the left until a correct response was again obtained. Testing then proceeded 
to the right and the last patch correctly identified was taken as the contrast sensitivity score for 
that spatial frequency. This procedure was repeated for each row in descending order. Scores 
for each eye were recorded on a graph showing a normal range (90 percent confidence interval) 
provided by the F.A.C.T. manufacturer and typically used for clinical interpretation of VCS. For 
each participant, the examining ophthalmologist made a judgment as to whether or not VCS was 
normal or abnormal based on these graphs. Specific contrast values for each frequency, contrast 
sensitivity combination provided with the F.A.C.T. were recorded. 

The F.A.C.T., the quantitative contrast sensitivity threshold values possible using the F.A.C.T., 
and responses on the F.A.C.T. reported by the manufacturer as normal are described in Appendix 
2. 

Data Analyses. Non-working and non-residential telephone numbers identified during 
mail/telephone recruitment and vacant households identified during door-to-door recruitment 
were eliminated to provide the total number of households identified. Identified households 
were categorized into contacted (presence of adult-child pair determined) and not contacted 
(presence of adult-child pair not determined) groups. Contacted households were further 
categorized as not eligible (households without an age-eligible adult-child pair); potentially 
eligible (households with an age-eligible adult-child pair); or, eligible (households meeting all 
inclusion criteria (i.e., no other VOC exposures, residence duration > 1 year, no excluding 
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medical conditions) based on the screening questionnaire. All eligible adult-child pairs were 
asked to participate. 

All statistical analyses were performed using SAS software (Release 9.1, SAS Institute, Cary, 
NC). Findings were deemed significant when p < 0.05 and nearly significant when p < 0.10 but 
> 0.05. Indoor air perc levels obtained from main living areas were averaged for each 
household. VOC indices were estimated for each household by summing VOC concentrations 
(other than perc) expressed as parts per billion (ppb). Categorical household and participant 
characteristics identified from the screening questionnaire were summarized by percent and 
compared between exposure groups using the chi-square test. Continuous household and 
participant variables were summarized by mean ± standard deviation (std. dev.) and compared 
between exposure groups using Analysis of Variance (ANOVA) and Student-Newman-Keuls 
test. Spearman correlation coefficients were used to assess associations between socioeconomic 
and other individual characteristics (e.g., VOC indices, mercury and lead levels in blood, age, 
gender, etc.), levels of perc in indoor air, breath, and blood, and VCS scores. 

Analyses were done on VCS observations associated with individuals’ “worse” and “better” 
performing eyes. VCS testing was done monocularly since neural signals from each eye are 
independent of the other eye (although signals from both eyes are integrated in the visual cortex 
of the brain for interpretation), and visual function associated with individuals’ different eyes is 
commonly different (Purves et al. 1997). Further, decreased visual function associated with 
either only one or both eyes has been associated with VOC exposure suggesting that vision of a 
single eye can be independently affected by VOC exposure (e.g., Donoghue et al., 1995; 
Grandjean et al., 2001). Analyses based on “worse” eyes highlight maximum possible effect of 
perc on VCS test performance in each individual. Thus, analyses based on detectable effect on 
“worse” performing eyes provides a better chance of detecting an effect of perc on VCS than 
analyses based on “better” performing eyes. Analyses based on “better” performing eyes 
highlight minimum differences in VCS across exposure categories. Also, an alteration in VCS 
for only one eye may be important for individuals dependent upon only one for vision. 

Reference and dry cleaner building resident group VCS functions for both worse and better eyes 
obtained with the F.A.C.T. exhibited marked ceiling effects as illustrated in Figure 1a and b, 
respectively. Given this unexpected finding, two types of statistical analyses suitable when the 
dependent variable is truncated were applied: trend analyses based on categorization of 
exposures and responses, and non-parametric ANOVA followed by post-hoc t-tests (Rosner, 
2006). Differences in child-adult differences in VCS scores were assessed using ANOVA for 
matched pairs. For analyses based on categories, each participant’s VCS at each spatial 
frequency was categorized as being either the maximum (max) or less than maximum (< max) 
score possible for each eye. Exposure categories for trend and ANOVA analyses were residence 
in: a reference building, dry cleaner building with indoor air perc < 100 µg/m3 (below NYS DOH 
guideline); or a dry cleaner building with indoor air perc > 100 µg/m3 (above NYS DOH 
guideline). For trend analyses the proportion of participants achieving the maximum score was 
evaluated for decreasing trends across increasing exposure categories using the Cochran-
Armitage Exact trend test. For ANOVA, differences in VCS scores among exposure categories 
were evaluated using Kruskall-Wallace ANOVA based on ranks followed by post-hoc 
Bonferroni t-tests. 
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Elevated perc levels were detected more often in dry cleaner buildings located in low income 
and/or minority neighborhoods, and other analyses indicated that being a member of a minority 
group and/or having lower annual income were significantly associated with increased indoor air 
levels of perc as well as increased breath and blood perc levels (McDermott et al., 2005; Mazor 
et al., unpublished/under review). Therefore, participants were also stratified by race/ethnicity 
and annual income for trend analyses and ANOVA. To attain sufficient sample sizes for 
analyses within race/ethnicity groups, households and participants were categorized as non-
minority, minority, or other. The non-minority category included participants identifying 
themselves as non-Hispanic White only. The minority category included participants identifying 
themselves as African American only, Hispanic only, or as African American or Hispanic in 
combination with any other category. The other category included participants not falling into 
either of these defined categories; these participants were not included in trend analyses stratified 
by race/ethnicity. For analyses stratified by income categories, participants were categorized as 
having annual incomes of < $30,000, $30,000–$60,000, or > $60,000. Participants who chose 
not to provide this information were categorized as “non-responders” (see Results) and were not 
included in analyses. 

Mean differences in VCS scores (for worse and better performing eyes at each spatial frequency) 
between children and adults residing in the same household were evaluated using Kruskall-
Wallis ANOVA for matched pairs. The possibility that in utero perc exposure may have 
contributed to decreased VCS among child residents of dry cleaner buildings was explored by 
comparing VCS of children whose mothers had lived in the sampled building during pregnancy 
with VCS of children whose mothers had not lived in the sampled building during pregnancy. 

Logistic regression was applied to model the probability of scoring < max at each VCS spatial 
frequency as a function of each measure of perc exposure (perc level in indoor air, breath at 
home, breath at the clinic, blood) for all participants meeting inclusion criteria. Both unadjusted 
and adjusted regressions were performed. Unadjusted regression assesses only the effect of perc 
exposure on VCS test performance, and an unadjusted odds ratio (OR) associated with a (log) 
unit increase in perc exposure is determined. Adjusted regressions assess the effect of potential 
confounders as well as perc exposure on VCS test performance, and an adjusted OR is 
determined. Confounders included were identified through correlation analyses and review of 
scientific literature which indicated that age, smoking, and alcohol use may influence 
performance on VCS and/or other neurobehavioral tests (Krieg et al., 2001; Amler et al., 1995; 
Amler and Gibertini, 1996). Neither race/ethnicity (minority/non-minority) nor income (low 
income/non-low income) were treated as confounders in the regression as neither varied 
independently of exposure (i.e., minority and low-income participants had the greatest perc 
exposures). 

Exposure-Response Analyses. The probability of worse performing eyes to score < max at the 
spatial frequency of 12 cpd appeared to be most clearly increased among children as perc 
exposure (indoor air, breath at home, blood) increased. Hence, a logistic regression model was 
applied to estimate indoor air perc levels associated with a range of extra risks for scoring < max 
at 12 cpd (above a background risk) according to the following relationship: 

P(d ) − P(bkgd )
Extra Risk = 

1 − P(bkgd ) 
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In these estimates, the background risk is the probability associated with scoring < max at 12 cpd 
when indoor air perc levels are at a background level. The background level is defined as either 
the 50th or 90th upper percentile of indoor air perc levels present in reference households sampled 
in this study. 

Modeling was performed using SAS NLMIXED procedure as described by Wheeler (2005) 
which applies the same methods as the U.S. EPA’s Benchmark Dose Software (see 
http://www.epa.gov/ncea/bmds (accessed May 2008)). In these analyses concentrations (termed 
benchmark concentrations (BMC)) along with their 95 percent confidence intervals were derived 
for a range of extra risks (10–50 percent) above background in the proportion of children scoring 
< max at 12 cpd. This process is described in greater detail in Appendix 3. 

We also assessed exposure–response for children’s VCS at 12 cpd by evaluating whether a no 
observed effect level (NOEL) or low observed effect level (LOEL) could be identified from 
indoor air perc levels associated with each of the three exposure categories: residence in a 
reference building; residence in a dry cleaner building with indoor air perc < 100 µg/m3; and, 
residence in a dry cleaner building with indoor air perc > 100 µg/m3. 

RESULTS 

Table 1 summarizes numbers of households in dry cleaner and reference buildings enrolled. A 
total of 1261 households in dry cleaner buildings were contacted; 89 met inclusion criteria, and 
65 agreed to participate. A total of 1252 households in reference buildings were contacted; 80 
met inclusion criteria, and 61 agreed to participate. 

Some adults and children did not complete some or any of the visual function assessment 
portions of the study for a variety of reasons. Other adults and children completed some or all 
visual function assessments but their test results were excluded prior to analyses due to the 
presence of medical or eye conditions known to influence the measures evaluated (which were 
identified during ophthalmologic examination), indication of past or present exposure to perc or 
other VOCs outside the home, or a residence time of less than one year. Visual function tests for 
some children were excluded from analyses because of their young age (less than 6 years old) or 
because they were noted by their parents as learning disabled or having attention deficit 
hyperactivity disorder (ADHD). Children 6 years old or younger often had difficulty 
maintaining attention during testing. Children with learning disabilities or ADHD not only often 
paid poor attention during testing, but have also been shown to perform poorly on the F.A.C.T. 
(Storm and Mazor, 2004) and on other tests of visual function (Farrar et al., 2001). Hence, the 
study population evaluated in this report includes only those individual participants completing 
the VCS test that were not excluded based on these criteria, and child-adult pairs in which 
neither the child nor the adult met exclusion criteria and both completed the VCS test. These 
populations are summarized by residence building type and exposure category in Table 2. Total 
numbers of child-adult pairs residing in reference and on-site dry cleaner buildings met original 
recruitment goals for assessing group differences in child-adult differences in VCS scores at 6 
and 12 cpd of 30 and 40, respectively, but fell slightly short of the goal of 50 at 18 cpd. 

Participant Characteristics and VCS Test Performance. Socioeconomic characteristics of 
households and individuals (adults, children, child-adult pairs) completing the VCS test are 
summarized by exposure category in Table 3. More households in dry cleaner buildings where 
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perc > 100 µg/m3 were categorized as minority (p < 0.05), and fewer were categorized as high 
income (> $60,000 annual income) (p < 0.05) compared to households in reference buildings, or 
dry cleaner buildings where perc < 100 µg/m3. Nearly 25 percent of the households in the > 100 
µg/m3 exposure category did not provide income range. Also, adults in the highest exposure 
group were younger (p < 0.05) and had fewer years of education (p < 0.05) than adults in the 
other exposure categories. 

Correlations between socioeconomic and individual characteristics and VCS scores for worse 
and better performing eyes of reference participants are summarized in Table 4. Among adults, 
correlations were observed between increased smoking and decreased VCS scores for worse eyes 
at 6 (0.05 < p < 0.10), 12 (p < 0.05) and 18 cpd (0.05 < p < 0.10), and for better eyes at 6 cpd (p 
< 0.05). Correlations were observed between minority race/ethnicity and increased VCS scores 
at 12 cpd for worse eyes (p < 0.05), and at 18 cpd for better eyes (p < 0.05). Increasing alcohol 
use correlated with decreased VCS scores at 18 cpd for better eyes (0.05 < p < 0.10). 

Among children, correlations were observed between increased worse eye VCS score at 6 cpd 
and more years of school (p < 0.05) and increasing age (0.05 < p < 0.10). Decreased VCS score 
for better eyes at 12 cpd correlated with more years of school (0.05 < p < 0.10) and increasing 
age (p < 0.05). A correlation between increased child residence duration and decreased VCS 
scores at 18 cpd was observed for worse performing eyes (p <0.05). Blood lead level correlated 
with increased VCS scores at 12 and 18 cpd for better eyes (p < 0.05). 

Perc Exposures and VCS Test Performance. Tables 5a (individual adults, children) and 5b 
(matched adults and children, i.e., child-adult pairs) summarize perc exposures for participants 
with VCS test results. Adult and child residents of both categories of dry cleaner buildings (< 
100 µg/m3 and > 100 µg/m3) had greater indoor air perc levels (p < 0.05) and greater breath and 
blood perc levels (p < 0.05) than residents of reference buildings. Residents in the > 100 µg/m3 

category had higher indoor air, breath, and blood perc levels than residents in the < 100 µg/m3 

category (p < 0.05). 

Spearman correlation coefficients between measures of perc exposure and VCS scores of worse 
and better performing eyes for all residents of reference and dry cleaner buildings are 
summarized in Table 6. Most correlation coefficients are small (i.e., close to zero) suggesting 
that, for the entire study population, VCS scores and perc exposures are neither negatively nor 
postively correlated. Among adults, increased perc in breath at the clinic correlated with 
increased VCS score at 1.5 and 12 cpd for better eyes (p < 0.05), whereas increased levels of 
perc in breath obtained at home correlated with decreased VCS scores at 3 cpd for worse eyes 
(0.05 < p < 0.10). Among children, increased perc in indoor air and breath obtained at home 
correlated with lower VCS scores at 12 cpd for worse eyes (p < 0.05), whereas increased perc in 
indoor air and breath at home and the clinic correlated with increased VCS scores at 3 cpd for 
better eyes (p < 0.05). Increased perc in breath at the clinic correlated with decreased VCS 
scores at 6 cpd for children’s better eyes (p < 0.05). 

Figures 2a and b illustrate responses of adults and children in each exposure category at each 
spatial frequency for worse and better performing eyes, respectively. Tables 7a and b summarize 
proportions of worse and better performing eyes achieving the max VCS score at each spatial 
frequency across perc exposure categories, respectively. Together, Figures 2a and b and Tables 
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7a and b illustrate that children tended to perform better than adults (i.e., at most spatial 
frequencies higher proportions of children’s worse and better performing eyes achieved the max 
VCS score when compared to adults). Figures 2a and b and Tables 7a and b also show that 
worse and better eyes of adults and children in the highest exposure group (perc > 100 µg/m3) 
performed more poorly (i.e., lower proportions achieve the max VCS score) than eyes of those in 
the reference and lower exposure groups (perc < 100 µg/m3). For worse eyes, in the highest 
exposure group (> 100 µg/m3) no child achieved the maximum VCS score at 12 cpd and no adult 
achieved the maximum VCS score at 18 cpd. Decreasing trends for worse eyes are significant at 
spatial frequencies of 6 cpd among adults and 12 cpd among children (p < 0.05) and nearly 
significant at 18 cpd among adults and at 6 cpd among children (0.05 < p < 0.10) (Table 7a). 
VCS test performance for adults’ better eyes did not show any decreasing trends (Table 7b) but 
children’s better eyes showed a decreasing trend for VCS test performance at 1.5 cpd (p < 0.05) 
and 6 cpd (0.05 < p < 0.10). 

Tables 8a and b summarize decreasing trends in achieving the max VCS score for participants 
stratified by race/ethnicity and by income categories. Minority race/ethnicity and low income 
households comprised greater percentages of those in the highest exposure category (Table 3). 
Stratified analyses controls for the possible influence of these characteristics on VCS. Trends in 
achieving the max VCS score for worse performing eyes decreased significantly across exposure 
categories at spatial frequencies 1.5, 6, and 12 cpd for minority children (p < 0.05), and at 6 and 
12 cpd for low-income children (p < 0.05). Decreasing trends in VCS occurred at 1.5 cpd among 
low-income children (0.05 < p < 0.10). VCS test performance for worse eyes decreased among 
minority adults at 18 cpd (p < 0.05), among non-minority adults at 3 and 6 cpd, and among low-
income adults at 12 cpd (0.05 < p < 0.10). Trends in VCS test performance for better performing 
eyes decreased at 1.5 cpd among minority and low income children (p < 0.05), and at 6 and 12 
cpd among minority children (0.05 < p < 0.10). Among adults, trends in VCS test performance 
for better performing eyes decreased at 1.5 and 6 cpd among minority adults (0.05 < p < 0.10), 
and at 1.5, 3 and 6 cpd among low income adults (0.05 < p < 0.10). 

Kruskall-Wallis ANOVA of differences in VCS scores across exposure categories (followed by 
post-hoc Bonferroni t-tests) were performed since ANOVA allows consideration of the range of 
VCS scores apparent at the highest spatial frequencies (cf., VCS scores at 12 and 18 cpd, Figure 
2a and b). As illustrated in Figures 3x and y, perc exposure was associated with altered VCS test 
scores at 6 cpd for adults’ better eyes (p < 0.05) and at 1.5 and 12 cpd (0.05 < p < 0.10) for 
children’s worse and better eyes, respectively. When participants were stratified by 
race/ethnicity, perc exposure was associated with group differences in VCS scores of better eyes 
of non-minority adults at 6 cpd (p < 0.05) and 12 cpd (0.05 < p < 0.10) (Figure 3x). Perc 
exposure as also associated with group differences in VCS scores of better eyes of minority 
children at 1.5 cpd (0.05 < p < 0.10). When participants were stratified by income, perc 
exposure was associated with group differences in VCS scores of non-low income adults’ better 
eyes at 6 cpd (p < 0.05) and 12 cpd (p < 0.05) (Figure 3y). Among children, perc exposure was 
associated with group differences in VCS scores of low income children’s worse eyes at 1.5 cpd 
(0.05 < p < 0.10), 6 cpd (0.05 < p < 0.10) and 12 cpd (p < 0.05), and VCS scores of low income 
children’s better eyes at 12 cpd (0.05, p < 0.10). 

Mean differences in VCS scores for worse and better performing eyes (child VCS score – adult 
VCS score = difference in VCS score) for matched children and adults residing in the same 
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household (child-adult pairs) are summarized in Table 9. Mean differences at all spatial 
frequencies except 1.5 cpd and in all three exposure categories are positive, consistent with the 
tendency of children to perform better than adults (cf., Figures 1a and b, 2a and b). Mean 
difference in child-adult differences of worse eye VCS scores at 12 cpd across exposures 
categories was decreased (0.05 < p < 0.10). The comparatively smaller mean child-adult 
difference in VCS scores at 12 cpd in the highest exposure category compared to the lower 
exposure and reference categories suggests that at this specific spatial frequency the advantage of 
chlidren over adults may be smaller than in the other two exposure groups. Mean child-adult 
differences in better performing eye VCS scores differed across exposure categories at 6 cpd (p < 
0.05). However, the negative difference in the < 100 µg/m3 group (indicating that adults 
performed better than children) followed by the large positive difference in the > 100 µg/m3 

group (indicating that children performed substantially better than adults) indicate group 
differences are not related to perc exposure. Additional analyses indicated that child residents of 
dry cleaner buildings with possible in utero perc exposures did not perform any worse than 
children without possible in utero exposures (data not shown). Both categories of children had 
equivalent proportions scoring < max at every spatial frequency. 

Results of logistic regression assessing the effect of each measure of perc exposure (perc level in 
indoor air, breath, and blood) on the odds for scoring < max at each VCS spatial frequency for 
worse and better performing eyes are summarized in Tables 10a and b (adults) and 11a and b 
(children). In these analyses, perc exposure is a continuous rather than categorical independent 
variable. VCS test performance of participants in all exposure categories are included. Among 
adults’ worse or better eyes, increases in perc exposure were not associated with any increased 
adjusted or unadjusted odds for scoring < max VCS (Tables 10a and b). Among children, 
increased perc levels in indoor air (p < 0.05), breath at home (p < 0.05), and blood (0.05 < p < 
0.10) were associated with increased adjusted odds for worse eyes to score < max at 12 cpd 
(Table 11a). Adjusted odds for worse eyes to score < max were also increased as perc level in 
blood increased at 6 cpd (0.05 < p < 0.10) and 18 cpd (0.05 < p < 0.10). Increased adjusted odds 
for better eyes to score < max were associated with increased perc in breath at the clinic at 6 cpd 
(p < 0.05). 

Exposure-Response Analyses. Trend tests (Tables 7a and b; 8a and b), ANOVA’s (Figures 3x 
and y) and logistic regression (Table 11a and b) suggested that children’s worse eye VCS test 
performance at 12 cpd was the outcome most consistently associated with perc exposure. Not 
only increased indoor air perc levels, but also increased individual breath and blood levels, 
increased the odds for decreased worse eye VCS test performance at 12 cpd among children. 
Hence, the relationship between perc exposure and children’s worse eye VCS test performance at 
12 cpd was selected as the basis for exploratory exposure-response analyses to estimate an 
indoor air perc effect level. Indoor air perc level was used as the measure of perc exposure in 
these analyses rather than breath or blood perc level to allow for comparison of the estimated 
effect level estimated here with indoor air perc effect levels reported elsewhere. 

Using the benchmark concentration method described in Appendix 3, indoor air perc effect 
levels associated with a range of extra risks above the risk existing at background levels of 
indoor air perc for scoring < max at 12 cpd of 10–50 percent were estimated. This is generally 
illustrated in Figure 4. These indoor air perc effect levels and their 95 percent confidence 
intervals are termed benchmark concentrations (BMC10–BMC50) and benchmark 95 percent 
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confidence intervals, respectively, and are summarized in Table 12. Although these analyses 
suggest that residential indoor air perc levels (i.e., benchmark concentrations) in the 3–73 µg/m3 

range may be associated with a 10–50 percent extra risk for not achieving the maximum VCS 
score at 12 cpd among children, 95 percent confidence intervals for these estimates are quite 
large, reflecting considerable uncertainty in these estimates. 

Another way to estimate an effect level is to identify a NOEL and/or the LOEL for decreased 
VCS test performance. Visual inspection of Figure 4 shows that perc levels above 100 µg/m3 are 
always associated with eyes scoring < max; whereas perc levels between 10 and 100 µg/m3 are 
associated with most eyes scoring < the max (n=20) but some eyes scoring the max (n=5). The 
highest indoor air perc level associated with a maximum score was 92 µg/m3. Thus, a LOEL for 
altered VCS among children may be close to 100 µg/m3. 

DISCUSSION 

In this report, visual contrast sensitivity (VCS) test performance at five different spatial 
frequencies was assessed monocularly in adult and child residents of buildings with or without a 
dry cleaner using perc. Contrast refers to the light-dark transition at borders or edges of viewed 
images and is an important characteristic the visual system relies upon to identify objects. The 
level of contrast normally required to detect an object is termed the contrast threshold. In 
clinical and other research, contrast threshold is usually expressed as contrast sensitivity, which 
is the reciprocal of the threshold. Thus, a better ability to detect contrast is associated with lower 
contrast threshold and greater contrast sensitivity (Bodis-Wollner and Camisa, 1980; Owsley, 
2003). Contrast sensitivity differs depending upon the size of the object viewed, and may also 
differ for each eye. 

Everyday activities such as driving or reading can be adversely affected if an individual’s ability 
to detect contrast is impaired (i.e., if their contrast sensitivity is reduced). Reduced contrast 
sensitivity can indicate an effect on, or damage to, centrally mediated visual pathways in the 
brain even when VCS is still within a normal range (Bodis-Wollner and Camisa, 1980; Owsley, 
2003). For these reasons, tests of VCS are often included in clinical evaluations of the CNS as 
well as of vision. On VCS tests like the Functinal Acuity Contrast Test (F.A.C.T.) administered 
in this study, subjects are presented with a series of circular visual images containing gratings of 
variable contrast and width. The number of gratings subtending one degree of visual angle on 
the observer’s retina is referred to as cycles per degree (cpd) or spatial frequency. Smaller size 
gratings, or widths, have higher cpd or spatial frequency. On the F.A.C.T., spatial frequencies 
range from 1.5 to 18 cpd and possible detectable contrast sensitivities range from a minimum of 
0.60 to a maximum of 2.26 depending upon the spatial frequency (see Appendix 2). The shaded 
areas of Figures 1-2 represent the full range of VCS detectable with the F.A.C.T. 

In this study, individual’s eyes were categorized as being either the worse or better performing 
eye, and relationships between perc exposure and VCS were assessed in several ways. Analyses 
of worse eyes made detection of an effect of perc exposure, if present, more likely since each 
individual’s worse eye VCS test performance (either max or < max) reflects the greatest possible 
impact of perc exposure on that individual’s eyes. Analyses were also performed using VCS of 
participants’ better performing eye to assess the minimum possible impact of perc exposure on 
VCS. 
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Figures 1 and 2 illustrate that in this study a marked ceiling effect was observed at nearly all 
spatial frequencies, with many subjects scoring as well as possible at each spatial frequency. In 
this study, 51, 34, 28, 13, and 8 percent of reference adults’ worse eyes (n=47; mean age = 44 
years) achieved the maximum score at 1.5, 3, 6, 12, and 18 cpd, respectively (cf., Figure 1a; 
Table 8a). Adults’ better eyes scored even higher than worse eyes with 81, 64, 55, 30, and 30 
percent achieving the maximum score at 1.5, 3, 6, 12 and 18 cpd, respectively. The ceiling effect 
was even more evident among children. Sixty-three, 44, 43, 37, and 37 percent of children’s 
worse eyes and 85, 74, 76, 67, and 68 percent of children’s better eyes achieved the maximum 
score at 1.5, 3, 6, 12 and 18 cpd, respectively. Ceiling effects on the F.A.C.T. have been 
reported by other investigators using or evaluating the usefulness of the F.A.C.T. in outcomes 
research and having similar exclusion criteria. Pesudovs et al. (2004), for example, reported that 
19, 26, 11, 4, and 11 percent of normal adult subjects (n=27; mean age=39 years) achieved the 
maximum VCS score on the F.A.C.T. at 1.5, 3, 6, 12, and 18 cpd, respectively. Bühren et al. 
(2006) also noted a ceiling effect at 1.5 cpd, the only spatial frequency tested, among normal 
subjects (n=10; median age=29 years). 

Ceiling effects have also been observed on an earlier version of the F.A.C.T., the Vistech test 
(Stereo Optical Co., Inc., 1993), even though maximum detectable contrast sensitivity scores 
exceed those of the F.A.C.T. (Pesudovs et al., 2004). Maximum detectable contrast sensitivity 
scores at 1.5, 3, 6, 12, and 18 cpd are 2.23, 2.34, 2.41, 2.23, and 1.95 on the Vistech test, 
respectively, compared to only 2.00, 2.20, 2.26, 2.98, and 1.81 on the F.A.C.T. (Pesudovs et al., 
2004). Bühren et al. (2006) also found that a different, more recently developed test (the 
Frankfurt-Freiburg Contrast and Acuity Test System (FF-CATS)) was able to measure contrast 
sensitivity as high as 2.50 at 1.5 cpd (the only spatial frequency evaluated). Thus, the high 
proportions of participants achieving maximum scores in this study (i.e., the ceiling effect) is due 
at least in part to limitations in measuring contrast sensitivity associated with the F.A.C.T. itself. 
Exclusion of participants with acuity worse than 20/25 or with medical or eye conditions known 
to interfere with vision likely also contributed. 

Because of the marked ceiling effect, actual VCS scores were used only in non-parametric 
ANOVA and correlation analyses. For other analyses, VCS scores were categorized as being the 
maximum or less than the maximum achievable score and the influence of perc exposure on 
whether participants achieved the maximum score (max) or less than the maximum score (< 
max) at each spatial frequency was assessed. 

Table 13 summarizes associations observed between increased indoor air perc and VCS test 
performance when participants are stratified and not stratified by race/ethnicity or income (p < 
0.05 or 0.05 < p < 0.10). Stratified analyses were performed because minority and low income 
participants were over-represented in the highest exposure category and stratified analyses would 
tend to provide the most support for concluding that perc exposure may have altered VCS 
independent of race/ethnicity or income. Table 14 summarizes perc exposure related increased 
risks for decreased VCS test performance based on the adjusted logistic regressions. These 
analyses considered together present the strongest evidence from this study that residential perc 
exposure may have influenced VCS at the specific spatial frequency of 12 cpd, especially among 
children. 
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Because residential perc exposure appeared to be associated with children’s worse eye VCS test 
performance at the spatial frequency of 12 cpd, the exposure-response relationship between 
residential indoor air perc level and VCS test performance at 12 cpd among children was to 
estimate possible perc effect levels associated with decreased VCS test performance. 

These main study findings are described and discussed in greater detail below. 

Residential Perc Exposure and Adult VCS Test Performance. Trend analyses suggested that 
adults’ worse and better performing eyes VCS test performance may have been influenced by 
perc exposure (Table 13). However, ANOVA based on VCS scores suggested that only better 
eyes were affected. Moreover, adjusted logistic regression, which related all adult participants’ 
individual indoor air, breath, and blood perc levels to their categorical VCS test performance 
(i.e., < max or max score), and which controlled for age, smoking, and alcohol use, suggested 
that perc exposure did not increase the risk for decreased VCS for either worse or better 
performing eyes (Table 14). (Although the odds for decreased VCS was increased for adults’ 
worse eyes at 18 cpd, the confidence interval was very large.) 

Indoor air perc air levels, which are 24-hour time weighted averages, for the highest exposure 
adults in this study ranged from 216 to 2183 µg/m3 with an average of 478 µg/m3 and a median 
of 376 µg/m3. Decreased group VCS scores averaged across all spatial frequencies were 
reported among adults with residential indoor air perc levels ranging between 65–5,300 µg/m3 

and a geometric mean of about 700 µg/m3 perc (based on 3–18 hour daytime samples) or with 
indoor air perc exposures ranging between 1800–2400 µg/m3 and a median of 2150 µg/m3 (based 
on six 4-hour daytime samples) while working at a day care center (NYS DOH, 2000; Schreiber 
et al., 2002; Storm and Mazor, 2004). Decreased VCS, specifically at spatial frequencies 6 and 
12 cpd, has been reported among adults exposed to various volatile organic solvents while 
working at microelectronics, furniture, or reinforced plastics factories, although levels of 
exposure are much higher than those found here (Mergler et al., 1991; Frenette et al., 1991; Gong 
et al., 2003; Campagna et al., 1995; Castillo et al., 2001). Thus, both median and geometric 
mean indoor air levels of perc experienced by adult participants in this study appear lower than 
levels associated with VCS effects by other investigators. 

Residential Perc Exposure and Children’s VCS Test Performance. Both trend analyses and 
ANOVA suggest that children’s VCS test performance was influenced by perc exposure (Table 
13). This was most apparent for worse eyes at 12 cpd, where increasing indoor air perc level was 
associated with decreasing trends in achieving the maximum VCS score, and differences in VCS 
scores among the three categorical exposure groups (i.e., ANOVA) among minority and low 
income children. Adjusted logistic regression, which relates all children’s categorical VCS test 
performance (i.e., < max or max score) to their individual indoor air, breath, and blood perc 
levels while controlling for age, also suggested that increasing perc (in indoor air, breath or 
blood) increased the risk for decreased VCS for children’s worse performing eyes at 12 cpd 
(Table 14). Although significant associations were sometimes observed at other spatial 
frequencies for better as well as worse eyes, the most consistent association with perc exposure 
was observed at the specific spatial frequency of 12 cpd. 

It is not known why VCS might be more vulnerable to an effect of perc at any specific spatial 
frequency. Visual inspection of VCS functions in Figures 1 and 2 indicates a stronger ceiling 
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effect at lower spatial frequencies than higher spatial frequencies. This may have limited the 
ability to detect an effect of perc at mid- and lower spatial frequencies. Alternatively, as 
discussed below, centrally mediated visual pathways associated with detecting contrast at 12 cpd 
may have been selectively affected. 

We know of no other evidence linking residential perc exposure to altered VCS test performance 
specifically in children. However, there are some reports that VCS may be altered in young 
children exposed prenatally to perc or to organic solvents. A single 2 ½ year old toddler exposed 
prenatally to perc as a result of his mother’s occupational exposure to perc in a dry cleaning shop 
during pregnancy exhibited decreased VCS compared to three unexposed toddlers when VCS 
was assessed using a sweep visual evoked potential (VEP) (Till et al., 2003). Also, using sweep 
VEP to assess contrast sensitivity at spatial frequencies of 0.5 to 6 cpd, VCS at a spatial 
frequency of 0.5 cpd was reported to be statistically significantly reduced in 21 infants or 
toddlers (age 6–40 months) of organic solvent exposed mothers. However, in this study infant 
exposures were unknown and performance was not compared to matched adults (Till et al., 
2005). 

Further, we know of no other effects that have been associated with the comparatively low levels 
of residential perc exposure in this study. Median indoor air perc level for children in the > 100 
µg/m3 category was about 340 µg/m3. The overall median for all children residing in dry cleaner 
buildings was about 27 µg/m3. These are below average or median residential indoor air perc 
levels previously associated with CNS or visual system effects. As noted above, decreased 
overall VCS and color discrimination ability were reported among adults with residential indoor 
air perc levels of about 700 µg/m3 perc (geometric mean) compared to unexposed adults (NYS 
DOH, 2000; Schreiber et al., 2002); and, slower response times and more errors on three 
neurobehavioral tests (simple reaction time, continuous performance, visual retention) compared 
to matched control subjects, were reported among adult residents exposed to a median of 1400 
µg/m3 perc (Altmann et al., 1995). 

Vulnerability of Children. Enrollment of child-adult pairs in this study was intended to support 
assessment of whether children might be more vulnerable to an effect of perc exposure on VCS 
than adults residing in the same household. Children as a group tended to perform better than 
adults (cf., Figures 1, 2). Hence, if adult VCS scores were decreased more than children as perc 
exposure increased, child-adult differences would have increased as perc exposure increased 
across exposure categories. Conversely, if child VCS scores were decreased more than adults as 
perc expsoures increased, child-adult differences would have decreased as perc exposure 
increased across exposures categories. If child-adult VCS scores were affected to an equivalent 
degree, adult-child differences would remain constant across exposure categories. Mean child-
adult differences in VCS scores at nearly all spatial frequencies for worse and better eyes are > 1 
(Table 9). The mean child-adult difference in VCS scores for worse eyes at 12 cpd in the highest 
exposure group is smaller at 12 cpd than at other spatial frequencies, and also smaller than child-
adult differences in the low exposure and reference groups (0.05 < p < 0.10), suggesting a greater 
effect of perc exposure on children’s VCS than on adults’ VCS at this spatial frequency. (Child­
adult differences in VCS scores of better performing eyes initially appear to indicate that VCS 
was affected at 6 cpd among adults with greater perc exposure as the mean child-adult difference 
was negative (Table 9). However, child-adult differences in better eye VCS scores at 6 cpd 
actually decreased at < 100 µg/m3 and then increased at > 100 µg/m3, showing no exposure­
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response relationship. Hence, although the differences in child-adult differences were significant 
across exposure categories, they were not exposure-related. 

A vulnerability of children’s VCS to perc is also suggested by the increased odds for worse eyes 
to have decreased VCS at 12 cpd as perc level in indoor air and breath at home increases (Table 
13). For adults’ worse eyes, increasing perc exposure was not associated with increased odds for 
decreased VCS at any spatial frequency. (For adults, the odds for decreased VCS was increased 
at 18 cpd but the very large confidence interval indicates a high degree of uncertainty and 
instability in the estimate). 

