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Abstract:
Recognizing the particular challenges posed by the exceptionally dry-heat tolerance of the SE PT30,
Salmonella strain, Radio Frequency Company (RFC) developed the, "Macrowave™ HydraTherm™
Treatment" for almond pasteurization. Five key factors contribute to the efficacy of the system in achieving
the required minimum 4-log reduction of SE PT30 while maintaining the desirable raw characteristics of the
almond:
•

Reduction of SE PT30’s heat tolerance through hydration;

•

Focusing the RF energy field on the surface of the almond where the Salmonella is present;

•

Providing rapid temperature rise on the almond surface to kill the SE PT30 before it can retreat to a
defensive posture;

•

Minimizing unnecessary heating of the almond kernel; and

•

Minimizing the post-treatment water activity of the almonds by evaporating the water applied during
hydration to prevent potential microbial, mold, and yeast growth.

The RFC Macrowave™ HydraTherm™ System addresses these key factors. Prior to entering the RF
applicator the almonds are coated with water, which moistens the Salmonella on the almond surface as well
as within any interstices, such as cracks or holes created by boring insects, into which the water is drawn
through capillary action.
The water that is applied to reduce the SE PT30’s heat tolerance has the dual purpose of focusing the RF
energy to preferentially heat the moistened surface and interstices of the almonds as water is many times
more receptive to RF energy than the almond meat itself. Focusing the RF energy where the Salmonella is
located enables higher localized pasteurizing temperatures without causing detrimental affects to the
internal structure of the almond kernel.

I. Introduction
A. 40MHz Macrowave™ technology and history of use
1. In a radio frequency heating system the RF generator creates an alternating electric field between
two electrodes. The material to be heated is conveyed between these electrodes where the
alternating energy field causes polar molecules in the material to continuously reorient to face
opposite poles much like the way bar magnets behave in an alternating magnetic field. The friction
resulting from molecular movement generates heat. When RF energy is applied to a
heterogeneous material the energy is preferentially absorbed by the substance most receptive to
RF energy as indicated by its dielectric characteristics. For example, the dielectric characteristics of
ionized water make it far more receptive to RF energy than almond meat. Therefore, when RF
energy is applied to a moistened almond the RF energy is preferentially absorbed by the water
rather than the almond meat.
2. The illustration below (Figure 1) depicts a radio frequency heating system with a product between
the electrodes. Polar molecules within the product are represented by the spheres with + and signs connected by bars. The amount of heat generated in the product is determined by the
frequency, the square of the applied voltage, dimensions of the product and the dielectric loss factor
of the material, which is essentially a measure of the ease with which the material can be heated by
radio frequency waves.
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Figure 1: Radio Frequency Heating System

Response of Polar Molecules
in an Electric Field

3. Oscillatory migration of ions under the influence of the oscillating electric field further contributes to
the generation of heat in an RF pasteurization system (IFT 2000).
4. Radio Frequency Company has been engaged in advancing RF process heating technology for
over 50 years and has been producing Macrowave™ heating and drying systems for the food
industry for nearly two decades. These systems have primarily been used to accurately control final
moisture in baked products. In 1995 Radio Frequency Company began shipping Macrowave™
systems for pasteurizing flour that provide a 5-log reduction of Salmonella spp., including the
Enteritidis strain. The RFC Macrowave™ system has also been used in Europe to provide a 5-log
reduction of Salmonella in fishmeal.
B. Mechanism of destruction of pathogens on almonds
1. A review of the research available on the destruction mechanism of microwave and radio frequency
pasteurization is available in a report by the Institute of Food Technologists (IFT), which was funded
by the FDA under Contract No. 223-98-2333, Task Order 1, How to Quantify the Destruction Kinetics
of Alternative Processing Technologies. As indicated in the report, the microbial inactivation
mechanisms of Macrowave™ 40MHz radio frequency heating are similar to those of microwave
heating and therefore the report refers mostly to microwave processing with the implicit assumption
that the principles are generally applicable to radio frequency. Excerpts from this report are provided
in the following four paragraphs (I.B.1.a-I.B.1.d) followed by a discussion of the unique features of
the Macrowave™ HydraTherm™ system that differentiate it from microwave and other radio
frequency systems (Para. I.B.2-I.B.5). The entire report has also been included as Appendix A:
a) Two mechanisms are proposed for inactivation of microorganisms by microwaves (radio
frequency). The first states that microwaves inactivate microorganisms entirely by heat through
mechanisms comparable to other biophysical processes induced by heat, such as denaturation
of enzymes, proteins, nucleic acids, or other vital components, as well as disruption of
membranes. There is no question as to the validity of this mechanism.
b) A second proposed mechanism for inactivation by microwaves involves non-thermal effects.
Four predominant theories have been used to explain non-thermal inactivation by microwaves
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or "cold pasteurization": selective heating, electroporation, cell membrane rupture, and
magnetic field coupling. The selective heating theory states that solid microorganisms are
heated more effectively by microwaves than the surrounding medium and are thus killed more
readily. Electroporation is caused when pores form in the membrane of the microorganisms due
to electrical potential across the membrane, resulting in leakage. Cell membrane rupture is
related in that the voltage drop across the membrane causes it to rupture. In the fourth theory,
cell lysis occurs due to coupling of electromagnetic energy with critical molecules within the
cells, disrupting internal components of the cell.
c) Since the studies reporting non-thermal effects have been inconclusive, only thermal effects are
presumed to exist. Thus, microbial inactivation kinetics for microwaves are essentially the same
as the inactivation kinetics of conventional thermal processing. The microwave non-thermal
effects have been reported to add to the destruction of microorganisms. Thus, ignoring the
possible non-thermal effect can only provide an extra safety factor. To date, there do not appear
to be any microwave-resistant foodborne pathogens.
d) Since the thermal effect is the sole lethal mechanism assumed in this processing technology,
time-temperature history at the coldest location will determine the safety of the process. Both
the magnitude of time-temperature history and the location of the cold points are functions of
the composition (ionic content, moisture, density, and specific heat), shape, and size of the
food, the microwave frequency, and the applicator (oven) design. Time is also a factor in the
sense that, as the food heats up, its microwave absorption properties can change significantly
and the location of cold points can shift.
2. Recognizing the particular challenges posed by the exceptionally heat tolerant Salmonella strain,
SE PT30, RFC developed our Macrowave™ HydraTherm™ Treatment for almond pasteurization.
Three key factors enable this technology to achieve the desired minimum 4-log reduction of SE
PT30 while maintaining the desirable raw characteristics of the almond:
a) Reduction of SE PT30’s heat tolerance through hydration;
(1) Studies funded by the Almond Board of California have concluded that the pathogen of
interest, Salmonella Enteritidis Phage Type 30 (SE PT30), is particularly resistant to dry
heat treatments. As such, the Thermal Death Time curves pose practical challenges when
trying to identify a combination of temperature and dwell time that will yield the desired 5-log
reduction without adversely impacting the quality of the raw nuts.
(2) To dramatically lower the heat resistance of SE PT30, RFC’s Macrowave™ HydraTherm™
system applies water to the almond surface as they enter the system to achieve a 100%
hydration of the almond surface.
b) Focusing the RF energy field on the surface and any interstices of the almond where the
Salmonella is present, while minimizing unnecessary heating of the almond kernel;
(1) Prior to entering the RF applicator the almonds are coated with water, which moistens the
Salmonella on the almond surface as well as within any interstices, such as cracks or holes
created by boring insects, where the water is drawn through capillary action.
(2) To kill Salmonella on almonds, it is desirable to preferentially heat the surface and any
interstices of the almond where the microbes are located so that higher pasteurizing
temperatures can be used without causing detrimental affects to the internal structure of the
almond kernel. For the Macrowave™ HydraTherm™ system, the water that is applied to
reduce the SE PT30’s heat tolerance has the dual purpose of focusing the RF energy to
preferentially heat the surface and interstices of the almonds as water is many times more
receptive to RF energy than the almond meat itself.
(a)

However, unlike conventional heating techniques and microwave heating systems that
would preferentially heat the surface layer of nuts in a bulk treatment application, the
ability of RF energy to uniformly penetrate a bed depth of almonds traveling upon a
continuous conveyor belt, will allow it to preferentially heat and evaporate the water on
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the surface and within any interstices of each almond throughout the bed depth, killing
the Salmonella while reducing the almonds water activity to inhibit the post
pasteurization development of microbes, molds, and yeasts.
(b)

The ability of RF energy to penetrate the almonds provides the added benefit of killing
pests that bore into the almond meat, as the higher concentration of water in the pest
and their eggs makes them more receptive to RF energy, leading to their destruction.

c) Providing rapid temperature rise on the almond surface to kill the SE PT30 before it can retreat
to a defensive posture;
(1) In a recent paper published in Science Progress, Dr. A. D. Russell reviews the lethal effects
of heat on bacterial physiology and structure (RUSSELL 2003). Of particular interest is the
discussion of how Salmonella will attempt to protect itself when the microbe senses
impending stress, such as elevated temperatures, and how elevation of heat resistance
relates to temperature rate of rise. Dr. Russell points out that the heat resistance of
Salmonella at 55°C increases progressively as the cells are heated up at linearly rising
temperatures; the slower the temperature rise, the greater the Salmonella's increase in heat
resistance.
(2) The Macrowave™ HydraTherm™ system provides very rapid heating resulting in greater
log reduction for a given pasteurization temperature. The IFT report stated that “Radio
frequency heating for pasteurization and sterilization are preferred to the conventional
heating for the primary reason that they are rapid and therefore require less time to come
up to the desired process temperature. This is particularly true for solid and semi-solid
foods that depend on the slow thermal diffusion process in conventional heating. They can
approach the benefits of high temperature-short time processing whereby bacterial
destruction is achieved, but thermal degradation of the desired components is reduced”
(IFT 2000).
3. The benefits of Macrowave™ HydraTherm™ pasteurization can be summarized as follows:
a) Hydration:
(1) Focuses RF energy on almond surface allowing higher target temperatures where
Salmonella is present while avoiding unnecessary heating of almond kernel
(2) Reduces Salmonella’s heat tolerance
(3) Reduces required pasteurization temperature allowing treatment without negatively
impacting almond quality
b) Macrowave™ Heating:
(1) Rapid selective heating of the hydrated surface and interstices enables greater log
reduction for a given target temperature as Salmonella is killed before it can retreat to a
defensive posture.
(2) Uniform heating of almonds throughout and across product bed depth
(3) Efficiency: Power is consumed primarily in the work load. There are no losses from heating
masses of cast iron or huge volumes of hot air -- no long warm up or cooling times are
required. Power is consumed only when the load is present and only in proportion to the
load so if the load to the Macrowave™ System varies, energy is not wasted.
(4) Precise Control: Power control is accurately metered and recorded. A meter constantly
displays the amount of power being applied to heat the almonds.
(5) Quick Response: The full range of power control from minimum to maximum is traversed in
seconds. Adjustments take effect immediately. Thermal lag time is zero. Automatic changes
in power level due to physical properties or size of load are instantaneous.
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4. Macrowave™ 40MHz vs. Microwave 915 or 2450MHz Pasteurization
a) Past efforts to use microwave energy to pasteurize bulk products such as nuts at 915 or
2450MHz have experienced difficulty in achieving uniform temperature distribution throughout
the material. Wide temperature dispersion can result in some product not reaching a high
enough temperature to ensure effective microbe kill and/or some product being overheated
resulting in deleterious effects on product quality. The IFT report, included as Appendix A,
discusses the non-uniform heating characteristic of microwave systems and attributes the
phenomena to several factors including changes in food properties during heating and
radiational cooling of the product surface. Paragraphs I.B.4.a.1 and I.B.4.a.2 are excerpted
from the IFT report (IFT 2000):
(1) In microwave heating, even for a solid food, the coldest point is less straightforward to
predict and can change during the heating process (Fig. 3), depending on a number of food
and oven factors (Fleischman 1996; Zhang and others 1999). …Changes in properties
during heating have a more pronounced effect in microwave heating as compared to
conventional heating. As the food heats, its microwave absorption capability typically
increases, which increases the rate of temperature rise and therefore further increases the
rate of microwave absorption. Such coupling could lead to runaway heating (Zhang and
others 1999; Zhang and Datta 1999). …Initially, at lower temperatures, microwave
absorption is lower, so the waves are able to penetrate a lot further into the material. As the
material heats up, it absorbs microwaves more readily and the waves are not able to
penetrate as far. Especially in foods with high ionic concentrations, the surface at higher
temperatures can act as a shield (IFT 2000).
(a)

A major factor affecting electric field intensity, and therefore heating uniformity, is
penetration depth, defined as the depth where the power is reduced to 1/e (e=2.718)
of the power entering the surface. The penetration depth dp, in meters, of RF and
microwave energy in a high loss material can be calculated by (Hippel, von A R 1954):

⎧
⎫
2
d p = λ ∗ ⎨2π 2ε ' ⎡ 1 + (ε " / ε ') − 1⎤ ⎬
⎢
⎥
⎣
⎦⎭
⎩

−1

λ=

c
= wavelength
f

where: c is the speed of light in free space (3x108 m/s), ε′ is referred to as the
dielectric constant and represents stored energy when the material is exposed to an

(b)

(c)

electric field, ε″ is the dielectric loss factor, which influences energy absorption and
attenuation, and f is the frequency in Hz..
The penetration depth of almonds has been calculated (Wang et al. 2003) based on
measured dielectric properties at 538 cm at 27MHz versus only 2-3cm at 915 and
2450MHz. Based on this research we can estimate the 40MHz penetration depth in
almonds at 530cm. Clearly, with such a large penetration depth at 40MHz versus the
relatively shallow penetration depth at microwave frequencies, the non-uniform heating
described at microwave frequencies in the IFT report is not applicable to radio
frequency heating at 40MHz.
Microwave heating systems are designed as resonant cavities. These cavities
develop standing waves that can cancel the electric field at certain locations in the
cavity, which results in cold spots. This phenomenon is characteristic of microwave
heating systems and is sometimes addressed with mode stirrers or turntables. Such
standing waves do not exist in radio frequency heating systems, which offer
dramatically superior heating uniformity over microwave heating systems.

