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ORIGINAL ARTICLES

Evaluation of Antineoplastic Drug Exposure of Health Care
Workers at Three University-Based US Cancer Centers

Thomas H. Connor, PhD, D. Gayle DeBord, PhD, Jack R. Pretty, PhD, Marc S. Oliver, MPH, RN, MBA,
Tracy S. Roth, RN, MS, Peter S. J. Lees, PhD, Edward F. Krieg, Jr., PhD,

Bonnie Rogers, DrPH, COHN-S, LNCC, Carmen P. Escalante, MD, Christine A. Toennis, BS, John C. Clark,
Belinda C. Johnson, and Melissa A. McDiarmid, MD, MPH, DABT

Objective: This study evaluated health care worker exposure to antineoplastic
drugs. Methods: A cross-sectional study examined environmental samples
from pharmacy and nursing areas. A 6-week diary documented tasks involving
those drugs. Urine was analyzed for two specific drugs, and blood samples were
analyzed by the comet assay. Results: Sixty-eight exposed and 53 nonexposed
workers were studied. Exposed workers recorded 10,000 drug-handling events
during the 6-week period. Sixty percent of wipe samples were positive for at
least one of the five drugs measured. Cyclophosphamide was most commonly
detected, followed by 5-fluorouracil. Three of the 68 urine samples were
positive for one drug. No genetic damage was detected in exposed workers
using the comet assay. Conclusions: Despite following recommended safe-
handling practices, workplace contamination with antineoplastic drugs in phar-
macy and nursing areas continues at these locations.

The carcinogenic, mutagenic, and adverse reproductive outcomes
in patients treated with antineoplastic agents are well known.1,2

A growing number of antineoplastic drugs are identified by the
International Agency for Research on Cancer as known or sus-
pected human carcinogens.3 Many antineoplastic drugs are also
teratogenic or produce other adverse reproductive effects in patients
and have demonstrated similar effects in health care workers.4,5

Adding to the public health impact of hazardous drug exposure is a
new forecast predicting that, by 2050, an aging US population will
see the number of cancer cases double, resulting in an increase in
the use of antineoplastic drugs.6 Currently, an estimated 8 million
US health care workers are potentially exposed to hazardous drugs,
which include most of the antineoplastic drugs.7 With the increas-
ing use of antineoplastic agents in treating cancer and nonmalignant

diseases and their use in veterinary oncology, it is reasonable to
expect an increase in the number of health care workers potentially
exposed to these drugs.

The risk to health care workers resulting from this exposure
was first identified �30 years ago and drove research attempting to
characterize exposure intensity and to document early effects on
health. In addition to the contamination of the work environment
with antineoplastic drugs,2,8 health care worker exposure to these
drugs has been documented in many studies that used either
biological monitoring for uptake of a specific drug8 or biomarkers
of genotoxic exposure and early effects of drug exposure in work-
ers.5,9–11 Multiple environmental sampling studies have docu-
mented work area contamination, and a majority of the biomarker
studies have demonstrated an association with antineoplastic drugs,
indicating effects in workers.2,5,9–11 When differences in biomarker
study results have occurred, factors such as use of safe-handling
procedures, complexities of different laboratory methodologies,
confounders for the outcomes of interest, drug-handling history,
workload, and many other technical issues have been described.2,12

Reports of occupational exposure to antineoplastic drugs
have appeared in the world literature since the late 1970s. In the
United States, McDevitt et al13 first reported surface contamination
with cyclophosphamide in a hospital pharmacy and nursing/patient
areas, and Connor et al14 demonstrated widespread contamination
with cyclophosphamide, ifosfamide, and 5-fluorouracil in phar-
macy and patient treatment areas in six North American hospitals,
despite adherence to currently recommended handling procedures.
Among the numerous published reports dealing with workplace
contamination issues, a series of reports by Sessink et al,15–18 in The
Netherlands described various determinants of potential worker
exposure in the 1990s. Studies in varied health care settings
examined surface and glove contamination, air samples, and drugs
in the urine of nursing and pharmacy personnel, which documented
environmental contamination and worker exposure. Similar studies
have described work area contamination and worker exposure
issues in facilities that reported using recommended engineering
controls and safe-handling procedures. A series of reports from
German researchers evaluated the environmental contamination,
the measurement of drugs in the urine of workers, and the factors
that affect exposure in 14 German hospitals.19–21 Nevertheless,
most of the published reports have been limited in either the
number of drugs examined or the evaluation of the range of work
practices and other factors that may result in environmental con-
tamination with antineoplastic drugs and subsequent worker expo-
sure. Therefore, the authors of this study undertook a more com-
prehensive evaluation of multiple factors that can result in
contamination of the work environment and worker exposure by a
selected group of antineoplastic drugs. To evaluate the entire
workplace, a multifaceted strategy was developed that included 1)
a comprehensive health and work history questionnaire for poten-
tially exposed workers; 2) information on the use of personal
protective equipment (PPE) such as gloves, gowns, respiratory, and
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eye protection by these workers; 3) a diary describing frequency of
drug-handling events (individual tasks performed with specific
drugs); 4) measurement of antineoplastic drugs that were common
to the three university-based cancer treatment centers using surface
wipe, fixed-location, and personal breathing zone air samples; 5)
measurement of two of the drugs in the urine of workers; and 6) use
of a biomarker of genetic damage.

