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Health Risks Posed by Use of
Di-2-Ethylhexyl Phthalate (DEHP) in PVC
Medical Devices: A Critical Review
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Background Polyvinyl chloride plastics (PVC), made flexible through the addition of di-
2-ethylhexyl phthalate (DEHP), are used in the production of a wide array of medical
devices. From the late 1960s, leaching of DEHP from PVC medical devices and ultimate
tissue deposition have been documented.

Methods A critical review of DEHP exposure, metabolism, and toxicity data from human
and animals studies was undertaken. A brief analysis of alternatives to DEHP-plasticized
PVC for use in medical device manufacture was completed.

Results DEHP leaches in varying concentrations into solutions stored in PVC medical
devices. Certain populations, including dialysis patients and hemophiliacs may have
long-term exposures to clinically important doses of DEHP, while others, such as neon-
ates and the developing fetus, may have exposures at critical points in development. In
vivo and in vitro research links DEHP or its metabolites to a range of adverse effects in
the liver, reproductive tract, kidneys, lungs, and heart. Developing animals are parti-
cularly susceptible to effects on the reproductive system. Some adverse effects in animal
studies occur at levels of exposure experienced by patients in certain clinical settings.
DEHP appears to pose a relatively low risk of hepatic cancer in humans. However, given
lingering uncertainties about the relevance of the mechanism of action of carcinogenic
effects in rodents for humans and interindividual variability, the possibility of DEHP-
related carcinogenic responses in humans cannot be ruled out.

Conclusions The observed toxicity of DEHP and availability of alternatives to many
DEHP-containing PVC medical devices presents a compelling argument for moving
assertively, but carefully, to the substitution of other materials for PVC in medical
devices. The substitution of other materials for PVC would have an added worker and
community health benefit of reducing population exposures to DEHP, reducing the
creation of dioxin from PVC production and disposal, and reducing risks from vinyl
chloride monomer exposure. Am. J. Ind. Med. 39:100—-111, 2001. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Polyvinyl chloride plastics, also known as PVC or
vinyl, are used in the production of a wide array of medical
devices. More than 25% of all plastics used in medical
applications are PVC [Huber et al., 1996]. Major medical
uses of PVC include intravenous fluid bags and tubing,
blood and plasma bags, enteral feeding and dialysis equip-
ment, catheters, and gloves. PVC has specific properties that
make it attractive in the health care setting, including
flexibility, strength, suitability for steam sterilization, resis-
tance to kinking, optical clarity, weldability, surface finish,
and cost.

PVC is a relatively rigid and brittle polymer. Plastici-
zers are added to the PVC to facilitate processing and
increase flexibility and toughness in the final product by
internal modification of the polymer molecule. Other poly-
mers are made more or less flexible through the rearrange-
ment of polymer chains or the addition of other polymers to
the mixture. While there are numerous plasticizers on the
market, the largest group, accounting for about 70% of U.S.
consumption of millions of pounds per year, are the
phthalate esters [SRI, 1996]. Of 25 different phthalate
esters, di-ethylhexyl phthalate (DEHP) is the one most
commonly used in the production of medical devices.

In the late 1960s, leaching of DEHP from PVC medical
devices into medical solutions and ultimate tissue deposi-
tion were documented [Jaeger and Rubin, 1970, 1972;
Autian, 1972; Hillman et al., 1975; Petersen et al., 1975].
Despite two decades of research into patient exposures and
DEHP toxicity, the human health risks posed by medical
devices containing DEHP are uncertain and disputed.

We present here the results of a review of DEHP
exposure, metabolism, and toxicity. We also provide an over-
view of the current understanding of peroxisome prolifera-
tion and other mechanisms by which DEHP may cause toxic
effects in animals and humans. Finally, we present a brief
analysis of available alternatives to DEHP-plasticized PVC
for use in medical device manufacture. A more detailed
analysis of DEHP exposure, metabolism, toxicity, and
alternatives is contained in Tickner et al. [1999].

We conclude that, in some instances, humans are
exposed to clinically important levels of DEHP through
PVC medical devices. Evidence from in vitro and in vivo
studies relevant for determining human health risks suggests
that DEHP exposures resulting from medical care may lead
to adverse health effects in certain groups of patients. We
recommend that a precautionary approach be applied to
minimize the risk to humans from exposure to DEHP
through medical devices. Where alternative materials exist
that are safer and meet existing performance requirements
at reasonable costs, these materials should be substituted
for DEHP-containing PVC medical devices. Where such
materials do not exist, research and development efforts
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should be undertaken to ensure their availability in the
future.

METHODS

An analysis of English language scientific reports of in
vitro and in vivo DEHP exposure, metabolism, and toxicity
for the period 1945—-1999 was conducted using Medline,
Toxline, the Government Printing Office Database, the
Hazardous Substances Database, and the Environmental
Health Information Service. We also obtained copies of
government agency reports analyzing DEHP risks from
Sweden, the World Health Organization, Denmark, and
the United States. In some cases, researchers who had
conducted primary research on DEHP were contacted to
provide additional references and a better understanding of
the main uncertainties and opinions regarding exposure,
toxicity, and the relevance of animal studies to humans.