(2) In conventional heating, the surface is at the highest temperature, corresponding to the
temperature of the heating medium. In microwave heating, the food heats up while the
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surrounding air stays cold. The cold air keeps the surface temperature lower than locations
near the surface of food (IFT 2000).
(3) To mitigate the potential for radiational cooling of the almond surface the Macrowave™
HydraTherm™ System combines hot air in the applicator at the target pasteurization
temperature to provide a thermal blanket for the almonds. This hot air provides the dual
purpose of scavenging the moisture that is evaporated by RF heating of the water applied
during hydration.
5. Macrowave™ 40MHz vs. RF 27MHz Pasteurization:
a) At first glance, pasteurization at 27MHz would appear promising. However, at this low
frequency the voltage required to generate the power levels necessary to achieve the desired
heating can result in arcing that can damage the product and cause production interruptions.
To overcome these technology barriers Radio Frequency Company has developed a product
line of Macrowave™ Heating Systems that operate at 40MHz. At 40 MHz the penetration
depths in almonds is approximately 530 cm, only slightly less than at 27MHz, while the RF
voltage requirement is reduced by approximately 20%. This solution dramatically reduces the
potential for arcing while still maintaining the high penetration depths necessary for large scale
bulk pasteurization applications.
b) It should also be noted that the FCC has allocated frequencies for Industrial, Scientific, and
Medical use, the ISM bands, at 13.56MHz, 27.12MHz, and 40.68MHz. When operating at any
of these frequencies no special licensing is required. However, systems operating at these
frequencies must meet FCC and OSHA emissions requirements. Because RF emissions levels
are a function of voltage, the higher voltage systems operating at 13 and 27MHz face greater
challenges meeting the regulatory requirements. In addition to voltage, another major factor
effecting emissions is harmonics, which are emissions at multiples of the fundamental
frequency. Here again it is preferable to operate at the higher 40MHz frequency because there
are fewer harmonics to manage, i.e. one every 40 MHz versus every 13 or 27 MHz. Radio
Frequency Company’s Macrowave™ Systems are designed to be far within the emission limits
stipulated in FCC and OSHA regulations.
C. Regulatory status of use of Macrowave™ HydraTherm™ treatment for the destruction of
pathogens on almonds
1. The Macrowave™ HydraTherm™ treatment for the destruction of pathogens on almonds has not
been submitted for regulatory approval.

II. Materials and Methods
A. Equipment design
1. Description of the equipment:
a) The Macrowave™ HydraTherm™ system is comprised of three main subsystems – the
Macrowave™ Generator that converts 480v, 3-phase, electric power to RF energy, an
Applicator through which the almonds are transported on a troughed conveyor through the
continuous multipoint electrode array, and the Hydration equipment that applies a thin layer of
water to 100% of the surface of each almond.
b) The Generator is available in four standard power ratings, 30kW, 50kW, 75kW, and 100kW,
which can be combined in tandem in any combination to provide the power necessary to
achieve the desired production throughput.
c) For a system process overview reference Figure 2, Macrowave™ HydraTherm™ Pasteurization
System Process and Instrumentation Diagram.
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Figure 2: Macrowave™ HydraTherm™ Pasteurization System Process and Instrumentation Diagram

(1) Product Feed Hopper with Vibratory Feed Tray - The Feed Hopper is a stainless steel
product holding vessel which dispenses almonds upon a troughed conveyor belt at a fixed
bed depth. The feed rate is controlled by the speed of the system conveyor belt traveling
beneath the Feed Hopper. (i.e.: at a fixed three inch bed depth, the feed rate will be half as
much at a conveyor speed of 5ft/min, as it would be at a conveyor speed of 10ft/min)
(2) Entrance Moisture Sensor - The moisture content of the almonds is continuously measured
via near-field infra-red technology to determine the total average moisture content of the
incoming load as it enters the heating chamber. The moisture content is then transmitted to
the system Programmable Logic Controller (PLC) and is utilized in the calculation of the
desired hydration rate.
(3) Product Hydration System – The Hydration System applies water to the surface of the
almonds at a rate automatically controlled by the system. The system PLC uses an
algorithm to calculate the appropriate hydration level based on system measurements for
initial product moisture and temperature and operator inputs for the desired log reduction
and final product moisture.
(4) Conveyor – The Conveyor System transports the almonds through the RF Applicator on a
56” wide, food grade two-ply polyester belt. The conveyor has a speed range of 280 to
2,800 mm/minute and is controlled by an Allen-Bradley variable frequency drive (VFD). A
pneumatically controlled tracking mechanism maintains the position of the belt throughout
the process while both outer edges of the belt are “troughed” to prevent product spillage.
Stainless steel skirts are fitted to the conveyor frame to protect the transport belt from
external debris.
(5) Entrance Temperature Sensor - The entrance temperature sensor measures the
temperature of the incoming product load via Resistance Temperature Detector (RTD)
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probe technology. The probe is fixed to a blade which penetrates approximately half way
into the product bed depth upon the conveyor belt as it enters the heating chamber. The
temperature is transmitted to the system PLC and is utilized in the calculation of the
required conveyor speed.
(a) Note: The PLC utilizes an algorithm that combines the moisture content (step 3) and
temperature of the incoming product (step 4), and then determines the appropriate feed
rate to reach the temperature required to achieve the desired log reduction of SE PT30
at a fixed RF power output.
(6) Macrowave™ Heating System - The system applies radio waves at a nominal operating
frequency of 40.68MHz which will preferentially heat the moist exterior of the almonds to a
temperature appropriate to achieve the desired log reduction.
The Macrowave™ System also features an integral hot air system within the product
heating chamber to prevent radiational cooling of the almond surfaces and to scavenge
moisture as it is evaporated from the surface of the almonds and prevent condensation from
forming on the interior surfaces of the heating chamber. Air temperature and flow rate are
configurable via the system PLC.
(7) Exit Temperature Sensor - The exit temperature sensor measures the temperature of the
exiting product load via (RTD) probe technology. The probe is fixed to a blade which
penetrates approximately half way into the product bed depth upon the conveyor belt as it
exits the heating chamber. The temperature is transmitted to the system PLC where it is
used as an input in the feedback control algorithm. Product that does not reach the
temperature required to achieve the desired log reduction is diverted for re-treatment.
(8) Exit Moisture Sensor - The moisture content of the almonds is continuously measured via
near-field infra-red technology to determine the average moisture content of the almonds as
they exit the heating chamber. The moisture content is then transmitted to the system
Programmable Logic Controller (PLC) where it is used as an input in the feedback control
algorithm. Product that exceeds the maximum operator specified moisture content is
diverted for re-treatment.
(9) Automatic Conveyor Diverter - The system features an automatic retractable tail roller
which, when extended, allows product to continue through the cooling and packaging
systems, or, when retracted, dumps the product, preventing it from reaching the cooling and
packaging systems. The "retract" and "extend" logic is derived from the temperature and
moisture content feed-back at the exit locations of the Macrowave™ Heating System.
(10) PC Based Data Logging System - All system process parameters including;
(a) Conveyor Belt Speed,
(b) Incoming Product Moisture Content and Temperature,
(c) RF Power Output,
(d) Hot Air Temperature and Velocity,
(e) Exiting Product Moisture Content and Temperature, and
(f) Automatic Conveyor Diverter Status
are continuously monitored and recorded by a PC based data logging system. Data
logs are periodically archived in accordance with customer/industry requirements.
2. Drawings including location of the treatment zones and monitoring equipment
a) Pictured below (Figure 3) is a typical 100kW production unit excluding the hydration equipment.
The system is approximately 21.5’ L x 6.5’ W x 8.5’ H. The hydration equipment will extend the
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length an additional 8.9’. An outline drawing is included in the operations manual (see
Appendix E) depicting the location of the treatment zone and monitoring instruments.

Figure 3: 100kW Macrowave™ Heating/Drying System

b) Hydration of the almonds for production systems is accomplished with a food grade liquid
coating drum as pictured below (Figure 4).

Figure 4: Soft Flight™ Coating Drum

3. Detailed protocols for product handling and equipment operation
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a) Reference Appendix E for a copy the Macrowave™ HydraTherm™ System Operations Manual
B. Microbiological challenge testing
1. Microbiological challenge testing has been conducted using RFC’s Macrowave™ OmniTherm™
Simulator (see Figure 5). This system is based on our standard 30kW production unit design with
special features that enable it to simulate any size production system. Features and capabilities of
the Macrowave™ OmniTherm™ system include:

Figure 5: Macrowave™ OmniTherm™ Simulator

a) This system is a fully instrumented conveyorized heater-dryer that can apply RF and convection
heat to diverse materials in a wide variety of modes enabling RFC's engineers to design
Macrowave™ production heating systems based on tests that simulate the passage of the
material through a full-scale production system that might consist of a number of applicators in
tandem, each powered by its own RF generator. Each generator/applicator section is referred
to as a "zone." Each zone has two hot electrodes and one common ground electrode. It has
exceptional versatility and can be configured to simulate virtually any production treatment
system that can utilize RF heating or drying.
b) Operating at a nominal frequency of 40MHz, this system provides variable output power up to
30kW, which is scaled to the sample size to precisely match the power density per unit volume
of product in larger production systems.
c) For each test, the appropriate Macrowave™ electrode array, such as a flat plate applicator, a
continuous multi-point array, or other proprietary RF applicator configurations, can be quickly
installed.
d) Air applied to the material during the RF Treatment can be provided at temperatures from
ambient to 121°C (250°F).
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e) The conveying system utilizes a flat belt for treating discreet products or a troughed belt for bulk
materials. Conveyor belts of various materials and constructions are available to determine the
type best suited to the application.
f)

For simulating a continuous stream of bulk product transported on a troughed conveyer, a
special carrier is utilized. The carrier frame is fabricated of a material transparent to RF energy
with sides sloping upward at 45° angles to simulate a segment of bulk product as it is conveyed
through the Simulator's RF applicator. The carrier frame is lined with the same conveyor belt
material selected to hold the product in the full scale production system.

g) A sequence of different power levels, heating durations and relaxation times, i.e., a ‘recipe’, to
simulate the passage of material through a multi-zone system, can be initiated by using the
personal computer connected to the OmniTherm™ Simulator. A PC monitor also graphs
product and air temperature, belt speed, and RF power level.
h) Other programmable features include air temperature, velocity, and direction of flow. Hot air can
be applied to the material undergoing RF heating, impinged vertically from above or from below
or from both directions simultaneously. The hot air may be directed to flow over the surface of
the material, either with or against the direction of travel.
i)

RF pulsing can be effected in each of the simulated heating zones. On/off pulsing intervals can
be set at an interminable number of combinations

j)

Fiber optic temperature probes are used to monitor and record the internal temperature(s) of the
material undergoing treatment throughout its residence in the system. The surface temperature
is monitored by means of an infrared temperature sensing device.