MATERIALS AND METHODS

Study Design
Study participants were selected from three university hos-

pital-based cancer centers in different areas of the United States.
Each center followed current recommendations for safe-handling
practices in preparing (compounding) and administering cancer
chemotherapy agents as recommended by National Institute for
Occupational Safety and Health (NIOSH).5 All sites used class II
biological safety cabinets (BSCs) to prepare drugs, but the type (A2
and B2) and venting characteristics varied. In addition, the phar-
macy designs varied for the different sites, ranging from basic
rooms to clean rooms with anterooms. One of the three sites used
a closed-system transfer device (CSTD) for preparing of antineo-
plastic drugs.

Study subjects potentially exposed to antineoplastic drugs
were employed in an oncology pharmacy or oncology nursing unit.
The comparison population consisted of nonexposed pharmacy and
nursing personnel from the same hospitals, frequency matched for
gender and age within 5 years. Inclusion criteria required that the
exposed individuals had been working with antineoplastic drugs
(eg, actively handling) for the previous 6 months and in the week
before assessment, must have worked 24 hours handling drugs.
Nonexposed subjects had a similar current job (in nursing or
pharmacy) but were not involved with handling of antineoplastic
drugs or working in areas where they were handled.

The study included 68 participants who handled antineoplas-
tic drugs and 53 nonexposed controls (Table 1). The mean age for

the exposed workers was 38.5 (SD, 10.5) years and 39.9 (SD, 10.4)
years for the nonexposed workers. Eighty-three percent of the
exposed and 75% of the nonexposed workers were women.

Workers currently smoking, receiving chemotherapy, or who
had previously received chemotherapy or radiation therapy were
excluded as subjects. Also excluded were those who used other
genotoxic pharmaceuticals (eg, isotretinoin and metronidazole) and
males undergoing hormonal therapy in the past 6 months. All
participants gave their informed consent to study participation, and
the study protocol was approved by the University of Maryland
Institutional Review Board and the NIOSH Human Subjects Re-
view Board. In addition, Institutional Review Board approval was
obtained for each of the study sites.

All study participants completed questionnaires describing
medical history, employment history, personal medications, sec-
ond-hand tobacco smoke exposure, radiation or chemical exposure,
and other social habits. Exposed workers also included detailed
history of work practices used, including PPE and work policy
specific to their duties. The study participants who handled anti-
neoplastic drugs also completed a daily diary for a 6-week period,
preceding on-site exposure measurements. For each drug-related
activity, this diary included the name of the antineoplastic drug
handled, the manner of use, and the use of protective apparel or
equipment (such as gloves, gowns, eye, or respiratory protection).
Details of drug preparation activity (eg, prepared, checked, primed
tubing, and whether a spill or splash occurred) and administration
method (eg, infusion, intravenous [IV] push, primed tubing, and
whether a spill or splash occurred) were also collected.

For each participant, drug-handling events were tallied for
the 6-week diary period before environmental and biological sam-
ple collection. Drug-handling events were also stratified by drug
class (alkylating agent, antibiotics, anthracyclines, antimetabolites,
etc) and for the five drugs for which environmental sampling was
done. For nine nursing technicians, it was not possible to quantify
their handling events adequately because of the variability of the
tasks they performed and the inability to identify the drugs they
may have been handling. Therefore, the nursing technicians could
not be included in data analyses that required the individual number
of handling events as an exposure variable.

Environmental Measures of Exposure to
Antineoplastic Drugs
Surface Wipe Samples

Wipe Sampling Strategy. Surface wipe samples were collected
in pharmacy and nursing areas to evaluate the magnitude of surface
contamination by antineoplastic drugs that were generally used in
all three institutions. The sampling was performed by the same
individual at all three locations. Sampling locations in the pharmacy
and nursing areas were selected according to the physical charac-
teristics of each location such as size, number of BSCs, by the work
practices of personnel, and by published reports that examined wipe
sampling in health care settings.8 Wipe samples were collected
from the work surfaces and airfoils of the BSCs, the floor directly
in front of the BSCs, waste containers, countertops and/or carts
where the drugs were placed to be checked by the pharmacist,
inside and outside of any pass-through windows, trays for carrying
or storing drugs, and several other locations on counters and floors.
Each location was sampled one time. Wipe samples were collected
from areas where the drugs arrived at the nursing stations, carts and
trays for transporting or storing drugs, areas where IV bags were
hung before use, chairs, tables, and floors in patient rooms, floors in
patient restrooms, waste containers, and utility rooms. Similar
locations were sampled in the three institutions. The wipe samples
were analyzed for five drugs: cyclophosphamide, ifosfamide, pac-

TABLE 1. Demographic Characteristics of Study
Population

Total
All

(121)
Exposed

(68)
Nonexposed

(53)