The final bibliographic database analyzed consisted of
approximately 120 studies, including primary research on
DEHP toxicity, exposure, and metabolism as well as
literature reviews. The main criteria for inclusion in our
analysis were: whether or not the reference addressed an
important aspect of toxicity, exposure, or metabolism of
DEHP; species differences in metabolism and toxicity; age-
related toxicity; toxicity in multiple organ systems; and
examination of key uncertainties. The final bibliography,
although not exhaustive, was chosen to address the full
spectrum of human and animal data, in vitro observations,
varying exposure pathways, and controversies and uncer-
tainties about risk. It is important to note that disagreements
about DEHP health risks to humans have centered primarily
on the relative importance of species differences in
absorption, metabolism, and mechanisms of toxicity.

We attempted to identify the weight of evidence
necessary to better understand human health risks resulting
from DEHP exposure in medical care. While we have
focused primarily on studies that demonstrate positive
biological effects, we describe studies with negative results
when they provide important information for understanding
the overall weight of scientific evidence pointing to human
risks.

Alternatives to DEHP-containing PVC medical devices
were analyzed through technical literature searches, World
Wide Web searches for manufacturing companies and
interviews with manufacturers and suppliers of both PVC
medical devices and those free of DEHP and PVC.

RESULTS
Exposure to DEHP

Human exposure to DEHP can occur through environ-
mental sources in the community (food, air, water) and in
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the medical setting. The average total daily individual
ambient exposure to DEHP in the US has been estimated at
0.27 mg per day, but this figure does not include workplace
air exposures, nor indoor air exposures from offgassing of
building materials, which may result in substantially higher
exposures [ATSDR, 1993; Oie et al., 1997; Jaakkola et al.,
1999]. Daily DEHP exposures in the medical setting may
exceed general population exposures by up to three orders of
magnitude.

Medical Exposures

PVC medical devices, such as bags for the intravenous
administration of fluids and blood, typically contain 30—
40% DEHP by weight. Medical tubing may contain as much
as 80% DEHP [DiGangi, 1999]. DEHP is not chemically
bound to the PVC polymer and may leach when a medical
device is heated or when the PVC comes into contact with
blood, drugs, or IV fluids. Extraction occurs either by
leaching or after an extracting material (blood, IV fluids)
diffuses into the PVC matrix and dissolves the plasticizer,
which is relatively lipophilic. [Nass, 1977; Rock et al., 1986;
Lundberg and Nilsson, 1994]. Temperature, mechanical
agitation, storage time, chemical nature of the medical
device contents, and DEHP concentration in the device
influence the degree of leaching, which can vary from a
fraction to 10—-15% of the available DEHP [Nass, 1977;
Kevy and Jacobson, 1982; Lundberg and Nilsson, 1994;
Latini and Avery, 1999].

DEHP has been measured in blood products (whole
blood, plasma, platelet, and packed red cells) at 4—650 mg/L
[Jaeger and Rubin, 1970; Gibson et al., 1976; Schneider
et al., 1989; Chawl and Hinberg, 1991; Huber et al., 1996]
drug-containing solutions (3.1-237 mg/L); and in sterile
water, electrolyte, and sugar-based solutions (5mg/L)
[Pearson and Trissel, 1993; Baxter Healthcare, 1995; Mazzo
et al., 1997; Trissel, 1998].

Since 1970, a series of studies have identified and
measured DEHP or its metabolites in human tissue and
serum of patients receiving dialysis, blood transfusions,
artificial ventilation, and exchange transfusions [Jaeger and
Rubin 1970; Hillman et al., 1975; Lewis et al., 1978; Kevy
and Jacobson, 1982; Ganning et al., 1984; Roth et al., 1988;
Sjoberg et al., 1985a, 1985b].

Particular concern has been raised in the pediatric
setting because of DEHP exposures in newborns who
receive among the highest doses of DEHP in the human
population from blood transfusions, extracorporeal mem-
brane oxygenation (ECMO) and respiratory therapy
[Sjoberg et al., 1985a, 1985b; Roth et al., 1988; Schneider
et al., 1989; Plonait et al., 1993]. DEHP can also cross the
placenta [Singh, 1975; USCPSC, 1985; Tomita et al., 1986;
Keml, 1998], exposing the fetus secondary to maternal
exposures.

The range of human exposures to DEHP from PVC
medical devices is summarized in Table I [as adapted from
Huber et al., 1996]. Total DEHP exposure measured or
estimated in these studies varies significantly. Differences in
study design, conditions of use, DEHP content, and storage
time, among others, may play a role in this variability.

