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Abstract

It has long been a challenge to try and understand how nosocomial infections develops
in order to find the most efficient methods to combat it. Though drugs do exist to
treat them, they are known to be highly resistant and have proven to be a reoccuring
problem in hospitals, posing an increasing medical burden. Infection control measures
have been implemented in order to reduce their impact and spread with various degrees
of completeness and efficiency.

A multi-drug resistant ODE model, featuring three types of infection status and
two groupings of patient history classes, is created to model the transmission dynamics
of Vancomycin-Resistant Enterococcus and Methicillin-Resistant Staphylococcus Au-
reus. Analysis of the model is supported with numerical simulations. It is shown that
infection control procedures, including the identification of high-risk patient groupings,

have a strong effect on the transmission dynamics.
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Chapter 1

Introduction

1.1 Overview

Mathematical models are becoming valuable tools with which to explain transmission
mechanisms and predict infection trends for nosocomial infection, infection that takes
place primarily within a health care setting such as a hospital or a hospital intensive
care unit. In particular, modelling and analysis are playing a crucial role in informing
decision and practice for the effort to control the growing threat to public health posed
by antibiotic-resistant bacteria.

A mathematical model has been created and analyzed with the intention of be-
ing able to inform the impact of control strategies on efforts to effectively control
the burden of multidrug resistant organisms. Due to the resurgence of Methicillin-
Resistant Staphylococcus Aureus (MRSA) and Vancomycin-Resistant Enterococcus
(VRE) among hospital acquired infections [25], the focus is on the mathematical mod-

elling of the dynamics of these multi-drug resistant organisms.



1.1.1 Objectives

The model is used to, first of all, understand the transmission dynamics of antimicrobial
resistance. Infection control measures have been put in place in order to better control
antibiotic-resistant nosocomial infections [14,19,21,25,26]. However, these measures
have had varying degrees of completeness and efficiency, and infections continue to
increase due to the highly resistant nature as well as the ease at which they spread
[10,17]. This study aims to highlight the effectiveness of each measure alone and the
integrated program consisting of a variety of mitigation strategies. Looking in depth
into these aspects together will bring light as to why exactly nosocomial infections pose
a more serious medical and societal burden than current studies suggest.

Though it is known that hospitals provide host to a wide variety of resistant organ-
isms, particular attention is drawn on the interaction one resistant organism can have
on another, in the analysis. The model will analyse the effects of control strategies such
as barrier procedures, screening methods, and the compliance of health care workers
in adhering to such methods. Due to the large amount of nosocomial infections that
require the isolation of patients, combined with the small amount of space available for
either isolation procedures or patient cohorting, the model will not consider isolation
protocols. When dealing with VRE or MRSA, isolation is not an infection control
method that can be widely implemented in practice.

A deterministic approach is used, based on the compartmental model framework,
where the patients under consideration are stratified into the disjoint groups of Uncol-
onized, Colonized, and Infected patients, and where there is a separate set of groups
for those at higher risk of acquiring an infection [6,12].

Focusing primarily on those with past exposure to antimicrobials, the model illus-
trates how the identification of high-risk groups can aid in infection control. Due to the

nature of the organisms spread and transmission, the model structure will in particular



include both colonized and uncolonized health care workers.
The model’s analysis is focused on the effects of control strategies such as barrier
procedures, screening methods, and the compliance of workers in adhering to such

methods upon the transmission dynamics and spread of these organisms.

1.1.2 Motivation

It has long been a challenge to try and understand how antimicrobial resistance devel-
ops and spreads in order to find the most cost efficient methods to combat it [24]. One
of the main problems is that there is no universal set of standard guidelines regarding
treatment, and no legislation regulating the quality and use of antimicrobials, let alone
a set of guidelines optimized for the highest rate of effectiveness [1,2,3,4,29]. Even sim-
ple training and education of health care personnel is lacking in certain areas, despite
efforts to improve it. This study will provide useful information to providers and con-
sumers of health care, as well as raise awareness and encourage action by public policy
makers. A study such as this one is able to help in providing a better understanding
of the burden Antimicrobial Resistance has on the both society and the health sector
in particular, and bring suggestions on how to reduce these types of infections, leading
to significant health benefits [29].

In this study Vancomycin-Resistant Enterococcus and Methicillin-Resistant Staphy-
lococcus Aureus, two of the most easily spread resistant pathogens, are used. In fact,
Staphylococcus Aureus is the most common cause of hospital-associated infections.
Though drugs do exist to treat them, they are known to be highly resistant and have
proven to be a reoccurring problem in hospitals. Studying both the financial cost
(medical costs to the healthcare system), the societal impact (duration of hospital
stay, inability to work), and the impacts of death (emotional and financial burden on

society and healthcare systems) is crucial as most analysis are done from only the in-



stitutional point of view, without taking into account the society costs and impacts
[12,16,17,26,28,32]. Generally, most studies will consider the impact of a longer hos-
pital stay, more expensive drugs, higher personnel costs, more specialized laboratory
services, more stringent infection control practices, and inappropriate prescribing of
antibiotics [2].

VRE and MRSA are associated with both community and hospital acquired infec-
tions. The problem is that they have acquired resistance genes to counter antibiotics
that were once effective in treatment. This is why Vancomycin-Resistant Enterococcus
and Methicillin-Resistant Staphylococcus Aureus pose such a problem when treating
them. Doctors face not only the challenge of dealing with the limited range of antibi-
otics available for treatment, or the delay in treatment time due to the waiting period
for laboratory results, but with these particular infections, specifically VRE, the choice

of antibiotics depends upon the particular strain and what it is resistant to.

1.1.3 Historical Motivation

The World Health Organization has long since recognized Antimicrobial Resistant In-
fections as one of the most serious health threats to the treatment of disease worldwide.
In fact, in June 2000, the WHO released a report, ‘Overcoming Antimicrobial Resis-
tance’, which included recommendations on use of antibiotics in both humans and
agriculture, with the intent of preserving the efficacy of available drugs through lim-
iting their use in health care as well as in food production [1]. In 2005, there was a
World Health Assembly resolution on antimicrobial resistance that called for rational
use of Antimicrobials. Despite the fact that the strategic interventions needed to con-
trol Antimicrobial Resistance have been known, few actual policy changes have been
made nationally and globally.

In May 1997, there was a Health Canada Consensus Conference on Antimicrobial



Resistance which generated an ‘Integrated Action Plan for Canadians on Controlling
Antimicrobial Resistance’[4]. This plan was comprised of twenty-seven key recommen-
dations (i.e. formation of a national committee, establishment of a national surveillance
system, reduction in antibiotic use) and parts of it have been implemented, but the is-
sues of implementation are now considered a provincial responsibility. In fact, following
this, a B.C. ‘Antimicrobial Resistance Action Plan’steering committee was convened
in order to meet the need for development of an effective provincial strategy [3].

In more recent years, the Public Health Ontario (PHO) Principle Infectious Diseases
Advisory Committee on Infection Prevention and Control (PIDAC-IPC) published an
Evidence Based Review in December of 2012 that reviewed in detail the published lit-
erature available on the control of Vancomycin-resistant Enterococci (up to July 2012)
[5]. Based on the evidence reviewed, PIDAC-IPC continues to recommend screening,
surveillance and control measures as outlined in ‘Screening, Testing and Surveillance
for Antibiotic-resistant Organisms (AROs)’. In fact, both Ontario and many other
health care jurisdictions currently recommend surveillance and control measures for
VRE (Public Health Agency of Canada, Centres for Disease Control and Prevention,
British Columbia’s Provincial Infection Control Network (PICNet)). The main rec-
ommended components of major VRE control programs are: control of vancomycin
use; early detection of VRE colonization and infection in patients; surveillance cul-
tures (stool, rectal swabs) to detect patients colonized with VRE; and single room
accommodation, gloves, and gown for contact with the VRE patient or the patients
environment.

In June 2012 four Ontario tertiary-care teaching hospitals implemented a change in
[PAC practices related to VRE surveillance in their facilities [10]. The practice changes
included cessation of screening patients for VRE, additional precautions for patients

with VRE, and declaration of VRE outbreaks. Each of the centres experienced increas-



ing rates of VRE colonization of patients despite intensive VRE control measures. The
four centres cited their arguments for changing practice: there had been few clinical in-
fections and no known significant adverse outcomes related to VRE despite increasing
rates of colonization; there are adverse events associated with the use of antimicrobial
prescribing (AP); patient flow and access to care were compromised by the use of AP
for the control of VRE; the cost associated with surveillance and containment of VRE
was significant; concerns that vancomycin resistance would be transferred to other
pathogens, such as MRSA and would become clinically significant, have not been real-
ized; there are antibiotics currently available to treat VRE (previously not available);
while current VRE control measures are effective in controlling transmission of VRE,
the costs and resources required for VRE control measures were not sustainable (also
no evidence that patient safety and outcomes are improved through implementation of
these measures); the standard of routine IPAC practice (hand hygiene, environmental
cleaning) is higher in Ontario today than it was in the past. It should be noted that a
cost-benefit analysis was not carried out by any of the four hospitals prior to cessation

of control efforts.

1.2 Background on Antimicrobial Resistance

1.2.1 Antibiotic Resistance

Hospitals provide not only medical treatment, they host many pathogens that can often
pose a serious risk of infection, most particularly to those individuals with compromised
immune systems such as the elderly or the young. Antimicrobial resistance is the
ability of micro-organisms to resist the effects of the antimicrobials used to treat such
pathogens. It occurs when organisms are exposed to antimicrobial drugs and develop

genetic mutations that make the drugs ineffective. Antimicrobial Resistance increases



length of hospital stay, morbidity, and mortality, as well as using a significantly larger
amount of time, resources, and money to treat [29].

Most hospital acquired infections are caused by antibiotic resistant pathogens such
as Vancomycin-Resistant Enterococcus (VRE) and Methicillin-Resistant Staphylococ-
cus Aureus (MRSA). More than seventy percent of the bacteria that cause hospital-
acquired infections are resistant [27]. In the past decade, there has been an increasing
focus on the costs of medical care and it has also become clear that prolonged hospital
stay and higher costs result from infections caused by antibiotic-resistant pathogens as
compared to infections due to antibiotic-susceptible strains of the same species [27].

Antibiotic use has a strong effect upon antibiotic resistance i.e. when isoniazid
(INH) is used alone to treat TB, more than seventy percent of patients infecting strains
develop resistance to INH!'8. Likewise, before the use of Vancomycin in the U.S. there
were no known Enterococcus faecalis or Enterococcus faecium (the two types of En-
terococci) isolates with vancomyecin resistance. It is also clear that some part of this
problem has been due to the spread of resistant strains from patient to patient via
contaminated health care workers. Spread beyond the boundaries of a hospital is also
frequent. The risk itself of VRE colonization has been associated with the use of
multiple antimicrobial classes, and there have been two studies reporting that greatly
reducing or stopping the use of certain antibiotics will give a two-thirds relative reduc-

tion in the prevelance of VRE [27,33].

1.2.2 Vancomycin-Resistant Enterococcus

Enterococci are bacteria found naturally in the faeces and gastrointestinal tract of
most humans and animals. Vancomycin-resistant Enterococcus occurs when Entero-

coccus faecium and Enterococcus faecalis strains have become resistant to Vancomycin



[4]. In the United States VRE is found almost exclusively in patients exposed to health-
care settings. The situation is different in Europe, where VRE has been identified in
the gastrointestinal tract of healthy individuals and farm animals and on processed
meat products in grocery stores [27].VRE can be found in the digestive tract, urinary-
tracts, surgical-incision, and blood stream. There is little to no evidence to suggest
that VRE is associated with greater mortality than infection with vancomycin-sensitive
enterococci.

The main factors that pose individuals at high risk include previous colonization
or infection, greater than 12 hours in any health care facility in the past 12 months,
recent exposure to a unit/area of a health care facility having an outbreak, health care
in another country. Other factors that pose individuals at high-risk of colonization are
those that have a compromised immune system, the use of catheters, co-morbidities
(diabetes, cancer, those on dialysis), length of stay in the hospital, infection control
practices among health care workers, and prolonged antibiotic use. VRE can be trans-
mitted through either direct or indirect contact with colonized or infected individuals.

VRE colonized individuals means that the pathogen is present in the body but is
not causing illness. The importance of this is that when screening both VRE colonized
individuals and VRE infected individuals, the VRE colony counts are similar. This
has important implications, as it means that the overall burden of VRE will usually
be underestimated, if it is based on cultures taken solely from those individuals that
are infected. Also, the duration of colonization can last from weeks to months (4-709

days).