Gender

Male 21 8 13

Female 100 60 40

Ethnicity

Hispanic 3 2 1

Race

Asian 19 16 3

African-American 26 15 11

Native Hawaiian/Pacific Islander 1 0 1

White 74 37 36

Not identified 1 0 2

Job status

Nurse 80 47 33

Pharmacist 21 9 12

Pharmacy technician 10 8 2

Nurse assistant 10 4 6

Location

Site 1 42 29 13

Site 2 42 21 21

Site 3 37 18 19
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litaxel, 5-fluorouracil, and cytarabine. The drugs, except for ifosf-
amide, were chosen based on the frequency of usage in the three
institutions. Because the analytical method used to quantify the
field samples enables the simultaneous detection of cyclophospha-
mide and ifosfamide, all wipe and air samples were also analyzed
for ifosfamide.
Wipe Sampling Procedure. Surface-wipe samples were col-
lected using the method of Larson et al.22 A 10-cm � 10-cm plastic
template was used for sampling most locations. For some locations,
such as airfoils of BSCs where the template was not appropriate, an
area of 100 cm2 was measured for the sampling procedure. The
surface to be sampled was wetted with 250 �L of solvent (10%
acetonitrile, 25% methanol, and 65% Milli-Q water buffered to pH
6.0) dispensed with an automatic pipette. The area was then wiped
in a standard pattern using a 55-mm filter paper disc (Fisher
Scientific, Pittsburgh, PA), and the filter paper was placed in a
125-mL widemouthed, screw top, polypropylene jar (Fisher Scien-
tific, Pittsburgh, PA) for storage and shipping. Wiping was repeated
with another 250 �L of solvent and a second filter paper that was
stored with the first sample. The samples were placed in a freezer
at �20°C and shipped on dry ice to the laboratory where they were
stored at �70°C until they were analyzed.
Extraction of Wipe Samples. Samples were extracted accord-
ing to the procedure of Pretty et al.23 Hexamethylphosphoramide
(Sigma-Aldrich, St. Louis, MO) was used as an internal standard at
a final concentration of 10 ng/mL.
Analysis of Wipe Samples. Wipe samples were analyzed for
antineoplastic drug content at NIOSH except for 5-fluorouracil
content, which was determined by Bureau Veritas North America
(Novi, MI). All quantitative analyses for drugs followed the method
of Pretty et al23 based on high-performance liquid chromatography-
tandem mass spectrometry using ions produced via collision-in-
duced fragmentation, with the exception of cytarabine that was
analyzed using infusion-MS/MS. Calibration plots were generated,
and samples were quantified using the ratio of elution peak heights
for the analyte and internal standard. All LC-MS/MS analyses were
reported as the mean result of triplicate injections.

Area and Personal Air Samples

Air Sampling Strategy. Air samples were collected in various
pharmacy and nursing/patient areas close to where antineoplastic
drugs were handled in the three institutions to determine if airborne
concentrations of the drugs were present as vapors or particulates.
Personal air samples were collected from both pharmacy and
nursing personnel who were potentially exposed to antineoplastic
drugs as were samples from a number of the nonexposed controls.
Air Sampling Procedure. Area and personal air sampling was
based on the method of Larson et al24 with some modifications.23

OSHA Versatile Sampler sorbent tubes (SKC, Eighty Four, PA)
containing 200 mg of Anasorb 108 were used for both personal and
area air sampling. The sorbent tubes were connected to an Air-
Check 2000 Pump (SKC) and sampled at 1 L/min. Sample was
collected on each sorbent tube for �4 hours, and multiple sorbent
tubes were used to span an 8- or 12-hour shift. After sampling, the
sorbent tubes were capped and placed in 15-mL centrifuge tubes
and sealed. The samples were placed in a freezer at �20°C and then
shipped on dry ice to the laboratory where they were stored at
�70°C until they were analyzed.
Extraction of Air Samples. Sorbent tubes were extracted using
the method of Pretty et al.23 When multiple sorbent tubes were used
to collect vapor or particulate or both from a single location, tubes
were processed individually, and the final extracts were analyzed
separately.

Analysis of Air Samples. The air samples were analyzed for
cyclophosphamide, ifosfamide, paclitaxel, and 5-fluorouracil using
the method described by Pretty et al.23 Because of the low volume
of cytarabine observed in wipe samples, selected air samples were
screened for this drug. Analyses were performed at NIOSH except
for 5-fluorouracil that was performed by Bureau Veritas North
America.

Biological Measures of Worker Exposure to
Antineoplastic Drugs
Urine Samples

Urine Collection Strategy. Urine specimens were collected
from all participants in the study for the analysis of cyclophosph-
amide and paclitaxel. Participants were asked to collect each void
for the last 4 hours of the work shift and for the first 4 hours after
the end of the shift. The sampling time was selected to maximize
the amount of drug in the urine while not diluting it by collecting
24-hour samples.
Urine Sampling Procedure. Each specimen void was collected
in 500-mL bottles (Nalgene; Fisher Scientific, Pittsburgh, PA) and
stored on ice until they were placed on dry ice and shipped to the
laboratory for analysis. The samples were stored at �20°C until
they were analyzed. For each participant, aliquots of the voided
samples from the last 4 hours of the work shift were pooled, and
aliquots from the 4 hours after the end of the work shift were
pooled, resulting in two samples for analysis. Each of these two
samples was analyzed separately.
Analysis of Urine Samples. The urine samples were analyzed
for cyclophosphamide and paclitaxel by high performance liquid
chromatography-tandem mass spectrometry at the Duke Compre-
hensive Cancer Center, Clinical Research PK/PD Laboratory,
Durham, NC, using the method described by Pretty et al.23

Comet Assay

Sampling. The comet assay, which detects DNA damage in single
cells, was carried out according to the method of Toraason et al.25

Blood was collected in an ethylenediaminetetraacetic acid-treated
tube (Becton, Dickinson and Company, Franklin Lakes, NJ), and
the tube was inverted 8 to 10 times. After aliquoting into 2-mL
cryovials, the tubes were shipped on dry ice to NIOSH and stored
at �80°C until they were shipped to the University of Washington,
Seattle, WA, on dry ice for comet analysis.
Slide Preparation and Analysis. Slides were prepared and
stained according to the procedure of Toraason et al.25 One hundred
leukocytes from each blood sample were analyzed using VisComet
image analysis software (Impulse Bildanalyse GmbH, Gilching,
Germany) and a CCD camera CV272 (JAI Corporation, Kanagava,
Japan) attached to a DMLB epifluorescent microscope (Leica,
Germany) with excitation at 490 nm, dichroic at 500 nm, and
emission at 515 nm. Comet tail (Olive) moment was calculated by
multiplying average tail length in pixels (distance between the
center of the head and the center of tail) by the fraction of DNA in
the tail. The mean tail moment and the percent of DNA in the tail
from analysis of 100 leukocytes per subject were used in the
subsequent statistical analysis.