Disposition and Metabolism of DEHP

In the intestine, DEHP is rapidly absorbed, primarily in
the form of its monoester, mono ethyl hexyl phthalate
(MEHP), which results from hydrolysis of the parent
compound by gut lipases [Sjoberg 1985a; Pollack et al.,
1985b]. The initial metabolism of DEHP to MEHP is
qualitatively similar among mammalian species [Lake
et al., 1977; Rhodes et al., 1986] though hydrolysis is more
effective in rodents than in higher mammals and humans
[KemlI, 1998]. MEHP is thought to be responsible for much
of the compound’s toxicity [Lake et al., 1977; Foster, 1997,
Li et al., 1998].

Table I. Human Exposure to DEHP Following Treatment with PVC Medical Devices

Total exposure Mg/kg hody
Treatment (mg) per patient Time period weight References
Hemodialysis 0.5-360 Dialysis session 001-72 Gibson et al. [1976]; Lewis etal. [1978];
Pollack etal. [1985b]; Schneider et al. [1989]
Blood transfusion in adults 14-600 Treatment 02-80 Jacobson etal. [1977]; Kevy
and Jacobson [1982]
Extracorporeal oxygenation in infants Treatment period 420-1400 Schneider et al. [1989]
Cardiopulmonary bypass 2.3—168 Treatment day 003-24 Jaeger and Rubin [1972]; Barry et al. [1989]
Artificial ventilation in preterm infants 0.001-4.2 Hour Rothetal. [1988]
Exchange transfusions in infants Treatment 08-42 Sjoberg etal. [1985a,1985b];

Plonait etal. [1993]




Intestinal absorption occurs more readily in rodents
than in primates, presumably because of higher concentra-
tions of lipases [Rhodes et al., 1986]. Young rodents absorb
DEHP/MEHP to a greater degree than adults [Gray and
Gangolli, 1986]. Once absorbed, DEHP is widely distri-
buted throughout the body, with fat, the lungs, absorptive
organs (gastrointestinal tract), and excretory organs (liver,
kidneys) being the major initial repositories. DEHP is
also distributed to the heart, spleen, reproductive tract,
muscles, and brain [Jaeger and Rubin, 1972; Kluwe, 1982;
Keml, 1998]. Distribution of DEHP and its metabolites
appears to be qualitatively similar across species [Keml,
1998].

DEHP is highly lipophilic and may bioaccumulate in
some organisms with limited ability to metabolize the
substance [IPCS, 1992]. Studies in higher mammals and
humans indicate that DEHP has a urinary elimination half-
life of 6-12 h [Peck and Albro, 1982; Keml, 1998], though
some evidence indicates that the half-life might be much
longer [Dirven et al., 1993]. In an analysis of human tissues
at the autopsy of patients who had received blood
transfusions, Jaeger and Rubin [1972] found that DEHP
does accumulate in certain tissues, even though it may not
be detectable in blood. Other studies have found no
appreciable tissue accumulation [Keml, 1998]. Although
DEHP may be quickly metabolized and excreted, some
chronically ill patients, such as dialysis patients, will receive
continuous doses of the substance.

The liver, kidney, lungs, pancreas, and plasma also
contain enzymes that convert DEHP to MEHP. However,
this conversion occurs more readily in the intestinal tract so
that exposures to DEHP by ingestion may be more hazar-
dous than intravenous exposure [Pollack et al., 1985a].
Nonetheless, MEHP has been measured in stored adult
human serum as well as in the blood of neonates undergoing
exchange transfusions and adults undergoing hemodialysis
[Vessman and Rietz, 1978; Peck and Albro, 1982; Pollack
et al., 1985b; Sjoberg et al., 1985a, 1985b]. Pollack et al.
[1985b] found that time-averaged circulating concentrations
of MEHP during dialysis were similar to those of DEHP.
Albro et al. [1982] found that MEHP comprised 18.3% of
total metabolites excreted in urine from two leukemia
patients receiving platelets from DEHP-containing PVC
medical devices, and 6.9% of the administered DEHP was
excreted as MEHP [Peck and Albro, 1982].

MEHP and another primary metabolite of DEHP, 2-
ethanohexanol (2-EH), are further converted in the liver into
numerous secondary metabolites via pathways that differ
across species. Rodents primarily metabolize MEHP by
oxidation pathways, while primates largely glucuronidate
MEHP prior to excretion. Many of the known secondary
metabolites, which number at least 10, have not been
studied for their toxicity. Secondary metabolites, measured
in urine and feces, are qualitatively similar across species,
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although they are excreted in different quantities [Rhodes
etal., 1986; Keml, 1998]. The ability to metabolize DEHP is
age-related and may also depend on the underlying health
status in ways that are not well understood [Gollamudi et al.,
1983; Roth et al., 1988; Mettang et al., 1999]. For example,
glucuronidation pathways are immature in human infants at
birth. [Kawade and Onishi, 1981; Hartley et al., 1993; de
Wildt et al., 1999].

DEHP Toxicity

DEHP produces a spectrum of toxic effects in deve-
loping and adult animals and in multiple organ systems
including the liver, reproductive tract (testes, ovaries,
secondary sex organs), the kidneys, lungs, and heart. The
developing organism is much more susceptible to testicular
toxicity than the adult. Testicular toxicity in the developing
animal appears to be the critical health effect (the adverse
effect appearing at the lowest exposure levels), although a
No Observable Adverse Effects Level (NOAEL) is not
firmly established.

