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Abstract

We report results of a hospital-based case control study of 137 consecutive patients
diagnosed with aplastic anemia (AA) in participating hospitals over a 4 year period. Diagnoses
were made by a single laboratory, subjects were age- and gender- matched to two controls and
interviewed concerning previous disease, work histories and exposures to potential etiologic
agents. Analysis was conducted on two distinct subgroups: severe aplastic anemia (SAA) and
moderate aplastic anemia (MAA). In univariate regression models, the strongest associations
were observed for exposure to benzene and SAA (OR =3.12, 95% CI = 1.12-8.65) and life on a
farm and MAA (OR = 3.08, 95% CI = 1.44-6.56). Benzene exposure did not show a strong dose-
response relationship with either subtype. When accounting for all of the potential confounders
we considered in conditional regression models, the previous relationships persisted. Other
explanatory variables included hair-dye use for MAA and farm exposures, such as livestock for
SAA, although most of these additional variables fell just short of statistical significance.
Adjusted r-squared values were only 10% for each subtype, leaving 90% of AA occurrence
unexplained. Our results suggest that: (a) benzene exposure is more strongly related to SAA
than MAA, (b) farm and livestock exposures are related to both forms of AA, confirming some
previous results, and (c) a large percentage of AA remains unexplained, which may indicate that

individual susceptibility has a major influence on AA occurrence.
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1. Introduction

Acquired aplastic anemia (AA) is a rare disease of bone marrow failure that has been a
recognized clinical entity for well over a century [1;2]. The essential features of bone marrow
failure in AA are pancytopenia accompanied by bone marrow hypocellularity in the absence of
evidence for congenital, neoplastic, or malabsorption disorders, or any other systemic disease or
vitamin deficiency. The clinical presentation of AA varies between an acute life threatening
illness (i.e. severe) and a progressive debilitating disease (i.e. moderate). Various agents,
including numerous drugs, viruses, ionizing radiation and chemicals, most notably benzene, have
been implicated in the development of AA. Despite a wealth of literature devoted to this
disorder, there are relatively few quantitative epidemiology studies on the etiology of AA until
very recently [3]. Historically, a combination of several factors have made the study of AA
difficult, including: imprecision in the differential diagnosis of AA as well as misunderstandings
and uncertainties concerning the pathogenesis of the disease [4;5]. These issues are further
compounded by the fact that AA is by no means the most frequent cause of pancytopenia [6].
The incidence of AA in the general population is extremely low (typically < 1/100,000
worldwide) [7] and even for individuals treated or exposed to known etiologic agents,
development of the disease is relatively rare.

Aplastic anemia is commonly thought to be more prevalent in Asia than the West [7];
however, Chinese studies suggest only a modest increase in incidence and no age gender
differences relative to the West [8;9]. Reasons for these differences remain unknown but recent
studies raise the possibility of an infectious etiology [3;7]. In order to evaluate the prevalence
and relative risk of developing AA in Shanghai, China, we conducted a hospital-based case

control study of 137 consecutive patients diagnosed with AA from referring hospitals over a 4-
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year period. Diagnoses were made by a single laboratory using standardized laboratory and
histopathologic criteria. Cases of AA were further classified as chronic (CAA), moderate (MAA)
or severe (SAA) to investigate potential etiologic differences for these subtypes. Patients were
age- and gender- matched to two controls and interviewed concerning previous history of disease,

work histories and exposures to potential etiologic agents.

2. Material and Methods
2.1 Patients

A total of 137 patients were diagnosed with aplastic anemia in our laboratory in Shanghai,
China between July 2003 and July 2007. Patients were at least 18 years old and were referred
from 28 hospitals in Shanghai. Two controls, for which hematopoietic or lymphoid disease was
not suspected as an initial diagnosis, were selected for each AA subject from patients presenting
at the referring hospital. Diagnostic categories for control subjects included but were not limited
to: trauma (fracture, laceration); infection (pneumonia, rhinitis, bronchitis); cardiovascular
disease (hypertension, tachycardia); cancer (gastric, breast, prostate). Controls were successfully
matched to 134 patients according to age, gender and date of presentation. Three patients were
not assigned hospital controls: one AA patient expired before controls could be selected and two
AA patients were lost to contact after diagnosis. Thus, the overall participation rate was 97.8%.
Informed consent was obtained on all participating subjects according to the Declaration of
Helsinki, 2004 and the NIH Common Rule (45CFR46). This study was approved by the
Colorado Multiple Institutional Review Board and the Ethic Committee of Fudan University in
Shanghai, China.

2.2 Questionnaire description
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The questionnaire and data collection procedures are described in Armstrong et al. 2009
[10]. All cases and controls were interviewed by trained personnel in the hospital setting. In a
few cases, subjects were interviewed at home if they had left the hospital prior to interview. The
questionnaires used in this study were designed in English, translated into Chinese and then
administered in the native Chinese language. Information obtained in the questionnaire included
patient demographics, family history of disease, patient medical history (diseases, medications),
patient occupational history, exposures of interest associated with each reported job, and patient
non-occupational exposure history (e.g. hobbies, smoking, alcohol use). In addition, occupations
and industries were coded to Chinese classification systems.

