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Vapour pressures, evaporation
behaviour and airborne concentrations

of hazardous drugs: implications for
occupational safety

By Thekla K. Kiffmeyer, Dr rer nat, Christine Kube, Dr rer nat, Siegfried Opiolka, Dr-ing,
Klaus Gerhard Schmidt, Dr-ing, Günter Schöppe, Diplom-Volkswirt, and Paul J. M. Sessink, PhD

AIM • To assess the possible health risk for personnel
occupationally exposed to vaporising pharmaceuticals
we investigated the conditions for and the extent of
evaporation of selected antineoplastic and antimicrobial
drugs.

METHODS • Vapour pressures of five widely used anti-
neoplastic agents (carmustine, cisplatin, cyclophos-
phamide, etoposide and fluorouracil) and one
antimicrobial drug (fosfomycin) were measured. From
these, temperature-dependent saturation concentra-
tions and the evaporation times for particles of different
sizes were calculated.

A method for the determination of the carcinogenic
agent cyclophosphamide in air, which distinguished
between the particle-bonded and gaseous phases, was
developed and applied in two different hospital pharma-
cies under defined conditions (no preparation and
cyclophosphamide preparation only).

Measurements of airborne cyclophosphamide were
accompanied by wipe sampling and analysis of the com-

pound in the urine of the three operators who under-
took the preparations.

RESULTS • The vapour pressures ranged from
1.4–19mPa and saturation concentrations from
0.08–1.7mg/m3 both at 20C. The calculated time for
evaporation of small particles (d = 1µm, 20C) was
12s–35min. In the air of preparation rooms particulate
cyclophosphamide was found in 6 of 20 sites
(1–65ng/m3). Gaseous cyclophosphamide was
detectable in 7 out of 15 locations (45ng/m3–13µg/m3).
Cyclophosphamide was present on 17 of the 26 surfaces
(0.03ng/cm2–189ng/cm2). No cyclophosphamide was
found in the urine of the three operators involved in
reconstitution of cyclophosphamide during air sam-
pling.

CONCLUSION • The results indicate that cytostatic
(and other) pharmaceuticals may evaporate and form a
gas phase during normal handling. This must be taken
into consideration when designing safety measures.

The handling of hazardous drugs,
requires appropriate organisa-
tional measures and specialised
technical equipment and protec-

tive clothing in order to minimise exposure
and reduce the risk for humans and the envi-
ronment. This applies in particular to car-
cinogenic, teratogenic and allergenic drugs,
and especially to cytostatic agents, which
might have adverse effects on health even at
very low levels of exposure. Personnel
directly or indirectly involved in prepara-
tion, transport, administration, removal and
disposal of these pharmaceuticals or conta-
minated material may be affected. Although
safety standards for handling cytostatic
drugs have been improved considerably in
most countries during the past decade,
numerous investigations in the recent past
have revealed that contamination of materi-
al (packing, gloves, clothes etc), the working
area (particles in air, surfaces etc) and staff
(urine, blood) still occurs even where rec-
ommended precautions are in operation.1–15

Although the clinical relevance of such
exposure and the resulting genotoxic effects
(sister chromatid exchange, chromosomal
aberrations, micronuclei etc) are still con-
troversial, some epidemiological studies

have reported reproductive effects (lower
birth weight, spontaneous abortion, malfor-
mations, infertility etc) which may be evi-
dent long before carcinogenic effects.16–23

These results, together with the increasing
use and intensity of cancer chemotherapy,
have served to emphasise concerns about
potential exposure of personnel, including
pharmacists, nurses, laboratory staff, and
drug manufacturers, who handle cytostatics
in the course of their work.24–25