A summary of studies providing evidence of DEHP
organ toxicity is provided in Table II.

Testicular toxicity

The testicular toxicity of DEHP has been acknowl-
edged since the 1940s [Shaffer et al., 1945; Autian, 1972].
The Sertoli cells are the likely target for male reproductive
toxicity of DEHP and MEHP [Agarwal, 1986; Douglas,
1986]. Early studies in adult animals found that high levels
of DEHP exposure (0.9-20g/kg body weight per day)
resulted in dose-dependent atrophy of the seminiferous
tubules and testes, resulting in loss of spermatogenesis
[Shaffer et al., 1945 as cited in Autian, 1972; Syracuse
Research, 1982; Agarwal et al., 1986].

Studies in developing animals indicate that younger
animals exhibit adverse testicular effects at substantially
lower doses, with earlier on-set, and less reversibility than in
adults [Foster, 1997; Arcadi et al., 1998]. An oral dose of
750 mg DEHP/kg per day from Day 14 of gestation to Day 3
of nursing resulted in a range of adverse effects in the
developing male reproductive tract including testicular atro-
phy, epididymal abnormalities, and hypospadias [Gray et al.,
1999]. This was the only dose-tested. Arcadi et al. [1998]
found that the male offspring of female rats exposed to
approximately 3.0-3.5 and 30-35 mg DEHP/kg per day in
drinking water from Day 1 of pregnancy to Day 21 after deli-
very showed dose-dependent disorganization of the semi-
niferous tubules at both dose levels. This study is limited by
imprecise measurement of drinking water intake, requiring
estimates of DEHP exposure levels. Poon et al. [1997] found
Sertoli cell vacuolation in ‘“young” rats (exact age not
specified) fed DEHP at 37.6 mg/kg per day for 13 weeks.
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Table ll. Observed Toxicity of DEHP to Different Organ Systems

Organ Effect Species Dose Duration References
Testis Tubular atrophy and Rat,n = not reported 09and19 g/kg/day 90 days Shafferetal. [1945]
degeneration in diet
Disorganization of Rat,n = 36 dams,7 Approximately 3.0—-3.5 Day1of gestationto  Arcadietal. [1998]
seminiferous tubule structure offspring per dam mg/kg/day in water Day 21 after
in male offspring delivery
Testicular and epididymal Rat,n =69 750 mg/kg/day in diet Day14 of gestation ~ Grayetal.[1999]
atrophy and testicular agenesis; and toDay 3
hemorrhagic testes; hypospadias of nursing
Testicularcells  Sertoli cell/gonocyte Rat (neonatal) 27 ug/L, concentration 48h Lietal.[1999]
in culture detachment MEHP in culture medium
Ovaries Suppressed or delayed Rat,n =6—9pergroup, 2 g/kg/dayinfood 3-12 days Davis et al. [1994]
ovulation, suppressed estradiol 8 groups
production, polycystic ovaries
Lungs Respiratory distress, Human neonate,n =3 0.001—4.2 mg/h through 12-30days Rothetal. [1988]
pathological changes resembling artificial ventilation
hyaline membrane disease
Heart Decrease in heart rate Rat,n=5 Threshold for effects: Shortterm — doses  Rock et al. [1987]
and blood pressure 20 mg MEHP (heart rate); eachminute
75 mg MEHP (blood
pressure)
Kidneys Reduction in creatinine Rat,n =65 2mg/kg, 3 times per 1year Crockeretal.[1988]
clearance (measure of kidney week in diet
function); cystic changes
Focal tubular Mouse,n = 60 12,000 ppm DEHP in food 4,8,and 24 weeks ~ Ward etal. [1998]
degeneration; atrophy; PPAR o £
cystic renal tubules
Fetus/embryo  Fetal death, exencephaly, Mouse, n = 89 litters 1000 mg/kg/day in diet on 2 days Petersetal. [1997]
open neural tubes, reduced examined gestational days 8 and 9
pup size PPAR o £
Liver Abnormalities in histology, Rhesus monkey Not directly measured— 1year Kevy and Jacobson
reduction in liver function (immature),n =12 intravenous admin. of blood [1982]
from PVC bags to mimic
human exposure, estimated
total dose 87.5—290.0 mg
Hepatocellular adenoma Rat,n =330 146.6 mg/kg/day in diet 104 weeks Moore [1996]

N = total number of animals or individuals observed (controls and dosed), unless otherwise indicated; PPAR-or = indicates animals with and without the PPAR-ot receptor were used and

demonstrated positive toxicity.

A study in juvenile marmosets (12—15 weeks old at the
beginning of exposure), exposed orally to DEHP (100—
2500 mg/kg/day for 13 weeks) reported no change in testis/
body weight ratio or blood levels of testosterone [Kurata
et al., 1998]. The value of this study for estimating human
health risks is limited by small numbers of animals in each
dose group and the use of animals already in puberty at the
beginning of the exposure period.

