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Introduction

SUMMARY

Semi-professional volunteers work in many tertiary care hospitals in China as healthcare
assistants. Proper infection control measures are needed to reduce nosocomial transmission
involving volunteers. A compartmental model was constructed to describe the transmission
characteristics of meticillin-resistant Staphylococcus aureus (MRSA) in the emergency ward
(EW) and respiratory intensive care unit (RICU) for volunteers in Beijing Tongren Hospital,
Beijing, China. The model consists of components describing uncolonized and colonized
patients, uncontaminated and contaminated healthcare workers (HCWs), and uncontaminated
and contaminated volunteers. The basic reproduction number (Rp) was calculated, and the
dependence of Ry on various model parameters was analysed. Moreover, simulations of the
model were performed for comparision with the reported data on the numbers of colonized
patients in the EW and RICU from 3 March 2009 to 28 February 2010, respectively. Sensitivity
analysis of Ry showed that increasing handwashing compliance among HCWs and volunteers
would reduce the risk of transmission dramatically. As volunteers care for patients on a one-to-
one basis, this study showed that the number of MRSA-positive patients would increase if
volunteers were replaced by HCWs. Therefore, in addition to improving hand hygiene among
HCWs, the employment of properly trained volunteers is an attractive alternative to decrease
MRSA and other multi-drug resistant bacteria infections in the hospital setting.

© 2011 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.

In China, semi-professional volunteers work in many tertiary care
hospitals. These volunteers have less training than HCWs, care for

Meticillin-resistant Staphylococcus aureus (MRSA) infection is
associated with considerable morbidity and mortality among
inpatients,"? and accounts for 35—80% of total staphylococcal
infection in China.? Patients colonized with MRSA are more likely to
develop infection.*> Behaviours of healthcare workers (HCWs)
have been shown to be key determinants in MRSA transmission.®~8
Thus, prevention of MRSA acquisition or transmission mediated by
HCWs is critical in reducing MRSA infection.

* Corresponding author. Address: Department of Mathematics, University of Miami,
Coral Gables, FL 33124-4250, USA. Tel.: +1 305 284 2312; fax: +1 305 284 2848.
E-mail address: ruan@math.miami.edu (S. Ruan).
" Present address: Clinical Laboratory, Affiliated Hospital of Inner Mongolia
Medical College, Hohhot, China.

patients on a one-to-one basis, and are known to be less compliant
with handwashing than HCWs.>'0 The daily work of volunteers
includes taking care of patients’ daily lives, helping patients transfer
from one unit to another, reporting irregular results to doctors, etc.
They do not usually share work stations with HCWs. It is not clear
whether the current infection control measures are effective to
control MRSA transmission on wards with volunteers. Hence, it is
important to assess the role of volunteers in MRSA transmission in
order to identify reasonable infection control programmes for the
whole hospital setting.

Mathematical modelling has provided a means to study the
transmission dynamics of nosocomial pathogens in hospitals,
including investigations of patient and HCW contact patterns, and
HCW- and patient-mediated transmission.'’=2° Most studies have

0195-6701/$ — see front matter © 2011 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
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used deterministic differential equation models which aggregate
patient and HCW populations into compartments such as colonized
or uncolonized patients, and contaminated or uncontaminated
HCWs, and employ the Ross—Macdonald model structure for
vector-borne diseases.'*!> A stochastic version of such models has
also been proposed to study the transmission of MRSA in an
intensive care unit.?! Following a similar modelling structure, the
authors constructed a compartmental model to describe the
transmission characteristics of MRSA in the emergency ward (EW)
and respiratory intensive care unit (RICU) for volunteers in Beijing
Tongren Hospital, Beijing, China. The aim of this study was to
analyse the transmission dynamics of MRSA in wards with both
professional HCWs and volunteers, and to assess various infection
prevention programmes to improve the control of MRSA and other
multi-drug-resistant bacteria infections in similar hospitals.

