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Abstract 

 

Food spoilage caused by bacterial or fungal contamination can lead to 

cases of food poisoning and even death. Current techniques for spoilage detection 

cannot routinely measure packaged products. We present how ultrasound 

spectroscopy can be used to classify spoiled and non-spoiled samples of tomato 

juice.  

Spoilage was induced with a bacterium (Lactobacillus rhamnosus) and 

mold (Geotrichum candidum) commonly found in spoiled tomatoes and samples 

analyzed using ultrasound spectroscopy. Frequency profiles of the inoculated 

samples showed changes with spoilage when compared to control samples. 

Cross-validated multivariate models separated fresh and spoiled samples with 

100% accuracy. A global model was created using the combined inoculation data 

resulting in a sensitivity and specificity each of 94% with an independent validation 

set resulting in 100% accuracy of separation.  

Overall, ultrasound spectroscopy shows promise in the detection of food 

spoilage. The potential for measuring food samples non-invasively could benefit 

both the food industry and consumers. 
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CHAPTER 1 

Introduction and Background 

 

1.1. Project Summary 

Tools for rapid on-the-spot testing (on-line in industry or point-of-care in 

health care) are increasingly in demand with rising health concerns and advancing 

technology. By bringing analytical measurements directly to a patient or sample 

and creating tests that can be made rapidly and by non-expert users, important 

decisions can be made to potentially save lives. In addition to the need for tools 

that can assess the health of an individual, there is also a need for tools to assess 

the quality and safety of things that humans consume. 

The research in this thesis is focused on the development of ultrasound as 

a non-invasive tool to detect spoilage in canned food products such as tomato juice 

(TJ). Chapter one gives background information on food spoilage and why this 

research could be an important step in preventing foodborne illness, as well as the 

theory of ultrasound spectroscopy used in this work. The second chapter 

discusses the experimental methodologies and data processing techniques for 

classifying TJ as spoiled or unspoiled.  The third chapter draws conclusions of the 

studies made and suggests future directions for research, including preliminary 

results for measuring spoilage of TJ through a metal can. 
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1.2. Food Spoilage 

Food loss and spoilage across the world presents many disadvantages. The 

most obvious effect of food spoilage is the economic impact. It is estimated that 

approximately a third of food that has been produced for consumption (about 1.3 

billion tonnes per year) is either lost or wasted, leading to major industrial costs.1 

Besides the direct financial loss, there are huge environmental consequences due 

to emissions produced during food processing. Most importantly, however, food 

spoilage may lead to food poisoning, or worse, death.  

According to the Government of Canada, 1 in 8, or about 4 million 

Canadians are affected by foodborne illness each year.2 This number includes 

approximately 11 600 hospitalizations and 240 deaths. The World Health 

Organization (WHO) Foodborne Disease Burden Epidemiology Reference Group 

estimates that there are 600 million cases of foodborne illness and 420 000 deaths 

each year across the world due to foodborne illness.3 Foodborne illnesses and 

deaths occur due to ingestion of a meal spoiled by either a pathogen or toxins 

produced by a pathogen.  

A foodborne pathogen refers to an agent such as a bacterium, virus, fungus 

or parasite that contaminates food and causes foodborne diseases.4 Some 

pathogens, most notably bacteria and fungi, can also produce toxins that 

compromise food safety. For this reason, the lack of a foodborne pathogen may 

not be a suitable indicator that a meal is safe for consumption.   
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 An interesting avenue to investigate is an ingredient popular to meals 

worldwide: tomatoes. Tomatoes are considered the second most important 

vegetable crop in the world and are consumed by millions of people daily.5  

 

1.2.1. Tomato Spoilage 

In 2014, the world production of tomatoes was over 170 million tonnes.6 A 

large percentage of these tomatoes are sold in processed forms, whether it be 

crushed or diced tomatoes, tomato sauce, paste or juice. Like any other food, 

these products are subject to spoilage but sometimes it is not apparent to 

consumers and they can become ill from eating them. Certain microorganisms, 

both pathogenic and nonpathogenic, are known to affect tomato products given 

the opportunity. 

There are different types of spoilage resulting from various microorganisms. 

Many bacterial species have been isolated from tomatoes such as Lactobacillus, 

Bacillus, Pseudomonas, Rothia, Listeria and Clostridium.7–9 Mold species such as 

Geotrichum, Saccharomyces, Aspergillus, Penicillium and Rhizopus have also 

been identified as spoilage agents in tomato products.8,10 A few of these organisms 

have been selected to investigate in this thesis, and will be described in more 

detail. 

One of the most common sources of spoilage in acidic products is bacteria 

of the genus Lactobacillus.11 These organisms belong to the group of lactic acid 

bacteria Lactobacillales which convert sugars into lactic acid. In this process, they 
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may also produce carbon dioxide which can result in swelling of cans. 

Lactobacillus produces energy through aerobic respiration (i.e. using oxygen), 

although it is capable of switching to fermentation or anaerobic respiration in the 

absence of oxygen.12 This explains how, despite the low oxygen level in sealed 

cans of food, these bacteria can still grow. 

A common fungal species involved in tomato spoilage is Geotrichum 

candidum. Often referred to as “machinery mold,” this filamentous yeast-like 

fungus is introduced through the equipment used for processing the tomatoes. G. 

candidum is known to cause rapid decay in citrus fruits and in tomatoes, resulting 

in a sour, rotten, watery mass.13  

 One more potential contaminant of tomato products is the bacterium 

Clostridium botulinum. Responsible for botulism, a life-threatening disease caused 

by ingestion of even microscopic amounts of a neurotoxin produced during growth 

of the bacteria, C. botulinum cannot grow in high acid foods (pH of 4.6 or less) like 

tomatoes.14 It has been demonstrated, however, that the presence of molds in 

these high acid foods can cause a breakdown of acids such as lactic and acetic 

acid, resulting in the increase of pH to above 4.6 thus allowing the production of 

the botulinum toxin.15 This highlights the need for careful food processing practices 

and robust quality assurance techniques. 
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1.2.2. Current Methods of Food Spoilage Analysis 

There has been significant research effort placed in finding new techniques 

for the prevention of spoilage in food products, including a fair deal into that of fruit 

juices.16,17 The primary techniques include thorough washing, thermal 

pasteurization and addition of naturally sourced preservatives.17 When these 

techniques fail, however, the potential for foodborne disease outbreaks arises. 

Techniques to identify and/or quantify pathogens are required. 

There are several methods for the microbiological examination of foods, 

whether to assess its quality, estimate shelf-life, confirm it meets food standards 

or to identify a pathogen when that product has been determined to have caused 

foodborne illness.18 Typical methods include direct examination and culture 

techniques with plate counts. Direct examination is done by placing a small amount 

of sample directly under a microscope, however this is only useful when 

microorganisms are present in large numbers (~106 microorganisms/mL). 

Increased sensitivity for this method can be attained using some sample 

preparation steps such as filtration to concentrate bacteria and staining to ease 

viewing. For a full microbiological examination, culture techniques are often 

required. A plate with a non-selective growth-medium such as nutrient agar will be 

used for observation of a large range of microorganisms, while a selective media 

can be used to isolate a specific pathogen. Once allowed to grow and reproduce, 

species present on the growth media can then be counted and identified.  

Sometimes, a chemical analysis can be made to identify compounds 

associated with the presence of a pathogen. For example, the presence of chitin 
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(which can be assessed by high performance liquid chromatography) infers the 

likelihood of fungi contamination in the sample.19 Similarly, microorganisms can 

produce volatile metabolites such as furans and alcohols which allows the use of 

gas-liquid chromatography (often paired with mass spectrometry) to measure the 

headspace gases in storage containers.20,21 A fingerprint of peaks obtained from 

the chromatogram can be compared to a database of known mold off-gassing 

products.  

With these traditional methods described above requiring lengthy wait times 

for colonies to form and an overdependence on colony numbers and manual 

counting, multiple new methods aimed at reducing test times have been explored. 

Examples of characterization techniques being examined include dye-reduction 

tests, electrical methods, immunological methods (such as a sandwich ELISA), 

nucleic acid probes, Fourier-Transform Infrared (FTIR) spectroscopy, Liquid 

Chromatography/Mass Spectrometry (LC/MS), and Matrix Assisted Laser 

Desorption/Ionization Time of Flight Mass Spectrometry (MALDI TOF MS).18,22–24    

Although research on the assessment of spoilage and determination of 

spoilage organisms in tomato and other food products is ongoing, there is a lack 

of non-invasive methods that are useful for many different sample types.13,20,22–36 

Most currently used techniques involve lengthy sample preparation steps and 

often, incubation periods before determining the species responsible for spoilage. 

Moreover, many of these techniques require expensive equipment and trained 

personnel. To address this limitation, some non-invasive (i.e. through-package) 

techniques have been explored including near infrared spectroscopy,37 Raman 
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spectroscopy,38 and nuclear magnetic resonance (NMR).39 However, optical 

techniques are limited to optically transparent packaged products and NMR 

measurements are restricted to non-metallic containers. 

In contrast, ultrasound spectroscopy addresses many of these limitations 

and offers a rapid, portable and non-invasive alternative: ultrasound waves can 

propagate through opaque and turbid media, allowing measurements of samples 

through containers, metallic or otherwise. To better understand how ultrasound 

can be used for the detection of spoilage, the subsequent sections will discuss 

ultrasound theory, instrumentation, and applications in chemistry. 