Possible bases for greater vulnerability of children’s VCS test performance to perc exposure 
compared to adults are unknown. Considerable evidence about perc and other chlorinated 
solvents indicates that perc, rather than any of its metabolites, is most likely to be responsible for 
CNS effects (reviewed in Bushnell et al., 2005). Levels of perc in children’s breath and blood 
are not greater than levels in adults (Tables 5a, 5b), suggesting that children participating in this 
study did not have higher internal perc exposures (i.e., breath, blood levels) than adults. In fact, 
among children and adults residing in the same household (child-adult pairs), levels of perc in 
adult blood and breath obtained at the clinic were greater than levels of perc in child blood (p < 
0.01) and breath obtained at the clinic (p < 0.01) (Mazor et al., in preparation). Assuming 
equivalent residential exposures, these observations, that children did not have greater internal 
perc exposures than adults, raises the possibility that VCS of children’s worse eye may have 
been more vulnerable to perc than adults’ worse eye due to greater susceptibility of children’s 
CNS to perc compared to adults. 

VCS Test Performance, Vision and CNS. Tests of VCS assess both vision (i.e., the ability of the 
optical components of the eye to detect contrast) and CNS function (i.e., the ability of visual 
pathways in the CNS to detect and interpret images of variable contrast transmitted to and from 
the retina). Thus, VCS results are interpreted in terms of both vision and CNS function. 

Clinically abnormal VCS based on the F.A.C.T. administered in this study is defined by the 
manufacturer and others as scoring below the “normal” range specified for the F.A.C.T. at any 
spatial frequency (Stereo Optical Co., Inc., 1993). As clearly illustrated in Figures 1 and 2, most 
participants performed as well as possible on the VCS test, especially at low and mid-spatial 
frequencies with children as a group performing even better than adults. Very few worse eyes 
(Figure 1a) and only one better eye (Figure 1b) had any VCS scores at any spatial frequency 
below the 90 percent confidence interval noted by the F.A.C.T. manufacturer as “normal.” For 
those few who did score below normal an association with perc exposure was not indicated, as 
they were mostly in the reference or low exposure group (cf., Figures 1, 2). Thus, VCS would 
not be considered clinically abnormal for any group of adults or children in this study. 

Decreased VCS at one or more spatial frequencies, even if still within a normal range, may also 
indicate an effect on the CNS component of the visual system. The ability to detect and interpret 
images of variable contrast and spatial frequency reflects the functioning of separate, 
sequentially arranged groups of neurons, referred to as “channels,” in the central visual system 
(Purves et al., 1997). Each channel is most sensitive to a relatively narrow range of spatial 
frequencies. The general shape of the VCS function in Figures 1 and 2 reflects the overlapping 
function of multiple vision channels which together tend to have greater sensitivity to contrast at 
intermediate (6, 12 cpd) spatial frequencies and less sensitivity to contrast at larger (18 cpd) or 
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smaller (1.5, 3 cpd) spatial frequencies. The shape of an individual’s VCS function indicates 
whether these neuronal channels of the visual system are performing normally. An alteration in 
the VCS function at specific spatial frequencies is an indication to clinicians that there may be a 
localized abnormality somewhere within the centrally mediated, or CNS, visual pathways (e.g., 
Kupersmith et al., 1982; 1984; Leguire et al., 1991; Billock and Harding, 1996). An example is 
that decreased VCS among children with the condition of phenylketonuria is a consequence of 
decreased function of retinal neurons (Diamond and Herzberg, 1996). Even though a specific 
lesion may not be identifiable, subtle interference at any point in a vision “channel” may be 
sufficient to disrupt the overall integrative process of vision and to be reflected as a change in the 
VCS function (Ginsburg, 1996; Owsley, 2003; Bodis-Wollner and Camis, 1980). For example, 
alterations in contrast sensitivity thresholds at specific spatial frequencies associated with 
nervous system conditions such as multiple sclerosis have been documented even though specific 
lesions in the visual system have not been identified (Regan et al., 1980; 1981). 

Viewed in the above context, it is biologically plausible that the perc exposures found in this 
study had an effect on the CNS that only became evident through specialized testing, e.g., VCS 
testing. Such an effect can be described as a subclinical effect, i.e. an effect that occurs at lower 
levels of exposure along the exposure-response continuum than a clinically obvious effect 
(Grandjean and Landrigan, 2006). Given these considerations, altered VCS test performance as 
found here may indicate the occurrence of a CNS effect among children due to residential perc 
exposure. 

Exposure-Response Analyses. The indoor air perc level(s) observed in this study suggest that an 
effect on children’s CNS may occur at levels of perc lower than levels previously associated with 
any other effect. Median indoor air perc level for the eleven children in the highest exposure 
category was 338 µg/m3 (25–75th percentiles of about 215–700 µg/m3) which is lower than 
average residential indoor air perc levels of about 700 and 1500 µg/m3 previously reported to be 
associated with visual and CNS effects, respectively (Schreiber et al., 2002; Altmann et al., 
1995). We explored the relationship between perc exposure and VCS test performance using 
both an approach which estimates benchmark concentrations and a NOEL/LOEL approach, 
which identifies the NOEL and/or LOEL from summary statistics of perc levels associated with 
exposure category groups. 

A logistic regression model describing the relationship between indoor air perc level and the 
probability for children to score < max at 12 cpd, was applied to explore indoor air perc levels 
(i.e., benchmark concentrations) associated with a range of extra risks above the risk at a 
background perc level. Visual inspection of the resulting regression curve along with the 
distribution of max and < max scores with respect to perc exposure suggests that 100 µg/m3 may 
be close to LOEL. Above this level no child achieved the maximum score; whereas below this 
level about 36 percent of children achieved the maximum score. Although calculated benchmark 
concentrations suggested a 10–50 percent extra risk for decreased VCS (Table 12) at residential 
indoor air perc levels in the 3–26 µg/m3 range, 95 percent confidence intervals for these 
estimates are quite large, reflecting considerable uncertainty in these estimates. Moreover, it is 
uncertain what level of extra risk for decreased VCS is meaningful given the very high 
probability of scoring < max (about 60 percent) already present at the median background level 
of 2.5 µg/m3 perc. 
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Consideration of indoor air perc levels associated with exposure categories used in trend 
analyses, which (unlike ANOVA) considers the exposure-response relationship, is another way 
of estimating indoor air perc effect levels. For example, increasing percentages of children not 
achieving the maximum score at 12 cpd across exposure categories used in trend analyses 
(reference building; dry cleaner building and < 100 µg/m3; dry cleaner building and > 100 
µg/m3) suggest that children were affected by perc in an exposure-related way (Table 9a, b). 
Consideration of the percentage of children not achieving the maximum score in the highest 
exposure group suggest a level associated with a LOEL. This group of 11 children had indoor 
air perc levels with a geometric mean of 336 µg/m3 (median 338 µg/m3) and ranging from 127– 
700 µg/m3 (25th–75th percentile 215–700 µg/m3). This information suggests that indoor air perc 
levels in this general range may be associated with decreased VCS, and hence CNS, effects in 
children. 

STRENGTHS/LIMITATIONS 

Strengths. A strength of this study is the ability to link multiple individual measures of perc 
exposure with individual measures of VCS. Not only were residential indoor air levels of perc 
obtained as a measure of exposure for each adult and child participant, but levels of perc in each 
participant’s exhaled breath and blood were also obtained. Demonstration that increased perc 
levels in children’s breath and blood, as well as in their indoor air, was associated with decreased 
VCS increased confidence in concluding that perc exposure was probably a causative factor in 
decreased VCS at 12 cpd. A lack of consistency in associations between indoor air perc levels 
and VCS and between breath and blood perc levels and VCS would have decreased confidence 
in concluding that perc exposure was causative. Hence, the ability to consider the influence of 
indoor air as well as internal measures of perc exposure on VCS test performance enhanced 
confidence in conclusions drawn about the influence of increased perc exposure on VCS test 
performance. 

Another strength of this study was that adults and children residing in the same household (child­
adult pairs) were enrolled. Enrollment of child-adult pairs allowed for an evaluation of whether 
children were more vulnerable than adults to equivalent residential indoor air perc exposures. 
Paired analyses of differences in VCS scores between matched children and adults suggested that 
children’s VCS test performance at 12 cpd was more affected than adults by increasing perc 
exposure (0.05 < p < 0.10). 

Finally, in this study the VCS testing environment was well-controlled and potential confounders 
and/or covariates were documented, assessed, and controlled in analyses where appropriate. 
Participants were administered the VCS test in an ophthalmology research clinic where testing 
conditions were consistent, well controlled, and in accordance with test manufacturer 
recommendations. Test administrators were “masked” to participant’s perc exposures, and test 
administrators able to speak Spanish conducted testing of participants for whom Spanish was 
preferred. Also, participants with optical or other medical conditions known to influence VCS or 
with other VOC exposures that could possibly influence VCS were excluded. Information on 
numerous socioeconomic and personal characteristics known to influence neurobehavioral 
function and/or testing was obtained and addressed in analyses where appropriate. Thus, the 
likelihood that alterations in VCS test performance reflect alterations in VCS associated with 
factors other than perc exposure was reduced. 
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Limitations. Interpretation of the results reported here is limited by the nature of the outcome 
variable. It was not possible to assess the absolute differences in VCS scores associated with 
perc exposures because high proportions of participants scored the maximum possible on the 
VCS test, and therefore sample distributions of VCS scores were truncated at the maximum 
achievable score at most spatial frequencies. In trend and regression analyses, VCS was 
categorized as being either the maximum or less than the maximum possible score (i.e., 
dichotomized), rather than as a specific VCS score. Some non-parametric analyses of exposure 
category differences based on ranking VCS scores were performed. Although these types of 
analyses can identify group differences in VCS scores, they cannot demonstrate an exposure-
response relationship, nor can they convey the absolute difference in VCS scores among 
exposure groups. Thus, because of limitations associated with the VCS test administered, these 
results do not convey the possible quantitative magnitude of alterations in VCS associated with 
perc exposure. 

Another outcome related limitation is that participants were tested only once. In a study of 33 
individuals, mean age 32 years, who were administered the F.A.C.T. twice with a test-retest time 
of approximately one week, intraclass correlation coefficients (i.e., the correlation between two 
replicates from the same subject) at 1.5, 3, 6, 12 and 18 cpd were 0.18, 0.28, 0.44, 0.36, and 0.45, 
respectively (Pesudovs et al., 2004). Intraclass correlation coefficients of <0.4 indicate poor 
reproducibility; correlations between 0.4 and 0.75 indicate fair to good reproducibility; and, 
correlations � 0.75 indicate excellent reproducibility (Rosner, 2006). These observations tend to 
decrease confidence that single measurements of VCS using the F.A.C.T. are reliable. 

A limitation associated with the analyses upon which some conclusions are based include the 
very small number of both adults and children experiencing the highest perc exposures (e.g., 
indoor air levels > 100 µg/m3) especially when results were stratified by race/ethnicity or 
income. Even though correlation analyses indicated that neither race/ethnicity nor income 
significantly influenced VCS in this study, it is not possible to conclusively determine whether 
the observed effects are completely independent of race/ethnicity or income as most of the 
highest exposed participants were minority and/or low income participants; and, very few were 
non-minority or higher income. Relative risks for scoring < max at 12 cpd among those exposed 
to > 100 µg/m3 compared to those exposed to � 100 µg/m3 did not suggest that race/ethnicity or 
income level were confounders (e.g., neither was significantly associated with either outcome or 
exposure) (data not shown). However, sample sizes of the > 100 µg/m3 group were always very 
small (n=4–8) limiting confidence in these analyses. The small number of participants in the 
highest exposure group and the possible confounding of exposure and race/ethnicity or income 
also limit generalizability of these findings to other populations. 

A limitation related to analyses of associations between perc exposure and VCS is that a number 
of exploratory analyses were performed. These analyses were helpful in understanding factors 
possibly contributing to the VCS changes observed, but multiple analyses on the same set of data 
increases the possibility of calculating a statistically significant difference that occurred by 
chance alone. 

Uncertainty in interpretation of the effects on VCS observed or in interpreting the 
“meaningfulness” of the differences in VCS observed is another limitation. It is plausible, as 
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noted in the discussion above, that worse performance on the VCS test administered may reflect 
an underlying alteration in the function of centrally mediated visual pathway(s). However, to our 
knowledge, VCS has not been evaluated as an indicator of alterations in any aspect of CNS 
function other than vision with the exception of the work on children with phenylketonuria 
(Diamond and Herzberg, 1996). The lack of information in these areas limits the ability to link 
significant effects on VCS test performance observed to any adverse or functional CNS effect. 

Limitations associated with the exposure-response analyses contribute uncertainty to the perc 
effect levels estimated using the data obtained in this study. For example, a limitation associated 
with the outcome variable of scoring < max at 12 cpd is that a very high proportion of children 
(60–70 percent) score < max at 12 cpd even when levels of perc are at a background level (i.e., 
the 50th or 90th upper percentile of indoor air perc levels in reference households). This raises the 
question of whether comparatively small increases in the probability of scoring < max 12 cpd (or 
extra risks of 10–50 percent) are meaningful. 

A limitation associated with the exposure variable of indoor air perc level is that it is a single 24 
hour, time-weighted average estimate of current exposures – other 24 hour perc levels occurring 
within the study period timeframe are likely to have varied from this measure. Also, indoor air 
perc levels in dry cleaner buildings in the past could have been higher or lower than those found 
during this study. A related limitation is uncertainty associated with whether the effect, if it 
exists, is a consequence of short-term exposure only, short-term in combination with chronic 
exposure, or chronic exposure only. Additionally, exposures other than perc that could 
potentially affect VCS were not assessed. Although residents of households where some VOCs 
were elevated were eliminated from analysis, it is not known whether other VOCs may have 
been present and/or whether other VOCs, even at low levels, may have interacted with perc to 
effect VCS. 

Recommendations. The suggestion of a subtle effect of perc on VCS in this study indicates the 
desirability of additional research to better understand the quantitative relationships between 
indoor air perc exposure and VCS. Ideally, additional study should involve children and/or 
adults with a range of perc exposures similar to those observed here, but with a much larger 
number of participants having indoor air exposures to > 100 µg/m3 and exposures above 
background but < 100 µg/m3. In such a study, an alternative to the F.A.C.T. that captures the full 
quantitative range of VCS should be used for assessing VCS. A larger sample size of those with 
clearly elevated perc exposures and a better test of VCS would address two of the major 
limitations associated with this study. 

Another recommendation is to utilize the VCS, perc exposure, and other data gathered in this 
study to support development of physiologically-based pharmacokinetic (PBPK) models which 
can relate indoor air perc exposures to individual levels of perc in blood and/or brain. PBPK 
models could conceivably be applied to relate outcome (e.g., VCS/CNS effects) to target tissue 
(e.g., brain) dose. In the absence of additional epidemiological research, such PBPK models 
might be useful in estimating indoor air perc effect levels. 

More generally, as recently emphasized in a review of the use of VCS tests in occupational and 
environmental neurotoxicology, a universally accepted definition of clinically meaningful VCS 
deficits in terms of both functional vision and CNS function is needed (Waksman and Brody, 
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2007). Also, additional research to better understand whether and how changes in VCS reflect 
changes to CNS function is warranted, and conversely, whether and what changes in CNS 
function are reflected as changes to VCS. Understanding these relationships is fundamental to 
determining whether subtle VCS changes like those observed here are meaningful. 

CONCLUSIONS 

In summary, the results presented here suggest that increased perc exposures in residences in 
buildings with co-located dry cleaners using perc are associated with decreased VCS test 
performance in children’s worse performing eyes at 12 cpd. Trend analyses and adjusted logistic 
regression suggested that increased residential indoor air levels of perc, as well as increased perc 
levels in children’s breath and blood, were statistically significantly associated with decreased 
VCS test performance at 12 cpd. Although trend analyses of adult VCS test performance 
suggested that increased residential indoor air perc levels were associated with decreased VCS 
test performance at 12 cpd among minority or non-low income adults, adjusted logistic 
regression found that no measure of perc exposure was associated with increased odds for 
decreased VCS. Consideration of these child and adult analyses suggest that children in the 
highest exposure group, i.e., with more than 127 µg/m3 indoor air perc, were more vulnerable to 
the effect of perc on VCS than adults were. Paired analyses of differences in worse eye VCS 
scores between matched children and adults (child-adult pairs residing in the same household) 
were consistent with the notion that children’s VCS at 12 cpd was more affected by increased 
perc exposure than adults’ VCS. Although exploratory exposure-response analyses of the data 
obtained in this study also suggest that elevated levels of perc in residential indoor air may alter 
children’s VCS test performance, these analyses are very uncertain, primarily due to questions 
about the meaningfulness of the small changes in VCS observed in a small number of children. 
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Figure 1a. Percentages of VCS scores (worse eye) for adults living in (a) reference 
buildings (n=47) and (b) onsite dry cleaner buildings (n=54), and children living in (c) 
reference buildings (n=54) and (d) onsite dry cleaner buildings (n=50). The shaded area 
denotes the normal range of scores, as given by the manufacturer (Stereo Optical, 1993). 
Larger circles reflect higher percentages. :: reflects other achievable contrast sensitivity 
scores. 
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Figure 1b. Percentages of VCS scores (better eye) for adults living in (a) reference 
buildings (n=47) and (b) onsite dry cleaner buildings (n=54), and children living in (c) 
reference buildings (n=54) and (d) onsite dry cleaner buildings (n=50). The shaded area 
denotes the normal range of scores, as given by the manufacturer (Stereo Optical, 1993). 
Larger circles reflect higher percentages. :: reflects other achievable contrast sensitivity 
scores. 

31 



Figure 2a. Numbers of VCS scores (worse eye) for adults living in (a) reference buildings 
(n=47), (b) onsite dry cleaner buildings with an indoor air level less than 100 µµµµg/m3 (n=42), and (c) 
onsite dry cleaner buildings with an indoor air level greater than 100 µµµµg/m3 (n=12), and children 
living in (d) reference buildings (n=54), (e) onsite dry cleaner buildings with an indoor air level less 
than 100 µµµµg/m3 (n=39), and (f) onsite dry cleaner buildings with an indoor air level greater than 100 
µµµµg/m3 (n=11). The shaded area denotes the normal range of scores, as given by the manufacturer 
(Stereo Optical, 1993). Larger circles reflect larger numbers of participants with that contrast 
sensitivity. :: reflects other achievable contrast sensitivity scores. 
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Figure 2b. Numbers of VCS scores (better eye) for adults living in (a) reference buildings 
(n=47), (b) onsite dry cleaner buildings with an indoor air level less than 100 µµµµg/m3 (n=42), and (csz) 
onsite dry cleaner buildings with an indoor air level greater than 100 µµµµg/m3 (n=12), and children 
living in (d) reference buildings (n=54), (e) onsite dry cleaner buildings with an indoor air level less 
than 100 µµµµg/m3 (n=39), and (f) onsite dry cleaner buildings with an indoor air level greater than 100 
µµµµg/m3 (n=11). The shaded area denotes the normal range of scores, as given by the manufacturer 
(Stereo Optical, 1993). ). Larger circles reflect larger numbers of participants with that contrast 
sensitivity. :: reflects other achievable contrast sensitivity scores. 
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Figure 3a. Significant Group Differences in VCS Score for Worse Eyes (Kruskal-
Wallis ANOVA with Bonferroni t tests). Subtitle indicates the groups included in analyses, 
the p-value for ANOVA, and significant group differences resulting from post-hoc 
analyses, if found. 

All Children at 12 cpd (p< 0.10); reference & >100 µg/m3 

Low-Income Children at 6 cpd (p < 0.10) 

Low-Income Children at 12 cpd (p < 0.05); reference & <100 µg/m3 
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Figure 3b. Significant Group Differences in VCS Score for Better Eyes (Kruskal-
Wallis ANOVA with Bonferroni t tests). Subtitle indicates the groups included in analyses, 
the p-value for ANOVA, and significant group differences resulting from the post-hoc 
analyses, if found. 

All Adults at 6 cpd (p < 0.05); <100 µg/m3 & >100 µg/m3; reference & >100 µg/m3 

Non-Minority Adults at 12 cpd (p < 0.10) 

Non-Low Income Adults at 6 cpd (p < 0.05); <100 µg/m3 & >100 µg/m3; reference & <100 
µg/m3 
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Non-Low Income Adults at 12 cpd (p < 0.05); reference & <100 µg/m3 

Low Income Children at 12 cpd (p < 0.10) 
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Figure 4. Logistic regression of the estimated probability for children to score 
< max at 12 cpd as a function of the indoor air perc level. Shaded area denotes the 95% 
confidence interval for the model. Dotted lines indicate BMCs and BMCLs associated with 
10% and 50% extra risk. 

o = individual scoring < max 
x = individual scoring the max 

ER = Extra Risk 
BMC10 = Benchmark Concentration for 10% Extra Risk 
BMCL10 = Benchmark Concentration 95% Lower Confidence Limit for 10% Extra Risk 
BMC50 = Benchmark Concentration for 50% Extra Risk 
BMCL50 = Benchmark Concentration 95% Lower Confidence Limit for 50% Extra Risk 
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Table 1. NYC Perc Project - Recruitment Summary. 

Reference 
Buildings 

Onsite 
Dry Cleaner 

Buildings 
Buildings: 

Identified a -- 180 
Characterized b -- 136 
Met Criteria c 293 83 
Contacted d -- 67 
Sampled e 36 24 

Apartments: 
Identified f 3215 2780 
Contacted g 1252 1261 
Potentially Eligible h 175 132 
Eligible i 80 89 
Participated j 61 65 

-- Not applicable. 
a Dry cleaners reporting using perc on-site. 
b Dry cleaner buildings surveyed for presence of occupied residences; 
absence of other VOC sources. 

c Dry cleaner buildings with occupied residences; no other VOC sources. 
d Dry cleaner building where household recruitment was attempted. 
e Dry cleaner building where at least one apartment was sampled. 
f Estimated total apartments present. 
g Presence of age-eligible child(ren) determined. 
h Age-eligible adult and child present. 
i Met screening NYC Perc Project household inclusion criteria. 
j Apartment indoor air sampled for perc. 
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Table 2. Number of Adult and Child Residents and Child-Adult Pairs Completing 
Vision Tests. 

Reference 
Buildings 

Onsite Dry Cleaner 
Buildings 

< 100 µµµµg/m3 > 100 µµµµg/m3 

Adults 
Enrolled in NYC Perc Project 60 48 19 

Excluded from VCS analyses: 
- did not visit clinic 7 2 4 
- less than 1 year at residence 0 1 0 
- part-time resident 0 0 1 
- medical condition 2 1 1 
- eye condition 2 0 0 
- high VOCs in residence 0 1 1 
- did not take test (no reason given) 1 1 0 
- pilot data (different VCS test) 

1 0 0 

Valid F.A.C.T. VCS Test Results 47 42 12 

Children 
Enrolled in NYC Perc Project 71 49 18 

Excluded from VCS analyses: 
- did not visit clinic 8 3 1 
- less than 1 year at residence 0 2 0 
- part-time resident 0 0 2 
- autism 0 0 1 
- ADHD/learning disability 3 3 0 
- <6 years old 2 1 2 
- low attention 2 0 0 
- eye condition 0 1 0 
- high VOCs in residence 0 0 1 
- did not finish (per request) 1 0 0 
- pilot data (different VCS test) 1 0 0 

Valid F.A.C.T. VCS Test Results 54 39 11 

Child-Adult Pairs 
Valid F.A.C.T. VCS Test Results 46 38 10 
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Table 3. Demographic and Socioeconomic Characteristics – Participants with VCS Results. 

Individual Participants Child-Adult Pairs 
Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Households 
Race/Ethnicity 

Minority 
Non-Minority 
Other 
No Response 

Annual Income 
< $30,000 
$30,000–$60,000 
> $60,000 
No Response 

Individual Participants 
Adults 

Age (yrs ± std. dev.) * 
Gender (female) 
Currently Employed 
Residence Duration (yrs ± std. dev.) 
Years of Education (yrs ± std. dev.) * 
Smoking Category 

Non-Smoker 
Former Smoker 
Current Smoker 
No Response 

Alcohol Use 
Does not Drink 
2 or less drinks/wk 
3 or more drinks/wk 
No Response 

Children 
Age (yrs ±std) 
Gender (female) 
Residence Duration (yrs ± std. dev.) 
Years of Education (yrs ± std. dev.) 

n=54 

25 (46.3%) 
27 (50.0%) 

2 (3.7%) 
– 

20 (37.0%) 
7 (13.0%) 

26 (48.2%) 
1 (1.9%) 

n=47 
44.1 ± 7.8 a 

40 (85.1%) 
34 (72.3%) 
9.7 ± 7.0 

15.4 ± 3.0 a 

21 (44.7%) 
16 (34.0%) 
9 (19.2%) 
1 (2.1%) 

14 (29.8%) 
20 (42.6%) 
12 (25.5%) 

1 (2.1%) 
n=54 

10.8 ± 2.8 
23 (42.6%) 
8.5 ± 3.7 
4.9 ± 2.9 

n=43 n=13 

10 (23.3%) 9 (69.2%) 
26 (60.5%) 3 (23.1%) 
7 (16.3%) 1 (7.7%) 

– – 

6 (14.0%) 5 (38.5%) 
7 (16.3%) 3 (23.1%) 

26 (60.5%) 2 (15.4%) 
4 (9.3%) 3 (23.1%) 

n=42 n=12 
44.9 ± 5.6 a 35.0 ± 9.5 b 

33 (78.6%) 9 (75.0%) 
28 (66.7%) 8 (66.7%) 
10.5 ± 8.0 9.7 ± 7.6 
16.0 ±2.8 a 12.3 ± 4.6 b 

19 (45.2%) 7 (58.3%) 
18 (42.9%) 2 (4.9%) 
4 (42.9%) 3 (18.8%) 
1 (2.4%) – 

9 (21.4%) 5 (41.7%) 
14 (33.3%) 7 (58.3%) 
19 (45.2%) – 

– – 
n=39 n=11 

10.4 ± 2.7 9.5 ± 2.4 
22 (56.4%) 6 (54.6%) 
8.5 ± 3.2 7.0 ± 3.2 
4.6 ± 2.6 3.7 ± 2.4 

n=44 

17 (38.6%) 
25 (56.8%) 

2 (4.6%) 
– 

13 (29.6%) 
7 (15.9%) 

24 (54.6%) 
– 

n=46 
44.1 ± 8.2 a 

39 (84.8%) 
33 (71.7%) 
10.1 ± 6.9 

15.4 ± 3.0 a 

20 (43.5%) 
16 (34.8%) 
9 (19.6%) 
1 (2.2%) 

14 (30.4%) 
18 (39.1%) 
13 (28.3%) 

1 (2.2%) 
n=46 

10.8 ± 2.8 
19 (41.3%) 
8.3 ± 3.7 
4.8 ± 2.8 

n=36 n=9 

9 (25.0%) 5 (55.6%) 
20 (55.6%) 3 (33.3%) 
7 (19.4%) 1 (11.1%) 

– – 

5 (13.9%) 4 (44.4%) 
7 (19.4%) 1 (11.1%) 

21 (58.3%) 2 (22.2%) 
3 (8.3%) 2 (22.2%) 

n=38 n=10 
44.9 ± 5.8 a 35.4 ± 10.3 b 

30 (79.0%) 6 (60.0%) 
27 (71.1%) 7 (70.0%) 
11.7 ± 7.8 10.9 ± 7.7 
15.9 ±3.1 a 12.0 ± 5.2 b 

15 (39.5%) 7 (70.0%) 
18 (47.4%) 1 (10.0%) 
4 (10.5%) 2 (20.0%) 
1 (2.6%) – 

9 (23.7%) 4 (40.0%) 
14 (36.8%) 6 (60.0%) 
15 (39.5%) – 

– – 
n=38 n=10 

10.3 ± 2.7 9.5 ± 2.6 
22 (57.9%) 5 (50.0%) 
8.5 ± 3.2 7.0 ± 3.4 
4.6 ± 2.6 3.7 ± 2.5 

Minority = African-American, Hispanic, or either in combination with another race; Non-minority = non-Hispanic White; Other = 
excluded from race/ethnicity analyses. * means with different letters are different (p < 0.05). 
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Table 4. Spearman Correlation Coefficients between VCS Score (Worse & Better Performing Eye) and Socioeconomic and 
Other Characteristics for Residents in Reference Buildings. 

N 

1.5 cpd 
worse 

eye 
better 

eye 

3 cpd 
worse 

eye 
better 

eye 

VCS Spatial Freqeuncy 

6 cpd 
worse 

eye 
better 

eye 

12 cpd 
worse 

eye 
better 

eye 

18 cpd 
worse 

eye 
better 

eye 
Adults 

Income Category 
Minority Status 
Years of School 
Years in Residence 
Age 
Drinks/week Category 
Cigarettes/day Category 
Lead in blood (�g/L) 
Mercury in blood (�g/L) 
VOC index (ppb) (without 
perc) 

Children 
Income 
Minority Status 
Years of School 
Years in Residence 
Age 
Lead in blood (�g/L) 
Mercury in blood (�g/L) 
VOC index (ppb) (without 
perc) 

47 
47 
47 
47 
47 
46 
46 
38 
38 
34 

53 
54 
54 
54 
54 
33 
29 
41 

0.16 0.07 
-0.06 -0.12 
0.20 0.12 
0.00 -0.02 
-0.17 -0.06 
-0.06 0.01 
-0.18 -0.21 
-0.02 0.02 
-0.02 0.22 
0.18 -0.16 

-0.01 0.04 
0.12 0.09 
0.13 0.04 
0.01 0.00 
0.16 0.04 
-0.20 -0.05 
0.06 -0.15 
-0.06 0.02 

-0.07 -0.04 
0.09 0.06 
0.19 0.14 
-0.09 0.17 
0.08 0.08 
0.02 0.01 
0.13 -0.08 
0.00 -0.15 
-0.01 0.02 
-0.11 -0.12 

-0.05 0.15 
0.18 -0.01 
-0.02 -0.09 
-0.04 -0.13 
-0.03 -0.09 
-0.06 0.11 
-0.02 0.11 
0.05 0.02 

-0.06 0.00 
0.11 0.06 
0.04 0.21 
0.06 -0.05 
0.04 -0.05 
-0.04 -0.01 

-0.30 * -0.30 ** 
0.02 -0.03 
0.15 0.25 
-0.24 -0.22 

-0.04 -0.05 
0.01 0.12 

0.25 ** -0.06 
0.06 -0.19 

0.27 * -0.05 
-0.19 -0.24 
-0.03 -0.07 
0.07 0.02 

-0.20 -0.19 
0.27 ** 0.23 

0.01 0.07 
-0.01 -0.11 
-0.06 -0.02 
-0.26 -0.03 

-0.29 ** -0.11 
-0.11 0.07 
0.08 0.15 
-0.08 -0.17 

-0.10 -0.13 
0.17 0.22 
-0.12 -0.26 * 
-0.13 -0.08 
-0.11 -0.27 ** 
0.16 0.37 ** 
0.11 -0.04 
-0.03 0.02 

-0.18 -0.22 
0.19 0.34 ** 
0.01 0.04 
0.00 -0.14 
-0.16 -0.15 
-0.24 -0.26 * 

-0.36 * -0.22 
-0.15 -0.17 
0.03 0.04 
-0.09 -0.20 

-0.05 0.00 
0.09 0.05 
-0.13 -0.14 

-0.23 ** -0.12 
-0.11 -0.09 
0.27 0.38 ** 
0.17 0.05 
0.12 0.10 

* (0.05 < p < 0.10). 
** (p < 0.05). 
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Table 5a. Perc and Exposures – All Adult and Child Participants with VCS Results. 

Adult Residents Child Residents 

Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 

< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Perc 
Indoor Air (µµµµg/m3) 

Geometric mean * 
Median 
25th and 75th percentile 

Alveolar Breath (µµµµg/m3) 
Taken at home 

Geometric mean * 
Median 
25th and 75th percentile 

Taken at clinic 
Geometric mean * 
Median 
25th and 75th percentile 

Blood (µµµµg/L) 
Geometric mean * 
Median 
25th and 75th percentile 

n=47 
2.9 a 

2.3 
1.5–4.2 

n=42 
4.6 a 

5.0 
2.2–8.5 
n=34 
4.8 a 

5.6 
2.4–8.6 
n=37 
0.05 a 

0.05 
0.02–0.08 

n=42 n=12 
12.4 b 477.9 c 

12.5 375.9 
4.6–42.0 268.9–735.3 

n=36 n=12 
19.2 b 141.4 c 

17.5 172.3 
10.2–30.5 92.6–213.9 

n=37 n=11 
13.3 b 70.2 c 

12.9 57.3 
8.0–24.8 48.3–114.5 

n=38 n=11 
0.13 b 1.3 c 

0.13 1.3 
0.08–0.21 0.53–1.9 

n=54 
3.2 x 

2.3 
1.8–4.5 

n=47 
3.7 x 

3.9 
1.9–6.3 
n=39 
3.3 x 

3.3 
2.1–5.3 
n=32 
0.04 x 

0.02 
0.02–0.05 

n=39 n=11 
12.4 y 335.8 z 

12.5 337.5 
4.3–44.3 215.0–699.5 

n=35 n=9 
12.2 y 159.5 z 

14.3 176.4 
5.2–25.4 128.6–192.5 

n=36 n=10 
8.2 y 50.0 z 

8.1 55.3 
4.2–14.5 23.0–64.5 

n=28 n=7 
0.11 y 0.51 z 

0.11 0.57 
0.07–0.16 0.37–0.89 

* means with different letters (for adults or children) are significantly different (p<0.05). 
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Table 5b. Perc Exposure – Pairied Child-Adult Residents with VCS Results. 

Matched Adult Residents Matched Child Residents 

Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 

< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Perc 
Indoor Air (µµµµg/m3) 

Geometric Mean * 
Median 
25th and 75th percentile 

Alveolar Breath (µµµµg/m3) 
Taken at home 

Geometric Mean * 
Median 
25th and 75th percentile 

Taken at clinic 
Geometric Mean * 
Median 
25th and 75th percentile 

Blood (µµµµg/L) 
Geometric Mean * 
Median 
25th and 75th percentile 

n=46 
3.0 a 

2.3 
1.6–4.2 

n=40 
4.8 a 

5.0 
2.3–8.6 

n=35 
4.7 a 

5.5 
2.4–8.6 

n=36 
0.05 a 

0.04 
0.02–0.08 

n=38 n=10 
12.1 b 351.1 c 

12.5 344.7 
4.3–44.3 215.5–699.5 

n=32 n=10 
18.6 b 129.2 c 

17.5 137.3 
10.2–27.5 102.2–183.5 

n=34 n=9 
13.4 b 44.8 c 

12.5 54.0 
8.7–24.8 48.3–57.3 

n=35 n=9 
0.13 b 0.73 c 

0.13 0.58 
0.07–0.27 0.53–1.3 

n=46 
3.0 x 

2.3 
1.6–4.2 

n=41 
3.7 x 

3.9 
1.9–6.3 

n=32 
3.3 x 

3.3 
2.1–5.5 

n=27 
0.04 x 

0.02 
0.02–0.06 

n=38 n=10 
12.1 y 351.1 z 

12.5 344.7 
4.3–44.3 215.5–699.5 

n=34 n=9 
12.0 y 159.5 z 

14.0 176.4 
5.2–25.4 128.6–192.5 

n=36 n=9 
8.2 y 55.8 z 

8.1 58.4 
4.2–14.5 33.1–64.5 

n=27 n=6 
0.11 y 0.50 z 

0.11 0.55 
0.07–0.16 0.37–0.89 

* means with different letters (for adults or children) are significantly different (p<0.05). 
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Table 6. Spearman Correlation Coefficients between VCS Score (Worse & Better Performing Eye) 
and Perc Exposures for Residents in Reference Buildings or Onsite Dry Cleaner 
Buildings. 