Statistical Methods
Summary statistics were used to characterize drug handling

and to analyze the wipe sample data. Linear models were used to
test for relationships between the outcomes of the comet assay and
the measures of exposure adjusted for covariates. A separate model
was run for each combination of assay outcome and exposure
measure. The outcome measures for the comet assay were percent
tail DNA and tail (Olive) moment. The measures of exposure were

© 2010 American College of Occupational and Environmental Medicine 1021
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exposure status (exposed and nonexposed), job classification, life-
time number of exposure hours as calculated from the question-
naire, total number of handling events, number of handling events
for the five drugs sampled for in the work environment, number of
handling events for mutagenic drugs, and drug class.

The covariates considered were study site location, subject
age at the time of the sampling and the number of genotoxic drugs
taken that might affect the comet assay, and glove usage. All
calculations were made using SAS (version 9.2; SAS Institute, Inc,
Cary, NC).

RESULTS

Study Population
It was not possible to document the 6-week drug-handling

diary information for the three nursing technicians who handled
antineoplastic drugs, so these three exposed subjects and six non-
exposed nursing technicians were not included in the data analyses,
which required use of drug-handling history because there were no
quantifiable measures of their exposure for the exposed group. In
the drug-exposed group, two individuals did not provide blood
samples for the biomarker assay, and one nonexposed individual
was dropped out of the study.

Drug-Handling Diary
Overall, there were 9762 handling events recorded for all

drugs during the 6-week period (Table 2). Of these, 3282 involved
one of the five drugs that were the focus of this study, whereas 6480
events involved handling of the other antineoplastic drugs. Pacli-
taxel had the most handling events, followed by 5-fluorouracil,
cyclophosphamide, cytarabine, and ifosfamide. For both pharmacy
and nursing personnel, the number of handling events for site 3 was
greater than that for sites 1 and 2 combined. Overall, the most
common handling event was drug preparation followed by the
checking of the final product by the pharmacist and administration
of the drug infusion (Table 3). The most common events by site
were site 1 (drug preparation), site 2 (checking the final product),
and site 3 (drug preparation). Note that there is not a one-to-one
relationship between the number of drugs handled and the number
of handling events by task because a single drug could have
multiple tasks associated with it (eg, one drug preparation vs the
preparation, the administration spill, and a splash).

Surface-Wipe Samples
Overall, 7 separate pharmacies and 10 nursing/patient areas

were assessed at the end of the 6-week diary collection period. The
number of wipe samples by site and location (pharmacy and
nursing areas) for each site is listed in Table 4. Sites 1 and 2, each
had two separate pharmacies where antineoplastic drugs were
prepared, and site 3 had three pharmacies. Site 1 had two separate
nursing areas, nursing stations, or patient treatment areas where
antineoplastic drugs were handled, and sites 2 and 3 had four each.
In most cases, the individual pharmacy and nursing areas were in
separate buildings at each institution. Eighty-one wipe samples
were collected in the pharmacy areas. Sixty-two wipe samples
were collected in the nursing/patient areas. The 143 wipe sam-
ples represent 715 separate analyses for the 5 drugs. At least one
of the five drugs was present above the limit of detection (LOD)
in 60% of the wipe samples, and 32% of the samples had more
than one drug present.

Although recovery efficiencies have been shown to be
�100% for some drug/surface combinations,12,23 corrections were
not made to the surface concentrations (eg, the amount of drug
residue on each surface) as reported in this study. In this study,
recovery efficiencies for the drugs ranged from as low as 20%
(vinyl flooring) to 100% (Formica [plastic laminate] and stainless
steel). Therefore, values for most surfaces are accurate estimates of
actual contamination values, but values for floors underestimate the
actual concentrations.

TABLE 2. Number of Antineoplastic Drug Handling Events by Site, Location, and Drug

Drug

Site 1 Site 2 Site 3*

Total
Pharmacy

Areas
Nursing/

Patient Areas
Pharmacy

Areas
Nursing/

Patient Areas
Pharmacy

Areas
Nursing/

Patient Areas

Cyclophosphamide 78 24 122 24 341 51 640

Ifosfamide 9 3 53 9 77 38 189

Paclitaxel 198 114 249 1 840 80 1,482

5-Fluorouracil 33 23 71 0 479 68 674

Cytarabine 62 29 94 42 58 12 297

Total 5 drugs 380 193 589 76 1,795 249 3,282

Other antineoplastic drugs 778 501 1,512 179 2,787 723 6,480

Total handling for all
antineoplastic drugs

1,158 694 2,101 255 4,582 972

Total by site 1,852 2,356 5,554 9,762

*One pharmacy at site 3 did not have any study participants who worked in that area, so the number of handling events is not known for that pharmacy.

TABLE 3. Type of Antineoplastic Drug Handling Events by
Task and Site

Site 1 Site 2 Site 3 Total

Prepare* 607 393 2,974 3,974

Check* 502 1,667 1,340 3,509

Infusion† 525 118 836 1,479

Prime tubing‡ 556 50 507 1,113

IV push† 99 14 73 186

Urine exposure† 0 112 0 112

Spill‡ 20 3 0 23

Splash‡ 5 1 0 6

Vomit exposure† 0 0 0 0

Total 2,314 2,358 5,730 10,402

*Pharmacy areas only.
†Nursing/patient areas only.
‡Pharmacy areas and/or nursing/patient area.