k) OmniTherm™ Simulator tests provide accurate scale-up data to determine the configuration of
the Macrowave™ RF system that will be technically and economically best suited to meet fullscale production and quality goals.
2. SE PT30 challenge testing was conducted during three trials on July 21-22, 2005; October 27, 2005;
and November 15, 2005. Results from the first trial led to modifications in the test protocol from
static to dynamic testing to accurately reflect production conditions and a change from a flat plate
electrode array to a continuous multi-point electrode array. This report focuses on the second and
third trials, for which the same protocol was used with the exception of the hydration procedure,
which will be covered in detail below.
3. Test Protocol for Trial II
a) Non Pareil almonds, provided by the Almond Board, were delivered to Lapuck Labs, a local
biological testing laboratory, contracted by the Almond Board, for inoculation per the UC Davis
Protocol, included as Appendix B. The Lapuck Lab’s test protocol and results are included in
Appendix C and D, for trials II and III, respectively.
b) The morning of the testing the inoculated and control samples were picked up from Lapuck
Lab’s. For each test run, 300g of uninoculated almonds were weighed and then spread out
over a meshed product carrier. Using a pressurized water atomizer, water is sprayed from
above and below the almonds to hydrate the almonds to a target 3% (+9g) (see Figure 6). The
almonds were then weighed to check the hydration level (see Figure 7). If underweight, they
were placed back on the meshed carrier and additional water was applied. The final weight was
recorded from which hydration levels were calculated to be between 3.0% and 3.7%.
c) The hydration procedure was repeated for a 100g sample of inoculated almonds (note that
when testing with inoculated almonds the hydration fixture was enclosed in a plastic hood)
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Figure 6a & b: Hydrating almonds above and below

Figure 7a & b: Verifying target weight and filling bottom layer of test carrier
with half of the uninoculated almonds

Figure 8a: One layer inoculated
almonds on top of single layer of
Uninoculated almonds
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d) Approximately 150g of hydrated uninoculated almonds were placed in a product carrier and
covered with cheese cloth. Then 100g of hydrated inoculated almonds were placed on top and
covered with cheese cloth. A top layer of 150g of hydrated uninoculated almonds was then
placed on top for a total bed depth of 1 inch (see figure 8).
e) A recipe, preprogrammed in the Macrowave™ OmniTherm™ Simulator, was initiated. The
recipe advances the conveyor to move the almonds through the applicator at the speed
calculated to achieve the target temperature as the almonds pass between the hot and ground
electrodes of the continuous multi-point electrode array. Prior to conducting inoculated trials,
multiple test runs with uninoculated almonds were conducted with fiber optic temperature
probes to verify system parameters to achieve the target temperature.
f)

After the almonds pass through the electrode array, the conveyor belt was reversed and the
sample is returned to the start position.

g) Using the cheese cloth, the inoculated almonds were separated from the uninoculated almonds
and allowed to cool at room temperature.
h) The cooled samples were then bagged and delivered to Lapuck Labs for analysis along with the
control samples
i)

This procedure was repeated in triplicate for each of three target temperatures. Target
temperatures and actual hydration levels are recorded and included as Appendix C1 and D1, for
trials II and III, respectively.

4. Trial II Results
a) A report from Lapuck Labs is included as Appendix C3 and a summary is included below
(Figure 9):

Figure 9: Trial II Log Reduction Results:
Sample

1A

1B

1C

2A

2B

2C

3A

3B

3C

Pasteurization
Temperature (°F)

210

210

210

230

230

230

240

240

240

Log Reduction - TSA

>5

5.05

2.62

3.08

>5

3.57

>5

3.56

>5

Log Reduction - XLD

>5

>5

3.00

3.21

>5

4.00

>5

3.97

>5

b) Note that for each target temperature at least one sample showed a greater than 5 log
reduction. However, results for each target temperature were inconsistent. Additional testing
by Lapuck Labs using a further dilution for samples 1A, 2B, and 3A showed these samples
achieved greater than 6 log reduction, indicating greater variability between sub-samples.
c) In reviewing the results, it was noted that during the hydration procedure, some samples
reached the target hydration with a single pass through the hydration procedure while others
were placed back on the meshed hydration carrier and additional water was applied to reach
the target hydration level. This led to the hypothesis that the almonds that reached the
hydration target in a single step did not achieve 100% coverage of the almond surface as the
mesh carrier shielded portions of the bottom of the almonds from the hydrating spray.
d) To test this hypothesis, a third trial was conducted with a modified hydration procedure as
outlined below, Test Protocol for Trial III.
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5. Test Protocol for Trial III – Same as for Trail II except:
a) Hydration procedure changed from spraying almonds to submerging almonds in water between
two mesh carriers and then shaking to remove excess surface water (see Figure 10).
b) This procedure unavoidably resulted in higher hydration levels of 5.1% to 5.8% versus 3.0% to
4.0% for Trial II. Production hydration equipment is capable of achieving a 100% surface
coverage with lower hydration levels.
c) The range of pasteurization temperatures was expanded from 210-240°F in Trial II to 190265°F in Trial III (reference Figure 9 and 11 for specific temperatures for each sample).

Figure 10a & b: Almonds submerged in water between two mesh carriers
and then shaken to remove excess surface water

6. Trial III Results
a) A report from Lapuck Labs is included as Appendix D3 and a summary is included below
(Figure 11):

Figure 11: Trial III Log Reduction Results:
Sample

1A

1B

1C

2A

2B

2C

3A

3B

3C

Pasteurization
Temperature (°F)

190

190

190

222

222

222

265

265

265

Log Reduction - TSA

6.11

6.11

6.11

>6

>6

>6

>6

6.11

>6

Log Reduction - XLD

>6

>6

>6

>6

>6

>6

>6

>6

>6

b) The results support the hypothesis that 100% coverage of the almond surface is required in the
hydration process to maximize the effectiveness of the pasteurization treatment.
c) Samples pasteurized at temperatures up to 265°F have been submitted to the Almond Board for
informal sensory evaluation with favorable results.
7. Future testing will focus on lower pasteurization temperatures to determine the temperature required
to achieve the recently reduced requirement of a 4-log kill. This data, combined with formal sensory
evaluation data, will allow the establishment of a range of acceptable pasteurization temperatures
that will achieve the required minimum 4-log kill while still maintaining and perhaps enhancing
almond sensory quality achieved at the higher log reduction.

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

40MHz Macrowave™ HydraTherm™ Pasteurization Treatment for Almonds
Page 16 of 73

March 2, 2006

8. Testing Parameters for Trials II & III
a) Ambient Temperature: The ambient temperature in the applicator was maintained between
203-208°F.
b) Target Almond Temperature: 190-265°F; specific temperatures for each test sample are
detailed in the tables for Trials II and III (see Figure 9 and 11).
c) Sample size: 100g of inoculated almonds treated between two 150g layers of uninoculated
almonds for a total sample size of 400g resulting in a 1 inch bed depth.
d) Hydration Percent Target: Trial II – 3%; Trial III – 5%
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Appendix A
IFT/FDA Contract No. 223-98-2333
Task Order 1
How to Quantify the Destruction Kinetics of Alternative Processing Technologies

U. S. Food and Drug Administration
Center for Food Safety and Applied Nutrition
June 2, 2000

Kinetics of Microbial Inactivation for Alternative Food
Processing Technologies

Microwave and Radio Frequency Processing
(Table of Contents)
Scope of Deliverables
The use of microwave and radio frequencies to heat food for commercial pasteurization and
sterilization in order to enhance microbial safety is discussed here. Although not under FDA
regulations, use of microwave technology to enhance microbial food safety in the home is also
discussed briefly. Mechanisms of heating food and destroying pathogens, and the validation of
industrial processes are also discussed, followed by conjecture on handling deviations during industrial
processing. This document summarizes information obtained through published literature and personal
contacts with industry, academia, and government.
Although radio frequency is covered whenever possible, very little information on radio frequency
heating for commercial pasteurization or sterilization of food is available in the published literature and
no commercial facility for this purpose could be located. The microbial inactivation mechanisms of
radio frequency heating are also quite similar to those of microwave heating. Thus, this document
refers mostly to microwave processing with the implicit assumption that the principles are generally
applicable to radio frequency. Specific information on radio frequency is included whenever available.
1. Introduction
1.1. Definition, Description and Applications
1.1.1.Definition
Microwave and radio frequency heating refers to the use of electromagnetic waves of certain
frequencies to generate heat in a material (Metaxas 1996; Metaxas and Meredith 1988; Roussy and
Pearce 1995). The frequencies allocated by the Federal Communications Commission (FCC) for the
purposes of heating are listed in Table 1. Typically, microwave food processing uses the 2 frequencies
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of 2450 and 915 MHz. Of these two, the 2450 MHz frequency is used for home ovens, and both are
used in industrial heating. It is worthwhile to note that outside of the United States, frequencies of
433.92, 896 and 2375 MHz are also used.
Radio frequency heating in the United States can be performed at any of the 3 frequencies listed in
Table 1. As mentioned earlier, there is not much commercial use of these frequencies for food
pasteurization or sterilization, although they are used in baking and other processes in the food
industry. An overview of food and chemical processing uses of radio frequency can be seen in
Kasevich (1998) and Minett and Witt (1976).

Table 1. Frequencies assigned by the FCC for industrial, scientific, and medical use.
Frequency
Radio

13.56 MHz ± 6.68 kHz
27.12 MHz ± 160.00 kHz
40.68 MHz ± 20.00 kHz

Microwaves

915 MHz ± 13 MHz
2450 MHz ± 50 MHz
5800 MHz ± 75 MHz
24125 MHz ± 125 MHz

1.1.2.How the microwaves and radio frequencies generate heat
Heating with microwave and radio frequency involves primarily 2 mechanisms-- dielectric and ionic.
Water in the food is often the primary component responsible for dielectric heating. Due to their
dipolar nature, water molecules try to follow the electric field associated with electromagnetic
radiation as it oscillates at the very high frequencies listed in Table 1. Such oscillations of the water
molecules produce heat. The second major mechanism of heating with microwaves and radio
frequency is through the oscillatory migration of ions in the food that generates heat under the
influence of the oscillating electric field.
The rate of heat generation per unit volume, Q, at a particular location in the food during microwave
and radio frequency heating can be characterized by (Buffler 1993; Datta and Anantheswaran 2000)