In an in vitro Sertoli cell/gonocyte co-culture system, Li
et al. [1998] found that, unlike controls, MEHP concentra-

tions as low as 0.1 pM (0.028 pg/ml) caused detachment of
Sertoli cells from gonocytes. Moreover, this effect was
noted at levels of MEHP exposure that caused no obvious
cytotoxicity in Sertoli cells. Sertoli cell proliferation was
also impaired in 0.1 uM MEHP. Others have shown that
germ cell detachment from Sertoli cells is significantly
greater in cultures from younger animals than in those from
older animals when incubated with equal amounts of MEHP
[Gray and Beamand, 1984] Since the Sertoli cell/gonocyte
interaction is essential for normal spermatogenesis, these



observations raise important questions about identifying the
critical endpoint that should serve as the earliest evidence of
testicular toxicity.

The developing testis may be more susceptible to dam-
age from DEHP exposure for several reasons. First, intes-
tinal absorption of DEHP is greater in the immature animal
than in the adult. Second, in species that rely on glucu-
ronidation to clear MEHP, metabolism is likely to be
delayed in young animals with immature conjugation
pathways. Finally, in vitro studies of cultured Sertoli cells
and germ cells suggest that younger cells may be inherently
more sensitive to MEHP toxicity than older cells [Gray and
Beamand, 1984]. In humans, Sertoli cells proliferate in early
infancy and again in early puberty, when differentiation
ultimately occurs [Cortes et al., 1987]. To the extent that
immature, dividing Sertoli cells are more susceptible to
MEHP exposure than fully differentiated cells, a period of
enhanced human vulnerability may extend through early
puberty.

Ovarian toxicity

Exposure of adult, regularly cycling female rats to
2 g/kg DEHP by gavage for 1-12 consecutive days resulted
in prolonged estrous cycles, suppressed or delayed ovula-
tion, and suppressed estradiol production [Davis et al.,
1994]. Female mice fed 0.3% DEHP in diet experienced
significant decreases in reproductive organ weights (though
histological lesions were not observed) and infertility when
mated with unexposed males [Lamb et al., 1987].

Developmental toxicity (teratogenesis)

A large number of animal studies, primarily in rodents,
have examined the developmental toxicity of DEHP through
dietary or gavage exposures. Most studies have examined
DEHP fetotoxicity at single or multiple high doses (0.3—
4 g/kg body weight per day), although lower doses (2.5 mg
DEHP per day during days 7—13 of gestation, 50 mg/kg
MEHP in a single dose) have resulted in effects in offspring
[Syracuse Research, 1982; Tomita, et al., 1982, 1986; Ritter
et al., 1987; Tyl et al., 1988; Peters et al., 1997]. At lower
doses, increased fetal mortality and resorptions, malformed
limbs, and somatic mutations in coat hair were observed. At
higher doses fetotoxic and teratogenic effects included: a
decrease in kidney and testes weights in offspring;
spontaneous abortions; decreased implantation; heart mal-
formations; eye defects; hydronephrosis; misplaced digits;
malformed limbs, open neural tubes; exencephaly; and fetal
death.

Tomita et al. [1982] found that single oral doses ranging
from 1 to Sml/kg MEHP administered to pregnant mice
resulted in dose- and time-dependent adverse outcomes in
the fetus, including a marked decrease in litter size (number
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of live births) and malformations in live fetuses (gross and
skeletal abnormalities including exencephaly, club foot and
no tail). The authors estimated a non-fetolethal maximum
dose of DEHP by single oral administration to be 64 mg/kg.
Tomita et al. [1986] found that oral administration of
1 ml/kg MEHP to mice on Day 8 of gestation resulted in less
than 32% live fetuses, all of which were deformed. Peters
et al. [1997] found that pregnant mice fed 1,000 mg/kg
DEHP on gestational (GD) days 8 and 9 had a signifi-
cantly lower number of live pups on GD 18 compared to
controls, with more than 40% of fetuses of treated animals
exhibiting external abnormalities.

Nephrotoxicity

Mice fed high doses of DEHP (12,000 ppm dry weight
in food) show renal toxicity after 4—8 weeks of feeding and
moderate lesions after 24 weeks (including focal tubular
degeneration and atrophy) [Ward et al., 1998]. Oral dosing
of rats at approximately 2.15 mg DEHP/kg body weight/day
three times per week over 1 year—designed to mirror
chronic DEHP exposures from hemodialysis—resulted in
significantly reduced kidney function and increased num-
bers of focal cysts when compared to controls [Crocker et al.,
1988]. These doses are less than upper bound exposure
levels for a patient (7.2mg/kg, see Table I) undergoing
three, 5-hour dialysis sessions per week.