The study questionnaires included segments to evaluate occupational exposures to broad
categories of agents and more specific hazards in each of the broad categories. The categories
and agents were selected based on reported possible association with lymphohematopoietic
diseases (e.g. leukemias and lymphomas) for a suite of studies, including but not specifically the
currently reported AA study. The categories were structured so that a relatively non-specific
response such as “solvents” could be captured and further detailed (e.g. “chlorinated solvents™) if
the interviewee knew more specific composition information. The broad categories included: (a)
petroleum, products and solvents (18 subcategories), (b) metals (21 subcategories), (c)
agricultural chemicals (12 subcategories) and (d) other substances (21 subcategories including
ionizing radiation, fumigants, hair dyes). The questionnaire process also solicited responses on
the frequency and duration of key tasks involving use of the agents.

Clerical staff entered the data in duplicate from the questionnaires into a database that
was verified via an external quality assurance audit. Any disagreements between questionnaire

entries were resolved quickly by referring to the original paper record or the questionnaire
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administrator. A summary file was generated from the questionnaire data, which did not include
any of the clinical information, such as clinical diagnoses, that could compromise blinding. This
summary file was assessed and edited via a comprehensive series of logic and consistency
checks to assure data integrity.

We combined information from different fields on the questionnaire to define an
enhanced and more inclusive variable for analysis. These instances included: (a) information on
diabetes and diabetes treatments (i.e. tolbutamide) for a diabetes indicator, (b) information on
tuberculosis (TB) and TB treatments for a tuberculosis indicator (c) growing crops indicator
which used information on fertilizers, insecticides, pesticides, and growing crops, and (d) an
inflammation indicator that combined information on infections and inflammatory diseases such
as arthritis, hepatitis and TB.

2.3 Sample collection and clinical laboratory analysis

Peripheral blood, bone marrow aspirates, tissue and core biopsies were collected in
conjunction with diagnostic procedures. Peripheral blood smears were obtained by finger stick.
Bone marrow aspirates and core biopsies were obtained by Jamshidi needle extraction from the
posterior iliac crest. Blood samples were collected by venipuncture and processed for routine
CBC (Cell Dyne 3700, Abbott, Abbott Park, IL) and viral serology (HCV and HIV) (Imx,
Abbott). Serum vitamin B12 and folate were measured by chemical luminescence (Beckman
Coulter Dxi800), and total iron binding capacity was determined using a Beckman Coulter LX20.
2.4 Morphology

Bone marrow aspirate and peripheral blood smears were both evaluated in these cases
using Wright-Giemsa stained preparations. Core biopsy sections were evaluated using

Hematoxylin-Eosin ~ (H&E),  Gomori  trichrome, iron and  immunoperoxidase-

Page 6 of 30



immunohistochemistry stains for selected markers. Morphology was independently evaluated by
two of us (R.D.1., J.R.). Microscopic analysis was performed using Olympus BX51 bright field
microscopes (Olympus Optical Ltd, Tokyo). In this study, cellularity was determined by
evaluating trephine biopsy sections. However, dysplasia and hypocellularity were also evaluated
in bone marrow aspirate smears.
2.5  Cytogenetic and FISH analysis

Cytogenetic studies were performed on either bone marrow or peripheral blood collected
at diagnosis. Metaphases were prepared from unstimulated, short-term culture preparations (24-
and 48-hour) and G-banded with trypsin-Giemsa staining. A minimum of 20 metaphases were
analyzed in each case. Fluorescence in situ hybridization (FISH) analysis was performed on
short-term cultures of bone marrow or blood cells. Systematic screening for -5/5q-, -7/7q-, +8,
del(20q) and 11g23/MLL rearrangements was performed on each patient.
2.6 Diagnostic criteria for acquired AA and AA subtypes

The defining morphologic characteristic for diagnosis of AA is a hypocellular bone
marrow, typically less than 25%, accompanied by minimal dysplastic changes (see below) and a
persistent decrease in peripheral blood cells in at least 2 of 3 lineages [11]. Cases of AA were
further classified as severe or moderate based on peripheral blood counts. A diagnosis of SAA
was made when 2 or more of the following were present: absolute neutrophil count (ANC) < 500
cells/uL; absolute platelet count (PLT) < 20 X 10%cells/uL; absolute reticulocyte count < 40 X
10%cells/uL. A diagnosis of MAA was made when ANC, PLT or absolute reticulocyte counts
were persistently decreased below laboratory standard reference ranges but did not fulfill the
requirements for diagnosis of SAA. All cases of MAA had involvement of at least 2 lineages. A

small number of cases with depressed bone marrow cellularity were accompanied by persistent
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but mild depression in only 1 lineage. These were classified as chronic AA. Since there were
only five cases of CAA, they were not included in statistical analyses. A diagnosis of acquired
AA was not made in patients with accompanying decreases in serum vitamin B12, folate,
increased total iron binding capacity or, in cases of pancytopenia, accompanied by normal or
increased bone marrow cellularity (> 40%). Patients meeting criteria for diagnosis of
myelodysplastic syndrome (MDS) were excluded. It is often difficult to distinguish between
hypocellular MDS and SAA, and for at least a subset of cases, conceptual differences remain
blurred. Therefore, we employed standardized morphologic criteria for the differentiation of
SAA and hypocellular MDS. Minor dysplastic changes in erythroid cells were considered
consistent with a diagnosis of AA. Alternatively, cases with hypocellular bone marrow
accompanied by any evidence of granulocytic or megakaryocytic dysplasia or those with severe
dyserythropoiesis, including megaloblastic changes or markedly abnormal nuclear morphology
(e.q. nuclear bridging) were not diagnosed with AA.
2.7  Exposure assessment from questionnaire data