 

1.3. Acoustics 

Acoustics, originating from the Greek word akouein meaning “to hear”, is 

the science of sound and spans many disciplines such as physics, engineering, 

psychology, music, architecture and more.40,41 Sound can be divided into three 

categories based on frequency ranges (Figure 1). The audible range, frequencies 

the human ear can hear, is from 20 Hz to 20 KHz. Frequencies below our audible 

range (<20 Hz) are called infrasonic, a notable example of which are the vibrations 

caused by earthquakes. Ultrasound is the range of interest for this thesis and uses 

frequencies above our audible range (>20 KHz). Some animals use ultrasound as 

a method to determine where objects are (e.g. echolocation in bats) while other 

animals such as primates use these high frequencies for communication.42 

Moreover, ultrasound is very useful in medical therapies and diagnostics and can 
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also be useful in scientific research, particularly in observations of the properties 

of solids and fluids. It is interesting to plot out the history of discoveries in acoustics 

to get a grasp on how far our knowledge has come, and to give inspiration for 

continuing the expansion of knowledge in this field. 

 

 

 

Figure 1. The sound spectrum. 

 

1.3.1. A Brief History of Acoustics 

Long ago, music was associated with mathematics rather than the arts.43 

The study of acoustics can be traced back to Pythagoras (c. 580-500 BC), a Greek 

mathematician and philosopher who decided to examine musical sounds.  He 

discovered that a string, when divided into simple ratios, would produce consonant 

musical intervals.40 The idea of sound being a wave came later, based on the 

observation that water waves traveled a distance without the individual water 

particles traveling very far. Furthermore, these waves were due to a vibrational 
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disturbance in the medium. Another Greek philosopher and scientist, Aristotle 

(384-322 BC), noted that in order for sound to travel through air, the same 

principles must apply. He wrote about how vibrations coming from a source, such 

as a stringed musical instrument, cause air to be “set in motion… by contraction or 

expansion or compression.”44 This seems to be the first description of a 

longitudinal wave.  

Many years went by with little progress on the study of sound. In the 16th 

century, astronomer and physicist Galileo Galilei (1564-1642) continued the 

observations of Aristotle and was able to relate the number of vibrations in a string 

per unit time to the pitch.40 At the same time, French mathematician Marin 

Mersenne (1588-1648) independently discovered a law relating pitch to the 

tension, length and thickness of a vibrating string.45 His work can be read in his 

book Harmonie Universelle (1636).46  

In 1660, Robert Boyle (1627-1691) with the help of Robert Hooke (1635-

1703) confirmed Aristotle’s theory that sound needed a medium through which to 

travel when he observed the decreased intensity of sound of a ringing bell inside 

a vacuum chamber.47  

Isaac Newton (1642-1727) was the first to describe sound as a wave using 

mathematical models in his Principia, published in 1687.48 He showed that physical 

properties of a medium (such as elasticity and density) determined the propagation 

of sound through that medium, and even calculated the speed of sound in air.43 

The value he obtained, 298 m/s, was not quite right since he assumed that 

temperature was constant. Pierre-Simon Laplace (1749-1827) later corrected 
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Newton’s work when he discovered that as air compressed and rarified, its 

temperature did not stay constant.  

The piezoelectric effect was one of the next big discoveries in acoustics. In 

1880, brothers Jacques (1855-1941) and Pierre Curie (1859-1906) found that 

certain natural crystals such as quartz could change thickness by applying an 

electric field.40 This led the way to very efficient piezoelectric transducers that are 

still used today to produce high-intensity ultrasound. French physicist Paul 

Langevin (1872-1946) was among the first to use this technology to detect objects 

underwater. Using a quartz crystal resonating at approximately 150 kHz, Langevin 

noted that ultrasonic energy could have a destructive effect when he observed fish 

dying upon exposure to high intensity ultrasound beams.49   

Today, acoustics are very well understood and have a great variety of uses. 

Ultrasound in particular has emerged as a useful tool in many industrial, academic 

and medical applications, from medical imaging to materials testing, cleaning, 

quality control, chemical synthesis catalysis and more.50–53 The following sections 

describe the current knowledge of ultrasound waves and help in understanding 

how acoustics can be used in many applications. 

 

1.3.2. Ultrasound Wave Properties 

Unlike light which is an electromagnetic wave, sound waves are mechanical 

vibrations that require a medium through which to propagate.54 These vibrations 
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propagate by oscillations of particles within the medium, with no particular particle 

traveling very far. A simple equation can be used to describe a wave: 

 𝑦(𝑥, 𝑡) = 𝐴𝑠𝑖𝑛 (2𝜋𝑓𝑡 −
2𝜋𝑥

𝜆
)  (1. 1) 

where A is the amplitude (maximum particle displacement from equilibrium), f is 

the frequency (the number of oscillations the wave makes per unit time, t), and λ 

is the wavelength. The function y(x,t) can be used to describe particle position 

(displacement from equilibrium), particle velocity, change in pressure or change in 

density, each with time. In sound waves, the oscillations are typically described by 

fluctuations in pressure in the medium.  

The wavelength (λ) describes one full cycle of a wave: 

 𝜆 =
2𝜋

𝑘
  (1. 2) 

where k is a scaling factor. A cycle is described based on areas of high pressure 

(compressions) and low pressure (rarefactions) – a full cycle has one of each. 

Figure 2 shows this pressure variation as a function of time, t, on a wave traveling 

the distance of one wavelength, λ, with a single frequency, f.  
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Figure 2. Features of a wave. The amplitude is the maximum or minimum change 

in pressure while the wavelength describes a complete cycle of compression and 

rarefaction. 

 

  

 When two or more waves interact with one another, the principle of 

superposition applies and the waves combine linearly: 

 𝑦𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑡) = 𝑦1(𝑥, 𝑡) + 𝑦2(𝑥, 𝑡)  (1. 3) 

Knowing this can allow the decomposition of a waveform into individual frequency 

components through Fourier decomposition, making it possible to identify 

individual frequency contributions to the final waveform.  
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 The velocity, c, of a wave depends on the properties of the medium through 

which it is traveling. The Newton-Laplace equation describes this relationship in 

fluids: 

 𝑐 = √
𝐵

𝜌
  (1. 4) 

where B is the bulk modulus, otherwise known as coefficient of stiffness, and ρ is 

the equilibrium density of the medium. This equation shows that the speed of 

sound in stiffer materials such as aluminum is much faster than in air. Some 

examples demonstrating the relationship between these variables are shown in 

Table 1. These properties are important for determining how much ultrasound will 

be transmitted when a wave passes from one medium into another, later discussed 

in section 1.3.4. 

 

 

Table 1. Speed of sound and other properties of relevant media.54,55 

Medium Velocity (
m

s
) Density (

kg

m3
) Bulk Modulus  (

kg

ms2
) 

Water (25°C) 1498 997.05 2.2 x 109 

Air (25°C) 331 1.161 1.3 x 105 

Steel 3320 7800 8.6 x 1010 

Aluminum 6420 2700 1.1 x 1011 
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1.3.3. Modes of Propagation 

There are two principle types of waves, categorized based on the direction 

of particle motion relative to the direction of the traveling wave: transverse waves 

and longitudinal waves.54 A wave is transverse when the particle motion within the 

medium is perpendicular to the direction of travel of the wave. Due to the need for 

elastic properties, transverse waves can only exist in solids and very viscous 

liquids.49,56 As seen in Figure 3a, particles, depicted as dots, oscillate up and down 

while the overall wave travels to the right. Imagine a stadium with thousands of 

excited sports fans: people begin cheering and one after the other, members of 

the crowd beside each other begin standing and waving their arms in the air then 

returning to sitting. This is known as ‘the stadium wave’, and is an example of a 

transverse wave: each member of the crowd remains with their feet on the ground, 

and thus only move in the vertical direction, but as a whole, movement in a 

horizontal direction is observed. 

Longitudinal waves are defined as waves whose direction of travel 

coincides with that of the particle motion in the medium. In Figure 3b, particles 

move right and left, parallel to the rightward traveling wave. As the particles 

oscillate, areas of high pressure (compressions) and low pressure (rarefactions) 

take place. An example of a longitudinal wave is a sound wave traveling through 

air. In fact, the transmittance of waves through gases is exclusively longitudinal.  

 

  



15 

 

 

 

Figure 3. Primary modes of wave propagation. (a) Transverse waves have particle 

motion perpendicular to the wave direction. (b) In longitudinal waves, particles are 

displaced parallel to the wave direction. 
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Other less common types of waves include torsional, surface and Lamb 

waves. In torsional waves, the particles move in a circular plane at right angles to 

the direction of wave propagation.54 A notable example of a torsional wave is in 

the Tacoma Narrows Bridge collapse of 1940, where strong winds led to the 

torsional oscillation of a bridge in Washington State, eventually resulting in its 

collapse.57 This type of wave occurs only in solids. Surface waves, on the other 

hand, occur at the interface of two differing media. The particles in a surface wave 

travel in a motion that is a combination of a transverse and longitudinal wave, 

resulting in an elliptical orbit.58 Beach waves are examples of surface waves. Lamb 

waves are similar, but only occur in thin plates, where the material is no more than 

a few wavelengths thick. A flag blowing in the wind displays Lamb waves.54 All 

types of waves are subject to a reduction in their amplitude, otherwise known as 

attenuation. Mechanisms of this sound loss are discussed in the next section. 

 

 

1.3.4. Mechanisms of Ultrasound Attenuation 

As an ultrasound wave travels through a sample, the sound energy is 

decreased with distance due to interactions with the particles within the medium. 