Pulmonary toxicity

Intravenous administration of DEHP has been shown to
cause respiratory distress, tracheal bleeding and inflamma-
tion, and subsequent death due to pulmonary edema in rats
after large doses from 200 to 300 mg DEHP/kg body weight
[Syracuse Research, 1982; Huber et al., 1996]. Roth et al.
[1988] measured DEHP in the inspired air of five mech-
anically ventilated preterm infants and estimated exposures
at 1 to 4,200 pg DEHP/h from respiratory tubing. After
initial improvement due to the respiratory therapy, the three
infants studied developed pathological changes in the lungs
resembling those observed in hyaline membrane disease.
One patient died of pneumothorax soon after being venti-
lated, and the other two recovered after PVC tubing was
replaced with ethylene vinyl acetate tubing. This is the only
published study of human inhalation exposures to DEHP
from medical devices. Exposures were estimated from
DEHP concentrations in the water traps of the respirators.

Cardiotoxicity

Rock et al. [1987] examined the acute cardiac effects of
increasing doses of MEHP in five anesthetized rats injected
via the femoral artery. They found a steady and significant
decrease in heart rate beginning after a total dose of 20—
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30mg and a decline in blood pressure after a total dose of
40-50 mg MEHP, ending in cardiac arrest. DEHP cardio-
toxicity has been confirmed by in vitro experiments
involving isolated, perfused rat heart/lung preparations
[Petersen et al., 1975; Labow et al., 1990].

Hepatotoxicity

Non-carcinogenic liver abnormalities—development of
peroxisomes, cell membrane destabilization, effects on
metabolic enzyme activity, reduction in liver function—
have been observed in rodents, rhesus monkeys, and humans
following DEHP exposure. In a small study (12 animals),
rhesus monkeys receiving plasma transfusions from DEHP-
containing PVC blood bags over a 6-month or 1 year period
(yearly dose of 50-1,500mg) had abnormalities in liver
histology (hepatocyte degeneration and necrosis, binucleate
cells) and function (as measured by sulfobromophthalein
transport) that persisted up to 26 months after treatment
[Jacobson et al., 1977; Kevy and Jacobson, 1982]. These
effects were absent from control animals and those
receiving transfusions using polyethylene-stored platelets.
In an examination of liver biopsies from patients undergoing
hemodialysis two to three times per week, Ganning et al.
[1984, 1987] observed histological abnormalities (induc-
tion of peroxisomes) after 1 year of dialysis but not after
one month. These patients had not received any drugs
known to have peroxisome-proliferating effects. In a study
of 29 infants with serum levels of 18-98 pg DEHP/ml
following a 71-300-hour extracorporeal membrane oxyge-
nation therapy session, Schneider et al. [1991] found that the
degree of cholestasis was significantly correlated with
DEHP exposure. Plonait et al. [1993] did not detect evi-
dence of cholestasis in infants exposed to smaller amounts
of DEHP.

Carcinogenicity

DEHP causes malignant hepatocellular tumors in rats
and mice of both sexes [Kluwe, 1982; Keml, 1999],
including a dose-dependent increase in hepatocellular ade-
nomas in male mice at doses ranging from 98.5 to 1226 mg/
kg per day, and an increased incidence of hepatocellular
adenomas in rats at doses ranging from 146 to 789 mg/kg
per day compared to controls [Moore 1996, 1997 as cited in
Keml, 1999]. The U.S. Agency for Toxic Substances and
Disease Registry has determined that DEHP “may be
reasonably anticipated to be a carcinogen’ based on animal
data [ATSDR, 1993]. However, there is debate as to whether
the mechanism by which DEHP causes liver cancer in
animals is relevant to humans (see next section). Based on
these mechanistic considerations, the International Agency
for Research on Cancer recently reclassified DEHP to Class
C (not classifiable as to carcinogenicity to humans) [IARC,

2000]. Some other authorities have removed DEHP from
lists of human carcinogens [EU, 1990; IPCS, 1992].

Moore [1996, as cited in Keml, 1999] found an
increased incidence of mononuclear cell leukemia (above
that which is normally found at background levels in the
strain of rat used) at a dose of 146.6 mg/kg per day for 104
weeks.

Mechanisms of Carcinogenesis
and Other Effects

DEHP belongs to a class of chemicals called ‘“peroxi-
some proliferators.” Peroxisomes are cellular organelles
that contain enzymes with a variety of functions including
oxidation of fatty acids and the biosynthesis of cholesterol
[Reddy and Lalwani, 1983; Citron, 1995]. Animals that
respond to this class of chemicals with peroxisome proli-
feration also tend to develop liver cancer after long-term
exposure. One widely held opinion concludes that peroxi-
some proliferation is necessary for the carcinogenic res-
ponse to this class of chemicals [Reddy and Lalwani, 1983;
Reddy et al., 1986; Ward et al., 1998]. DEHP is considered
only a weak peroxisome proliferator compared to some
hypolipidemic drugs [Reddy et al., 1986].