1022 © 2010 American College of Occupational and Environmental Medicine
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Surface concentrations for the five drugs ranged from below
the LOD (0.07 to 0.10 ng/cm2) up to 910 ng/cm2. Eighty-nine
percent of the samples that were �LOD were in the range of 0.1 to
10 ng/cm2 with eight samples �10 ng/cm2. The highest concentra-
tion (910 ng/cm2) was measured on the lid of a hazardous waste
container in a nursing area at site 3 for 5-fluorouracil. For all areas
combined, the drug detected most often in the wipe samples was
cyclophosphamide (43%), followed by 5-fluorouracil (26%), ifos-
famide (24%), paclitaxel (16%), and cytarabine (3%). For the three
sites combined, the mean paclitaxel concentration was statistically
significantly correlated with the number of handling events for
paclitaxel. The mean concentration of paclitaxel on surfaces in-
creased as the number of handling events increased.

For site 2, the mean drug concentration of the wipe
samples of paclitaxel was statistically significantly correlated
with the number of handling events for paclitaxel. In addition,
the mean drug concentrations for ifosfamide, 5-fluorouracil, and
cytarabine were significantly positively correlated with the han-
dling events for each drug.

At site 1, three of eight samples from pharmacy 1-A were
positive for cyclophosphamide (mean, 0.79 ng/cm2; summarized in

Tables 4 and 5). Also, six of these eight samples had measurable
levels of 5-fluorouracil (mean, 0.42 ng/cm2). In pharmacy 1-B, all
the seven samples had measurable levels of cyclophosphamide
(mean, 1.42 ng/cm2).

The pharmacy areas at site 2 demonstrated the overall
highest levels of surface contamination. In pharmacy 2-A, all the
nine samples were positive for cyclophosphamide (mean, 1.22
ng/cm2) and ifosfamide (mean, 1.64 ng/cm2). In pharmacy 2-B, 9 of
10 samples were positive for cyclophosphamide (mean, 34.5 ng/
cm2). Three of the samples collected in the room adjacent to
pharmacy 2-B, through which the drugs left the preparation area,
demonstrated measurable levels of cyclophosphamide (mean, 3.85
ng/cm2). In both pharmacies at site 2, contamination with some of
the other drugs that were measured was also noted in the wipe
samples.

For site 3, wipe samples in pharmacies 3-A and 3-C dem-
onstrated relatively low surface contamination for the five drugs
measured. Only pharmacy 3-B had surface wipes that demonstrated
widespread contamination. Most of the eight wipe samples dem-
onstrated levels of four of the drugs, cyclophosphamide, ifosf-
amide, paclitaxel, and 5-fluorouracil above the LOD.

TABLE 4. Summary of Wipe Sample Results by Site and Location*

Site Location
No.

Samples

Cyclophosphamide
(ng/cm2),

Mean (SD)

Ifosfamide
(ng/cm2),

Mean (SD)

Paclitaxel
(ng/cm2),

Mean (SD)

5-Fluorouracil
(ng/cm2),

Mean (SD)

Cytarabine
(ng/cm2),

Mean (SD)

1 Pharmacy areas 25 0.71 (1.73) 0.08 (0.29) �LOD 0.18 (0.44) 1.28 (4.62)

Nursing/patient areas 22 0.01 (0.03) 0.05 (0.27) �LOD 0.08 (0.37) �LOD

2 Pharmacy areas 23 16.00 (34.70) 0.65 (1.35) 0.15 (0.30) 0.13 (0.42) 0.53 (1.94)

Nursing/patient areas 14 0.12 (0.39) 0.01 (0.05) �LOD �LOD �LOD

3 Pharmacy areas 33 0.47 (1.69) 0.14 (0.43) 0.08 (0.12) 0.53 (1.09) �LOD

Nursing/patient areas 26 0.07 (0.11) 0.85 (3.87) 0.01 (0.05) 35.44 (178.4) �LOD

*Samples with values �LOD were assigned a value of zero.
LODs were 0.10 ng/cm2 for cyclophosphamide and ifosfamide; 0.07 ng/cm2 for paclitaxel; 0.06 ng/cm2 for 5-fluorouracil; and 0.13 ng/cm2 for cytarabine.

TABLE 5. Summary of Wipe Sample Results for Five Drugs by Location at Three Study Sites Combined*

Location
No.

Samples

Cyclophos-Phamide
(ng/cm2),

Mean (SD)
% >LOD

Ifosfamide
(ng/cm2),

Mean (SD)
% >LOD

Paclitaxel
(ng/cm2),

Mean (SD)
% >LOD

5-Fluororacil
(ng/cm2),

Mean (SD)
% >LOD

Cytarabine
(ng/cm2),

Mean (SD)
% >LOD

Pharmacy areas

BSC 8 18.1 (51) 25 �LOD 0.04 (0.08) 25 0.03 (0.08) 13 �LOD

Airfoil of BSC 9 11.8 (30.4) 89 0.8 (2.0) 44 0.2 (0.4) 44 0.5 (0.9) 44 4.6 (7.5) 33