This signal loss, or attenuation, occurs when energy is dissipated or redirected 

through absorption, scattering, reflection and refraction of the waves (Figure 4).  
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Figure 4. Mechanisms of attenuation of ultrasound waves. (a) Absorption of waves 

can occur through viscous, thermal and/or chemical effects. (b) Scattering occurs 

at small inhomogeneities, where the sound wave is scattered in different directions 

from the original wave propagation. (c) Specular reflection occurs at the interface 

of two media with different acoustic impedances and represents the portion of 

sound that is bounced back into the first medium. (d) Refraction also occurs at the 

interface between two media and represents the portion of sound that is 

transmitted into the second medium. 
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In homogenous samples, absorption phenomena comprise the main 

pathways of signal loss. Absorption (Figure 4a) can be broken into viscous effects, 

thermal effects and chemical effects. In liquids, the primary absorption component 

is due to viscous effects: as particles in solution oscillate about their equilibrium 

position, there is friction between the particles. This causes some of the 

mechanical energy to be lost as it is converted into heat. The intensity of ultrasound 

as it travels through a sample, I, decreases exponentially with distance, x: 

 𝐼 = 𝐼0𝑒−𝜇𝑥  (1. 5) 

where I0 is the intensity at the origin and μ is the attenuation coefficient.59 This 

relationship shows that as sound travels over a larger distance, the amplitude of 

its wave is expected to decrease rapidly. Similarly, as the frequency is increased, 

absorption of the wave occurs more quickly. This is because the attenuation 

coefficient is related to frequency (f): 

 µ = 𝑎𝑓𝑏  (1. 6) 

where a and b are constants specific to the medium through which the sound wave 

propagates. These constants are experimentally fitted, where b is a positive 

number less than 2. At ultrasonic frequencies, b typically ranges between 1 and 2 

for most soft tissues, while it is closer to 1 for rock (such as granite) and is quadratic 

(b=2) for water and crystalline materials.60,61 This power law results in the tradeoff 

between frequency and pathlength: higher frequencies are attenuated more than 

lower frequencies and can only be measured over shorter pathlengths. 
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In heterogeneous samples, focus must be placed on reflection, scattering 

and refraction as the primary mechanisms of signal loss. In these cases, energy is 

not lost, but rather redirected away from the receiving transducer. These 

phenomena occur at the boundary between two media with different acoustic 

impedances.54 Acoustic impedance, Z, is the product of a medium’s density, ρ, and 

the speed of sound, c, through that medium:  

 𝑍 = 𝜌𝑐  (1. 7) 

When a sound wave hits the interface of differing media, part of the wave is 

transmitted (refracted) while part is reflected. The percentage of the wave that is 

reflected (R) can be determined by: 

 𝑅 = (
𝑍2−𝑍1

𝑍2+𝑍1
)

2

 ×  100%  (1. 8) 

where Z1 and Z2 are the impedances of the two media. Since all energy must be 

either reflected or transmitted, the percentage of energy transmitted into the 

second media (T) is given by: 

 𝑇 = 100% − 𝑅  (1. 9) 

The direction of the transmitted wave will change once it enters the new 

medium, determined by Snell’s law: 

 
𝑠𝑖𝑛𝜃1

𝑐1
=

𝑠𝑖𝑛𝜃2

𝑐2
  (1. 10) 

where c1, c2 are the speeds of sound in mediums 1 and 2, θ1 the angle of incidence 

and θ2 the angle of refraction (Figure 5).  
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Figure 5. Reflection and refraction of sound waves at phase boundaries. 
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Reflection, as seen in Figure 4c and Figure 5, occurs at a large, smooth 

inhomogeneity, and is known as specular reflection.  The angle at which specular 

reflection occurs is the same as the angle of incidence of the wave (θr = θ1). When 

the inhomogeneity is the same size or smaller than the ultrasonic wavelength, a 

type of reflection called scattering takes place.62 Scattering causes the sound wave 

to be deflected in many different directions, causing signal loss in the direction of 

wave propagation (Figure 4b).  

 

1.3.5. Nonlinear Ultrasound 

Sound waves are not only attenuated, but can also be distorted. At 

sufficiently high amplitudes, a wave exhibits nonlinear propagation, leading to a 

distortion in the waveform.63 These distortions stem from the difference in 

velocities between the compression and rarefaction phases in a wave. As 

discussed in section 1.3.3, compressions are areas of high pressure and 

rarefactions areas of low pressure. In the compression phases, local particles are 

moving more quickly than the slow-moving particles in rarefaction phases. As a 

result, a sine wave will gradually distort into a sawtooth wave and generation of 

frequency harmonics will occur ( 

Figure 6). These distortions are cumulative, thus a wave traveling over a 

long distance will become increasingly distorted over time. Furthermore, larger 

wave amplitudes result in more distortions than small amplitudes. 
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Figure 6. Effects of nonlinear distortions. The difference in velocities of the 

compression and rarefaction phases result in a sine wave (a, left) with a single 

frequency component (a, right) to transform into a sawtooth wave (b, left) with 

multiple harmonic frequencies (b, right). 
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The amount of nonlinear distortion that will occur in an ultrasound waveform 

is a function of the medium it is in. An approximation of this can be described by a 

dimensionless parameter, B/A, called the nonlinearity ratio, which is derived from 

the equation of state of acoustic propagation through a liquid:63 

 𝒑 = 𝒑(𝝆, 𝒔) (1. 11) 

where p is pressure, ρ is density, and s is the entropy of the system. The changes 

in entropy are small enough that they can be neglected and the system is 

considered isentropic. This equation can then be expressed as a Taylor series 

expansion: 

 𝑝 = 𝑝0 + 𝐴 (
𝜌−𝜌0

𝜌0
) +

𝐵

2
(

𝜌−𝜌0

𝜌0
)

2

+… 

 with {

𝑨 = 𝝆𝟎 (
𝝏𝒑

𝝏𝝆
)

𝒔,𝝆=𝝆𝟎

= 𝝆𝟎𝒄𝟎
𝟐

𝑩 = 𝝆𝟎
𝟐 (

𝝏𝟐𝒑

𝝏𝝆𝟐)
𝒔,𝝆=𝝆𝟎

= 𝝆𝟎𝒄𝟎
𝟐
 (1. 12) 

where p0 and ρ0 are the equilibrium pressures and densities of the medium, 

respectively, and c0 is the speed of sound. A and B are the first and second order 

coefficients, and while higher order terms do exist, they contribute to a lesser 

extent and are therefore omitted.63 The nonlinear parameter, B/A, thus describes 

the relationship between quadratic and linear terms of the Taylor series expansion:  

 
𝑩

𝑨
=

𝝆

𝒄𝟎
𝟐 (

𝝏𝟐𝒑

𝝏𝝆𝟐)
𝒔,𝝆=𝝆𝟎

= 𝟐𝝆𝟎𝒄𝟎 (
𝝏𝒄

𝝏𝒑
)

𝒔
 (1. 13) 

and quantifies the degree of nonlinear distortion caused by the medium through 

which the wave travels. Table 2 lists a few examples of nonlinearity ratio values in 

different substances. By looking at these values, it becomes apparent that the 
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degree of nonlinear distortion of a sound wave is both media and temperature 

dependent. This is evidenced by the change in B/A for distilled water at 20°C and 

60°C, and by the large difference in B/A between diatomic gases and ethanol, for 

example.  

 

 

Table 2. Nonlinearity parameter (B/A) for selected media.63,64 

Medium Nonlinearity ratio (B/A) 

Distilled water (20°C) 5.0 

Distilled water (60°C) 5.7 

Methanol (20°C) 9.6 

Ethanol (20°C) 10.5 

Human breast fat (30°C) 9.9 

Diatomic gas (20°C) 0.40 

 

 

The Burns laboratory has explored using nonlinear ultrasound for the 

chemical determination of several different systems. This will be discussed in 

Section 1.3.7. 
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1.3.6. Ultrasound Instrumentation 

For ultrasonic measurements, the primary instrumentation required includes 

a source and a detector. There are several types of transducers capable of 

generating ultrasound waves, however the most commonly used transducers are 

made of piezoelectric materials. Piezoelectric transducers generate mechanical 

waves by a physical deformation from an applied electric field, or on the other 

hand, can also generate an electric signal from a mechanical stress.62 For this 

reason, these transducers can be used to both generate and detect ultrasound. An 

acoustic spectrometer such as a digital oscilloscope can then be used to measure 

the magnitudes of the ultrasonic pressure waves generated over time. By applying 

a Fourier transform to the data, the signal can be converted from the time domain 

into frequency components.  

Piezoelectric materials such as quartz can be found in nature, however the 

piezoelectric effect may not be strong enough for the required application. A 

common synthetic material used for ultrasound is lead zirconate titanate 

(Pb(ZrTi)O3, abbreviated PZT).62 PZT has a unit cell with a fixed dipole moment. 

In the bulk material, these dipoles are randomly oriented to give a small net dipole. 

By heating the material to its Curie temperature (the point where it loses its 

permanent magnetic properties) and applying a large external electric field, the 

dipoles can be re-oriented in a process called ‘poling’. Once cooled, the electric 

field can be removed and the unit cell dipoles will all be aligned in roughly the same 
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direction, resulting in a strong net dipole. Now, when the transducer is subject to 

an electric field, the unit cells will attempt to align themselves to that field and this 

will cause a change in shape of the piezoelectric material which in turns causes a 

mechanical wave. Similarly, if the material is compressed or stretched by a 

mechanical wave, the dipoles will oscillate and an electric field will be produced.65 

The frequencies emitted by these transducers are determined by their thickness. 

The primary frequency will have a wavelength that is half the thickness of the 

transducer element. 

 Ultrasound instruments can be configured with either one or two 

transducers for production and detection of ultrasonic waves. In the single 

transducer configuration (Figure 7a), the signal is sent and received by the same 

transducer after a reflection off the back wall of the sample cell. This configuration 

allows the user to scan different regions of a sample and is often used for industrial 

flaw detection or the more commonly known application of medical ultrasound.65,66 

Alternately, by using two transducers, one will act as the transmitter and the other 

as the receiver of the signal (Figure 7b). This method is commonly used to 

measure attenuation through solutions.  
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Figure 7. Ultrasound instrument configurations. (a) A single transducer both sends 

and receives the signal. (b) Two ultrasound transducers are used; one to transmit 

and one to receive the signal. 