The questionnaire that solicited exposure information for cases and controls consisted of
a detailed assessment of each patient’s work history. This work history queried jobs held over
each patient’s entire career. Specific jobs elicited more detailed queries to enable the assessment
of exposure to classes of hazards [e.g. petroleum products, metals, agricultural chemicals, other
(including ionizing radiation)], and when possible, specific substances within each class. It was
recognized that many patients would not have detailed knowledge on specific compounds
handled, so rather than query specific compounds, the job (and key tasks) scenario was queried
in as much detail as possible. This enabled the creation of an exposure summary file from the

questionnaire data regarding potential chemical exposure. Subsequent exposure assessment
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steps involved at least one, but often several, of the following steps: (a) location of exposure
measurement records for the job and location where the subject worked through the Shanghai
Institute of Public Health Supervision (IPHS) database, (b) location of records for surrogate
factories, industries or jobs in the IPHS database, (c) assessment of exposures detailed in the
Chinese literature (supplemented by Western literature) for relevant industries (d) assessment of
regulatory and technology changes for key industries, (e) monitoring data from similar
facilities/jobs, and/or (f) conducting task simulations. An expert panel integrated the information
available and assessed exposures using the above data. The expert panel was comprised of
Chinese professors in Occupational Health from Fudan University and a retired director for the
Shanghai IPHS. The panel has expertise in exposure to benzene and benzene-containing
materials as well as for exposures to others agents covered in the questionnaires. Additional
expertise providing discussion and advice to the Chinese experts included an American certified
industrial hygienist (CIH) with extensive expertise in exposure assessment for epidemiology. A
US trained, Chinese born and raised CIH provided translation, supervision, and technical support
as well.

Since benzene exposure was a focus of the study, a semi-quantitative approach toward
exposure assessment was employed. Five ordinal categories of exposure were created: (0) no
occupational exposure, (1) < 1 mg/m?, (2) 1 - <10 mg/m?, (3) 10 - <100 mg/m®, and (4) 100+
mg/m®. Each job/location scenario was placed into one of these five categories using the
procedures summarized above. We assigned category 1 to a ‘score’ of 1, category 2 a ‘score’ of
2, etc. For some analyses, the score assigned to a specific exposure category was multiplied by
the number of months in that category to calculate an index of ‘score-months’ of benzene

exposure. This index was categorized into tertile categories according to the distribution in

Page 9 of 30



controls, and these categories, as well as the continuous measure of score-months, were used in
conditional logistic regression models. The benzene exposures included contributions from
selected materials such as some solvents, fuels, glues, paints, etc. that typically contained
benzene. Note that not all formulations of materials in these categories were deemed to contain
benzene (e.g. fish based glues, latex paints).

For exposures other than benzene, we assigned study subjects a binary indicator to reflect
the presence or absence of the substance for a specific job/workplace scenario. No attempt was
made to estimate an approximate concentration associated with that scenario. The sources used
to determine assignment to “ever” and “never” exposed categories included the aforementioned
Chinese literature searches for relevant industries, Western literature [12;13] and knowledge of a
Shanghai-based expert panel. Finally, to explore whether a diversity of chemical exposure might
have a role in AA, we summed the number of positive indicators for each chemical exposure and
used the sum as a covariate in exploratory regression models, described below.

2.8  Statistical analysis

The primary analytic tool used was conditional logistic regression analysis. Separate
models were fit for both MAA and SAA. We first examined univariate conditional logistic
regression models with grouping for the matching variables of age and gender. Since model
stability was a concern, especially for conditional logistic regression models, variables were
assessed for co-linearity to facilitate subsequent covariate selection for the multivariate
conditional logistic regression models. Model stability was further enhanced by removing or
collapsing some highly correlated component covariates (e.q. the category ‘fuels’ was derived
from exposure indicators to diesel, gasoline and kerosene because each variable correlated with

‘fuels’ and with one another). However, statistically distinctive component variables were
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preferentially retained, pending further assessment, over their broader “parent” data elements
when the latter was uninformative.