Indoor Exhaled Breath Exhaled Breath Blood 
Air at Home at Clinic at Clinic 

Adults (n=101) (n=90) (n=82) (n=86) 

worse eye 1.5 better eye 
0.04 
0.06 

-0.01 
0.02 

0.14 
0.28 ** 

0.00 
0.10 

worse eye 3 better eye 
-0.03 
0.03 

-0.18* 
0.05 

0.03 
0.16 

0.00 
0.05 

worse eye 6 better eye 
-0.14 
-0.08 

-0.10 
-0.07 

0.09 
0.15 

-0.05 
0.05 

worse eye 12 better eye 
-0.04 
0.04 

-0.07 
-0.07 

0.09 
0.25 ** 

0.04 
0.16 

worse eye 18 better eye 
-0.03 
-0.04 

-0.05 
-0.09 

0.13 
0.13 

0.03 
0.02 

Children (n=104) (n=91) (n=85) (n=67) 

worse eye 1.5 better eye 
0.04 
0.01 

-0.04 
-0.03 

-0.07 
-0.04 

0.02 
-0.08 

worse eye 3 better eye 
0.10 
0.24 ** 

0.04 
0.25 ** 

0.03 
0.20 * 

0.16 
0.17 

worse eye 6 better eye 
0.03 
0.06 

-0.06 
0.02 

-0.13 
-0.26 ** 

-0.15 
-0.14 

worse eye 12 better eye 
-0.23 ** 
0.05 

-0.35 ** 
-0.09 

-0.15 
-0.05 

-0.17 
-0.09 

worse eye 18 better eye 
0.01 
0.02 

-0.02 
0.01 

-0.10 
0.00 

-0.14 
-0.10 

* (0.05 < p < 0.10). 
** (p < 0.05). 
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Table 7a.	 Significance of Decreasing Trend (Cochran-Armitage Exact Trend Test) in Percent of Residents of Buildings With or 
Without a Dry Cleaner (Indoor Air Perc < 100 µµµµg/m3 or > 100 µµµµg/m3) Scoring the Maximum VCS Score (Worse 
Performing Eye). 

Spatial 
Frequency 

(cpd) 

Maximum 
VCS Score 

Percent of Worse Performing Eyes with Maximum Score 

Adult Residents Child Residents 

Reference 
Buildings 

Onsite Dry 
Cleaner Buildings p 

Reference 
Buildings 

Onsite Dry 
Cleaner Buildings p 

(n=47) < 100 µµµµg/m3 

(n=42) 
> 100 µµµµg/m3 

(n=12) 
(n=54) < 100 µµµµg/m3 

(n=39) 
> 100 µµµµg/m3 

(n=11) 

1.5 100 51.1 52.4 50.0 0.50 63.0 61.5 45.5 0.19 

3 160 34.0 21.4 25.0 0.14 44.4 59.0 45.5 0.77 

6 180 27.7 14.3 8.3 0.03 ** 42.6 33.3 18.2 0.06 * 

12 120 12.8 7.1 8.3 0.23 37.0 33.3 0.0 0.02 ** 

18 65 8.5 2.4 0.0 0.06 * 37.0 46.2 9.1 0.19 

* (0.05 < p < 0.10). 
** (p < 0.05). 
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Table 7b. Significance of Decreasing Trend (Cochran-Armitage Exact Trend Test) in Percent of Residents of Buildings With or Without 
a Dry Cleaner (Indoor Air Perc < 100 µµµµg/m3 or > 100 µµµµg/m3) Scoring the Maximum VCS Score (Better Performing Eye). 

Spatial 
Frequency 

(cpd) 

Maximum 
VCS Score 

Percent of Better Performing Eyes with Maximum Score 

Adult Residents Child Residents 

Reference 
Buildings 

Onsite Dry 
Cleaner Buildings p 

Reference 
Buildings 

Onsite Dry 
Cleaner Buildings p 

(n=47) < 100 µµµµg/m3 

(n=42) 
> 100 µµµµg/m3 

(n=12) 
(n=54) < 100 µµµµg/m3 

(n=39) 
> 100 µµµµg/m3 

(n=11) 

1.5 100 80.9 83.3 58.3 0.12 85.2 82.1 54.6 0.03 ** 

3 160 63.8 69.1 58.3 0.48 74.1 87.2 81.8 0.88 

6 180 55.3 71.4 16.7 0.12 75.9 66.7 54.6 0.06 * 

12 120 29.8 33.3 25.0 0.47 66.7 66.7 54.6 0.28 

18 65 29.8 21.4 25.0 0.25 68.5 74.4 54.6 0.35 

* (0.05 < p < 0.10). 
** (p < 0.05). 
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Table 8a. Significance of Decreasing Trend (Cochran-Armitage Exact Trend Test) in Percent of Residents of Buildings With or Without 
a Dry Cleaner (Indoor Air Perc < 100 µµµµg/m3 or > 100 µµµµg/m3) Scoring the Maximum VCS Score for Worse Performing Eye. 

Socio-economic 
category 

Spatial 
Frequency (cpd) 

Percent with Maximum Score 

Adult Residents Child Residents 

Reference 
Building 

Onsite Dry Cleaner Building 
p Reference 

Building 
Onsite Dry Cleaner Building 

p 
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Stratified by Race/ethnicity 

Non-Minority 
Adults 

(n=26, 25, 3) 
Children 

(n=27, 21, 3) 

1.5 53.9 48.0 66.7 0.49 55.6 61.9 100.0 0.89 

3 26.9 12.0 0.0 0.05 * 33.3 57.1 66.7 0.96 

6 26.9 12.0 0.0 0.05 * 40.7 38.1 66.7 0.66 

12 7.7 4.0 33.3 0.73 25.9 38.1 0.0 0.51 

18 0.0 4.0 0.0 0.76 33.3 47.6 0.0 0.49 

Minority 
Adults 

(n=19, 10, 8) 
Children 

(n=25, 11, 7) 

1.5 47.4 60.0 50.0 0.61 68.0 63.6 28.6 0.04 ** 

3 36.8 30.0 25.0 0.27 56.0 72.7 42.9 0.41 

6 26.3 10.0 12.5 0.16 48.0 36.4 0.0 0.01 ** 

12 21.1 10.0 0.0 0.07 * 44.0 18.2 0.0 0.01 ** 
18 21.0 0.0 0.0 0.03 ** 40.0 45.5 14.3 0.17 

Stratified by Income 

Non-low Income 
Adults 

(n=33, 32, 4) 
Children 

(n=32, 29, 4) 

1.5 48.5 56.3 25.0 0.45 59.4 58.6 75.0 0.63 
3 27.3 15.6 25.0 0.20 40.6 55.2 50.0 0.17 
6 24.2 15.6 0.0 0.10 37.5 34.5 25.0 0.32 

12 6.1 6.3 25.0 0.80 28.1 37.9 0.0 0.43 
18 3.0 0.0 0.0 0.17 31.3 51.7 0.0 0.63 

Low Income 
Adults 

(n=14, 6, 5) 
Children 

(n=21, 6, 5) 

1.5 57.1 33.0 60.0 0.43 66.7 83.3 20.0 0.07 * 

3 50.0 50.0 20.0 0.15 52.4 66.7 40.0 0.41 

6 35.7 16.7 20.0 0.20 47.6 16.7 0.0 0.01 ** 

12 28.6 16.7 0.0 0.08 * 47.6 0.0 0.0 0.01 ** 

18 21.4 16.7 0.0 0.14 42.9 16.7 20.0 0.11 

* (0.05 < p < 0.10). 
** (p < 0.05). 
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Table 8b.	 Significance of Decreasing Trend (Cochran-Armitage Exact Trend Test) in Percent of Residents of Buildings With or 
Without a Dry Cleaner (Indoor Air Perc < 100 µµµµg/m3 or > 100 µµµµg/m3) Scoring the Maximum VCS Score for Better 
Performing Eye. 

Socio-economic 
Category 

Spatial 
Frequency 

(cpd) 

Percent with Maximum Score 
Adult Residents Child Residents 

Reference 
Building 

Onsite Dry Cleaner Building 
p Reference 

Building 
Onsite Dry Cleaner Building 

p
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Stratified by Race/ethnicity 

Non-Minority 
Adults 

(n=26, 25, 3) 

1.5 84.6 84.0 100.0 0.65 81.5 90.5 100.0 0.87 

3 61.5 58.0 33.3 0.40 74.1 90.5 100.0 0.95 

6 50.0 76.0 0.0 0.61 70.4 76.2 66.7 0.58 
Children 

(n=27, 21, 3) 12 15.4 32.0 33.3 0.91 55.6 76.2 33.3 0.69 

18 19.2 16.0 0.0 0.24 66.7 76.2 33.3 0.40 

Minority 
Adults 

(n=19, 10, 8) 

1.5 79.0 80.0 50.0 0.08 * 88.0 72.7 42.9 <0.01 ** 

3 63.2 70.0 62.5 0.52 72.0 90.9 71.4 0.65 

6 57.9 50.0 25.0 0.07 * 80.0 54.6 57.1 0.06 * 
Children 

(n=25, 11, 7) 12 47.4 30.0 25.0 0.11 76.0 45.5 57.1 0.08 * 

18 36.8 30.0 37.5 0.48 72.0 63.6 71.4 0.42 

Stratified by Income 

Non-low Income 
Adults 

(n=33, 32, 4) 
Children 

(n=32, 29, 4) 

1.5 75.8 87.5 50.0 0.52 84.4 86.2 75.0 0.43 
3 57.6 71.9 75.0 0.89 75.0 86.2 100.0 0.93 
6 48.5 81.3 0.0 0.75 75.0 75.9 50.0 0.27 

12 15.2 34.4 25.0 0.93 59.4 75.9 50.0 0.74 
18 24.2 18.8 0.0 0.15 65.6 82.8 50.0 0.72 

Low Income 
Adults 

(n=14, 6, 5) 

1.5 92.9 83.3 60.0 0.05 * 85.7 83.3 40.0 0.02 ** 

3 78.6 66.7 40.0 0.06 * 71.4 83.3 60.0 0.40 

6 71.4 50.0 40.0 0.09 * 76.2 33.3 60.0 0.11 
Children 

(n=21, 6, 5) 
12 64.3 33.3 40.0 0.12 76.2 33.3 60.0 0.11 

18 42.9 50.0 40.0 0.49 71.4 50.0 60.0 0.23 

* (0.05 < p < 0.10). 
** (p < 0.05). 
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Table 9. Summary of Significance of Paired Child-Adult Differences in VCS Score 
(Kruskal-Wallis Test for Matched Pairs). 

Spatial 
Frequency 

(cpd) 

Mean Difference 
(Child VCS – Adult VCS = Difference) 

P-valueReference 
(n=46) 

Onsite Dry Cleaner Buildings 

< 100 µµµµg/m3 

(n=38) 
> 100 µµµµg/m3 

(n=10) 

Worse 
Eye 

1.5 3.3 0.9 -1.0 0.73 
3 6.0 15.6 17.1 0.48 
6 20.3 15.1 27.7 0.80 

12 27.8 26.5 0.8 0.07 * 
18 21.1 24.8 17.7 0.51 
1.5 1.4 -3.6 -2.1 0.60 

Better 
Eye 

3 8.5 5.9 22.9 0.34 
6 16.3 -1.2 38.6 0.01 ** 

12 31.3 16.6 21.0 0.14 
18 19.7 19.5 15.6 0.74 

* (0.05 < p < 0.10). 
** (p < 0.05). 
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Table 10a. Perc Exposure Risk Factors for < Max VCS (Worse Performing Eye) for

Adult Residents of Reference or Onsite Dry Cleaner Buildings.


Unadjusted Adjusted 
M

ea
su

re
 o

f P
er

c 
E

xp
os

ur
e

In
do

or
 A

ir
 P

er
c

(lo
g 

µµ µµg
/m

3 ) 
CPD N OR 95% CI N OR 95% CI 

1.5 

101 

0.902 0.562–1.433 

98 

0.909 0.555–1.474 

3 0.869 0.525–1.461 0.830 0.482–1.432 

6 1.794 * 0.940–3.898 1.860 0.939–4.197 
12 0.993 0.478–2.319 1.045 0.487–2.473 

18 2.006 0.612–11.770 2.003 0.668 – 11.701 

B
re

at
h 

Pe
rc

 -
H

om
e

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

90 

0.871 0.448–1.671 

87 

0.841 0.417–1.673 

3 1.441 0.692–3.185 1.170 0.539–2.628 

6 1.919 0.818–4.997 1.848 0.754–5.017 

12 2.362 0.649–10.685 2.552 0.729–11.933 

18 6.342 * 0.964–67.332 8.365 0.915–409.727 

B
re

at
h 

Pe
rc

 -
C

lin
ic

(lo
g 

µµ µµg
/m

 3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

82 

0.495 0.196–1.155 

80 

0.445 0.159–1.121 

3 0.776 0.306–1.987 0.628 0.222–1.768 

6 0.792 0.273–2.424 0.819 0.236–3.073 

12 0.460 0.107–2.114 0.398 0.069–2.210 
18 -- --

B
lo

od
 P

er
c

(lo
g 

ng
/m

L
) 

CPD N OR 95% CI N OR 95% CI 

1.5 

86 

1.374 0.568–3.382 

84 

0.907 0.412–1.953 

3 0.945 0.393–2.260 0.779 0.321–1.904 
6 1.944 0.761–5.474 1.434 0.483–4.948 

12 1.564 0.606–4.378 0.632 0.158–2.915 
18 1.672 0.668–4.527 1.783 0.377–21.496 

-- computationally invalid estimate. 
* increased odds ratios (0.05 < p < 0.10).

** increased odds ratios (p < 0.05).

Adjusted for: minority status, age, smoking, and alcohol use.

Most covariates were not significant, with the exception of minority race/ethnicity at 3 cpd


for all models. 
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Table 10b. Perc Exposure Risk Factors for < Max VCS (Better Performing Eye) for

Adult Residents of Reference or Onsite Dry Cleaner Buildings.


Unadjusted Adjusted 
M

ea
su

re
 o

f P
er

c 
E

xp
os

ur
e

In
do

or
 A

ir
 P

er
c

(lo
g 

µµ µµg
/m

 3 ) 
CPD N OR 95% CI N OR 95% CI 

1.5 

101 

0.959 0.522–1.672 

98 

0.795 0.417–1.439 

3 0.822 0.555–1.494 0.855 0.479–1.478 

6 1.320 0.828–2.133 1.245 0.761–2.054 
12 0.984 0.601–1.649 0.925 0.545–1.596 

18 0.997 0.595 – 1.729 1.092 0.636 – 1.913 

B
re

at
h 

Pe
rc

 -
H

om
e

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

90 

1.059 0.468–2.320 

87 

1.019 0.443–2.296 

3 0.899 0.451–1.757 0.826 0.388–1.721 

6 1.261 0.655–2.466 1.210 0.604–2.472 

12 1.341 0.652–2.899 1.182 0.550–2.631 

18 1.584 0.722–3.752 1.627 0.729–3.956 

B
re

at
h 

Pe
rc

 -
C

lin
ic

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 
1.5 

82 

0.245 ** 0.066–0.763 

80 

0.091 ** 0.017–0.374 

3 0.613 0.236–1.478 0.716 0.261–1.929 

6 0.525 0.208–1.229 0.446 * 0.165–1.128 

12 0.561 0.212–1.433 0.390 * 0.122–1.138 

18 0.710 0.064–1.931 0.728 0.248–2.207 

B
lo

od
 P

er
c

(lo
g 

ng
/m

L
) 

CPD N OR 95% CI N OR 95% CI 

1.5 

86 

0.754 0.273–1.806 

84 

0.656 0.235–1.619 

3 1.094 0.501–2.328 1.018 0.433–2.440 

6 1.032 0.485–2.159 0.931 0.419–2.083 

12 0.840 0.387–1.875 0.715 0.302–1.702 
18 1.081 0.485–2.623 1.087 0.462–2.715 

-- computationally invalid estimate. 
* increased odds ratios (0.05 < p < 0.10).

** increased odds ratios (p < 0.05).

Adjusted for: minority race/ethnicity, age, smoking, and alcohol use.

Most covariates were not significant, with the following exceptions: minority status at 18


cpd for the indoor air model; age at 1.5 and 12 cpd for the breath at clinic model; and 
alcohol use at 3 cpd for the breath at clinic model and at 6 cpd for the blood at clinic 
model. 
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Table 11a. Perc Exposure Risk Factors for < Max VCS (Worse Performing Eye) for

Child Residents of Reference or Onsite Dry Cleaner Buildings.


Unadjusted Adjusted 
M

ea
su

re
 o

f P
er

c 
E

xp
os

ur
e

In
do

or
 A

ir
 P

er
c

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

104 

1.063 0.641–1.750 

104 

0.975 0.575–1.634 

3 0.898 0.546–1.466 0.927 0.559–1.528 

6 1.319 0.789–2.284 1.230 0.720–2.171 

12 2.583 ** 1.382–5.380 2.640 ** 1.408– 5.520 

18 1.328 0.796–2.290 1.397 0.829–2.439 

B
re

at
h 

Pe
rc

 -
H

om
e

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

91 

1.283 0.652–2.541 

91 

1.102 0.532–2.274 

3 1.133 0.586–2.225 1.203 0.601–2.447 

6 1.604 0.805–3.402 1.539 0.734–3.497 

12 3.143 ** 1.401–8.065 3.372 ** 1.443–9.286 

18 1.394 0.704–2.904 1.536 0.756–3.341 

B
re

at
h 

Pe
rc

 -
C

lin
ic

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

85 

1.374 0.568–3.382 

85 

1.164 0.464–2.963 

3 0.945 0.393–2.260 0.996 0.403–2.435 

6 1.944 0.761–5.474 1.917 0.710–5.815 

12 1.564 0.606–4.378 1.602 0.610–4.586 

18 1.672 0.668–4.527 1.853 0.721–5.194 

B
lo

od
 P

er
c

(lo
g 

ng
/m

L
) 

CPD N OR 95% CI N OR 95% CI 

1.5 

67 

0.931 0.319–2.565 

67 

0.782 0.252–2.242 

3 0.602 0.210–1.604 0.602 0.202–1.660 

6 2.755 0.970–9.006 2.707 * 0.921–9.271 

12 3.626 ** 1.052–16.190 3.535 * 0.938–17.788 
18 2.329 0.851–7.127 2.732 * 0.962–8.884 

-- computationally invalid estimate. 
* increased odds ratios (0.05 < p < 0.10).

** increased odds ratios (p < 0.05).

Adjusted for: minority race/ethnicity and age.

Most covariates were not significant, with the exception of age at 1.5 cpd for all models,


as well as at 6 cpd for the indoor air model. 
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Table 11b. Perc Exposure Risk Factors for < Max VCS (Better Performing Eye) for 
Child Residents of Reference or Onsite Dry Cleaner Buildings. 

Unadjusted Adjusted 
M

ea
su

re
 o

f P
er

c 
E

xp
os

ur
e

In
do

or
 A

ir
 P

er
c

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

104 

1.171 0.625–2.125 

104 

1.010 0.525–1.876 

3 0.510 * 0.226–1.011 0.535 * 0.239–1.057 

6 1.117 0.650–1.888 1.101 0.638–1.871 

12 1.039 0.615–1.728 1.094 0.641–1.845 

18 1.129 0.661 – 1.904 1.172 0.682–1.994 

B
re

at
h 

Pe
rc

 -
H

om
e

(lo
g 

µµ µµg
/m

3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

91 

1.554 0.714–3.361 

91 

1.345 0.598–2.975 

3 0.412 * 0.144–1.006 0.455 0.152–1.126 

6 1.091 0.523–2.216 1.130 0.537–2.325 

12 1.306 0.656–2.607 1.398 0.684–2.878 

18 1.267 0.632–2.533 1.368 0.661–2.834 

B
re

at
h 

Pe
rc

 -
C

lin
ic

(lo
g 

µµ µµg
/m

 3 ) 

CPD N OR 95% CI N OR 95% CI 

1.5 

85 

1.706 0.586–4.931 

85 

1.460 0.483–4.429 

3 0.345 * 0.096–1.246 0.391 0.093–1.343 

6 3.616 ** 1.376–10.536 3.847 ** 1.441–11.355 

12 1.296 0.523–3.224 1.409 0.558–3.574 

18 1.477 0.579–3.796 1.658 0.639–4.362 

B
lo

od
 P

er
c

(lo
g 

ng
/m

L
) 

CPD N OR 95% CI N OR 95% CI 

1.5 

67 

1.841 0.461–6.922 

67 

1.666 0.402–6.549 
3 0.315 0.062–1.599 0.396 0.057 – 1.823 
6 1.893 0.627–5.735 1.821 0.590–5.640 

12 1.361 0.493–3.737 1.381 0.490–3.878 
18 1.672 0.534–5.121 1.865 0.579–5.994 

-- computationally invalid estimate. 
* increased odds ratios (0.05 < p < 0.10).

** increased odds ratios (p < 0.05).

Adjusted for: minority status and age.

No covariates were significant, with the exception of age at 1.5 for the indoor air model.


54 



Table 12. Estimated Indoor Air Perc Effect Levels (µµµµg/m3) for Children’s Worse Eye to 
Score < max at 12 cpd. 

Probability of 
scoring < max 

at 12 cpd 

Benchmark 
Concentration 

(BMC) 

Benchmark 
Concentration 95% 
Confidence Interval 

Scenario 1: background defined as median of indoor air levels in reference buildings 
Background = 2.25 µg/m3 

10% Extra Risk 
20% Extra Risk 
30% Extra Risk 
40% Extra Risk 
50% Extra Risk 

0.58 
0.62 
0.66 
0.71 
0.75 
0.79 

3.4 
5.4 
8.6 
14 
26 

2.9 – 5.5 
3.9 – 14 
5.3 – 39 

7.3 – 120 
10 – 421 

Scenario 2: background defined as 90th percentile of indoor air levels in reference buildings 
Background = 8.5 µg/m3 

10% Extra Risk 
20% Extra Risk 
30% Extra Risk 
40% Extra Risk 
50% Extra Risk 

0.70 
0.73 
0.76 
0.79 
0.82 
0.85 

12 
18 
27 
43 
73 

--
13 – 47 

17 – 123 
22 – 358 

30 – 1204 
-- Not calculable. 
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Table 13. Summary of Associations Between Increased Indoor Air Perc Level (perc exposures are residence in: a reference 
building; a dry cleaner building with perc < 100 µg/m3; or, a dry cleaner building with perc > 100 µg/m3) and 
Decreased VCS Test Performance. 

Spatial 
Frequency 

(cpd) 

Adult Residents (unpaired) Child Residents (unpaired) 

Trend Analyses 
(based on proportions 

with max scores) 

Analysis of Variance 
(based on VCS scores) 

Trend Analyses 
(based on proportions 

with max scores) 

Analysis of Variance 
(based on VCS scores) 

Unstrat a Strat b Unstrat a Strat b Unstrat a Strat b Unstrat a Strat b 

Worse 
Eye 

1.5 – – – – – ++2,+3 – +3 

3 – +1 – – – – – +1 

6 ++ +1 – – + ++2,3 – +3 

12 – +2,4 – – ++ ++2,3 + +2,++3 

18 + ++2 – – – – – – 
1.5 – +2,++3 – – ++ ++2,3 + +2 

Better 
Eye 

3 – +3 – – – – – – 
6 – +2,3 ++ ++1,4 + +2 – – 
12 – – – +1,++4 – +2 – +3 

18 – – – – – – – – 
– = no effect of increased perc exposure observed. 
+ 0.05 < p < 0.10.

++ p < 0.05.

a Unstrat = unstratified analyses.

b Strat = stratified analyses. Stratifying variables are:


race/ethnicity (1non-minority; 2minority); and, 
income (3low income; 4non-low income). 
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Table 14. Summary of Perc Exposure (perc exposures are continuous) Related Increased Risks for Decreased VCS (scoring 
the max) Among Residents of Buildings With or Without a Co-Located Dry Cleaner. 

Spatial Frequency 
(cpd) 

All Adult Residents All Child Residents 

Adjusted Odds Ratio # 

(95% Confidence Interval) 
Adjusted Odds Ratio ## 

(95% Confidence Interval) 

Worse 
Eye 

1.5 – – 

3 – – 

6 – – 

12 – 
2.64 (1.41 -5.52) 1 

3.37 (1.44- 9.29) 2 

3.54 (0.94 – 17.79) 3 

18 – 2.73 (0.96-8.88) 3 

1.5 – – 

Better 
Eye 

3 – – 

6 – 3.85 (1.44 - 11.36) 

12 – – 

18 – – 
# Odds ratio adjusted for race/ethnicity, age, smoking, and alcohol use

## Odds ratio adjusted for race/ethnicity, age

1 indoor air perc level (< 1 – 710 mcg/m3)

2 home breath perc level (< 1 – 675 mcg/m3)

3 blood perc level (0 – 2 ng/L)

4 clinic breath perc level (1 – 191 mcg/m3)
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APPENDIX 1.	 TETRACHLOROETHYLENE (PERC) EXPOSURE AND COLOR VISION 
TEST PERFORMANCE IN ADULTS AND CHILDREN RESIDING IN 
BUILDINGS WITH OR WITHOUT A DRY CLEANER. 
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SUMMARY 

This Appendix presents research findings on color vision test performance by participants in the 
New York City (NYC) Perc Project. Color vision test performance on two color vision tests 
((Farnsworth (D15) and Lanthony Desaturated (D15d)) was the outcome variable evaluated. 
Sample distributions of the dependent variable normally assessed by both tests -- color confusion 
index (CCI) -- were not obtained due to the occurrence of marked floor effects. Consequently, in 
addition to CCI, each participant’s performance on both color vision tests was categorized 
according to whether or not at least one major error was made. For initial exploratory analyses, 
participants were grouped into the same three exposure categories used to evaluate visual contrast 
sensitivity (VCS) test performance: residence in a reference building; in a dry cleaner building with 
perc < 100 µg/m3; or, in a dry cleaner building with perc > 100 µg/m3. Associations between 
increasing perc exposure and both dependent variables (CCI, making a major error(s)) were 
explored among unpaired adults and children using nonparametric trend and correlation analyses. 
Mean CCI differences were assessed in a paired chi-square test based on ranks to assess child-adult 
differences in CCI for adults and children residing in the same household. The odds for making at 
least one major error on the more difficult Lanthony (D15d) test as perc exposure increased was 
assessed using logistic regression. 

Both CCI and the commission of major errors on both color vision tests were significantly 
associated with minority race/ethnicity, lower income, fewer years of school and/or younger age for 
both adults and children. No measure of perc exposure (indoor air, breath, blood perc level) was 
significantly associated with decreases in color vision test performance. Significant positive 
correlations between perc exposure and CCI or commission of major errors were not observed. 
Significantly decreasing trends in commission of major errors as perc exposure increased were not 
observed. And, increased perc exposure did not significantly increase the odds for either adults or 
children to make major errors. Additionally, CCIs among study participants were found to be 
equivalent to CCIs found in several other unexposed populations. Thus, residential perc exposure, 
at the level present among the study population did not appear to adversely impact color vision test 
performance of either children or adults. 
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INTRODUCTION 

As noted in the Introduction to the main body of this report, elevated perc levels have been 
associated with visual function effects among dry cleaner workers exposed to perchloroethylene 
(perc) (Ferroni et al., 1992; Echeverria et al., 1995; Cavalleri et al., 1994; Gobba et al., 1998). 
Decreased color vision, specifically, has been reported to be associated with perc exposures of 
about 30,000–40,000 µg/m3 (Cavalleri et al., 1994; Gobba et al., 1998). Color vision was also 
reported to be decreased among 13 adults exposed to residential indoor air perc levels averaging 
about 700 µg/m3 perc (geometric mean) compared to unexposed adults, although the decrease was 
not statistically significant (NYS DOH, 2000; Schreiber et al., 2002). In addition, exposures to 
other volatile organic solvents have been associated with decreased color vision (Mergler et al., 
1988; Gong et al., 2003; Bowler et al., 1991). 

Based on these observations, it was hypothesized that elevated residential indoor air perc levels 
might be associated with decreased color vision among New York City (NYC) Perc Project 
participants. Thus, color vision, in addition to visual contrast sensitivity (VCS), was assessed 
among both adult and child participants who met all inclusion criteria. As noted in the main body 
of this report several measures of perc exposure were assessed for each participant (indoor air, 
breath, and blood perc level), and most participants completed both VCS and color vision testing. 
Associations between perc exposure and VCS test performance are described in the main body of 
this report. Associations between perc exposures and color vision test performance are summarized 
in this Appendix. 

METHODS 

The study area and building selection, participant recruitment procedures, participant activities, 
analytical methods, and general visual function assessment are described in the main body of this 
report. 

Color vision assessment. Color vision was assessed binocularly using first the Farnsworth (D15) 
and then the Lanthony Desaturated (D15d) arrangement tests according to Farnsworth Munsell 
(Luneau Ophthalmology, Paris France) under light conditions specified by the manufacturer. 
Colors on the Farnsworth (D15) test are easier to distinguish than those on the Lanthony (D15d) 
test, and it is used to identify individuals with inherited “color blindness.” Data obtained from 
individuals exhibiting inherited “color blindness” on the Farnsworth (D15) test were excluded from 
further analyses. Colors on the Lanthony (D15d) test are paler and lighter and more difficult to 
distinguish than colors on the Farnsworth (D15) test, and it is typically used to detect acquired color 
vision deficits (Melamud et al., 2004). 

For both tests, participants were shown a rectangular box containing 16 colored caps (about the size 
of a bottle cap) arranged in chromatic order. The test administrator removed 15 caps, leaving the 
first as a standard, and randomized them in front of the participant. Participants were asked to place 
the cap which most closely matched the standard in hue (i.e., color) in the box next to the standard, 
and to continue the process until all colored caps were in the box. When the participant was done, 
the order of cap placement was recorded and diagrammed on templates provided with the tests. 
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Based on review of these charts, examining ophthalmologists made judgements as to whether or not 
color vision was normal or abnormal. 

The number of errors for each participant was recorded by noting instances of inversions involving 
a single cap (a minor error) and instances of inversions involving two or more caps (major errors). 
Perceptual color distances between colored caps were obtained using the recorded order of color 
cap placement and published tables of perceptual color distances between caps (Bowman, 1982; 
Geller, 2001). Total Color Distance Scores (TCDS) were determined and a Color Confusion Index 
(CCI) was calculated for each participant according to Geller (2001) (Lanthony D15d) and Bowman 
(1982) (Farnsworth D15). CCI is the ratio of a participant’s TCDS and the TCDS associated with 
errorless performance, which is 116.9 for the Farnsworth test and 56.4 for the Lanthony D15-d test. 
A perfect score would have a CCI equal to 1.0. 

Data Analyses. All statistical analyses were performed using SAS software (Release 9.1, SAS 
Institute, Cary, NC) as noted in the main body of this report. Findings were deemed significant 
when p < 0.05 and nearly significant when p < 0.10. Indoor air perc levels obtained from main 
living areas were averaged for each household. Volatile organic compounds (VOCs) indices were 
estimated for each household by summing VOC concentrations (other than perc) expressed as parts 
per billion (ppb). Categorical household and participant characteristics identified from a screening 
questionnaire were summarized by percent and compared between exposure groups using the chi-
square test. Continuous variables were summarized by mean ± standard deviation (std. dev.) and 
compared between exposure groups using Analysis of Variance (ANOVA) and Student-Newman 
Keul’s test. Spearman correlation coefficients were used to assess associations between 
socioeconomic and other individual characteristics, levels of perc in indoor air, breath, and blood, 
and color vision measures. 

Most participants, regardless of residence building type (i.e., reference or dry cleaner), scored 
perfectly on both color vision tests, i.e., CCI=1, resulting in marked floor effects. Therefore, full 
sample CCI distributions were not obtainable, and parametric statistical analyses of group CCIs 
were not possible. Instead, non-parametric statistical analyses were applied to evaluate associations 
between perc exposure and CCI as well as between perc exposure and a derived measure of color 
vision test performance. For this measure, participants were categorized according to whether they 
made no, or one or more major error(s) (e.g., cap inversion spanning at least two cap locations). 
Individuals with normal color vision commonly make one or two minor errors (e.g., cap inversion 
spanning only one cap location) and occasionally one major error; whereas individuals with 
acquired color vision deficits tend to make one or more major errors (Melamud et al., 2004). 

For trend and other group analyses, participants were categorized into one of the following three 
exposure categories, as was done for VCS test performance analyses: residence in a reference 
building, dry cleaner building with indoor air perc < 100 µg/m3 (below NYS DOH guideline), and 
dry cleaner building with indoor air perc > 100 µg/m3 (above NYS DOH guideline). 

Associations between perc exposure and performance on the Farnsworth (D15) and Lanthony 
(D15d) color vision tests were evaluated separately. Using the Cochran-Armitage exact trend test, 
decreasing trends in the proportion of participants not making major errors across the three 
exposure categories was evaluated. Spearman correlation coefficients indicated that race/ethnicity 
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and annual income of sampled households were significantly associated with increased indoor air 
levels of perc as well as increased breath and blood perc levels. Therefore, within exposure 
categories, participants were also stratified by race/ethnicity and income for trend analyses, as was 
done for VCS analyses. 

To assess a possible greater vulnerability of children to an effect of perc on color vision test 
performance compared to adults, differences in CCI between children and adults residing in the 
same household (child-adult pairs) (child CCI – adult CCI = CCI difference) across the three 
exposure categories were evaluated using Kruskall-Wallis chi-square test based on ranks. 

Logistic regression was used to model the probability of making at least one major error on each 
color vision test given a unit (log) increase in each measure of perc exposure (perc level in indoor 
air, breath at home, breath at the clinic, blood). All participants meeting inclusion criteria were 
included in this regression to utilize all exposure-response data available. Spearman correlation 
analyses indicated significant associations between race/ethnicity, income, age, and years of 
education, and test performance on both color vision tests. Hence odds ratios (ORs) adjusted for 
these known, and other possible (e.g., residence duration; gender; smoking (adults only); alcohol 
use (adults only); VOC index; and lead and mercury blood levels) confounders are presented. 

Residence duration was considered a potential confounder since longer residence duration in a dry 
cleaner building might reasonably have been associated with a longer duration of residential perc 
exposure and hence a greater effect on color vision test performance. Age is well recognized to 
influence color vision (Lomax et al., 2004; Gong et al., 2003; Schaper et al., 2004). Gender was 
considered a potential confounder given the possibility that it may have influenced color vision test 
performance, even though there is currently no evidence suggesting this would be so (e.g., Kinnear 
and Sahraie, 2002; Lomax et al., 2004). Race/ethnicity, income, alcohol use, and tobacco use are 
recognized potential confounders in cognitive and neurobehavioral tests (Krieg et al., 2001; Amler 
et al., 1995; Amler and Gibertini, 1996), and there is some evidence that they specifically influence 
color vision as well (cf., Lomax et al., 2004; Geller and Hudnell, 1997; Mergler et al., 1991). Lead, 
mercury, and VOC exposures have been shown to influence neurobehavior and, in some cases, 
specifically color vision (e.g., Ventura et al., 2005; Mergler and Blain, 1987; Mergler et al., 1988; 
1991). 

RESULTS 

Some adults and children did not complete some or any of the visual function assessment portions 
of the study. Other adults and children completed some or all visual function assessments but their 
test results were excluded from analyses due to the presence of medical or eye conditions known to 
influence the measures evaluated, indication of past or present exposure to perc or other VOCs 
outside the home, or a residence time of less than one year. Visual function tests for some children 
were excluded from analyses because of their young age (less than 6 years old) or because they 
were noted by their parents as learning disabled or having attention deficit hyperactivity disorder. 
Hence, the study population evaluated here includes only those individual adult and child 
participants completing the Farnsworth (D15) and/or Lanthony (D15d) test that met inclusion 
criteria and child-adult pairs in which both a child and an adult residing in the same household met 
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inclusion criteria and completed each test. These populations are summarized by residence building 
type and exposure category in Table A–1. 