Floor by BSC 13 4.4 (7.9) 62 0.3 (0.7) 31 0.1 (0.2) 23 0.3 (0.9) 38 �LOD

Floors 12 2.1 (3.6) 75 0.1 (0.2) 33 0.02 (0.05) 8 0.07 (0.07) 17 �LOD

Counters 13 4.0 (13.0) 62 0.3 (0.5) 46 0.07 (0.11) 31 0.1 (0.3) 23 0.2 (0.6) 16

Checking area 4 1.7 (3.2) 50 0.06 (0.1) 25 0.04 (0.07) 25 0.6 (1.2) 50 �LOD

Pass-through 9 0.2 (0.2) 56 0.5 (0.9) 44 0.1 (0.1) 44 0.8 (1.5) 33 �LOD

Miscellaneous 13 0.5 (1.3) 25 0.01 (0.03) (8) 0.01 (0.03) 17 0.2 (0.6) 33 �LOD

Nursing/patient areas

Counter 18 0.03 (0.05) 22 0.01 (0.03) 6 �LOD 0.1 (0.2) 33 �LOD

Floor 17 0.4 (0.4) 29 0.1 (0.2) 23 0.01 (0.06) 18 0.1 (0.2) 23 �LOD

Cart 5 �LOD �LOD �LOD �LOD �LOD

Drug storage 7 0.04 (0.07) 29 0.2 (0.5) 29 �LOD 1.4 (1.8) 43 �LOD

Waste 5 0.08 (0.1) 40 4.0 (8.8) 60 �LOD 182 (407) 20 �LOD

Miscellaneous 10 �LOD �LOD �LOD 0.01 (0.04) 8 �LOD

*Samples with values �LOD were assigned a value of zero.
LODs were 0.10 ng/cm2 for cyclophosphamide and ifosfamide; 0.07 ng/cm2 for paclitaxel; 0.06 ng/cm2 for 5-fluorouracil; and 0.13 ng/cm2 for cytarabine.
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Wipe sample results for the nursing areas generally revealed
lower levels of contamination, and the proportion of wipe samples
that had measurable values were also lower when compared with
the pharmacy areas. At site 1 nursing areas, only three locations had
concentrations of drugs above the LOD, and at site 2, only four
areas demonstrated surface wipes above the LOD for the five drugs
tested (summarized in Tables 4 and 5).

Site 3 had the most wipe samples for which multiple drugs
were detected on the wipe. Three of the four locations had four
drugs detected in the wipes, and the fourth had three drugs with
concentrations above the LOD.

Area and Personal Air Samples
A total of 67 area air samples and 60 personal air samples

(48 exposed individuals and 12 nonexposed) were collected in
pharmacy and nursing areas where the drugs were handled. All area
air sample concentrations were below the LOD (3.1 to 6.9 ng/m3)
for all five drugs. One personal air sample demonstrated a concen-
tration of cyclophosphamide of 84.5 �g/m3 for one of the nursing
personnel at site 3. All other personal air samples were below the
LOD. None of the personal air samples from the nonexposed
individuals demonstrated the presence of any of the five drugs.
There were no measurable concentrations of ifosfamide, paclitaxel,
5-fluorouracil, or cytarabine in any of the area or personal air
samples.

Urine Samples
In total, 119 urine samples were analyzed for the presence of

cyclophosphamide and paclitaxel, including 67 samples from ex-
posed individuals and 52 from nonexposed individuals. None of the
urine samples from the nonexposed individuals demonstrated con-
centrations of either drug greater than the LOD. Two of the urine
samples from the exposed pharmacists demonstrated concentrations
of cyclophosphamide above the LOD (0.015 ng/mL), and one
pharmacy technician demonstrated a concentration of paclitaxel
just at the LOD (0.015 ng/mL). The two pharmacists from site 2,
who prepared drugs, had concentrations of cyclophosphamide in
their urine (0.043 and 0.079 ng/L), and the pharmacy technician
from site 1 had a concentration of paclitaxel of 0.01 ng/L.

Comet Assay
The results for the comet assay are listed in Table 6. Neither

the percent tail DNA nor the tail (Olive) moment differed signifi-
cantly between the exposed and the nonexposed groups. Additional
analyses considered different exposure variables used to assess
association with the comet outcomes. These included number of
drug-handling events, handling events for the five drugs that were
measured, lifetime handling of antineoplastic drugs, job classifica-
tion (pharmacy and nursing), and class of drugs (alkylating, anti-
metabolites, etc). No significant associations were observed.

DISCUSSION
Since the 1990s, even after the publication of safe-handling

practices for antineoplastic drugs advanced by both occupational
health agencies and professional practice organizations,5,26–28 many
studies have continued to document contamination of the health
care environment with these drugs along with associated worker
exposure. Specifically, during this period, numerous reports have
documented surface contamination,8 including contamination of the
exterior of vials with the vial contents.29–31 Although the majority
of the early studies originated in Europe,8,15–21 two studies in North
America documented contamination of the work environment with
these drugs.13,14 More recent studies in the United States reported
surface contamination or the measurement or both of drugs in the
urine of health care workers during studies that evaluated the use of
a CSTD.32–35 Similar studies continue to be reported from many
countries around the world.36–41 Typically, a small number of drugs
are used to evaluate workplace contamination by means of wipe
sample analysis. Some studies have used a single drug with little
background information documenting drug usage, work practices,
PPE, etc, whereas others have measured several drugs and have
attempted to document other parameters in the work environment
related to possible contamination.21 Still, others have examined
intervention techniques and used wipe sampling to evaluate their
effectiveness.32–35,42–47 Every published surface contamination
study has identified at least one drug present by wipe sample
analysis.

