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Bovine spongiform encephalopathy contamination of the human
food chain most likely resulted from nervous system tissue in
mechanically recovered meat used in the manufacture of processed
meats. We spiked hot dogs with 263K hamster-adapted scrapie
brain (10% wtywt) to produce an infectivity level of '9 log10 mean
lethal doses (LD50) per g of paste homogenate. Aliquots were
subjected to short pressure pulses of 690, 1,000, and 1,200 MPa at
running temperatures of 121–137°C. Western blots of PrPres were
found to be useful indicators of infectivity levels, which at all
tested pressures were significantly reduced as compared with
untreated controls: from '103 LD50 per g at 690 MPa to '106 LD50

per g at 1,200 MPa. The application of commercially practical
conditions of temperature and pressure could ensure the safety of
processed meats from bovine spongiform encephalopathy contam-
ination, and could also be used to study phase transitions of the
prion protein from its normal to misfolded state.

food processing u scrapie u bovine spongiform encephalopathy u
new variant Creutzfeldt-Jakob disease u prion disease

S ince 1995, over 140 patients with variant Creutzfeldt–Jakob
disease have died as a probable result of having consumed

processed meat products contaminated by the agent of bovine
spongiform encephalopathy (BSE) in mechanically recovered
meat (MRM) that contained vertebral column nervous tissue.
Although almost all cases have occurred in Great Britain, France
and Italy have had indigenous cases, and future cases may appear
in any country in which BSE exists.

Governments in Europe, as elsewhere, have taken steps to
minimize the risk of exposure to BSE, both in terms of breaking
the cycle of animal exposure to halt the spread of disease among
cattle, and of prohibiting potentially infectious cattle tissue from
entering the human food chain. However, implementation of
these precautions has not been uniform, and regulatory strate-
gies, even when implemented, require continuous inspection to
assure compliance.

A complementary strategy based on the inactivation of
infectivity in processed meat would therefore be an attractive
further safeguard to human health, but neither of the two
proven inactivating methods, autoclaving or exposure to strong
alkali or bleach, are applicable to foodstuffs. In this paper we
show that the level of infectivity in processed meat ‘‘spiked’’
with scrapie-infected brain is reduced by 103 to 106 mean lethal
doses (LD50) per g of tissue when subjected to several short
pulses of high pressure (690–1,200 MPa) at temperatures of
121–137°C.

Materials and Methods
Infectious Tissue. The 263K strain of hamster-adapted scrapie was
passaged in hamsters, and the brains of terminally ill animals
were removed and stored at 270°C until use. Bioassays of brain
tissue from earlier passage animals regularly yielded infectivity
titers in the range of 9 log10LD50 per g.

Substrate Tissue. Oscar Mayer brand hot dogs were purchased at
a U.S. food store chain and brought to Europe at ambient
temperature, where sample preparation was performed. Anal-
ysis showed 0.98 water activity (Aw), pH of 6.8, fat content of
30%, and salt level of 2.2%. Three hot dogs were mechanically
homogenized for 3 min.

Sample Preparation. Six grams of brain tissue were blended into
54 g of the hot dog paste with a further 3 min of mechanical
homogenization to achieve a final 10% (wtywt) concentration of
brain in the hot dog substrate. Approximately 2-g quantities of
the ‘‘spiked’’ hot dog homogenate were distributed into 0.75 mil
nylony2.25 mil (1 mil 5 25.4 mm) polyethylene pouches, heat-
sealed, repacked in 100 mm 3 125 mm pouches (12-mm polyester
outer layer; 15 mm of nylon, 12.5 mm of aluminum foil, 102 mm
of polypropylene-inner layer), and heat sealed again. An undi-
luted aliquot of brain macerate used for the spikes was similarly
packaged for testing.