Socioeconomic characteristics of households, individuals, and child-adult pairs are summarized in 
Tables A–2a and A–2b for those completing the Farnsworth (D15) and Lanthony (D15d) color 
vision tests, respectively. For both tests, more households in dry cleaner buildings where perc > 
100 µg/m3 were categorized as minority, and fewer were categorized as high income (> $60,000 
annual income) compared to households in reference or dry cleaner buildings where perc < 100 
µg/m3. Also, adults in the highest exposure category were younger and had fewer years of 
education on average than adults in the other two groups. 

Perc exposures for each exposure category are summarized in Tables A–3a (individual adults, 
children) and A–3b (child-adult pairs) for participants with Farnsworth (D15) color vision test 
results, and in Tables A–4a (individual adults, children) and A–4b (child-adult pairs) for 
participants with Lanthony (D15d) color vision test results. Adult and child residents of both 
categories of dry cleaner buildings (< 100 µg/m3 and > 100 µg/m3) for whom color vision test 
results were available had significantly elevated indoor air perc levels and significantly greater 
exhaled breath and blood perc levels than residents of reference buildings. There were no 
significant differences in indoor air levels of other VOCs (cf., VOC indices) (data not shown). 

CCIs for adult and child residents of reference and dry cleaner buildings are illustrated in Figure 
A–1 which shows that CCIs for both the Farnsworth (D15) and Lanthony (D15d) color vision tests 
were characterized by a marked floor effect with most participants achieving a perfect CCI of 1.0 on 
both tests. 

As summarized in Table A–5 both measures of test performance on one or both color vision tests 
were significantly associated with race/ethnicity, income, years of school, and/or age. On the less 
difficult Farnsworth (D15) test lower income, minority race/ethnicity, and fewer years of school 
were significantly or nearly significantly associated with higher CCI among adults. For children, 
fewer years of school, younger age, and shorter residence duration were significantly, or nearly 
significantly, associated with higher CCI and making major error(s) on the Farnsworth (D15). On 
the more difficult Lanthony (D15d) test, lower income, minority race/ethnicity, and fewer years of 
school were significantly associated with higher CCI and making major error(s) among adults. 
Lower income, being of minority race/ethnicity, fewer years of school, younger age, and shorter 
residence duration were significantly or nearly significantly associated with higher CCI and, with 
the exception of minority membership and lower income, making major error(s) among children. 
(Significant correlations suggesting that higher blood mercury level is associated with lower CCI 
(child Farnsworth (D15)) or with not making major error(s) (adult Lanthony (D15d)) appear 
spurious. Prior studies suggest that increased, rather than decreased, mercury exposure would be 
likely to impair color vision (Cavalleri et al., 1995; Urban et al., 2003).) 

As summarized in Table A–6 no significant positive Spearman correlations were observed between 
any measure of perc exposure and either measure of adult or child Farnsworth (D15) or Lanthony 
(D15d) color vision test performance (CCI, one or more major errors). Negative correlations 
suggesting that increased perc in air, breath, or blood is associated with lower CCIs or not making 
major errors (i.e., improved color vision) is counterintuitive. 
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Decreasing trends in proportions of participants in each exposure category making no major errors 
(summarized in Table A–7) were not significant for either color vision test in stratified or 
unstratified analyses. This is consistent with results of logistic regression, (summarized in Tables 
A–8a and A–8b) which suggested that the odds for commission of major errors on the Lanthony 
(D15d) color vision test were not significantly associated with increases in any measure of perc 
exposure. Adjusted odds for making major errors on the Farnsworth (D15) test could not be 
calculated due to characteristics of the data that prevented calculation of maximum likelihood 
estimates (see discussion of complete or quasi-complete separation in Allison (1999)). The adjusted 
odds for making major errors were significantly, or nearly significantly, decreased for some 
measures of increased perc exposure on the Lanthony (D15d) test for both adults and children. 
These observations may be spurious though given that perc exposure is not expected to have a 
beneficial effect on color vision test performance. 

To explore whether child color vision test performance might be more vulnerable to perc exposure 
than adult color vision test performance, mean differences in CCI for child-adult pairs (child CCI – 
adult CCI = CCI difference) were assessed across exposure categories. Assuming that children 
would tend to have higher CCIs than adults and that increased perc exposure would only increase, 
and not decrease, CCI, a larger child-adult difference in CCI would indicate a comparatively greater 
increase in CCI of matched children compared to matched adults. A smaller child-adult difference 
may indicate a comparatively greater increase in CCI among adults. As shown in Table A–9, a 
significant effect of perc exposure on mean child-adult CCI difference on the Farnsworth (D15) test 
was not observed. However, a significant effect of increasing perc exposure on mean child-adult 
CCI difference on the Lanthony (D15d) test was observed, and post-hoc analysis indicated the mean 
child-adult CCI difference in the > 100 µg/m3 group was significantly greater than the mean 
difference of the other two exposure groups. This suggests that children in the highest exposure 
category may have been more affected by perc exposure than adults residing in the same household 
(although such a conclusion is inconsistent with trend analyses and with logistic regression). 

To provide additional perspective on the possibility that color vision test performance of either 
children or adults, especially in the highest exposure group, might have been influenced by perc 
exposure, CCIs of study participants are compared with CCIs of unexposed groups reported by 
other investigators in Table A–10. CCIs for all adult and child exposure categories evaluated in this 
study are well within the range of CCIs reported for other unexposed populations. Although 
median and maximum CCIs of children in the > 100 µg/m3 exposure category are higher than that 
of matched adults, they are still less than and within a range, respectively, of what has been 
observed in a different group of unexposed children of similar age (NYS DOH, 2005). At the same 
time, median and maximum CCIs of matched adults are equivalent or lower than other available 
adult reference populations. Thus, although study conditions may differ, CCIs for neither adult nor 
child participants in the NYC Perc Project appear to differ from other unexposed populations. 
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DISCUSSION 

Most adult and child participants scored perfectly, i.e., had a color confusion index (CCI) of 1.0 or 
made no major errors on both the Farnsworth (D15) and Lanthony (D15d) color vision tests. The 
high proportion of perfect scores limited the ability to detect quantitative differences in CCI among 
exposure groups. A high proportion of perfect scores on these color vision tests is consistent with 
what has been reported in several other recent reports and reviews (Schaper et al., 2004; Castillo et 
al., 2001; Gong et al., 2003; Iregren et al., 2002; Lomax et al., 2004; Geller and Hudnell, 1997; 
Good et al., 2005). The color vision tests administered were therefore not sufficient to reliably 
quantify differences in CCI, and parametric analyses were not appropriate for evaluating differences 
in CCI across groups. Hence, non-parametric statistical analyses were applied to assess differences 
in CCI among adults, children, and child-adult pairs across exposure categories. An additional 
measure of color vision test performance, whether or not major error(s) (an inversion of at least two 
caps) were made, was also determined for each participant and used in exploratory trend and in 
logistic regression analyses as the dependent variable. 

Spearman correlations indicated that no measure of perc exposure was positively significantly 
associated with CCI or making major error(s) on either color vision test among adults or children. 
Some socioeconomic and personal characteristics were consistently significantly associated with 
higher CCIs and with committing major error(s) on one or both color vision tests. For example, 
lower household income (adults only), minority race/ethnicity (i.e., not non-Hispanic White) (adults 
only), fewer years of education, and younger age (children only) and shorter residence duration 
(children only) were each significantly associated with increased CCI on the Lanthony (D15d) 
among adults and/or children. Younger age, fewer years of school, and shorter residence duration 
were significantly or nearly significantly associated with making major error(s) on the Lanthony 
(D15d) test among children. We know of no other reports demonstrating that color vision test 
performance is significantly negatively associated with younger age among children in the age 
range tested here (e.g., 7–15 years of age). Nor do we know of other reports demonstrating a 
significant association between race/ethnicity or income on color vision test performance among 
either adults or children. Given these significant observations, race/ethnicity, income, age, and 
years of education were considered confounders of color vision test performance in our analyses 
and should be considered as such by other investigators. 

Exploratory trend analyses found no significant effect of increasing residential perc exposure on 
proportions of participants not making major error(s) among all adults and children, or among 
adults and children stratified by race/ethnicity or income. This is consistent with logistic regression 
(adjusted for socioeconomic characteristics and other factors) which indicated that no measure of 
perc exposure significantly increased commission of major errors on either color vision test among 
adults or children. The logistic regression appeared to suggest, in fact, that increasing perc 
exposure was associated with significantly decreased odds for making major error(s) for both adults 
and children. As it appears unlikely that perc exposure would improve color vision test 
performance, these findings appear to be spurious. 

Paired analysis of mean differences in CCI between children and adults residing in the same 
household (child-adult pairs) seems to have suggested a significant effect of perc exposure on 
children’s Lanthony (D15d) test CCI. However, confidence that perc exposures were responsible 
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for this observation is weakened by the possible confounding influence of age on children’s CCI in 
these analyses. Children in the highest exposure category were about a year younger (mean age 9.8 
years) than children in the < 100 µg/m3 (mean age 10.9 years) and reference (mean age 11.2 years) 
categories (cf., Table A–2b). Additionally, the apparently significantly decreased mean child-adult 
difference was likely influenced by the low adult CCIs in the highest exposure group. Median adult 
CCI value was 1.0 which is at the lower end of median values of 1.0–1.2 reported by other 
investigators for reference populations (cf., Table 10). A higher median CCI value for adults would 
have decreased the difference between adults and children in this study. 

Comparison of Lanthony (D15d) CCIs found here with CCIs reported for other populations not 
exposed to perc or other solvents supports the conclusion that color vision test performance was not 
influenced by perc exposure in this study (cf., Table A–10). Median CCIs for reference, lower 
exposure (< 100 µg/m3 perc), and higher exposure (> 100 µg/m3 perc) adults were 1.00, 1.06, and 
1.00, respectively. These medians are within or even below the range of medians for adult 
reference populations (Iregren et al., 2002; Lomax et al., 2004), and for controls in 15 studies 
assessing the influence of toluene, styrene, or mixed solvents on Lanthony (D15d) color vision 
(Paramei et al., 2004). For children, median CCIs for reference, lower exposure (< 100 µg/m3 

perc), and higher exposure (> 100 µg/m3 perc) were 1.10, 1.00, and 1.16, respectively. These CCI 
values are actually slightly lower than the median CCI values of 1.22 and 1.26 observed among a 
group of unexposed children of the same age (NYS DOH, 2005). 

Interpretation of the study results presented here as indicating that perc exposure (at the levels 
found) did not influence color vision test performance is not inconsistent with other reports of the 
effect of perc on color vision. A recent comprehensive review summarized and evaluated the 
published scientific literature (Nakatsuka et al., 1992; Cavalleri et al., 1994; Gobba et al., 1998; 
Schreiber et al., 2002) relating altered color discrimination to perc exposure and concluded that 
“there is so little information on the effects of tetrachloroethylene on color discrimination that no 
reliable conclusions can be drawn” (Lomax et al., 2004). Nor are these results inconsistent with the 
findings of a NYS DOH study of 17, 8–10 year old children who had been exposed to about 1800– 
400 µg/m3 perc while attending a day care center when they were about 4–5 years old (NYS DOH, 
2005). Color vision among these children did not differ significantly from color vision of 17 age-
and gender matched children who had never been exposed to perc. 

STRENGTHS/LIMITATIONS 

Strengths. A strength of this study was that several previously unidentified confounding influences 
on color vision test performance were identified and also included in analyses of the effect of perc 
exposure on the odds for making color vision test errors. In particular, among adults, minority 
race/ethnicity and lower income significantly influenced color vision test performance. Among 
children, younger age and the related characteristics of shorter residence duration and fewer years of 
school significantly influenced color vision test performance. Recognition of the influence of these 
socioeconomic and personal characteristics on color vision test performance led to more defensible 
assessment of the possible relationship(s) between perc exposure and color vision test performance 
in the study population. Adjustment for these, and other potential confounding variables (e.g., 
tobacco and alcohol use), in logistic regression analyses contributed confidence to the finding that 
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increased perc exposure did not increase the odds for making major error(s) on the Lanthony 
(D15d) test. 

Another strength of this study is that individual levels of perc in each participant’s exhaled breath 
and blood, as well as in their indoor air, were obtained and evaluated for their relationship with 
color vision test performance. The observation that no measure of internal perc exposure of either 
adults or children significantly increased the adjusted odds for making major error(s) on the 
Lanthony (D15d), contributes confidence to the conclusion that, in this study, increased perc 
exposures did not adversely influence color vision test performance. 

Another strength of this study was that adults and children residing in the same household (child­
adult pairs) were enrolled. Enrollment of child-adult pairs was intended to allow for an evaluation 
of whether children were more vulnerable than adults to equivalent residential indoor air perc 
exposures. Paired analyses of differences in CCI between matched children and adults suggested 
that children’s Lanthony (D15d) test performance was more affected than adults by increasing perc 
exposure. This observation encouraged further review of the possible effect of perc exposure on 
children’s Lanthony (D15d) test performance in the context of other data in the scientific literature. 
Comparison of CCI values of the matched adults in the study population with CCIs of other 
unexposed adults supported the conclusion that their CCIs were in the lower range of what has been 
observed among unexposed adults. Thus, the greater difference in CCIs observed among the 
highest exposed child-adult pairs was most likely due to better adult test performance rather than 
worse child test performance, and was consistent with other negative study findings (e.g., no 
significant decreasing trend; no significantly increased odds for making error(s)). 

Finally, in this study the color vision testing environment was well controlled and potential 
confounders were assessed in analyses. Participants were administered the color vision tests in an 
ophthalmology research clinic where testing conditions were consistent, well controlled, and in 
accordance with test manufacturer recommendations. Test administrators were “masked” to 
participants’ perc exposures, and test administrators able to speak Spanish conducted testing of 
participants for whom Spanish was preferred. Also, participants with optical or other medical 
conditions known to influence color vision, or with other exposures that could possibly influence 
color vision were excluded. Information on numerous socioeconomic and personal characteristics 
known to influence neurobehavioral function and/or testing was obtained and included in analyses. 
Thus, in this study color vision test performance was most likely accurately assessed, and despite 
limitations in the color vision tests administered to assess the full range of color vision, there is 
confidence in the conclusion that increased perc exposure did not adversely influence color vision. 

Limitations. Interpretation of the results reported here is limited by the nature of the outcome 
variable. It was not possible to assess quantitative differences in CCI associated with perc 
exposures, as planned, because high proportions of participants scored as well as possible on the 
color vision tests (i.e., had CCI=1.0). Instead, differences in performance on the color vision tests 
administered, rather than differences in CCI, were assessed by categorizing each participant’s 
performance according to whether major errors were made or not. The relationship between this 
measure of color vision test performance and CCI is unknown. Thus, the observation that perc 
exposure did not increase the proportions of individuals making major errors or the odds for making 
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major errors on the color vision tests administered cannot necessarily be interpreted as indicating 
that color vision was unaffected. 

Another possible limitation associated with the outcome variable is that color vision was assessed 
binocularly, rather than monocularly. Some investigators have argued that eyes can respond 
differently to toxicants and that color vision should therefore be assessed for each individual eye. 
By testing color vision binocularly, possible effects of perc exposure on color vision by an affected 
eye may have been masked by good performance of the other eye. 
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Appendix 1, Figure A-1. CCI values for the Farnsworth test for (a) adults and (b) children, 
and for the Lanthony test for (c) adults and (d) children. 
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Appendix 1, Table A–1. Number of Adult and Child Residents and Child-Adult Pairs 
Completing Color Vision Tests. 

Reference 
Buildings 

Onsite Dry Cleaner 
Buildings 

< 100 µµµµg/m3 > 100 µµµµg/m3 

Adults 
Enrolled 

- did not visit clinic 
- less than 1 year at residence 
- part-time resident 
- medical condition 
- eye condition 
- high VOCs in residence 

Completed some or all vision tests 
- color-blind 
- Farnsworth results lost 

Completed Farnsworth (D15) 
Completed Lanthony (D15d) 

Children 
Enrolled 

- did not visit clinic 
- less than 1 year at residence 
- part-time resident 
- autism 
- ADHD/learning disability 
- <6 years old 
- low attention 
- eye condition 
- high VOCs in residence 
- did not finish (per request) 

Completed some or all vision tests 
- color-blind 
- Lathony not taken (Farnsworth 

difficult) 
Completed Farnsworth (D15) 
Completed Lanthony (D15d) 

Child-Adult Pairs 
Farnsworth (D15) 
Lanthony (D15d) 

60 
7 
0 
0 
2 
2 
0 
49 
0 
0 
49 
49 

71 
8 
0 
0 
0 
3 
2 
1 
0 
0 
1 
56 
1 
4 

55 
51 

48 
44 

48 19 
2 
1 
0 
1 
0 
1 

4 
0 
1 
1 
0 
1 

43 12 
1 
1 

0 
0 

41 12 
42 12 

49 18 
3 
2 
0 
0 
3 
1 
0 
1 
0 
0 

1 
0 
2 
1 
0 
2 
0 
0 
1 
0 

39 11 
0 
9 

0 
1 

39 11 
30 10 

36 10 
28 9 
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Appendix 1, Table A–2a. Demographic and Socioeconomic Characteristics – Participants with Farnsworth Results. 

Individual Participants Child-Adult Pairs 

Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 

< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Households 
Race/ethnicity * 

Minority a 

Non-Minority b 

Other c 

No Response 
Annual Income * 

< $30,000 
$30,000– $60,000 
> $60,000 
No Response 

Individual Participants 
Adults 

Age (yrs ± std. dev.) * 
Gender (female) 
Currently Employed 
Residence Duration (yrs ± std. dev.) 
Years of Education (yrs ± std. dev.) 

Smoking Category 
Non-Smoker 
Former Smoker 
Current Smoker 
No Response 

Alcohol Use * 
Does not Drink 
2 or less drinks/wk 
3 or more drink/wk 
No Response 

Children 
Age (yrs ±std) 
Gender (female) 
Residence Duration (yrs ± std. dev.) 
Years of Education (yrs ± std. dev.) 

n=55 

25 (45.5%) 
28 (50.9%) 

2 (3.6%) 
– 

20 (36.4%) 
7 (12.7%) 

27 (49.1%) 
1 (1.8%) 

n=49 
44.3 ± 7.8 a 

42 (85.7%) 
34 (69.4%) 
9.7 ± 6.8 

15.6 ± 3.1 a 

23 (46.9%) 
16 (32.7%) 
9 (18.4%) 
1 (2.0%) 

16 (32.7%) 
20 (40.8%) 
12 (24.5%) 

1 (2.0%) 

n=55 
10.8 ± 2.9 
25 (45.5%) 
8.4 ± 3.7 
4.8 ± 2.9 

n=44 n=13 

10 (22.7%) 9 (69.2%) 
27 (61.4%) 3 (23.1%) 
7 (15.9%) 1 (7.7%) 

– – 

6 (13.6%) 5 (38.5%) 
7 (15.9%) 3 (23.1%) 

26 (59.13%) 2 (15.4%) 
5 (11.4%) 3 (27.3%) 

n=41 n=12 
44.4 ± 6.0 a 35.0 ± 9.5 b 

32 (78.1%) 9 (75.0%) 
27 (65.9%) 8 (66.7%) 
10.5 ± 8.0 9.7 ± 7.6 

16.0 ± 2.8 a 12.3 ± 4.6 b 

18 (43.9%) 7 (58.3%) 
18 (43.9%) 2 (16.7%) 

4 (9.8%) 3 (25.0%) 
1 (2.4%) – 

9 (21.9%) 5 (41.7%) 
14 (34.2%) 7 (58.3%) 
18 (43.9%) – 

– – 

n=39 n=11 
10.4 ± .27 9.5 ± 2.4 
22 (56.4%) 6 (54.6%) 
8.5 ± 3.2 7.0 ± 3.2 
4.6 ± 2.6 3.7 ± 2.4 

n=46 

17 (37.0%) 
27 (58.7%) 

2 (4.4%) 
– 

13 (28.3%) 
7 (15.2%) 

25 (54.4%) 
1 (2.2%) 

n=48 
44.1 ± 8.1 a 

41 (85.4%) 
33 (68.8%) 
10.1 ± 6.7 

15.5 ± 3.1 a 

23 (47.9%) 
15 (31.3%) 
9 (18.8%) 
1 (2.1%) 

17 (35.4%) 
18 (37.5%) 
12 (25.0%) 

1 (2.1%) 

n=48 
10.8 ± 2.9 
22 (45.8%) 
8.3 ± 3.6 
4.8 ± 3.0 

n=34 n=9 

9 (26.5%) 5 (55.6%) 
18 (52.9%) 3 (33.3%) 
7 (20.6%) 1 (11.1%) 

– – 

5 (14.7%) 4 (44.4%) 
7 (20.6%) 1 (11.1%) 

19 (55.9%) 2 (22.2%) 
3 (8.8%) 2 (22.2%) 

n=36 n=10 
44.8 ± 5.9 a 35.4 ± 10.3 b 

29 (80.6%) 6 (60.0%) 
25 (69.4%) 7 (70.0%) 
11.8 ± 7.8 10.9 ± 7.7 

15.8 ± 3.1 a 12.0 ± 5.2 b 

13 (36.1%) 7 (70.0%) 
18 (50.0%) 1 (10.0%) 
4 (11.1%) 2 (20.0%) 
1 (2.8%) – 

9 (25.0%) 4 (40.0%) 
13 (36.1%) 6 (60.0%) 
14 (38.9%) – 

– – 

n=36 n=10 
10.2 ± 2.7 9.5 ± 2.6 
20 (55.6%) 5 (50.0%) 
8.6 ± 3.0 7.0 ± 3.4 
4.4 ± 2.6 3.7 ± 2.5 

a African-American, Hispanic, or either in combination with another race; b non-Hispanic White; c excluded from race/ethnicity analyses. 
* significant difference detected at � =0.05; means with the same letter are not significantly different. 
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Appendix 1, Table A–2b. Demographic and Socioeconomic Characteristics – Participants with Lanthony Results. 

Individual Participants Child-Adult Pairs 

Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Households 
Race/ethnicity * 

Minority a 

Non-Minority b 

Other c 

No Response 
Annual Income * 

< $30,000 

$30,000–$60,000 
> $60,000 
No Response 

Individual Participants 
Adults 

Age (yrs ± std. dev.) * 
Gender (female) 
Currently Employed 
Residence Duration (yrs ± std. dev.) 
Years of Education (yrs ± std. dev.) * 

Smoking Category 
Non-Smoker 
Former Smoker 
Current Smoker 
No Response 

Alcohol Use * 
Does not Drink 
2 or less drinks/wk 
3 or more drink/wk 
No Response 

Children 
Age (yrs ±std) 
Gender (female) 
Residence Duration (yrs ± std. dev.) 
Years of Education (yrs ± std. dev.) 

n=55 

25 (45.5%) 
28 (50.9%) 

2 (5.6%) 
– 

20 (36.4%) 
7 (12.7%) 

27 (49.1%) 
1 (1.9%) 

n=49 
44.3 ± 7.8 a 

42 (85.7%) 
34 (69.4%) 
9.7 ± 6.8 

15.6 ± 3.1 a 

23 (46.9%) 
16 (32.7%) 
9 (18.4%) 
1 (2.0%) 

16 (32.7%) 
20 (40.8%) 
12 (24.5%) 

1 (2.0%) 

n=51 
11.1 ± 2.8 
24 (47.1%) 
8.7 ± 3.6 
5.1 ± 2.8 

n=44 n=13 

10 (22.7%) 9 (69.2%) 
27 (61.4%) 3 (23.1%) 
7 (15.9%) 1 (7.7%) 

– – 

6 (13.6%) 5 (38.5%) 
7 (15.9%) 3 (23.1%) 

26 (59.1%) 2 (15.4%) 
5 (11.4%) 3 (23.1%) 

n=42 n=12 
44.5 ± 5.9 a 35.0 ± 9.5 b 

33 (78.6%) 9 (75.0%) 
28 (66.7%) 8 (66.7%) 
10.7 ± 7.9 9.7 ± 7.6 

16.0 ± 2.8 a 12.3 ± 4.6 b 

19 (45.2%) 7 (58.3%) 
18 (42.9%) 2 (16.7%) 

4 (9.5%) 3 (25.0%) 
1 (2.4%) – 

9 (21.4%) 5 (41.7%) 
15 (35.7%) 7 (58.3%) 
18 (42.9%) – 

– – 

n=30 n=10 
11.0 ± 2.6 9.7 ± 2.4 
16 (53.3%) 6 (60.0%) 
8.9 ± 3.4 7.0 ± 3.4 
5.2 ± 2.4 4.0 ± 2.3 

n=42 

17 (40.5%) 
23 (54.8%) 

2 (4.8%) 
– 

13 (31.0%) 
7 (16.7%) 

21 (50.0%) 
1 (2.4%) 

n=44 
44.1 ± 8.5 a 

37 (84.1%) 
29 (65.9%) 
10.6 ± 6.8 

15.6 ± 3.1 a 

22 (50.0%) 
14 (31.8%) 
7 (15.9%) 
1 (2.3%) 

17 (38.6%) 
17 (38.6%) 
9 (20.5%) 
1 (2.3%) 

n=44 
11.2 ± 2.8 
21 (47.7%) 
8.6 ± 3.5 
5.2 ± 2.8 

n=26 n=8 

7 (26.9%) 5 (62.5%) 
15 (5.0%) 3 (37.5%) 
6 (23.1%) – 

– – 

5 (19.2%) 4 (50.0%) 
6 (23.1%) 1 (12.5%) 

14 (53.9%) 1 (12.5%) 
1 (3.9%) 2 (25.0%) 

n=28 n=9 
44.8 ± 6.3 a 34.1 ± 10.1 b 

23 (82.1%) 6 (66.7%) 
23 (82.1%) 6 (66.7%) 
11.2 ± 6.0 10.9 ± 8.2 

15.6 ± 3.3 a 11.4 ± 5.2 b 

13 (46.4%) 6 (66.7%) 
14 (50.0%) 1 (11.1%) 

1 (3.6%) 2 (22.2%) 
– – 

7 (25.0%) 4 (44.4%) 
9 (32.1%) 5 (55.6%) 

12 (42.9%) – 
– – 

n=28 n=9 
10.9 ± 2.6 9.8 ± 2.6 
15 (53.6%) 5 (55.6%) 
9.1 ± 3.2 7.0 ± 3.6 
5.1 ± 2.5 4.0 ± 2.4 

a African-American, Hispanic, or either in combination with another race; b non-Hispanic White; c excluded from race/ethnicity analyses. 
* significant difference detected at �=0.05; Means with the same letter are not significantly different. 
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Appendix 1, Table A–3a. Perc and VOC Exposures – Participants with Farnsworth Results. 

Adult Participants Child Participants 
Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Perc 
Indoor Air (µµµµg/m3) 

Geometric Mean * 
Median 
25th and 75th percentile 

Alveolar Breath (µµµµg/m3) 
Taken at home 
Geometric Mean * 
Median 
25th and 75th percentile 

Taken at clinic 
Geometric Mean * 
Median 
25th and 75th percentile 

Blood (µµµµg/L) 
Geometric Mean * 
Median 
25th and 75th percentile 

n=49 
2.9 c 

2.3 
1.5–4.2 

n=44 
4.6 c 

5.0 
2.3–8.5 

n=36 
4.8 c 

5.6 
2.6–7.9 

n=39 
0.05 c 

0.05 
0.02–0.08 

n=41 n=12 
11.3 b 477.9 a 

12.5 375.9 
4.3–38.9 268.9–735.3 

n=36 n=12 
18.8 b 141.4 a 

17.5 172.3 
10.2–30.5 92.6–213.9 

n=36 n=11 
13.3 b 70.2 a 

12.5 57.3 
7.9–24.9 48.3–114.5 

n=37 n=11 
0.12 b 1.3 a 

0.12 1.30 
0.08–0.21 0.53–1.90 

n=55 
3.2 z 

2.4 
1.6–4.5 

n=49 
3.7 z 

3.8 
1.9–6.1 

n=39 
3.1 z 

3.2 
2.0–4.9 

n=32 
0.04 z 

0.02 
0.02–0.05 

n=39 n=11 
12.4 y 335.8 x 

12.5 337.5 
4.3–44.3 215.0–699.5 

n=35 n=9 
12.2 y 159.5 x 

14.3 176.5 
5.2–25.4 128.6–192.5 

n=36 n=10 
8.2 y 50.0 x 

8.1 55.3 
4.2–14.5 23.0–64.5 

n=28 n=7 
0.11 y 0.51 x 

0.11 0.57 
0.07–0.16 0.37–0.89 

* significantly difference at �=0.05; means with the same letter are not significantly different. 
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Appendix 1, Table A–3b. Perc and VOC Exposure – Child-Adult Pairs with Farnsworth Results. 

Adult Participants Child Participants 

Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Perc 
Indoor Air (µµµµg/m3) 

Geometric Mean * 
Median 
25th and 75th percentile 

Alveolar Breath (µµµµg/m3) 
Taken at home 
Geometric Mean * 
Median 
25th and 75th percentile 

Taken at clinic 
Geometric Mean * 
Median 
25th and 75th percentile 

Blood (µµµµg/L) 
Geometric Mean * 
Median 
25th and 75th percentile 

n=48 
3.0 c 

2.5 
1.6–4.3 

n=42 
4.8 c 

5.0 
2.4–8.5 

n=37 
4.7 c 

5.5 
2.4–7.1 

n=39 
0.05 c 

0.02 
0.02–0.08 

n=36 n=10 
11.9 b 351.1 a 

12.5 344.7 
3.8–43.2 215.5–699.5 

n=31 n=10 
19.1 b 129.2 a 

18.8 137.3 
10.8–27.8 102.2–183.5 

n=33 n=9 
13.4 b 44.8 a 

12.1 54.0 
8.7–24.8 48.3–57.3 

n=33 n=9 
0.13 b 0.73 a 

0.12 0.58 
0.07–0.27 0.53–1.30 

n=48 
3.0 z 

2.5 
1.6–4.3 

n=44 
3.8 Z 

3.9 
2.1–6.4 

n=33 
3.2 Z 

3.2 
2.1–4.9 

n=28 
0.04 z 

0.02 
0.02–0.05 

n=36 n=10 
11.9 y 351.1 x 

12.5 344.7 
3.8–43.2 215.5–699.5 

n=34 n=9 
12.0 y 159.5 x 

14.0 176.4 
5.2–25.4 128.6–192.5 

n=34 n=9 
8.2 y 55.8 x 

8.1 58.4 
3.8–15.3 33.1–64.5 

n=25 n=6 
0.11 y 0.50 x 

0.11 0.55 
0.07–0.16 0.37–0.89 

* significantly difference at �=0.05; Means with the same letter are not significantly different. 
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Appendix 1, Table A–4a. Perc and VOC exposures – Participants with Lanthony Results. 

Adult Participants Child Participants 

Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Perc 
Indoor Air (µµµµg/m3) 

Geometric Mean * 
Median 
25th and 75th percentile 

Alveolar Breath (µµµµg/m3) 
Taken at home 
Geometric Mean * 
Median 
25th and 75th percentile 

Taken at clinic 
Geometric Mean * 
Median 
25th and 75th percentile 

Blood (µµµµg/L) 
Geometric Mean * 
Median 
25th and 75th percentile 

n=49 
2.9 c 

2.3 
1.5–4.2 

n=44 
4.6 c 

5.0 
2.3–8.5 

n=36 
4.6 c 

5.6 
2.6–7.9 

n=39 
0.05 c 

0.05 
0.05–0.08 

n=42 n=12 
11.1 b 477.9 a 

12.3 375.9 
4.3–38.9 268.9–735.3 

n=36 n=12 
18.8 b 141.4 a 

17.5 175.3 
10.2–30.5 92.6–213.9 

n=36 n=11 
13.3 b 70.2 a 

12.5 57.3 
7.9–24.9 48.3–114.5 

n=38 n=11 
0.13 b 1.28 a 

0.12 1.3 
0.08–0.21 0.53–1.9 

n=51 
3.1 z 

2.3 
1.6–4.2 

n=46 
3.5 z 

3.6 
1.9–6.1 

n=35 
2.9 z 

2.9 
2.0–4.4 

n=29 
0.04 z 

0.02 
0.02–0.05 

n=30 n=10 
12.7 y 330.0 x 

13.6 329.9 
4.3–44.3 215.0–382.3 

n=26 n=8 
13.8 y 157.5 x 

17.0 160.2 
8.2–26.1 107.0–382.3 

n=27 n=9 
9.1 y 43.1 x 

8.6 52.1 
3.8–16.8 23.0–59.6 

n=25 n=7 
0.10 y 0.51 x 

0.11 0.57 
0.07–0.13 0.37–0.89 

* significantly difference at �=0.05; means with the same letter are not significantly different. 

78 



Appendix 1, Table A–4b. Perc and VOC Exposure – Child-Adult Pairs with Lanthony Results. 

Adult Participants Child Participants 

Reference 
Buildings 

Onsite Dry Cleaner Buildings Reference 
Buildings 

Onsite Dry Cleaner Buildings 
< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Perc 
Indoor Air (µµµµg/m3) 

Geometric Mean * 
Median 
25th and 75th percentile 

Alveolar Breath (µµµµg/m3) 
Taken at home 
Geometric Mean * 
Median 
25th and 75th percentile 

Taken at clinic 
Geometric Mean * 
Median 
25th and 75th percentile 

Blood (µµµµg/L) 
Geometric Mean * 
Median 
25th and 75th percentile 

n=44 
2.9 c 

2.4 
1.6–4.0 

n=38 
4.4 c 

4.9 
2.2–6.9 

n=32 
4.3 c 

4.2 
2.3–7.0 

n=35 
0.04 c 

0.02 
0.02–0.07 

n=28 n=9 
11.6 b 346.1 a 

12.3 337.5 
3.8–43.2 215.5–669.5 

n=22 n=9 
21.2 b 132.6 a 

21.7 165.7 
13.2–27.8 108.8–183.5 

n=25 n=9 
14.9 b 44.8 a 

12.9 54.0 
9.3–24.9 48.3–57.3 

n=27 n=8 
0.14 b 0.93 a 

0.13 0.89 
0.07–0.29 0.53–1.40 

n=44 
2.9 z 

2.4 
1.6–4.0 

n=41 
3.7 z 

3.6 
1.9–6.3 

n=29 
2.8 z 

2.9 
2.0–4.4 

n=25 
0.04 z 

0.02 
0.02–0.05 

n=28 n=9 
11.6 y 346.1 x 

12.3 337.5 
3.8–43.2 215.5–669.5 

n=25 n=8 
13.7 y 157.5 x 

16.2 160.2 
8.2–26.1 107.0–382.3 

n=26 n=8 
9.0 y 47.9 x 

8.5 55.3 
3.8–16.8 28.1–62.1 

n=23 n=6 
0.09 y 0.50 x 

0.11 0.55 
0.06–0.13 0.37–0.89 

* significantly difference at �=0.05; means with the same letter are not significantly different. 
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Appendix 1, Table A–5. Correlations for Residents of Reference Buildings – Socioeconomic 
Factors, Personal Characteristics, Color Vision. 