1.2.3 Methicillin-Resistant Staphylococcus Aureus

Staphylococcus Aureus and Enterococcus are gram-positive bacteria that live on the

skin (S. Aureus) and inside the gastrointestinal tract (Enterococcus) of most healthy



adults (60% or more) [4]. Methicillin-resistant Staphylococcus Aureus develops when
Staphylococcus Aureus develops resistance to the beta lactam class of antibiotics.
Though there is little evidence to suggest it is more infectious than Methicillin-sensitive
Staphylococcus Aureus (MSSA), due to the delay in treatment resulting from infection
with MRSA, there is a strong association with a higher case fatality rate than MSSA.
MRSA can be either a health care-associated infection (HA-MRSA) or a community-
associated infection (CA-MRSA).

The main factors that pose individuals at high risk include invasive procedures,
stay in an intensive care or burn unit, surgical wound infection, and close proximity
to a colonized patient, or infection of a child through the mothers breast milk [4].
Other factors that pose individuals at high-risk of colonization are those that have a
compromised immune system, prolonged length of stay in the hospital, infection control
practices among health care workers, and prolonged or prior antibiotic use [4]. MRSA
can be transmitted through either direct or indirect contact with colonized or infected
individuals. It is most commonly spread through the hands of colonized health care
workers who have acquired it through either direct contact with patients or indirect
contact after handling contaminated equipment. There is some evidence that suggests
when some individuals are co-infected with a respiratory virus they are able to spread

MRSA through respiratory droplets [4].

1.2.4 Methicillin-resistant Staphylococcus Aureus and Vancomycin-

resistant Enterococcus Co-Colonization and Co-Infection

In the United States, a study was done by Furuno et. al. in an ICU of a tertiary-care
facility, and it was found that 3% of patients were co-colonized with VRE and MRSA.

It was also found that co-colonized patients are at an increased risk for colonization



or infection by Vancomycin-resistant Staphylococcus Aureus (VRSA). Risk factors for
co-colonization include admission to a medical ICU and other critically ill patients,
being male, having a previous positive culture of either MRSA or VRE, and receiving

antimicrobial drugs on a previous admission within 1 year.

1.3 Background on Infection Control Measures

Due to the direct nature of these types of infections, transmission prevention precau-
tions can be instituted through a series of practices and procedures that limit contact
and exposure. These practices can help to limit the burden of infection upon the health
care system and limit infection rates among patients. Note that when considering in-
fection control procedures, we must take into account the average compliance with
such procedures by health care workers, as well as the staff-patient contact rate, and

average length of stay for a given patient.

1.3.1 Patient Screening for Multi-resistant Organisms

For most guidelines, this means active screening of high-risk patients including those
who have previously been colonized or infected, those transferred between health care
facilities, those who have recently be exposed to a unit/area with a VRE outbreak,
other high-risk client/patient populations as identified by Public Health (i.e. ICU).
Screening itself is not an infection control method, but with the proper identification
of colonized or infected patients health care workers may apply further control mea-
sures in order to limit the spread. A number of studies have shown that up to 50%
of MRSA cases may be identified through admission screening of high risk patients,

though the definition of what is considered "high risk’ varies among guidelines [45].
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Those considered to be at high risk of acquiring both MRSA and VRE include
those who have been colonized or infected previously, those who have spent time in
a health care facility outside of Canada in the last 12 months, those who have spent
more than 12 continuous hours in a health care facility in the past 12 months, those
transferred between health care facilities, those who have been exposed to an area
with an outbreak. Additionally, those who are at high risk of acquiring MRSA in-
clude those receiving home health care services in the past 12 months, those with an
indwelling medical device, those in ICUs/transplant units/burn units, those living in
a communal setting (shelter, halfway home, correctional facility), those with a history
of injection drug use, those who are household contacts of people infected, those who
are immunocompromised, individuals from populations where CA-MRSA is a problem.
Additionally, those who are at high risk of becoming infected with VRE are those who
have been recently exposed to second and third-generation cephalosporins.

It is to be noted that specimens may be falsely negative if the patient is on an
antibiotic to which the micro-organism is sensitive. Also, the risk of staff colonization
with VRE is extremely low and there is no evidence to support the need to screen staft
for VRE. Though the model does not account for the time lag between when specimens
are taken, and results are received, or false negatives, it does stratify the patients into

patient groupings consisting of those considered ‘high-risk’ and those considered ‘non

high-risk’.

1.3.2 Antimicrobial Stewardship Programs

It appears likely that antibiotic exposure facilitates VRE transmission by increasing
susceptibility to VRE acquisition by suppressing normal flora and providing selective
advantage for survival to VRE acquired through cross-transmission, and increasing the

likelihood of transmission from colonized patients by increasing the concentration of

11



VRE in the stool (increasing the probability of environmental of HCW contamination)
[29].

VRE and MRSA have been associated with the use of antibiotics. Antibiotic Stew-
ardship helps to create policies and procedures that should be implemented to promote
judicious antibiotic use, in order to limit the increase and spread of antibiotic resistant
organisms. Health care settings should institute formulary control of antibiotics and
should conduct regular reviews of antibiotic utilization.

Antimicrobial Stewardship Programs help to facilitate the education of staff on the
epidemiology, prevention and control of VRE. Education may improve compliance with
routine practices and additional precautions. Education of patients and visitors is also

important to ensure compliance with established practices.

1.3.3 Environmental Cleaning Procedures

Multiple studies have demonstrated that portable healthcare equipment can serve as a
potential vector for antibiotic-resistant pathogens to patients, either via direct contact
or by contamination of clinicians hands. VRE has been recovered from experimentally
inoculated hands of HCWs (with or without gloves) for sixty minutes. Multi-drug resis-
tant organisms may survive for weeks to several months on various surfaces including
faucets, bed rails, wheelchairs, thermometers, and portable equipment (i.e. stetho-
scopes, tourniquets, cuffs, pagers etc.) [33]. In one study, forty-two percent of nurses
gloves became contaminated with MRSA when they touched surfaces in the room of a
patient with MRSA without actually touching the patient [12,33]. For this reason, the
model takes into consideration the sixty minute ‘recovery period’ for colonized HCWs.

Good hand hygiene practices involve the use of alcohol based hand run and running

water for at least 15 seconds. Hand Hygiene should occur before patient or environ-

12



ment contact, before performing aseptic procedures, after care involving body fluids,
after client or environment contact. Dedicated equipment or adequate cleaning and
disinfecting of shared equipment, including transport equipment is also recommended.

Also, special discharge cleaning protocol is vital for VRE and MRSA. The intensity
of cleaning is important though, Falk et. al., reported control of a VRE outbreak only
after an increase in the intensity of environmental disinfections (decrease in proportion

of environmental cultures positive from twenty-nine to one percent) [33].

1.3.4 Isolation Procedures and Contact Precautions

It is strongly recommended that clients/patients known to be colonized or infected with
VRE or MRSA be placed in a single room with individual toileting facilities. When
single rooms for Contact Precautions are limited, priority should be given to patients
who are at increased risk of disseminating micro-organisms into the environment. If a
single room is not available, as is commonly the case, patients known to be colonized or
infected with VRE may be cohorted with other patients. In fact, patient cohorting was
analyzed in the paper by Austin et. al. [10]. The likelihood for isolation procedures to
be included into the model is common among existing models, but does not take into
account the multitude of other nosocomial infections requiring more urgent attention

and use of the limited existing space available for such precautions to be implemented.

1.3.5 Active Surveillance Methods

If contact precautions are important in the prevention of spread from colonized pa-
tients, then active surveillance cultures are necessary to identify colonized patients.

Active surveillance cultures and isolation have also been used to successfully control
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MRSA and VRE throughout the province of Ontario, Canada [33]. In another study,
a public health initiative used active surveillance cultures in all 32 healthcare facilities
in a health district and showed the VRE could be controlled in all facilities in a region
(3 years), even while rates of VRE infection continued to increase during those three
years at most other facilities in the U.S. [33]. It is important to note that though
interventions in a single ward usually can have significant impact, when transmission
is occurring on multiple other wards and between wards, or in the case where only one

facility in an area employs an intervention, the impact is lessened.

1.3.6 Barrier Procedures (Personal Protective Equipment)

VRE is most commonly spread via the transiently colonized hands of health care work-
ers who acquire it from contact with colonized or infected clients/patients/residents, or
after handling contaminated material or equipment. Zachary et. al. found thirty-seven
percent of HCWs gowns to be contaminated with VRE after care of a patient with VRE
(higher number for MRSA) [24,32]. Four of five studies have shown significantly lower
rates of patients becoming VRE culture positive when HCWs used gowns and gloves
as compared with gloves alone (or gloves and handwashing) [33,11,38,40,45,46].

It is generally recommended that gloves be used for all activities in the patients
room or bed space, or for direct care of clients in long-term care and ambulatory/clinic
settings. It is important to note that hand contamination may still occur due to leaks
in the gloves or improper removal, so the use of gloves cannot be considered a substi-
tute for hand hygiene.

Long sleeved gown for activities where skin or clothing will come in contact with the
patient or their environment in acute care, or for direct care of clients in long-term care

and ambulatory setting, as well as the use of a protective mask are also recommended.
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It is clear that the usage of barrier procedures is an efficient method of infection con-
trol, the question lies herein whether and what proportion of HCWs will actually use
them as recommended. For this reason, the model does not taken into consideration
the failure rate, but the compliance of HCWs in implementing barrier procedures. For
more detail on this issue see Chapter 2.

Several studies have shown that gloves can dramatically reduce hand contamina-
tion and transmission of pathogens. There was a study that concluded that gloves
prevented hand contamination seventy-seven percent of the time [24]. Non compliance
rates of twenty-one to thirty-eight percent and lack of similar precautions throughout
other hospitals make evaluation of the time and place of transmission difficult though
(33, 45].

There has been one study that demonstrated that at least one particular brand
of disposable isolation gown reliably prevented contamination of the HCWs clothing

beneath the gown [13].

1.3.7 Compliance with Infection Control Procedures

Hand Hygiene is often said to be the single most important measure for controlling
transmission of multi-drug-resistant organisms (CDC recommendation). One study
(there are others with similar results) suggested that extremely high compliance with
hand hygiene (i.e. after eighty percent of contacts) could reduce VRE transmission in
an ICU by only approximately a quarter because of the relatively high rate of transmis-
sion when HCWs hands were not being cleaned following the remaining twenty percent
of contacts [33]. The authors concluded that strict isolation measures and surveillance
cultures for identifying colonized patients should be considered by those trying to con-

trol these pathogens.

15



It seems unlikely then, that hand hygiene by itself will result in control of antibiotic-
resistant pathogens such as MRSA, VRE and VRSA. Supporting factors include poor
compliance with hand hygiene contamination of clothing and equipment (which occurs
frequently when patients are not identified and cared for using contact precautions and
furthermore, contributes to transmission) [33].

One of the problems we currently face is the hand hygiene compliance of HCWs.
Most studies that access such compliance before and after the implementation have
shown low compliance rates, averaging ten to forty percent [33]. Compliance rates
often remain low despite efforts to improve them. For example, one hospital increased
its overall compliance rate from forty-eight to sixty-six percent following the implemen-
tation of a multi-year hand hygiene campaign involving posters, among other methods
of education exposure [33].

Risk factors for poor compliance with hand hygiene include being a physician or
nurse assistant, working in an ICU, working during weekdays, performing activities
with a high risk for transmission, having many opportunities for hand hygiene per
hour of patient care, under-staffing and overcrowding, HCWs perception that they are
at low risk for acquiring infection from patients, and assumptions that glove use pre-
cludes the need for hand hygiene, and skin irritation cause by frequent exposure to
soap and water [34]. Mathematical modelling suggested that a twelve percent increase
in cohorting of staff with colonized patients or a twelve percent increase in compliance
with hand hygiene during periods of overcrowding and high workload could compen-

sate for staff shortage and prevent transmission [34].

16



1.4 Population Structure: basic ODEs

In this thesis, the infection status of various patient populations colonized or co-
colonized with VRE and MRSA will be discussed. As with the vast majority of vector-
host studies, we are concerned with the changes in population size and structure over

time. Thus, it is appropriate to work with the derivative with respect to time.

Let N (t) represent the size of a particular patient sub-population status at time t,

and let Ny represent its size at some initial point in time.
We can split the derivative N'(t) into three parts,

N'(t) = L(t) + S(t) (1.1)

where

L = changes due to life processes (admissions and discharges or deaths), and
S = changes due to structural changes (non-‘life’ processes).
Characterizing the population structure as either spatial or non-spatial, we decompose
S:
N'(t) = L(t) + M(t) + C(t) (1.2)

where

M = net changes of a spatial nature (interal movement within the hospital de-

partments).
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C = net changes in category (not due to life processes).