This study used environmental wipe samples to evaluate the
prevalence and intensity of surface contamination by five com-
monly used antineoplastic drugs. The drugs were selected based on
the usage patterns of the three institutions. Wipe samples collected
in the pharmacy and nursing/patient areas indicated that surface
contamination was evident in most locations. In general, surface
drug concentrations in the pharmacies were higher than those in the
nursing areas, and the pharmacies in site 2 had both a higher
percentage of wipe samples with multiple drugs present on the
same wipe and relatively higher levels of the drugs measured from
the wipes. Both pharmacies at site 2 and pharmacy B at site 1 were
open to the adjoining room, which served as an office area. With the
exception of these pharmacies, the other pharmacies conformed to
a clean room design, incorporating proper airflow and quality, and
anterooms between the preparation area and the adjacent areas with
pass-through windows for the completed drug product to leave the
preparation area.

One of the nursing areas at site 3 had the highest measured
concentration of any drug (5-fluorouracil at 910 ng/cm2) present on
the lid of a hazardous waste container located at one of the nursing
stations. This could have resulted from spilling droplets of the drug
as waste was being placed in the container or touching the lid with
contaminated gloves. Two other locations in this area had increased
concentrations of 5-fluorouracil (3.65 and 4.11 ng/cm2). The ifos-
famide concentration was also high on the waste container (19.8
ng/cm2). The finding of several high values suggests a breakdown
in the safe handling of discarded drugs or contaminated equipment
or a lack of sufficient cleaning.

There were no correlations between the number of handling
events for the five drugs studied and the percentage of wipe samples
that had measurable levels of each drug. These drugs compromised
over 3,000 handling events (out of almost 10,000 total events as
shown in Table 2). Table 7 displays the relative frequency of each
of the five drugs sampled for in a rank order. The rank order of the
handling event frequency is not reflected in the percent of wipe
samples with values �LOD. This implies that the frequency of
handling is not the only driver of surface contamination. For
instance, paclitaxel had more than twice the number of handling
events of any drug, but it was detected in only 16% of the samples.

TABLE 6. Values for Comet Assay

Measure N
Percent

Tail DNA*
Comet Tail

(Olive) Moment†

Control, mean (SD) 52 53.12 (7.50) 2,518 (715)

Exposed, mean (SD) 66‡ 53.06 (7.32) 2,540 (652)

P (unadjusted) 0.9639 0.8574

P (adjusted) 0.2628 0.3992

*Percent tail DNA is the fraction of DNA in the tail multiplied by 100.
†Comet tail (Olive) moment was calculated by multiplying average tail length in

pixels (distance between the center of the head and center of tail) by the fraction of
DNA in the tail.

‡Two participants did not provide blood samples for the comet assay.
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This discordant finding does not seem to be the result of recovery
efficiency, storage stability, or analytical issues23 but may be the
result of the protective sleeve used on most paclitaxel vials.30,31

Nevertheless, the mean concentration of paclitaxel in wipe samples
was significantly correlated with the total number of all drugs
handled, the number of handling events for the five drugs com-
bined, and for handling events of paclitaxel alone. Cyclophospha-
mide was detected most frequently by wipe sampling (43% of the
samples �LOD), whereas 5-fluorouracil was the second most
frequently measured drug (26%; Table 7). Conversely, ifosfamide
had the lowest number of handling events at 189, but it was present
in 24% of the wipe samples. This may be because ifosfamide,
similar to cyclophosphamide, remains on surfaces for extended
periods of time.32,48 For site 2, mean wipe sample concentrations of
ifosfamide, 5-fluorouracil, and cytarabine were significantly corre-
lated with the number of handling events for each drug.

This study confirmed findings from other published studies that
contamination is generally widespread.8,11–16,18,19,32–37,41–43,48–54 In
this study, it was more common and in higher concentrations in
pharmacy areas than in nursing areas. Even with the use of BSCs and,
in most cases, clean room design, workplace contamination was
widespread. In an earlier study,14 in which three drugs were
measured in six hospitals, 75% of the pharmacy samples and 65%
of the nursing samples demonstrated contamination with at least
one drug. In this study, almost 10 years later, for five drugs
measured at three hospitals, 75% of the pharmacy samples and 43%
of the nursing samples demonstrated the presence of at least one
drug. The apparent improvement in the nursing areas could result
from one (site 2) of the three sites in this study being an inpatient
area where there was a very low number of drugs handled when
compared with the outpatient areas (Table 2).

The reported results of drug sampling in air have proven
generally as poor exposure assessment tools, although some studies
have documented airborne contamination with antineoplastic drugs.8

Typically, very large air volumes have been collected to measure
concentrations of the drugs, indicating very low airborne drug concen-
trations due, in part, to their low vapor pressures.55,56 Our results
corroborate these findings and suggest that air sampling does not play
a significant role in exposure assessment for these drugs.

The measurement of antineoplastic drugs in the urine of health
care workers has been used as an integrating dosimeter of workplace
exposure across all exposure routes. Workers may be exposed through
dermal contact with contaminated surfaces, by inhaling particulates or
vapors, and by hand-to-mouth contact. Occasionally, accidental injec-
tion by needle sticks or other sharps may be an additional route of
exposure.5,21 Most studies that have examined the urine of health care
workers for the presence of antineoplastic drugs have reported at least
one drug in the urine. Some studies have reported as high as 40% to
100% of the workers tested to have one or more drugs in their
urine, whereas others have reported a low percentage of workers
with drugs in their urine or have not detected any drugs

present.8,20,47 Importantly, several studies have reported the
presence of specific drugs in the urine of health care workers
when they were not actively handling these drugs.20,33,57,58

In this study, only 3 of 68 exposed workers had measurable
concentrations of cyclophosphamide or paclitaxel in their urine. The
most commonly detected drug, cyclophosphamide, was found in the
urine of two pharmacists who worked in a pharmacy area that was
open to an office area. The concentration of cyclophosphamide in wipe
samples in this area was high with a maximum of 143 (mean, 34.5; SD,
47.7) ng/cm2. Based on the small number of urine specimens (2 of 67)
that contained measurable levels of cyclophosphamide, it is not pos-
sible to statistically assess the contribution of surface contamination to
cyclophosphamide in the urine of exposed workers. Favier et al59

reported no correlation between the amount of cyclophosphamide
handled and urinary excretion of cyclophosphamide.