N 

Farnsworth (D15) 

CCI Major Error N 

Lanthony (D15d) 

CCI Major Error 
Adults 
Annual Income 
Race/Ethnicity 
Years of School 
Years at Residence 
Age 
Drinks/week 
Cigarettes/day 
Blood lead level 
Blood mercury level 
VOC index 

Children 
Annual Income 
Race/Ethnicity 
Years of School 
Years at Residence 
Age 
Blood lead level 
Blood mercury level 
VOC index 

48 

49 

49 

49 

49 

48 

48 

40 

40 

35 

41 

42 

42 

42 

42 

26 

22 

42 

-0.40 * -0.14 

0.36 * 0.17 

-0.28 ** -0.18 

0.20 0.10 

-0.10 -0.19 

-0.18 -0.18 

-0.11 -0.14 

-0.09 

-0.11 

0.17 0.17 

-0.05 -0.22 

0.05 0.23 

-0.41 * -0.25 ** 

-0.28 * -0.28 * 

-0.40 * -0.27 ** 

0.14 -0.11 

-0.42 * -0.25 

0.14 0.03 

--

--

48 

49 

49 

49 

49 

48 

48 

40 

40 

35 

38 

39 

39 

39 

39 

24 

20 

39 

-0.47 * -0.47 * 

0.45 * 0.42 * 

-0.34 * -0.43 * 

0.00 0.22 

-0.28 ** -0.17 

-0.20 -0.10 

0.10 0.05 

-0.08 -0.01 

-0.22 -0.38 * 

0.07 0.19 

-0.24 ** -0.10 

0.32 * 0.15 

-0.51 * -0.37 * 

-0.26 ** -0.25 ** 

-0.46 * -0.31* 

0.13 0.08 

-0.26 -0.24 

-0.16 -0.21 

* nearly statistically significant (p < 0.10). 
** statistically significant (p < 0.05). 
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Appendix 1, Table A–6.	 Spearman Correlation Coefficients between Color Vision 
Measurements and Perc Exposures for Residents in Reference 
Buildings or Onsite Dry Cleaner Buildings. 

Farnsworth (D15) Lanthony (D15d) 

N CCI Major 
Error N CCI Major 

Error 
Adults 
Indoor Air 112 -0.27 ** -0.12 113 -0.14 -0.17 
Exhaled Breath at Home 102 -0.26 ** 0.03 102 -0.01 -0.11 
Exhaled Breath at Clinic 91 -0.23 ** 0.07 91 -0.09 -0.17 
Blood at Clinic 96 -0.14 0.05 97 -0.10 -0.14 

Children 
Indoor Air 113 -0.02 -0.13 99 -0.11 -0.08 
Exhaled Breath at Home 100 0.02 -0.08 87 -0.16 -0.07 
Exhaled Breath at Clinic 93 0.03 -0.05 79 0.01 0.12 
Blood at Clinic 70 0.05 0.03 64 -0.21* -0.29 ** 

* nearly statistically significant (p < 0.10). 
** statistically significant (p < 0.05). 
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Appendix 1, Table A–7.	 Significance of Decreasing Trend (Cochran-Armitage Exact Trend Test) in Percent of Residents of 
Buildings With or Without a Dry Cleaner (Indoor Air Perc < 100 µµµµg/m3 or > 100 µµµµg/m3) Making No 
Major Errors. 

Percent with Maximum Score 

Adult Residents Child Residents 

Reference 
Buildings 

Onsite Dry 
Cleaner Buildings p Reference 

Buildings 

Onsite Dry 
Cleaner Buildings p 

< 100 µµµµg/m3 > 100 µµµµg/m3 < 100 µµµµg/m3 > 100 µµµµg/m3 

Farnsworth 97.8 
(n=49) 

95.1 
(n=41) 

100.0 
(n=12) 0.47 89.1 

(n=55) 
89.7 

(n=39) 
90.9 

(n=11) 0.57 

Lanthony 77.6 
(n=49) 

85.7 
(n=42) 

75.0 
(n=12) 0.62 56.9 

(n=51) 
80.0 

(n=30) 
50.0 

(n=10) 0.75 

Stratified by Race/ethnicity 

Non-
Minority Farnsworth 100.0 

(n=28) 
95.8 

(n=24) 
100.0 
(n=3) 0.22 96.3 

(n=27) 
95.2 

(n=21) 
100.0 
(n=3) 0.53 

Minority Farnsworth 94.7 
(n=19) 

90.0 
(n=10) 

100.0 
(n=8) 0.64 80.8 

(n=26) 
72.7 

(n=11) 
85.7 
(n=7) 0.52 

Non-
Minority Lanthony 92.9 

(n=28) 
92.0 

(n=25) 
100.0 
(n=3) 0.57 65.2 

(n=23) 
80.0 

(n=15) 
66.7 
(n=3) 0.73 

Minority Lanthony 52.6 
(n=19) 

60.0 
(n=10) 

62.5 
(n=8) 0.70 50.0 

(n=26) 
77.8 
(n=9) 

42.9 
(n=7) 0.57 

Stratified by Income 

Non-low 
Income Farnsworth 100.0 

(n=34) 
96.7 

(n=30) 
100.0 
(n=4) 0.23 93.8 

(n=32) 
93.1 

(n=29) 
100.0 
(n=4) 0.59 

Low Income Farnsworth 92.9 
(n=14) 

83.3 
(n=6) 

100.0 
(n=5) 0.60 81.8 

(n=22) 
66.7 
(n=6) 

100.0 
(n=5) 0.71 

Non-low 
Income Lanthony 88.2 

(n=34) 
96.8 

(n=31) 
75.0 
(n=4) 0.61 64.3 

(n=28) 
86.4 

(n=22) 
100.0 
(n=3) 0.98* 

Low Income Lanthony 50.0 
(n=14) 

50.0 
(n=6) 

60.0 
(n=5) 0.63 45.5 

(n=22) 
66.7 
(n=6) 

40.0 
(n=5) 0.55 

* significant increasing trend (p=0.02). 
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Appendix 1, Table A–8a. Perc Exposure Risk Factors for At least one Major Error on Color 
Vision Tests – Adult Residents of Reference or Onsite Dry Cleaner 
Buildings. 

Unadjusted Adjusted 

M
ea

su
re

 o
f P

er
c 

E
xp

os
ur

e

In
do

or
 A

ir
 P

er
c

(lo
g 

µµ µµg
/m

3 ) N OR 95% CI N OR 95% CI 

Farnsworth 90 0.388 0.022–1.990 61 --

Lanthony 91 0.902 0.447–1.681 62 0.169 ** 0.018–0.702 

B
re

at
h 

Pe
rc

 -
H

om
e

(lo
g 

µµ µµg
/m

3 ) 

N OR 95% CI N OR 95% CI 

Farnsworth 81 0.954 0.130–5.075 53 --

Lanthony 81 0.717 0.287–1.647 53 0.120 0.004–1.295 

B
re

at
h 

Pe
rc

 -
C

lin
ic

(lo
g 

µµ µµg
/m

3 ) 

N OR 95% CI N OR 95% CI 

Farnsworth 74 1.361 0.072–12.790 52 --

Lanthony 74 0.837 0.249–2.513 52 0.003 ** <0.001–0.287 

B
lo

od
 P

er
c

(lo
g 

ng
/m

L
) N OR 95% CI N OR 95% CI 

Farnsworth 77 1.288 0.076–7.608 60 --

Lanthony 78 1.076 0.385–2.663 61 0.164 0.010–1.085 

-- computationally invalid estimate.

** statistically significant decreased odds ratios (p < 0.05).

Adjusted for: race/ethnicity; income; age; smoking; alcohol use; gender; residence duration; years of

school; VOC index; blood lead; and blood mercury.

No covariates in the adjusted model were significant or nearly significant.
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Appendix 1, Table A–8b.	 Perc Exposure Risk Factors for At least one Major Error on the 
Color Vision Tests – Child Residents of Reference or Onsite Dry 
Cleaner Buildings. 

Unadjusted Adjusted 

M
ea

su
re

 o
f P

er
c 

E
xp

os
ur

e

In
do

or
 A

ir
 P

er
c

(lo
g 

µµ µµ g
/m

3 ) N OR 95% CI N OR 95% CI 

Farnsworth 98 0.435 0.114–1.167 46 --

Lanthony 86 0.693 0.369–1.231 43 0.405 * 0.116–1.157 

B
re

at
h 

Pe
rc

 -
H

om
e

(lo
g 

µµ µµg
/m

 3 ) 

N OR 95% CI N OR 95% CI 

Farnsworth 86 0.442 0.097–1.483 37 --

Lanthony 75 0.788 0.361–1.630 35 0.299 0.050–1.327 

B
re

at
h 

Pe
rc

 C
lin

ic
(lo

g 
µµ µµg

/m
 3 ) N OR 95% CI N OR 95% CI 

Farnsworth 78 0.454 0.077–2.042 37 --

Lanthony 66 1.542 0.569–4.267 34 --

B
lo

od
 P

er
c

(lo
g 

ng
/m

L
) N OR 95% CI N OR 95% CI 

Farnsworth 64 0.902 0.133–4.408 46 --

Lanthony 58 0.266 * 0.053–1.007 43 0.110 ** 0.012–0.975 

-- computationally invalid estimate. 
* nearly statistically significant decreased odds ratios (p < 0.10).

** statistically significant decreased odds ratios (p < 0.05).

Adjusted for: race/ethnicity; income; age; gender; residence duration; VOC index; blood lead;

and blood mercury.

No covariates in the adjusted model were significant, with the exception of residence duration,

which was nearly significant for the Lanthony (D15d) test in the exhaled breath at home and

blood at clinic models.


84 



Appendix 1, Table A–9. Summary of Significance of Child-Adult Differences in CCI 
(Kruskal-Wallis Test for Matched Pairs). 

Mean Difference 

P-valueReference 
Buildings 

Onsite Dry Cleaner Buildings 

< 100 µµµµg/m3 > 100 µµµµg/m3 

Farnsworth 0.02 
(n=48) 

0.00 
(n=36) 

0.03 
(n=10) 0.74 

Lanthony 0.04 
(n=44) 

-0.05 
(n=28) 

0.30* 
(n=9) <0.01 

* significant difference detected at � =0.05. 
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Appendix 1, Table A–10. Color Confusion Indices – Miscellaneous Populations. 

New York City Perc Project 

Exposure Group 
Paired Adult Binocular CCI Values Paired Child Binocular CCI Values 

Mean 
Percentiles Max 

Value Mean 
Percentiles Max 

Value 50th 90th 95th 50th 90th 95th 

Reference (n=44 pairs) 
adults 44 yrs old 
children 11 yrs old 

1.11 1.00 1.35 1.42 1.73 1.15 1.10 1.39 1.43 1.73 

< 100 �g/m3 (n=28 pairs) 
adults 45 yrs old 
children 11 yrs old 

1.14 1.06 1.20 2.04 2.04 1.09 1.00 1.25 1.32 1.71 

100 �g/m3 (n=9 pairs) 
adults 34 yrs old 
children 10 yrs old 

1.04 1.00 1.25 1.25 1.25 1.34 1.16 1.90 1.90 1.90 

Other Reference (Unexposed) Values 

Study 

Adult Monocular CCI Values Child Monocular CCI Values 

Mean 
Percentiles Max 

Value Mean 
Percentiles Max 

Value 50th 90th 95th 50th 90th 95th 

Iregren et al. (2002) 
18–65 yrs old 
(n=195) 

1.22 1.13 1.54 -- 2.35 

1.23 1.16 1.56 -- 2.37 

Lomax et al. (2004) 
36–45 yrs old 
(n=73) 

-- 1.06 1.19 1.25 --

-- 1.00 1.18 1.22 --

NYS DOH (2005) 
10 yrs old 
(n=13) 

1.30 1.22 1.74 2.06 2.06 

1.36 1.26 1.75 2.03 2.03 
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APPENDIX 2. THE FUNCTIONAL ACUITY CONTRAST TEST (F.A.C.T.) AND 
PARTICIPANT SCORES 

88




THE FUNCTIONAL ACUITY CONTRAST TEST (F.A.C.T.) 

Visual Contrast Sensitivity in this study was determined using the Functional Acuity Contrast Test 
(F.A.C.T.) distance chart (Stereo Optical Co., Inc., 1993) placed 10 feet from the participant under 
light conditions specified by the manufacturer (i.e., 68–240 cd/m2). This chart (37” x 27”) consists 
of five rows of nine different patches filled with sinusoidal gratings (parallel dark and light bars 
within a circle) oriented at +15°, 0°, or -15°. Spatial frequency (number of bars per patch; referred 
to as cycles per degree (cpd) of visual arc) is constant within rows but increases from the top to 
bottom row. Contrast of bars against background decreases within rows from left to right. At 
different spatial frequencies, different degrees of contrast are required to reach threshold visibility. 
VCS is reflected in a function which relates the threshold stimulus for spatial vision in terms of 
spatial frequency and contrast. 

For each eye, each participant was asked to indicate the orientation of bars in each patch as the test 
administrator called out each patch from left to right, row by row, beginning at the top row, left 
patch. If orientation was misidentified, the participant was instructed to view each succeeding patch 
to the left until a correct response was again obtained. Testing then proceeded to the right and the 
last patch correctly identified was taken as the contrast sensitivity score for that spatial frequency. 
This procedure was repeated for each row in descending order. Scores for each eye were recorded 
on a graph showing a normal range (90 percent confidence interval) provided by the F.A.C.T. 
manufacturer and typically used for clinical interpretation of VCS. For each participant, the 
examining ophthalmologist made a judgement as to whether or not VCS was normal or abnormal 
based on these graphs. Specific contrast values for each frequency, contrast sensitivity combination 
provided with the F.A.C.T. were recorded. 

Instructions for use of the F.A.C.T. provided by the manufacturer is reproduced here (Attachment 
1). This information includes specific procedures for testing VCS using the distance chart which 
were followed in this study (Attachment 1, pg 4-5), and F.A.C.T. Contrast Sensitivity Values 
possible for each spatial frequency (Attachment 1, pg. 17). Additional information on the use of the 
F.A.C.T. and interpretation of scores provided by the manufacturer can be obtained at 
www.contrastsensitivity.net. 

Actual VCS scores achieved by each participant are summarized in Attachment 2. 
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APPENDIX 2. ATTACHMENT 2.
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ATTACHMENT 2. INDIVIDUAL PARTICIPANT VCS SCORES 

Each participant's VCS scores can be found in the following tables. Participants have been 
grouped by whether the participant lived in a reference building or a dry cleaner building, and for 
those in dry cleaner buildings, also by whether the residence had a level of perc above or below 

100 µg/m3. 

ID is the unique identifier for the participant. The first portion of the identifier is unique for each 
household. In general, adult-child pairs have been listed in the same line. In cases where there 
were two children from a household, the adult's score has been listed with the first child. 
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Reference Buildings 

Adults Children 

CPD CPD ID 
1.5 3 6 12 18 

Eye 
ID 

1.5 3 6 12 18 
55-0001 100 160 180 120 65 L 55-0003 71 160 180 85 65 
55-0001 100 160 180 85 65 R 55-0003 71 160 180 60 65 
69-0001 50 114 90 30 8 L 69-0002 100 160 180 120 33 
69-0001 50 160 90 30 12 R 69-0002 100 160 180 120 65 
224-0001 71 80 64 11 12 L 224-0002 100 80 180 43 65 
224-0001 71 80 23 8 4 R 224-0002 100 114 128 60 65 

414-0004 100 114 180 30 17 L 414-0002 100 114 45 85 65 
414-0004 100 160 90 43 17 R 414-0002 100 80 128 30 8 
427-0001 100 160 180 85 65 L 427-0002 100 160 180 120 65 
427-0001 100 160 180 85 46 R 427-0002 100 160 180 120 65 
442-0001 100 114 180 30 12 L 442-0002 100 160 90 60 46 
442-0001 100 160 128 30 17 R 442-0002 71 114 90 30 23 
484-0003 100 114 90 30 17 L 484-0002 71 160 180 120 65 
484-0003 100 114 128 60 33 R 484-0002 71 160 128 60 65 
683-0001 100 114 180 30 23 L 683-0002 100 160 180 120 65 
683-0001 100 114 90 43 12 R 683-0002 100 160 180 120 65 

L 694-0002 50 114 128 120 33 
R 694-0002 50 80 90 120 46 

1086-0002 71 114 128 60 33 L 1086-0003 50 80 128 85 23 
1086-0002 71 114 90 15 6 R 1086-0003 50 114 128 85 33 
1492-0001 100 160 180 60 33 L 1492-0002 100 114 90 85 17 
1492-0001 50 114 180 60 33 R 1492-0002 100 114 180 43 65 
1561-0001 100 160 180 43 12 L 1561-0002 100 160 128 120 46 
1561-0001 100 114 180 60 4 R 1561-0002 71 114 128 85 65 
1596-0001 100 114 128 60 33 L 1596-0002 100 160 180 120 46 
1596-0001 71 114 128 60 46 R 1596-0002 71 160 128 120 65 
2653-0001 71 160 128 85 65 L 2653-0002 100 160 180 120 65 
2653-0001 71 160 180 85 12 R 2653-0002 100 160 128 120 65 
4524-0001 100 114 90 30 12 L 4524-0002 100 160 180 120 46 
4524-0001 100 114 180 85 33 R 4524-0002 100 114 180 85 46 
5015-0002 50 57 64 43 8 L 5015-0003 100 160 180 85 65 
5015-0002 71 57 64 30 8 R 5015-0003 100 160 180 85 65 
5194-0001 71 114 90 60 33 L 5194-0003 100 160 180 85 33 
5194-0001 50 57 90 60 33 R 5194-0003 100 160 180 120 65 
5452-0001 100 114 128 60 17 L 5452-0002 71 160 64 15 17 
5452-0001 71 114 128 60 23 R 5452-0002 100 160 180 120 12 
6401-0001 100 160 64 22 4 L 6401-0002 100 160 180 120 65 
6401-0001 71 114 128 60 8 R 6401-0002 100 160 128 120 12 
6583-0001 100 114 128 85 65 L 
6583-0001 100 114 180 60 65 R 

L 6595-0002 100 114 180 120. 
R 6595-0002 100 160 180 120 65 

6598-0001 71 114 128 43 12 L 6598-0002 100 80 64 43 33 
6598-0001 71 80 64 15 8 R 6598-0002 100 114 128 60 33 
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Reference Buildings 

Adults Children 

CPD CPD ID 
1.5 3 6 12 18 

Eye 
ID 

1.5 3 6 12 18 
L 6598-0003 100 160 128 85 65 
R 6598-0003 71 80 90 43 8 

6648-0001 100 160 128 30 17 L 6648-0002 71 114 128 85 46 
6648-0001 100 114 180 43 23 R 6648-0002 50 114 180 85 46 
7405-0001 71 114 128 60 17 L 7405-0002 71 114 128 85 33 
7405-0001 71 114 90 30 12 R 7405-0002 71 57 128 85 33 
7766-0001 100 160 180 120 65 L 7766-0002 100 114 180 120 46 
7766-0001 100 160 180 60 17 R 7766-0002 100 160 90 120 33 
7855-0001 71 160 128 60 46 L 7855-0002 71 80 180 120 33 
7855-0001 100 160 128 85 46 R 7855-0002 100 114 180 85 23 
7946-0001 100 114 90 120 65 L 7946-0002 100 160 180 120 65 
7946-0001 71 160 180 120 46 R 7946-0002 100 160 128 120 65 
10068-0001 100 80 90 30 17 L 10068-0002 100 114 180 60 46 
10068-0001 100 80 64 30 23 R 10068-0002 100 160 180 120 65 
10208-0001 100 114 64 43 17 L 10208-0002 100 80 128 85 65 
10208-0001 71 114 128 60 23 R 10208-0002 71 160 128 120 65 
10230-0001 100 160 180 85 46 L 10230-0002 100 114 180 85 46 
10230-0001 100 160 180 120 65 R 10230-0002 100 160 180 85 46 
14795-0001 100 57 128 60 17 L 14795-0002 100 160 180 120 33 
14795-0001 R 14795-0002 71 114 180 43 33 
14892-0001 100 160 180 60 12 L 14892-0002 71 114 180 120 65 
14892-0001 100 160 180 30 17 R 14892-0002 71 160 180 85 65 
15037-0001 100 114 90 30 12 L 
15037-0001 100 160 90 22 23 R 
15642-0001 71 160 128 60 33 L 15642-0002 100 160 180 120 65 
15642-0001 100 160 90 22 46 R 15642-0002 100 160 180 120 65 
15643-0001 100 114 180 85 65 L 
15643-0001 71 114 128 85 46 R 
45456-0001 100 160 180 120 46 L 45456-0002 100 160 180 85 65 
45456-0001 100 160 64 120 65 R 45456-0002 100 160 180 85 65 
45537-0001 100 160 128 85 46 L 45537-0002 100 160 180 120 65 
45537-0001 100 160 128 60 23 R 45537-0002 100 160 90 120 65 
45567-0001 71 160 180 120 65 L 45567-0002 100 160 180 43 65 
45567-0001 100 160 180 85 33 R 45567-0002 100 160 180 60 46 
45568-0001 71 114 180 85 33 L 45568-0002 100 114 180 120 46 
45568-0001 100 160 180 60 33 R 45568-0002 100 160 128 120 65 

L 45574-0003 100 114 180 120 65 
R 45574-0003 50 160 90 85 46 

45576-0001 71 57 64 30 12 L 45576-0003 100 114 180 60 65 
45576-0001 71 57 64 30 17 R 45576-0003 100 114 128 85 46 
45577-0001 100 160 180 120 65 L 45577-0002 50 114 128 85 33 
45577-0001 100 114 180 120 65 R 45577-0002 36 80 90 60 65 
45578-0001 100 160 128 120 65 L 45578-0002 100 80 64 30 65 
45578-0001 71 160 128 120 23 R 45578-0002 100 160 180 120 23 
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Reference Buildings 

Adults Children 

CPD CPD ID 
1.5 3 6 12 18 

Eye 
ID 

1.5 3 6 12 18 
L 45579-0002 100 114 180 85 33 
R 45579-0002 100 114 180 85 23 
L 45579-0003 100 160 128 120 65 
R 45579-0003 100 160 180 43 65 
L 60912-0002 100 160 180 120 33 
R 60912-0002 100 160 128 120 46 

60913-0001 100 114 180 120 65 L 60913-0002 100 160 180 120 65 
60913-0001 71 160 180 120 46 R 60913-0002 71 80 180 85 65 
60914-0001 100 160 180 85 65 L 60914-0002 100 160 180 120 46 
60914-0001 100 160 128 120 65 R 60914-0002 100 160 128 120 46 
60915-0001 100 160 180 120 46 L 60915-0003 100 160 180 120 46 
60915-0001 100 160 180 85 23 R 60915-0003 100 160 180 120 65 

L 60916-0002 100 160 128 43 33 
R 60916-0002 100 114 128 43 46 

61140-0001 100 160 180 60 46 L 61140-0002 100 160 90 85 65 
61140-0001 100 114 180 120 33 R 61140-0002 71 160 90 120 65 
61176-0001 100 160 180 120 46 L 61176-0002 100 160 180 120 65 
61176-0001 100 160 90 60 12 R 61176-0002 100 160 180 120 65 
61177-0001 100 160 128 120 46 L 61177-0002 100 80 128 85 33 
61177-0001 71 160 128 120 33 R 61177-0002 71 80 128 120 33 

L 61178-0002 100 160 180 120 65 
R 61178-0002 100 160 180 120 46 

61180-0001 100 160 90 30 17 L 61180-0002 100 114 180 120 65 
61180-0001 100 57 180 30 46 R 61180-0002 100 114 180 120 65 

L 61180-0003 100 160 180 120 65 
R 61180-0003 100 160 180 120 65 
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Dry Cleaner Buildings < 100 µµµµg/m3 

Adults Children 

CPD CPD 
ID 

1.5 3 6 12 18 

Eye 
ID 

1.5 3 6 12 18 
1338-0001 100 114 180 43 23 L 1338-0002 100 160 180 120 65 
1338-0001 100 160 180 43 12 R 1338-0002 100 160 180 120 65 
1363-0001 71 160 128 120 46 L 1363-0002 100 160 180 120 65 
1363-0001 100 160 90 30 17 R 1363-0002 71 160 90 43 65 
1401-0001 100 114 180 85 33 L 1401-0002 100 114 180 120 65 
1401-0001 100 160 128 60 8 R 1401-0002 100 160 180 120 65 

2208-0001 100 160 180 120 65 L 2208-0002 100 160 180 120 65 
2208-0001 100 160 180 120 46 R 2208-0002 100 160 180 120 65 
2217-0001 100 114 180 120 46 L 2217-0002 71 160 180 120 65 
2217-0001 100 160 128 120 33 R 2217-0002 100 160 180 60 65 
2219-0001 100 160 180 120 65 L 2219-0002 100 160 128 60 33 
2219-0001 71 160 90 85 65 R 2219-0002 100 160 128 60 12 
2359-0001 71 114 180 85 65 L 
2359-0001 71 160 180 85 33 R 
2391-0001 100 160 180 85 33 L 
2391-0001 100 80 128 85 46 R 
3208-0001 100 114 90 30 12 L 3208-0003 71 160 90 85 17 
3208-0001 100 114 90 30 12 R 3208-0003 71 80 90 60 33 
5038-0001 71 114 90 43 12 L 5038-0002 100 160 180 85 65 
5038-0001 50 114 128 60 17 R 5038-0002 100 160 128 120 65 
5840-0001 100 114 90 60 17 L 5840-0002 100 160 180 120 65 
5840-0001 71 80 64 22 8 R 5840-0002 100 160 180 120 65 
6203-0001 100 160 180 60 46 L 6203-0002 100 160 128 120 65 
6203-0001 100 114 90 85 46 R 6203-0002 71 114 180 85 65 
6236-0001 100 114 180 60 33 L 6236-0002 100 114 180 120 65 
6236-0001 71 160 128 60 33 R 6236-0002 100 160 180 85 23 
7633-0001 100 160 180 22 12 L 7633-0002 100 160 180 120 65 
7633-0001 100 160 128 120 17 R 7633-0002 100 160 180 120 65 
8450-0001 100 114 180 43 33 L 8450-0002 100 160 90 120 65 
8450-0001 100 114 128 120 17 R 8450-0002 100 160 128 120 65 
8457-0001 100 114 128 85 33 L 8457-0002 71 160 180 120 46 
8457-0001 100 80 180 85 46 R 8457-0002 100 160 90 60 65 
8484-0001 71 160 90 30 12 L 8484-0002 71 160 128 85 46 
8484-0001 71 114 180 85 23 R 8484-0002 100 160 180 120 65 
8577-0001 25 29 45 22 12 L 8577-0002 100 114 180 85 23 
8577-0001 50 40 45 15 6 R 8577-0002 100 160 128 43 33 
8776-0001 100 114 180 22 33 L 8776-0002 100 160 128 120 33 
8776-0001 71 160 90 120 23 R 8776-0002 100 114 128 120 23 
8823-0001 100 114 128 60 23 L 8823-0002 100 160 180 120 65 
8823-0001 100 160 180 85 8 R 8823-0002 100 160 180 120 65 
8840-0001 100 160 180 120 17 L 8840-0002 71 160 128 120 65 
8840-0001 100 114 128 60 33 R 8840-0002 100 160 90 120 65 
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Dry Cleaner Buildings < 100 µµµµg/m3 

Adults Children 

CPD CPD 
ID 

1.5 3 6 12 18 

Eye 
ID 

1.5 3 6 12 18 
8845-0001 100 114 90 85 33 L 8845-0002 50 114 180 120 65 
8845-0001 71 80 180 120 12 R 8845-0002 36 80 90 120 23 
8848-0001 100 114 180 60 23 L 8848-0002 36 57 64 43 23 
8848-0001 100 114 128 85 33 R 8848-0002 36 57 64 43 23 
8868-0001 71 114 90 30 23 L 
8868-0001 71 57 64 11 4 R 
9082-0001 100 114 128 85 65 L 9082-0002 100 160 180 120 65 
9082-0001 100 160 128 120 33 R 9082-0002 100 160 180 120 65 
9083-0001 100 114 180 30 23 L 9083-0002 100 80 128 120 46 
9083-0001 100 160 90 15 4 R 9083-0002 100 160 180 60 33 

L 9117-0002 100 160 128 60 46 
R 9117-0002 100 160 180 85 46 

9139-0001 100 114 90 22 4 L 9139-0002 100 160 180 85 65 
9139-0001 100 160 180 30 8 R 9139-0002 71 160 180 85 65 
10458-0001 100 114 180 85 33 L 10458-0002 50 160 128 60 65 
10458-0001 71 114 128 43 17 R 10458-0002 50 160 128 85 33 
10535-0001 100 160 180 85 65 L 10535-0002 100 114 90 60 65 
10535-0001 100 160 180 85 46 R 10535-0002 100 114 128 85 46 
11391-0001 100 160 128 60 33 L 11391-0002 100 114 180 120 65 
11391-0001 100 160 180 120 46 R 11391-0002 100 160 180 120 65 
12049-0001 71 114 128 60 33 L 
12049-0001 100 114 128 60 33 R 
12050-0001 100 160 180 85 23 L 
12050-0001 71 114 128 30 23 R 
12208-0001 71 114 180 85 65 L 12208-0002 100 160 180 85 46 
12208-0001 100 160 128 85 33 R 12208-0002 100 114 128 120 65 
12643-0001 71 160 180 85 23 L 12643-0002 50 80 128 60 65 
12643-0001 100 160 90 43 17 R 12643-0002 71 160 90 85 46 

L 13805-0002 
R 13805-0002 

13944-0001 100 160 180 120 46 L 13944-0002 100 114 180 120 46 
13944-0001 100 114 180 60 46 R 13944-0002 71 114 128 85 65 
15462-0001 100 114 128 120 65 L 15462-0002 100 160 180 60 65 
15462-0001 100 160 180 43 33 R 15462-0002 100 160 128 120 65 
15465-0001 100 160 180 120 46 L 15465-0002 100 160 180 43 46 
15465-0001 100 160 180 120 65 R 15465-0002 100 160 180 120 65 
15466-0001 100 160 128 85 65 L 15466-0002 100 160 128 60 46 
15466-0001 100 160 180 60 23 R 15466-0002 100 160 90 85 65 
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Dry Cleaner Buildings >100 µµµµg/m3 

Adults Children 

CPD CPD 
ID 

1.5 3 6 12 18 

Eye 
ID 

1.5 3 6 12 18 
669-0001 100 114 180 43 12 L 
669-0001 100 80 180 60 12 R 

L 671-0002 100 160 128 120 65 
R 671-0002 100 160 180 85 46 

2417-0001 100 114 128 43 17 L 2417-0002 100 160 180 60 46 
2417-0001 100 114 128 60 12 R 2417-0002 100 160 180 120 46 

8479-0001 L 8479-0002 71 160 128 120 23 
8479-0001 71 160 90 30 8 R 8479-0002 71 80 128 30 12 
13661-0001 100 80 64 30 12 L 13661-0002 100 160 180 60 46 
13661-0001 71 160 90 30 23 R 13661-0002 100 114 180 60 33 
13868-0001 100 114 128 120 33 L 13868-0002 100 160 128 60 65 
13868-0001 100 114 128 120 46 R 13868-0002 100 160 128 85 46 
15433-0001 50 160 90 60 23 L 
15433-0001 36 80 90 30 46 R 
15463-0001 71 160 90 85 46 L 15463-0002 71 160 128 60 65 
15463-0001 71 80 64 43 17 R 15463-0002 71 57 128 85 33 
15464-0001 100 80 128 85 33 L 15464-0002 100 160 128 120 65 
15464-0001 100 160 90 120 65 R 15464-0002 100 160 180 85 46 
15468-0001 100 160 90 85 65 L 
15468-0001 100 160 90 85 17 R 
15475-0001 71 80 128 85 33 L 15475-0002 36 57 128 60 23 
15475-0001 71 80 128 60 23 R 15475-0002 50 80 128 43 17 

L 15475-0003 71 114 90 85 65 
R 15475-0003 100 160 180 120 33 

30126-0001 100 160 180 120 65 L 30126-0002 71 160 180 60 65 
30126-0001 100 160 128 85 33 R 30126-0002 71 160 90 120 65 
45554-0001 25 57 64 30 17 L 45554-0003 71 114 128 85 46 
45554-0001 71 57 45 22 6 R 45554-0003 50 114 90 43 46 
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APPENDIX 3. EXPOSURE RESPONSE ANALYSES.
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The exposure response analyses in this report apply a method developed by Wheeler (2005) to 
model risk using the SAS procedure NLMIXED. It also uses MACRO programming language to 
estimate profile likelihood confidence intervals. 

The following SAS code was used to fit a model (modified from the original code provided by 
Wheeler, personal communication). 

%MACRO BMDLOGIT(DATA,RESULT,BKGD,CONC,ER,CL,DSN);


data _temporary_;

bkgd=&bkgd;

bkgd_lg=log10(bkgd);

CALL SYMPUT("BKGD_LG",bkgd_lg);

run;


data __one;

set &data;


run;


%LET MODEL = _ALPHA + _BDOSE*(&CONC);


ods listing close;

ods output fitstatistics = fitstatistics


ParameterEstimates=ParameterEstimates;


/*FIT THE MODEL*/

proc nlmixed data= __one;

_LINK = &MODEL;

P = 1/(1+exp(-_LINK));

p_bkgd =1/(1 + exp(-(_ALPHA + _BDOSE*(&bkgd_lg))));

BMR = &ER+(1-&ER)*p_bkgd;

_BMD = (- log(1/BMR - 1) - _ALPHA)/_BDOSE;

predict p out=pred;


CALL SYMPUT("BMD",_BMD);

CALL SYMPUT("P_bkgd",p_bkgd);

CALL SYMPUT("BMR_ER",BMR);

MODEL &RESULT ~ BINARY(P);

run;


data fitstatistics;

set fitstatistics;

format value best16.;

informat value best16.;

if (Descr = "-2 Log Likelihood");

NegLogLike = value/2;

keep value NegLogLike;
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run;

data _temp_;


set fitstatistics;

call symput("MLIKE",NegLogLike);

val = cinv(1-2*(1-&CL),1)*0.5;

call symput("CRITVAL",val);


run;


%LET ERROR = 0;

%LET CRITLIKE = &MLIKE;

%LET I = 1;

%LET BMDL = &BMD;

%LET J = 1;


/*PUT A LOWER BOUND ON THE BMD THIS IS DONE BY SLOWLY SHAVING

2% OFF THE PRESENT ESTIMATE FOR THE BMD

AFTER THIS IS FOUND WE FIND THE EXACT VALUE*/


%DO %WHILE (%SYSEVALF(&CRITLIKE - &MLIKE < &CRITVAL) AND &J <

200);


%LET FIRSTTOKEN = 1;

%LET LASTBMDL = &BMDL;

%LET BMDL = %SYSEVALF(0.96*&BMDL);


data pe; set ParameterEstimates; if(Parameter='_ALPHA')then

delete; run;


ods listing close;

ods output fitstatistics = fitstatistics


ParameterEstimates=ParameterEstimates;


proc nlmixed data= __one;

parms /data=pe;

_Z=EXP(_BDOSE*(&BMDL-&bkgd_lg));

_X=((1-&ER)*_Z - 1)/&ER;

_ALPHA = - LOG(_X)-_BDOSE*&bkgd_lg;

_LINK = &MODEL;

P = 1/(1+exp(-_LINK));

MODEL &RESULT ~ BINARY(P);

run;


ods listing;

data fitstatistics;

set fitstatistics;

format value best16.;
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informat value best16.;

if (Descr = "-2 Log Likelihood");

NegLogLike = value/2;

keep value NegLogLike;

run;


data _temp_;

set fitstatistics;

call symput("CRITLIKE",NegLogLike);


run;

%let J = %EVAL(&J + 1);


%END;


%LET TOP = &LASTBMDL;

%LET BOTTOM = &BMDL;


DATA _TEMP_;

X = ABS(&CRITLIKE - &MLIKE-&CRITVAL);

X = X<0.0001;

CALL SYMPUT("TEST",X);

RUN;


/*ZOOM IN ON THE BMDL USING A BINOMIAL HALVING SEARCH*/

%LET J = 1;

%DO %WHILE (&TEST = 0 AND &J < 20);


%LET BMDL = %SYSEVALF((&TOP+&BOTTOM)/2);

%LET FIRSTTOKEN = 1;

%PUT &BMDL;


data pe; set ParameterEstimates; if(Parameter='_ALPHA')then

delete; run;


ods listing close;

ods output fitstatistics = fitstatistics


ParameterEstimates=ParameterEstimates;


proc nlmixed data= __one;

parms /data=pe;

_Z=EXP(_BDOSE*(&BMDL-&bkgd_lg));

_X=((1-&ER)*_Z - 1)/&ER;

_ALPHA = - LOG(_X)-_BDOSE*&bkgd_lg;

_LINK = &MODEL;

P = 1/(1+exp(-_LINK));

MODEL &RESULT ~ BINARY(P);
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run;


ods listing;


data fitstatistics;

set fitstatistics;

format value best16.;

informat value best16.;

if (Descr = "-2 Log Likelihood");

NegLogLike = value/2;

keep value NegLogLike;

run;


data _temp_;

set fitstatistics;

call symput("CRITLIKE",NegLogLike);


run;


DATA _TEMP2_;

X = ABS(&CRITLIKE - &MLIKE-&CRITVAL);

X2 = X < 0.0001;

CALL SYMPUT("TEST",X2);

Z = &CRITLIKE - &MLIKE-&CRITVAL;

Z2 = Z < 0;

CALL SYMPUT("LOCALTEST",Z2);

output;

RUN;


%IF (&LOCALTEST = 1) %THEN %DO;

%LET TOP = &BMDL;


%END;

%IF (&LOCALTEST =0) %THEN %DO;

%LET BOTTOM = &BMDL;


%END;

%LET J = %EVAL(&J+1);


%END;


data BMDLOGIT&dsn;

NAME = "LOGISTIC";

BMD_LG = &BMD;

BMDL_LG = &BMDL;

MAXLIKE= 2*&MLIKE;

BKGD=&bkgd;

ER=&ER;

BMD=10**&BMD;

BMDL=10**&BMDL;


118 



P_bkgd=&p_bkgd;

BMR_ER =&BMR_ER;


RUN;


%MEND;


To invoke this macro one needs the name of the dataset (DATA), the name of the health outcome 
variable (RESULT), the level of perc considered to be 'background'(BKGD), the variable name of 
the estimated indoor air level of perc for the individual (CONC), the benchmark response or extra 
risk (ER), the desired confidence level (CL), and the name of the dataset that will contain the results 
(DSN). 