Can be indexed for either space or category as appropriate.

Further decomposition is possible, offering an increasing and decreasing term for
each original term. It is to be noted that these additional terms may be decomposed

into additional terms depending on the amount of detail or simplicity needed in the

model.
,L(t) = B(t) — D(t)
M(t) = 1(t) — E(t) (1.3)
C(t) Om (t) Oout<t)
where

B = the increase due to birth processes, in this case we are referring to new

hospital admissions.

D = the decrease due to death processes,

I = the increase due to internal movement into the given area,

E = the decrease due to internal movement away from the given area,
Cin = the increase due to movement into a category, and

Cout = the decrease due to movement out of a category.

In this thesis, rather than consider the spatial structure, it is assumed that patient
populations are within a single geographical area of interest within the hospital, such
as an Intensive Care Unit. Thus, the internal movement terms have been eliminated,

but the category change terms have been retained. Since all patient populations in this
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thesis are adults, the birth processes can be simplified to merely consider new hospi-
tal admission, instead of new births, in addition to merely considering disease related
deaths as opposed to both disease and natural deaths.

One particularly useful further decomposition is the death term - due to cause of
death or movement away from the hospital environment. Ommiting the migration

term, splitting the category term, and rearranging the death term, we obtain,

N'(t) = B,(t) + Cin(t) — Cour(t) — Dg(t) — Dy(t) (1.4)

where

N = the total number of individuals in the population,

B, = the increase due to new hospital admissions,

C;n = the increase due to movement into a category,

Cout = the decrease due to movement out of a category,

Dy is the decrease due to hospital discharges, and

D; is infection related death.

Equation (1.4) is the general form for the ODEs of this model, the principle variation
being that in some cases, the movement in and out of a particular category may include

additional terms that may or may not necessarily depend on time.

1.5 Compartmental Models

It is common for epidemiologists and epidemiological modellers to compartmentalize

a population N according to disease state. These compartments are a form of the
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population structure covered by C;, and C,,;, described above. Some commonly used

compartments include

S - suceptible (otherwise known as uncolonized)

C - carrier (otherwise known as colonized)

E - exposed

I - infective (sometimes known infected, or infectious)

Q - quarantined

R - recovered (sometimes known as resistant, or removed)

T - treated

The mutually exclusive compartments account for all of the individuals of a partic-
ular population. Somewhat arbitrary thresholds are used to mark passage from one
compartment to the next. 'Membership’ is permitted in only one compartment at any
given time, so for an SEIR model, for instance, all living individuals would be classified

as either susceptible, exposed, infective, or recovered.

N = Ng+ Ng+ N;+ Ny (15)

SEIR is the building block of the model presented in this document, so a few words

of explanation are in order. Also, please see the glossary in Appendix G.

A susceptible (S) individual has the potential to develop an infection, but has not

yet been exposed to the virus at any point.
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An exposed (E) individual has undergone some contact, transformation, or be-
haviour, such that it is reasonable to assume that an infection might result. In this
model, we consider the exposed class to be those that are colonized. Simply being in
close proximity to an infective individual does not necessarily constitute exposure, but

either direct or indirect contact with surfaces they have touched would count as such.

An infective (I) individual has built up a level of pathogen (e.g. virus) such that
it is possible, under the right conditions, for it to be spread to other individuals. The
term infected is also applicable in most cases, as the individual has received the virus
and developed an infection. Infectious is treated as a synonym for infective by some
authors, but others use it only in restricted contexts, such as ”infectious agent” or

”infectious disease.”

A recovered (R) individual has previously had an infection, but currently lacks the
pathogen (virus) level necessary to be infective or symptomatic. The term resistant is
also sometimes used in this case, as the reduction in virus level is often due to immune
response, which may convey immunity after the infection passes. Remowved is another
term sometimes used, as the individual cannot be infected again in such cases, i.e. it
no longer participates in the cycle. In other cases, the given recovered individual may
be considered doubly susceptible for another infection. In most cases, patients in this

model, upon recovery, move to the class of people with past antibiotic exposure.

In general, compartmental models may allow for both forward and backward tran-

sitions between states.
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1.6 Existing Mathematical Transmission Models of
Nosocomial Infectious Disease

It is important to consider some published models with which the one here can be
compared. Most models in the literature use the structure of models for basic vector-
borne diseases, using the health care workers as the vectors and the patients as the
hosts. A good starting point for models specifically designed to model the transmission
dynamics of Vancomycin-resistant Enterococcus or Methicillin-resistant Staphylococ-
cus Aureus is the model by Austin et. al.[10] This model is intended to analyze the
impact of infection control programs for Vancomycin-resistant Enterococci in an inten-
sive care nosocomial setting. The model is described as well by Chamchod and Ruan
[12], and is commonly used as the basic format with which to describe the dynamics of
Vanocmycin-resistant Enterococcus and/or Methicillin Resistant Enterococcus. This
model is similarly described by Banks and Castillo-Chavez [34] but with the addition
of a stochastic term to account for the variability of hospital disease transission. This
model is designed as a cross-acquisition model (i.e. patient-HCW-patient VRE acqui-
sition). We have patients NN, and health care workers (HCW) N,,,uncolonized patients
U,, colonized patients C,, VRE-free HCWs U,,, and contaminated HCWs C,,.

% =0(1-0)+71C, — U, — ab,U,C,, (1.6)
dcC, ,
% :(59—7'Cp—”)/0p+abp(1 —€w)Upr (17)
d
% — —abyUuCly+ 7Cy + 1Ciy (1.8)
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dc,,  du,

. — dt (1.9)
where,
Parameter Description
N, Number of patients/beds
Ny Number of health care workers
Up Number of uncolonized patients
Cp Number of colonized patients
) Rate patients are admitted
0 Fraction of patients admitted that are already colonized with VRE
y Uncolonized Discharge rate
04 Colonized Discharge rate
bp Colonization probability
by, Contamination probability
a Per-capita contact rate health care worker encounteres patient
alN, HCW-patient contact rate
1/u Average length of time contaminted HCWs can transmit VRE
T Rate of infection clearance for a given individual

Table 1.1: Parameter Values, Austin et. al.

Patients are admitted to the hospital at a rate of § per day, are colonized with
a probability of A., are infected with a probability of A;, and are uncolonized with a
probability of (1 — A. — A;). 7Yu,7, and ~; are the respective discharge rates of each
class. Colonized patients become infected at a rate of 5 per day. Decolonization occurs
at a rate of w per day. It is important to note that in this type of model patients that
have cleared the infection are considered to be colonized, in other words, complete
clearance of the infection cannot occur without passing through the colonized state.
Uncolonized patients can become infected through contact with a colonized health care
worker. Health care workers do not become infected as both types of bacteria generally
target those with a lower immune system.

Though most models of this type tend to combine colonized and infected individu-

als, A. Banks and C. Castillo-Chavez [34,35] take a similar approach to the proposed
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model in the separation of patients into those that are uncolonized, colonized upon
admission, colonized during the hospital stay, and those that are infected. The prob-
lem lies in the accountability for the compliance of health care workers in adhering to
the implemented infection control procedures, which has been shown to be surprisingly
low despite best efforts to increase it. The proposed model will look in depth into this
issue.

What models of this type also do not take into account explicitly is the potential
for either a successful or unsuccessful treatment with antibiotics. Models such as the
one by Perencevich and Fisman [17], include an additional term p\ which takes the
place of the decolonization term in the traditional models. This term is a reflection
of the probability of a successful treatment, and allows for better usage of the data
available in order to gain a better indication of how the infection spreads and what
the effects of particular control strategies have on the spread. It is important to note
that this model holds much similarity to the one by Chamchod and Ruan [12], with
the exception of their sole usages of MRSA data.

This model will differ from this set-up. It will differentiate between those infected
patients that have been treated unsuccessfully or successfully by considering the poten-
tial of those who have been treated previously to be at a higher risk of infection, due
to their recent exposure to antibiotics. This model also differs from currently available
literature through the consideration of more than one method of infection control. The
majority of current models [6,12,13,15,24], analyze one particularly useful or common
method, such as barrier control or screening. This is true for cost analysis studies as
well [7,17], and increases the difficulty of conducting a comparison between the differ-
ent methods. It is to be noted that the studies depth, breadth, magnitude, and setting
impact the results of such an analysis. The model also differs from previously available

literature through the incorporation of VRE, MRSA, co-colonized, and co-infected in-
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dividuals all in the same model. As merely the existence of studies and information on
co-colonized and co-infected individuals is rare [18,48], this is a major step forward in
approaching the transmission dynamics of multi-drug resistant organisms in ICUs.

It is in this respect that the model presented in the following chapter differs signif-

icantly from the work published to date.
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Chapter 2

Modelling

Modellers seek to reduce a real-world or hypothetical situation down to a manageable
set of equations, rules, or algorithms. Generally the model will represent a compromise

between the conflicting goals of completeness and practicality.

2.1 Model Paramaters

A parametric model such as this one can be evaluated for a wide variety of situations.
This model is parametrized with disease-related transition rates between compartments
and with both disease and non-disease-related admission and discharge rates.

A survey of the literature reveals that there is little consistency with regard to
the symbols used for these parameters. Therefore, the choices for this document were
somewhat arbitrary, relying on consensus where there seemed to be one.

There is a set of paramaters for each of the three infection types in this model. An
english or greek letter identifies each paramater, and the three sets are distinguished

by the use of subscripts, as follows:
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1 - Vancomycin-resistant Enterococcus (patient infection of type 1)
2 - Methicillin-resistant Staphylococcus Aureus (patient infection of type 2)
3 - Co-infection or Co-colonization (patient infection of type 3)

E.g. (; is the transmission rate for VRE.

Certain paramaters can be further distinguished by their infection status:

U - Uncolonized

C - Colonized

I - Infected

Ua - Uncolonized with past antibiotic exposure
Ca - Colonized with past antibiotic exposure
Ia - Infected with past antibiotic exposure

E.g. 61 is the admission rate for patients colonized with VRE.

0 is the admission rate. This rate is per unit time, and per individual in the popu-

lation.

v is the death rate for infected patients and the discharge rate for uncolonized and
colonized patients. It is the reciprocal of the amount of time spent in the given class,
for the discharge rate, and for the death rate this reciprocal is multiplied by the prob-

ability of a treatment failure.
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£ is the transmission rate. In this, we are assuming that any individual who become
colonized will eventually transition to infectivity, where they may be treated with a
success rate of A\p® and a failure rate of A\p“. \ represents the maximum rate that
antibiotics can be given to patients, and p°® or p" represents the probability of either
success or failure. Note that the incorporation of transmission success at this stage is
prospective; we are therefore assuming that any uncolonized individual who becomes
colonized, makes the transition to the infective class, unless they die, get discharged,

or become decolonized first.

w is the decolonization rate, the rate of transition from C to U. % represents the

recovery period.

i is the rate at which health care workers transmit the disease. This rate is the

reciprocal of the average amount of time health-care workers can transmit MRSA or

VRE.

ab,, is the contact rate between patients and health-care workers. Contact is mod-
elled as a patient-HCW mass-action term. More of either will tend to cause more
contact, fewer of either will tend to cause less contact. (Please see Appendix A for

more details).

€ is the rate of compliance that health-care workers employ barrier precautions
when interacting with patients. The effectiveness of such barrier precautions is e. If
precautions are 100 percent effective in removing VRE contamination, then HCWs
have a reduced probability of transmitting VRE to their next patient. Where efficacy

is less that 100 percent, compliance should include the measured efficacy accordingly.
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As mentioned above, in the models most general case, there is one set of these

parameters for each category / species.

2.2 The Basic Equations of this Model

This model is designed as a cross-acquisition model (i.e. patient-HCW-patient VRE
acquisition). We begin with the basic transmission model, but with the addition of
barrier procedures, including the use and change of gowns, gloves, and hand washing
by health care workers before and after contact with patients. These barrier precau-
tions serve to reduce the likelihood that HCWs will become contaminated with VRE.
Precautions reduce both acquisition and transmission of VRE by HCWs (as we should
expect for hand washing before and after patient contact).

It is known that one of the main risk factors of becoming colonized with VRE or
MRSA is a past history of antibiotic exposure. This is specifically due to their vulner-
ability to skin infections, as well as to the emergence of resistant bacteria promoted by
antibiotic usage. The importance of the history of antibiotic exposure in the transmis-
sion and acquisition of these bacteria is also due to the fact that antibiotic resistance
can persist for a year after taking them. This factor is incorporated into the model
below. In the model, treated patients either become colonized or remain infected with
antibiotic exposure.