where E is the strength of electric field of the wave at that location, f is the frequency (Table 1) of the
microwaves or the radio frequency waves, ε0 the permittivity of free space (a physical constant), and
ε is the dielectric loss factor (a material property called dielectric property) representing the
material's ability to absorb the wave. Not apparent from the above equation, there is another dielectric
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property called the dielectric constant that affects the strength of the electric field inside the food. The
dielectric properties depend on the composition (or formulation) of the food, moisture and salt being
the two primary determinants of interest (Mudgett 1994; Datta and others 1994). The subsequent
temperature rise in the food depends on the duration of heating, the location in the food, convective
heat transfer at the surface, and the extent of evaporation of water inside the food and at its surface.
1.1.3.Advantages of microwave and radio frequency processing
Microwave and radio frequency heating for pasteurization and sterilization are preferred to the
conventional heating for the primary reason that they are rapid and therefore require less time to come
up to the desired process temperature. This is particularly true for solid and semi-solid foods that
depend on the slow thermal diffusion process in conventional heating. They can approach the benefits
of high temperature-short time processing whereby bacterial destruction is achieved, but thermal
degradation of the desired components is reduced. This is illustrated in Fig. 1 for typical timetemperature histories of microwave and conventional heated processes.
Microwave and radio frequency heating may be relatively more uniform than conventional heating,
depending on the particular heating situation (Datta and Hu 1992); however, heating uniformity is hard
to predict. Figure 2 illustrates a scenario in which microwave heating is spatially more uniform than
conventional heating and helps demonstrate the reasoning behind it. The information shown in Fig. 2 is
computed from mathematical models of a conventional and a comparable microwave heating process
for a solid for input parameters given in Datta and Hu (1992). Figure 2a shows that the range of
temperatures reached by the 2 processes are approximately similar (as read from the horizontal axes) at
the heating times shown. The vertical axis shows the cumulative volume fractions of the food
associated with a temperature, that is, for any temperature, the value on the curve signifies the volume
fraction of food that has temperatures at or below this value. Figure 2b shows that the range of F0
values (signifying time-temperature histories) are quite different for the same conventional and
microwave heated food as in Fig. 2a, for which temperatures are approximately similar. The
conventional heat process shows a much larger spread of F0, which primarily signifies its tremendous
non-uniformity of temperatures and long processing times leading to significant over-processing of the
surface regions of the food.
Other advantages of microwave and radio frequency heating systems are that they can be turned on or
off instantly, and the product can be pasteurized after being packaged. Microwave and radio frequency
processing systems also can be more energy efficient.
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Figure 1. Quality parameters for microwave and conventional heating compared using computed
values for typical heating situations (Datta and Hu 1992). F0 represents the accumulated lethality (see
Section 4.)
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Figure 2. Illustration of how F0 values (b) are typically quite different for microwave processing
against conventional processing even when the range of temperatures are similar (a). From Datta and
Liu (1992).
1.1.4.Industrial pasteurization and sterilization systems
Industrial microwave pasteurization and sterilization systems have been reported on and off for over 30
y (Jeppson and Harper 1967; Kenyon and others 1970; Mudgett and Schwartzbenrg 1982; Decareau
1985; Schlegel 1992; Harlfinger 1992; Anonymous 1996; Tops 2000). Studies with implications for
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commercial pasteurization and sterilization have also appeared for many y (Proctor and Goldblith
1951; Hamid and others 1969; Knutson and others 1988; Burfoot and others 1988; 1996; Kudra and
others 1991; Cassanovas and others 1994; Villamiel and others 1997; Zhang and others 1999). Early
operational systems include batch processing of yogurt in cups (Anonymous 1980) and continuous
processing of milk (Sale 1976). A very significant body of knowledge has been developed related to
these processes. As of this writing, 2 commercial systems worldwide could be located that currently
perform microwave pasteurization and/or sterilization of foods (Akiyama 2000; Tops 2000). As a
specific example, ± company (Tops 2000) produced over 13 million ready meals in 1998 and have
installed a newly designed system in 1999. Although continuous microwave heating in a tube flow
arrangement has been studied at the research level, no commercial system is known to exist for food
processing.
Commercial radio frequency heating systems for the purpose of food pasteurization or sterilization are
not known to be in use, although it has been researched over the y (Bengtsson and Green 1970;
Houben and others 1991; Wig and others 1999). The primary advantage of improved uniformity of
heating was shown for in-package sterilization of foods in large packages using radio frequency at
27.12 MHz, although enhanced edge heating continued to be an issue (Wig and others 1999).
Implementation of a microwave sterilization process can vary significantly among manufacturers.
Unlike conventional heating, the design of the equipment can more dramatically influence the critical
process parameter--the location and temperature of the coldest point. This uncertainty makes it more
difficult to make general conclusions about processes, process deviations, and how to handle
deviations. For example, in one implementation (Harlfinger 1992) the process design consisted of
heating, equilibration, holding, and cooling stages. The equilibration stage between heating and
holding was to equilibrate the temperatures and avoid non-uniformities within the product. Hot air
temperature and time are the factors controlling the equilibration process. All 4 stages are done under
pressure to reach sterilization temperatures. The parameters recorded for the process were delivered
power, temperature, pressure, speed, and cycle time.
Another system (Tops 2000) consists of microwave tunnels with several launchers in relation to the
number of products (ready meals). Microwave-transparent and heat-resistant trays are used with shapes
adapted for microwave heating. Exact positioning of the package is made within the tunnel and the
package receives a pre-calculated, spatially varying microwave power profile optimized for that
package. The process consists of heating, holding and cooling in pressurized tunnels. The entire
operation is highly automated (see monitoring of process deviations later).
For in-package pasteurization or sterilization, packaging materials need to be microwave transparent
and have a high melting point. Also, because metal reflects microwaves, packages with some metal
component can considerably change the food temperatures (critical process factor). In some situations,
metals have been deliberately added to the package to redistribute microwave energy to achieve
increased uniformity of heating. The most common packages that have been tried are individual
pouches made of microwave transparent rigid films such as polypropylene with an ethylene vinyl
alcohol (EVOH) barrier or a polyethylene terephtalate (CPET) film.
1.1.5.Shelf-life extension at home
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Almost every U.S. household owns a microwave oven that uses microwaves at a frequency of 2450
MHz. Reheating in a microwave oven, which the FDA does not regulate, is perhaps the most
widespread use of the microwaves and has been known to involve serious microbiological safety
issues. Researchers have also reported the use of home microwave ovens for pasteurization or for
increasing shelf-life (Chiu and others 1984; Knutson and others 1988; Thompson and Thompson
1990).
1.1.6.Future processes
Many techniques have been tried to improve the uniformity of heating. These include rotating and
oscillating the food package (O'Meara and others 1977), providing an absorbing medium (such as hot
water) surrounding the product (Stenström 1974; Ohlsson 1991; Lau and others 1998), equilibrating
after heating (Fakhouri and Ramaswamy 1993), and cycling the power. In the past, success of these
processes has been limited due to the tremendous dependence of temperature and its distribution on
food and oven factors. Use of the 915 MHz and radio frequencies to improve uniformity of heating
may have potential for the future (Lau and others 1999b; Wig and others 1999). Future possibilities to
improve the uniformity of heating include variable frequency microwave processing and phase control
microwave processing. Although these 2 techniques have been applied to microwave heating of nonfood materials, they are yet to be applied to food in any significant way. Combinations of microwave
and conventional heating in many different configurations have also been used to improve heating
uniformity. The critical process factor in combination heating or any other novel processes would most
likely remain the temperature of the food at the cold point, primarily due to the complexity of the
energy absorption and heat transfer processes.
In the future, microwaves may be combined with conventional heating or chemical treatments for
surface treatment, for example, meat processing (KSU 1999) or food contact surface (Anonymous
1996).
1.2. Summary of Mechanism of Inactivation
The energy absorption from microwaves and radio frequency can raise the temperature of the food
high enough to inactivate microorganisms for effective pasteurization or sterilization. A number of
studies have proven that the thermal effect is the essential contributor to the destruction of
microorganisms (Goldblith and Wang 1967; Rosén 1972; Fujikawa and others 1992) as well as the
degradation of vitamin B1, thiamin (Welt and Tong 1993).
Since the beginning of microwave processing, there has been controversy about the possible nonthermal (also called "athermal") effects of microwave processing (these are effects unrelated to the
lethality caused by the heat) (McKinley 1936; Burton 1949; Cross and Fung 1982; Fung and
Cunningham 1980). Researchers have repeatedly reported non-thermal effects, although detailed
discussions on those mechanisms are difficult to locate in the literature. As many as 4 separate effects
have been proposed--selective heating of microorganisms, electroporation, cell membrane rupture, and
cell lysis due to electromagnetic energy coupling. These mechanisms are discussed later in more detail;
however, the general consensus (Heddleson and Doores 1994) is that the reported non-thermal effects
are likely to be due to the lack of precise measurements of the time-temperature history and its spatial
variations.
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1.3. Summary of Microbial Inactivation Kinetics
Since the studies reporting non-thermal effects have been inconclusive, only thermal effects are
presumed to exist. Thus, microbial inactivation kinetics for microwaves are essentially the same as the
inactivation kinetics of conventional thermal processing. The microwave non-thermal effects have
been reported to add to the destruction of microorganisms. Thus, ignoring the possible non-thermal
effect can only provide an extra safety factor. To date, there do not appear to be any microwaveresistant foodborne pathogens.
1.4. Summary of Critical Process Factors
Since the thermal effect is the sole lethal mechanism assumed in this processing technology, timetemperature history at the coldest location will determine the safety of the process. Both the magnitude
of time-temperature history and the location of the cold points are functions of the composition (ionic
content, moisture, density, and specific heat), shape, and size of the food, the microwave frequency,
and the applicator (oven) design. Time is also a factor in the sense that, as the food heats up, its
microwave absorption properties can change significantly and the location of cold points can shift (Fig.
3).
1.5. Synergistic Effects
Microwave processes are sometimes combined with conventional heating. Synergistic effects, where
the total effect of the combined process on the microorganism is more than the sum of individual
effects of microwave and the other process, have not been reported.
1.6. Current Limitations/Status
As mentioned earlier, only 2 companies (Tops 2000; Akiyama 2000) could be located worldwide that
are currently using microwave technology for pasteurization/sterilization of foods. Other systems may
be operational, but details were not available (Bassani 1999; Anonymous 1999). Some reasons given
for the lack of success in commercial operation are complexity, expense, non-uniformity of heating,
inability to ensure sterilization of the entire package, lack of suitable packaging materials, and
unfavorable economics when compared to prepared frozen foods in the United States. Current research
at several universities (Washington State University, Cornell University) and a government agency
(U.S. Army Laboratories at Natick, MA) is aimed at further commercial use of microwave
sterilization, particularly in the context of providing improved quality rations for soldiers.
2. Pathogens of Public Health Concern Most Resistant to the Technology
2.1. Identification of Pathogens Resistant to Microwaves
Numerous studies address the effect of microwave heating on pathogenic microorganisms in foods.
Bacteria reported to be inactivated by microwave heating include Bacillus cereus, Campylobacter
jejuni, Clostridium perfringens, pathogenic Escherichia coli, Enterococcus, Listeria monocytogenes,
Staphylococcus aureus, and Salmonella (Heddleson and others 1994; Rosenberg and Bogl 1987;
Knutson, and others 1987; Chipley 1980). The nematode Trichinella spiralis, the organism that causes
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trichinosis, may also be inactivated (Zimmerman 1983). Foodborne pathogens have been shown to be
inactivated by microwave heating in various poultry, beef, fish, and pork products, milk, and eggs;
however, Heddleson and Doores (1994), reported that "in-home pasteurization" of milk was
"problematic" and "potentially dangerous" due to non-uniform heating and lack of standardization of
home microwave ovens.
It is very difficult to precisely compare the effectiveness of microwave heating to conventional heating
based on the literature, because of the different techniques employed or the lack of detail in the
methods or materials used, especially in relation to temperature monitoring (Heddleson and Doores
1994). A recurring conclusion in the literature is that non-uniform heating by microwaves may lead to
survival of foodborne pathogens, including Salmonella and L. monocytogenes, in certain locations of
foods heated at selected internal locations to endpoint temperatures that would normally be lethal
(Schnepf and Barbeau 1989; Harrison and Carpenter 1989). For example, several studies have
demonstrated that the measured internal temperature of poultry does not indicate the extent of
inactivation of surface-inoculated Salmonella on poultry due to lower temperatures at the product
surface (Schnepf and Barbeau 1989).
There do not appear to be any obvious "microwave-resistant" foodborne pathogens. Various studies
have shown increased resistance of S. aureus, C. perfringens, or Enterococcus faecalis but not
necessarily to the point that these could be labeled as resistant. As with conventional heating, bacteria
are more resistant to thermal inactivation by microwave heating than yeasts and molds and bacterial
spores are more resistant than vegetative cells.
2.2. Effects of Critical Process Factors on Inactivation
As with other thermal processes, the primary factors that determine safety are temperature and time
(that is, integrated time-temperature history). A number of critical process factors affect timetemperature history. These are discussed in detail in Section 4.1. Some of these critical process factors
are moisture, ionic content, microwave frequency, product parameters (including mass, density,
geometry), specific heat, and the temperature achieved. It is important to note that in the context of
microwave processing, these critical process factors do not change the rate of inactivation per se.
Rather, these factors change the spatial distribution of microwave absorption and, therefore, the
spatially distinct heating rate and time-temperature history. The spatial distribution of time-temperature
history, in turn, changes the distribution of the extent of inactivation within the food, thus generally
changing the total inactivated population within a given food sample. For example, the population of
cells heated for 47 s at 700 W in a microwave oven in phosphate buffer were reduced by 99.8%, while
those in 1% sodium chloride were reduced only by 62.4% (Heddleson and others 1994). Such a
difference is attributed to the effect of salt in decreasing the penetration of microwaves. Less
microwave penetration leads to a lower internal temperature and a lesser destruction in the interior
regions, resulting in an overall lower destruction.
2.3. Shape of Inactivation Curves
The shapes of the inactivation curves are expected to be similar to those for conventional heating.
3. Mechanisms of Inactivation
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3.1. Pathogen Culture Maintenance
As stated above, microwave or radio frequency processing causes microbial inactivation
predominantly through thermal effects. In reviewing the literature, no pathogen is identified as
uniquely resistant to these processing methods. Therefore, maintenance of cultures (pathogen,
surrogate vegetative cells, or spore crops) for evaluating the process or processing unit effectiveness
should follow generally accepted culturing procedures for thermal process evaluation. Conditions used
for preparing, culturing, or storing vegetative cells or spores should be such that they produce the most
resistant cell or spore. Appropriate conditions may be determined by consulting thermal resistance
literature (see Section 4.3.). Generally, specific conditions for the growth of the particular test
microorganism should be defined. Cells incubated to stationary phase usually demonstrate maximum
resistance. As suggested in the Overarching Principles Section 2, sublethal stress conditions also need
to be evaluated, as they may increase resistance. As a rule, one should ensure that the test
microorganism has a heat resistance equivalent to that generally recognized for the particular genus,
species, and strain used.
3.2. Microbial Enumeration Conditions and Methods
Once the vegetative cell or spore is treated with microwaves, it must be enumerated to determine if it is
still viable. The objective of the recovery process is to provide optimum conditions for treated cells or
spores to grow to obtain a measure of the maximum number of non-injured and injured survivors
(Overarching Principles Section 2). For thermal processes, the length of incubation may be important
in recovering viable cells or spores, because thermally treated cells or spores generally grow slower
than non-treated ones. As with other process studies, experimentation will be necessary to determine
the optimum conditions and methods for microbial enumeration.
3.3. Detailed Analysis of Inactivation Mechanisms
Two mechanisms are proposed for inactivation of microorganisms by microwaves. The first states that
microwaves inactivate microorganisms entirely by heat through mechanisms comparable to other
biophysical processes induced by heat, such as denaturation of enzymes, proteins, nucleic acids, or
other vital components, as well as disruption of membranes (Heddleson and Doores 1994). There is no
question as to the validity of this mechanism. A second proposed mechanism for inactivation by
microwaves involves non-thermal effects. Four predominant theories have been used to explain nonthermal inactivation by microwaves or "cold pasteurization": selective heating, electroporation, cell
membrane rupture, and magnetic field coupling (Kozempel and others 1998). The selective heating
theory states that solid microorganisms are heated more effectively by microwaves than the
surrounding medium and are thus killed more readily. Electroporation is caused when pores form in
the membrane of the microorganisms due to electrical potential across the membrane, resulting in
leakage. Cell membrane rupture is related in that the voltage drop across the membrane causes it to
rupture. In the fourth theory, cell lysis occurs due to coupling of electromagnetic energy with critical
molecules within the cells, disrupting internal components of the cell.
These mechanisms have been studied extensively since the 1970s by a number of researchers. Culkin
and Fung (1975) reported earlier studies that suggested microwave heating at 2450 MHz caused
greater destruction of Aspergillus, Penicillium, Rhizopus, aerobic microorganisms, Salmonella and
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Proteus in foods than heating alone. Culkin and Fung (1975) exposed E. coli and Salmonella
Typhimurium in soups to 915 MHz microwaves and then determined survivors in the top, middle, and
bottom regions of the product. The temperatures were measured using temperature-sensitive strips.
They found that the greatest survival in the soups was in the top layer, which was also shown to have
the lowest temperature. A series of studies by Khalil and Villota (1988; 1989a;b) suggested nonthermal effects of microwave heating. They first determined that Bacillus stearothermophilus spores in
various media (water, NaCl, sucrose, phthalate, or phosphate buffers) had lower D100 °C values when
2450 MHz microwaves were used compared to using a heated water bath. The experiment appears to
have involved 6 tubes at a single temperature with no replication. In addition, the come-up times,
although a small part of the overall heating times (microwaves: 58 - 83 s out of 90 - 190 min,
conventional heat: 100 - 135 s out of 113 - 240 min), were not considered. Heddleson and Doores
(1994) disputed the above conclusions due to inaccuracies in temperature measurement. Khalil and
Villota (1988) further studied the effect of microwaves (2450 MHz assumed) on injury of S. aureus
FRI-100. They heated cells at a sublethal temperature of 50 °C and maintained microwave temperature
using recirculated cooled kerosene. Microwave heating caused a greater amount of cellular injury as
determined by plating on trypticase soy agar plus 7% sodium chloride, increased loss of ultravioletabsorbing cellular material, and extended time for enterotoxin production. Their findings also showed
that microwave-injured cells recovered better when microwave heating was carried out anaerobically.
This effect was not seen with conventional heating. They speculated that the microwaves catalyzed
oxidative reactions, possibly in membrane lipids, decreasing recovery of exposed cells. In another
study, Khalil and Villota (1989b) demonstrated that while both conventional and microwave heating
destroyed the 16S subunit of RNA of sublethally-heated S. aureus FRI-100, only microwave heating
affected the integral structure of the 23S subunit. Moreover, when cells were allowed to recover
following injury, it took longer for the microwave treated cells to restore their 23S RNA. Heddleson
and Doores (1994) again concluded that these studies suffered from the lack of proper method of
temperature measurement due to the unavailability of fiber optic thermometry.
Kozempel and others (1998) designed a system in which various fluids were exposed to microwave
energy (5.0 - 5.4 kW) and then cooled so as to maintain temperatures of the fluids at 40 °C. The fluids
were inoculated with a bacterium reported to be Pediococcus strain NRRL B-2354 prior to exposure.
The greatest kill took place in apple juice (up to 4.6-logs in ± pass), with moderate lethality (up to 0.7logs in 1 pass), occurring in water and 10% glucose. The amount of kill with multiple passes through
the system was not constant. In some products the kill rate was reduced following the first pass. Little
or no lethality was demonstrated with skim milk, pineapple juice, tomato juice, apple cider, or beer. In
addition to the influence of the product itself, the medium used to grow the Pediococcus strain also
appeared to affect cells counts; however, none of the product characteristics such as insoluble solids,
pH, and conductivity could fully explain the variation. The authors concluded that they had
demonstrated "significant microorganism kills in some fluids using microwave energy at sublethal
temperatures." Kozempel and others (2000) subsequently designed a new system that was capable of
isolating thermal and non-thermal effects of microwave energy. The system was a double tube that
allowed input of microwave energy but removed thermal energy with cooling water. With this system,
the researchers found no inactivation of Enterobacter aerogenes, E. coli, Listeria innocua,
Pediococcus, or a yeast in various fluids including water, egg white, whole egg, tomato juice or beer at
sublethal temperatures. They concluded that, in the absence of other stresses such as pH or heat,
microwave energy did not inactivate microorganisms; however, they did suggest that microwave
energy may complement or magnify thermal effects. In tests with Saccharomyces cerevisiae and
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Lactobacillus plantarum in apple juice, Ramaswamy and others (2000) also found that the non-thermal
effect of microwave energy at sublethal temperatures is insignificant. However, they determined that,
at equivalent heat treatments, microwaves enhanced inactivation. They demonstrated in a continuous
flow system that E. coli K - 12 had significantly lower D-values (12.98 s at 55 °C, 6.31 s at 60 °C, 0.78
s at 65 °C) using microwave energy than equivalent heat treatments with hot water (44.7 s at 55 °C,
26.8 s at 60 °C, 2.00 s at 65 °C) or steam (72.71 s at 55 °C, 15.61 s at 60 °C, 2.98 s at 65 °C). They
concluded that, while there was no non-thermal effect of microwaves, there was a significant
enhancement of thermal treatments.
Apart from the described studies, most research has concluded that there is little or no non-thermal
effect of microwaves on microorganisms (Rosenberg and Bögl 1987; Knutson, and others 1987) and
that inactivation of microorganisms is due only to heat. Goldblith and Wang (1967) heated suspensions
of E. coli and Bacillus subtilis under conventional heating and with microwaves at 2450 MHz. The
degree of inactivation of both microorganisms was identical with conventional and microwave heating.
Vela and Wu (1979) heated various bacteria, fungi, and bacteriophages in 2450 MHz microwaves in
water and as lyophilized cultures. There was no inactivation of dry cultures even after extended
exposure. Similarly, Jeng and others (1987) found no difference in inactivation of B. subtilis spores
under conventional or microwave (2450 MHz) heating in automated computer-controlled temperature
monitoring systems. Kazbekov and Vyacheslavov (1978) found that thymidine and thymine uptake,
leakage of potassium and hydrogen ions, and uptake of DNA by cells of E. coli or B. subtilis under low
power microwaves were typical of that shown for heating. Fujikawa and others (1992) found no major
differences in inactivation kinetics of E. coli in phosphate buffer between microwaves and
conventional heating. Welt and others (1993a) demonstrated no difference between conventional and
microwave inactivation of Clostridium sporogenes PA3679 at 90, 100 and 110 °C. A suspension of
spores that was exposed to microwaves, but continuously cooled in silicone tubing demonstrated no
detectable inactivation.
While there is some controversy as to the additional inactivation of microorganisms over the thermal
effect of microwaves, this additional inactivation is small and inconsistent. In many studies comparing
microwave heating to conventional heating, microwave heating appears less effective due to
nonuniform heating effects from unpredictability of cold spots and changing product parameters, such
as specific heat. Therefore, when developing methods for describing the inactivation kinetics of
microwave heating, it is recommended that only thermal effects be included in the model.
Under the assumption of only thermal effects, the kinetic parameters presented in Table 1A of the
Overarching Principles are recommended for use in design of processes involving the microwave
treatment of foods. The kinetic parameters used to design thermal processes have been presented and
defined in an introductory chapter of the main document. The pathogens of concern will be the ones
defined for thermal processing and described in the Overarching Principles Section 3 of this report.
4. Validation/Critical Process Factors
4.1. Identification and Description of Critical Process Factors
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Time-temperature history at the coldest point determines the microbiological safety of the process, as
in other thermal processing. Once temperature is known at the coldest point as a function of time,
accumulated lethality can be calculated following the well-known equation