Most of the contamination detected
with cytostatics occurs because of spillage,
the generation of aerosols or direct contact

with contaminated material, especially
gloves. However, other findings, such as the
detection of these agents in areas remote
from the work-site,11,26 higher levels of con-
tamination in low usage areas3 or the uptake
by individuals who had not recently been
handling these substances11,27–29 can still not
be fully explained. Airborne contamination
and uptake by inhalation has been suggested
as a possible route of exposure but measure-
ments have so far exclusively focused on
cytostatic-containing aerosols (solid or liq-
uid particles).5,6,10,28–32 Aerosolisation of
powder or liquid is a well-known phenome-
non that cannot be completely avoided dur-
ing normal handling. It occurs during the
withdrawal of needles from drug vials,
expulsion of air from syringes, connection
and disconnection of infusions, and tritura-
tion of tablets. Previous studies, however,
have shown that uptake of cytostatic sub-
stances by personnel cannot be explained by
inhalation of particles alone.29

The vapour pressure of a given com-
pound is defined as the saturation pressure
above its solid or liquid phase and is mainly
dependent on the temperature. It gives an
indication of the probability of the phase
transition liquid/gas and solid/gas of a sub-
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stance and is thus a significant factor for pre-
dicting atmospheric concentrations.
Although it is well known that even solids
have a measurable vapour pressure and may
therefore evaporate slowly at temperatures
well below their melting point, no data
could be found in the literature about the
formation and occurrence of gaseous cyto-
static drugs in ambient air. Estimated values
of vapour pressures are available only for the
cytostatics chlorambucil (0.0075mPa at
25C) and chlornaphazine (0.26mPa at
25C).33 In one recent study evaporation of
cytostatics from solutions was proven indi-
rectly by determining the mutagenicity of
the vapour phase above the drug solutions.34

The possible existence of gaseous cyto-
statics is of special importance because in
Europe and North America reconstitution
of cytostatics is predominantly carried out in
biological safety cabinets (vertical laminar
air flow hoods) or isolators, both equipped
with so-called HEPA (high efficiency partic-
ulate air) filters. These glass fibre filters, like
the commonly used protective masks, are
designed to hold back particles, but fail to
trap gaseous matter, which can pass the filter
system and re-enter the workroom or, in the
case of outgoing air, be released into the
environment. 

As previous laboratory experiments
(data not shown) had suggested that certain
cytostatic drugs may sublime under normal
conditions, the object of this work was to
investigate the conditions and extent of
evaporation of selected hazardous pharma-
ceuticals and to measure the corresponding
level of exposure during occupational han-
dling.

METHODS

Determination of vapour pressures The
vapour pressures of five frequently used
antineoplastic drugs (carmustine, cisplatin,
cyclophosphamide, etoposide and fluoro-
uracil) and one antimicrobial drug (fos-
fomycin) were determined according to an
OECD test method using a vapour pressure
balance.35 Measurements were performed at
Hüls Infracor, Germany. 

Cisplatin, fluorouracil and fosfomycin
(disodium salt) were supplied by Sigma-
Aldrich, Germany, carmustine and etopo-
side were generously provided by
Bristol-Myers Squibb, Germany and
cyclophosphamide (monohydrate) by ASTA
Medica, Germany. All compounds were
used as delivered without further treatment.
Verification of identity and purity was car-
ried out as part of the vapour pressure mea-
surements according to GLP standards
using appropriate analytical measures
(1H-NMR [nuclear magnetic resonance],
13C-NMR and IR [infrared] spectroscopy).
In order to ensure that the water of hydra-
tion was removed completely before the
experiment, the time for drying under vacu-
um for cyclophosphamide was increased
from one hour, as required in the original
method, to 10 hours. Vapour pressures were
measured for different temperatures
between 20C and at least 30C in increments
of 5 or 10 degrees.

Calculation of saturation concentration
and evaporation time In a closed volume
every solid or liquid substance exists in ther-
modynamic equilibrium with its gas phase,
as long as temperature, pressure and volume
are constant. For perfect gases the relation-
ship between pressure, volume and temper-
ature is given by the ideal gas law. For highly
diluted real gases, such as cytostatic drugs in
air, this equation can be used to estimate the
number of molecules of a single gaseous
compound in a certain volume — which is
proportional to its mass concentration. The
actual generation of a gas phase consists of
two steps: first a certain amount of energy
(enthalpy of vaporisation) is required to
remove a molecule from the crystal lattice.
This molecule then has to be transported
through the surrounding air away from the
solid. Therefore, both transfer of heat to the
solid and diffusion of the gaseous drug
through air influence the actual evaporation
rate.