All three infections in this model behave according to a variation on the following

basic theme:

% = 60, — U — aby(1 — €,)UC,, + (T + w)C (2.1)

29



dac

i 00, + ab,(1 — €,)UCy, — (T +w+ S +1.)C (2.2)
dl u <
i 00; + BC — (A" + v + A\p*)] (2.3)
dU
d_tA :50u,4—abp,4(1 _Ew)UACw_/YuAUA"‘WACA (24)
dC,s .
7 =004 + abpa(l — Ew)UAOw + PN+ padala — (wA + Ba+ 'YCA)CA (25)
dls .
e 604 + BaCA 4 p" M — (Via + para)la (2.6)
dU,,
W = —a(l — GM)(thO + byl + bpeaCa + bm‘AIA)Uw + ,uUw (27)
dCl, dU,,
Tw v 2.8
dt dt (28)

There is one ODE for each compartment (disease state) and for each type of infection.
U(t), C(t), and I(t) represent patients that are uncolonized, colonized, or infected
with the disease; U,(t),Cy(t), and I,(t) represent patients with exposure to antibiotics
in the past year that are either uncolonized, colonized, or infected with the disease;
and U, (t),Cy(t) represent uncolonized and colonized health care workers. Each ODE
features a way for the compartment population to increase, and a way for it to decrease
- increasing by admittance or movement into the compartment, and decreasing by
death/discharge or movement out of the compartment. Spatial movement within the

hospital is not considered in this particular model.

2.3 Model Basics and Assumptions

A mathematical model is unable to capture all the intricate detail of real-world inter-
actions. As is done here, it is common practice for assumptions to be made in order to

make the problem more manageable, and some assumptions are made because of the
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difficulty of obtaining accurate information. This section identifies some key simplifi-

cations or assumptions and their ramifications.

The model is only concerned with a single ICU, and does not incorporate internal

movement within the hospital by patients.

Uncolonized and colonized patients, due to the length of their stay in the ICU and
the severity of these particular infections, do not have a death rate. Once patients
become infected, they are not released from the hospital until properly treated. This
means that infected patients only have a death rate due to complication associated

with infection, and not a discharge rate.
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Figure 2.1: Basic Model Transmission Dynamics Diagram
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HCWs mix homogeneously with patients at a per-capita rate a/patient per HCW
per day. Due to the frequency at which health-care workers interact with each other,
and the likelihood of them transmitting the bacteria to one another, it is assumed
that the infection is only transmitted from health-care worker to patient and vise-
versa. Transmission of the disease does not occur through patient-patient interactions,

given the low or non-existent rate at which patients in an ICU interact with each other.
Barrier procedures are 100% effective when implemented.

Admission screening is 100% effective.
Patients colonized with MRSA or VRE are more likely than uncolonized patients
to develop infection. Therefore, it is assumed that there is no direct infection of un-

colonized patients by the hands of contaminated health care workers.

There is no movement of ICU patients within the hospital.

2.4 Suitability of the parameters, and the values
used

The choice of parameter values is crucial to any transmission model. Please see Ap-
pendix E for a more in-depth discussion on the suitability of the parameter values

used.
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2.4.1 Admittance Rate

For simplicity of the model, constant linear admittance rates were used. The admit-

tance rates 6 were assumed to be uniformly distributed with respect to time.

2.4.2 Death and discharge rates

Two types of ’death’ rates are used. For uncolonized and colonized patients this rate
represents the rate at which they are discharged from the ICU, and for infected patients

this rate represents the disease-related death rate.

2.4.3 Transmission Rates

The disease transmission term 3 characterizes the transition from colonized to infected

individual.

2.5 Comments about individual ODEs

Each ODE in the general models system is based upon Equation (4). The overall
ODE system comprises three subsystems - one for each type of infection. Further, each
subsystem is similar to the one illustrated by Equations (10)-(17). In this section, the

particular variations upon Equations (10)-(17) are discussed.

2.5.1 Uncolonized (U) Patients of Category 1

Patients are admitted into the uncolonized compartment at a rate equal to the sum
of all admittance rates of all other compartments in a given category, subtracted from
one. Specifically, we have (1 —60,—0; — 0y, — 0.0 — 0;4), the fraction of patients admitted

to each compartment, and 0 the rate at which patients are admitted to the hospital
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ICU each day. Patients exit the uncolonized compartment by way of exposure or dis-

charge, and enter by way of admittance or decolonization.

The change from the C to the U compartment is modelled by the wC' terms, one
for each category. The general model accounts for multiple species, giving three differ-
ent sets of equations for Colonized, Infected, Colonized with Antibiotic Exposure, and
Infected with Antibiotic Exposure patients. In the case of Uncolonzied patients, there

is a single equation, giving three different decolonization terms, w;C4,w.C5, and w3Cs.

The change from the U to the C compartment is modelled by the transmission
term, ab,(1 — €)UC,,, which is adjusted to account for the compliance of health care
workers in donning gloves and gowns, as well as the likelihood of transmission. The
term is weighted with a per capita contact rate to account for the number of contacts

between health care workers colonized with either VRE or MRSA and patients.

There is no disease-related death term in patients that are not infected or colonized,
so, the death rate represents only the normal discharge term in this compartment.

Therefore, we have 7,U, and, adding all terms with the applicable category 1 subscripts,

3
Uy =0(1=) 6;) = eoUsCow — U + > _w;Cj (2.9)
j=1

jen
using the abbreviations, ey = ab,(1 — €). € is the set of all admittance rate sub-

scripts, and C, = Cyy1 + Cpo.
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2.5.2 Colonized (C) Patients of Category 1

Patients enter the colonized compartment through either admittance to the hospital
06., or from the uncolonized compartment through interaction with colonized health
care workers. The interaction term complements that of the U; equation (described
above). The admittance term is weighted with a fraction 6, representing the fraction

of patients that are admitted to the hospital already colonized.

They leave the compartment through either natural progression of the disease to
infected status (the 5 term), by being discharged (the 7.1 term), through decolonization
(the wy term) or by becoming co-colonized. An additional term is added to account for
those that become co-colonized through interaction with a colonized health care worker.
In this case, a VRE-colonized patient interacting with a MRSA-colonized health care
worker becomes co-colonized with both at a rate ab,(1 — €)C1Cy,,. There is no disease
related death rate in this compartment due to the low or non-existence of death due

to patients being colonized with VRE.

Ol = 5901 + eoCleg — (wl + 61 + Vcl)ol (210)

2.5.3 Infected (I) Patients of Category 1

Patients enter the infected compartment by being admitted to the hospital already in
possession of such an infection status, or through natural progression of the disease

from colonized to infected.

It is assumed that once patients are known to be infected they are not discharged

form the hospital until proper treatment procedures have occurred. Patients leave the
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compartment through death ~;, or by either successful Ap® or unsuccessful treatment
Ap" to the I,; compartment in the case of failure, or the C,; compartment in the case
of success. The treatment term is a combination of the probability of a treatment being
either a success p® or a failure p*, weighted by the maximum rate that antibiotics can

be given to patients \.

Adding all the terms and applying all the applicable category 1 subscripts,

jl = (5911 -+ ﬁlCl — ()\pul + )\Sl -+ 7@'1)11 (211)

2.5.4 Uncolonized (U,) Patients with Past Antibiotic Expo-

sure of Category 1

Patients enter the uncolonized with past antibiotic exposure category through either
admittance or through decolonization. The decolonization term, i wq;Cq comple-
ments that of the uncolonized compartment, U;. The change from];e U, to the C,
compartment is modelled by the transmission term, which also complements that of
the uncolonized compartment (described above). Patients exit the compartment by
being discharged from the ICU. There is no disease-related death term in patients that
are not infected or colonized, so, the death rate represents only the normal discharge
term in this compartment. Therefore, we have v,,U,, and, adding all terms with the
applicable category 1 subscripts,
3

Ua = 59(1 — f)/aUa — eaUa<Cw2 -+ Cwl) -+ ZwajCaj (212)

j=1
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2.5.5 Colonized (C,) Patients with Past Antibiotic Exposure

of Category 1

Patients enter the colonized compartment through either admittance to the hospital
00,4, from the uncolonized compartment through interaction with colonized health care
workers, or through successful treatment. The interaction term complements that of
the Ul equation (described above). The treatment term A,p,I, is a combination of
the maximum rate that patients are able to recieve antibiotics (\), and the probability
that a patient in compartment I, will be treated successfully. They leave the com-
partment through either natural progression of the disease to infected status (the 3,
term), by being discharged (the 7., term), through decolonization (the w,; term) or by
becoming co-colonized. The co-colonization interaction term complements that of the

U, equation (described above).

Adding all terms with the applicable category 1 subscripts,

dCa 1

dt = 590511 + eaUanl + )\P31[1 + Aapallal - (wal + Bal + ’Ycal)cal (213)

2.5.6 Infected (/,) Patients with Past Antibiotic Exposure of
Category 1

Patients enter the infected compartment by being admitted to the hospital already in
possession of such an infection status, through natural progression of the disease from
colonized to infected f,, through unsuccessful treatment of infected patients Ap“, or

through successful treatment of co-infected patients Ap®.

It is assumed that once patients are known to be infected they are not discharged
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form the hospital until proper treatment procedures have occurred. Patients leave the
compartment through either death ~,,, or through successful treatment. The treatment

term A,p, I, complements that of compartment C,,.

Adding all terms with the applicable category 1 subscripts,

I;zl = 00i1 + Ba1Ca1 + )\Pulfl + )\Ps(4)]3 — (Via1 + Aapa1)la1 (2.14)

2.5.7 Uncolonized Health Care Workers of Category 1

Health care workers enter the uncolonized compartment at a rate u reflective of the
reciprocal of the amount of time that a given worker will remain colonized. They be-
come colonized and leave the compartment through interaction with VRE colonized or

infected patients of any type. The interaction term complements that of U;.

Adding all terms with the applicable category 1 subscripts,

Ui = —a(1 — €)(bperCy + bpin Iy + bnear Car + bpia1 1a1)Cut + 1Clun (2.15)

2.5.8 Colonized Health Care Workers of Category 1

Health care workers enter the colonized compartment, become colonized, through in-
teraction with VRE colonized or infected patients of any type. The interaction term
complements that of U;. Health care workers enter the uncolonized compartment at a

rate u reflective of the amount of time that a given worker will remain colonized.

Adding all terms with the applicable category 1 subscripts,
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Cwl = a(l - 6)(bth’I + bhijl + bhcaCal + bhia[al)cwl - ,ucwl (216>

2.5.9 Patients of Category 2

Patients of category 2 (MRSA) are treated identically to patients of category 1 (VRE),

with the exception for the specific paramater values.

2.5.10 Colonized (C) Patients of Category 3

Patients enter the colonized compartment for category 3 through admittance, or through
co-colonization. The co-colonization interaction term is reflective of those who were
originally colonized with only VRE and through interaction with a colonized health
care worker, acquired MRSA, or vise-versa. The co-colonized interaction term com-
plements that of the U; equation (described above). Patients leave the compartment

through either natural progression to infected status, decolonization, or discharge.

Adding all terms with the applicable category 3 subscripts,

Cy = 603 + eo(C1Cw2 + CoCy1) — (w3 + B3 + 7e3)Cs (2.17)

2.5.11 Infected (I) Patients of Category 3

It is assumed that once patients are known to be infected they are not discharged
form the hospital until proper treatment procedures have occurred. Patients enter the
infected compartment by being admitted to the hospital already in possession of such
an infection status, or through natural progression of the disease from colonized to

infected. Patients leave the compartment through death ~;, or by either successful Ap*
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or unsuccessful treatment A\p" to the I,3 compartment in the case of failure, or the Cj3
compartment in the case of success. The treatment term complements that of the I
equation (described above).

Adding all terms with the applicable category 3 subscripts,

j3 = 5913 + 5303 — (/\ps?) + )\pU3 -+ ’7i3)]3 (218)

2.5.12 Colonized (C,) Patients with Past Antibiotic Exposure

of Category 3

Patients enter the colonized compartment through either admittance to the hospital
00.,, through successful treatment, or through co-colonization. The interaction and
treatment terms complement that of the Cy and C,,; equations respectively (described
above).

They leave the compartment through either natural progression of the disease to
infected status (the §, term), by being discharged (the 7., term), or through decolo-
nization (the wy3 term).