As with the univariate analyses, multivariate models were conditioned on the matching
factors of age and gender. Parsimonious models were built using a step-wise process that
iteratively eliminated covariates if the p-value was > 0.2 and subsequently allowed for covariate
re-entry after each successive run if the p-value was < 0.10. In addition to the matching factors,
the Odds Ratios (OR) from these models are controlled for simultaneous effects of other factors
deemed important predictors in explaining SAA and MAA risk. If conditional models would not
converge for a key potential predictor, unconditional models were used. Important predictors
were determined by examining the effect of exchanging model terms unrelated to model stability.
Residual analysis was assessed by both Akaike’s Information Criterion and the Bayesian
Information Criterion, which also guided the selection of predictors in final models. Gender-
specific models were also explored. All statistical analyses were performed using Stata

Statistical software: Release 10 (Stata Corp. College Station, TX).

3. Results
3.1  Clinical characterization of AA and AA subtypes

Of the 134 total AA cases that participated in this hospital-based case control study, the
proportion of cases diagnosed as SAA, MAA or CAA are presented in Table 1. In addition to
the peripheral blood parameters (Table 2) and bone marrow morphology described for the
classification of AA subtypes, cytogenetic and/or FISH analysis were also performed and were
successful in 114 out of 134 patients (85%). However, no clonal cytogenetic abnormalities were

observed in any of the cases diagnosed with AA using criteria as described in Materials and
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Methods. Age and gender distributions for all 134 cases of AA are illustrated in Figure 1.
Overall there was a slight male predominance: 63 females and 71 males presenting with some
form of AA. The median age for males was 36 years (range 18-87 years) whereas the median
age for females was 43 years (range 18-85 years). There were significantly more males than
females in the < 29 year old age group (p < .05), which is partially explained by a marked
increase in young males presenting with SAA (Table 1). There were 19 males but only 7
females under the age of 30 years diagnosed with SAA. Males also exhibited a tendency
towards diagnosis of SAA versus MAA in the 60-69 year age group (7 cases versus 1 case,
respectively). However the increase was not statistically significant. Females presented with a
relatively even distribution of SAA and MAA throughout the different age groups except for the
seventh decade of life. Seven cases of MAA were diagnosed in women age 70-79 years whereas
only 1 case of SAA was diagnosed in this same age group (data not shown).

3.2 Risk factors associated with the development of AA and AA subtypes.

Risk factors as determined in univariate models associated with the development of AA
and its subtypes are summarized in Table 3. For SAA, the only significant positive finding was
benzene exposure when it was classified as “ever/never” exposed (OR = 3.12). In addition,
when the highest benzene score for each study subject was regressed against SAA, the OR was
1.56 (95% CI = 0.99 — 2.47), a result that is not quite statistically significant (p = 0.056). The
OR of 1.56 indicates a 1.56- fold increase in relative risk for each incremental category of
exposure (i.e. < 1 mg/m® 0.1 — 1 mg/m®, 1 — 10mg/m?, etc.) (data not shown). However, the
score-months index showed no relationship with SAA (OR = 1.00). This indicates that

multiplication of the benzene score by the duration of benzene exposure did not produce a higher
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risk for SAA. Other suggestive findings for SAA included exposure to fuels, exposure to cutting
oils and exposure to livestock, although each of these fell just short of statistical significance.

For MAA, the only significant risk factor was for living on a farm (OR = 3.08), which
was highly statistically significant (p < 0.004). The OR for “ever” exposed to benzene was
surprisingly only 1.22 and not significant. Furthermore, benzene score-months was not
significantly related to MAA (OR = 0.98), nor was the highest benzene score (OR = 1.15, 95%
Cl1=0.70-1.88, p = 0.57) (data not shown).

Significant risks (p < .05) were identified for total AA cases associated with a history of
exposure to fuels (OR = 2.35, 95 % CI = 1.02-5.42) and/or living on a farm (OR = 2.05, 95 % CI
= 1.28-3.28). Both exposure to cutting oils (OR = 2.50, 95 % CI = 0.99-6.33) and glues (OR =
3.50, 95 % CI = 1.02-11.96) were not quite statistically significance (p = 0.05). There was a
marginal increase (p = 0.06) in the risk of developing AA associated with exposure to benzene
(OR =2.0,95% CI =0.97-4.13), but that was due to the aforementioned significant risk for SAA
(OR =3.12). There was no significant risk for the development of AA associated with exposure
to other solvents, cleaning agents, hair dyes or use of traditional Chinese herbs. Similarly,
microbial agents, a medical history of hepatitis, tuberculosis, or inflammatory disease did not
explain an increased risk in the development of AA.

3.3 Multivariate analysis of AA subtype

We attempted to fit conditional models for the highest benzene score and benzene score-
months variables (Table 4). This was only partially successful, as some models would not
converge. There is a suggestion of a monotonic relationship between highest benzene score and
MAA, although no categories are statistically significant. The score-months variable would not

converge.
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For SAA, there is a “U” shaped dose-response for benzene when classified according to
the highest score, with the lowest and highest scores showing identical OR’s of 6.0 (Table 4).
Quite unexpectedly, the score-months index showed a negative relationship with SAA, though
this was not statistically significant. For both SAA and MAA, the highest benzene score seems
to be a better predictor than score-months, indicating that long exposure durations do not
necessarily portend a higher risk for the development of AA.