In the following, an estimation of the
evaporation time is given based on the equa-
tion for the rate of change with time of the
diameter of small particles due to vaporisa-
tion:36

where:
ddP/dt = rate of change of the particle diam-

eter
DAB = diffusion coefficient of gas mole-

cules of the compound A into the
gas B

MA = molecular mass of the substance A
R = general gas constant 
rP = density of the particle material
dP = particle diameter 
pA,G = partial pressure of the already

evaporated particle material 
pA,P = vapour pressure of A at the particle

surface
TG = ambient temperature (in K) 
TP = temperature at the particle surface

(in K)

If the partial pressure pA,G is zero, ie, the
evaporated particle mass has no significant
influence on the concentration of the sub-
stance in the vicinity and if the temperature
of the particle and the ambient temperature
are considered to be equal, the time for
evaporation of a particle can be calculated:

Both equations have been derived for
free solid particles of the pure substance in
air but also approximately describe the
behaviour of adsorbed or precipitated mat-
ter. It should be noted that this calculation
takes account of diffusion processes only.

Determination of cyclophosphamide in air
A method was developed for determination
of cyclophosphamide in air which distin-
guishes between particle-bonded and

gaseous matter. Cyclophosphamide was
chosen as the marker agent because it is
extensively used and the fact that a sensitive
and reliable analytical method for determi-
nation of this compound was available in
both institutes involved. The sampling
device (Figure 1) consisted of a particle fil-
ter, a cryo-trap and a pump. To collect par-
ticles from air, a common glass fibre filter
was used (Millipore, AP 40, diameter
47mm). The lower part of the cryo-trap was
kept at a temperature of minus 78C using a
mixture of acetone and dry ice. Air from
different sites in each preparation room was
drawn continuously through the equipment
at a flow rate of approximately 0.25m3/h for
about four hours, resulting in a total air
sample volume of approximately 1m3. In
addition, a personal pump (PAS-6 sampler,
flow rate 2.0ml/min) with a PTFE filter
(diameter 37mm, Sartorius) was used to
sample air in the operators’ breathing
zones.

Liquid or solid aerosols were trapped by
the particle filter; gaseous compounds,
mainly water, were frozen out in the cryo-
trap.

After sampling, the analyte was extract-
ed from the filter and the condensed water
using ethyl acetate. The organic solution
was evaporated to dryness and reconstituted
in 100µl of ethyl acetate. After derivatisation
with anhydrous trifluoracetic acid the prod-
uct was analysed by GC-MS (gas chro-
matography-mass spectrometry).30,37 The
limit of quantification was 10µg/L in the
ethyl acetate extract. 

Study design Measurements were carried
out in two hospital pharmacies (P1 and P2).
P1 used a biological safety cabinet (con-
forming to DIN 12950,38 width 80cm) with
two circular front openings in a closed
screen (Figure 2). Filtered air was recirculat-
ed into the working area. In P2 a novel type
of flow hood (conforming to DIN 1298039)
designed for handling cytostatic drugs was
used (width 180cm) (Figure 3). This has a
single, full-width opening below the screen,
which can be lifted vertically by hand for
cleaning, like a sash window. 

The hood also has an additional pre-
filter-system (particle filter). Air from the
upper HEPA filter was exhausted outside
the building. 

Air samples were collected over a four-
hour period both during preparation of
admixtures and when the cabinets were not
in use (background level). Preparation in
this context refers to the reconstitution of
dry powder cyclophosphamide (Endoxan,
Asta Medica) and transfer into infusion bags
containing 500 or 1,000ml of sodium chlo-
ride solution.