Two theories have been proposed to explain the carci-
nogenic response: (1) the induction of peroxisome prolif-
eration leading to oxidative stress and the generation of
electrophilic free radicals; and (2) increased hepatocyte
proliferation and suppression of hepatocellular apoptosis.
While these two processes together may largely explain
the mechanism of the carcinogenic response [Reddy and
Lalwani, 1983; Doull et al., 1999], some research indicates
that there may be other important factors such as indirect
genotoxicity; effects on cell transformation and intercellular
communication; and other non-peroxisomal parameters
such as mitrochondrial effects and effects on enzyme
activity [Cattley and Glover, 1993; Melnick and Cohen,
1996; Gonzalez et al., 1998; Keml, 1999]. For example,
DEHP and diethylhexyl adipate, which result in similar
levels of peroxisomal induction in rats do not lead to similar
tumogenic responses [Melnick and Kohn, 1996]. Responses
to peroxisome proliferators other than the hepatacarcino-
genic response have not been widely examined in the
literature.

Recent research has shown that a class of nuclear
receptors, called the peroxisome proliferator-activated
receptor (PPAR) plays a central role in mediating the
carcinogenic effects of peroxisome proliferators. The PPAR
receptor that is most studied and believed responsible for the
hepatocarcinogenicity of DEHP is PPAR-o [Gonzalez et al.,
1998]. Mice bred without this receptor (PPAR-o knockout
mice) do not exhibit carcinogenic responses in the liver
[Gonzalez et al., 1998; Ward et al., 1998]. Because humans
have less than one-tenth the levels of PPAR-o expression in



the liver observed in mice [Gonzalez et al., 1998] and
because many PPAR-binding sites in humans may be
occupied by competing proteins, they may be less likely to
develop liver cancer after exposure to peroxisome prolif-
erators [Doull et al., 1999]. Indeed, hepatocarcinogenicity
has not been observed in limited clinical trials involving the
hypolipidemic drugs clofibrate and gemfibrozil, both of
which are potent peroxisome proliferators in animal studies
[Keml, 1999].

Reddy et al. [1984] argue that while there may be inter-
species differences in the amounts of peroxisome prolifera-
tion, it is not a species-specific phenomenon. They report
that administration of different doses of clofibrate over a
3-7 week period to cats, chickens, pigeons,and rhesus and
cynomolgus monkeys resulted in peroxisome proliferation
in all five species. Humans undergoing dialysis exhibit
increased peroxisome development in liver tissue [Ganning
et al., 1984, 1987].

Despite evidence that the mechanism of DEHP-induced
carcinogensis in animals may not be applicable to humans,
lingering uncertainties lead some researchers to conclude
that the possibility of DEHP-related carcinogenic responses
in humans cannot be ruled out [Citron, 1995; Melnick and
Kohn, 1996]. One important uncertainty relates to inter-
individual variability in PPAR-o expression, peroxisome
proliferation, and peroxisome proliferator-related impacts,
which might be affected by age or health status.

With regard to non-carcinogenic effects of DEHP,
recent studies in mice lacking the PPAR-o receptor show
that the fetotoxicity, teratogenicity, testicular lesions, and
kidney effects of DEHP occur at least partly independently
of peroxisome proliferation [Peters et al., 1997; Ward, et al.,
1998]. Thus studies of these effects in various animal
species are likely to be directly relevant to humans. For
example, the testicular toxicity of DEHP appears to be at
least partially explained by interference with the binding of
follicle-stimulating hormone to its receptor on Sertoli cells
[Lloyd and Foster, 1988]. In an in vitro study, Maloney and
Waxman [1999] found that MEHP activated both mouse and
human PPAR-y—highly expressed in various human tissues
including adipose, testis, liver, and hematopoietic cells—
which may play an important role in mediating extrahepatic
toxicity of DEHP. However, the mechanisms of DEHP
toxicity are likely to be multiple and variable, depending on
the effect, organ, age, and species studied.

The Lifecycle Hazards of PVC

Given the human exposure to DEHP from medical uses
and the potential for adverse health effects, it would be
prudent to consider alternative non-DEHP-containing or
non-PVC materials for medical applications. It is incumbent
on medical and public health professionals to consider not
only the potential direct impacts of products used in the
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medical setting but also the hazards they pose throughout
their lifecycle. First, DEHP may pose risks to workers
exposed during DEHP production, although this has not
been well studied. A benefit of shifting to non-PVC medical
devices would be to reduce dioxin produced during the PVC
lifecycle, particularly its production and disposal through
incineration [Evers et al., 1988; Green, 1992; Moller et al.,
1995; Thorton et al., 1996].

Further, switching to non-PVC medical devices would
reduce risks associated with the production and emission of
the PVC building block vinyl chloride monomer (VCM).
Since the early 1970s VCM has been recognized as an
occupational carcinogen, causally related to angiosarcoma
of the liver. More recent research has identified associations
between workplace vinyl chloride exposure and hepatocel-
lular carcinoma and brain cancer [Kielhorn et al., 2000].
While strict occupational exposure limits for VCM were
instituted throughout the world in the mid-1970s, exposures
may remain high in some countries [Kielhorn et al., 2000].
Community exposures also continue to occur through air
emissions from production facilities.