 
 
 
 There are three main types of ultrasonic signal for probing samples. These 

include continuous waveforms, tone-burst pulses, and broad-band pulses (Figure 

8).49 Continuous waveforms (Figure 8a) are generated by a continuous excitement 

of the transducer with a constant amplitude electrical sinusoidal wave. This results 

in a sound wave with a single frequency. A tone-burst pulse (Figure 8b) is similar 

to the continuous waveform in the sense that only a single frequency is produced, 

however the constant amplitude electrical sine wave is only on for a short time 
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duration. These techniques result in a good signal-to-noise ratio; however, it can 

take a significant amount of time to scan all of the frequencies of interest since 

each measurement observes only one frequency at a time.  

 A broad-band pulse (Figure 8c) is generated by applying a large negative 

impulse to the transducer, creating a signal containing a wide range of frequencies. 

When struck by this impulse, the piezoelectric material oscillates and exponentially 

decays to zero which will give a distribution of frequencies centered at the 

characteristic frequency of the transducer. This method of probing samples can be 

beneficial in many circumstances, as it allows for many frequencies to be observed 

with a single measurement.  
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Figure 8. Wave signals used in ultrasound spectroscopy. (a) The continuous 

sinusoidal wave (left) results in a single frequency (right). (b) The tone-burst pulse 

(left) also results in a single frequency, however the intensity is lower due to the 

shorter duration of signal (right). (c) The broad-band pulse (left) results in a 

distribution of frequencies (right) that are characteristic of the transducer used. 
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1.3.7. Ultrasound in Chemistry 

The most commonly known use for ultrasound is medical sonography, 

namely the imaging of a fetus’ development. There are many applications for 

ultrasound outside of the medical field, particularly in the discipline of chemistry. 

Within chemistry, ultrasound can be used for simple tasks like cleaning, to slightly 

more complex things like sample preparation, all the way to chemical detection.52   

In cleaning and sample preparation, the use of high-power, low-frequency 

ultrasound is employed to induce physical or chemical effects through cavitation.67 

Cavitation occurs when the sawtooth waves in nonlinear wave propagation 

collapse, causing an abrupt decrease in pressure. Small cavities, or bubbles, can 

form when this occurs. These microbubbles can remove small particles from 

surfaces, and can generate large enough forces to break intermolecular bonds for 

particle size reduction or emulsification. 

More relevant to our interests, low-power, high-frequency ultrasound can be 

used for chemical detection. This was first discovered in 1927 by Robert Wood 

and Alfred Loomis, when they observed different ultrasonic velocities in liquids, 

solutions, and mixtures.68 At low powers, ultrasound waves are assumed to 

propagate linearly. This allows for simple measurements of sound velocity using a 

pulse-echo technique, where a pulse of ultrasound is emitted from a transducer, 

travels through a sample, and is reflected back to be received by the transducer. 

Using the length of the sample cell and the time it takes between emission and 

detection, velocity can be determined.  Since sound speed is governed by a 

medium’s properties (density, compressibility), sample composition can be 
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assessed from ultrasonic velocity measurements. This pulse-echo method has 

been used to determine concentrations in both liquid and gas binary mixtures.69–71 

Often, though, one velocity measurement is not sufficient for quantification of 

components. A mixture can have the same ultrasonic velocity at two or more 

different compositions.72 By taking measurements at multiple temperatures, 

distinct solutions can be found, however this increases the time and complexity 

required for the analysis.  

The Burns laboratory relies on the fact that ultrasound signals collected after 

passing through a sample are the result of both attenuation and nonlinear 

distortion. Although subtle, distortion of waveforms and the generation of 

harmonics are medium dependent and can change a frequency spectrum enough 

to provide a unique ultrasonic profile from a single measurement. Using multiple 

frequencies to describe some property of interest, quantifications and 

classifications can be made that may not otherwise be possible with a single 

parameter.  

Using these principles, members of the Burns laboratory have been able to 

develop new applications for ultrasound spectroscopy. Dr. Jonathan Dion 

developed a method to simultaneously determine concentrations of alcohol and 

carbohydrates in commercial beverages.73 This was possible due to changes in 

solute-solvent interactions at different concentrations, causing distinct ultrasound 

profiles for different ratios of the three ingredients present in the beverages (sugar, 

water and ethanol). Standard errors of 0.95% for ethanol content and 4000 ppm 

for carbohydrates were obtained in this study.   
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Andrew Dafoe was later able to quantify the major circulating metabolite of 

vitamin D, hydroxycholecalciferol, with two different molecular sensors.74 One 

sensor type used native vitamin D binding protein groups embedded within a 3D 

cellulose network and was able to estimate hydroxycholecalciferol with a standard 

error of 1.4 nM (with the physiological range being 25-125 nM). The other sensor 

used molecular imprinting in an acrylamide based hydrogel copolymer, and 

estimated the metabolite with a standard error of 11.4 nM. These studies hinged 

on the fact that molecular sensors change properties depending on the 

concentration of the analyte to which they are bound, and so too does the 

interaction of those sensors with the ultrasonic pressure wave.  

The latest study was done by Dr. Andrien Rackov, who used ultrasound to 

estimate pH in human serum samples.75 Albumin, the most abundant protein in 

serum, undergoes conformational changes with pH. The different albumin 

conformers have an influence on the nonlinear behavior of ultrasonic waves: 

higher pH solutions of albumin are attenuated to a higher degree, and have 

increased wave distortion. Multivariate calibration techniques were used, giving an 

estimation of serum pH with a standard error of 0.08 pH units. These pH 

measurements may be extended to other fluids such as foodstuffs where more 

than just proteins are present. 
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1.4. Conclusions and Research Objectives  

Ultrasound has an abundance of uses in a multitude of disciplines, with 

more applications emerging as our understanding of the technology increases. It 

is particularly attractive due to its ability to measure things non-invasively as well 

as non-destructively. Other advantages include the low cost of ultrasound 

instrumentation and flexibility to rearrange the components to suit the needs of the 

system being analyzed.  

While ultrasound is now common for industrial and medical uses, research 

in the area of chemical detection and characterization by ultrasound spectroscopy 

has room for growth. Although speed of sound and attenuation measurements 

have been well explored in the determination of binary systems, more complex 

systems and relevant data analysis techniques need to be investigated. This thesis 

demonstrates a new application for ultrasound spectroscopy in the chemical realm. 

More specifically, the use of nonlinear ultrasound and attenuation measurements 

to classify TJ as fresh or spoiled is assessed. This method is first demonstrated in 

model systems of sugars and lactic acid. Measurements of fresh and spoiled TJ 

are then taken in a sample cell. Lastly, preliminary data are presented for tomato 

measurements through a metal can.  This research could pave the way to use 

ultrasound spectroscopy as a routine tool for testing food products for spoilage. 
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CHAPTER 2 

Ultrasound Spectroscopy for Tomato Spoilage Detection 

 

2.1. Foreword 

 This chapter presents ultrasound spectroscopy as a rapid, non-invasive 

technique for assessing spoilage of tomatoes. Tomatoes are composed of water, 

sugar, protein and fibrous material.76 As discussed in section 1.3.4, ultrasonic 

attenuation occurs with absorbance, but increases with sample inhomogeneity. 

Some tomato products, like crushed tomatoes, contain chunks of pulp and seeds 

that can scatter and reflect ultrasound and would add additional complexity for 

interpretation of the ultrasound signal. To focus on the effects of pathogen growth 

in a tomato product, a homogenous product was selected: tomato juice. 

Additionally, two different microorganisms (Lactobacillus rhamnosus and 

Geotrichum candidum) were used for inducing spoilage in samples to see the 

effect on the ultrasound profiles.  

 Previous studies by Dion and Burns show that ultrasound is sensitive to 

changes in sugar concentration.73 Additionally, Rackov and Burns demonstrated 

the sensitivity of ultrasound to pH-induced conformation changes of proteins.75 

Tomatoes contain both sugar and proteins. As pathogens consume sugars, acids 

(i.e. lactic acid) may be generated. The result is a change in sugar concentration 

as well as a change in pH of the sample, potentially affecting the conformation of 
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proteins. Experiments were done to isolate these variables to investigate if both 

mechanisms contribute to the ultrasound signal or if one dominates. 

 Identification of the research proposal was initiated by Dr. David Burns, with 

modifications of the project made along the way by all three co-authors (Ms. Alison 

Power, Dr. Andrien Rackov, and Dr. David Burns). Ms. Power designed the 

procedure and collected the experimental data. Data analysis and interpretation 

was done by Ms. Power with guidance from Drs. Rackov and Burns. The 

manuscript was written and prepared by Ms. Power and edited by Dr. Rackov and 

Dr. Burns. This article will be submitted for publication to the journal ‘Applied 

Spectroscopy’ in the near future. 

 

2.2. Manuscript 

 

 Ultrasound Spectroscopy for Tomato Spoilage Detection 

 

Authors: 

Alison K. Power, Andrien A. Rackov and David H. Burns 

Department of Chemistry, University of New Brunswick, Fredericton, NB, Canada 

2.3. Abstract 

Spoilage caused by bacterial contamination of foodstuffs can lead to 

production of toxins that can cause mild to severe food poisoning. Conventional 
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techniques for spoilage detection cannot measure many types of packaged 

products. Ultrasound spectroscopy offers a rapid, portable and non-invasive 

alternative: ultrasound waves can propagate through many opaque solids and 

turbid media, allowing measurement of samples through containers. In this work, 

we use ultrasound spectroscopy to measure compositional changes in the 

spoilage of tomato products. Spoilage in tomato juice was induced with one 

bacterium (Lactobacillus rhamnosus) and one mold (Geotrichum candidum) 

species commonly found in spoiled tomatoes and subsequently analyzed using 

ultrasound spectroscopy. To understand the changes in composition, initial 

measurements were done on opened tomato juice. Frequency profiles of the 

inoculated samples were collected daily for 8 days and showed changes with 

spoilage when compared to control samples. Cross-validated multivariate 

classification of samples as spoiled or unspoiled gave sensitivities and specificities 

of at least 94% each. We discuss the classification of these samples based on 

spectral differences and explore the cause of the change in signal. 