where T is the cold point temperature at any time t, z is the z-value in 0F and tf is the total duration of
heating. There are, however, major differences between conventional and microwave heating in terms
of the location of the cold point and how time-temperature history of the cold point is affected by a
number of critical process factors. Note that the effect of the factors are discussed in a simplistic way
in order to illustrate the concepts--the actual influence of the factors can be quite complex and are
only known from detailed experiment or mathematical modeling. Such effects are discussed in detail in
books such as Datta and Anantheswaran (2000), Buffler (1993) and Decareau (1985) or review papers
such as Saltiel and Datta (1998).
Time-temperature history at the coldest point for a conventional thermal process is generally quite
predictable for a food that is all solid or all fluid. For example, for a conduction-heated (solid) food, it
is usually the geometric center. In microwave heating, even for a solid food, the coldest point is less
straightforward to predict and can change during the heating process (Fig. 3), depending on a number
of food and oven factors (Fleischman 1996; Zhang and others 1999). Accordingly, relatively
sophisticated modeling based on measured properties of the foods needs to be used and subsequently
validated to ascertain the location of the point of lowest integrated time-temperature history. Welldeveloped but simple procedures, such as the Ball formula (Ball and Olson 1957) would be much
harder to achieve for microwave heating. Changes in properties during heating have a more
pronounced effect in microwave heating as compared to conventional heating. As the food heats, its
microwave absorption capability typically increases, which increases the rate of temperature rise and
therefore further increases the rate of microwave absorption. Such coupling could lead to runaway
heating (Zhang and others 1999; Zhang and Datta 1999). Figure 3 also illustrates the coupling effect.
Initially, at lower temperatures, microwave absorption is lower, so the waves are able to penetrate a lot
further into the material. As the material heats up, it absorbs microwaves more readily and the waves
are not able to penetrate as far. Especially in foods with high ionic concentrations, the surface at higher
temperatures can act as a shield.
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Figure 3. Microwave power absortion (Q in equation 1) patterns in a sterilization process can change
dramatically during heating, as shown by the migration of hottest locations (in red) from interior (a) to
surface (b). Shown are computed results for a ham cylinder (0.7% salt) heated in a microwave oven
similar to domestic microwave ovens (Zhang and others 1999).
Since heat is constantly generated everywhere in the food, but at different rates, the difference between
the temperature at the coldest and the warmest points in the food keeps increasing with time. This is
unlike conventional heating where the coldest point approaches the warmest temperature of the system
(typically the heating medium temperature) with time. In conventional heating, the surface is at the
highest temperature, corresponding to the temperature of the heating medium. In microwave heating,
the food heats up while the surrounding air stays cold (Datta 2000). The cold air keeps the surface
temperature lower than locations near the surface of food. Surface evaporation, especially when
heating an unpackaged food, can further decrease the surface temperature. In some heating
applications, such as with frozen foods that are spherical, the surface could be the coldest location.
In conventional heating, the maximum temperature is limited by the heating medium temperature, such
as steam in a retort. Since microwave absortion continuously generates heat, temperature keeps
increasing in the microwave heating process. To keep the temperature within reasonable limits,
microwaves need to be turned on and off (cycled) once the target temperature has been reached.
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One of the advantages of microwave heating is that the come-up time is short. It is this shorter comeup time that helps retain the organoleptic qualities and that is the basis for preferring microwave
processing to conventional thermoprocessing. In calculating the process time, the come-up time in
microwave heating cannot be given nearly as much importance as in conventional heating (see Fig. 1).
4.1.1.Factors related to product and package
Food shape, volume, surface area, and composition are critical factors in microwave heating (Zhang
and others 1999). These factors can affect the amount and spatial pattern of absorbed energy, leading
to effects such as corner and edge overheating, focusing, and resonance. For example, a curved shape
can focus microwaves and produce a higher internal rate of heating than near the surface (Ohlsson and
Risman 1978). Such heating patterns can also change with time, as illustrated in Fig. 3. The effect of
food volume on total amount of energy absorbed by the food for a given setting of power level is
typically as shown in Fig. 4. Since the total energy absorbed lags the increase in volume, average
temperature rise drops (however, food as a whole heats slower).