In P1, 100 doses (infusions) of
cyclophosphamide 1,000mg were prepared
by two operators each working for approxi-
mately two hours. In P2, one technician
(working on the left side) prepared 30 doses
containing 400–700mg cyclophosphamide.
All work was performed by trained and
experienced personnel observing all the
safety regulations currently in force in Ger-
many. 

ddP = 4DABMA pA,G – pA,P
dt RrPdP TG TP

t    =         d
2
P rP R T

8 DAB MA pA,P
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Air samples were taken from four sites
on each day (Figures 2 and 3): 

Position 1 Air stream from the outlet of the
exhaust filter

Position 2 Right side of the cabinet,
approximately 20cm from the
front opening, at operator head
height

Position 3 Left side of the cabinet, approxi-
mately 20cm from the front
opening, at operator head height

Position 4 Preparation room, approximate-
ly 2.5m from the safety cabinet

Position 5 In P1 only, a personal pump was
used to sample air in the opera-
tors’ breathing zones for particles 

Ambient and bio-
monitoring At the
end of the work peri-
od, wipe samples
were taken from dif-
ferent sites in the
preparation areas of
both pharmacies and
the anteroom of P2
using adsorbent tis-
sues soaked with
approximately 1ml
of methanol.30,37

Cyclophosphamide
was eluted from the
pads with ethyl
acetate and analysed
as described before. 

Urine of the

three technicians involved was collected in
separate fractions over a period of 24 hours
beginning at the end of preparation.
Cyclophosphamide was isolated by liquid/
liquid extraction with ethyl acetate and
analysed as described above.37 The limit of
determination was 1µg/L. 

RESULTS

Vapour pressure and evaporation behaviour
Figure 4 presents the temperature-dependent
vapour pressures of the five drugs investigated
plotted according to the Clausius-Clapeyron
equation. Vapour pressures of cisplatin,
cyclophosphamide, etoposide, fluorouracil
and fosfomycin were found to be in the same
range. The vapour pressure of carmustine, in
comparison, is about 10 to 100 times higher at

Figure 2: Safety cabinet in Pharmacy 1 (DIN 12950)

Figure 3: Safety cabinet in Pharmacy 2 (DIN 12980)

Figure 1: Sampling device for air measurements

Substance Measured Calculated Calculated
vapour pressure equilibrium evaporation time (s)

(Pa) concentration
(mg/m3)

T=20C      T=40C T=20C T=40C dP=1µm      dP=100µm

Carmustine 0.019 0.530 1.7 44 12 1.2 x105

Cisplatin 0.0018 0.0031 0.22 0.36 110 11.0 x105

Cyclophosphamide 0.0033 0.0090* 0.36 0.90 44 4.4 x105

Etoposide 0.0026 0.0038 0.63 0.86 51 5.1 x105

Fluorouracil 0.0014 0.0039 0.08 0.20 210 21.0 x105

Fosfomycin (antibiotic) 0.0027 0.0043 0.20 0.30 90 3.0 x105

Key: T= temperature; dp = particle diameter
* Extrapolated

TABLE 1: VAPOUR PRESSURE, EQUILIBRIUM CONCENTRATION AND EVAPORATION TIME
FOR DRUG PARTICLES
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a given temperature. Saturation concentra-
tions for different temperatures and estimated
evaporation times for solid particles of differ-
ent size, both calculated from the vapour pres-
sure, are listed in Table 1, together with the
vapour pressures of the five compounds at 20
and 40C.

Air measurements The results for airborne
cyclophosphamide of gaseous and particu-

late origin at different
sites in the two phar-
macies are listed in
Table 2. These values
were calculated
assuming that extrac-
tion of gaseous and
particulate cyclo-
phosphamide from
air using the method
described is complete
(ie, recovery =
100%). Consequent-
ly, it has to be noted
that the concentra-
tions quoted are min-
imum levels present
in air whereas the
actual concentrations
are probably higher.

Gaseous cyclo-
phosphamide was
detected in each mea-
surement in at least
one of the four posi-
tions, with the high-
est concentrations
(13µg/m3) found in
the exhaust air stream
behind the filter of
the safety cabinet in
P2. Detectable
amounts of cyclo-
phosphamide gas
were also found at the
front openings but
not at some distance
(ca 2.5m) from the
hoods. Particle-

bonded cyclophosphamide was detected in
several samples taken in P1 but not in those
from P2, where an air-conditioning system
with a particle filter was operating during
the day. No significant difference was found
between cyclophosphamide concentrations
(gaseous and particle-bonded) measured
while admixing and those measured in
periods when no preparation was taking
place. 