Pressure Testing. The sealed samples were immersed in poly-
ethylene bottles filled with castor oil, brought to temperatures
in the range of 80–90°C in a water bath, and then placed into
the 1.8-liter capacity chamber of a high-pressure apparatus
with an external heater (Avure, Vasteras, Sweden). This model
achieves pressures as high as 1,450 MPa, with rapid compres-
sion and decompression times. The chamber was filled with
water, sealed, and then subjected to pressures of 690 MPa
(100,000 psi), 1,000 MPa (145,000 psi), or 1,200 MPa (174,000
psi) in a series of either 3 or 10 60-sec pulses, with 60-sec
intervals of decompression. Chamber temperatures and pres-
sures were continuously recorded during each test run (Fig. 1).
After testing, samples were frozen at 240°C and transported
to Rome, where Western blots and bioassays were performed.

To determine the contribution of heat to the pressureyheat
inactivation, we also performed a carefully monitored autoclav-
ing, in which an identically packaged sample was brought to
121°C in ,1 min, autoclaved for 5 min (during which the
temperature slowly rose to 134°C) and was then immediately
brought back to subfreezing temperature in an ethanol–dry ice
slurry.

Western Blot Immunoassays. Aliquots of thawed brain macerate
and spiked hot dog pastes were removed from the sealed pouches
and prepared as follows.
Brain tissue. Ten milligrams of the brain pool specimen were
homogenized as a 10% (wtyvol) suspension in PBS, pH 7.4, and
digested with proteinase K (final concentration 5 50 mgyml) for
1 h at 37°C. Digestion was terminated by the addition of 2 ml of
0.1 M PMSF (final concentration 5 2 mM).

Abbreviations: TSE, transmissible spongiform encephalopathy; MRM, mechanically recov-
ered meat; BSE, bovine spongiform encephalopathy.
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Hot dogs. Ten milligrams of spiked hot dog paste were homog-
enized as a 10% (wtyvol) suspension in distilled water con-
taining 10% sarkosyl, incubated 30 min at room temperature,
and centrifuged at 22,000 3 g for 20 min at 10°C. Supernatants
were ultracentrifuged at 200,000 3 g for 1 h at 10°C. Pellets
were sonicated in 1% sarkosyl and then digested with pro-
teinase K (final concentration 5 10 mgyml) for 1 h at 37°C.
Digestion was terminated by the addition of 2 ml of 0.1 M
PMSF (final concentration 5 2 mM).
SDSyPAGE and Western blotting. Samples were suspended in
NuPAGE gel loading buffer, heated for 10 min in a boiling water
bath, and clarified by brief centrifugation. Supernatants were
loaded onto a 12-well 12% Bis-Tris NuPAGE polyacrylamide
gel and run according to manufacturer’s instructions (Invitro-
gen). Samples were tested in a series of half-log dilution steps.
Electro-transfer to nitrocellulose membranes and immunostains
(using a 1:2,000 dilution of 3F4 monoclonal anti-hamster PrPres
antibody), were performed as described (2).

Duplicate sample aliquots were sent to the Transmissible
Spongiform Encephalopathy (TSE) Group at Bayer Biological
Products (Research Triangle Park, NC) for Western blot testing
as described in their most recent publication (3).

Infectivity Bioassays. A 0.3- to 0.5-g aliquot of each thawed sample
was added to a sufficient volume of PBS to make a 10% wtyvol

suspension, which was homogenized by using a Teflon-glass
Potter tissue grinder and then serially diluted in one-log steps in
PBS. Samples were inoculated into groups of four or more
weanling hamsters: 50 ml of each sample were inoculated into the
left cerebral hemisphere of each animal. Animals were observed
for clinical signs of scrapie for 9 months. The brains of all dying
animals, and of surviving animals in dilution groups at and above
the highest positive dilution, were examined by Western blot for
the diagnostic presence of PrPres.