Figure 4. Magnitude of total absorbed power as a function of volume of food, obtained from
experiments and electromagnetic simulations (Zhang and others 1999).
Composition, in particular moisture and salt percentages, has a much greater influence on microwave
processing than in conventional processing, due to its influence on dielectric properties. High salt and
moisture content increases the efficiency of microwave absorption, thereby decreasing the depth of
penetration. Thus, interior locations generally get heated less in foods with high salt or moisture
content, reducing microbial destruction. Composition can also change the thermal properties such as
specific heat, density, and thermal conductivity and, thereby, change the magnitude and uniformity of
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the temperature rise. For example, the temperature of a low specific heat oil increases at a much faster
rate than that of water when compared at the same level of absorbed power.
The different components of mixed food products, such as multi-compartment frozen dinners, will heat
differently (Ryynanen and Ohlsson 1996; Zhang and others 1999). Packaging material is also a critical
process factor. In contrast to commercial canning, where metal containers offer minimum thermal
resistance and are not a critical process factor, metallic components present in a package, such as
aluminum foil and susceptors, can dramatically influence the heating rates of the packaged food.
4.1.2.Factors related to process and equipment
Several process and equipment factors are critical in microwave heating (Zhang and others 1999).
Design (size, geometry, and so on) of the microwave oven can significantly affect the magnitude
and/or spatial variation of the power absorption in the product. In addition, presence or absence of
devices added to improve uniformity, such as mode stirrers and turntables, are major factors affecting
temperature distribution.
The placement of the food inside the oven can also have a significant influence on the magnitude and
uniformity of power absorption (Zhang and others 1999). Other factors related to the equipment are the
temperature of the medium surrounding the product and the level of food surface evaporation
(especially significant for unpackaged food), both affecting food surface temperature. Cooling effects
due to surface evaporation have been shown to lead to survival of Trichina larvae in pork (personal
communication with J. Gerling cited in Datta 1991).
Heating of containerized liquids with microwaves without agitation causes flow and thermal
stratification inside the container. Warmer liquid moves to the top, much like in conventional heating.
Due to variations in product characteristics (such as viscosity), in package components (such as metal
in aluminium foil), and in equipment factors, the patterns of temperature distribution in heated liquids
(static or flowing) can be quite complex, and the slowest heating location needs to be determined for
distinctly different situations (Prosetya and Datta 1991; Anantheswaran and Liu 1994a 1994b; Datta
and Hu 1992; Tajchakavit and Ramaswamy 1995).
In addition to the aspects discussed above, power level and cycling of the microwave input are critical
process factors in microwave heating. Also, power output by the magnetron (the component in an oven
generating the microwaves) changes as the magnetron heats up over time. Thus, equipment specific
"wait time" may be necessary before the power output becomes stable. Due to differences in
penetrating ability, the frequency of the microwaves can dramatically affect the heating rates and their
spatial distribution. In a simplified view, a lower frequency of 915 MHz has a higher depth of
penetration than the 2450 MHz used for home microwaves. At this lower frequency, uniformity of
heating can improve with reduced edge heating (Lau and others 1998).
Equilibration of the product following heating can help to level the temperature distribution and
improve uniformity. Its important effects have been demonstrated (Fakhouri and Ramaswamy 1993;
Ramaswamy and Pilletwill 1992).
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A summary of the various product, package, process, and equipment factors discussed above is
provided in Table 2. Due to the number of critical factors implicated, none of them alone can be treated
as a critical process factor by itself, unless all others are held constant.
Table 2. Critical Process Factors in Microwave Heating
Food

Shape, size, composition (moisture, salt, and so on), multiple components (as in
a frozen dinner), liquid against solid

Package

Presence of metallic elements such as aluminum foil, susceptor

Process

Power level, cycling, presence of hot water or air around the food, equilibration
time

Equipment

Dimensions, shape and other electromagnetic characteristics of the oven,
frequency, agitation of the food, presence of mode stirrers and turntables

4.1.3.Identification of the effect of process factors on cold point using
mathematical simulation
Due to the complexity of the system where the heating pattern depends on such a large number of
factors, simulation-based design can save significant time and resources in developing
microbiologically safe processes. Such simulation-based design can drastically reduce the number of
experiments needed to predict the location of cold points and the time-temperature history at these
locations for the actual food and equipment combinations. State of the art commercial software
simulating the electromagnetic and heat transfer properties has been used for microwave food process
design (Dibben 2000; Zhang and Datta 2000). Such software can provide a comprehensive insight into
the heating process by showing interior power absorption (that is, heating rates) in a 3D object (Fig. 3),
difficult using experimentation. Simulation-based design can allow the process and equipment
designers to judiciously choose proper combinations of food and process parameters in an efficient
manner, reducing some of the time and expenses in prototype building. Location of coldest point (the
critical process factor) and its time-temperature history can be predicted this way. As the user
friendliness, accuracy, and linkages with other software improve, more food processors are expected to
use these programs routinely.
4.2. Description of Methods to Measure/Monitor Critical Process Factors
Monitoring the temperature of microwave processed food poses a challenge. Thermocouples and other
metallic probes used to record temperatures for conventional processing in static systems are generally
unsatisfactory for precision temperature measurements in microwave ovens for several reasons. Firstly,
metallic probes reflect and absorb the energy of incident microwaves, and require special grounding
and installation to withstand microwave operations. Secondly, electromagnetic field disturbances
caused by the presence of metallic probes create localized changes in heating patterns that can produce
variability in overall heating patterns.
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Valuable alternatives to metallic probes, however, are fiber-optic temperature probes. These are on the
market and have been used to monitor temperatures during microwave heating. They are inert to the
electric and magnetic fields of the microwaves or radio frequencies. Additional advantages are their
accuracy (from 0.2 to 0.05 0C) and fast response (milliseconds). Some disadvantages of fiber-optic
probes are their current price (although it is dropping) and somewhat fragile nature.
4.3. Description of Microbial or Chemical Surrogates/Indicators
For determining the kinetics and efficiency of microwave inactivation of microorganisms,
surrogate/indicator microorganisms could be selected from those traditionally used in thermal
processing studies. No microorganisms with unique resistance to microwave processing have been
reported in the literature, suggesting that classical surrogates (vegetative cells or spores) would be
appropriate for process determination and validation.
Since microwave or radio frequency processing is primarily a heat process, microbiological validation
tests should be designed using procedures that parallel those used for thermal processing. Important
considerations for an inoculated pack study of a new thermal process include selection of a surrogate
microorganism, preparation and handling of the test microorganism, size and volume of inoculum,
method of inoculation, processing levels and conditions, number of containers, product data collection,
statistical techniques and methods for determining survivors (for example, incubation, microbiological
recovery). A more detailed discussion of these procedural considerations is available in the Laboratory
Manual for Food Canners and Processors (National Canner's Association 1968). The principles and
methods are similar, whether the objective is pasteurization, pathogen reduction, or commercial
sterilization.
One problem that needs to be carefully considered is the method of inoculation. Since microwave
heating can be nonuniform and the cold spot is not easy to identify, the inoculum should be distributed
throughout the food product. This could be a particular problem with solid products, unless made
homogeneous by grinding or placed in locations where significant spatial variation in heating rates is
expected.
The use of history indicators or time-temperature integrators (see reviews by Hendrickx and others
1995; Van Loey and others 1996), either biological (microbiological or enzymatic) or chemical, could
be a way to monitor the process impact and could be helpful in identifying critical process parameters.
As in thermal processing, proper calibration of the kinetic parameters of the surrogates/indicators is
required. The same principles as for thermal processing apply and extra care should be given to critical
factors associated with the microwave/radio frequency heating process in that the presence of the
indicator should not influence the heating process. An example is the validation of sterilization patterns
by correlating thermally induced chemical changes in the food (a history indicator) to bacterial
destruction. Intrinsic chemical markers (Kim and Taub 1993; Prakash and others 1997, Zhang and
others 1999) whose extent of formation is a function of time-temperature history have been used
recently in several processing situations, including microwave sterilization (Lau and others 1999a;
Zhang and others 1999; Wig and others 1999). This approach can provide information on spatial
distribution of the integrated time-temperature history within a packaged system and on any variation
among packages in a continuous process operation.
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5. Process Deviations
Process deviations in microwave processing present some special issues and challenges. Temperatures
are generally more difficult to monitor and measurement of power output from microwave generators
may not accurately reflect product temperature, unless the sensitivity of the heating process to changes
in food composition, size, shape, placement in the oven and other factors discussed earlier are taken
into consideration. Due to the complex nature of the process, adjustments such as extending the time or
increasing the power level will not be simple. It is generally believed that complete reprocessing would
be the most reliable way to handle underprocessed material.
5.1. Basic Detection Methods for Process Deviations
Process parameters under direct control of the operator are the power level (including cycling), spatial
distribution of power (number and positioning when multiple microwave generators are used) and time
of exposure. As mentioned above, once a deviation has taken place, adjustments could be complex.
In one implementation (Tops 2000), the exact placement of a product in the tunnel is known and power
levels of multiple microwave generators are programmed precisely to provide the custom-tailored
heating profile for that tray and product. For example, the center of the tray is provided with higher
microwave power. The detection system consists of a variety of monitors. For example, broken
generators and insufficient power level delivered by a generator is automatically recorded. Infrared
surface measurement of each tray can be made while they are being transported to the hold system.
Swelling of the top surface of individual packages due to internal steam generation during heating is
monitored using a distance tracer--adequate heating produces enough steam for the package to swell
sufficiently. Visual control is also made by placing maxi-thermometers (that measure maximum
temperatures) at precise locations in the package. An endoscope is also used to observe the heating
process inside the microwave tunnel and therefore to monitor it manually.
In another implementation (Harlfinger 1992), power settings for individual magnetrons are stored over
time. If the power delivered varies from the set values, an alarm warns the operator. An additional
warning signal comes from any blockage of the product feeding system that may lead to unintended
cooling of the preheated products. This publication also reported the use of a DataTrace metallic
temperature data-logger inside the package by ± company to monitor the time-temperature history. Use
of such metallic data-loggers requires careful considerations and interpretations.
5.2 Methods to Assess and Correct Deviations
See general discussions under Section 5.1. above. Details about process deviations are hard to obtain.
Only ± company was willing to share information about current production of microwave pasteurized
and sterilized food (Tops 2000). In this company's implementation, a product is rejected based on an
automated control system. Rejection is done at the end of the cooling system based on infrared surface
temperature measurement, detection of broken microwave generators, and other means described in
Section 5.1. Further loading of food into that tunnel is automatically stopped following a rejection. The
temperature control system for each microwave tunnel can also be adjusted, if necessary, following a
deviation. The control system is also programmed for each individual product.
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In general, extensive experimentation would be needed to validate the effectiveness and reliability of
the methods to assess and correct deviations.
6. Research Needs
Research needs have been identified in the following areas:
Effects of food formulation on heating patterns.
Effects of equipment design factors, including frequency (for example, 915 MHz is
sometimes proposed instead of the commonly used 2450 MHz for better uniformity of
heating).
o Development of variable frequency ovens (although currently more expensive for food
applications) for improved uniformity of heating.
o Understanding factors affecting heating patterns, including qualitative changes
occurring with frequency changes.
o Monitoring and real-time adjusting for process deviations in microwave and radio
frequency processing.
o
o