 

2.4. Introduction 

Food spoilage caused by pathogens has the potential to lead to mass food 

poisoning outbreaks. The World Health Organization estimates that 600 million 

people worldwide are affected by foodborne illness each year, with 420 000 deaths 

annually.3 One crop of particular interest is tomatoes. In 2014, the world production 

of tomatoes was over 170 million tonnes.6 A large percentage of these tomatoes 
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are sold in processed forms, whether it be crushed or diced tomatoes, tomato 

sauce, paste or juice. Like any other food, these products are subject to spoilage 

but sometimes it is not apparent to consumers and they can become ill from eating 

them.  

Certain microorganisms are known to affect tomato products given the 

opportunity, such as bacteria of the genus Lactobacillus. Lactobacilli are lactic acid 

bacteria, which convert sugars into lactic acid.11 These bacteria produce energy 

through aerobic respiration (i.e. using oxygen), although they are capable of 

switching to fermentation or anaerobic respiration in the absence of oxygen.12 This 

explains how, despite the low oxygen content in sealed cans of food, Lactobacilli 

can still grow. A common fungal species involved in tomato spoilage is Geotrichum 

candidum, which causes rapid decay resulting in a sour, rotten, watery mass.13 

Often referred to as “machinery mold,” this filamentous yeast-like fungus can be 

introduced through the equipment used for processing the tomatoes. Finally, the 

most serious of concerns for tomato-borne spoilage for a human’s health is 

Clostridium botulinum. Responsible for botulism, a life-threatening disease caused 

by ingestion of even microscopic amounts of a neurotoxin produced during growth 

of the bacteria, C. botulinum cannot grow in high acid foods (pH of 4.6 or less) like 

tomatoes.14 It has been demonstrated, however, that the presence of molds in 

foods can cause a breakdown of acids such as lactic and acetic acid, resulting in 

the increase of pH to above 4.6, allowing the production of the botulinum toxin.15 

Conditions and quality of foods are monitored closely during preparation 

and processing, however the techniques that are used for quality control often 
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require sample preparation steps, lengthy analysis times, trained personnel or 

expensive equipment. Some of these techniques include direct examination under 

a microscope, culture techniques with plate counts, gas or liquid chromatography 

and mass spectrometry.18,23,77 Furthermore, once a product is packaged, it is rarely 

sampled for spoilage again unless there is exterior evidence such as swelling or 

leaking. Underprocessing of cans or leakage of contaminated cooling water 

through can defects into the cans may lead to growth of microorganisms.77 Spoiled 

foods in these cases are likely to be missed and thus distributed, since all tests 

before packaging showed no signs of contamination. 

To address these limitations, non-invasive (i.e. through-package) 

techniques have been explored including near infrared spectroscopy,37 Raman 

spectroscopy,38 and nuclear magnetic resonance (NMR).39 However, optical 

techniques are limited to optically transparent packaged products and NMR 

measurements are restricted to non-metallic containers. In contrast to these 

complex and/or time-consuming methods, ultrasound spectroscopy offers a rapid, 

portable and non-invasive alternative: sound waves, unlike light, propagate 

through a medium as mechanical vibrations. These mechanical waves can pass 

through opaque solids and turbid media, opening the potential for measurements 

of samples through containers, metallic or otherwise. 

It is known that ultrasound spectroscopy can be used to measure chemical 

properties in a system. Using a pulse-echo technique, speed of sound 

measurements can be made.66 Sound velocity is determined by the properties 

(density, compressibility) of the medium through which the wave propagates, so 
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different mediums or mixtures will result in different velocities. Every mixture, 

however, will not necessarily have a unique speed of sound so other variables 

such as temperature must be added to find distinct solutions.72 This increases 

analysis times and complexity of experimental design. Instead, by exploiting 

nonlinear distortions and using multivariate analysis, a single measurement can 

reveal more information in a shorter time. 

Nonlinear ultrasound has been used to simultaneously determine 

concentrations of alcohol and carbohydrates in commercial beverages, to quantify 

levels of vitamin D3 in complex media, and to estimate pH in a proteinaceous 

sample.73–75 These properties were possible to measure due to solute-solvent 

interactions, sensor resonance frequency, and compositional changes in the 

system due to protein configuration, respectively. The next step in this technology 

could be to assess food spoilage: as food spoils, its composition changes, and this 

should be measurable by ultrasound. We present here a method to assess 

spoilage of tomato juice (TJ) based on multivariate analysis of ultrasound 

frequency profiles. 

  

2.5. Materials and Methods 

Distilled water was used for all experiments. TJ (Heinz Canada Fancy 

Tomato Juice, 156mL cans) was obtained from Sobeys (Sobeys Inc.), 

Lactobacillus rhamnosus from Wal-Mart (Wal-Mart Stores, Inc.) in the form of 
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Culturelle Digestive pills, and Geotrichum candidum from The Cheese Connection 

(Seattle, WA.). All other chemicals were obtained from Sigma-Aldrich. 

All measurements were made with a randomized sample order to reduce 

bias due to instrumental drift or other effects, and a blank measurement was taken 

in between each sample measurement to verify the presence or absence of these 

errors.  

 

2.5.1. Preparation of Standards 

Model mixtures of sugars, lactic acid, and combinations thereof, were made 

with distilled water. Sugar solutions were made at varying concentrations (40, 30, 

20, 10 and 5 g/L) with equal portions of D-(+)-Glucose and D-Fructose, while lactic 

acid solutions were made to the same concentrations with DL-Lactic acid. For the 

conversion study, five mixtures of sugars and lactic acid were made at the following 

ratios: 100:0, 75:25, 50:50, 25:75 and 0:100 sugars to lactic acid. The total 

concentration of solutes in each of these mixtures was 26 g/L. 

In the study on the effect of pH on ultrasound profiles of TJ, the pH of TJ 

samples was adjusted with either 37% HCl or 1M NaOH. The pH values of the final 

mixtures were approximately 2.7, 3.5, 4.0, 4.4 and 4.8. Distilled water was added 

to every sample of TJ to ensure the total dilution of each sample was 300 μL.  
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2.5.2. Preparation of Samples for Inoculation Studies 

One test sample and three control samples were prepared for each 

inoculation study. Test samples were prepared by pouring 240 mL of TJ into an 

Erlenmeyer flask and adding either 2.6 g of Lactobacillus rhamnosus or 0.16 g of 

Geotrichum candidum powder. In each case, the contents of the Erlenmeyer were 

then stirred for 3 minutes to minimize the number of large powdered chunks. Once 

stirred, the mixtures were each poured evenly into eight 35 mL screw top vials with 

PVC lined closures.  

The three control samples in each study were as follows:  

1- Fresh TJ 

2- Fresh TJ with Lactobacillus or Geotrichum 

3- Aging TJ 

Control 1 was made each day by opening a fresh can of TJ and pouring 30 mL into 

a 35 mL screw top vial. The second control was made each day by pouring 30 mL 

of TJ into a 35 mL screw top vial then adding either 325 mg of Lactobacillus or 20 

mg of Geotrichum and stirring for 3 minutes, breaking up large pockets of powder. 

Several vials of the third control were created on the first day of each study by 

pouring 30 mL each of TJ into eight screw top vials then setting them aside at room 

temperature until use.  
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2.5.3. Measurement Apparatus 

The ultrasound instrument for these experiments consisted of a pulse 

generator, oscilloscope and transducers, illustrated in Figure 9. Ultrasonic pulses 

were generated by a Model 500PR pulse generator (Panametrics Inc. – Waltham, 

MA) and recorded with a Handyscope HS3 USB oscilloscope (TiePie Engineering 

– Sneek, FR) sampling at 50 MHz with 14-bit resolution. The pulse generator 

produced a 250 V negative impulse in <20 ns with a 0.002% duty cycle. Echoes in 

the sample were allowed to attenuate to baseline noise levels before the next pulse 

by using a pulse repetition rate of 1 kHz. 

Two wideband transducers (Technisonic – Fairfield, CT) centered at a 

frequency of 5.0 MHz were threaded into either side of a 3.5 mL aluminum sample 

cell (path length 2.5 cm) to generate and receive the ultrasonic pulses. This 

configuration allowed direct contact of the sample with the transducer element, 

reducing losses in the signal from interfacial scattering. The sample cell was 

temperature controlled to 22.0 ± 0.2 °C using a Peltier device. 

An Orion Star pH meter from Thermo Scientific (Ottawa, ON) coupled with 

a MI-410 Micro-Combination pH Electrode from Microelectrodes (Bedford, NH) 

was used for all pH measurements.  
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Figure 9. Ultrasound instrument schematic for sample cell measurements. 