A conditional logistic regression analysis was used to identify the variables that best
explain the development of MAA or SAA subtype. Both models achieved an adjusted R? of
approximately 10% for either MAA or SAA subtype and a summary of these findings are
presented in Tables 5 and 6, respectively. Adjusting for all other variables in our questionnaire,
life on a farm was still the best predictor for the development of MAA (OR = 3.08, 95% CI =
1.43-6.62). Hair-dye use also was retained in the final model, although it fell short of statistical
significance (p = 0.12) (Table 5).

In contrast, exposure to benzene was the best predictor for the development of SAA. A
simple definition of “ever/never” exposed to benzene performed best, indicating either
misclassification of exposure for highest score, or a lack of importance between estimated
intensity and duration of exposure and SAA risk. There were other notable predictors retained in
the final model, including living on a farm, exposure to livestock, body mass index and diabetes.
The latter two predictors had a protective effect (Table 6).

Analysis between main exposure covariates revealed a moderate correlation between
exposure to benzene and gasoline, paint and the solvents toluene/xylene. There is a strong

correlation between exposure to organophosphates and exposure to fertilizer, pesticides and
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growing crops. Exposure to microbial agents correlated with the use of cleaning agents as well
(data not shown).

In order to determine if there are gender-specific risk factors associated with the
development of a specific AA subtype, conditional logistic regression analysis was used to
identify risk factors that best explained the development of MAA in males (Table 7), MAA in
females (Table 8) and SAA in males (Table 9). Gender stratification was attempted for
development of SAA in females but model instability precluded meaningful statistical analysis of
that endpoint. For development of MAA in males, the use of hair dye emerged as a significant
risk factor (OR = 11.8, p = 0.007, 95%CI = 1.96-71.6) (Pseudo R? = 28%) while life on a farm
remained the most persistent explanatory variable for the development of this disease subtype in
females (OR = 5.4, p = 0.009, 95% Cl = 1.5-19.8) (R? = 14%). Surprisingly, there was a
significant inverse association for multiple exposures to non-benzene chemicals in males (OR =
0.13, p = 0.01, 0.02-0.64). This finding suggests that male cases had less diverse employment
resulting in fewer chemical exposures versus controls. This finding is likely to be either the
result of multiple hypotheses testing or related to the fact that there were few significant
relationships noted between MAA and the occupational agents under study. In contrast, several
risk factors emerged as significant explanatory variable for the development of SAA in males
(Pseudo R? = 28%) (Table 9). Most notable was benzene “ever/never” exposed (OR = 8.3, p =
0.02, 95% CI 1.42-49.3) followed by exposure to pesticides (OR = 6.1, p = 0.03, 95% CI 1.13-
33.0) and a history of hepatitis (OR = 6.8, p = 0.05, 95% CI 1.00-46.5). Body mass index and

exposure to cutting oils remained in the model albeit were not statistically significant.

Discussion
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Over the previous century, most of the information concerning the etiology of acquired
aplastic anemia has been anecdotal. A vast number of agents have been variously hypothesized
to cause AA including antibiotics, anti-diabetic agents, analgesics and other therapeutic agents,
use of medicinal herbs, use of hair dyes, and occupational exposure to pesticides, herbicides,
fertilizers or farming, exposure to benzene as well as viruses and inflammation. However, until
recently, there was virtually no quantitative evidence linking risk of exposure to any of these
factors with the development of AA. In 2006, Issaragrisil and colleagues reported the results of a
large epidemiologic study of AA conducted in Thailand [3]. This was also a hospital-based,
case-control study designed to estimate incidence rates as well as risks of various environmental
exposures on AA occurrence. The results of this study confirmed significant risks of AA
associated with exposure to benzene and work in agriculture, with notable associations for
various pesticides, including organophosphates, non-bottled drinking water, and livestock, (e.g.
ducks and geese). Remarkably, no association was observed between post-hepatitic liver disease
and the development of AA in general, which has been reported to account for approximately
10% of cases the West [14;15].

Strengths of our study include standardization and precision of diagnosis by a single
laboratory, the specification of AA subtypes, a large number of prospectively recruited cases and
closely matched controls which were statistically analyzed as such in a conditional logistic
regression model. The risks associated with a relatively large number of potential etiologic
agents were determined. The strongest associations were observed for exposure to benzene and
SAA and life on a farm and MAA. It is interesting that different risk factors emerged for
individual subtypes of AA and appear to be gender specific, which suggests that these clinical

subtypes may have distinct etiologies. A relatively large number of subjects (40) reported use of
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medicinal herbs, although specific agents were only rarely identified. Medicinal herb use was
marginally, though not significantly elevated for development of SAA, but no such result was
found for MAA. We initially differentiated between SAA and MAA because of our experience
that these two conditions present clinically with different severity, respond differently to therapy
and are associated with a different clinical course. Therefore, the distinguishing diagnostic
criteria have prognostic value. In further observations, SAA was found to be associated with
benzene exposure in general and in males. MAA on the other hand, was found to be associated
with farming in females and the use of hair dye in males. Taken together, these unexpected
findings suggest that SAA and MAA differ with respect to etiology as well as clinical
presentation and prognosis, and therefore should be classified as separate entities. Further
studies are necessary to confirm and extend these observations.