Adding all terms with the applicable category 3 subscripts,

C;(13 = 560(13 + ea(calch + CaQCwl) + )\a3pa3[a3 + )\PSSI?) - (BaS + Wa3 + 7a3)0a3 (219)

2.5.13 Infected (/,) Patients with Past Antibiotic Exposure of
Category 3

Patients enter the infected compartment by being admitted to the hospital already in
possession of such an infection status, through natural progression of the disease [,

or through unsuccessful treatment of infected patients \p*.
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It is assumed that once patients are known to be infected they are not discharged

form the hospital until proper treatment procedures have occurred. Patients leave the

compartment through either death ~;,, or through successful treatment. The treatment

term A\,p, I, complements that of compartment C,,.

Adding all terms with the applicable category 3 subscripts,

Lus = 60ia3 + BazCas + A" I3 — Nazpazlasz — Viaslas

2.5.14 The model, most general format

We begin with a nonautonomous system of ODEs:

dU ’
% = 5(1 — ZQJ) — €0U3(Cw1 + sz) — ’)/U + ijCj
jeQ =1
du, &
dta = 59(1 - 'yaUa - eaUa(OwQ + Cwl) + Zwajcaj

J=1

dcC'

d_tk = 00c1, + €0CrkCujrr — (Wi + Br + Yer)Cre
dl
dtk = 003 + BrCy — (A" + X" 4 i) Iy

dCak sk
7 — 690ak —+ 6aUa3ka + /\p [k + )\apak[ak - (Wak + ﬁak + fYcak)Cak
d]a U, S
dtk = 59iakz + Bakoak + )\p ka + /\p (k+3)13 - ('Yiak + Aapak)jak

dcC
d—;’ = 003 + €0(C1Cu2 + C2Cy1) — (w3 + B3 +7e3)Cs
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(2.23)

(2.24)

(2.25)

(2.26)

(2.27)



dI
d_t3 = 00;3 + 305 — (APSS + )\pug + Yi3) I3

dCys
dt

dIaS
dt

= 00i43 + Ba3Cas + /\PU3—73 — Xa3Pa3 — Viazla3

dle
dt

= —a(1l — €)(bhe1C1 + brir L1 + bpea1Cat + bhic1 La1)Cut + 1Cun

dcwl
dt

= a(l - 6) (bhccl + bhi[1 + bhcacal + bhia[al)cwl - ,ucwl

dUwQ
dt

- —(1(1 - 6) (bhcc2 + bhiIQ + bhca0a2 + bhz’a[a2)0w2 + M0w2

d0w2
dt

= a(1 — €)(bncCa + bpils + bpeaCaz + bhiala2) Cun — Cu2

(2.28)

- 590(13 + ea(Cal Cw2 + Ca2Cw1) + >\a3pa3la3 + /\)08313 - (BaS + Was3 + 7a3)Ca3 (229>

(2.30)
(2.31)
(2.32)
(2.33)

(2.34)

For k = 1,2 and where e; = aby;(1 —€), j = 0,a. {2 is the set of all admittance rate

subscripts.

It is nonautonomous because in the most general case, the paramaters can vary

with time, e.g. @ = 6(¢). This has not been indicated explicitly above due to space

limitations.

Note that all the patient sub-population figures are non-negative.
U is the number of uncolonized patients
C; is the number of colonized patients

I; is the number of infected patients

U, is the number of uncolonized patients with exposure to antibiotics in the past

year
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Cy; is the number of colonized patients with exposure to antibiotics in the past

year

I,; is the number of infected patients with exposure to antibiotics in the past

year
Uy is the number of uncolonized health care workers, k = 1,2
Cluk is the number of colonized health-care workers k = 1,2

where j = 1,2,3 represents the colonization or infection with VRE, MRSA, and co-
colonization respectively, and k = 1,2 represents the colonization status of health-care

workers colonized with either VRE or MRSA, respectively.

0 is the admission prevalence of each respective class.

0 is the admission rate.

a is the contact rate between health care workers and patients.

b, is the colonization probability.

€ is the probability a health care worker will comply with barrier precautions.
v is the discharge or death rate.

[ is the transmission rate.

A is the maximum rate antibiotics can be given to patients.

p° is the probability of a patient receiving a successful treatment.

w 1s the decolonization rate for each bacterium.
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Figure 2.2: General Model Transmission Dynamics Diagram
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2.5.15 Model Equilibria

The model’s equilibria can be found by setting all of the ODEs to zero. These equilibria

are not necessarily stable.

Two equilibria are of special interest, the disease-free equilibrium (DFE), and the

endemic equilibrium (EE).

2.5.16 Disease-Free Equilibrium (DFE)

In the case of the DFE, as the name implies, there are no new infections, and existing

infections die off:
C=I1=0C,=1,=0.

There is a trivial DFE for U = U, = 0, but that one is not of great interest. Instead,

we shall be concerned with the DFE consisting of only susceptible individuals:

[ e
o 0
I* 0
Vil _ T (2.35)
c 0
I 0
Uz, 0
Cr 0

In this case we have, C' =1 =0 and C, = I, = 0 which gives us that C,, = U,, =0

as well.
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2.5.17 Endemic Equilibria (EE)

In defining EE, we adopt a public health perspective, namely, that patients are the
victims and health care workers are the vectors who carry and spread the disease from
patient to patient. In other words, we mean to say the equilibria is ‘Endemic’ with
respect to the total patient population.

There are two broad categories of EE: (1) a stable equilibrium, which always has
a pool of infectives (I's) of one or more categories; and (2) an oscillating equilibrium,
wherein the pool of infectives may be distributed over more than one category, or may
even be missing at times, as long as there are C’s.

For the stable EE, since the infective portion of the patient population is reduced
by both recovery and death, it is necessary to have a non-zero I and C, and therefore,
in fact, U >0, C>0,1>0,U, >0,C, >0,.1, > 0. We must also have Ry > 1.

It is clear that in order to maintain C and I, we must have transmission in both
directions (patient to HCW, HCW to patient). Otherwise, the Cs and Is (and the C,s
and I,s) would eventually die off, leaving no supply of the virus.

We have,

46



* 30, Q+wdl.
v (eCw—=vu) (B+7e) —Yutw
* (59 eCwd0y eCwdbew
¢ (eCw—7u) (B+7e) —Yuw T Q((eCw—7u) (B+7e) —Yuw)
* eClyy60y eCydfc.w
! ( i < Car) (P70 T Q(ecw*vu)(ﬁ+%)*7uw>>
Ui ( (0caZ + % + Biaapa) + ()\PSZY—H\));ap“paY)I*)
Ch % (HcaYZ + 1000 Z + OiahapaY ) + N ZY + Map®paY ) %)
[:g a 4 (ecaY + elcweua + eiaP%)\aY> + % ((/\PSZY+>\2aPuPaY)/Ba + )\pu) T*
* Cw
Uw a(;ffe)T
cy C,

(2.36)

with C € R where 0, = 1 — >, J = ¢,i,ua,ca,ia, e = ab,(1 — €,), e1 = abp,(1 —
jed

Ew))P = Apu‘i')\PS"i‘%, Q = w+5+7€7 X = Wa‘i_ﬁa"i_")/caa Y = elcw“"}/uaa Z = )\apa+7ia

and A = XY Z—e;CyweZ—AapafBaY, T = (bpe + Bt  Bomiad2™) (PO — §0);)4- buiadbie 4

% (bh’L + bhiaZApu) + bhcaz'zbhiaﬁa (5(90ay + elcw‘gua _|_ eiap%AaY) + C;B)

2.5.18 Ry The Basic Reproductive Number

In studying an outbreak, one may wish to look at the potential for growth of the
outbreak. A negative derivative in the case of C’i,ji,C;ai,I;i, for i=1,2,3 would indicate
that the disease was declining, as would a positive derivative indicate growth of the
disease.

More common in analysis is to look at the value of the reproductive ratio Ry. The
interpretation of Ry, is that if one organisms is infected, then Ry more cases should
develop, so long as there is a sufficiently large enough pool of uninfected individuals
with the potential for infection. An empiric value of Ry can be achieved through using

the field data to look at the number of primary and secondary cases, namely, it is the
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number of original cases divided by the number of secondary cases.

The ‘Next Generation Method ’ by Diekmann was used to caluculate the reproduc-
tive ratio. It gives the mean number of new infectives per infective in any class, ‘per

generation .

The following will show how R, was determined for this model:

Let F be the vector of new infections where each F; is the rate of appearance of
new infections in compartment i. Let V be the vector of transfer rates by all other
means in which V; = V,© — V;* where V," represents the transfer of individuals into
compartment i, and V;~ represents the transfer of individuals out of compartment i.

Rearrancing the order of equations and variables as, C,C,.1,1,,C,,, U, U,, U,, we have,

ab,(1 — €,)UC,,
abya (1 — €,)U,Cly
0
0
P (2.37)
CL(l — ew)(bth’ + bth -+ bhcaCa + bhmfa)Uw
0

0

and
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(W =+ B+7)C
(Wa + Ba + Yea)Ca — (AP° I + Aapals)
(A" + Ap® + 7)1 — BC
v (Via + Aapa)la — (beta,Cy + NpI) (2.38)
pCly
ab,(1 —€,)UC, +7,U —wC

abya(1 — €,)U,Cy + gammay,U — w,Cly

Cl(]. - Ew)(bhcc + bth + bhcaCa + bhia[a)Uw - ,ucw
Next, define F and V as partitioned matricies from the disease-related variables of

the Jacobian maricies of F and V at the disease-free steady state, respectively. For

simplicities sake, we let e = a(1 — €,).

0 0 0 0 ebU
0 0 0 0 ebpl,
F=| 0o 0 0 0 0 (2.39)

0 0 0 0 0

ebpe  €bnea  €bpi  Ebpig 0
and
(w+B+7) 0 0 0 0
0 (Wa + Ba + Vea) —Ap® Na 0
V= -8 0 (Ap® + Ap" + ) 0 0 (2.40)
0 —Ba —Ap* Yia + Para 0
0 0 0 0 ,u
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Inverting V, we get,

1

1 0 0 0 0
— Ao pa BF+GBAp* —AapafaDA+GDA  —FAgpa+GAp® —AapPa 0

ABDG ABDG BDG G

-1 = B8 1

V =5 0 5 0 0

_BE_ Ba s B
ADG G DG G 0
0 0 0 0 L
I

(2.41)

where A = w+ B+ 7e,B = wa + Ba + Yea, D = Ap® + X" + 7%, E = Yig + patas

F = Xp"B + B \p®, and G = BE + B, \opa-

Calculating F'V~! we have,

0 0 0 0
0 0 0 0

Fvl=el| o 0 0 0
0 0 0 0
J —bheca(MapaBa DA+GDA) | bhiagy —bpeaH | b

hi briaF"  bria B=bncarapa
ABDG + G BBDG + D + DG G

_ bh _ bhca()‘apaﬁF+G:B)‘ps) /Bbhz bhiaFﬁ
where J = ¢ ABDG + 74D T TAba

The eigenvalues of FV ! are

0 (repeated 3 times), and
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26Ny (bhe  bnea(AapaBF+GBAG®) | Bbni | bniaBF | bneadapabBa | bhea 1 bniaBa))/>
i(T AT ABDG +ap tApe T Bo T B TG

Taking the positive eigenvalue we obtain,

e2prp bhe _ tha()‘apaﬁFJrG:B)‘ps) + Bbni + briaSF + bhcarapaBa + bhea + briaBa 1/2
o A ABDG ADG BG B G

AD

Therefore, factoring, the Reproductive Ratio is,

R = eQbPNP % + bhcaB(’YiapS+pa>\a(ps_pu))+bhiﬁF _|_ bh’L/B + bhcuE + bhialga 1/2
0 W A AD(BE+Barapa) AD U BE+Barapa T BE+Ba)apa

with A = w+ 8+, B = wa+ Ba + Yea, D = Ap®* + A" + vi,E = %Yia + para and
F = X\p"B + By A\p®.

Note:
e It is not a strictly dominant eigenvalue, as Ry is also an eigenvalue.
e The ratio is independent of admission rates.

e In this specific instance, N, represents the total number of uncolonized patients.

2.5.19 Control Strategies

Once one has an expression for Ry, one can pursue control strategy theories by seeking to
reduce it to a value less than one.