Infectivity titers were calculated by using the method of Reed
and Muench (4). For some titrations it was not possible to
calculate a precise titer by this method, and in these cases we
made what we considered a reasonable estimate based on the
observed dilution series data. For example, the untreated spiked
hot dog sample transmitted disease to all inoculated animals
through the 1027 dilution, and to three of four animals in the
1028 dilution. Although the exact Reed–Muench 50% end point
could not be calculated, the number of transmissions in the next
(1029) dilution would most likely have been either 0 or 1 of 4.
These assumed values yield Reed–Muench titers of 108.3 and
108.5 per 0.03-ml inoculum.

For all such estimated end-points, we chose the most conser-
vative values to minimize the degree of treatment infectivity
reductions.

Results
Western blot data are shown in Table 1; bioassay data are shown
in Table 2, and PrPres and infectivity clearance values are
summarized in Table 3. Although the Bayer Western blot
protocol was '100-fold more sensitive than the protocol used in
our laboratory (allowing an expanded range of reduction values),
both methods gave broadly similar results, and were useful
predictors of the more costly and time consuming infectivity
bioassays. Significant inactivation (2–3 log LD50 per g) occurred
at the lowest tested pressure of 690 MPa, and higher levels of
inactivation (4–6 log LD50 per g) were achieved at pressures of
1,000 and 1,200 MPa, whether using 3 or 10 1-min pulses. Even
greater reductions were seen after exposure to a single 5-min
1,200 MPa pulse (6.3 log LD50 per g), or a 5-min exposure to
steam autoclaving ($6.7 log LD50 per g).

It should be noted that several of these infectivity reduction
values were approximated because the end-point dilutions of
some titrations were not fully bracketed; however, judging by
decreasing transmission rates and increasing incubation periods,
such titrations were very near their end points. For example, in
the titrations of samples exposed to 690 MPa, animals in the
highest tested dilution groups had incubation periods of 139–210
days, which were as long or longer than those of animals in the
end-point dilution groups of the untreated positive controls
(125–139 days), and at least double those of both treated and
control animals in lower dilution groups, which ranged between
73–89 days.

The '1 log titer difference between the untreated positive
controls (brain and brain-spiked hot dog) is consistent with the
variability inherent in bioassays (typically in the range of 6 0.5
log). The 2 log greater reduction of infectivity at 1,200 MPa in
the sample of brain diluted 1:10 in hot dog homogenate than in
the sample of crude brain macerate is unexplained, but may be
due to a greater inactivation of diluted than crude brain. The
smaller infectivity reduction at 690 MPa than at the two higher
pressures could have resulted either because of the lower
pressure, or because the temperature rise due to adiabatic
heating at this pressure did not achieve the same end temper-
ature level as the higher pressures.

Discussion
The effect of high pressure on reducing the bacterial load in
foodstuffs (thus enhancing preservation) was first examined

Fig. 1. Example of pressureytemperature test run recording: three pulses of
1,000 MPa at a starting temperature of '85°C. Upper tracing shows temper-
ature; lower tracing shows pressure. Adiabatic heating during pressure ap-
plication raised the temperature by 50°C to '135°C during the first pressure
pulse; heat loss through the chamber lowered the temperature of each
succeeding pulse by '5°C.
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.100 years ago (5), but was largely neglected until the past 15
years, when reliable high-pressure equipment was developed and
introduced into commerce. A substantial literature has since
accumulated on the use of pressure to inactivate a variety of
bacterial, fungal, and viral pathogens (6). Generally speaking,
the higher the pressure (andyor temperature) the better the
result, although a few notable exceptions have been observed,
such as an optimal inactivation temperature near 0°C for Listeria
(7) and l phage (8).

Bacterial endospores, the most durable of known conventional
pathogens, resist inactivation in the range of pressures that kill
vegetative bacteria or fungi, but are substantially inactivated
when heated and then exposed to pressures $600 MPa. We have
recently established a temperatureypressure checkerboard for
the inactivation of several different spores, including Clostridium
sporogenes and Bacillus subtilis (9).