While benzene has been linked to AA for decades, there is surprisingly little quantitative
data on the relationship with AA. Our exposure assessment for benzene was derived from
questionnaire responses, along with a detailed assessment of the presence and degree of benzene
exposure in the jobs and industries observed from our work history data. This led to the
development of ordinal exposure categories that were further assessed by independent scientists
using various ranking schemes. We feel the scores represent an accurate assessment of relative
benzene exposure in diverse Chinese industries, and should be considered one of the strongest
exposure assessments for benzene in the AA literature to date. While we are confident that the
relative degree of benzene exposure is represented in the scoring scheme used, we are more
cautious regarding precise exposure concentrations assigned to each score. With this in mind,
the measure of cumulative exposure we felt was most justified was that of ‘score-months’, rather

than assigning a midpoint concentration to each category in order to calculate a measure
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analogous to ‘ppm-months’. An additional strength of our exposure assessment is the
consideration of other hazards of possible etiologic interest. However, as with most
retrospective exercises, the exposure scores are subject to misclassification, which, if random,
would be expected to dilute risk towards the null value. While this possibility cannot be
excluded, we think that the data illustrated here is valuable in providing insight on the likely
magnitude of risk in benzene exposed workers, especially for different AA subtypes.

Hepatitis, which has been commonly linked with the development of AA in the West,
was generally not a significant predictor for AA as the OR was non-significant for both MAA
(OR = 1.8) and SAA (OR = 1.2). However, hepatitis did emerge as a potential risk factor in
males with SAA, where we observed an OR of 6.8 (p = 0.05). Thus, there is some support in our
data that the risk of AA associated with hepatitis is both gender and subtype specific. When we
looked at a combined grouping of diseases associated with inflammatory or infectious conditions
in our patients (i.e. arthritis, hepatitis and TB) we also failed to demonstrate a significant
relationship with the development of AA.

There is equivocal support for previous risks that have variously been reported in the
literature, a notable example being hair dyes. Since the first report in 1935 [16], a total of 13
cases with a possible link to hair dye has been reported in the literature [16-19]. Overall, we
found the risk of developing AA associated with exposure to hair dyes was not significantly
elevated (OR = 1.30, 95% CI = 0.80-2.10) despite the wide use of these products in the
population (57 cases and 104 controls). Nonetheless hair dye use was retained as a final
predictor in the model for MAA, explaining a minor proportion of variance in AA risk. Also,
when risk factors were examined by gender, use of hair dye emerged as a large, statistically

significant predictor of the development of MAA in males (OR = 11.8, p = 0.007, 95% CI 1.96-
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71.6). This may be explained, in part, by the fact that in China the use of hair dye by males is
much more frequent than in the West.

Subjects were specifically queried regarding the use of a large number of medications
previously identified as potential causes of AA (e.g. chloramphenicol, tolbutamide, sulfonamides,
isoniazid, and others) [20]. However, only 18 subjects reported taking medications, with
responses largely restricted to tolbutamide and isoniazid, and no risk of developing AA was
identified with the use of these two agents. Only one subject reported the use of
chloramphenicol, reflecting the restricted indications for use of this drug in current practice in
China.  Conditional logistic regression analysis revealed a particularly striking negative
association between diabetes and development of SAA with an OR of 0.09 (p < .07), which
remains puzzling and unexplained.

Agricultural chemical exposure was assessed via the structured questionnaires. The
responses allowed discrimination of workers who reported using agricultural chemicals in
general or more specific materials (fertilizers, herbicides, insecticides) and those that did not.
However, the agricultural workers had very limited knowledge about the specific composition of
chemicals they used. This aspect limits the information about the herbicides and pesticides used
in the general agricultural chemical category.

Since the late 1800’s approximately 1500 cases of benzene poisoning have appeared in
the world literature [21-31]. Pancytopenia was described in approximately 250 of these cases,
the majority of which were assumed to represent AA. Nevertheless, for the vast majority if not
all of these cases, examination of bone marrow biopsy sections was virtually undocumented in
living patients. Diagnostic precision in these cases was further muddled by the fact that as early

as 1939, bone marrow hypercellularity had been reported in the majority of post-mortem cases
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associated with benzene-induced pancytopenia [23;24]. Therefore, up until the recent
publication of Issaragrisil et al [3] and now this report, the quantitative risk of developing AA
following benzene exposure has remained elusive. In our study, the risk associated with benzene
exposure was statistically significant only for SAA (p < 0.03), particularly in males. A potential
explanation may be forthcoming from the unique stringency we placed on the differential
diagnosis of AA versus MDS in this study. Previous studies in our laboratory have identified
MDS as a frequent outcome in patients with previous exposure to benzene [32]. Taken together
with the historical differences in diagnostic precision reported in the early literature, these
findings raise the prospect that many cases of AA previously attributed to benzene would today
be classified as MDS.