Glossary
A complete list of definitions regarding all the technologies is located at the end of this document.
Conventional heating. Heating of a substance by transfer of thermal energy from a heating medium at
higher temperature to a low temperature product.
Focussing. Concentration of electromagnetic waves inside a food due to its curved surface, much like
a lens focussing light waves. It leads to enhanced heating at the interior.
Internal energy generation. Heat generation within a material and throughout its volume due to the
presence of an energy source that is dissipated throughout the volume (see volumetric heating).
Liquid crystals. Materials with properties that are useful for thermal sensing. Liquid crystals typically
change color with temperature.
Magnetron. The physical component of a microwave system that generates the microwaves.
Microwaves. Electromagnetic waves at frequencies 915, 2450, 5800, and 24225 MHz.
Non-thermal effects. Effects due to the exposure to a process that are not of thermal origin, that is,
cannot be explained by measured temperature changes.
Penetration depth. The distance the electromagnetic waves (of a certain frequency) travel in a
material before it loses 63% of its energy.
Power cycling. The process of the microwave source turning on and off .
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Radio frequency. Electromagnetic waves at frequencies of 13.56, 27.12 and 40.68 MHz.
Runaway heating. A cycle of increasing temperature in food causing an increasing rate of energy
(microwave/ohmic) absorption that further increases the rate of temperature rise. It is more prominent
in foods undergoing phase change from ice to water and in foods containing significant salt and other
ions.
Specific heat. The ability of a material to store heat. Technically as the amount of energy required to
raise the temperature of unit mass of an object by a unit increment in temperature.
Variable frequency. Sweeping over a range of frequencies during the microwave heating process to
improve uniformity.
Volumetric heating. Heating by internal energy generation throughout the volume of a material (see
also internal energy generation).
Waveguide. The physical component of a microwave system that guides the microwaves from
magnetron to the cavity where the food is heated. When applied in the form of pulses, it reverses the
charge for each pulse and pulse intensity gradually decreases.
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APPENDIX B

Inoculation of Almonds with Salmonella Enteritidis PT 30
Linda J. Harris, Department of Food Science and Technology,
University of California, One Shields Ave. Davis, CA 95616

Salmonella Strain
Salmonella Enteritidis PT 30 is available from the American Type Culture Collection (ATCC –
www.atcc.org). ATCC BAA1045 is an isolate that originated from almonds recalled from a 2000/2001
salmonellosis outbreak (Isaacs et al., 2005).
Inoculum Preparation
S. Enteritidis PT 30 was stored at –70ºC in a solution of tryptic soy broth (TSB, Difco Laboratories, Detroit, MI
with 15% glycerol (wt/vol). Prior to each experiment, the frozen stock culture of S. Enteritidis PT 30 was
streaked onto tryptic soy agar (TSA, Difco) and incubated for 24 ± 2 h at 35 ± 2°C. A single isolated colony was
transferred to TSB, and incubated for 24 ± 2 h at 35 ± 2°C. A subsequent loop transfer and overnight incubation
at 35 ± 2°C was performed. The overnight (18 h) culture (1 ml) was used to inoculate 150 mm x 15 mm TSA
plates to produce a bacterial lawn after incubation for 24 ± 2 h at 35 ± 2°C.
Three plates were prepared per 400-g almond sample. Following incubation, cells were collected in one of two
ways. In some cases cells were collected using a sterile swab (Puritan, Hardwood Products, Co., LLC, Guilford,
ME) wet with 0.1% peptone (Difco). The cells from three plates were collected in 25 ml of 0.1% peptone. This
method (“dry scrape”) resulted in an inoculum level for Salmonella 10.6 ± 0.3 log10 CFU/ml (n = 14).
Alternatively, following incubation, approximately 8 to 9 ml of 0.1% peptone was added to each large plate. The
bacterial lawn was loosened with a sterile spreader and a sterile pipette was used to collect the cells
(approximately 25 ml). This method (“wet scrape”) resulted in an inoculation level for Salmonella 10.7 ± 0.1
log10 CFU/ml (n=7). There are advantages to each method. We believe that either would work as a standard
method. Some variation is a result of differences among individuals in removing culture from the plates. We
have not felt it necessary to adjust the concentration of the inoculum prior to inoculating the almonds but this
would reduce person-to-person variation. Inoculations with broth cultures have also been attempted. In these
cases overnight cultures were centrifuged, the pellet was washed two times in 0.1% peptone and the resulting
washed cells were suspended in a 10-fold lower amount of 0.1% peptone than the original culture volume.
However, this inoculation method consistently resulted in populations of Salmonella on the almonds that
declined rapidly and significantly after drying. This method of inoculum preparation is not recommended.
Prior to inoculating the almonds, the appropriate number of 25-ml inoculum preparations (depending upon the
total amount of almonds inoculated) was pooled and thoroughly mixed for a minimum of 1 min using a magnetic
stir bar and stir plate. The inoculum was kept on the stir plate (up to 0.5 h) until all of the almond samples had
been inoculated. Inoculum levels were determined by serial dilution in 0.1% peptone or Butterfield’s phosphate
buffer and plating the inoculum onto TSA and bismuth sulfite agar (BSA, Difco).
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Inoculation procedure
Almond samples (400 ± 1 g) were weighed into plastic polyethylene bags (30.5 cm x 30.5 cm)
(Bitran, Com-Pac Int., Carbondale, IL), and 25 ml of the pooled inoculum (or an appropriate dilution of the
inoculum in 0.1% peptone) was added. This volume was determined visually by observing darkening of the
pellicle, to be the least needed to completely coat the almonds with little residual liquid remaining. The bag was
closed and rubbed by hand for 60 s. Almonds were poured out of the bag and spread into a monolayer onto two
sheets of 46 x 57-cm filter paper (Fisherbrand Qualitative P8, Fisher Scientific, Pittsburgh, PA) that had been
folded in half. The filter paper was placed on a metal drying rack that was placed inside a large plastic tub
(Rubbermaid, Wooster, OH). Almonds were stored for 24 ± 2 h at 24 ± 2ºC with the lid slightly ajar. Almonds
were visibly dry in approximately 1 h.
Inoculated dried almonds were pooled into one plastic polyethylene bag (16” x 16”) (Bitran).
The pooled almonds were thoroughly mixed by inverting the bag by hand for 1 minute. Almond samples were
evaluated to confirm the inoculation level. Levels of Salmonella on almonds after drying were 8.0 ± 0.2 log10
CFU/g (n=14) or 8.8 ± 0.4 log10 CFU/g (n=7) when inoculated by the dry scrape or wet scrape methods,
respectively.
Almonds were either used immediately or were stored at 4°C until needed (up to 2 to 3 months). Prior to use,
the almonds were warmed to room temperature (minimum of 4 hours). Long term storage data (6 month) has
indicated that storage at 4°C does not impact levels of Salmonella Enteritidis inoculated onto almonds (Uesugi
et al., 2004), however effects of this storage on survival during processing should be evaluated for each process
evaluated.
Enumeration procedure
Almonds were added to a double volume of Butterfield’s phosphate buffer or TSB in 19 x 30 cm Whirl-Pak filter
bags (Nasco, Modesto CA). Sample size ranged from 10 g to 100 g depending upon the treatment. Almonds
were stomached for 2 min on high speed (Seward Laboratory Blender, Stomacher 400). Serial dilutions were
made in Butterfield’s phosphate buffer followed by plating 0.1 ml onto TSA and BSA. In addition to plating 0.1 ml
of the lowest dilution, 1 ml was distributed over four plates (0.25 ml each) to improve the detection limit.
Because the almonds are not liquefied during stomaching (many larger chunks remain, we assume that the
volume of liquid after stomaching is the same as before stomaching. Therefore, the calculated CFU/ml of plated
solution is multiplied by two to determine the CFU/g of almond.
In some cases, almonds were prepared for analysis following a modification of procedures described in the FDA
Bacteriological Analytical Manual Chapter 1, G, 2 (Andrews and Hammak,2003a). Briefly, 50 to 100-g subsamples were added to 50 to 100 ml of Butterfield’s phosphate buffer, respectively in 710-ml Whirl-pak bags
(Nasco, Modesto, CA). Bags were sealed by folding over along the twist line four times and folding the metal
twists inwards. Samples were shaken vigorously 50 times in a 30 cm arc and after standing for 5 min were
shaken an additional five times before serial dilution and spread plating 0.1-ml portions. In addition to plating 0.1
ml of the lowest dilution, 1 ml was distributed over four plates (0.25 ml each) to improve the detection limit.
Plates were counted by hand at 24 h (TSA, or as appropriate for the selective media) after incubation at 35 ±
2°C following the guidelines outlined in the Compendium of Methods for the Microbiological Examination of
Foods (Swanson et al., 2001).
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A variation of this method that involves shaking the almonds and buffer in Erlenmeyer flasks for
15 minutes at 150 rpm (almond industry method) provided comparable results.
In some instances, the shaking method has lead to lower recovery of Salmonella than the stomaching method.
We recommend the stomaching method for suspending cells prior to plating
.
Confirmation of presumptive inoculated colonies
For Salmonella, when counts after treatment dropped to equal or less than background levels on
TSA (typically 1,000 CFU/g or less), presumptive colonies were confirmed using the following procedure. All
presumptive Salmonella colonies appearing on TSA were selected and streaked onto BSA and incubated for 48
h at 35 ± 2ºC. Colonies typical of Salmonella were stabbed and streaked into lysine iron agar (LIA, Difco) and
triple sugar iron slants (TSI, Difco) and incubated
at 35 ± 2°C for 24 ± 2 hours. Those giving reactions on these slants that were typical of
Salmonella (Andrews and Hammak, 2003b) were confirmed with the Salmonella Latex Test
(Oxoid Ltd., Hampshire, England) from TSI slants. Alternatively, Salmonella were confirmed with specific group
Salmonella O Antisera Group D1 factors 1, 9 and 12 (Difco) from TSI slants.
The Salmonella count was adjusted, as appropriate, based on these results.
An alternative that avoids differentiating the inoculated population from the background population involves the
use of an antibiotic-resistant variant of the parent strain. This would be particularly important when higher
background levels are anticipated or when lower inoculum levels are used. In limited studies we have compared
the heat resistance of a nalidixic acid resistant variant of S. Enteritidis PT 30 and found the variant to be slightly
more sensitive to heat than the parent. Before using an antibiotic-resistant isolate, comparisons should be made
to the parent for the process being evaluated.
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APPENDIX C1

Test Data - Trial II – SE PT30 Challenge Study
Sample number

1a

1b

1c

2c

2b

2c

3a

3b

3c

1

Record bed depth
(inches)

1

1

1

1

1

1

1

1

1

2

Record almond
sample weight (g)
prior to the hydration
step (Uninoculated) Target 300g

300

300

300

300

300

300

300

300

300

3

Target hydration %

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

4

Calculated target
weight post
hydration (g)

309.0

309.0

309.0

309.0

309.0

309.0

309.0

309.0

309.0

5

Apply hydration and
record actual weight
post hydration (g)

309.0

311.0

309.0

309.0

310.0

309.0

311.0

310.0

311.0

6

Calculate actual
hydration level (%)

3.00%

3.67%

3.00%

3.00%

3.33%

3.00%

3.67%

3.33%

3.67%

2

Record almond
sample weight (g)
prior to the hydration
step (Inoculated) Target 100g

100

100

100

100

100

100

100

99

100

3

Target hydration %

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

3.0%

4

Calculated target
weight post
hydration (g)

103.0

103.0

103.0

103.0

103.0

103.0

103.0

102.0

103.0

5

Apply hydration and
record actual weight
post hydration (g)

104.0

103.0

103.0

103.0

103.0

103.0

103.0

102.0

104.0

6

Calculate actual
hydration level (%)

4.00%

3.00%

3.00%

3.00%

3.00%

3.00%

3.00%

3.03%

4.00%

8

Pasteurization
Temperature (°F)

210

210

210

230

230

230

240

240

240

9

Log Reduction - TSA

>5

5.05

2.62

3.08

>5

3.57

>5

3.56

>5

10

Log Reduction - XLD

>5

>5

3.00

3.21

>5

4.00

>5

3.97

>5

Step
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APPENDIX C2

Trial II – SE PT30 Challenge Study
Lapuck Labs Test Protocol
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Lapuck Laboratories, Inc.
70 Shawmut Road
Canton, MA 02021
Ph: 781-401-9999
Fax: 781-401-9998