Ambient and biomonitoring The cyclo-
phosphamide concentrations found at dif-
ferent sites are summarised in Table 3. All of
the nine surfaces investigated in P1 were
found to be contaminated with up to
14.2ng/cm2 of cyclophosphamide whereas
in P2, cyclophosphamide was present on
eight of the 16 sites. The highest level,
189ng/cm2, was found on a computer key-
board standing next to the opening of the
laminar flow hood. Detectable amounts of
the drug were found both on horizontal and
vertical surfaces as well as in the unpacking
and storage areas. 

No cyclophosphamide in concentra-
tions above the limit of determination
(1µg/L) was found in the urine of the three
operators.

DISCUSSION

Vapour pressure and evaporation The find-
ings confirm that the pharmaceuticals inves-
tigated have low but not negligible vapour
pressures. By way of comparison, the vapour
pressure measured for carmustine at 40C, a
temperature that might be reached in the
filter housing especially in the vicinity of the
ventilator, is of the same order of that of
mercury (Hg 1.0Pa, carmustine 0.53Pa,
both at 40C). Although the drugs selected
for this study have very different structures
and therefore differ significantly in many of
their chemical and physical properties, their
vapour pressures are of the same order and it
can be assumed that this is the case for other
hazardous pharmaceuticals as well. Thus,
cyclophosphamide might be seen as a model
substance for the entire class.

The theoretical calculations show that
the rate of evaporation, and consequently
the quantity transferred into the gaseous
phase, depends not only on the vapour pres-
sure but also critically on the particle size.
Cytostatic agents are delivered to pharma-
cies as dry powders (crystalline products) or
as solutions, and in these states the rate of
evaporation at ambient temperatures is rela-
tively low. Small particles of the drugs, how-

Sampling position Area       Concentration
(m2)            (ng/cm2)

Pharmacy 1
Floor in the corridor 0.49 <LOQ
Floor inside at the entrance 0.49 0.13
Floor in front of the waste bins 0.49 1.77
Floor in front of the workbench 0.49 0.05
Outside the viewscreen of the safety cabinet 0.29 0.45
Work area inside the safety cabinet 0.28 14.0
Dividing wall of glass bricks 0.52 0.33
Airfoil inside the safety cabinet 0.05 14.2
Working table next to the safety cabinet 0.45 0.19
Desk approximately 2.5m from safety cabinet 0.62 0.03

Pharmacy 2, preparation room
Outside the viewscreen of the safety cabinet 0.72 <LOQ
Floor in front of the safety cabinet 0.25 <LOQ
Computer keyboard 1 beside the safety cabinet 0.07 189.0
Computer keyboard 2 beside the safety cabinet 0.07 69.0
Pillar near entrance 0.50 <LOQ
Working table opposite the safety cabinet 0.36 <LOQ
Bag sealing device 0.13 2.6
Surface of the waste bin 0.11 0.99
Area around washbasin 0.12 <LOQ
Bottle of disinfectant at the washbasin 0.06 <LOQ
Window 0.16 <LOQ

Pharmacy 2, anteroom
Table for unpacking 0.75 0.43
Cupboard, shelf for cyclophosphamide 0.14 <LOQ
Inside refrigerator, storage area for open

drug containers 0.25 0.11
Five sealed, ready-prepared infusions of

cyclophosphamide (500ml infusion bags) 0.21 84.0
Five transport trays for ready-prepared

infusions 0.30 45.0

*Calculated under the assumption  of quantitative recovery (Rs = 100 per cent)
<LOQ = below limit of quantitation