The criteria for differential diagnosis of AA and MDS not withstanding, there is
compelling evidence to indicate an important, if not obligatory, role for immune-mediated
mechanisms involved in bone marrow suppression in the pathogenesis of acquired AA as well
MDS. Building on initial observations that treatment with anti-thymocyte globulin (ATG) or
cyclosporine was of clinical benefit in AA patients [33-36], a robust literature has emerged to
implicate immune and inflammatory mechanisms in the evolution of the disease [36-40]. In
large measure these are findings shared between AA and hypocellular MDS [41], and support a

common or at least overlapping etiology in the development of these two conditions [5].
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Table 1. Gender distribution of AA subtypes

Gender Distribution of AA Subtypes

Subtype Total (%) Male Female
SAA 73 (54 %) 42 31
MAA 56 (42%) 26 30
CAA 5 (4%) 3 2

Table 2. Peripheral blood parameters associated with AA subtypes

Laboratory Parameters for AA Subtypes

WBC ANC' ALC' PLT RBC MCV Retic *
14 0.2 0.8 16.7 1.8 94.0 25.0
SAA (0.2-35) | (0.01-1.1) | (0.05-3.1) (0-73.5) (0.9-4.2) | (82.6-118) | (4.0-112)
2.3 1.0 1.0 37.0 2.5 102.0 56.5
MAA (0.8-6.3) | (0.2-4.7) (0.1-2.7) (3.8-370) (1.0-4.8) | (83.4-123) | (10.7-126)
4.3 2.1 0.9 114.0 35 102.0 109.0
CAA (2.5-5.3) | (1.1-3.7) (0.9-15) | (97.4-160) | (1.5-3.9) | (96.2-104) | (44-195)
WBC  White Blood Cells (4-10 x 10%/L)
ANC  Absolute Neutrophil Count (2-7 x 10°/L)
ALC  Absolute Leukocyte Count (1.6-6 x 10%/L)
PLT  Platelets (100-300 x 10%L)
RBC  Red Blood Cell (4-5.5 x 10°/L)
MCV  Mean Corpuscular Volume (80-100 fL)
Retic  Absolute Reticulocyte Count (25-75 x 10%/L)

Select laboratory parameters displayed as median and range for AA subtypes * There are no lab values available in 3

subjects in the clin

ical dataset.
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Table 3. Risk factors associated with the development of AA and AA subtypes

Table 3: Univariate Analysis of Risk Factors Associated with SAA, MAA and All AA

SAA MAA All AA
Risk Factor #Num. Odds | p- 95% | #Num. Odds p- 95% #Num. Odds | p- 95%
Cntl/Case | Ratio | value | CI Cntl/Case | Ratio value | ClI Cntl/Case | Ratio | value | CI
Benzene No 139/63 | 3.12 0.03* | 1.12- No 100/49 | 1.22 0.72 0.42- No 249/117 | 2.00 0.06 0.97-
(ever/never) Yes 7/10 8.65 Yes 12/7 3.52 Yes 19/17 4.13
Benzene NA 1.00 0.62 0.99- NA 1.00 0.52 0.99- NA 1.00 0.50 0.98-
(score-months) 1.00 1.01 1.01
Fuels (gasoline, diesel, No 140/65 | 2.94 0.06 0.95- No 106/52 | 1.37 0.64 0.36- No 256/121 | 2.35 0.04* | 1.02-
kerosene) Yes 6/8 9.10 Yes 6/4 5.29 Yes 12/13 5.42
Cutting oils No 142/67 | 3.00 0.09 0.85- No 108/52 | 2.00 0.33 0.50- No 260/124 | 2.50 0.05 0.99-
Yes 4/6 10.63 | Yes 4/4 8.00 Yes 8/10 6.33
Pesticides, organophos- No 132/63 | 1.51 0.36 0.63- No 99/48 1.34 0.58 0.47- No 240/115 | 1.48 0.25 0.76-
phates, herbicides Yes 14/10 3.64 Yes 13/8 3.83 Yes 28/19 2.88
Growing crops No 121/57 | 1.53 0.39 0.58- No 93/42 2.06 0.19 0.69- No 222/103 | 1.64 0.17 0.81-
Yes 25/16 4.04 Yes 19/14 6.15 Yes 46/31 3.34
Living on farm No 87/37 1.58 0.16 0.83- No 72/23 3.08 0.004* | 1.44- No 165/63 | 2.05 0.003* | 1.28-
Yes 59/36 2.99 Yes 40/33 6.56 Yes 103/71 3.28
Raising No 139/65 3.78 0.06 0.95- No 103/52 0.87 0.83 0.24- No 252/122 | 1.73 0.22 0.72-
livestock Yes 7/8 15.04 | Yes9/4 3.11 Yes 16/12 4.20
Fertilizers No 135/64 | 1.94 0.21 0.69- No 99/48 1.37 0.57 0.46- No 243/117 | 1.55 0.25 0.74-
Yes 11/9 5.48 Yes 13/8 4.11 Yes 25/17 3.24
Paints No 143/70 2.00 0.40 0.40- No 106/50 2.38 0.19 0.65- No 259/125 | 2.22 0.12 0.82-
Yes 3/3 9.91 Yes 6/6 8.74 Yes 9/9 6.08
Welding, soldering, No 145/71 4.00 0.26 0.36- No 110/53 3.00 0.23 0.50- No 265/129 | 3.33 0.10 0.80-
cutting Yes 1/2 4411 | Yes 2/3 17.95 Yes 3/5 13.95
Metal No 138/71 | 0.50 0.38 0.11- No 110/54 | 2.00 0.49 0.60- No 258/129 | 1.00 1.00 0.28-
machining Yes 8/2 2.35 Yes 2/2 16.99 Yes 10/5 14.20
Glues No 143/69 2.67 0.20 0.59- No 111/53 6.00 0.12 0.62- No 264/127 | 3.50 0.05 1.02-
Yes 3/4 11.91 Yes 1/3 57.68 Yes 4/7 11.96
Hair dye use No 90/44 1.00 1.00 0.52- No 70/29 1.82 0.12 0.85- No 167/76 1.30 0.29 0.80-
Yes 56/28 1.91 Yes 42/27 3.93 Yes 101/57 2.10
History of hepatitis No 136/67 | 1.12 0.72 0.42- No 105/50 | 1.80 0.31 0.57- No 251/121 | 1.58 0.23 0.74-
Yes 10/6 3.46 Yes 7/6 5.69 Yes 17/13 3.36
History of diabetes No 139/72 0.22 0.18 0.02- No 102/53 0.55 0.39 0.14- No 250/130 | 0.38 0.10 0.12-
Yes 7/1 2.01 Yes 10/3 2.19 Yes 18/4 1.22