A prudent and thoughtful course of action would be to
identify materials that provide necessary performance
characteristics, pollute less throughout their life cycles,
and avoid exposing patients, workers, and communities
unnecessarily to potentially hazardous chemicals (e.g.,
plasticizers, dioxin, and vinyl chloride monomer).

Alternative Materials

Alternatives to PVC are widely available or are in
development for use in most medical devices, and many of
those on the market are cost-competitive [Wagener et al.,
1992; Czuba, 1998; Hakani et al., 1998; Lipsitt, 1998;
Tickner et al., 1999]. Citrate plasticizers, a drop-in
substitute for DEHP made from citric acid, have been
available for years as plasticizers in medical devices.
Several U.S. and European medical device manufacturers
sell PVC-free IV bags, tubing, and platelet storage bags.
Some alternatives command a substantial share of the
United States market. For example, B. Braun/McGaw,
which currently supplies about 18% of the IV bag market in
the United States, uses a three-layer polymer laminate
instead of PVC [Zawaideh, 1999, personnel communica-
tion]. In addition to existing polymers, new metallocene
polyolefin polymers may soon compete with PVC in many
applications. These are stronger (requires less material per
unit of product), require less processing time, and use no
plasticizers [Rothman, 1997; Wilson, 1997].

Large PVC medical device manufacturers and users are
undertaking efforts to investigate and implement PVC-free
alternatives as a result of potential DEHP/PVC health
risks and superior material properties of alternatives. For
example, Baxter International, the world’s largest medical
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device manufacturer, is “committed to exploring and deve-
loping alternatives to PVC products and is developing and
implementing proposed timetables for substituting its
current containers for intravenous solutions (IV) with a
container that does not contain PVC " [Freudenheim, 1999].
United Health Services, the third largest hospital manage-
ment company in the United States, has noted that it will
seek to replace PVC medical supplies with cost-effective
alternatives.

Only a few product lines have no economically and
technically viable alternative to PVC. Red blood cell
packaging is a notable example, where DEHP stabilizes
red blood cells, extending their storage life. Efforts toward
innovation in red blood cell storage and medical tubing will
be needed, as PVC offers material advantages for these
product uses. Where alternative materials do exist that meet
existing performance requirements at reasonable costs,
these materials should be considered as potential substitutes
for DEHP-containing PVC medical devices. Any alternative
material used in the medical setting should be carefully
scrutinized for lifecycle and patient health risks with a goal
of continuously reducing unfavorable impacts on human
health and the environment.

CONCLUSIONS

Over the past 30 years, studies have demonstrated that
DEHP can leach to varying degrees from medical devices
into patients. Measures of human exposure to DEHP from
medical devices vary widely, but leaching can result in
clinically important DEHP exposures. Limited research has
been conducted on the human health effects of DEHP,
including virtually no epidemiological studies. Available
toxicological testing in animals and in vitro tests, supported
by limited human data, provide evidence linking DEHP and
its metabolites to a wide range of adverse effects in the liver,
reproductive tract, kidneys, lungs, fetus, and heart. Some of
the effects observed in toxicity testing have occurred at
levels of exposure experienced by patients in certain clinical
settings.

Certain populations, including dialysis patients and
hemophiliacs may have long-term exposures to relatively
high doses of DEHP, while others, such as infants and the
developing fetus, may have exposures at critical points in
development. Moreover, developing organisms show evi-
dence of increased tissue sensitivity to DEHP exposure.
Immature detoxification pathways and tissue distribution of
MEHP that differ from adults and add to their susceptibility.
Due to the variable toxicity of DEHP in multiple organs, the
variability in human exposure and susceptibility to effects,
and uncertainties in extrapolating animal data to humans,
quantitative estimates of human risks or of safe levels of
exposure cannot be established with confidence at this
time.

For the critical health effect, which appears to be
testicular toxicity in the developing organism, both rodents
and primates metabolize DEHP to its monoester, MEHP,
which is the putative testicular toxicant. Humans may have
a prolonged period of susceptibility to testicular toxicity
because of periods of Sertoli cell proliferation both in
infancy and again in puberty.

Epidemiological studies of DEHP-exposed humans
are not available and, for some effects and susceptible
populations, are unlikely ever to be conducted because of
the virtual impossibility of assessing the long-term effects of
early life exposures to this chemical with multiple-organ
toxicity. For these reasons, lack of evidence of adverse
health effects in humans should not be confused with
evidence of safety. Sufficient toxicological data are readily
available to cause concern about the advisability of ex-
posing the fetus, neonate, infant, child, or chronically ill
adult to DEHP, particularly when alternatives without sub-
stantial health-related disadvantages are available.

The current availability of some alternatives to DEHP-
containing PVC medical devices presents a compelling
argument for moving assertively, but carefully, to the
substitution of other materials for PVC in medical devices.
For those applications where no alternative currently exists,
a dedicated research and development program, encouraged
and supported by the FDA, should help identify safer
substitutes.

Because of the limitations of current data, further
research should also be undertaken to better understand and
characterize life-course DEHP exposures and risks that
these devices pose to humans, while efforts to minimize
exposure are underway.
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