TABLE 3: CONCENTRATIONS OF CYCLOPHOSPHAMIDE ON
SURFACES AFTER WIPE SAMPLING*

Particle

65

<LOQ

<LOQ

2.1

–

Gas

130

145

–

–

–

Particle

<LOQ

<LOQ

1.1

2.1

<LOQ

Gas

110

<LOQ

–

–

–

Particle

6

19

–

<LOQ

–

Gas

45

<LOQ

–

<LOQ

–

Particle

<LOQ

<LOQ

<LOQ

<LOQ

–

Gas

<LOQ

<LOQ

3,900

<LOQ

–

Particle

<LOQ

<LOQ

<LOQ

<LOQ

–

Gas

13,000

<LOQ

590

<LOQ

–

1. Air stream from the outlet of the
exhaust filter

2. Right side of the cabinet, near the
front opening

3. Left side of the cabinet, near the
front opening

4. Preparation room, approx 2m from
the safety cabinet

5. Personal air sampler, breathing
zone of the employee

Day 1,
3–7pm

Without preparation

Day 46,
2–6pm

Without preparation

Day 1,
10am–2pm

During preparation

Day 2,
8am–noon

Without preparation

Day 2,
8.30am

During preparation

Pharmacy 1 Pharmacy 2

Concentration of cyclophosphamide* in air (ng/m3)Sampling position

TABLE 2: RESULTS OF AIR MEASUREMENTS IN TWO HOSPITAL PHARMACIES

* Calculated under the assumption of quantitative recovery (100 per cent)
Without preparation = no preparation activities taking place but ventilation of cabinet in operation
During preparation = preparation under defined conditions
– = not investigated
<LOQ = below limit of quantification
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ever, may vaporise in air in seconds or min-
utes. Consequently, the generation, charac-
teristics and behaviour of
cytostatic-containing aerosols are of great
importance.

Air measurements The experimental data
show that the actual concentration of
gaseous cyclophosphamide in the atmos-
phere of preparation areas is many times
lower than the value calculated from the
perfect gas law. This had been expected
since, under real conditions, there is no
equilibrium between the solid and gaseous
phases and the concentration in air is
reduced by dilution, adsorption and chemi-
cal reactions. This may also explain why no
gaseous cyclophosphamide was found at a
distance of about two metres from the safety
cabinet. 

Levels of airborne cyclophosphamide
were found to be in the same range both
during and without admixing activities. Fur-
ther measurements are needed to verify
these unexpected results and to investigate
in detail the temporal connection between
working activities and the concentration of
cyclophosphamide and other pharmaceuti-
cals in air. Other questions that remain to be
answered are, at what time has the
cyclophosphamide detected behind the fil-
ter been released, for how long and in what
form has it been trapped on the filter and
what mechanisms are involved in the trans-
port through the filter system? The present
results support the hypothesis that drug-
containing particles trapped on the filter or
other surfaces inside the cabinet may func-
tion as a reservoir from which molecules
evaporate slowly but continuously. The

same process may occur outside the laminar
flow hood as well. On the other hand, the
filter may be acting like an adsorptive chro-
matographic stationary phase where trans-
port of the compound takes place through
repeated exchange of molecules between
the filter material and the air, which serves
as the mobile phase. Alcohol vapours in the
air resulting from cleaning procedures may
play a decisive role in this process. 

Unlike gases, particles are only sporadi-
cally released and the distribution in air is
less homogeneous. Therefore, although air
measurements represent the average level
over a four-hour period, a negative result
does not prove the absence of particles.
Altogether in this study contamination of
the workroom air originating from gaseous
cyclophosphamide was higher than that
caused by particulate matter. 

It has to be taken into account that par-
ticles trapped by the particle filter of the
sampling device may evaporate during the
measurement procedure and subsequently
reach the cryo-trap. Therefore, the result-
ing values for cyclophosphamide originat-
ing from particle-bonded material may be
underestimated, whereas those of gaseous
origin may be spuriously raised. However,
laboratory experiments using particle filters
spiked with cyclophosphamide (solutions or
aerosols) showed a loss of less than 10 per
cent per cubic metre of air drawn through
the filter. This is in close agreement with
previous studies where only 2 per cent of
fluorouracil and 6 per cent of methotrexate
had been lost per cubic metre of air drawn
through spiked filters (120–138L/h for
16–162h, 2–19m3 total).40

In both types of safety cabinet, gaseous

and particle-bonded cyclophosphamide was
found near the front opening. This indicates
that the airflow into the safety cabinet
through the aperture which is mainly
responsible for protection of the operator
cannot completely prevent migration of air-
borne contaminants through these open-
ings. This effect, probably caused by hand
and arm movement, is of special concern
because drug-containing air is directly
transported into the breathing zone of the
operator.