#Number of controls/number of cases that responded either “No” or “Yes” to “ever” exposed to a specific risk factor
*Statistically significant; p- value is less than 0.05
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Table 4. Risk due to benzene exposure indices by AA subtypes

MAAT

SAA
Highest | #Num Odds p- 95% | Highest | #Num Odds p- 95% | Score- | Odds p- 95%
BZ Cntl/Case | Ratio | value | CI BZ Cntl/Case | Ratio | value | CI | months™ | Ratio | value | CI
score score
2 472 1.0 099 | 0.15- |2 1/3 6.0 0.12 | 0.62- | 42-378 0.67 | 0.70 | 0.82-
6.50 58 5.41
3 6/3 1.05 | 095 | 0.24- | 3 5/4 1.71 | 0.46 | 0.41- | 379-505 | 0.44 | 0.41 | 0.05-
4.64 7.05 3.05
4 2/2 201 | 049 | 0.28-|4 1/3 6.0 0.12 | 0.62-
14.4 58

"Model for benzene score-months would not converge

*unconditional model

#Number of controls/number of cases “ever” exposed to benzene with score “2, 3 or 4”
*Statistically significant; p- value is less than 0.05
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Table 5. Summary of multivariate conditional logistic regression analysis for the development

of MAA
Multivariate Analysis for MAA
Risk Factor Odds p- 95%
Ratio value Cl
Lived on farm 3.08 0.004* 1.43-6.62
Hair dye 1.95 0.12 0.85-4.47

*Statistically significant; p- value is less than 0.05

Table 6. Summary of multivariate conditional logistic regression analysis for the development of

SAA
Multivariate Analysis for SAA
Risk Factor Odds p- 95%
Ratio value Cl
Benzene 3.25 0.03* 1.12-9.44
Lived on farm 1.68 0.15 0.83-3.41
Livestock 4.59 0.08 0.83-25.38
Body mass index 0.92 0.11 0.84-1.02
Diabetes 0.09 0.07 0.006-1.23

*Statistically significant; p- value is less than 0.05
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Table 7. Summary of multivariate logistic regression analysis for the development of MAA in

males.

Multivariate Analysis for Males with MAA
Risk Factor Odds p- 95%

Ratio value Cl

Multiple non-benzene 0.13 0.01* 0.02-0.64
chemical exposure
Body mass index 1.19 0.07 0.98-1.44
Use of hair dye 11.8 0.007* 1.96-71.6

*Statistically significant; p- value is less than 0.05

Table 8. Summary of multivariate logistic regression analysis for the development of MAA in

females.
Multivariate Analysis for Females with MAA
Risk Factor Odds p- 95%
Ratio value Cl
Lived on farm 54 0.009* 1.5-19.8

*Statistically significant; p- value is less than 0.05

Table 9. Summary of multivariate logistic regression analysis for the development of SAA in

males.
Multivariate Analysis for Males with SAA
Risk Factor Odds p- 95%
Ratio value Cl

Benzene 8.3 0.02* 1.42-49.3
Hepatitis 6.8 0.05 1.00-46.5
Pesticides 6.1 0.03* 1.13-33.0
Body mass index 0.8 0.16 0.74-1.05
Cutting oils 3.6 0.14 0.65-20.7

*Statistically significant; p- value is less than 0.05
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Figure 1. Age and gender distribution of patients diagnosed with AA in Shanghai, China over a
4 year period. A total of 71 males and 63 males participated in this study with an age distribution
at presentation of 18 to 87 years.

Age Distribution for Males and Females with

Aplastic Anemia
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*Statistical significance (p- value is less than 0.05) in the numbers of males
versus females presenting with AA at the age of 29 years or younger.
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