Approximately 13% of unchanged cyclophosphamide is ex-
creted in the urine, but the range has been reported to vary from 3%
to 36% based on individual differences in metabolism.37 The
plasma half-life has been reported to be �5 hours in patients.60 The
two urine samples that contained cyclophosphamide were collected
during the last 4 hours of the work shift and are in line with the
reported half-life. The high level of environmental contamination of
the two participants’ work environment is consistent with these
biomonitoring findings.

Urinary excretion of unchanged paclitaxel is �9% after
IV administration,61,62 and only one of the urine specimens from
the exposed workers had a concentration of unchanged drug that
reached the LOD. The specimen that contained paclitaxel was
collected during the 4-hour postshift period. No measurable
concentration of paclitaxel was found in the area where this
individual worked.

Although it would seem that the uptake of cyclophospha-
mide by the pharmacists at site 2 was correlated with the very high
levels of surface contamination in that area, no other significant
uptake of either of the two drugs measured in the urine was seen.
Nevertheless, there were some relatively high levels of surface
contamination with these drugs in other areas. This may be the
result of lack of sufficient sensitivity in the assay to detect lower
concentrations of the drugs in the urine, proper use of PPE and
containment equipment, good work practices and technique, or a
combination of these factors. In addition, collection times and
individual differences in drug metabolism could affect these urinary
measures.

Several types of biomarkers of exposure or effects or both
have been used to evaluate health care worker exposure to these
drugs. Because most of these drugs are mutagenic or clastogenic or
both, endpoints that measure genetic damage are often used to
assess worker exposure. Urine mutagenicity, chromosomal aberra-
tions, sister chromatid exchange, micronuclei induction, DNA dam-
age (comet assay and others), hypoxanthine-guanine phosphoribo-
syltransferase mutations, thioether excretion, and other assays have
all been used in various studies of workers to assess exposure.63

This study used the comet assay that detects single-strand
DNA breaks and has been used in several studies evaluating
antineoplastic drug exposures. Eight of nine studies using the comet
assay as a biomarker of exposure have reported a significant
difference usually between workers exposed to antineoplastic drugs
and nonexposed control groups, but typically when work environ-
ments did not include the safe-handling practices used at the three
study sites.64–72 In this study, there were no overall significant
differences between the two endpoints that were determined for the
comet assay, and no correlations were seen with any of the potential
exposure variables that were examined. Based on the urinary
measurement of the two more commonly used drugs, it seems that
uptake was minimal and, thus, not sufficient to be detected by the

TABLE 7. Relationship Between the Number of Drug
Handling and Levels of Surface Contamination

Drug
No. Handling

Events (All Sites)
Percent

Samples >LOD

Paclitaxel 1,482 16

5-Fluorouracil 674 26

Cyclophosphamide 640 43

Cytarabine 297 3

Ifosfamide 189 24

Total 3,282
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comet assay. Some wipe sample values for 5-fluorouracil were also
very high, but this drug was not included in the drugs analyzed in
the urine.

Although the majority of observations in this study focused
on routine drug handling, each participant’s spill experience was
also included in the 6-week handling diary. Site 3 that reported
2974 drug preparations did not report an observable spill, whereas
sites 1 and 2 combined had 23 spills for 845 drug preparations. Site
3 was the only site where a CSTD was used for drug preparation.
This outcome is in agreement with published reports that CSTDs
can reduce the level of contamination in the workplace.32–35,42–47

The use of a diary to record drug-handling tasks has been
used in previous studies as an exposure measure and has some
advantages and disadvantages when compared with tallying the
number of drug preparations or total grams of drug per location.73

A single drug preparation may be handled by more than one
individual as it moves from the pharmacy to the nursing area, then
to the patient and/or one individual may handle it more than one
time. The use of a diary documents each handling event by each
individual, thus producing a more accurate metric for individual
exposure estimation. Nevertheless, if all the individuals in a work
area did not take part in this study, the total number of drug events
for that area could be underestimated. Therefore, this approach is an
accurate measure for individual exposure, but it may underestimate
total area contamination.

In summary, based on the five drugs used to evaluate surface
contamination, all three sites had measurable levels of surface
contamination demonstrating persistent contamination and worker
exposure opportunity. Although airborne contamination for these
drugs was not detected under the current conditions, it is likely that
airborne sampling is not a sensitive measure or appropriate method
to characterize exposure because of generally low vapor pressure
for these drugs. We presumed skin absorption to be an important
primary exposure route for these drugs. High levels of surface
contamination, possibly in combination with pharmacy design,
most likely contributed to measurable concentration of one of the
drugs in the urine of two pharmacists. Nevertheless, these environ-
mental conditions were not sufficient to elicit DNA damage as
measured by the comet assay.

Despite following recommended safe-handling practices
and, in most cases, the use of proper engineering controls, work-
place contamination with antineoplastic drugs in pharmacy and
nursing areas continues at all three locations. Vigilant use of safe
work practices and adherence to a comprehensive approach to safe
handling of these drugs are necessary to prevent contamination of
the workplace with these drugs and subsequent worker exposure to
them.
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