119 



APPENDIX 3. ATTACHMENT.


120 



This page intentionally left blank 

121 





















This page intentionally left blank 

131 



APPENDIX 4.	 RESPONSE TO COMMENTS ON DRAFT REPORT: EFFECT OF 
TETRACHLOROETHYLENE (PERC) EXPOSURE ON VISUAL 
CONTRAST SENSITIVITY (VCS) IN ADULTS AND CHILDREN 
RESIDING IN BUILDINGS WITH OR WITHOUT A DRY CLEANER 
(JULY 2007). 

DESCRIPTION OF EXTERNAL REVIEW PROCESS…………………………………..133 

SUMMARY OF MAJOR CHANGES IN FINAL PERC VISION 
REPORT………………………………………………………………………………………134 

RESPONSES TO REVIEWER COMMENTS……………………………………………..137 

ATTACHEMENT 1…………………………………………………………………………..176 

ATTACHMENT 2……………………………………………………………………………178 

132 



DESCRIPTION OF EXTERNAL REVIEW PROCESS 

Eight scientists (see Attachment 1) with expertise in human health risk assessment, visual 
contrast sensitivity (VCS) and color vision, neurotoxicology, ophthalmology, exposure-response 
assessment, and public health were asked to peer-review an external review draft of “Effect of 
Tetrachloroethylene (Perc) Exposure on Visual Contrast Sensitivity (VCS) Test Performance in 
Adults and Children Residing in Buildings With or Without a Dry Cleaner” dated July 2007. 
Five of the reviewers had previously reviewed the NYS DOH “Tetrachloroethene Ambient Air 
Criteria Document” (dated February 1996) and/or the “Pumpkin Patch Day Care Center 
Investigation” Public Comment Draft (dated March 1999). Two scientists were invited to 
comment because of their expertise in vision, neurotoxicology, and ophthalmology. One scientist 
with expertise in risk assessment and toxicology and representing the halogenated solvents 
industry was also invited to comment. The eight scientists were given a written peer-review 
charge (Attachment 2), and asked to provide written comments by late November 2007. 

The draft report was revised after consideration of all comments, results of additional analyses 
recommended by the peer reviewers, and new relevant scientific articles appearing between July 
2007 and July 2009. New analyses and information gathered and considered in response to 
reviewer comments generally support the conclusions of the original draft report. 

Our responses to reviewer comments and responses to Charge Questions are provided below. For 
each charge, overall summaries of reviewer comments are followed by specific individual 
comments offered by each reviewer and our specific response. 
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SUMMARY OF MAJOR CHANGES IN FINAL PERC VISION REPORT 

1.	 The report title was changed from: “Effect of Tetrachloroethylene (perc) Exposure on Visual 
Contrast Sensitivity (VCS) Test Performance in Adults and Children Residing in Buildings 
With or Without a Dry Cleaner” to: “Tetrachloroethylene (Perc) Exposure and Visual 
Contrast Sensitivity (VCS) Test Performance in Adults and Children Residing in Buildings 
With or Without a Dry Cleaner.” 

This title more appropriately reflects uncertainty in concluding that residential perc 
exposure was a causal factor in the VCS changes observed given the limitations noted 
in the final report. 

2.	 Where appropriate, more detailed explanations of how effects on VCS might indicate an 
effect in the central nervous system (CNS) were added. Also, statements are added indicating 
that the study population was selected to have at least normal VCS because of the exclusion 
criteria applied, so that it’s not surprising that as a group they tended to perform very well 
(see pp. 2, 19, 25-26 in the final report). 

3.	 Where appropriate, it is noted that multiple statistical analyses on the same exposure and 
VCS data may have increased the possibility of statistically significant observations 
occurring by chance (p. 30). However, it is also noted that multiple analyses, e.g., correlation 
and stratified trend analyses, were warranted to help identify potential factors other than perc 
exposure, e.g., age, race/ethnicity, income, that may have influenced VCS. Expanded 
rationale for various analyses are described in an expanded Data Analyses section (pp. 10­
12). 

These changes appropriately capture the way in which data were explored given the 
unexpected ceiling effect, the low number of participants with elevated perc exposures, 
and the apparent/possible confounding of elevated perc exposures with race/ethnicity 
and income. 

These changes appropriately respond to limitations in the data and analyses noted by 
several reviewers. 

These changes better explain the bases for multiple analyses and help justify 
consideration of both “nearly significant” as well as “significant” statistical results 
throughout the report. 

4.	 A discussion of sample size calculations is added to the Methods section on pages 4-5; and 
comparison with actual sample sizes achieved is added to the Results section on page 13-14. 

5.	 Appendices were added: 

Appendix 2. The Functional Acuity Contrast Test (F.A.C.T.) with Attachment 1 
(Instructions for Use. Stereo Optical Co., Inc.) and Attachment 2 (Individual Participant 
F.A.C.T. Results). 
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Appendix 3. Exposure-Response Analyses. This appendix provides a detailed 
explanation of the benchmark concentration method used. 

Appendix 4. Response to Comments on Draft Report. This appendix includes a 
summary of all reviewers’ comments and our responses. It includes Attachment 1 (Peer 
Reviewers) and Attachment 2 (Peer Reviewer Comments). 

6.	 Analyses are presented and discussed for “better” performing eyes as well as “worse” 
performing eyes. Rationale for doing this is added on page 10. 

As noted in the final report, analyses of “worse” eyes highlights the maximum possible 
differences in VCS detectable in this study, and provides the best indicator of whether 
perc exposure may be associated with a detectable effect on the CNS. Analyses based 
on “better” eyes highlight minimum differences in VCS observed in this study. 

Overall, analyses for better performing eyes tended to indicate less or no effect due to 
perc exposures. 

7.	 Figure 1 illustrating group VCS functions reference and dry cleaner building adults, and 
reference and dry cleaner children has been replaced by a new figure which better illustrates 
the proportions of participants achieving each VCS score using bubble plots. An additional 
figure (Figure 2) has been added which illustrates the numbers of participants achieving each 
VCS score within each of the 3 categorical exposure groups – reference, < 100 µg/m3, and > 
100 µg/m3. Reference to the new Figure 1 appears in the Methods section on p. 10, and 
reference to the new Figure 2 appears in the Results section on pp. 15-16. 

8.	 Group differences in VCS scores (as opposed to whether participants scored < max) across 
exposure categories were analyzed using Kruskall-Wallace ANOVA (based on ranks) 
followed by post-hoc Bonferroni t-tests. Results of this analysis are summarized in an added 
table (Table 9) and an added figure (Figure 3). Results are not inconsistent with trend or 
other analyses, and are discussed on page 16. 

9.	 Logistic regressions were corrected to eliminate adjustment for too many covariates. In the 
final report adult logistic regressions are adjusted only for age, smoking, and alcohol use; 
child logistic regressions are adjusted only for age. These are the only factors shown in 
correlation analyses to be related to VCS scores. 

In general, the corrected regressions indicate odds ratios with considerably smaller 
confidence intervals, indicating greater confidence. 

Corrected regressions indicate no effect on adult VCS. So, the possibility that perc had 
an effect on adult VCS has been de-emphasized throughout. 

Corrected regressions still indicate a significant effect of perc exposure on child VCS at 
12 cpd. 

Emphasis is placed on the final adjusted regression results. 
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10. The quantitative exposure-response modeling was de-emphasized given the wide confidence 
intervals associated with the effect level estimates. And discussion of the indoor air perc 
levels associated with each of the dry cleaner building exposure categories (< or > 100 
µg/m3) was added to support consideration of the median perc level in the > 100 µg/m3 as a 
possible LOEL. (see pp 18, 27-28). 

11. A separate section entitled Vulnerability of Children was added to the discussion to highlight 
discussion of whether the data and analyses suggested children might be more vulnerable to 
perc than adults (pp. 24-25). 

12. Additional limitations were added to the discussion. These included: 

the limitation that participants were only tested once and the VCS test has poor test-
retest correlation (p. 29); 

the limitation that exposure was hopelessly confounded with race/ethnicity and income 
and sample sizes were too small to control for this (p. 30); 

the limitation associated with the increased likelihood of observing statistically 
significant results the more tests that are done (p. 30); and 

limitations associated with the exposure metric (p. 31). 

13. A Recommendations	 section was added suggesting the need for additional research to 
address limitations associated with VCS testing with the F.A.C.T. as well as to better define 
indoor air perc exposure effect levels (pp. 31-32). 

14. All tables were modified to reflect additional analyses as noted above. 
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RESPONSES TO REVIEWER COMMENTS 

Note: in some cases comments were not offered as an explicit response to a particular charge. 
These comments are summarized under Charge Question 1, 2, or 3 if they clearly addressed the 
issues addressed by those questions or under Charge Question 4 if they were less clearly 
pertinent to Charge Questions 1, 2, or 3. 

Charge Question 1. The report attributed a decreased proportion of children achieving the 
maximum VCS score at 12 cpd, and an increased likelihood (odds ratios) for children to 
score < maximum VCS score at 12 cpd to increased perc exposure. Is this conclusion 
supported by the data obtained and analyses performed? 

SUMMARY OF REVIEWER RESPONSES 

Seven reviewers (1, 2, 4-8) found that the above conclusion was supported by the data and 
analyses presented in the report. One of these reviewers noted that the conclusion was also 
consistent with published literature, and another cautioned that the effect was small and could be 
due to responses of a small number of participants. One reviewer (3) concluded that the above 
conclusion was not supported by the data and analyses presented in the report largely because the 
statistical analyses were flawed. 

SPECIFIC COMMENTS AND RESPONSES 

Reviewer 1 

Comment 1: 
One key result supporting the conclusion is provided in Table 8. Significant correlations were 
reported for children with lower VCS scores and scoring less than maximum at 12 cpd, 
compared to perc concentrations in the indoor air and in alveolar air; increased perc 
concentrations were associated with lower scores. The comparison of VCS scores and scoring 
less than maximum to perc concentrations in blood was nearly statistically significant. The fact 
that the lower VCS score was associated with all measures of exposure at 12 cpd, provides 
support to the relationship. 

Response 1: No change to the report is recommended. However, in response to other 
comments (e.g., see Comment 8 below) we note that application of multiple statistical tests to 
the same data increase the chances that a statistically significant result will be observed. 
Therefore, observation of statistically significant effects across multiple statistical tests does 
not increase confidence in study findings. We also note that consistency of statistically 
significant effects of perc on VCS across different measures of perc exposure (indoor air, 
breath, blood perc level) does not increase confidence in concluding that perc exposure is 
causative. This is because these measures of exposure are very highly correlated and 
consistency in perc exposure-response relationships is expected. 

However, in both cases a lack of consistent findings would diminish confidence in the overall 
conclusion that perc exposure was associated with decreased VCS. These concepts have been 
noted in the Strengths and Limitations section of the final report (p. 30). 
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Comment 2: 
Another key result supporting the conclusion is provided in Table 1. Table 1 considers the 
influence of increasing perc exposure on the ability of obtaining a maximum score in the VCS 
test. For children, increasing perc exposure was associated with statistically significant increased 
odds for scoring less than maximum in the VCS test at 12 cpd. Using the unadjusted data, the 
relationship was statistically significant for perc in indoor air, perc in exhaled breath at home, 
and in perc level in blood. When the data were adjusted for race, income, age, gender, resident 
duration, years of education, volatile organic compound index, blood lead level, and blood 
mercury level, the relationship remained for perc in indoor air and perc level in blood (although 
the significance level decreased). 

Response 2: No change to the report is required. However, we repeated the logistic regression 
with control for fewer confounders. Neither race/ethnicity, income, gender, residence 
duration, years of education, VOC index, nor blood lead or mercury level significantly 
influenced VCS, and none are included as co-variates in the revised logistic regression. See 
revised Tables 10a and b, 11a and b. For adults, co-variates included in the logistic regression 
are age, smoking, and alcohol use; for children, the only co-variate is age. These changes 
increased sample sizes for adjusted regression analyses and decreased the confidence 
intervals. Overall conclusions did not change. 

Comment 3:

A third key result supporting the conclusion is provided in Table 9a. In this table the percent of

children achieving a maximum score is analyzed using the Cochran-Armitage Exact Trend Test.

At 12cpd, 37 percent of the children in the reference building achieved a maximum score; in

contrast no children in the high perc exposure group achieved a maximum score.


Response 3: No change to the report is required. However, we added statement(s) to the text 
highlighting the observation that at some spatial frequencies none of the high exposure adults 
and/or children scored the maximum. See last paragraph, p. 15. 

Comment 4:

A fourth key result is the stratification by minority status in Tables 5 and 7. From the tables it is

clear that those identified as “minority” were more likely to have had higher exposures to perc

and poorer VCS results than “non-minorities.”


Response 4: No change to the report is required. However, in response to Comment 53, we 
noted in the Limitations section (1st paragraph, p. 30) that most high exposures occurred in a 
small number of minority and/or low income households (n=5-8 adults; n=5-7 children); 
therefore, an effect of race/ethnicity and/or income on VCS could not be completely separated 
from an effect of perc exposure on VCS. However, logistic regression analyses indicated an 
effect of perc independent of race/ethnicity or low income, suggesting that any effect of 
race/ethnicity or income on the VCS outcome was minor. 

Comment 5:

Consequently, these data support the conclusion that a decreased proportion of children

achieving the maximum VCS score at 12 cpd, and an increased likelihood (odds ratios) for

children to score < maximum VCS score at 12 cpd was associated with increased perc exposure.

However, the data have limitations as discussed in the document.
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Response 5: No change to the report is required. 

Reviewer 2 

Comment 6: 
The many analyses performed along with the consistency with published literature build a strong 
weight-of-evidence case for the conclusion that perc exposure in this study population was a 
contributor to the decreased proportions achieving the maximum. The findings are most robust 
at 12 cpd, but as discussed similar trends are present in other endpoints. It is difficult to conceive 
of alternative explanations other than chance. However the consistency with the outcome effects 
associated with all exposure parameters makes it highly unlikely that the observations are due to 
chance. It is unlikely that selection biases could account for the findings. 

Response 6: No change to the report is required. However, in response to other comments 
(e.g., Comment 8 below) we have addressed the issue of multiple statistical tests on the same 
data and using correlated measures of perc exposure as noted in Response 1. 

Reviewer 3 

Comment 7:

The study was well designed and well conducted.


Response 7: No change to the report is required. 

Comment 8:

The analysis of the results involves too many statistical methods and over-interpretation of

relatively weak findings has resulted. To quote a colleague “Just like humans, if you torture data

hard enough you will eventually hear what you want to hear, whether it is true or not.”


Response 8: As noted in Response 1, multiple statistical tests on the same set of data do not 
increase confidence in findings. However, in some instances (e.g., stratification by 
race/ethnicity or income) multiple tests are helpful in interpreting results because they help 
determine what factors, other than or in addition to, perc exposure may have contributed to 
changes in VCS test performance. Discussion of the rationale for, and limitations of, multiple 
analyses are added on p. 12 and p. 30 of the final report, respectively. 

Comment 9:

It is undesirable to use “nearly statistically significant” relationships as a basis for interpretation

when multiple determinations have been made.


Response 9: Discussion of nearly statistically significant as well as statistically significant 
observations are informative as consideration of both can inform further research based on 
study findings. To make the text more readable, however, rather than repeatedly indicating 
whether results are statistically or nearly statistically significant, we have indicated 
throughout whether the p-value associated with the specific test was < 0.05, or > 0.05 and < 
0.10, in accordance with standard practice. 
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Comment 10:

The conclusion that the results “suggest” an effect is appropriate but there should be an

indication that this depends heavily on the validity of the findings at a single spatial frequency

(12 cpd) and for worst eye only.


Response 10: Alteration of VCS in only one eye and only at a specific spatial frequency is 
biologically plausible given that individual eye’s optical and central nervous system 
components that determine VCS function independently (Purves et al. 1997). Change in VCS 
at a specific spatial frequency is thought to reflect changes to the function of the central 
nervous system pathways, or channels, that are most sensitive to detecting contrast at that 
specific spatial frequency. An introductory paragraph has been added to the VCS Test 
Performance, Vision and CNS section to highlight the value of VCS testing to evaluate CNS 
function (see p. 25). The remainder of this section presents evidence supporting the notion 
that an effect at a single spatial frequency is a biologically plausible indicator of an effect on 
the CNS (see pp 25-26). 

Comment 11:

If the core hypothesis is based on Schreiber et al (2002) and NYS DOH (2000) and is “perc

reduces VCS at levels found in residences with co-located dry cleaners,” these results are not

sufficiently robust to prove or disprove the hypothesis.


Response 11: No change to the report is necessary. 

Comment 12:

The results do not support a firm conclusion that children are more vulnerable than adults and, as

detailed above, some of the logic used to support that conclusion is faulty.


Response 12: As noted in the report, the results “suggest” that children’s VCS test 
performance may be more vulnerable to perc than adults’ VCS test performance. A new 
section entitled Vulnerability of Children has been added to the Discussion to more clearly 
highlight study findings suggesting that children may be more vulnerable than adults to the 
effect of perc on VCS (see pp. 24-25). 

Comment 13: 
Selection of data: The only data presented and analyzed in determining an effect at 12 cpd 
(children) was that for “worst eye.” This despite the opinion (p 10) that “Analyses based on 
averaged VCS scores would reflect group differences in VCS scores associated with possibly 
greater functional consequences” than those based on worst eye. That opinion makes sense and 
thus the results for average of eyes should be shown and given weight in the interpretation. For 
completeness, the results for “best eye” should also be displayed. Based on Table 10, we 
assume that no associations were indicated in the omitted results but that is no reason not to 
consider them, particularly given the "greater functional consequences" of changes in average 
VCS scores. 

Response 13: Additional explanatory information has been added to the report to explain that 
analyses of the most affected (i.e., worse eye) provides an indication of the maximum possible 
effect of perc on VCS in this study (see 2nd paragraph, p. 10). Analyses for “better” 
performing eyes have also been included in the report. “Better” eye analyses provides an 
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indication of the minimum possible effect of perc on VCS in this study (see p. 10 of final 
report). Analyses of results averaged for both eyes is not included because individuals’ eyes 
function independently of one another; eyes were tested monocularly; and there is no basis for 
assuming that VCS scores based on the binocular vision would represent an arithmetic 
average of the VCS of each eye. 

Under the conditions of this study CNS, rather than visual function, was assessed. This is 
explained in the Section entitled VCS Test Performance, Vision and the CNS (pp. 25-26) and 
again highlighted in the Strengths and Limitations section (pp. 28-29). These discussions note 
how both optical (e.g., the pupil, lens) and CNS components (e.g., retina, optic nerve, visual 
cortex) of the eye contribute to visual function. Explanation has been added explaining how 
exclusion of those with optical or medical conditions likely to influence VCS controlled for 
the optical components of vision and allowed assessment of the CNS components of vision. 

Comment 14: 
Manipulation of results: Data analysis of the primary dependent variable, i.e. contrast sensitivity 
for each eye, is rendered difficult because of the ceiling effect seen in the VCS scores (maximum 
possible scored by a number of subjects). These are censored data and there are special 
statistical techniques that could have been used for analyzing results of this sort. Instead, the 
authors decided to transform their raw continuous data into counts of subjects with maximum 
score or with <maximum score. This dichotomous presentation removes the richness of the raw 
data. We recommend that the results be reanalyzed using an appropriate statistical technique and 
that the raw data for the scores be made available, perhaps in an appendix. 

Response 14: Analyses recommended in Rosner (2006) were applied given the truncated 
nature of the VCS data obtained. Raw F.A.C.T. data are not continuous. Appendix 2 has been 
added to the report to explain and illustrate the VCS data obtainable using the F.A.C.T. This 
appendix also presents the raw data obtained from study participants. 

Comment 15: 
Some decisions about the data were taken after the information had been acquired. The results 
for some adults and children were excluded from analysis for various reasons (p 12) - these 
subjects should have been excluded prior to testing. In particular, results for young (less than 6 
years) children, children said to be learning disabled or exhibit ADHD were excluded from 
analysis. By taking these decisions after collecting data, inadvertent bias may have been 
introduced. The cut-off for children's age is shown as 9 (p. vi), 5 (p. 4) and 6 (p. 12). It may be 
necessary to display (even analyze) data for all completed tests to demonstrate the effects of 
selecting results to omit (in particular an age cut-off). 

Response 15: All volunteers for this study were offered a complete eye exam, including VCS 
and color vision testing, if they wished. Hence, excluding volunteers prior to testing was not 
an option. After testing and prior to analyses, VCS and color vision results were eliminated if 
participants met exclusion criteria which had been established a priori. For both adults and 
children this included anyone with eye or medical conditions known to influence vision. For 
children, analyses were also excluded if they were less than 6 years old or had conditions 
(such as a learning disability, autism) that might contribute to poor performance on the VCS 
test. Data for children < 6 years old were excluded when clinicians administering the VCS 
test observed they were often unable to attend sufficiently during the VCS test to provide 
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reliable results. Participants were also excluded if their visual acuity (which is different than 
VCS) was worse than 20/25 and could not be corrected to at least 20/25. This criterion 
excluded participants with optical characteristics, such as astigmatism, which might interfere 
with VCS testing. Exclusion of participants based on pre-established exclusion criteria 
allowed an assessment of the CNS component of the visual system, which was the goal of this 
study. Without these pre-established exclusion criteria, the influence of perc exposure on VCS 
test performance would be difficult to separate from the influence of other conditions or poor 
acuity. The report includes explanations of the rationale for study procedures and exclusion 
criteria in the Participant Recruitment (p. 4), and Visual Function (p. 8) sections of the 
Methods section as well as in Table 2 of the final report. 

The children’s age range on page vi simply refers to the ages of children for which VCS data 
were obtained. The age range of 5-14 years noted on page 4 was to identify eligible 
households with children for this study. During recruitment, before testing, it was anticipated 
that children as young as 5 would be able to perform the VCS test. Subsequent observations in 
the clinic convinced clinicians administering the test that, for 5 and 6 year old children, the 
test was too difficult to perform due to inattention, inability to sit still, etc. and VCS test 
results from these young children were unreliable. 

Comment 16: 
Display of data: Figure 1 does not allow any close comparison of the results dry cleaner vs. 
reference. Presented this way it looks as though there is no difference worth discussing between 
exposed and unexposed. If the recommendation to work with censored data techniques is 
followed, a new diagrammatic presentation may develop, but the present results could be shown 
in a full page for adults and another for children with result for reference and dry cleaner side by 
side on a single graph. 

Response 16: Figure 1 in the draft report presented a summary of the quantitative VCS scores 
at each frequency for each group using box and whisker plots and was intended to 
demonstrate that a ceiling effect was present. Because of the ceiling effect, differences 
between groups are not apparent. To provide a better idea of the range of VCS scores, new 
figures have been included in the final report which illustrate the absolute number of 
participants and the percentage of total participants achieving each score at each spatial 
frequency (cf. Figures 1 and 2). Also, raw VCS scores for all participants have been included 
in Appendix 2. 
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Comment 17: 
Statistical significance: A large number of data analyses have been performed on VCS data 
(worst eye), whether adjusted or unadjusted, at 5 spatial frequencies, indoor air, breath at home 
or clinic, children and adults etc. Given that a large number of p values has been derived, it is to 
be expected that some will show statistical significance by chance alone. That would be true 
when p < 0.05 is the criterion employed for Type 1 errors and any result with a p value close to 
0.05 must be considered potentially due to chance alone. The use of "near statistical 
significance" as the indicator of an effect for p values < 0.1 compounds this likelihood of the 
result being due to chance alone. All use of near statistical significance should be removed 
(tables and text) because of its unreliability as an indicator. The interpretation of results with p 
just below 0.05 should be approached with caution and that caution should be spelled out in the 
report. 

Response 17: Limitations of the outcome variable (e.g., ceiling effect), low incidence of 
elevated perc levels in dry cleaner buildings, and a higher prevalence of elevated perc in 
minority and/or low income households were unanticipated observations of this study. Many 
types of analyses were applied to assess associations of perc exposure with VCS test 
performance given the characteristics of the data obtained. These analyses were helpful in 
determining whether race/ethnicity and/or income were confounders of the perc exposure-
response relationship, and also in assessing whether children might be more affected than 
adults by perc exposure. Consideration of nearly statistically significant as well as 
statistically significant tests are informative when exploring unanticipated observations. 
Therefore results when p < 0.05 and when 0.05 < p < 0.10 are presented. However, text has 
been added noting the likelihood of observing one or more statistically significant result when 
multiple tests are applied to the same data as noted above in Response 1. Also the text has 
been simplified by indicating p-values (i.e., p < 0.05; 0.05 < p < 0.10) instead of repeatedly 
using the terms “statistically” or “nearly statistically” significant. 

Given the limitations of the findings of this study, we agree that even the results of the logistic 
regression are viewed as preliminary. Hence, emphasis is placed more on consideration of 
increased odds for decreased VCS in the context of the 95 percent confidence intervals, and 
less on whether the increased odds are “nearly statistically” or “statistically” significant. This 
changed interpretation has been included in the final report when discussing logistic 
regression results on pp. 22-23 and 24. 

Comment 18: 
Correlations for reference buildings: On p. 13 it is stated that “a statistically significant 
correlation between increased residence duration and scoring <max at 12cpd [should this be 18 
cpd?] may be spurious, since there is no reason to expect that residence duration of reference 
building residents would have influenced their VCS test performance.” This fallacy may be 
classified as “denying the antecedent” – something like “if people are exposed to perc they have 
vision problems...if they are not exposed they cannot have vision problems.” Another way to 
look at the results is that there are good reasons for using controls: If similar results are obtained 
in control and treated groups, the first and simplest interpretation to consider is that they can be 
explained by the same factor (Ockham’s razor). The same fallacy is committed at the top of 
p.14. These correlations are as “real” as those relating to perc exposure, and simply dismissing 
them could be seen as introducing (presumably unintended) bias. 
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Response 18: The report has been changed throughout so that all statistically significant 
correlations are appropriately interpreted as noted in this comment. No observations are noted 
as being “spurious.” 

Comment 19: 
Correlations: Statistically significant (p<0.05) correlation between VCS measurements and perc 
levels in air, breath, or blood have been recorded in Table 8 for adults at 18 cpd and in children 
at 6 and 12 cpd. There are two points to be made: (i) The statistically significant correlations 
range from 0.22 to -0.35; this means that between 5 and 12 percent of the difference between 
control and exposed might be explained by perc – the remaining 95 to 88 percent having to be 
explained by other independent variables. This is noteworthy information. (ii) Adults showed a 
statistically significant correlation limited to score <max and perc breath level (at home) for 18 
cpd. Children had a statistically significant correlation for 6 cpd between score <max and perc 
blood level only. At 12 cpd, the statistically significantly correlations for both VCS score and 
score <max were confined to indoor air level and breath level (at home). 

Thus the information shows that there is no common pattern of response between adults and 
children (correctly noted in the report), that the response (if any) in children is limited to specific 
comparisons and that there is no consistent support between different spatial frequencies. Perc 
represents at most 12 percent of the variance found in this analysis. 

Response 19: The text of the report was modified to better describe the meaning of Spearman 
correlation coefficients (see p. 15), and to reflect the observation that most coefficients were 
very small (close to zero) indicating that VCS scores at most spatial frequencies, when the 
entire study population was considered, were not correlated with any measure of perc 
exposure. Perfect correlations would result in correlation coefficients of 1.0 or –1.0. Table 8 
was modified to illustrate coefficients between perc exposures and VCS scores only for 
clarity, and to include correlation coefficients for better performing as well as worse 
performing eyes. Despite these clarifications, we agree that the correlations provide little 
evidence that perc exposure influences VCS score. However, these correlations, when 
considered along with the results of trend analyses and logistic regression, are not inconsistent 
in suggesting that perc exposure is associated with decreased VCS of children’s worse eyes, 
specifically at 12 cpd. These correlations, however, are not emphasized in the report. 

Comment 20: 
Exploratory approaches: Tables 9a through 13 provide different cuts/views on the same data. 
They could be seen as a way of generating hypotheses – any interesting hypothesis would have 
to be tested in a specific study that follows the scientific method. As it is, these multiple 
analyses are bound to show relationships that are statistically significant or nearly significant 
whether there is a true relationship, one that has arisen by chance, or one that has arisen because 
of an unrecognized confounder. If these treatments are to remain in the report, the nearly 
statistically significant identifier should be removed and the “hypothesis setting” character 
should be acknowledged. It is interesting that the authors are willing to reject statistically 
significant associations between reduced VCS and duration of residence or “improved” color 
vision (adult and child) and perc exposure as “spurious” but are prepared to accept even “nearly 
statistically significant” elsewhere. 
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Response 20: As noted in Response 17, text has been added to the report noting that the 
unexpected nature of the observations (e.g., VCS ceiling effect, high exposures in minority 
and/or low income households) led us to perform a variety of different analyses. As noted in 
Response 1, we acknowledge that multiple analyses on the same data increases the likelihood 
of observing “significant” or “nearly significant” relationships that may be due to chance or to 
unrecognized confounders and have added discussion of that to the report as noted in 
Response 1. Also, references to “spurious” observations have been removed as noted in 
Response 18. 

Comment 21: 
Discussion/Interpretation: Nearly statistically significant findings: Please do not use “nearly 
statistically significant” results to add weight to interpretations anywhere in the Discussion (see 
1.4 above). 

Response 21: See Response 17. 

Comment 22:

Adults: The correct degree of caution is displayed (pp. 19-20) until the last sentence where “a

very subtle effect” is suggested. This is probably too speculative given the degree of uncertainty

as to whether an effect exists at all.


Response 22: We agree that study results are insufficient to suggest a subtle effect of perc 
exposure on VCS of some adults. The statement referred to has been removed from the report. 

Comment 23: 
Children: The interpretation is dominated by a possible effect at 12 cpd. It has to be recognized 
that the dip at this spatial frequency could have arisen by chance (as the authors claim for an 
apparent effect of residence time or perc improved color vision). Such a wobble would then 
show up in any number of data manipulations – so statistical significance in multiple 
manipulations does not add weight to the interpretation. The opinion that the statistical 
significance obtained for indoor air, exhaled breath (home only) and blood levels adds weight is 
incorrect because these measures are not independent (they should be highly correlated). 

Response 23: As noted in Response 10 above, alteration of VCS in only one eye and at a 
specific spatial frequency is biologically plausible given that individual eye’s optical and 
central nervous system components that determine VCS function independently (Purves et al. 
1997). Change in VCS at a specific spatial frequency is thought to reflect changes to the 
function of the central nervous system pathways, or channels, that are most sensitive to 
detecting contrast at that specific spatial frequency. So, there is reason to conclude that an 
effect at a single spatial frequency, in this case at 12 cpd, is not a “chance” event, but possibly 
a real one. Response 10 describes the changes made in the final report to clarify this issue. 

The issues of multiple statistical analyses on the same data some of which are correlated (perc 
exposure measures) are valid ones and have been addressed as noted in Response 1. 
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Comment 24:

The analysis of child-adult differences is used to suggest a greater vulnerability of children to

perc but this hangs on a “nearly statistical significance” at 12 cpd. The evidence is too weak to

conclude an increased vulnerability.


Response 24: The results of paired analyses only suggest the possibility that children may be 
more vulnerable than adults at the specific spatial frequency of 12 cpd. However, the 
conclusion that children may be more vulnerable than adults is also based on consideration of 
trend analyses and logistic regression results which also indicate that increased perc exposure 
is associated with decreased VCS, specifically at 12 cpd, in children but not in adults. To 
clarify and discuss study findings consistent with the notion that children may be more 
vulnerable than adults, the Discussion section now includes a section entitled Vulnerability of 
Children. 

Comment 25: 
Although the data in Table 6b do not seem to show it, much is made of the lower level of perc in 
blood in children vs adults from the same household. This is perhaps to be expected: After 
exposure ceases, children will exhale unmetabolized perc more rapidly and have less perc held in 
a lipophilic reservoir; the longer the time from exposure to the time of blood and breath being 
taken at the clinic, the wider the gap between adult and child even if levels when departing home 
were similar. I do not know what is in Mazor et al, but a back PBPK calculation from 
measurements at the clinic to blood and breath levels at home could be interesting. Bottom line: 
greater vulnerability of children is unproven here and speculation about pharmacodynamic 
differences unwarranted. 

Response 25: Additional analyses are needed to evaluate whether children may be more 
vulnerable than adults based on pharmacokinetic or pharmacodynamic differences. This 
suggestion has been included in the report in an added Recommendation section. 

Comment 26:

Mutual support between indoor air, breath and blood: As discussed above, these parameters are

expected to be correlated – do not increase confidence in the result, therefore.