Ambient and biomonitoring Despite daily
cleaning of most of the surfaces investigat-
ed, cyclophosphamide was detectable on
many of them. Most of this contamination
was probably caused by direct contact with
contaminated gloves (computer keyboards,
working surfaces, sink), packing material
(unpacking and storage area, transport
trays) or spillage (floor, disposal device,
work sites). Similar results have been
reported and discussed by many other
groups in the past.

The significant contamination found on
the outside of ready-prepared products in
plastic bags (polyethylene) is most probably
caused by either spillage or direct contact
with contaminated surfaces during admix-
ing or leaking through the pierced polyeth-
ylene seals. Penetration of the substance
through the intact material may also con-
tribute but it is a comparatively slow
process.

Compared with other areas close to the
safety cabinet, the computer keyboards in
P2 were found to be much more heavily
contaminated, probably because they were
frequently touched and never cleaned. 

Figure 4: Temperature dependent vapour pressures of the five drugs investigated, plotted according to the Clausius-Clapeyron equation

reciprocal temperature T 1 [K 1 x 10 3]



THE PHARMACEUTICAL JOURNAL (VOL 268) 9 March 2002336

ORIGINAL PAPERS

REFERENCES

1. Sessink PJM, Bos RP. Drugs hazardous to healthcare work-
ers. Evaluation of methods for monitoring occupational
exposure to cytostatic drugs. Drug Safety 1999;20:347–59.

2. Pethran A, Schierl R, Schmaus G. Wischproben an Arbeit-
splätzen mit Zytostatika-Exposition. Krankenhausphar-
mazie. 2001;22:11–5.

3. Kromhout H, Hoek F, Uitterhoeve R, Huijbrs R, Overmars
RF, Anzion R, Vermeulen R. Postulating a dermal pathway
for exposure to antineoplastic drugs among hospital workers
applying a conceptual model to the results of three work-
places. Ann Occup Hyg 2000;44:551–60.

4. Connor TH, Anderson RW, Sessink PJM, Broadfield L,
Power LA. Surface contamination with antineoplastic agents
in six cancer treatment centres in Canada and the United
States. Am J Health-Syst Pharm 1999;56:1427–32.

5. Rubino FM, Floridia L, Pietropaolo AM, Tavazzani M,
Colombi A. Measurements of surface contamination by cer-
tain antineoplastic drugs using high-performance liquid
chromatography: Applications in occupational hygiene inves-
tigations in hospital environments. Med Lav 1999;90:572–83.

6. Pethran A, Hauff K, Hessel H. Biological, cytogenetic and
ambient monitoring of exposure to antineoplastic drugs. J
Oncol Pharm Pract 1998;4:57.

7. Minoia C, Turci R, Sottani C, Schiavi A, Perbellini , Angeleri

S, et al. Application of high performance liquid chromatogra-
phy tandem mass spectrometry in the environmental and bio-
logical monitoring of health care personnel occupationally
exposed to cyclophosphamide and ifosfamide. Rapid Com-
mun Mass Spectrom 1998;12:1485–93.

8. Sessink PJM, Wittenhorst BCJ, Anzion RBM, Bos RP. Expo-
sure of pharmacy technicians to antineoplastic agents; re-
evaluation after additional protective measures. Arch Environ
Health 1997;52:240–4.

9. Sessink PJM, Verplanke AJW, Herber RFM, Bos RP. Occu-
pational exposure to antineoplastic agents and parameters for
renal dysfunction. Int Arch Occup Environ Health 1997;69:
215–8.