Some possible simplifications include having A =~ 0 and A, =~ 0. This makes intuitive
sense as if the maximum rate patients are being given antibiotics is low, then there is less of
a chance of them developing resistance. Also it is important to note that once a treatment
failure has occurred, patients move to the class of people with past antibiotic exposure, where

the infection is transmitted much faster and treatment is much more difficult.
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2.5.20 Possible Simplifications

The general full-model results in a system of 18 equations, and it is desirable to consider
reducing this through simplifications and rescaling. Unfortunately, in the case of the three-
bacterium model this is complicated through the interaction between single and co-colonized
individuals. Reducing the complicity of the model, in many cases, is not possible through
the numerical differences in parameter values between the three different types of bacterium.
Creating a universal value for the probability of successful or unsuccessful treatment is a
possibility, though due to the lack of sufficient empirical data, it is not possible to ascertain
whether this is an appropriately accurate assumption. It is possible to consider creating uni-
versal values for other parameter values such as the discharge or admittance rates, but doing
so would not be appropriate given the differences in empirical data. It is to be noted though
that in the case of the length of time that Health-care Workers can transmit infection p, the

empirical value is the same for all three bacterium, and so a single value is used in this case.

Elimination of negligible terms should also be considered. The death rate for uncolonized
and colonized individuals, 7, and 7. is believed to be near zero due to the length of stay
for patients in the ICU and the severity of the bacterium for colonized individuals, and so
is disregarded. The lack of discharge rate for infected individuals is similarly disregarded,
due to hospital procedures, it is only very few undiagnosed cases where patients having such
an infection status are discharged without treatment. The fraction of patients that become
co-colonized in a single interaction with a single health care worker is close enough to zero

that one can eliminate this term. This simplification is both a realistic and useful one.
Any implementation of the above simplifications that have not already been done does

not yield a good-pay off, as it does not reduce the complicity of the model greatly and does

not allow for the elimination of any equations.
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2.5.21 Model Variations

Omitting (I) or (I,)
The model herein has been case as a model with (U), (C), and (I), but it can be reduced by
possible elimination (I) and/or (1), for a total of six basic equations and twelve equations

in the general model.

Elimination of the infected compartment is a common simplification seen in the litera-
ture. Unfortunately in the general model, treatment of infected individuals is a key aspect in
the addition of individuals with past antibiotic exposure. This can be rectified by combining
the C and I compartments, and having patients treated upon arrival in the colonized class.
Though not reflective of the non-symptomatic reality of those in the colonized class, it is
a good method with which to still retain the treatment aspect crucial to the involvement
of past antibiotic exposure in the model. We would then have patients entering the ‘col-
onized’ compartment through acquisition of the bacteria (the interaction term), and leave
through treatment (either unsuccessful or successful) or death. The  progression term is
eliminated, in this case. These changes are the same in the case of the elimination of (I,),
with the exception of treatment, wherein patients who have been unsuccessfully treated enter
the compartment. The decolonization term would be combined to account for the success of

treatment.

0(t) and ~(t)
Though not necessarily a simplification, one may consider the conversion of admittance and
discharge rates to time-dependent functions. This is not particularly difficult in the numerical

analysis, but program run-time would increase dramatically.
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Chapter 3

Methods

3.1 Analysis of the ODE

Analysis of the ODE system was made difficult due to the presence of non-linear terms in
over half of the model equations. This is why an attempt to find an explicit form for the
solutions of the general system was not pursued with any major effort. This is illustrated in
the complicity of the original models analytic solutions. Determination of equilibria, calcula-
tion of the reproductive ratio (Rp), and simulation of the transmission process were pursued

to the fullest extent possible.

A set of parameter values (table 3.1) was chosen for general use. Please refer to Appendix
E for a more in-depth discussion of the specifics on the choice of parameter values selected.
Values for VRE, MRSA, and co-colonization are listed where applicable, in the cases where
there is a single value for all three bacterium the value is listed under VRE. For more in-depth

information on the co-colonized parameter values please refer to Appendix E.
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Paramater Description VRE MRSA

) Rate patients are admitted 1.36%* NA

o Uncolonized Discharge Rate 0.2%* NA
Vei Colonized Discharge Rate 0.1%* 0.142857*
Vij Infected Death Rate 0.042857* 0.042857*
Yua Uncolonized Discharge Rate 0.0714%** NA
Veaj Colonized Discharge Rate 0.03571 7% 0.09928*
Yiaj Infected Death Rate 0.02857* 0.02857*
0., Fraction of colonized patients admitted 0.1%* 0.047*
0, Fraction of infected patients admitted (. Q%K 0.001*
0., Fraction of uncolonized patients admitted 0.142857** NA
Oun Fraction admitted that have had AB exposure  0.29411%** NA
Ocaj Fraction of colonized patients admitted 0.013 0.03*
Oia; Fraction of infected patients admitted 0.001* 0.001*
wj Decolonization Rate / day 0.00142857* 0.00142857*
Waj Decolonization Rate / day 0.000714* 0.000714*
A Maximum rate ABs given to infected patients 0.3%** NA

Aa Maximum rate ABs given to infected patients 0.1* NA
P Probability of successful treatment 0.24 0.5%
pY Probability of unsucessful treatment 0.76 0.15%
Paj Probability of successful treatment 35% 0.35%*
B; Rate colonized patients become infected 0.2795%* 0.042857*
Ba; Rate colonized patients become infected 0.2795%* 0.0428%*
by Colonization probability 0.06* NA
bpa Colonization probability 0.025%* NA
bhe Colonization probability 0.25%* NA
bni Colonization probability 0.1* NA
bhea Colonization probability 0.15%* NA
bhia Colonization probability 0.3* NA

a per capita HCW-patient contact rate 1.38% NA
1/u Time contaminated HCWs can transmit 2% NA

Table 3.1: Parameter Values, general model

*Chamchod and Ruan [13]
**D.J.Austin et. al. [10]
HFE.D’Agata et. al. [8]

4D, Fisman [17]

The value 6., was taken from G. Papia [36]. The of p* and p'" was taken from L.S. Chavers

et. al. [44].
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3.2 Simulate Progress of the Disease

Twelve basic cases were generated. These cases include four base-line cases where there
are no infected individuals, as well as various situation where there is only 15% of a given

patient class infected. Some of the cases serve as controls by omitting selected compartments.

For the most part, the cases were run with a total population of 600 patients and 150
health care workers, with a single ICU consisting of 16 beds and 5 health care workers. In
some cases the total number of ICU patients in the hospital, in most cases around 60, is used.
Unless otherwise specified, the initial starting population values used were Uy = 50,C(0) = 5,
I(0) = 1, Uy(0) = 10, Cu(0) = 1,1,(0) = 0, Uy,(0) = 30, Cyy(0) = 3. These numbers were

arrived at through consideration of the literature and data from multiple hospitals in Ontario.

The twelve cases, and the parameter values listed in the previous section were run on a

suite of programs in MATLAB.

The program was written in MATLAB programming language. Patient population fig-
ures were reported as the program runs and were also saved in a file at the end of each
run. Population values are not allowed to run into the negative territory. The program is a
deterministic, discrete approximation of the continuous model, and the results are repeatable

at will.

3.2.1 Other Programs and Tools

A MAPLE program was used for simplifying complicated expressions, particular with regards

to the equilibria calculation, and Rj.
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3.3 Software Quality and Testing

A variety of measures was used to avoid software bugs and similar problems. Defensive pro-
gramming was used throughout, with modularity and testability being pursued at all times.
The list of parameter values was centrally maintained so that all programs and documents
were using the same values. All program outputs were checked for reasonableness, and they
were validated against special cases and prior work where possible. The special cases in-
cluded zero populations of certain patient classes, and there are found in the list of cases.

This testing revealed certain problems, which is discussed in the next chapter.
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Chapter 4

Results/Findings

4.1 Results of the Deterministic Model Simulation

Case A is a control case wherein there are no colonized or infected individuals in the starting
population. There were 50 initial uncolonized patients, 10 initial uncolonized patients with
past exposure, as well as 30 initial uncolonized health care workers. In this case, the final
population numbers were the same as the starting ones. This is because there is no infec-
tion present, and the admittance and discharge rates were equal, providing a steady influx
of patients. On the x-axis the time runs in most cases from 0 to 60, and on the y-axis the

corresponding uncolonized, colonized, or colonized patient population was plotted.

Case B and C are single-patient runs, where in case B the colonized patient population is
set at 10 percent of the uncolonized (U (0) = 50,U,(0) = 10, U, (0) = 30, C'(0) = 5, Cy(0) = 1,
Cy(0) = 0), and in case C a single infective patient is introduced (U(0) = 50,U,(0) = 10,
Uw(0) = 30, I(0) = 1, 1,(0) = 1, C(0) = 0). Note that in Case B there are no infected
patients introduced initially, and in Case C there are no colonized patients introduced ini-
tially. Notice how the infection still managed to increase in severity. This shows that it is not

necessarily the amount of infected or colonized patients or health care workers introduced
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into the population that plays a large role in whether there is an epidemic. This made clear
in consideration of Ry wherein there is a dependence on the total number of uncolonized
patients. It should be noted that the presence of colonized workers in the initial population

has no change on the dynamics.

Case D-F show increasing the decolonization rate, w, by a factor of 10. This does have
some effect in reducing the spread of transmission, but not in such a way for it to be useful
in practical applications. It is to be noted that increasing the decolonization rate for patients
with past exposure has a similar effect, but stronger. This case was not shown as it is not
a realistic method with which to control infection, as infected patients still increase in this

instance.

Case G-I show increasing the probability of compliance, €, from 0.3 to 0.9. We see that
the upper limit that the number of infected patients reaches a much lower level. Though the
infection is quite efficiently controlled through increasing of the compliance rate, generally
compliance rates will be at around 0.2 to 0.4 in most hospitals. Other means of encouraging
mandatory use of barrier precautions must be devised for this to be an adequate strategy in

reducing the spread of infection.
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Figure 4.1: Case A: Control case, population dynamics with no initial infected or
colonized patients, using the basic model.
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Figure 4.2: Case B: Population dynamics with initial colonized populations set at 10%
of uncolonized patient populations for those with and without past antibiotic exposure,
respectively, using the basic model.
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Figure 4.3: Case C: Population dynamics with a single initial infected patient intro-
duced for those with and without past antibiotic exposure, respectively, using the basic
model.
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Figure 4.4: Case D: Population dynamics as the decolonization rate (w) varies using
the basic model. This is a control case where there is no change in w.
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Figure 4.5: Case E: Population dynamics as the decolonization rate (w) varies using
the basic model. In this case w is increased by a factor of 10.
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Figure 4.6: Case F: Population dynamics as the decolonization rate (w) varies using
the basic model. In this case w is increased by a factor of 100.
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Figure 4.7: Case G: Population dynamics as the compliance probability (¢) is varied,
using the basic model. In this case € = 0.3
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Figure 4.8: Case H: Population dynamics as the compliance probability () is varied,
using the basic model. In this case ¢ = 0.6
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Figure 4.9: Case I:Population dynamics as the compliance probability (e) is varied,
using the basic model. In this case e = 0.9

4.2 Results of the Deterministic General Model Sim-

ulation

In the limited cases where data was not available for the co-colonized parameters, the value
for MRSA was used. Perusal of the literature shows this to be an adequate estimate until
such a time as more realistic data becomes available. On the x-axis the time runs in most
cases from 0 to 60, and on the y-axis the corresponding uncolonized, colonized, or colonized
patient population was plotted.

Case J shows the simulation when run with real data. Case K-M shows the simulation
with varying compliance probability epsilon from 0.3 to 0.9 in 0.3 intervals. Notice how
there is much less of an effect on controlling the spread of infection. That said, the effect of
increasing the compliance rate is still an effective method of reducing the potential pool of

infectives. It is also to be noted that varying the probability of a successful treatment, p, has

64



no effect on controlling the outbreak. Case N-O shows increasing decolonization rate w. We
see a similar result as with the basic model, in that both the colonized and infected patients

are seen to decline with increasing w.
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Figure 4.10: Case J: This is a control case where the patient population dynamics are
simulated using the general model. Parameter values and initial population numbers
are taken from the literature.