Response 26: Consistency of statistically significant effects of perc on VCS across different 
correlated measures of perc exposure (indoor air, breath, blood perc level) does not, by itself, 
increase confidence in concluding that perc exposure is a causative factor in decreasing VCS. 
However, because the correlations observed in this study between all measures of perc 
exposure (in indoor air, breath and blood), and the associations between some measures of 
perc exposure and VCS decreases fits within the context of established literature, overall 
confidence in study findings is increased. Changes in the final report noted in Response 1 
address these issues. 
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Comment 27:

Vulnerability of children: Just because adults show no definite effect does not mean that the

possible effect in children at 12 cpd is real and indicative of vulnerability. The paired adult-child

differences analysis does not increase confidence in children's greater sensitivity.


Response 27: Please see Response 24. 

Comment 28:

Consistency across different types of statistical treatment: Sorry, does not help if the apparent

reduction in VCS performance at 12 cpd is due to chance (or unrecognized confounder), you

would still expect statistical significance in many tests.


Response 28: Please see Response 1. 

Comment 29:

Maximal scores: Yes, such a high proportion of children achieving maximal scores is a

constraint on the interpretation (and we suggest use of a statistical technique for censored data).

However, it cannot be said that “these results do not convey the magnitude of alterations in VCS

associated with perc exposure.” This suggests that you know perc has a larger effect that was

hidden – in reality, you just do not know.


Response 29: The phrase noted was not intended to convey that perc had a large effect on 
VCS, but that the size of the effect of perc on VCS, if any, is unknown. This has been 
clarified on p. 29 in the final report to read “…….. these results do not convey the possible 
quantitative magnitude of alterations in VCS associated with perc exposure.” 

Comment 30:

General conclusions regarding effects: An appropriate amount of caution is indicated but 12 cpd

should be indicated as the driver for the “suggested” effect in children.


Response 30: Discussion throughout the final report emphasizes that the most consistent perc 
exposure-related observation was decreased VCS at 12 cpd among children. This is especially 
apparent in a revised summary Table 14. 

Comment 31:

Vulnerability of children: No conclusion possible.


Response 31: A firm conclusion about the vulnerability of children is not possible, but we 
believe that the results of the analyses of these data are suggestive. Please see Response 24. 

Reviewer 4 

Comment 32: 
The data, as analyzed, support that children are more likely to score less than the maximum VCS 
score at 12 cpd. The study carefully controlled for possible confounding health conditions and 
other exposures that could also affect VCS performance. Furthermore, the conditions for 
collecting VCS test performance including blinding of examiners adds to the confidence of the 
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measurements. The analysis of the data was performed carefully and interpretations fit the data 
collected. 

Response 32: No response required. 

Reviewer 5 

Comment 33: 
The conclusion that there is an increased likelihood for children to score < maximum VCS score 
at 12 cpd is supported by the data obtained and analyses peformed. Tables 1 and 11b provide the 
clearest illustration of the significant increase in Odds Ratio associated with ambient monitoring 
or internal level as assayed by exhaled breath. 

Response 33: No response required. 

Comment 34: 
With reference to a decreased proportion of children scoring < maximum VCS score at 12 cpd, I 
am confused by figure 1d compared to Table 9a. My understanding of Table 9a is that 0 percent 
of children in homes with > 100 �g/m3 scored the maximum value; in Figure 1d, the box plot 
goes up to the maximum achievable score mark. 

Response 34: Figure 1 only illustrates VCS scores for two groups: residents of reference 
buildings and residents of dry cleaner buildings. Figure 1 is not directly comparable to Table 
9a which represents VCS test performance for three exposure categories: residents of 
reference buildings, residents of dry cleaner buildings where perc < 100 µg/m3 and residents 
of dry cleaner buildings where perc > 100 µg/m3. Nevertheless, Figure 1 has been changed to 
a “bubble plot” in the final report to better illustrate the actual scores achieved by participants. 
Figure 1 now illustrates both the numbers of participants achieving a particular score and also 
the percentage of participants achieving each score. Additionally, a new Figure 2, also a 
“bubble plot,” has been added to illustrate the numbers of participants achieving each VCS 
score in each of the three exposure categories. Both figures include illustrations for worse and 
better performing eyes, and both allow the reader to relate summaries of data appearing in 
tables to group VCS functions. Both figures better illustrate the distribution of actual VCS 
scores. 

Comment 35:

Given the significant differences in Odds Ratios, in fact, I expected to see a more notable

difference in the VCS functions across spatial frequencies when comparing Figures 1c and 1d.

Does this lack of difference on the Contrast sensitivity scale reflect the small magnitude of the

measured effect on contrast sensitivity, particularly when compared to the dichotomized results?


Response 35: Comparisons of odds ratios for decreased VCS associated with increased perc 
exposure with data in Figure 1 are problematic. Figure 1 in the draft report dichotomized 
participants into two groups (reference or dry cleaner building residents) and simply 
summarized the scores using box and whisker plots. Logistic regression uses VCS test 
performance from all participants (reference and dry cleaner building residents) and assesses 
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the associations between increases in perc exposure and VCS test performance. Comparability 
of the two ways of handling study data would not be expected. 

The box and whisker plots in Figure 1 of the draft report were intended to convey our initial 
observation that VCS scores exhibited a marked ceiling effect for both children and adults and 
for both reference and dry cleaner building residents. We agree that differences in VCS 
between adults and children and between reference and dry cleaner building residents are not 
well illustrated using a box and whisker figure. As noted in Response 34, Figure 1 has been 
changed to a “bubble plot” in the final report to better illustrate the actual scores achieved by 
participants. Figure 1 now illustrates both the numbers of participants achieving a particular 
score and also the percentage of participants achieving each score. Additionally, a new Figure 
2, also a “bubble plot,” has been added to illustrate the numbers of participants achieving each 
VCS score in each of the three exposure categories. Both figures include illustrations for 
worse and better performing eyes, and both allow the reader to relate summaries of data 
appearing in tables to group VCS functions. Both figures better illustrate the distribution of 
actual VCS scores. 

We have also revised the adjusted logistic regression analyses to eliminate inappropriate 
inclusion of multiple correlated co-variates. The resulting odds ratios are much smaller, 
although still increased in some cases, and are associated with much smaller confidence 
intervals. Modified discussion in the text on p. 21 notes increased odds ratios for not 
achieving the maximum scores at some spatial frequencies for children without emphasizing 
the size of the odds ratio or its statistical significance. 

Reviewer 6: 

Comment 36: 
I consider this conclusion to be well supported by the data that you obtained and by the analyses 
that you performed. It is important to bear in mind that it is inherently very difficult to discern an 
association between an environmental exposure and a neurobehavioral effect. Detection of an 
association is especially difficult when the environmental exposure is transient. Perc is a highly 
volatile compound and is therefore rapidly dissipated in air. It also has a relatively short 
residence time in the human bloodstream. It is therefore inherently very difficult to discern 
associations between perc exposure and neurobehavioral outcomes. This difficulty is somewhat 
ameliorated in the present situation in that the existence of a dry cleaning establishment in a 
residential building creates a somewhat stable exposure scenario. But nonetheless, the difficulty 
of discerning associations with volatile organic compounds should not be underestimated, and it 
needs to be borne in mind that this inherent difficulty in exposure assessment inevitably biases 
towards the null the ability of investigators to detect associations. 

Therefore, in light of this difficulty in ascertaining associations, I consider it highly credible that 
an association was indeed observed in this study and that the associated effect was in the 
hypothesized direction, namely that increasing levels of exposure were associated with 
diminishing levels of performance. 

Response 36: No response required. 
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Reviewer 7: 

Comment 37: 
I am not a specialist in the statistical techniques used, but it is my impression that the analysis 
was competently done and the results properly described. It seems clear that the changes in VCS 
associated with perc exposure in the range of indoor exposure in buildings with co-located dry 
cleaners are small and subtle, with the biggest changes in response in children at 12 cpd. The 
text, tables, and figures present the data and the results of the statistical analysis. 

Response 37: No response required. 

Comment 38: 
My impression from reading through the draft report is that the test results provide evidence for 
an association between perc exposure, especially as measured from blood and breath samples, 
and VCR response in children and adults. A causal relationship between the perc exposure and 
the VCS changes seems plausible, particularly in view of other data from previous studies at 
higher levels of perc exposure. Central nervous system (CNS) effects are well established in the 
scientific literature for perc and a variety of other chlorinated solvents, some of which have been 
used as anesthetics. 

Response 38: No response required. 

Comment 39: 
The decrement in VCS from perc exposure seems to be a small effect that shows up with the 
application of sophisticated statistical tests. The sample sizes from the number of subjects are 
not large (65 households in the buildings with dry cleaners; only about 10 adults and children 
from the high-exposure buildings and about 40 from low exposure buildings gave valid VCS test 
results: see Tables 3 and 4). The results from only a few of these subjects may be responsible for 
statistical significance. 

Response 39: The small number of participants in the highest exposure group is a limitation of 
this study. This is noted in the Limitations section on p. 30. 

Comment 40: 
I am not a specialist in the statistical techniques used, but it is my impression that the statistical 
analysis was competently done and the results properly described. The report is well organized 
and well written. There are few typos or other editorial problems needing fixing. (One is the 
sentence on page 26, lines 9-10, which appears to be missing a word, such as “this,” following 
the second comma.) 

Response 40: No response required. 

Reviewer 8: 

Comment 41:

The data are at least suggestive, and are certainly disturbing.


Response 41: No response required. 

150 



Charge Question 2: Are limitations and strengths of the study adequately described and 
appropriately considered? 

SUMMARY OF REVIEWERS COMMENTS 

Four reviewers noted that strengths of the study were adequately described (1, 3, 6, 8); three 
reviewers had no comment regarding strengths (2, 4, 7); and one reviewer (5) noted that the 
specificity of an effect at 12 cpd may not be a strength, as noted in the report. 

One reviewer noted that the limitations had been adequately described (6), and another had no 
comment (7). Other reviewers noted limitations not adequately discussed in the report were: 
uncertainty associated with interpreting the meaningfulness of VCS test results in general and of 
an effect at only one of several cpds tested specifically (1); reduced power associated with the 
need to address confounders (2); reliance on inappropriate statistical analyses (3); reliance on 
VCS test results from only “worst” performing eyes (3, 8); possible bias in results due to 
exclusion of some participants after testing (3); uncertainty in whether the observed effect may 
be due to acute and/or chronic perc exposures (4, 5); possible unreliability of a single VCS test 
result (4); inability to completely control for minority status in analyses since race/ethnicity and 
exposure are confounded (4); uncertainty associated with the indoor air perc levels measured (8); 
limitations associated with the VCS ceiling effect observed (8); and, the need to replicate the 
observation (8). These comments are addressed below. 

SPECIFIC COMMENTS AND RESPONSES 

Reviewer 1: 

Comment 42: 
One limitation mentioned was that since a high proportion of the participants scored as well as 
possible on the VCS test, the variable had to be compared from a categorical perspective. 
Although this is a limitation of the study, it also indicates the strength of the result. That is, the 
outcome variable was fairly insensitive, thus obtaining a result supports the conclusion of an 
actual effect. Further, using nonparametric statistics are generally not as powerful and therefore 
less likely to obtain a significant effect. 

Response 42: Given the nature of the outcome variable the actual size of an effect of perc on 
VCS, if any, is unknown. Largely for this reason we believe the nature of the outcome 
variable is a study limitation. This is noted in the final report on p. 29. The outcome measure 
can be viewed as being insensitive because it does not reflect variability in actual VCS scores. 
This is reflected by the large percentages of those tested who scored as high as possible. 
Although we know these individuals scored well on this test, this test does not allow us to 
know how much higher than the maximum score on the F.A.C.T. they may have achieved. 
This consequent lack of information may have made differences in VCS more difficult to 
detect. Thus, although dichotomization of the VCS measure may be viewed as a limitation of 
the study, the observation that perc significantly affects this limited measure for children’s 
worse eye at 12 cpd may be an indication of the strength of a reponse to perc. That is, even 
though the outcome measure was insensitive to quantitative changes in VCS in response to 
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perc exposure, the effects on dichotomized responses were still strong enough to suggest perc 
related effect. These concepts have been noted in the Discussion of the final report on p. 21. 

The dependent variable in this study very clearly did not meet assumptions for parametric 
analyses. When the assumptions required for parametric analyses, such as normal distribution 
of the dependent variable, are not met then it is not necessarily true that non-parametric tests 
applied to the same data are less powerful (Tomkins 2006). Therefore, it cannot be concluded 
that the non-parametric analyses applied in this study were less powerful than parametric 
analyses and therefore less likely to detect a significant effect. 

c.f., Tomkins C. C. (2006) An introduction to non-parametric statistics for health scientists. 
Univ. Alberta Hlth. Sci. J. 3(1):20-26 

Comment 43: 
Another limitation mentioned in the study is meaningfulness of the result. Particularly, since one 
is measuring the number of scores of maximum in the test, the question is raised as to whether 
the result, while significant statistically, is important biologically. This issue is the basis of the 
second question below. A related limitation is the meaning of a specific result in a test that is 
conducted at a range of frequencies. Due to the fairly limited use of this type of test method in 
evaluating dose-response relationships, possibly a little more information on the method and its 
use would be helpful, at least in the appendix. 

Response 43: Appendix 2 describing the F.A.C.T. and summarizing raw data scores for study 
participants has been added to the final report. 

Comment 44: 
The strengths of the study are fairly well detailed in the report. The strengths include the 
multiple exposure measures, the precision of the result at 12 cpd, the presence of the result 
increasing with dose, the presence of the result even after adjusting for a large number of 
possible confounding variables, the consistency of findings using several different statistical 
analyses, the rigorous selection criteria for including participants, the presence of matched 
controls, the presence of the effect being stronger in children than adults and the use of an 
objective criterion, VCS results. However, the strengths of the study can be further identified by 
the nature of the association between exposure to perc and VCS results. 

Response 44: The strengths of the study have been adequately described in the final report. It 
is not clear what is meant by “strengths of the study can be further identified by the nature of 
the association between exposure to perc and VCS results.” 

Comment 45: 
Methodological issues that could be considered in the review of the study include: 1) the sample 
size of the study, which affects the power to detect an effect; 2) the extent to which the analysis 
or design takes into account potential confounders, or other risk factors; 3) selection bias, or 
whether the study groups were comparable; and 4) the potential for bias in ascertaining exposure. 
Each of these factors appears to be addressed in the present study. The sample size is fairly 
large. Potential confounders were considered and were taken into account in the analysis. The 
comparability of the groups appears to have been addressed. Finally, exposure bias was 
addressed using three exposure measures. 

152 



Response 45: No response required. 

Comment 46: 
Several factors can be considered to evaluate the association between perc exposure and VCS 
score that underline the strength of the study: strength of association, consistency, temporality, 
biological plausibility, dose-response and specificity. A strong association between a factor and 
a disease (historically considered to be a relative risk or odds ratio � 2; and statistically 
significant) makes alternative explanations for the disease less likely. In this case, the odds 
ratios are greater than 2, providing support for the association. If several studies find an 
association between a factor and a disease, then the factor is more likely to be causal. In this 
case, the neurological tests, such as the VCS response have been measured in a number of 
populations and circumstances, and found to be an effect of perc, and supporting causality of the 
relationship. In this study it appears easy to associate the exposure with the response in terms of 
temporality. A causal interpretation cannot conflict with what is known about the biology of the 
response. In this case, the neurotoxic properties of perc are well accepted, and have been shown 
in humans as well as laboratory animals. Further, a reasonable hypothesis is that perc is 
affecting dopaminergic pathways in the frontal cortex of the brain which is causing the effect. 
Further, this study demonstrates the presence of a dose-response, as exhibited by the various 
trend tests used to evaluate the data. Finally, specificity is generally interpreted to mean that a 
single cause is associated with a single effect. In this case, the importance of other causes is not 
well understood. However, substantial effort was made in the study to eliminate the influence of 
other factors in the analysis. Thus, the conclusions are well supported by the data obtained and 
the analyses performed. 

Response 46: No response required. 

Reviewer 2: 

Comment 47: 
This was a carefully constructed and rigorously implemented complex study. It provides a rich 
data set that was exhaustively investigated and analyzed. It is by far the most comprehensive 
study to date of VCS and perc exposure with multiple exposure measures. Despite the effort the 
complexity of potential confounders quickly reduced the statistical power of the study. Thus, 
while the statistical “p value” criteria are important, the sample sizes resulted in reduced power 
and the weight-of-evidence and consistency of the observations is important in interpreting the 
results. 

Response 47: A discussion of the limitations associated with the small number of participants 
in the highest exposure group has been added to the text on p. 30. Also, as noted in Response 
1, consistency of statistically significant results across different analyses, or based on 
correlated measures of exposure may not explicitly increase confidence in findings. However, 
inconsistencies across statistical analyses and exposure measures would tend to decrease 
confidence in those inconsistent significant results 

Comment 48:

It might be useful if there were some mention of the target sample size included in the grant

application.
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Response 48: Text describing the calculation of appropriate sample sizes for this study has 
been added to the Results section, pp. 4-5, of the final report. 

Comment 49:

It would also be helpful to have some discussion of the types of diseases and conditions that have

been associated with VCS findings.


Report 49: This information is noted on p. 8 in the Methods section. 

Reviewer 3: 

Comment 50:

Comments on the strengths and limitations, as reported, are given above. With the exceptions

noted, the strengths and limitations have been correctly identified.


Response 50: No response required. 

Reviewer 4: 

Comment 51: 
The authors acknowledge that the perc measurements reflect current levels and therefore in the 
present study, they cannot determine whether the effects observed are due to the combination of 
chronic and acute effects or simply acute effects. This issue speaks to the public health 
relevance. If the results observed are transitory resulting from acute exposure, then they are of 
relatively less concern than if the effects are permanent. A clear statement indicating that the 
present study cannot address this issue should be added to the last paragraph in the limitations 
section. 

Response 51: Text indicating that the present study cannot address whether chronic, acute, or 
chronic plus acute exposures has been emphasized in the final report on p. 31. 

Comment 52: 
However, this can only be considered a preliminary finding for several reasons. VCS was 
administered only once for each eye. Although not routinely done in all studies, the reliability of 
the findings would have been improved by having participants perform this test twice per eye as 
recommended for research in the F.A.C.T. manual (Stereo Optical Co., 1993). The possible 
unreliability of measurement particularly with children should be acknowledged in the 
limitations section. 

Response 52: Text addressing the possible unreliability of analyses based on single VCS 
measurements has been added to the report on p. 29. 

Comment 53: 
Also, it appears that minority status and exposure are confounded in the study. There simply 
were not enough children in the non-minority, > 100 µg/m3 group to be confident that the effect 
is not somehow related to minority status. Furthermore, a large percentage of children in the 
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reference homes also did not perform at the maximum for 12 cpd and minority status is 
correlated with lower VCS performance. Thus, one cannot fully rule out the effects of ethnicity 
on test performance. This also needs to be acknowledged clearly in the limitations. 

Response 53: Text discussing the inability to separate out a possible effect of race/ethnicity or 
income on VCS from a possible effect of perc due to the small number of non-minority and 
higher income participants in the highest exposures category has been added to the report on 
p. 30. 

Reviewer 5: 

Comment 54: 
I have one reservation about the description of the strengths of the study; it is not clear to me that 
the specificity of the effect at 12 cpd is a strength, since there is, at this time, no strong 
mechanistic link that would lead one to expect an association with this particular spatial 
frequency. 

Response 54: The specificity of an effect at 12 cpd is probably not best considered a strength. 
Evidence for an effect at 12 cpd is more an observation that is consistent with other 
observations of the effect of volatile organic compounds on VCS at middle frequencies. It 
therefore suggests that an effect of perc at 12 cpd is plausible. This is discussed in the 
Discussion section of the final report entitled VCS Test Performance, Vision and the CNS, 
pp. 25-26. 

Comment 55: 
PERC is rapidly cleared from the body, as can be observed in a comparison of the exhaled PERC 
levels from taken in the residence and at the clinic. If the change in VCS function is a result of 
compound on board, then the measurements taken at the clinic may, in fact, underestimate the 
functional deficit and reduce both the magnitude of the effect and the likelihood of detection of 
the effect. I note that in Table 6A, the level of PERC exhaled by children dropped 2/3 in the 
comparison of residence to clinic, where for adults it dropped by only 1/2, perhaps due to the 
more rapid ventilation rate of children. 

Response 55: Using indoor air perc levels at home and VCS measurements at the clinic for 
exposure-response analyses might underestimate the effect of perc on VCS, especially if it is 
an acute effect, if there is one. However, based on comparison of clinic breath perc levels for 
matched adults and children summarized in Table 6b, the apparent rate of perc elimination 
between home and clinic for adults and children is similar. Among these matched pairs, levels 
of perc in breath decreased by about 2/3 for both adults and children. Therefore, when 
considered matched pairs of adults and children, exposures measured at the clinic do not 
appear to differ between adults and children. 

Reviewer 6: 

Comment 56:

I consider the limitations and strengths of the study to be adequately described and appropriately

considered.
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Response 56: No response required. 

Reviewer 8: 

Comment 57:

One issue not discussed is how variable perc levels might be (air, breath, blood) through the day.

Is it possible, for example, that levels were measured during business hours, when the cleaners

were active but no one (especially school age kids) was at home? Trends reported in results

might thereby be either confounded or maybe even strengthened.


Response 57: As noted in the Methods section of the report, indoor air perc levels were 
measured over a 24-hour period beginning on Monday, Tuesday, or Wednesday afternoons 
and ending the following afternoon. The resulting air levels reflect a time weighted average of 
perc in air over the entire 24-hour period. Sampling on these days was done to measure perc 
levels during the week, when dry cleaners were most likely operating. It is likely that these 
24-hour TWA measurements will vary over time for any one household depending upon a 
variety of factors such as operating conditions of the dry cleaner, ventilation of the home, etc. 
Individual exposures will also vary depending upon the time spent at home, etc. Also, relating 
single indoor air perc levels at home to these factors as well as single VCS measurements at 
the clinic in exposure-response analyses has some uncertainty. Additional discussion of these 
issues has been added to the report on p. 31. 

Comment 58: 
It would be ideal for the study to be repeated, perhaps by another research team. I have concerns 
about the ceiling effect and the possibility that spurious changes in the probability of scoring the 
maximal level in a few cases might be responsible for the principal conclusion. On the other 
hand, the consistency of findings from different analyses is fairly convincing. 

Response 58: Ideally, additional research should be conducted to further evaluate the 
preliminary findings in this report. It should be recognized though that the likelihood of 
conducting another very similar study is diminished due to federal changes in the regulation 
of co-located dry cleaners. Recommendations for additional research are included in the final 
report. 

Charge Question 3: VCS of both adults and children was in the upper range of what is 
considered normal for the VCS test administered. Nevertheless, significant associations 
between increased perc in indoor air, breath, and blood of children and decreased 
performance on the VCS test were observed. Should the decreased VCS test performance 
observed be considered an adverse effect? 

SUMMARY OF REVIEWER COMMENTS 

Two reviewers concluded that the observed decreased VCS test performance should be 
considered adverse (2, 6); three reviewers were uncertain as to whether the observed VCS 
decrease was adverse (1, 5, 8); and three reviewers concluded that the effect was not adverse (3, 
4, 7), although one of these noted that the results may be cause for concern for those with pre­
existing impaired VCS were exposed to levels of perc > 1000 µg/m3 repeatedly (7). 
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SPECIFIC COMMENTS AND RESPONSES 

Reviewer 1: 

Comment 59: 
This question needs to be addressed from several perspectives. Looking at the effect from an 
individual perspective, one could argue that the effect is in the normal range, and that the 
measure is subclinical. While this may be true, one still must consider that exposure to fugitive 
emissions of perc from drycleaners within the same building is resulting in measurable levels in 
expired breath as well as blood, and in a visual change. One striking result is that none of the 
children in the high exposure group achieved a maximum score at 12cpd. Thus, the high 
exposure group should be considered the lowest observed adverse effect level (or lowest 
observed effect level). The choice of using VCS is in part due to the simplicity of performing 
the test, the lack of invasiveness of the test, and background information indicating that perc can 
affect the visual system. Thus, while VCS is measure of the effect of perc, it is also an indicator 
of possible effects of perc throughout the body that may not be measurable. 

Response 59: Discussion of the relationship between alterations in VCS test performance and 
other possible change, i.e., in the CNS, is presented in a section entitled VCS Test 
Performance, Vision and CNS on pp. 25-26 of the final report. Consideration and discussion 
of median group indoor air perc levels as lowest or no observed effect levels has been added 
to the report in the context of the exposure-response analyses on pp. 27-28. 

Comment 60:

The visual contrast sensitivity test was chosen as a clinical/subclinical indicator of neurotoxicity.

The positive results indicate the possibility of some neurotoxicological injury. While the extent

of any injury would likely be minor, based on the sensitivity of the test, it is detectable.

However, as stated in the report, reduced contrast sensitivity can also indicate an effect on, or

damage to, the centrally mediated visual pathways in the brain. As indicated in the report, VCS

is an important characteristic of vision. Everyday activities, including learning for children, can

be adversely impacted if an individual’s ability to detect contrast is impaired.


Response 60: These issues are noted in the section entitled VCS Test Performance, Vision and 
CNS on pp. 25-26 of the final report. 

Reviewer 2: 

Comment 61: 
VCS is an important visual function. Reduction in VCS can lead to adverse consequences and 
thus decreases should be considered adverse. It is likely that the changes detected represent early 
changes in the continuum leading to clinically abnormal VCS. Only prospective observation will 
be able to determine the impact of the changes documented. 

Response 61: Discussion of this issue has been added to the text in a Recommendations 
section of the final report beginning on p. 31. 

157 



Comment 62: 
The high proportion of individuals scoring at the maximum can partially be explained by the 
strict exclusion criteria as well as the efforts to correct the visual acuity of all participants before 
testing. Thus selection criteria and testing conditions were truly maximized for high performance 
among those tested. Given the selection criteria it is not surprising that none of the individuals 
tested had VCS endpoints in the “clinically abnormal” range. 

Response 62: Reference to participant exclusion criteria as a contributor to the observation 
that no results in the “clinically abnormal” range were obtained has been added to the 
Discussion on pp. 20-21. 

Reviewer 3: 

Comment 63: 
If the possible reduction in VCS performance is real then it is technically “adverse.” However, is 
it of concern? Starting from the question “if there is an effect, is it of functional significance?” 
The answer is clearly "no" for the experimental subjects. There is no indication that those 
naturally at the lower end of the range of normal are pushed into an abnormal classification. 
The other important factor is that, as indicated in the report, the average performance for both 
eyes has more functional significance than the worst eye alone. We assume since results are not 
presented for the average that no perc-related effects were evident (also based on Table 10). We 
recommend that the results for the average and best eye be included in the report. If the “effect” 
is truly apparent in one eye only, that will need some explanation – one interpretation being that 
the worst eye result is “spurious,” to use a term from the report. 

Response 63: As noted in Response 13, analyses of results averaged for both eyes is not 
included because individuals’ eyes function independently of one another, and eyes were 
tested monocularly. Therefore each eye is associated with its unique VCS function. Further, 
while it is true that functional vision is the result of centrally mediated integration of images 
from both eyes, there is no apparent justification for assuming VCS scores obtained 
binocularly reflect the arithmetic average of VCS scores obtained monocularly. However, 
analyses for “better” performing eyes have been included in the report. As noted on p. 10 of 
the final report, “better” eye analyses provide an indication of the minimum possible effect of 
perc on VCS; whereas analyses of the most affected (i.e., worse) eye provide an indication of 
the maximum possible effect of perc on VCS. 

To better distinguish for the reader the difference between possible effects of perc exposure 
on functional vision and on CNS function, additional discussion has been added to better 
explain how both optical (e.g., the pupil, lens) and CNS components (e.g., retina, optic nerve, 
visual cortex) of the eye contribute to VCS in the section entitled VCS Test Performance, 
Vision on CNS on pp. 25-26. Additional text also notes that exclusion of those with optical or 
medical conditions likely to influence VCS helped to control for the optical components of 
vision and allowed assessment of the CNS components of vision. 

Also, discussion is included in the Strengths and Limitations section noting that because of 
the exclusion criteria and the well-controlled clinical testing, participants could be expected to 
perform well on the VCS test. Using appropriate statistical techniques to control for other 
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possible contributing factors, decreases in VCS could be associated with perc exposures, 
recognizing limitations noted in the Limitations section of the report. 

Reviewer 4: 

Comment 64:

At this stage of investigation, it would be an overstatement to consider the effect observed,

adverse. I would describe the effect as subclinical and in need of replication where confounding

factors can be more controlled.


Response 64: Recommendations for additional research have been added to the report on p. 
31. 

Comment 65: 
The authors acknowledge that the perc measurements reflect current levels and therefore in the 
present study, they cannot determine whether the effects observed are due to the combination of 
chronic and acute effects or simply acute effects. This issue speaks to the public health 
relevance. If the results observed are transitory resulting from acute exposure, then they are of 
relatively less concern than if the effects are permanent. A clear statement indicating that the 
present study cannot address this issue should be added to the last paragraph in the limitations 
section. 

Response 65: Limitations of the present study having to do with interpretation of whether 
observed effects may be associated with chronic, acute, or chronic and acute exposures are 
noted on p. 31. 

Reviewer 5: 

Comment 66: 
Decreased VCS performance associated with ambient and internal measures of exposure to 
PERC should be taken as an indication of a perturbation of the central nervous system by a 
xenobiotic compound. Subtle differences in VCS itself, as described here, are unlikely to have 
functional consequences for individuals. 

Response 66: Interpretation of study findings with respect to vision and the CNS is discussed 
on pp. 25-26 of the final report. 

Reviewer 6: 

Comment 67: 
In my opinion, as a pediatrician who has spent several decades studying the adverse effects of 
chemicals on developing nervous system of children, I consider the observed effect to be an 
adverse effect. Putting it the other way around, I can conceive of no possible scenario in which 
the observed effect could be considered beneficial to the children who are exposed to perc in 
these apartments. In addition to being a recognized carcinogen, perc is a chemical with known 
neurotoxic properties. Acute, high-dose, occupational exposure to perc is capable of producing 
acute neurobehavioral intoxication. It is therefore physiologically plausible that perc should 
cause neurobehavioral effects at lower levels of exposure. Also in view of what we know of the 
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enhanced susceptibility of children to toxic chemicals in the environment, it is not surprising to 
find an especially strong effect in children. 

Response 67: No changes to the report were made in response to this comment. 

Comment 68: 
An additional aspect of this finding has to do with the fact that the range of test results that is 
considered normal is a broad range. It is quite possible to have reductions in function in persons 
who are exposed to a neurotoxic chemical and for the resultant diminished function to still be 
within the broad range of normal. The effect is still real. The impact of the effect is still 
negative. This is the essence of subclinical toxicity. 

Response 68: No changes to the report were made in response to this comment. 

Reviewer 7: 

Comment 69: 
I find nothing in this report that persuades me that the measured effects should be considered 
“adverse” in the context of regulatory decision making. But I think these findings are cause for 
concern that there could be adverse effects such as significant deterioration in some subjects who 
already have impaired visual contrast sensitivity or color vision, if these subjects are repeatedly 
exposed in their residences to very high levels, for example, >1000 �g/m3. This report does not 
describe any situations in which such high indoor perc exposure and exposed individuals with 
significantly impaired visual contrast sensitivity or color vision have been identified. In my 
judgment, further investigation is warranted, by encouraging ophthalmologists to be aware that 
perc exposure from dry cleaners co-located in buildings with residences could adversely affect 
some aspects of vision, especially in young children (less than 9 years old) and older persons 
(over 45) who have weaknesses in their vision. (Such subjects were not included in the tests 
described in the draft report.) Hence, I regard it as an excellent idea to submit the research 
described in this report for publication in a journal read by ophthalmologists. 

Response 69: No changes to the report were made in response to this comment. 

Comment 70: 
The responses in 9-11 year old children and 35-45 year old adults were generally at the upper 
end of the normal range for VCS. The statistical analysis is on the changes in the number of 
subjects below the maximum level, as opposed to at the maximum level, for various spatial 
frequencies measured in cycles per degree (cpd). Given the variation in adults and in children in 
VCS over the range of cpd (for example, as displayed in Figure 1, page 38), this measurement in 
number at the maximum versus below the maximum seems like an unusual way to assess 
significance for a health effect, and perhaps it is a very sensitive measure for statistical 
significance. None of the subjects tested seemed to show an effect that indicated a serious 
decrement in ability to observe contrast. Rather, a small and “subtle” (draft report, pages 20, 23) 
effect shows up in the comparison of maximum VCS, versus below maximum, as statistically 
significant. 

Response 70: No response needed. 
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Reviewer 8: 

Comment 71:

The answer is totally unknown. It is disturbing to contemplate an organic solvent being

responsible for any measured variation (no matter how contrived or obscure) in the physiology of

people living nearby (especially children), and VCS is a neurologic function. The abnormality

may not be isolated. But the physiologic significance of the findings is tenuous, at best.

Ophthalmologists do not even measure contrast sensitivity at all clinically.


Response 71: No response needed. 

What is the public health significance of these findings for the general population? 

SUMMARY OF REVIEWER COMMENTS 

Four reviewers noted that the findings had public health significance (1, 2, 5, 6). One reviewer 
noted that the public health significance of the findings was imposition of an additional burden 
on subpopulations of minority or low income children already at a disadvantage (1). Two 
reviewers noted that the results justify elimination of dry cleaners, and hence perc exposures, 
from residential buildings (2, 6). Another noted that perturbation of the CNS indicated by the 
results obtained should be considered a sentinel effect justifying further action (5). Two 
reviewers (4, 7) noted that the public health significance depended upon whether the effect was 
irreversible (4) or the exposure was chronically high (7). One reviewer indicated that the results 
did not have much public health significance (8), and another indicated that the results were 
actually encouraging for the general population (3). 

SPECIFIC COMMENTS AND RESPONSES 

Reviewer 1: 

Comment 72: 
From a population perspective, one should be concerned that subpopulations of children are 
being affected in this manner. Further, based on the study, the children most affected are those 
of low income and minority racial or ethnic description. Children learning to read may find it 
more difficult if contrast sensitivity is impaired due to the inability to see printed material under 
conditions of low contrast. These same children are likely to face other challenges in achieving 
their learning potential. Thus, the imposition of an additional burden, no matter how seemingly 
slight should be taken seriously. In a study of VCS deficits in Bohemian children, it was 
reported that children attending schools for the learning disabled scored significantly lower on 
VCS, particularly in the mid- to high spatial frequencies while visual acuity was normal (Hudnell 
et al. 1996). Thus, there could be a link between learning ability and VCS. Clear establishment 
of the adverse nature of the outcome would be quite burdensome in terms of resources and time. 
Further, as indicated recently by the National Academy of Sciences report (NRC 2007), 
“dividing effects into ‘adverse’ and ‘nonadverse’ ignores the scientific reality that adverse effects 
may be manifest along a continuum.” Instead one should determine “appropriate effects to 
evaluate,” and an “understanding of the underlying biochemical mechanism for an effect of 
interest.” 
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Response 72: Study findings suggest that minority and/or low income children may be most 
at risk for altered VCS as a result of perc exposure. Assessment of this is hindered because 
minority and low income residents are over represented in the high exposure groups. 
However, neither correlations between race/ethnicity or income and VCS, nor trend analyses 
of perc-exposure related decreases in VCS indicated either race/ethnicity or income 
influenced VCS. It is therefore not possible to conclude that minority or low income children 
represent a susceptible subpopulation for the effect on VCS observed in this study. 