10. Ensslin AS, Huber R, Pethran A, Rommelt H, Schierl R, Kul-
ka U, et al. Biological monitoring of hospital pharmacy per-
sonnel occupationally exposed to cytostatic drugs — urinary
excretion and cytogenetics studies. Int Arch Occup Environ
Health 1997;70:205-8.

11. Nygren O, Lundgren C. Determination of platinum in work-
room air and in blood and urine from nursing staff attending
patients receiving cisplatin chemotherapy. Int Arch Occup
Environ Health 1997;70:209–14.

12. Baker ES, Connor TH. Monitoring occupational exposure to
cancer chemotherapy drugs. Am J Health-Syst Pharm
1996;53:2713–23.

Other findings, such as the detection of
cyclophosphamide on a dividing wall of
glass bricks and a desk, both about two
metres from the working zone, need further
explanation. Since this wall leads to a room
that is usually colder, enrichment of con-
densed cyclophosphamide vapour on this
surface as a result of the difference in tem-
perature might have taken place. However,
as this wall was not included in any cleaning
schedule, contamination found might also
have been caused by an earlier accident or
might have been enriched over a long peri-
od. 

Further investigations are required to
show under which conditions and to what
extent pharmaceuticals may evaporate from
surfaces contaminated in different ways,
including condensation of vapour and
adsorption of particles.

Exposure to gaseous and particulate
cyclophosphamide during the reconstitu-
tion activity did not result in detectable drug
levels in urine of the pharmacy personnel
under the working conditions described.
However, one may assume that small
amounts could have been inhaled. To our
knowledge, there have been no previous
investigations of the uptake of cyclophos-
phamide or other cytostatic drugs as a result
of the inhalation of gaseous matter. There is
one study in which concentrations of
gaseous cyclophosphamide originating
from cyclophosphamide-containing parti-
cles have been determined in combination
with urine measurements. However, the
results did not show a correlation.29

CONCLUSION

The results of this study show that the drugs
investigated may evaporate under normal
working conditions, as evidenced by the
detection of amounts of one commonly used
cytostatic compound, in gaseous form, in

the air of preparation sites. For practical
reasons, especially the low detection limit,
air measurements until now have only been
carried out for cyclophosphamide, but the
results may also be applicable to other haz-
ardous drugs. In addition to preparation
rooms, any workplace where hazardous
drugs are handled during manufacturing,
filling, transport, unpacking, reconstitution,
administration, cleaning or waste disposal is
a potential site for contamination. Obvious-
ly, commonly used protective systems
equipped with particle filters only (such as
safety cabinets, glove boxes and isolators) do
not provide complete protection for the
staff. 

Modifications such as the installation of
additional gas-adsorbing filter systems and
alternatives, for example, the use of closed
systems41 or the automation of the prepara-
tion process, need to be explored. Because
the size of particles, in addition to the
vapour pressure of the substance, is a crucial
factor for the rate of evaporation, the gener-
ation and spread of aerosols during handling
of hazardous pharmaceuticals has to be
reduced as much as possible. 

Basic research is needed to study the
influence of different solvents, humidity,
adsorption on and desorption from different
materials on the evaporation behaviour of
the drugs. Further investigations are needed
to quantify the contribution of the gas phase
to the total level of contamination in com-
parison to other routes of exposure (direct
contact, external contamination of contain-
ers, penetration of gloves and clothes etc.) as
well as different routes of uptake (dermal,
inhalation of particles, ingestion). Appro-
priate experiments need to be carried out
under laboratory conditions as well as under
real working conditions. The results may
help to explain the findings of environmen-
tal and biological monitoring. 

To improve protection for personnel

handling cytostatic or other hazardous
drugs, on the one hand, education and train-
ing has to be intensified to ensure that all
safety measures are strictly observed. On the
other hand, not all episodes of contamina-
tion can be explained by carelessness and
unknown or underestimated routes of expo-
sure have to be identified. Although there is
still a relative lack of information we suggest
that the gaseous phase of cytostatic drugs
should to be taken into account when decid-
ing appropriate measures for occupational
and environmental safety.
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November 2001.
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