Quote No. 110589
Michael Mortimer
Radiofrequency
October 19, 2005
Dear Mr. Mortimer:
Per your request, I am submitting a price quote for conducting a Salmonella challenge study
following a protocol as outlined in the attached table.
Cost:
The Challenge Study for the second round will be on triplicate testing of a total of 3
challenged almond samples based on the methodology described in “Inoculation of Almonds
with Bacterial Cultures” by Linda Harris, Department of Food Science and Technology,
University of California, and the protocol submitted by the California Almond Board on July 5,
2005. Client has agreed that no Salmonella confirmation would be necessary for the purpose
of this project.
The cost for the project is estimated at $2,100.00. A deposit of $1,050.00 is required prior to
the start of the Study. The remaining balance will be due upon delivery of the Study Report.
We anticipate that the project will be completed within four working days after they are
received at the Lab.
Thank you again for considering Lapuck laboratories, Inc. as a testing service provider.
Best Regards:
Khalil S. Zadeh
Khalil S. Zadeh, DVM, MPH
President/Director

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555
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Radio Frequency Almond Pasteurization Efficacy Testing Protocol
Phase II Plan
Culture: Salmonella Enteritidis PT30 (ATCC # BAA-1045)
Inoculation and Enumeration Procedure: UCD procedure
Almonds: NP #1 provided by Radio Frequency Co.
No of
Samples

No of TSA

No of XLD

Uninoculated, control (packed in bag then
travel with other samples to the testing site,
or collected from the testing site)

1

1

1

Uninoculated, treated (almond carrier
adjacent to inoculated sample bag, one
sample from each parameter)

1

1

1

Inoculation level confirmation

2

2

2

--

Inoculated, control (travel with other
samples to the test site)

1

1

1

--

Inoculated (100g contained in thermoduric plastic netting bag, then embedded with uninnoculated
almonds), treated:
1
2
3

Total:

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

3
3
3
Inoculated
samples
6

3
3
3

3
3
3

TSA
XLD
enumeration enumeration
14
14

---…
…
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APPENDIX C3

Trial II – SE PT30 Challenge Study
Lapuck Labs Test Results
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CERTIFICATE OF ANALYSIS

Page: 1

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

10/31/2005

Report

L0584170

Order Number:

0584170-01

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Uninoculated, Untreated

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

< 100
< 100

0584170-02

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Uninoculated, Treated

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

< 100
< 100

0584170-03

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Inoculation Confirmation

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

22,000,000
8,700,000
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CERTIFICATE OF ANALYSIS

Page: 2

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

10/31/2005

Report

L0584170

Order Number:

0584170-04

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Inoculated, Control

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

24,000,000
13,000,000

0584170-05

Sample #:
Collected
Collected by: Customer

Description:

Almonds-1A

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584170-06

Sample #:
Collected
Collected by: Customer

< 100
< 100

Description:

Almonds-1B

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

200
< 100
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CERTIFICATE OF ANALYSIS

Page: 3

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

0584170-07

Sample #:
Collected
Collected by: Customer

10/31/2005

Report

L0584170

Order Number:

Description:

Almonds-1C

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584170-08

Sample #:
Collected
Collected by: Customer

57,000
13,000

Description:

Almonds-2A

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584170-09

Sample #:
Collected
Collected by: Customer

20,000
8100

Description:

Almonds-2B

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

< 100
< 100
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CERTIFICATE OF ANALYSIS

Page: 4

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

0584170-10

Sample #:
Collected
Collected by: Customer

10/31/2005

Report

L0584170

Order Number:

Description:

Almonds-2C

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584170-11

Sample #:
Collected
Collected by: Customer

6500
1300

Description:

Almonds-3A

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584170-12

Sample #:
Collected
Collected by: Customer

< 100
< 100

Description:

Almonds-3B

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

6600
1400
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CERTIFICATE OF ANALYSIS

Page: 5

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

0584170-13

Sample #:
Collected
Collected by: Customer

10/31/2005

Report

L0584170

Order Number:

Description:

Almonds-3C

Sampling
Received 10/21/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

10/27/2005

cfu/g

FDA/BAM

10/27/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

< 100
< 100

Approved By:
(Lab
This report is rendered upon the condition that it is not to be reproduced wholly or in part for advertising or other purposes over our signature
or in connection w/ our name without special written permission. Total liability is limited to the invoiced amount. The results listed refer only
to tested samples and/or applicable parameters.
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APPENDIX C4

Trial II – SE PT30 Challenge Study
Lapuck Labs Supplemental Test Results
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CERTIFICATE OF ANALYSIS

Page: 1

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

0684853-01

Sample #:
Collected
Collected by: Customer

01/03/2006

Report

L0684853

Order Number:

Description:

Re-Test-Almonds-84170-05-1A

Sampling
Received 11/04/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/04/2005

cfu/g

FDA/BAM

11/04/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0684853-02

Sample #:
Collected
Collected by: Customer

< 10
< 10

Description:

Re-Test-Almonds-84170-09-2B

Sampling
Received 11/04/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/04/2005

cfu/g

FDA/BAM

11/04/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0684853-03

Sample #:
Collected
Collected by: Customer

< 10
< 10

Description:

Re-Test-Almonds-84170-11-3A

Sampling
Received 11/04/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/04/2005

cfu/g

FDA/BAM

11/04/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

20
10
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CERTIFICATE OF ANALYSIS

Page: 2

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Report

01/03/2006

Order Number:

L0684853

Approved By:
(Lab
This report is rendered upon the condition that it is not to be reproduced wholly or in part for advertising or other purposes over our signature
or in connection w/ our name without special written permission. Total liability is limited to the invoiced amount. The results listed refer only
to tested samples and/or applicable parameters.

Radio Frequency Company
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APPENDIX D1

Test Data - Trial III – SE PT30 Challenge Study
Sample number

1a

1b

1c

2c

2b

2c

3a

3b

3c

1

Record bed depth
(inches)

1

1

1

1

1

1

1

1

1

2

Record almond
sample weight (g)
prior to the hydration
step (Uninoculated) Target 300g

300

300

300

300

300

300

300

300

300

3

Target hydration %

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

4

Calculated target
weight post
hydration (g)

315.0

315.0

315.0

315.0

315.0

315.0

315.0

315.0

315.0

5

Apply hydration and
record actual weight
post hydration (g)

314.6

314.2

314.8

314.8

314.7

314.9

315.2

315.3

315.6

6

Calculate actual
hydration level (%)

4.64%

4.52%

4.70%

4.70%

4.67%

4.73%

4.82%

4.85%

4.94%

2

Record almond
sample weight (g)
prior to the hydration
step (Inoculated) Target 100g

100

100

100

100

100

100

100

100

100

3

Target hydration %

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

5.0%

4

Calculated target
weight post
hydration (g)

105.0

105.0

105.0

105.0

105.0

105.0

105.0

105.0

105.0

5

Apply hydration and
record actual weight
post hydration (g)

105.2

105.8

105.2

105.1

105.2

105.6

105.6

105.8

105.1

6

Calculate actual
hydration level (%)

5.20%

5.80%

5.20%

5.10%

5.20%

5.60%

5.60%

5.80%

5.10%

8

Pasteurization
Temperature (°F)

190

190

190

222

222

222

265

265

265

9

Log Reduction - TSA

6.11

6.11

6.11

>6

>6

>6

>6

6.11

>6

10

Log Reduction - XLD

>6

>6

>6

>6

>6

>6

>6

>6

>6

Step

Radio Frequency Company
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APPENDIX D2

Trial III – SE PT30 Challenge Study
Lapuck Labs Test Protocol
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Lapuck Laboratories, Inc.
70 Shawmut Road
Canton, MA 02021
November 9, 2005
Michael Mortimer
Radiofrequency
Dear Mr. Mortimer:
Per your request, I am submitting the revised protocol for conducting a Salmonella challenge study.
Radio Frequency Almond Pasteurization Efficacy Testing Protocol
Phase III Plan
Culture: Salmonella Enteritidis PT30 (ATCC # BAA-1045)
Inoculation and Enumeration Procedure: UCD procedure
Almonds: NP #1 provided by Radio Frequency Co.
No of
Samples

No of TSA

No of XLD

Lowest
Detection
Limit CFU/g

Uninoculated, control (packed in bag then
travel with other samples to the testing site,
or collected from the testing site)

1

1

1

<10

Almonds-inoculated, hydrated-no RF. This
inoculated sample will undergo the
hydration procedure but will not be treated
with RF.

1

1

1

<1000

Inoculation level confirmation

2

2

2

<1000

Inoculated, control (travel with other
samples to the test site)

2

2

2

<1000

Inoculated (100g contained in the moduric plastic netting bag, then embedded with uninnoculated
almonds), treated:
1
2
3

Total:

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

3
3
3
Inoculated
samples
7

3
3
3
3
3
3
TSA
XLD
enumeration enumeration
14
14

<10
<10
<10
…
…
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It appears that the amount of almond we have in the Lab. is adequate. I will double check with the Lab.
Manager. You will hear from me in case we need more almonds.
Should you have any question, please contact me @ 781-401-9999.
Best Regards:

Khalil S. Zadeh
Khalil S. Zadeh, DVM, MPH
President/Director
www.lapucklabs.com

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555
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APPENDIX D3

Trial III – SE PT30 Challenge Study
Lapuck Labs Test Results
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CERTIFICATE OF ANALYSIS

Page: 1

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

11/21/2005

Report

L0584404

Order Number:

0584404-01

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Uninoculated, Control

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

20
< 10

0584404-02

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Inoculation Confirmation

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

13,000,000
5,600,000

0584404-03

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Inoculation Confirmation Dup.

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

13,000,000
6,000,000
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CERTIFICATE OF ANALYSIS

Page: 2

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

11/21/2005

Report

L0584404

Order Number:

0584404-04

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Inoculated, Control

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

13,000,000
6,200,000

0584404-05

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Inoculated, Control Dup.

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

13,000,000
8,100,000

0584404-06

Sample #:
Collected
Collected by: Customer

Description:

Almonds-Hydrated, No RF

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

6,700,000
3,600,000
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CERTIFICATE OF ANALYSIS

Page: 3

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

0584404-07

Sample #:
Collected
Collected by: Customer

11/21/2005

Report

L0584404

Order Number:

Description:

Almonds-1A

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584404-08

Sample #:
Collected
Collected by: Customer

10
< 10

Description:

Almonds-1B

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584404-09

Sample #:
Collected
Collected by: Customer

10
< 10

Description:

Almonds-1C

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

10
< 10
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CERTIFICATE OF ANALYSIS

Page: 4

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

0584404-10

Sample #:
Collected
Collected by: Customer

11/21/2005

Report

L0584404

Order Number:

Description:

Almonds-2A

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584404-11

Sample #:
Collected
Collected by: Customer

< 10
< 10

Description:

Almonds-2B

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584404-12

Sample #:
Collected
Collected by: Customer

< 10
< 10

Description:

Almonds-2C

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

< 10
< 10
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CERTIFICATE OF ANALYSIS

Page: 5

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Laboratory ID #:

0584404-13

Sample #:
Collected
Collected by: Customer

11/21/2005

Report

L0584404

Order Number:

Description:

Almonds-3A

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584404-14

Sample #:
Collected
Collected by: Customer

< 10
< 10

Description:

Almonds-3B

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Laboratory ID #:

0584404-15

Sample #:
Collected
Collected by: Customer

10
< 10

Description:

Almonds-3C

Sampling
Received 11/14/2005

Test Parameters
ITEM

RESULT

UNITS

Method #

Tested

cfu/g

FDA/BAM

11/15/2005

cfu/g

FDA/BAM

11/15/2005

LAB: Microbiology

Salmonella TSA
Salmonella XLD

Radio Frequency Company
150 Dover Road, Millis, MA 02054
508-376-9555

< 10
< 10
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CERTIFICATE OF ANALYSIS

Page: 6

LAPUCK LABORATORIES, INC.
Report Prepared For:
Almond Board of California
Merle Jacobs
1150 9th Street Suite 1500
Modesto, CA 95354

Report

11/21/2005

Order Number:

L0584404

Approved By:
(Lab
This report is rendered upon the condition that it is not to be reproduced wholly or in part for advertising or other purposes over our signature
or in connection w/ our name without special written permission. Total liability is limited to the invoiced amount. The results listed refer only
to tested samples and/or applicable parameters.
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APPENDIX E

Macrowave™ HydraTherm™ System Operations Manual
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