Transmitting and receiving 5 MHz transducers were threaded into a temperature 

controlled aluminum sample cell to allow direct contact with the sample. As the 

initial ultrasound wave (f1) travelled through the sample cell, interactions with the 

sample (such as absorption and nonlinear phenomenon) altered the signals that 

were read by the receiving transducer (f2). 
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2.5.4. Data Processing 

For each ultrasound pulse, 250 replicate spectra with time windows of 200 

μs were collected. To compensate for any phase offsets, signals were aligned to 

the highest positive signal intensity and then averaged to increase the signal-to-

noise ratio. The time window used allowed the observation of the primary pulse 

and two reflections. Since the primary pulse was the only pulse of interest in this 

case, the data were trimmed to include only the points between where the primary 

pulse signal first appeared to when that signal returned to baseline. These trimmed 

data were then subject to a fast Fourier transform to convert the data from the time 

domain into the frequency domain. Finally, the last preprocessing step involved an 

area normalization for each spectrum to allow direct comparison of different 

samples by accounting for power fluctuations that may have occurred during the 

experiments. Area normalization was done by taking each point and dividing it by 

the sum of all the points in the spectrum.  

 Once processed, data analysis was done using a multilinear regression 

(MLR) technique. In initial studies, stage-wise MLR was used to observe changes 

in ultrasound profiles with increasing concentrations of solutes and find the linear 

combination of frequencies that best described the data: 

 𝑦 = 𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2+ . . . +𝑏𝑛𝑥𝑛   (2. 1) 

where y is the dependent variable (solute concentration), x are the independent 

variables (the intensity at a given frequency), and b are the weightings or 

calibration coefficients. The process to find the best frequencies to describe the 

data involved using a linear regression of the concentrations against the ultrasound 
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magnitude at each recorded frequency. The frequency with the best correlation 

coefficient (R2) was chosen and its contribution of variance was subtracted from 

the concentration and covariance of the other frequencies. The process was then 

repeated iteratively on the residual values. An F-test (α=0.05) was used to choose 

the model with the least number of frequencies to efficiently describe the data. In 

addition, the models were created using a leave-one-out cross validation (LOOCV) 

to reduce overfitting. 

In the case of the classifications, groups were assigned categorical 

variables (fresh TJ = 0, spoiled TJ = 1) and a 0.5 discrimination threshold was set. 

An all-combinations algorithm, which compared all possible combinations of three 

or fewer frequencies, was then used to find the frequencies that gave the best 

combined sensitivity and specificity for separating the two groups. In these 

instances, y in equation 2.1 represents a ‘score’. Frequencies and weightings were 

chosen to best assign the fresh TJ samples a score of 0 and the spoiled ones a 

score of 1 (in other words, to give the best accuracy of prediction). Samples labeled 

as a 0 that were calculated with a score above 0.5 were considered misclassified, 

as well as those belonging to group 1 with a score below 0.5. The percentage of 

data points correctly classified as belonging to group 0 is called the specificity while 

the percentage of data points correctly identified as belonging to group 1 is known 

as the sensitivity. Once again, a LOOCV was used in the creation of these models 
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to prevent overfitting. Independent samples, which were not included in the training 

of the model, were used to validate the performance of the model.  

All data processing was done in MATLAB R2016b (The MathWorks Inc. – 

Natick, MA). For more information on multilinear regression and cross-validation, 

see “Introduction to Linear Regression Analysis” or “Regression Methods in 

Biostatistics: Linear, Logistic, Survival, and Repeated Measures Models”.78,79 

 

2.6. Results and Discussion 

In order to determine the effect of varying component concentrations in TJ 

on an ultrasound profile, model systems were first investigated. The composition 

of a 100 g tomato according to the United States Department of Agriculture is as 

follows: 94.5 g water, 0.9 g protein, 2.6 g sugars, 0.2 g fat and 1.2 g other.76 Tomato 

juice is made up of tomato and a small amount of added salt, so if the 

concentrations of these components can be measured by ultrasound, then 

spoilage could be observed as these components change. Besides water, the 

ingredient accounting for the most weight is sugars. One mechanism of spoilage 

involves the conversion of sugars into lactic acid, so various concentrations of 

these components in water were studied before taking measurements in the more 

complex matrix of TJ. 
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2.6.1. Sugar to Lactic Acid Conversion Study 

As bacteria converts sugars into lactic acid, the concentration of sugars 

decreases and the concentration of lactic acid increases with an accompanying 

change in pH. More specifically, one mole of sugar is converted into two moles of 

lactic acid in a process known as glycolysis.80 To begin, the dependences of 

ultrasonic profiles on concentration of sugars and of lactic acid were investigated, 

then mixtures of the two were used to simulate the conversion from sugars to lactic 

acid. 

Solutions of sugar, with concentrations between 5 and 40 g/L, were 

measured by ultrasound. Mean-centered frequency spectra (Figure 10a), 

calculated by subtracting the mean of all spectra in the data set from each 

individual spectrum, demonstrate the gradual change in signal with increasing 

sugar concentrations. It is seen that at some frequencies, intensity of the 

ultrasound signal increases with higher concentrations while at other frequencies, 

such as the central area, attenuation causes the signals to decrease with 

increasing sugar concentration. This is due to the nature of sugar-water 

interactions. As they are solvated in water, carbohydrates display characteristic 

hydrogen bonding structures or shells, the number of which depends on the 

concentration of the carbohydrate.73 This causes distinct ultrasound profiles with 

the magnitude of different frequencies varying with sugar concentration due to the 

changing viscoelastic properties of the mixtures. These data were used to develop 

a regression model.  
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The results for the sugar regression are shown in Figure 10b. The model 

that provided the best fit used 3 factors at frequencies of 3.00, 4.00 and 4.86 MHz. 

These frequencies correspond to regions in the spectra where there were clear 

changes in ultrasound signal with concentration, indicated by arrows in Figure 10a. 

A LOOCV was used on the model that resulted in a standard error of estimate 

(SEE) of 2.46 g/L and a coefficient of determination (R2) of 0.96. The validation 

points have a roughly even distribution of estimates above and below actual sugar 

concentration. This model provides a similar result to the work of Dion and Burns, 

where the concentration of sucrose could be estimated with an R2 of 0.99 and a 

SEE of 4 g/L.73 Tomato juice contains approximately 26 g/L sugars which is in the 

range of this regression.  
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Figure 10. Estimation of sugar concentration. (a) Mean-centered frequency profiles 

of sugar calibration standards. Arrows highlight the trend of signal intensity at 

increasing sugar concentrations, overlaid at the chosen frequencies for the model. 

(b) Leave-one-out cross validated estimation of sugar concentrations.  
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A similar study was done with lactic acid, where solutions with 

concentrations ranging between 5 and 40 g/L were measured. Once again, it was 

noted that with increasing solute concentration, ultrasound signal intensity varied 

in a systematic fashion (as seen in the mean-centered profiles in Figure 11a). 

Similar to the case of sugar concentration, the change in ultrasound signal with 

changing lactic acid concentration can be attributed to intermolecular interactions 

in lactic acid and water. At lower concentrations, each lactic acid molecule may be 

bound by up to four water molecules. At higher concentrations, however, more 

lactic acid-lactic acid hydrogen bonding will occur. These interactions change the 

viscosity of the mixture, resulting in characteristic ultrasound profiles. The results 

for the lactic acid regression are shown in Figure 11b. In this case, the model that 

provided the best fit used frequencies of 0.85, 4.25 and 4.59 MHz, regions in the 

spectra where there are clear differences with concentration, as indicated by 

arrows on the mean-centered frequency profiles in Figure 11a. This cross-

validated model provided a SEE of 3.85 g/L and an R2 of 0.91. Again, the estimates 

were close to evenly distributed about the actual lactic acid concentrations. 

Both sugar and lactic acid concentration correlated strongly with changes 

in ultrasound signal. To better simulate the spoilage in TJ, we looked at the 

conversion of sugars to lactic acid by varying ratios in samples, starting with 26 g/L 

sugars and incrementally decreasing the sugar content and increasing the lactic 

acid content until all sugars were gone and 26 g/L of lactic acid was present. In 

these solutions, interactions between sugar and acid molecules as well as sugar-

sugar and acid-acid interactions are expected to change at varying concentrations, 
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resulting in distinct ultrasound spectra. The results for this SMLR are shown in 

Figure 12. Again, 3 factors were chosen to provide the best fit model as described 

in the data processing section, and frequencies of 4.51, 5.53 and 8.94 MHz were 

chosen. The LOOCV of this model provided a SEE of 4.53 g/L and an R2 of 0.77. 

The validation points show a slight bias towards estimating lower than actual 

concentrations, with a higher percentage of points being below the linear model 

than above (Figure 12b). Figure 12c is a visual representation of the components 

present in the solution as sugar is converted to lactic acid. For every mole of sugar 

consumed, two moles of lactic acid are produced. Although this model has lower 

R2 and higher SEE than models for the individual components, it still shows a good 

correlation between changes in ultrasound signal and the concurrent increase in 

lactic acid/decrease in sugar concentrations. 

Since the objective of this thesis is to detect spoilage and not to estimate 

concentrations of the components, spoilage resulting in the conversion of sugars 

to lactic acid should be detectable by ultrasound based on this model.  
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Figure 11. Estimation of lactic acid concentration. (a) Mean-centered frequency 

profiles of lactic acid calibration standards. Arrows highlight the trend of signal 

intensity at increasing lactic acid concentrations, overlaid at the chosen 

frequencies for the model. (b) Leave-one-out cross validated estimation of lactic 

acid concentrations. 
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Figure 12. Simulation of the conversion of sugars into lactic acid. (a) Mean-

centered acoustic profiles of mixtures of sugars and lactic acid with arrows 

indicating the frequency of model factors. (b) Leave-one-out cross validation of 

model system. (c) A bar graph representation of the components present in 

solution as sugar is converted to lactic acid. Every mole of sugar converted yields 

two moles of lactic acid. 
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2.6.2. Study on the Effect of pH Change in Tomato Juice 

 The formation of lactic acid during some spoilage mechanisms results in a 

decrease in pH. The next step was to observe if a change of pH in TJ can be 

detected by ultrasound spectroscopy. This was achieved by acidifying some 

samples of TJ and adding base to others to observe a range of acidities from a pH 

of 2.7 to 4.8. An R2 value of only 0.21 was obtained, demonstrating that there is 

little correlation between a change in pH in TJ and the change in ultrasound 

spectra. In previous works, it was shown that a change in pH in a proteinaceous 

(albumin-rich) sample resulted in a change in protein conformation, leading to a 

change in ultrasound signal.75 In that study, however, concentrations of proteins 

were above 30 g/L. Since tomatoes contain only approximately 9 g/L of proteins, 

a change in protein conformation in TJ is unlikely to make a significant impact on 

the ultrasound profile. Additionally, tomatoes contain proteins other than albumin 

that may not change conformation over the range of pH studied.  