Additional discussion has been added to the report to explain how both optical (e.g., the pupil, 
lens) and CNS components (e.g., retina, optic nerve, visual cortex) of the eye contribute to 
visual function (see pp. 25-26). Also, the desirability of better defining a clinically meaningful 
change in VCS, of better understanding whether and how changes in VCS reflect changes to 
CNS, and conversely, whether and how changes in CNS reflect changes to VCS is 
emphasized in a Recommendations section in the final report. 

Comment 73: 
Seen is this light VCS is clearly an effect of interest. A possible mode of action is that perc 
results in a depletion of dopamine in the prefrontal cortex that results in the poorer VCS results. 
Perc has been demonstrated to cause neurological effects in humans and laboratory animals 
along a continuum. At 700 mg/m3, exposed subjects reported neurological symptoms and had 
poor equilibrium (Stewart et al. 1970). At 350 mg/m3, exposed subjects had effects on the visual 
system, motor/cognitive function and motor function (Altmann et al. 1990). At 83 mg/m3, 
workers exposed to perc had poorer performance on tests of perceptual speed (Seeber 1989). At 
concentrations ranging from 7 to 470 mg/m3, workers exhibited reduced reaction time, reduced 
vigilance and increased stress (Ferroni et al. 1992). At concentrations of 2.2 mg/m3, day care 
workers exhibited a reduced mean VCS (Schreiber et al. 2002). At concentrations of 0.778 
mg/m3 apartment residents exhibited a reduced group mean VCS (Schreiber et al. 2002). In the 
current study, children exposed to average concentrations of 0.012 and 0.351 mg/m3, exhibit a 
significant trend of lower VCS scores. In animals, perc exposure of pregnant rats to 700 mg/m3 

has been shown to deplete dopamine levels in the brain of the offspring (Nelson et al. 1980). 
Exposure of gerbils to 420 mg/m3 of perc resulted in a lower mean DNA concentration per wet 
weight of the frontal cerebral cortex (Karlsson et al. 1987). The role of dopamine levels in VCS 
function has some support from the literature. Dopamine is the major catecholamine of the 
retina. Children with phenylketonuria (PKU) have been reported impaired across a range of 
spatial frequencies when VCS was tested (Diamond and Herzberg, 1996). Impairment was 
highest at 12 cpd. The authors indicate that lower dopamine levels in the prefrontal cortex and 
lower dopamine levels in the neurons of retina, if affected, could result in reduced VCS. Further, 
they concluded that moderately elevated levels of phenylalanine versus tyrosine may reduce the 
levels of tyrosine reaching the eye and brain, due to transporter competition, affecting the firing 
of dopamine neurons in the retina. In other studies, patients with diseases affecting brain 
dopamine levels had increased VCS after receiving dopaminergic drugs (Gorrlob and Srangler-
Zuschrorr, 1990). Consequently, it is reasonable to assume that perc may be affecting 
dopaminergic pathways in the frontal cortex in children exposed to emissions in their apartment 
buildings, and that this affects VCS. If this is the case, it unclear if other neurological pathways 
are also being affected or if this effect may impede normal brain and behavioral development in 
children. 

Response 73: No response needed. 
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Reviewer 2: 

Comment 74: 
This strong, carefully conducted study supports the need to separate housing from small industry 
activities such as dry cleaning establishments. This study suggests that VCS impacts are a 
sensitive pre-clinical endpoint, and although the differences seen were subtle and of a pre­
clinical nature, are likely to occur under current dry cleaning establishment operations in New 
York, and also in any community where dry cleaning is co-located with residential housing. 
Preventive public health action is justified. 

Response 74: No response required. 

Reviewer 3: 

Comment 75: 
In terms of concern for the general population – the results are encouraging. The outcome 
indicates that, even in co-located premises where the level is below the NYS Deaprtment of 
Health guideline of 100 µg/m3, no functionally significant effect would be expected and that is 
true even in situations where the guideline is exceeded by several fold. Clearly exposures such 
as those in reference residences are of no concern. 

Response 75: No response required. 

Reviewer 4: 

Comment 76: 
The authors acknowledge that the perc measurements reflect current levels and therefore in the 
present study, they cannot determine whether the effects observed are due to the combination of 
chronic and acute effects or simply acute effects. This issue speaks to the public health 
relevance. If the results observed are transitory resulting from acute exposure, then they are of 
relatively less concern than if the effects are permanent. 

Response 76: No response required. 

Comment 77: 
The associations with biologic measures of exposure (breath and blood) lend support to the 
conclusions, but the public health significance does not appear to be significant unless 
individuals are exposed chronically to concentrations (i.e., > 100 µg/m3) that are more likely to 
be experienced near work sites where perc is used daily. Furthermore, as indicated above we 
don’t know if the effect observed is permanent or transitory. 

Response 77: No response required. 
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Comment 78: 
It would also be useful to indicate from a clinical perspective what the current findings in 
children imply regarding visual function. Is there any clinical benchmark for the implications of 
such a loss of VCS? The beginning of the discussion section offers background about the 
importance of VCS function but the losses discussed do not apply to the current findings. It 
would be more useful to provide a context, if possible, for the losses observed in the present 
study. This is an issue that another reviewer with specific clinical expertise may be able to 
address more fully. 

Response 78: There is much discussion in the scientific literature about the testing, value, and 
interpretation of VCS. An ophthalmologist was included on the review panel and noted that 
the observed VCS effect would not be considered clinically significant. Discussion of the 
clinical interpretation of VCS changes is included in the section entitled VCS Test 
Performance, Vision and CNS on pp. 25–26 in the discussion of the final report, and the 
desirability of conducting more research in this area is noted in a Recommendations section 
added to the final report. 

Reviewer 5: 

Comment 79:

PERC is a VOC and a solvent; long-term exposures to compounds of this class have been

associated with deficits in central nervous system function. A perturbation of the central nervous

system, particularly in children, should be considered a sentinel effect.


Response 79: Interpretation of the observed changes in VCS as an indicator of a possible 
CNS effect is discussed on pp. 25–26 of the final report. 

Reviewer 6: 

Comment 80: 
The principal public health significance of these findings in my view is that dry cleaning 
establishments should simply not be permitted to exist in residential buildings. This is an 
inherently hazardous practice that defies common sense. At least in New York City where many 
thousand of children live in such buildings, the effects on public health across the city are 
potentially very large. 

Response 80: Other findings of the NYC Perc Project (McDermott et al. 2005) have been 
instrumental in development of new federal regulations restricting the use of perc in 
residential buildings (US EPA 2006). The findings of this report underscore the desirability of 
doing that and this is noted in the revised report. 

Reviewer 7: 

Comment 81: 
I can only give a lay opinion, not an opinion based on knowledge and experience on assessment 
of risks of vision impairment. The changes associated with perc exposure seem small relative to 
the normal range of variation with groups of children and adult subjects shown in Figure 1, p. 38 
(now pp. 30–31). I believe the public health significance of the VCS changes should depend on 

164 



whether these changes are at least in part irreversible, and how any irreversible changes compare, 
for example, to changes from advancing age. Very little background is presented in this report on 
how age, tobacco smoke or use of tobacco products, consumptions of alcoholic beverages, or 
exposure to other substances known to cause CNS effects show up as changes in CVS. 

Response 81: Uncertainties associated with knowing whether decreased VCS might be 
permanent or reversible are discussed in the Limitations section of the report. Given the noted 
ceiling effect for the VCS outcome, it is not possible to derive quantitative distributions for 
VCS in the study population. Full quantitative distributions of VCS scores are needed to 
compare the magnitude of possible effect of perc observed in this study to the magnitude of 
changes in VCS that have been reported with increased age or other exposures such as 
tobacco and alcohol. Nevertheless, in this study, the possible influence of age, smoking, and 
alcohol use on VCS were controlled for in the adjusted logistic regressions. 

Reviewer 8: 

Comment 82:

It is properly emphasized in the report that the performance of exposed subjects was above

average, and only a few individuals with less than maximal scores were responsible for the

group's significantly poorer performance.


Response 82: No response required. 

Charge Question 4: We used the perc exposure-VCS response relationship at 12 cpd in 
children to estimate indoor air perc levels associated with specified levels of extra risk for 
decreased VCS. Does the exposure-response analysis provide reasonable potency estimates 
of effect? Is there a level of extra risk for decreased VCS that is meaningful given the 
nature of the outcome variable and high background rates of scoring less than the 
maximum? If so, please explain what level(s) of extra risk is (are) meaningful, and why. 

SUMMARY 

Two reviewers did not respond to any component of this charge question (6, 8). Two reviewers 
commented that the exposure-response analyses provided reasonable estimates of potency (1, 2), 
and two reviewers commented that the exposure-response analyses were not useful (3, 7). One of 
these reviewers (7) added that there was already ample evidence for public health risk at indoor 
air perc levels around 100 µg/m3, and the results in this report are not sufficient to depart from 
reliance on 100 µg/m3 as a level of potentially significant risk. Another reviewer commented that 
establishing the relationship between ambient and internal levels of perc might better inform 
levels of indoor air perc that could be related to the VCS effect (5). 

Two reviewers addressed the level of risk that is meaningful (1, 4). One reviewer noted that 50 
percent extra risk above the risk at the median background level would be preferred, given the 
variability in response indicated by the wide confidence intervals around the odds ratios 
estimated in the regression models, and the observation that the BMCL at this value is within the 
range of what might be considered a NOEL, the median of about 12 µg/m3 for the low exposure 
group (1). One reviewer commented that it would be important not to imply, as reflected in the 
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lower bound of the benchmark concentrations, that indoor air perc levels in reference buildings 
(i.e., 3 µg/m3) might result in increased risk (4). This reviewer also noted that factors likely 
influencing VCS such as race/ethnicity and possibly age should be considered when interpreting 
extra risk. 

SPECIFIC COMMENTS AND RESPONSES 

Reviewer 1: 

Comment 83: 
The report used the perc exposure-VCS response relationship at 12 cpd in children to estimate 
indoor air perc levels associated with specified levels of extra risk for decreased VCS. The 
choice of children and VCS response at 12 cpd is most appropriate since this effect is the 
strongest and most consistent effect reported in the study. Further, this effect clearly 
demonstrates a dose-response. Table 12 provides estimates of perc effect levels in children using 
an unadjusted model. The effect is extra risk, and extra risk levels from 10 to 50 percent are 
calculated in the table. 

Response 83: No response required. 

Comment 84: 
It appears that the dose-response analysis provides a reasonable estimate of potency. The 
identification of three distinct exposure groups aids in developing an exposure response 
relationship. The use of a BMCL in the analysis is appropriate. It takes into account the 
variability in the experiment and provides a reasonable lower bound. It is worth noting that the 
result between the BMC and BMCL is very close at all levels of extra risk. Regarding the choice 
of background scenarios, it would appear that defining background as the median exposure is 
most appropriate. The report clearly demonstrates that the median background is statistically 
different from the low exposure residences. Choice of the 90th percentile would have to be 
preceded by a demonstration that the value is statistically different from the low dose group. The 
use of extra risk is a reasonable choice. However, the level of extra risk should be chosen 
carefully. I suggest the following considerations along this line. One issue to get a better 
understanding of is the response at the low exposure level. Does the lower exposure group (less 
than 100 µg/m3) exhibit an increased response? I am not able to discern that from the data. 
Clearly there is a trend. And clearly the high exposure group exhibits a significant effect 
(although clear documentation of this would be helpful). In simpler terms, does the low 
exposure group appear to be a no observed adverse effect level or lowest observed adverse effect 
level? Generally, your benchmark should approximate a NOAEL. If the low dose group is 
clearly a LOAEL, then the benchmark should be below it. Perhaps such a decision could be 
made by assuming a parametric distribution and using a comparison test, e.g., t-test. The second 
consideration is the variability in the mean response. A rule of thumb for evaluating a 
continuous variable is to look at the standard deviation from the mean and see if that provides 
useful guidance. Granted, the data are evaluated non-parametrically, but a parametric evaluation 
could be informative. Looking at the confidence interval around the OR suggests to me a 
considerable variability. For this reason I would choose the 50 percent extra risk, from among 
the choices provided. 
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Response 84: The median, rather than the 90th percentile, perc level is the most appropriate 
indicator of background, and this is noted in the report. Also, discussion of possible effect 
levels for decreased VCS based on study results in the final report is expanded to include 
consideration of perc levels of the > 100 µg/m3 group along with proportions of participants 
scoring > max in trend tests, significant group differences in VCS scores based on ANOVA 
followed by post-hoc t-tests, and visual inspection of the exposure-response curve illustrating 
the benchmark concentration analyses has been added. These considerations led us to 
conclude that perc levels associated with the > 100 µg/m3 group may reflect a LOEL. The 
final report notes that both trend and benchmark concentration analyses suggest a LOEL for 
decreased VCS at 12 cpd in children at about 90-100 µg/m3. 

Reviewer 2: 

Comment 85:

The multiple analyses performed are extremely useful in characterizing the exposure-response.

The methodologies applied and especially the use of benchmark dose estimating is quite

revealing. The range of potency estimates derived is reasonable.


Response 85: No response required. 

Comment 86: 
The discussion and calculation of extra risk is a useful exercise. It is difficult to determine how 
meaningful the findings and differences observed are. Unfortunately there is no available 
information on whether the changes seen are reversible if the individual is removed from the 
exposure or at what point the decreases become irreversible. It is also unknown whether the 
individuals with less than maximum response would have been at the maximum except for the 
exposure. This is the difficulty of a cross-sectional study. What is now needed is some 
longitudinal tracking to assess how predictive the decreases are for subsequent more rapid 
declines. 

Response 86: The report includes considerable discussion of uncertainties associated with the 
VCS outcome measure. This includes discussion of the meaningfulness of the derived 
measure of achieving < max score; and, of uncertainty regarding whether the effect observed 
might be irreversible or not, or predictive of greater effect in the future. The final report 
includes a recommendation section which includes the suggestion that additional research is 
desirable. 

Reviewer 3: 

Comment 87:

As discussed in the detailed comments above, the benchmark dose modeling is probably invalid.

Hypothetically, even if there is an effect, it is not of functional significance over the range of

exposures studies – even if there were a 50 percent probability of moving the worst eye from

max score to <max score (to high normal probably) it would not be of concern, particularly if the

best eye is unaffected.
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Response 87: The report notes that the changes in VCS observed are unlikely to be reflected 
in a functional decrease in the ability of participants to see contrast. Further, the report notes 
that the decreases in VCS observed, although apparently very minor, may be an “indicator” 
for a CNS effect. So, the exposure-response analyses is not intended to determine an effect 
level for altered vision, but rather an effect level for a possible alteration in the CNS. This is 
discussed on pp. 25-26 of the final report. 

Comment 88:

The results here and from Schreiber et al (2002) and NY DOH (2000) do not allow robust

comparisons of potency or derivation of dose response relationships.


Response 88: The exposure response analyses presented in the report are intended to provide 
a possible range of residential perc indoor air effect levels that can inform further research and 
consideration of these data in establishing or modifying perc air guidelines. 

Comment 89: 
Benchmark dose calculations: We need more information about the model and what was plugged 
into it but it seems clear that the outcome depends on how valid quantitation is at 12 cpd. Thus 
the foundation appears to be weak. The BMCL is a specific regulatory tool – to display the 
appropriateness of the modeling (in the statistical sense only), both lower and upper 95 percent 
CLs should be displayed. Has the BMCL for 10 percent probability been correctly identified? It 
looks as though it should be way below background. The 95 percent CLs appear to be very wide 
which would be expected given the limitations of the data being used to derive a dose response 
relationship. All told, this application of benchmark dose calculation for predictions seems 
highly insecure and should not be used for any practical purpose – better to omit altogether. 

Response 89: Appendix 3 which fully describes the exposure – response model has been 
added to the final report. Also, both upper and lower 95 percent confidence levels have been 
included in the table summarizing benchmark concentration estimates. Additionally, it is 
noted in the report on p. 27 that these analyses are best viewed as exploratory given 
uncertainties associated with the nature of the outcome variable and the wide confidence 
intervals associated with the benchmark concentration estimates. Nevertheless, we believe the 
analyses are helpful in providing a range of indoor air perc levels that might be considered 
minimum effect levels that can help frame additional research, and be useful in establishing or 
revising perc indoor air guidelines when considered along with other relevant data. 

Comment 90:

Exposure response: Schreiber et al (2002) is not a reliable basis for quantitative comparisons and

should be regarded only as having set the hypothesis for the current study. As indicated above,

the benchmark dose calculations seem flawed. There is really no basis for exposure response

comparisons. The big questions remain: Is there an effect and, if so, is it adverse (clinically

significant)?


Response 90: Indoor air perc levels associated with VCS effects by other investigators are 
provided and discussed to allow readers to consider the current results in the context of 
previous observations. Such comparisons are qualitative only and are useful even though 
uncertainty regarding the meaningfulness of the decreased VCS test performance remains. 
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Comment 91:

Dose response: You just have to admit that dose response determinations or comparisons are not

possible with these results.


Response 91: Given that the effect observed, as discussed in the report, may reflect an effect 
on the CNS, it is reasonable to explore what information this study may provide that would 
support judgements about a possible range of effect levels. 

Comment 92:

Benchmark dose: No conclusions possible.


Response 92: The benchmark concentration analyses are best viewed as exploratory given 
uncertainties associated with the nature of the outcome variable and the wide confidence 
intervals associated with the benchmark concentration estimates. Nevertheless, we believe the 
analyses are helpful in providing a range of indoor air perc levels that might be considered 
minimum effect levels that can help frame additional research, and be useful in establishing or 
revising perc indoor air guidelines. 

Reviewer 4: 

Comment 93: 
Factors that need to be considered when interpreting extra risk for lowered VCS include the 
confounding effects of ethnicity/race and possibly age (most highly exposed were somewhat 
younger). Although these covariates were adjusted for in regression models and results 
continued to approach significance, confidence intervals became quite large making these 
estimates less reliable. 

Response 93: Logistic regressions have been redone to eliminate inclusion of covariates that 
do not independently influence VCS test performance. Also, analyses of correlations between 
race/ethnicity or income and VCS indicated that neither race/ethnicity nor income influenced 
VCS for reasons noted in the report on p. 12. Hence, only age, smoking, and alcohol use are 
included in the adjusted adult model, and only age is included in the adjusted child model. 
Ninety-five percent confidence intervals for the odds for scoring < max are markedly reduced 
from those obtained when other confounders were inappropriately included in the draft report. 
Nevertheless, we recognize that given the disproportionate representation of minority and low 
income participants with the highest exposures and the very small number of participants with 
high exposures, especially non-minority and non-low-income, it is not possible to completely 
eliminate either race/ethnicity or income as a possible confounder in this study. 

Comment 94:

In addition, increased risk estimates incorporate concentrations documented in the reference

buildings. It would be important not to imply at this stage that the lower bound of the

benchmark concentration (i.e., 3 µg/m3) would result in increased risk.


Response 94: Discussion of the benchmark exposure-response analysis in the final report now 
emphasizes extra risks of 40 percent or 50 percent above the median background level of 2.25 
µg/m3 on p. 27. Estimated indoor air perc levels associated with these extra risks as well as 
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the lower confidence limits on these estimates are all above the 25th – 75th range observed in 
reference buildings. 

Comment 95: 
Also, the study used categories of exposure and of performance in spite of the fact that 
continuous measures for both the independent and dependent variables were available. This is 
not the best or most accepted method for analyzing results according to journals providing 
guidelines for acceptable statistical analyses (e.g., Psychosomatic Medicine). 

Response 95: Although categories of indoor air perc levels were used in trend analyses, 
measures of exposure (indoor air, breath, blood perc levels) used in regression analyses were 
continuous. And, although VCS measurements may reflect a continuous biological variable, 
the data were highly truncated (i.e., there was a ceiling) so that parametric analyses assuming 
the nature of the distribution was known or that the distribution is normal were not warranted. 
Instead, methods appropriate for these types of truncated data were applied. Appendix 2 in the 
final report more fully describes the nature of VCS as assessed using the F.A.C.T. in this 
study. 

Reviewer 5: 

Comment 96:

It would be helpful to see an analysis that establishes the relationship between the ambient and

internal levels of PERC. Quantifying this relationship would allow you to understand whether

ambient levels can be used as acceptable surrogates for internal dosimetry.


Response 96: Correlations between indoor air perc level and measures of internal perc 
exposure have been reported by us and by others (e.g., Schreiber et al. 2002; Storm et al. 
2006). This has been noted in the report on p. 3. More detailed analyses of interrelationships 
between indoor and biological levels observed in this study are underway. 

Comment 97: 
Given that the internal PERC levels dropped steeply in breath measures taken in the residence 
and in the clinic, understanding the relationship between ambient and internal dose may allow 
you to better identify the ambient level associated with a decrement in performance. In other 
words, calculate the ambient to internal function based on the measures taken in the residence, 
then use this function to consider what ambient level would be equivalent to that at the time of 
testing in the clinic (ostensibly a low-PERC location). 

Response 97: As noted above, there are uncertainties associated with knowing whether the 
subtle effect on VCS observed was due to acute (i.e., current) and/or chronic (i.e., past or 
cumulative) exposures to elevated indoor air perc. The suggested analyses, although of 
potential interest, would be of most value assuming the observed effect is thought to be due to 
current or acute exposures only. Since the current study cannot really resolve this issue, the 
suggested analyses are beyond the scope of the final report. 

170 



Comment 98: 
Calculating the ambient to internal dose function would also open the way for further meta­
analysis, that is, combination of these results with results reported elsewhere. In addition, one of 
the growing challenges for the Agency and others in public health will be to be able to 
reconstruct exposures from biomonitoring data. By including internal and external measures of 
exposure in your report, you will help in that broader effort as well as in your focused effort. 

Response 98: The biomonitoring data gathered in this study are being used to explore the 
pharmacokinetic relationships among breath, blood, and indoor air levels for both adults and 
children as noted above. 

Comment 99:

It is unfortunate that the “ceiling” effect necessitated more elaborate statistical analyses than

might otherwise have been necessary. Should future testing situations arise, then other rapid

tests of VCS might be considered.


Response 99: We agree that alternative VCS tests should be considered for future research. 
This is noted in a recommendation section added to the report. 

Reviewer 7: 

Comment 100: 
While there is an indication of a dose response, especially when previous data on VCS and perc 
exposure are considered, the new data presented in this report show only a small, subtle, and 
barely statistically significant effect using unusual statistical procedures. A wide range of 
individual exposures is found in the two groups with elevated exposure from dry cleaners. I am 
therefore not persuaded that the benchmark concentration (BMC) and 95 percent lower 
confidence limit (BMCL) calculations are useful. I think the appropriate inference is that the new 
test data show that perc VCS effects are measurable via the statistical tests used, at levels of the 
order of 100 �g/m3. Therefore, New York may want to encourage increased vigilance, with 
warnings of possible vision effects communicated to exposed adults, parents of exposed children, 
and the ophthalmologists who treat them. I am of the opinion that, based on possible cancer 
risk, indoor perc exposures at levels above 100 �g/m3 from dry cleaners venting into nearby 
apartment living space ought to be avoided. The previously established NY State guidelines for 
limiting perc exposure in residential areas co-located in buildings with dry cleaners, described on 
pages 1-2 of the draft report, seem to me to remain reasonable and appropriate. I do not yet 
regard VCS changes described in this draft report effects as adding much to a potentially 
significant (but highly uncertain) health risk from such levels of indoor perc exposure. 

Response 100: The small, subtle nature of the effect observed as well as uncertainties 
associated with the exposure-response analyses are discussed in the report. The findings of 
this report and reviewers comments on this report are being considered along with other 
relevant information in a review of the NYS DOH 100 µg/m3 guideline for perc. 

Reviewer 8: 

Comment 101:

This is essentially a statistical question and I am not competent to answer.
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Response 101: No response required. 

Charge Question 4: Please offer any other comments on this report you feel are of interest 
and/or of importance that are not addressed in the above questions. 

SUMMARY 

Reviewers 1 and 2, suggested more detailed information be provided about the F.A.C.T. VCS 
test, and participants VCS scores. Reviewer 1 also suggested statistical analyses of differences in 
VCS test performance between the two dry cleaner building exposure categories be performed to 
help identify whether the perc level in the < 100 µg/m3 group was an effect level or not. 
Reviewer 4 suggested children living in buildings where perc levels were > 100 µg/m3 be 
protected immediately. Reviewer 5 suggested considering the amount of time spent in 
residences/day to better characterize exposure. Reviewer 7 suggested the results be published in 
the peer-reviewed literature, and that reviews be solicited from experts in statistical techniques 
for analysis of data at, or below, a maximum level when many subjects have responses at the 
maximum level. 

SPECIFIC COMMENTS AND RESPONSES 

Reviewer 1: 

Comment 102:

The New York State Department of Health (NYSDOH) is to be commended for their public

health approach to conducting such an innovative and informative study.


Overall the report is fairly well written, clearly describes the details of the study, and provides

the substantive calculations and analyses in the appendices.


It would be helpful if the tables indicated what statistical test was used in the evaluation. This is

not always the case.


Response 102: Statistical tests have been added to tables. 

Comment 103: 
On page 7, it would be helpful to indicate, in parens or a footnote if needed, the range of scores 
that are achievable from the VCS test. Also there should be an explanation of how the scoring 
was averaged. For example, if the testee achieved the maximum score the value of “x” was used 
in the calculation. 

Response 103: Appendix 2 which includes detailed descriptions of the F.A.C.T. VCS and also 
individual participant scores has been added to the final report. 

Comment 104: 
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On page 9, it would be helpful if the document explicitly stated which variables were considered 
categorical and tested using chi-square. Also the document should explicitly state which 
variables were analyzed using the Spearman correlation coefficients. 

Response 104: The methods section of the final report details the nature of variables used in 
all analyses. 

Comment 105:

On page 13, Table 6 should be more clearly explained. Particularly, what is the VCS score

versus the score less than max?


Response 105: The VCS score and VCS score < max are explained in the Methods section. 
Also, in the final report Table 6 which summarizes correlations between VCS test 
performance and measures of perc exposure only includes the VCS score. 

Comment 106:

It would be helpful to run statistical tests on the VCS response for the two exposure groups to see

if the children’s response is significant statistically. They should be run parametrically as well as

non-parametrically. It seems clear that there is a biologic response at the high exposure group.

If the results are not statistically significant, there should be discussion of the identification of a

biologic response at the exposure level(s).


Response 106: The outcome variable does not meet the required assumption for parametric 
analyses of normality (cf., Tomkins 2006). Therefore parametric analyses have not been 
included in the final report. 

Reviewer 2: 

Comment 107: 
It would be useful to have a brief discussion of how the VCS test has been used and the 
robustness of the “normal” values and distributions provided by the company. The criterion for 
selection of who was used to generate these normal values is probably less strict than the criteria 
for inclusion in this study. The test scale of response range that does not provide a full range of 
scores makes analysis difficult. The line of analysis chosen was the best available. 

Response 107: More details on the F.A.C.T. VCS test used in this study are presented in 
Appendix 2 of the final report; and, discussion of the influence of exclusion criteria on VCS 
test results are noted on pp. 20-21 of the final report. Details of the population used to 
generate the “normal” values for the F.A.C.T. are not available. 

Reviewer 3: 

Comment 108: 
I must compliment NY State DoH on the design of this study which was exemplary with great 
attention to detail. Conduct of the experiment, as far as one can judge, appears to have been 
handled well also. In some ways the quality of the study deserved results that were easier to 
interpret and it is the handling of results and their interpretation that leads to concerns. 
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Response 108: No response required. 

Reviewer 4: 

Comment 109: 
In spite of any caveats including the need to replicate the current findings, the consistency of 
results for VCS performance at 12 cpd among children exposed at the highest concentration 
suggests that this is a finding that should be followed up on from a public health perspective. 
That is, as a precaution children living in buildings where air exposures > 100 µg/m3 are 
documented need to be protected until we understand more fully the implications of the present 
findings. 

Response 109: During the conduct of this study, whenever a level of perc greater than 100 
µg/m3 was observed, the NYC DOHMH was notified so that action could be taken. This is 
noted in the report. Also, as a result of this study, NYS DOH is reviewing the residential air 
guideline of 100 µg/m3 along with other relevant information to assess whether it is 
adequately protective. 

Comment 110:

A small edit – Figure 2 needs to have the units of measurements indicated for the air

concentrations given on the x axis.


Response 110: Figure 2 is now Figure 3 in the final report and has been modified to include 
air concentration units. 

Reviewer 5: 

Comment 111: 
The NYS Department of Health took on the difficult task of assessing the effects of 
environmental exposure to tetrachloroethylene (PERC) in residents of buildings that contained 
both residences and dry-cleaning businesses. This is an important issue, since exposure to PERC 
has previously been associated with neurobehavioral and visual effects in occupational and some 
residential studies. Comprehensive evaluation of the effects on children is a particularly pressing 
need because of the potential for increased vulnerability of the developing nervous system. 

The study (and the report) is impressive, particularly with the care taken to make measurements 
of exposure. It is rare in environmental epidemiology outside of industrial hygiene to get 
measures of ambient and internal (i.e., inside the body) levels of the compound of concern. 

Response 111: No response required. 

Comment 112:

Given the rapid clearance of PERC from the body, an additional factor that one might want to

consider is the amount of time spent in the residence/day, since this would have an impact on the

chronic level of exposure to the PERC.
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Response 112: The amount of time spent in the residence each day was not collected from 
participants. Although the suggested analyses might be informative about exposures and 
possibly the perc exposure-response relationship, they would not address whether the effect 
obtained was a consequence of acute and/or chronic exposures. Nor would it address 
uncertainties associated with the outcome variable itself. 

Comment 113:

The color vision testing was done well. The study is to be applauded for using the paired

saturate and desaturate color arrangement tests and testing subjects under clinically controlled

conditions.


Response 113: No response required. 

Comment 114: 
One question about the visual evaluation: Was contrast sensitivity tested using best corrected 
vision? In other words, when an individual went to the Ophthalmology clinic to be tested, if the 
evaluation showed that optical correction was necessary, was that optical correction then used 
during the VCS test? 

Response 114: Yes, contrast sensitivity testing was done using best corrected vision, as long 
as it was better than 20/25. This is noted in the Methods section of the report. 

Reviewer 7: 

Comment 115: 
There is no indication in the report that the reduction in VCS at any spatial frequency effect is 
cumulative with lengthy repeated exposure over time. No results were reported that indicate 
whether the change in VCS goes away after perc exposure is discontinued and perc levels in 
breath and blood go to low levels. (By low levels I mean the levels that might be expected with 
ambient outdoor levels of perc or levels in a building with no dry cleaner. The test results relate 
to levels of perc in buildings with a dry cleaner and a measured perc level of < 100 �g/m3, or the 
higher measured levels (>100 �g/m3) in buildings with a dry cleaner. 

Response 115: These limitations are noted in the report. 

Comment 116:

In my judgment these test data should be published in the peer-reviewed professional literature.

I do not think the review I am submitting, or reviews from other other non-specialists in these

vision effects submit at this time, substitute for peer review from specialists in toxicological

effects on the nervous system and on vision in particular. I would also think reviews should be

solicited from experts in statistical techniques for analysis of data at, or below, a maximum level,

for tests in which many subjects have responses at the maximum level.


Response 116: The eight reviewers of this report represented a diversity of expertise in 
ophthalmology, neurotoxicity, epidemiology, statistics, risk assessment, and exposure-
response. We plan to submit these data to an appropriate scientific, peer-reviewed journal. 
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EFFECT OF TETRACHLOROETHYLENE (PERC) EXPOSURE ON VISUAL

CONTRAST SENSITIVITY (VCS) TEST PERFORMANCE IN ADULTS AND


CHILDREN RESIDING IN BUILDINGS WITH OR WITHOUT A DRY CLEANER


EXTERNAL REVIEWERS


NAME AFFILIATION/ADDRESS 

George Alexeef, Ph.D., D.A.B.T. 

Office of Environmental Health Hazard Assessment 
California Environmental Protection Agency 
1515 Clay Street, 16th Floor 
Oakland, CA 34612 

Henry Anderson, M.D. 

Wisconsin Division of Public Health 
1 West Wilson Street 
Room 150 
Madison, WI 53702 

Paul H. Dugard, Ph.D. 
Halogenated Solvents Industry Alliance 
1300 Wilson Boulevard 
Arlington, VA 22209 

Nancy Fiedler, Ph.D. 

Environmental & Occupational Health Sciences Institute 
UMDNJ-Robert Wood Johnson Medical School 
170 Frelinhuysen Road 
Piscataway, NJ 08854 

Andrew Geller, Ph.D. 

Neurotoxicology Division 
Office of Research and Development 
US Environmental Protection Agency 
RPCS/MD B305-02 
Research Triangle Park, NC 27711 

Philip Landrigan, M.D.,M.Sc. 

Mount Sinai School of Medicine 
Mount Sinai Hospital 
One Gustave L. Levy Place 
Box 1057 
New York, NY 10029 

D. Warner North, Ph.D. 

Stanford University 
Management Science And Engineering 
Terman Engineering B 
Stanford, CA 94305-4026 

John W. Simon, M.D. 

Children’s Medical Eye Consultants, PLLC 
1220 New Scotland Road 
Suite 202 
Slingerlands, NY 12159 
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EFFECT OF TETRACHLOROETHYLENE (PERC) EXPOSURE ON VISUAL CONTRAST

SENSITIVITY (VCS) TEST PERFORMANCE IN ADULTS AND CHILDREN RESIDING


IN BUILDINGS WITH OR WITHOUT A DRY CLEANER


REVIEW PANEL CHARGE


An external scientific review panel is being asked to review findings summarized in the report 
“Effect of Tetrachloroethylene (Perc) Exposure on Visual Contrast Sensitivity (VCS) Test 
Performance in Adults and Children Residing in Buildings With or Without a Dry Cleaner.” The 
New York State Department of Health has evaluated relationships among tetrachloroethylene (perc) 
exposure (indoor air, breath and blood perc levels) and visual function (visual contrast sensitivity 
(VCS) and color vision) in child and adult residents of buildings with or without a co-located dry 
cleaner using perc. This report indicates that decreased VCS of adult and child residents was 
associated with perc exposure. Evidence for an effect of perc on children’s VCS is stronger than for 
an effect of perc on adult’s VCS. Further, among children, decreased VCS at the specific spatial 
frequency of 12 cycles per degree (12 cpd) was most clearly associated with increased perc 
exposures compared to VCS at other spatial frequencies. Hence, children’s perc exposure – VCS 
response relationship at 12 cpd was evaluated to estimate a perc effect level for decreased VCS. 

We are asking the panel for written comments on the following issues. 

1.	 We attributed a decreased proportion of children achieving the maximum VCS score at 12 cpd, 
and an increased likelihood (odds ratios) for children to score < maximum VCS score at 12 cpd 
to increased perc exposure. Is this conclusion supported by the data obtained and analyses 
performed? Are limitations and strengths of the study adequately described and appropriately 
considered? 

2.	 VCS of both adults and children was in the upper range of what is considered normal for the 
VCS test administered. Nevertheless, significant associations between increased perc in indoor 
air, breath, and blood of children and decreased performance on the VCS test were observed. 
Should the decreased VCS test performance observed be considered an adverse effect? What is 
the public health significance of these findings for the general population? 

3.	 We used the perc exposure-VCS response relationship at 12 cpd in children to estimate indoor 
air perc levels associated with specified levels of extra risk for decreased VCS. Does the 
exposure-response analysis provide reasonable potency estimates of effect? Is there a level of 
extra risk for decreased VCS that is meaningful given the nature of the outcome variable and 
high background rates of scoring less than the maximum? If so, please explain what level(s) of 
extra risk is(are) meaningful, and why. 

4.	 Please offer any other comments on this report you feel are of interest and/or importance that 
are not addressed in the above questions. 
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