66



100 10
P —l o Uz
et i
o =i i Cal
0 —l ol la
s 50 =i h
] T
= =
= =
= =
= =
a a
a 20 40 G0 a 20 40 =]
Time in days Tirme in days
10 &
£ e [ 2 Ca2
= —[ 2 l32
= w4 E
o o
s 5 k=]
= 22
= £
= s}
= =
a a
a 20 40 B0 a 20 40 =]
Time in days Tirme in days
B B
o —=E3 5 Cad
= S = I
2y I3 S 123
o o
=] =]
2 2 2z
£ £
= =
= =
a a
a 20 40 G0 a 20 40 =]
Time in days Tirme in days
30 30
il by o |2
= Cwl || = Cw2
5 20 2 20
= =
=] =]
210 210
= =
= =
= ol = ol
a a
a 20 40 B0 a 20 40 =]
Time in days Tirme in days

Figure 4.11: Case K: Population dynamics as the compliance probability (e) is varied,
using the general model. In this case e = 0.3
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Figure 4.12: Case L: Population dynamics as the compliance probability (e) is varied,
using the general model. In this case e = 0.6
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Figure 4.13: Case L: Population dynamics as the compliance probability (e) is varied,
using the general model. In this case e = 0.9
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Figure 4.14: Case N: Population dynamics as the decolonization rate (w) varies using
the general model. In this case w is increased by a factor of 10.
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Figure 4.15: Case O: Population dynamics as the decolonization rate (w) varies using
the general model. In this case w is increased by a factor of 100.
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4.3 Basic Reproductive Ratio: R

The basic reproductive ratio for the basic model was calculated for 4 of the 12 cases (cases A-C
and G-O result in the same value, as no parameters are varied). These ratios were calculated
using a MATLAB program. A complete set of parameter values can be found in table 3.1. We
also include case P-Q and S wherein the number of patients is increased starting from 10, by
a factor of 10 (Case R has a total patient population of 500). Both the simulations involving
Ry and the deterministic model simulations are in agreement. Increasing the decolonization
rate, w, decreases Ry, but not by a significant amount. It is € that has the strongest effect
upon reducing Ry to less than one, and thus inhibiting any sort of epidemic from occurring.
It is also important to note that as the number of patients grows, it becomes increasingly

difficult to contain an outbreak.

Case Parameter varied Ry

D w = 0.00132857 1.1553
E w = 0.0132857  1.1521
F w = 0.132857 1.1296
G e=0.3 1.6174
H e=10.6 0.9242
I e=0.9 0.2311
P N, =10 0.3653
Q N, =100 1.1553
R N, = 500 2.5833
S N, = 1000 3.6533

Table 4.1: Basic Reproductive Ratio calculations with decolonization rate (w) varied
by a factor of 10, compliance probability (¢) increased at 0.3 intervals, and the total
number of patients (/NV,) increased by a factor of 10, respectively

4.4 Search for Equilibria

The equilibrium values were calculated and plotted using MRSA data, varying Cy(t) from
0 to 10 in 0.05 intervals. The equilibrium values were not calculated for total health care

worker population numbers of under 5. As the model was designed to consider an entire
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ICU which has on average 15-20 patients, having populations numbers under 5 for health
care workers is unrealistic and would require patient populations of under 10 (which the
model is not designed to account for). On the x-axis is the value of Cy,, and on the y-axis
the corresponding equilibrium point was plotted. Notice how in some cases, the equilibrium
points do not change, and in others (namely U,,, and I,) there is a clear relationship with the
value of Cy,. Note that the number of colonized health care workers at equilibrium, can, by
definition be expressed in terms of the number of uncolonized health care workers. Namely,
looking at the equilibrium values in terms of the number of colonized health care workers can
give an impression of the relationship between the equilibrium state of patients with varying

infection status and the total number of health care workers.
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Figure 4.16: Equilibrium values for U(t), C(t), and I(t) with Cy,(¢) from 5 to 20, MRSA
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The simulation was run with VRE data as well, and minimal differences were found.
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Figure 4.19: Equilibrium values for U(t), C(t), and I(t) with C\(¢) from 5 to 20, VRE
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4.5 Summary of Results

It was shown that there is a difference in efficiency or vulnerability between the species - e.g.
that a single MRSA infection has a completely different effect upon the general population
than a single VRE infection. Namely, that varying different parameters will have a different
effect upon the colonized and infected VRE patient populations that that of the MRSA
patient populations. The overall effect each parameter has on the different infection types
is much the same though e.g. parameters that are effective in lowering the VRE infected
patient population will do so to a similar degree with the corresponding MRSA infected
patient population.

One significant finding of the early simulation studies for both models was that, over a
wide range of parameter values, only one or two will have an effect upon the control of an
outbreak. Most specifically, the parameters that represent infection control (i.e. compliance
with barrier procedures) hold strong importance. The results of the calculations of the
reproductive ratio support those of the numerical simulations, in this way.

Increasing the probability of compliance health care workers have with employing barrier
procedures is an effective method of controlling an outbreak in both models, to varying
degrees. Specifically, the increase has a stronger effect in the basic model. Due to the
existence of only one type of infection in the basic model as opposed to three, the effect
of different infection control procedures employed will have a stronger effect as there are
significantly less factors influencing the spread (i.e. spread amoung co-colonized patients.
and transference of patients moving from the VRE or MRSA class to that of the co-colonized
class). This allows for a better grasp on which infection control measure is the most effective
in controlling an outbreak. The general model still allows for such a grasp, but through it
we are able to see how exactly the different infection types interact with each other in order
to receive a more realistic picture of how infection will spread in an ICU.

Increasing the decolonization rate has some effect in reducing the spread of transmission,

but not in such a way for it to be useful in practical applications. It is also crucial to note

7



that as an infection control procedure that is to be widely implemented, this is quite difficult

in implementation.
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Chapter 5

Conclusions, Future Work

Certain things stand out in the results:
(1) Infection Control Procedures strongly impact the spread of infection.
(2) The results support most scientifically-based infection control strategy theory.
(3) The basic and general model are in agreement as to the parameters that most impact

the spread of disease.

5.1 Conclusions

Using mathematical modelling to analyze the spread of antimicrobial resistant diseases is a
fairly new approach. Its usefulness in aiding decision makers is something that should not be
overlooked though. The work of this thesis, even will all its deficiencies, has shown that the
transmission and spread of MRSA and VRE is strongly connected to the types of infection
control procedures implemented. Specifically, that the type of screening method chosen (i.e.
identifying those with past antibiotic exposure), as well as the implementation of barrier
precautions is crucial in controlling the spread of infection. There are many other factors
such as compliance with such procedures that must be taken into account.

Patients that have had past exposure to antibiotics are known to be at a higher risk
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of infection, and transmission to others is much stronger with them than with those that
have not had past exposure. This is reflected in both models, as in all cases there was a
much higher prevalence of patients with past exposure than there was of patients without.
Identifying and separating those with past exposure and those without in both the general
and basic models, first and foremost allowed for better identification of how exactly infection
control measures differ in controlling the spread between the two groups, and will help policy
makers in differentiating between how the two groups are treated, and how to best minimize
the spread of infection to other patients.

The implementation of barrier procedures is a useful method in controlling the spread of
infection. It is to what compliance that such procedures are implemented that is left to ques-
tion. That is why both models incorporate such compliance. It is shown through numerical
simulations that varying the compliance probability has a clear effect on the transmission
dynamics in both models. This is particularly important to policy makers as attention must
be paid to the actual implementation of such procedures and how many health care workers
comply with them, or the effect they have on reducing the spread of infection will be much
diminished and not at its full potential.

The results of the two models are in agreement with other studies done on MRSA and
VRE. This is important as the general model is one of the first of its kind to look at the
interaction and effect that MRSA, VRE, and co-colonization and infection have on each other
and on infection control procedures implemented. The two models themselves are in agree-
ment with which parameters have the strongest effect, but to varying degrees in each model.
This is expected as the general model includes other factors that could potentially impact
the implementation and spread, even simply with the inclusion of co-colonized patients.

Lastly, despite its size and complexity, the model is easy enough to use. It was not difficult
to implement the eight ODEs using the MATLAB and MAPLE programming languages.
That said, the general model represents a new step forward in the analysis of the spread of
MRSA and VRE, and as such, should be given the time and work it needs. The model of

this thesis represents a starting point for future work to build on.
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5.2 Future Work

The model found in this thesis opens the door to a great deal of follow up work. In this
section are listed a number of avenues that could be pursued. They are presented in no

particular order.

It was apparent that the listing of parameter values could use some refinement. A more
accurate representation of the circumstances could be acquired through use of data from
a single hospital, in order to maintain a better sense of continuity. This would allow for
follow-up and comparisons with the model results and the empirical data. There could also
be extensions by using time-dependent parameters to support the concept of non-uniform

resistance rates.

It is clear through perusal of the literature available that further analysis and refinement

of the general model would provide many useful insights.

The spatial aspects of transmission should be explored further. In this thesis, a single
ICU was considered. To envision the model setting within a whole hospital, and have con-
sideration of intra-hospital movement of patients and health care workers would allow for a

more realistic perspective on the spread of infection.

In order to provide additional insight into possible control strategies or simplifications of
Ry a sensitivity analysis must be conducted. Due to time constraints, this was not possible.
Such an analysis would provide useful information as per which parameters are the most

sensitive to change, though.

A useful method of infection control consists of patient cohorting. By arranging infected

patients into designated areas and likewise having designated health care workers devoted to
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their care, it would greatly reduce the contamination probability. This unfortunately is not
always a realistic course of action for hospitals to take, given the size and space constraints.
Studies have shown that such cohorting does greatly reduce the spread of the infection though,

so it would be prudent to look into more realistic methods of cohorting.

Alternative methods for calculating Ry should be explored.

82



Chapter 6

Appendices
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Appendix A

The transmission term

The transmission term is of great importance in many epidemiological models. The choice of
transmission term is crucial in the creation of an accurate model which can then be properly

analysed.

The term, ab,(1 — €), appears in every equation except for the ones outlining the change

in infected individuals of any type.
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Appendix B

Derivations

The transmission terms feature a per-capita contact rate which warrants explanation. In this
section, it is briefly explained how the terms were derived. For all derivations, it is assumed
that the colonized population of health-care workers transmits the bacteria to uncolonized

patients through touch.

In mathematical models for vector-borne diseases, each mosquito bites at a constant rate
(irrespective of the number of humans), whereas the rate at which humans are bitten increases
in proportion to the number of mosquitoes [12]. These assumptions are amended slightly in

the construction of the per-capita contact rate.

It is not assumed that each health-care worker contacts the patients at a constant rate,
but that each patient needs a constant number of contacts with health-care workers per day.
Under this assumption, transmission is a frequency-dependent with respect to health-care
workers, and the rate at which health-care workers contact residents increases in proportion

to the number (or density) of residents.

A particular HCW contacts a particular patient at a rate of a = a*/Ny, where a* is the
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number of contacts required by each patient per day and N is the total number of health

care workers.

The transmission term also possess the probability b, which represents the probability
that uncolonized patients will become colonized during contact with a contaminated HCW.
In contrast, HCWs can become contaminated by contact with colonized patients with a prob-

ability by, and by contact with infected patients with a probability bp;.

Thus, in this appendix, it has been shown how the model’s final transmission terms were

derived.
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Appendix C

Birth and Death Rates

C.1 Admittance rate Issues

Admittance rates differ between both hospitals and regions. This makes it difficult to acquire
a realistic set of admittance rates for all compartments. It is common for a hospital to only
publish admittance rates for patients of a specific infection status as well, and so this makes

it difficult to acquire a realistic complete set of admittance rates from the same hospital.
Furthermore, a hospitals admittance rates will change depending on seasonality and out-

breaks of other diseases. VRE and MRSA are usually acquired by patients with compromised

immune system, those who are already infected with other diseases or have had surgery.

C.2 Death rate Issues

For normal discharge rates we have seasonality issues similar to the ones described above.
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Appendix D

Ry, The reproductive ratio

Diekmann makes a fairly convincing argument for the choice of wording, reproductive ratio,’

over the choice some sources make such as ’replacement rate’ or ‘replacement number.’

The subscript zero appears to be a notation without much significance, but Diekmann
offers two possible interpretations: (1) that it refers to the ’virgin’ environment; and (2) that

th moment.

it refers to zero

The unit context for Ry is new cases per reference case, and more specifically, this should
be new cases in bacteria X per reference case in bacteria X. This suggests that it should be a
valid concept only for transmissions from one individual infected or colonized with bacteria

X, to another of the same infection status.