This study, in combination with the sugar and lactic acid studies, suggests 

that changes in sugar concentration are likely to play a larger role than pH in the 

ultrasound profile differences between fresh and spoiled TJ. To support these 

observations, the pH of each TJ sample was measured and presented as part of 

the discussion in each section. 

 

2.6.3. Lactobacillus Study 

 Lactobacillus rhamnosus belongs to the family of lactic acid bacteria, which 

convert sugars into lactic acid. Based on the previous studies of sugar and lactic 
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acid solutions, this conversion should be observable in the ultrasound profile of 

spoiled vs. unspoiled TJ. The pH and ultrasound spectra of fresh and spoiled TJ 

were measured each day, as well as controls of aging TJ and fresh TJ with added 

Lactobacillus. The pH change, seen in Figure 13, shows a drastic and rapid drop 

from 4.3 to 3.3 over the course of the 8 days of spoilage, while the fresh TJ samples 

remained consistently between 4.2 and 4.3. Likewise, the controls of fresh TJ with 

added Lactobacillus and of aged TJ had a negligible pH change over the 8 days 

of observation. These results suggest that lactic acid is being produced over time 

in samples that contain Lactobacillus, as is expected. Conversely, samples without 

lactic acid producing bacteria or samples that have not had time for spoilage by 

these bacteria will not show a decrease in pH. 
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Figure 13. The pH trend of TJ spoiled by Lactobacillus and control samples. Note 

the rapid pH change of the spoiled sample as compared to control samples over 

the course of 8 days. 

 

 

Samples of fresh vs. spoiled TJ were compared to verify changes in 

ultrasound spectra due to spoilage. A classification model was created by applying 

categorical variables to each group: fresh TJ samples were assigned as 0, spoiled 

TJ samples as 1, and the discrimination threshold as 0.5. Days 5 to 8 of the 

experiment were used in developing the model to ensure that the spoiled samples 
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were indeed spoiled. The best separation was obtained using frequencies of 0.14 

and 9.24 MHz, indicated by arrows in Figure 14a. This cross-validated training 

model had a specificity of 100% and sensitivity of 100%, seen in Figure 14b by the 

distinct boxplots that do not cross the discrimination threshold (denoted by the 

dotted line). Although there are a few points near the threshold on either side, the 

majority of samples were assigned scores closer to 0 or 1 than 0.5 indicating a 

clear separation between the groups.  

To verify that the difference between fresh and spoiled samples was not 

simply due to the initial addition of bacteria, a control experiment was conducted. 

Fresh TJ samples with added bacteria were compared to the two data groups used 

to create the model, as shown in Figure 15. Since the ‘Fresh TJ + Lactobacillus’ 

group (in green) and the ‘Fresh TJ’ group (in blue) have medians that are not 

significantly different at 95% confidence, it can be concluded that there are no 

significant changes in the ultrasound signal due to the presence of the bacteria. 

This suggests that the ‘Spoiled TJ by Lactobacillus’ samples have different 

ultrasound profiles due to compositional changes from spoilage processes.  

Furthermore, to assess whether changes in the spoiled samples were 

simply due to the cans being opened and not from the addition of Lactobacillus, 

controls of aging TJ were made by opening and vialing TJ on the same day as the 

spoiled samples were made. It is evident by the boxplots in Figure 15 that the aged 

samples have spoiled - when a can of food is left open at room temperature, 

spoilage will occur. Exposure to oxygen can allow existing bacteria in the cans to 

grow, while leaving it at room temperature encourages growth for many species of 
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spoilage agents. In addition, the air is filled with microbes, so spoilage could be 

due to airborne microbes entering the can and proliferating with an abundant food 

source.81 Once the food source (carbohydrate) is consumed, however, the 

composition of the sample will reach a plateau and the ultrasound signal would not 

be expected to change. This may explain why the ‘Aged TJ’ group, being the TJ 

samples that had been sitting in a vial for 4-7 days, have a median that is not 

significantly different from the ‘Spoiled TJ’ samples – it is likely that all of the sugars 

in the TJ had been consumed in both of these sample types, making the 

composition and thus the ultrasonic profile similar.  
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Figure 14. Classification model for fresh TJ and TJ spoiled by Lactobacillus. (a) 

Mean-centered frequency profiles with arrows indicating frequencies used in the 

model. (b) Boxplots representing scores assigned to groups of fresh vs. spoiled TJ 

with the discrimination threshold (dotted line) set as 0.5. 
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Figure 15. Estimation of fresh TJ with added Lactobacillus and of aged TJ using 

the classification model for fresh TJ and spoiled TJ. By plotting the 'Fresh TJ + 

Lactobacillus' control, we see the data are more similar to the 'Fresh TJ' group than 

the 'Spoiled TJ' group, indicating that the initial addition of bacteria does not 

significantly affect the signal. The ‘Aged TJ’ more closely resembling the ‘Spoiled 

TJ’ group than the ‘Fresh TJ’ group suggests that the explicit addition of bacteria 

is not required for spoilage to occur, however the extent of spoilage may differ. 
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2.6.5. Geotrichum Study 

 A common fungal spoilage agent in TJ is Geotrichum candidum. Unlike 

spoilage caused by Lactobacillus rhamnosus, there are no significant changes in 

pH over time (Figure 16). A small increase in pH in the test sample can be noted, 

which aligns with the theory that molds can consume acids and raise the pH to an 

acceptable level for growth of Clostridium botulinum or its toxin.15  

 

 

Figure 16. The pH trend of TJ spoiled by Geotrichum and control samples. Unlike 

the Lactobacillus study, there is very little change in pH in any of the samples over 

the course of the 8 day study. 
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Figure 17 shows the cross-validated model for classifying fresh vs. spoiled 

TJ in the mold experiment. Model factors chosen were at 0.04 and 4.86 MHz which 

gave a 100% accurate separation of the two groups at the discrimination threshold. 

The frequencies chosen for this model correspond to regions with clear differences 

in spectra between the groups. The fact that there are spectral differences in the 

fresh and spoiled samples despite the lack in significant pH change supports that 

it is not a change in protein conformation due to decreasing pH, but rather more 

likely a change in sugar concentration of the sample that drives the change in 

ultrasound signal. 

Once again, a control of fresh TJ with added Geotrichum was used to verify 

whether the changes in ultrasound were due to the initial addition of the spoilage 

agent. Figure 18 shows that, as with Lactobacillus, the changes in signal between 

the fresh and spoiled TJ samples were due to spoilage mechanisms and not the 

initial addition of the mold. This is supported by the boxplot for ‘Fresh TJ + 

Geotrichum’ closely resembling the ‘Fresh TJ’ samples and not the ‘Spoiled TJ’ 

samples. Furthermore, the aged TJ samples have a median that is not significantly 

different from the ‘Spoiled TJ’ samples, indicating that similar compositional 

changes that occurred from explicit addition of mold also likely occurred in the 

samples that were exposed to air.    
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Figure 17. Classification model for fresh TJ and TJ spoiled by Geotrichum. (a) 

Mean-centered frequency profiles with arrows indicating frequencies used in the 

model. (b) Boxplots representing scores assigned to groups of fresh vs. spoiled TJ 

with a discrimination threshold of 0.5 denoted by the dotted line. 



64 

 

 

  

Figure 18. Estimation of fresh TJ with added Geotrichum and of aged TJ using the 

classification model for fresh TJ and spoiled TJ. The cause in signal change was 

not due to the initial addition of the mold as evidenced by the 'Fresh TJ + 

Geotrichum' group very closely resembling the ‘Fresh TJ’ group and not the 

‘Spoiled TJ’ group. The ‘Aged TJ’ closely resembles the ‘Spoiled TJ’, once again 

indicating that addition of bacteria/mold is not required for spoilage to occur. 
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2.6.6. Global Model 

 Given a can of TJ spoiled by an unknown source, using a model generated 

from a single spoilage microorganism would not be ideal. A more global model is 

required for a separation of spoiled vs. unspoiled TJ that is not biased towards a 

specific spoilage mechanism. This was achieved by combining all data from the 

Lactobacillus and Geotrichum experiments previously described and using 80% of 

that data as a training set while using the other 20% as a validation test set (Figure 

19). Using model factors at 7.40 and 8.42 MHz, a specificity and sensitivity each 

of 94% was obtained in the training set. The validation set, represented by x’s, had 

a specificity and sensitivity each of 100%.  It is very encouraging that 15 

independent samples could be classified correctly, and with excellent separation 

from the 0.5 threshold, as seen in Figure 19b.  
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Figure 19. Global model for classifying fresh TJ and spoiled TJ. (a) Mean-centered 

frequency profiles with arrows indicating frequencies used in the model. (b) 

Boxplots representing scores of fresh vs. spoiled TJ, with a discrimination 

threshold of 0.5 indicated by the dotted line. X’s show independently calculated 

validation set. 
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2.6.7. Frequency Selections 

An important consideration in this work is the frequencies used to separate 

groups of data. To summarize, the Lactobacillus model selected 0.14 and 9.24 

MHz, the Geotrichum model 0.04 and 4.86 MHz, and the global model 7.40 MHz 

and 8.42 MHz. The central frequency of the transducer, and thus the most 

sensitive frequency region, was 5 MHz. While a few of the frequencies chosen 

were close to this central region, several were at the outer limits of the frequency 

range of the transducer. The frequencies selected were chosen for a model which 

best separates the uncontaminated from contaminated samples. To verify and 

confirm that these frequencies were not being influenced significantly by noise, 

water measurements over the course of multiple days were compared to examine 

the signal-to-noise ratio (S/N).  