Prions are even more resistant than endospores to standard
inactivation methods such as heat, irradiation, and chemicals.
Like the agent of BSE, the 263K strain of hamster-adapted
scrapie chosen for the present experiment is particularly hardy:
very small amounts of infectivity have been shown to survive
steam autoclaving at 134°C (10), or dry heat up to 600°C (11).
The 263K strain also proved to be unusually difficult to

inactivate by pressureyheat combinations, with minimal sur-
vival under conditions that sterilize all other pathogenic
agents. Nevertheless, a significant reduction of infectivity (2–3
log10LD50 per g) was observed in spiked hot dog meat at a
pressure of 690 MPa, and it is probable that by compensating
for the smaller adiabatic temperature rise with a higher initial
temperature, so that the end temperature would reach that of
the higher tested pressures (135°C), a greater infectivity
reduction could be achieved.

Although steam autoclaving at temperatures in the range of
121–134°C will drastically reduce or eliminate infectivity in the
absence of high pressure, and is the simpler method of inacti-
vation, meats do not retain satisfactory flavor andyor texture
when subjected to steam autoclaving. Thus, the need for a
practical alternative, and a consideration of the question as to
whether an infectivity reduction of 2–3 log10LD50 per g, achiev-
able with 690 MPa, would be an adequate guarantee of safety.

The infectivity titer of brain, as measured by intracerebral (ic)
inoculation of cattle, is '106 LD50 per g in an animal with clinical
disease (12). Spinal cord and ganglia infectivity levels are slightly
lower than brain, and oral infection requires at least 100 times
more tissue than ic infection (13), so that it would be fair to
estimate the oral dose infectivity of spinal cord and ganglia as not

Table 1. Western blots of brain tissue and spiked hot dog-brain mixtures under various test conditions

Subject

Test conditions Log10 dilution of sample (weights of brain loaded onto gel)

Pressure,
MPa

Temperature,
°C

Number of
1-min pulses

0.5
(3 mg)

1
(1 mg)

1.5
(330 mg)

2
(100 mg)

2.5
(33 mg)

3
(10 mg)

3.5
(3.3 mg)

4
(1 mg)

4.5
(0.3 mg)

Brain tissue
Ambient Ambient 0 1 1 1 1 1 1 2

1,200 135 3 2 2 2 2 2 2

Hot dogs
Ambient Ambient 0 1 1 1 1 1 1 2

1,200 135 3 2 2 2 2 2 2 2

1,000 135 3 2 2 2 2 2 2

690 124 3 1 1 2 2

1,200 135 10 2 2 2 2 2 2 2

1,000 137 10 2 2 2 2 2 2

690 121 10 1 1 2 2

1,200 142 1 (5 min) 2 2 2 2 2 2 2

0.2 121–134 Autoclave (5 min) 2 2 2 2 2 2 2

Table 2. Bioassays of brain tissue and spiked hot dog-brain mixtures under various test conditions

Subject

Test conditions Log10 dilution of sample (weights of brain loaded onto gel)

Pressure,
MPa

Temperature,
°C

Number of
1-min pulses

1
(5 mg)

2
(0.5 mg)

3
(50 mg)

4
(5 mg)

5
(0.5 mg)

6
(50 ng)

7
(5 ng)

8
(0.5 ng)

Brain tissue
Ambient Ambient 0 4y4 4y4 4y4 4y4 4y4 0y4
1,200 135 3 4y4 3y3 5y5 2y4 0y3

Hot dogs
Ambient Ambient 0 4y4 4y4 6y6 7y7 4y4 3y4
1,200 135 3 3y4 0y4 1y4 0y3
1,000 135 3 4y4 4y4 3y4 1y5

690 124 3 3y3 4y4 4y4 4y4
1,200 135 10 3y3 1y4 0y4 0y4
1,000 137 10 2y4 1y4* 1y4 1y4

690 121 10 4y4 4y4 4y4 3y4
1,200 142 1 (5 min) 1y2 0y3 0y4 0y3

0.2 121–134 Autoclave (5 min) 0y4 1y4 0y4 0y4 0y4 0y4

Fractions represent positive over total number of inoculated animals.
*The positive animal was unique in having a subclinical infection (documented by the presence of cerebral PrPres) when killed at the conclusion of the study.
All other PrPres-positive animals were symptomatic, and in no other asymptomatic animal was PrPres detected in the brain.
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exceeding 104 LD50 per g (less, if there is any cattle to human
species barrier to infection).