Unfortunately, in the case of a vector-borne diseases, specifically considering the patient-
health care worker situation of this thesis, a reference case in a patient can lead next to a
‘case’ in a health care worker. Only after another transmission (health care worker to patient)
do we get an additional infection. From a calculation point of view this is dealt with by taking

the square root of the numbers for the two processes i.e. their geometric mean.
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Appendix E

Symbols and abbreviations used in

this document

Symbol Description

Ey Disease-free equilibrium (DFE)
Eg Endemic equilibrium (EE)

N, Total number of patients admitted in the time interval studied
Ny, Total number of health care workers

0 Admittance rate

) Admittance rate

0 Fraction of patients admitted to a given infection status

w Decolonization rate

A Maximum rate ABs given to patients

p° Probability of successful treatment

o Probability of unsuccessful treatment

6] Rate that colonized patients become infected

b Contamination probability from infected or colonized patients
a Per-capita contact-rate

a* Number of required contacts from health-care workers to patients per day
14 Decolonization rate for colonized health-care workers

Table E.1: Symbols used in this document
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Disease State

Subscripts Description

u
C

Uncolonized
Colonized
Infected
Uncolonized with past antibiotic exposure in the past year
Colonized with past antibiotic exposure
Infected with past antibiotic exposure
Vancomycin-resistant enterococcus
Methicillin-resistant staphylococcus aureus

Co-colonized with both VRE and MRSA

Patients

Health-care worker

Table E.2: Disease state subscripts used in this document

Abbreviation Description
AB Antibiotics
HCW Health-care worker
VRE Vancomycin-resistant Enterococcus
MRSA Methicillin-resistant Staphylococcus aureus
ODE Ordinary differential equation
EE Endemic equilibria
DFE Disease-free equilibria
AP Antimicrobial prescribing
VRSA Vancomycin-resistant Staphylococcus Aureus
ICU Intensive care unit
PHO Public health ontario
AE Antimicrobial exposure

Table E.3: Abbreviations used in this document
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Appendix F

A brief discussion of the sources of

parameter values

For this model, it was necessary to select a single value for each parameter. A number of
resources were consulted in order to obtain suitable figures for use here, with great variation
in their justification and perceived reliability.

0 = 1.36 - Rate patients are admitted to the hospital
The model is constructed such that there is one general admission rate and twelve specific
parameters that detail prevalence at admission of the different infection statuses.

Yu = 0.2 - discharge Rate, uncolonized

Chamchod and Ruan [13] give discharge rate of 0.2 in their model on MRSA transmission.

Ye1 = 0.1, 02 = 0.142857, .3 = 0.0833 - discharge rate, colonized
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D.J. Austin et. al [10] give an average length of stay for VRE colonized individuals of
10 days, which, taking the reciprocal, gives us a discharge rate of 0.1.

Chamchod and Ruan [13] give an average length of stay for MRSA colonized individuals of
7 days, which, taking the reciprocal, gives us a discharge rate of 0.142857.

Furuno et. al. gives an average length of stay of 12 days for co-colonized individuals, which,

taking the reciprocal, gives us a discharge rate of 0.0833.

vi1 = 0.042857, ;0 = 0.042857, ;3 = 0.24615 - death/discharge rate, infected

Chamchod and Ruan give an average length of stay of 14 days for individuals infected with
MRSA. Taking the reciprocal and multiplying by the probability of an unsuccessful treatment
gives us 0.042857. Due to the lack of data available for VRE, the same value is used as an
estimate for the purpose of simulations. Furuno et. al. gives a death rate of 0.24615 for

co-infected individuals.

Yua = 0.0714 - discharge rate, uncolonized with past AB exposure

E. D’Agata et. al [8] give an average length of stay for uncolonized individuals with past

antibiotic exposure of 14 days, which, taking the reciprocal gives a value of 0.0714

Yeal = 0.03571, Yeaz = 0.09928, ~..3 = 0.03571 - discharge rate, colonized with past AB

exposure

E. D’Agata et. al. [8] give an average length of stay for individuals with past antibiotic ex-

posure colonized with VRE of 28 days, which, taking the reciprocal gives a value of 0.03571.
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Chamchod and Ruan [13] give a discharge rate for patients with past antibiotic exposure col-

onized with MRSA of 0.09928. Due to the lack of data available for co-colonized individuals,

the same value is used as VRE as a minimal estimate for the purpose of simulations.

Yia1 = 0.02857, ;42 = 0.02857, ;a3 = 0.02857 - discharge/death rate, infected

Chamchod and Ruan [13] give an average length of stay for individuals with past AB exposure

infected with MRSA of 14 days. Taking the reciprocal and multiplying by the probability of

treatment failure gives the death/discharge rate 0.02857. Due to the lack of data available

for VRE and co-infected individuals, the same value is used as an estimate for the purpose

of simulations.

0, = 0.85 - fraction of patients admitted, uncolonized

Austin et. al. [10] give an admission prevalence of uncolonized patients of 0.85.

0.1 =0.1, .5 = 0.047, 6.3 = 0.56769 - fraction of patients admitted, colonized

Austin et. al. [10] give an admission prevalence for patients colonized with VRE of 0.148.
Chamchod and Ruan [13] give an admission prevalence for patients colonized with MRSA of

0.047. Furuno et. al. gives an admission prevalence for co-colonized patients of 0.56769.

0;1 = 0.2, 8,0 = 0.001, 8;3 = 001 - fraction of patients admitted, infected
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D. Fisman [17] give an admission prevalence for patients infected with VRE of 0.2.
Chamchod and Ruan [13] give an admission prevalence for patients infected with MRSA of
0.001. Due to the lack of data available for co-infected individuals, the same value is used as

an estimate for the purpose of simulations.

Oua = 0.29411 - Fraction of patients admitted, uncolonized with past AB exposure

E. D’Agata et. al.[8] give an admission prevalence of 0.4 uncolonized patients with past

AB exposure per day. Using our value for the admission rate and dividing, we get 0.29411.

Ocq1 = 0.013, 0,42 = 0.03, .43 = 0.013 - fraction of patients admitted colonized with past

AB exposure

G. Papia [36] gives an admission prevalence of 0.013 for patients with past AB exposure
colonized with VRE.

Chamchod and Ruan [13] give an admission prevalence of 0.03 for patients with past AB ex-
posure colonized with MRSA. Due to the lack of data available for co-colonized individuals,

the same value is used as VRE as a minimal estimate for the purpose of simulations.

fiq1 = 0.001, 6;40 = 0.001, ;4,3 = 0.001 - fraction of patients admitted, infected with past

AB exposure

Chamchod and Ruan [13] give an admission prevalence for patients colonized with MRSA of
0.001. Due to the lack of data available for VRE and co-infected individuals, the same value

is used as an estimate for the purpose of simulations.
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w1 = 0.00142857, wy = 0.00142857, 3 = 0.00142857 - decolonization rate

Chamchod and Ruan [13] give a decolonization rate for patients colonized with MRSA of

0.00142857. Due to the lack of data available for VRE and co-infected individuals, the same

value is used as an estimate for the purpose of simulations.

wa1 = 0.000714, wes = 0.000714, wez = 0.000714 - decolonization Rate

Chamchod and Ruan [13] give a decolonization rate for patients with past AB exposure

colonized with MRSA of 0.000714. Due to the lack of data available for VRE and co-infected

individuals, the same value is used as an estimate for the purpose of simulations.

A = 0.3 - maximum rate ABs given to infected patients

E. D’Agata et. al.[8] give a 0.3 maximum rate antibiotics are given to infected patients.

Aq = 0.1 - maximum rate ABs given to infected patients
Chamchod and Ruan [13] give a 0.1 maximum rate antibiotics are given to infected pa-

tients with past AB exposure

pl =0.24, p*2 = 0.5, p*3 = 0.24 - probability of successful treatment
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L.S. Chavers et. al. [44] give a probability of successful treatment for patients infected
with VRE of 0.24. Chamchod and Ruan [12] give a 0.5 probability of successful treatment
for patients infected with MRSA. Due to the lack of data available for co-infected individuals,

the same value as VRE is used as a minimal estimate for the purpose of simulations.

pUt = 0.76, p"2 = 0.15, p"3 = 0.76 - probability of unsuccessful treatment

L.S. Chavers et. al. [14] give a probability of unsuccessful treatment for patients infected
with VRE of 0.76. Chamchod and Ruan [13] give a 0.15 probability of successful treatment
for patients infected with MRSA. Due to the lack of data available for co-infected individuals,

the same value is used as VRE an estimate for the purpose of simulations.

pPa1 = 0.035, pa2 = 0.035, pu3 = 0.035 - probability of successful treatment

Chamchod and Ruan [13] give a probability of unsuccessful treatment for patients with past
AB exposure of 0.35. Due to lack of available data for co-infected individuals and VRE in-
fected individuals, the same value is used as with MRSA as an estimate for the purpose of

simulations.

b1 = 0.2795, By = 0.042857, B3 = 0.042857 - rate patients become infected, colonized

The transmission rate for patients colonized with VRE is given by Austin et. al. [10] as
0.2795. The transmission rate for patients colonized with MRSA is given by Chamchod and

Ruan as 0.042857 [13]. Due to the lack of data available for co-infected individuals, the same
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value is used as an estimate for the purpose of simulations.

Ba1 = 0.2795, B0 = 0.0428, B.3 = 0.0428 - rate colonized patients become infected

The transmission rate for patients colonized with VRE is given by Austin et. al. [10] as
0.2795. The transmission rate for patients colonized with MRSA is given by Chamchod and
Ruan as 0.042857 [13]. Due to the lack of data available for co-infected individuals, the same

value is used as an estimate for the purpose of simulations.

p*t = 0.2769, p** = 0.72307 - probability of successful treatment of MRSA in co-infected

patients

Furuno et. al. give a probability of success of 0.2769, and a probability of failure of 0.72307.

p*® = 0.4769, p"4 = 0.52307692 - probability of successful treatment of VRE in co-infected

patients

Furuno et. al. give a probability of success of 0.4769, and a probability of failure of

0.52307692.

b,0.06- colonization probability

The model is constructed such that there is one general colonization probability used for

each infection status, as opposed to one for each bacterium. Chamchod and Ruan [13] give

a probability of 0.06 for patients in their model on MRSA.
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bpe = 0.025 - colonization probability

Chamchod and Ruan [13] give a probability of 0.025 for patients with past AB exposure

in their model on MRSA.

bre = 0.25 - colonization probability

Chamchod and Ruan [13] give a probability of 0.25 for health care workers interacting with

colonized patients in their model on MRSA.

br; = 0.1 - colonization probability

Chamchod and Ruan [13] give a probability of 0.1 for health care workers interacting with

colonized patients in their model on MRSA.

bhea = 0.15 - colonization probability

Chamchod and Ruan [13] give a probability of 0.15 for health care workers interacting with

colonized patients who have had past AB exposure in their model on MRSA.

bhia = 0.3 - colonization probability

Chamchod and Ruan [13] give a probability of 0.3 for health care workers interacting with

infected patients who have had past AB exposure in their model on MRSA.
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a = 1.38 - per capita HCW-patient contact rate

The per-capita contact rate is given by Austin et. al. [10] as 1.38.

1/p=1/24 - Time contaminated HCWs can transmit

Multiple sources (including Austin et. al. [10] and Chamchod and Ruan [13]) give the

amount of time HCWs can transmit infection (either MRSA or VRE or both) as one hour.

This translates to a value of 1/24 days.
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Appendix G

Glossary of Terms

basic reproductive ratio Ry - a ratio of new cases of a disease to old cases, serving as an
answer to the hypothetical question: ”If one case of the subject disease is introducted into
an environment with no other cases of the disease, how many new cases can we expect to
result directly for the single introductory case?” Please see Appendix C for further discussions.

category 1 - used in this document to refer to VRE.

category 2 - used in this document to refer to MRSA.

category 3 - used in this document to refer to co-colonized patients.

endemic - present more or less all of the time.

epidemic - the occurrence in a community or region of cases of an illness (or an outbreak)

with a frequency clearly in excess of normal expectancy [52, p. 19].

host - an organism that harbours a virus.
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incidence - the number of individuals falling ill with a particular disease during a defined

time period, divided by the total population [52, p. §]

infected - having been affected or contaminated by a disease-causing agent; used with
respect to the receiving side/end of an infection, and having to do with the development
or more germs; should not be confused with ’colonized’ or ’exposed.” [53, p. 8] Note two
classifications: clinical infections, with symptoms or signs making the disease apparent; and
sub-clinical infections, with symptoms not apparent or mild enough to escape diagnosis other

than by special testing.

infectious - having to do with an infection, as in ’infectious disease’ or ’infectious agent’
(alternatively, capable of producing an infection; used as a synonym of ’infective’).
infective - capable of infecting, especially with respect to the propagating side of an in-

i

fection. Abbreviation 'I’ - the I also sometimes is said to stand for ’infected’ or ’infectious.’

Note that this term is very similar to one of the definitions of ’infectious.’

latent - not apparent; in a latent infection the virus is in a nonreproducive phase but

there is some sort of virus-host equilibrium.

outbreak - a small, localized epidemic, perhaps confined to a municipality or hospital.

prevalence - the number of individuals who have a particular disease at a particular time,

divided by the total population. [52, p. 9]

vector - an animal that picks up a pathogen from an infective individual and transmits it
to a susceptible individual; [52, p. 19] as used in this document, does not refer to an element

of a vector space.
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virulent - an infectious agent’s relative ability to do damage to its host; can be defined as

the host’s virus-induced loss of fitness.
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