The signals of 160 water measurements taken over eight days are plotted 

in Figure 20a. The inverse of S/N, which is the percent relative standard deviation 

(% RSD) of the signal, is shown in Figure 20b at each frequency from 0-10 MHz. 

For frequencies between 1 and 10 MHz, the % RSD is quite low (below 4%) and 

stays quite consistent. As the signal decreases moving away from the central 

frequency, the noise also decreases, resulting in a % RSD that is almost the same. 

This gives confidence that the transducer is performing well within this range. For 

frequencies below 1 MHz, the % RSD increases dramatically, with a maximum of 

72% at 0.5 MHz. The low frequencies used for the models, 0.04 and 0.14 MHz, 

however, have % RSDs below 25%. While this is a much noisier region than that 

above 1 MHz, S/N for these frequencies is greater than 4 which is above the typical 
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limit of detection threshold of S/N=3.82 The inclusion of these lower frequencies is 

further supported by the fact that for different spoilage agents and for different data 

sets, roughly the same low frequency components were selected to be part of the 

model. Furthermore, the models were cross-validated so the likelihood of modeling 

noise is much lower than in a non-cross-validated model. Finally, the models that 

used the low frequencies had 100% accuracy. These pieces of information suggest 

that this region may be correlated with a physical or chemical change in the 

samples.  
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Figure 20. Signal-to-noise of ultrasonic transducer centered at 5 MHz. (a) 

Ultrasound spectra of 160 water blanks. (b) Relative standard deviation of blank 

spectra from 0-10 MHz. 

 

2.7. Conclusions 

 A rapid, non-invasive tool for detecting spoilage would be very beneficial to 

the food industry. Ultrasound spectroscopy offers a potential solution in this gap in 

technology as it can penetrate through opaque and turbid media unlike currently 

practiced methods for food spoilage detection. The experiments in this work show 
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that compositional changes during spoilage allow the separation of spoiled vs. 

unspoiled TJ with sensitivities and specificities of at least 94% each. Furthermore, 

a global model was able to classify 15 samples independent from the training set 

with 100% accuracy. A variety of frequencies across the entire bandwidth of the 

transducer were found to be useful in the development of models for separating 

fresh and spoiled TJ. The changes measured by ultrasound were most likely 

related to sugar concentration.   

Whereas our study focused on tomato measurements in a sample cell, 

future investigations should consider ultrasound measurements of TJ spoilage 

through a container. Additionally, studying more complex food samples such as 

crushed tomatoes would highlight the effects of sample scattering on the 

ultrasound signal. By introducing more inhomogeneities, more sophisticated data 

processing may need to be implemented and factors that affect ultrasound signals 

may need more careful consideration. Finally, the development of a global model 

incorporating data from samples spoiled by many different pathogens would be 

valuable. Regardless, the work presented here lays the foundation for an 

application of ultrasound spectroscopy that shows a great potential for identifying 

contaminated food – a benefit to both consumers and the food industry as a whole.  
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CHAPTER 3 

Conclusions and Future Work 

 

3.1. Conclusions 

 Ultrasound has an abundance of applications – from monitoring fetal 

development, to diagnosing appendicitis, to detecting flaws in large structures.  

Among these uses and many more, ultrasound is also emerging as a multipurpose 

tool in the food industry. It can be used for homogenization, reduce microbial and 

enzymatic activity, clean the surface of fresh produce and assist in other 

processing and preservation methods.83 There is, however, much less research 

into the use of ultrasound spectroscopy for non-destructive examination of foods.   

 Food spoilage may result in food poisoning outbreaks. With an estimated 4 

million Canadians affected by food poisoning each year, this issue is a public 

safety concern. A technique for reducing the incidence rate of these outbreaks or 

even for reducing isolated cases would be of great benefit to society.  

 The work in this thesis demonstrates the potential of ultrasound 

spectroscopy as a tool for detecting food spoilage. Multivariate analysis of 

transmitted ultrasound waves provided classifications of fresh and spoiled TJ with 

excellent accuracy. By inoculating samples of TJ with two different spoilage agents 

(Lactobacillus rhamnosus and Geotrichum candidum,) both individual and global 

models were created. These models all provided sensitivities and specificities of 
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at least 94% each. Further, with the global model, an independent test set of 15 

samples was classified with 100% accuracy.  

 Frequencies chosen to separate fresh and spoiled TJ varied from model to 

model. It was noted that often, frequencies towards the outer limits of the 

bandwidth of the transducer were chosen to give the best sensitivity and specificity. 

The transducer response was found to be very reliable from 1 to 10 MHz. Multiple 

factors, including cross-validation, models with excellent accuracy, and more than 

one model selecting lower frequencies, supported the inclusion of frequencies 

below 1 MHz. Furthermore, the frequencies selected below 1 MHz achieved S/N 

greater than 3, the typical limit of detection threshold.82 

With no sample preparation and only minutes for each analysis, this method 

presents many advantages over current methods for food spoilage analysis, most 

notably time requirements and user expertise. Further development ideas are 

presented in the next section. 

   

3.2. Future Work 

 To further explore the possibility of ultrasound as a tool for food spoilage in 

industrial settings, we propose several future directions of study. First, new or more 

tightly controlled experiments may provide insight for a better understanding of the 

processes that allow this method to be useful in commercial settings. For example, 

if the TJ were inoculated with only bacteria (no excipients) and without opening the 

cans (i.e. by injection) to minimize external influences, a better picture of spoilage 
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that can occur in an unopened product could be realized. Developing a larger 

global model to incorporate more spoilage agents would also be a beneficial step 

to broaden the scope of the measurement. Furthermore, exploring different data 

analysis techniques and classification methods such as principal component 

analysis, discriminant analysis, or Bayesian classification may reveal a better 

separation between fresh and spoiled TJ.  

Other future experiments should focus on measurements through cans and 

packaged products. For the creation of a robust device for ultrasonic 

measurements in food, multiple parameters need to be investigated or monitored. 

For one, since the density of a medium is temperature dependent, inquiries into 

packaging and storage facility temperature control would need to be made. If there 

are fluctuations, a multitemperature calibration or a method of temperature 

controlling the cans during measurements would be required. To demonstrate this 

need, a brief experiment was conducted using the sample cell from Chapter 2, 

where an ultrasound spectrum was obtained for TJ at temperatures ranging from 

10 to 38°C in 2°C increments. Figure 21 shows a clear trend of decreasing 

attenuation of ultrasound signal with increasing temperature. Comparing spectra 

measured at different temperatures with no correction factor could result in a 

misinformed decision on the safety of the food in question. Another factor that 

could affect measurement results is can-to-can variation. If there is a large 

difference in the thickness of the metal cans or the level to which they are filled, 

there would be added complexity for development. Similar to the temperature 
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factor, this type of variability would require different models for different metal 

thicknesses and fill levels. 

 

 

 

Figure 21. Temperature dependency of ultrasound spectra of TJ. TJ was placed in 

a temperature controlled sample cell and spectra were collected at 2 °C increments 

from 10 - 38 °C. 
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A fundamental issue for ultrasound measurements through a can is whether 

a meaningful signal can be obtained. To explore the feasibility of a non-invasive 

ultrasound device for spoilage determination, preliminary measurements were 

conducted. On top of observing the classification capability of ultrasound through 

a container, these measurements allowed the investigation of what frequencies 

could probe a can of TJ and the development of a useful configuration for such a 

device.  

Using a custom-made 3D can holder and the configuration seen in Figure 

22 with a 1.9 MHz ATL transducer probe, fresh TJ and TJ spoiled by Lactobacillus 

and Geotrichum were measured. The cross-validated multivariate classification 

used frequencies of 1.58 and 2.96 MHz and yielded a 100% accurate separation 

between fresh and spoiled samples of TJ, as seen in Figure 23. Two of the three 

fresh TJ samples are close to 0.5, but the spoiled samples are separated well from 

this threshold. Despite the small sample set used in this experiment, the results 

show that this technique is feasible for spoilage detection through a can. A more 

complete study is required to further examine the practicality of the method.  
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Figure 22. Ultrasound instrument schematic for through-container measurements. 

A transducer centered at 1.9 MHz was coupled to the bottom of a can of TJ with 

petroleum jelly to minimize interfacial scattering. The sound wave (f1) interacted 

with the sample as before, but in this case the wave was reflected at the air-TJ 

boundary and the same transducer then received the altered wave (f2). 
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Figure 23. Classification model of fresh vs. spoiled TJ through a metal can. (a) 

Mean-centered frequency profiles with arrows indicating frequencies used in the 

model. (b) Boxplots of fresh vs. TJ spoiled by two different spoilage agents with a 

discrimination threshold set to 0.5, indicated by the dotted line. 
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With the technology looking promising for the measurement of TJ through 

a can, it would be interesting to apply this research to other food products and 

containers. This measurement technique could be applied to many foods in various 

containers, as long as the ultrasound wave can probe the sample while still having 

enough signal for detection. Overall, the potential for measuring food samples non-

invasively is very exciting and could benefit both the food industry and consumer 

safety greatly. 
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