After manual removal of the head, viscera, long bones,
and meat, the remaining carcass used for the production of
MRM weighs '30 kg, of which '300 g is contributed by spinal
cord and '30 g by paraspinal ganglia (the only remaining
infectious tissues). The resulting dilution of nervous system
infectivity by noninfectious tissue (1:100 or 1:1,000, depend-
ing on the presence or absence of spinal cord) is partially negated
by an overall carcass to MRM concentration ratio of '5:1,
resulting in an MRM infectivity level of 5 3 101 to 102 per g
(50–500 LD50 per g).

The incorporation of MRM as an ingredient of processed
meat is typically in the range of 10% by weight, further reducing
infectivity to 5–50 LD50 per g. This would be the level of
contamination if the MRM were entirely produced from BSE-
infected cattle. However, the highest in-herd incidence of BSE
never exceeded 10%, even at the height of the U.K. epidemic, so
that the proportion of unaffected cattle in any given batch of
carcasses would have resulted in at least another 10-fold dilution,
yielding a maximum concentration of infectivity in the final
product of 0.5–5 LD50 per g.

This estimate is still too generous, because the periodic
consumption of 2-oz (60-g) hot dogs with this level of infectivity
would have surely already caused far more than the '130 cases
of disease so far seen in the British population. However, it
underscores the point that the inclusion of a processing step that
inactivated no more than 2 log10LD50 per g (100 LD50 per g)
would provide a significant measure of safety from infection by
BSE, and presumably from infection by other animal TSEs, such
as chronic wasting disease of deer and elk. Commercially avail-
able 215-liter high-pressure machines capable of operating at 690
MPa can process up to 25 million tons annually, at a cost
estimated to add only a few pennies per pound to the final
product.

The present study is presented as a work in progress, to which
a number of additional experiments will be added, or are already
underway. In particular, we wish to explore a larger range of
pressureytemperatureypulse combinations, and to verify the
efficiency of inactivation for additional TSE strains (e.g., natural
and experimentally adapted BSE, variant Creutzfeldt–Jakob
disease, and chronic wasting disease) in a variety of processed

meat products (e.g., hamburger, pureed baby food, paté, meat
broth, and pet food). Other kinds of potentially contaminated
materials that do not withstand autoclaving might also retain
biological integrity under short pressureytemperature pulses,
such as Cohn fraction plasma pastes, reusable chromatography
gels, or tissue culture meat broths, and it is even possible that
instruments such as endoscopes could be successfully decon-
taminated without damage.

Although our primary focus has been the application of high
pressure for purposes of disinfection, the method could also be
used to investigate the kinetic and structural aspects of PrPres
formation. The potential of high pressure to investigate protein
misfolding diseases, including Alzheimer’s disease and prion
diseases, has been noted (14, 15), and there are reports of
reversible disaggregation of transthyretin and amyloid A sub-
jected to pressures of 350 and 1,200 MPa, respectively (16, 17).
In another study, the normal form of the yeast prion (URE 2)
suffered only limited structural change under pressures as high
as 600 MPa (18).

We know of no previous reports of high-pressure technology
applied to mammalian prions. Given the primacy of the mis-
folded protein in the pathogenesis of TSE, and the proven utility
of high pressure to elucidate protein transitional states (19–21),
the method could prove to be an interesting tool with which to
probe prion protein misfolding, intermediate (‘‘molten globule’’)
forms, and aggregation–disaggregation phenomena. It may even
be possible to establish the minimum size and conformational
profile of an infectious particle.
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