Methods
Patients and procedures

This study was conducted in Beijing Tongren Hospital, a 1600-bed
university-affiliated teaching hospital. Seventy volunteers worked at
the hospital, distributed over various wards, and all were managed by
the Hospital Administration Centre of Nursing Workers. Twenty-
three volunteers worked on the EW and two worked on the RICU.
As the majority of patients admitted to the EW are critically ill and are
usually transferred to other units, the prevention of MRSA trans-
mission is particularly important. There are 23 beds in the EW and
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seven beds in the RICU. The EW is further divided into two areas;
a seven-bed intensive care unit (ICU) and a 16-bed general open-bay
ward. Patients on the EW are usually moved frequently between the
two areas, depending on the severity and progression of their illness.

Collection of data on MRSA

For the EW, MRSA screening was performed selectively for
patients at admission if any of the following criteria were met:
transferred from other wards within the hospital, transferred from
another hospital, received home health care, used antibiotics
within the previous year, or had a history of an antibiotic-resistant
organism.>?>~%* Thereafter, patients in the general open-bay wards
had nasal swabs every three days when MRSA carriers were on the
ward, and every seven days when no MRSA carriers were on the
ward. For all patients in the ICU, screening was performed at
admission and every two days thereafter. For the RICU, all patients
were screened for MRSA carriage at admission and were sampled
every two days thereafter until discharge.

Before sampling started, a consent form was obtained for each
patient and the study was approved by the hospital ethics committee.
Clinical cultures were obtained as indicated at the discretion of the
attending physician. Specimens were obtained from the nares, axilla,
groin, any wound or lesion, and surgical incision (where appropriate).
Specimens for detection of MRSA were performed using standard
laboratory methods. Automated repetitive-sequence-based poly-
merase chain reaction (Diversilab System, bioMérieux, Marcy I’Etoile,
France) was used for molecular typing to confirm the strain
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Figure 1. Numbers of meticillin-resistant Staphylococcus aureus positive patients from (a) the emergency ward (23 beds) and (b) the respiratory intensive care unit (seven beds) in

Beijing Tongren Hospital from 3 March 2009 to 28 February 2010.
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relatedness between cases. The numbers of MSRA-positive patients
in the EW and RICU from 3 March 2009 to 28 February 2010 are
shown in Figure 1, which demonstrates that MRSA is endemic on
these two wards.

Basic model

To describe the transmission dynamics of MRSA in patients,
HCWs and volunteers in the EW and RICU in Beijing Tongren
Hospital, the patients were divided into two groups: uncolonized
[Py(t)] and colonized [Pc(t)]. No distinction was made between
colonized and infected patients. The HCWs and volunteers were also
grouped into two subpopulations: uncontaminated HCWs [Hy(t)]
and contaminated HCWs [H¢(t)], and uncontaminated volunteers
[Vu(t)] and contaminated volunteers [V(t)], respectively.

It was assumed that patients are admitted to the hospital atarate ),
and a portion ¢ are colonized with MRSA. dy and d¢ represent the
discharge rates for uncolonized and colonized patients, respectively.
Patients can become colonized through contact with contaminated
HCWs and volunteers, respectively, according to mass-action law:
(1 = n)BpyPy(t)Hc(t) and (1 — £)BpyPy(t)Vc(t), where n describes
the hand hygiene of HCWs, and ¢ describes the hand hygiene of
volunteers. It was assumed that the transmission rate for volunteers
(Bpv) was lower than the transmission rate for HCWs ((py) as volun-
teers only care for one patient at a time. HCWs can become contam-
inated through contact with colonized patients, Gpy Pc(t)Hy/(t), as can
volunteers, BpyPc(t)Vy(t). 1/yy and 1/yy represent the durations of
contamination of HCWs and volunteers, respectively. Figure 2 shows
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a schematic illustration of the mathematical compartments. Baseline
parameters were obtained from the literature,'#1>%? and estimated
through computerized records from Beijing Tongren Hospital from
March 2009 to February 2010 (see Table I).

Parameter estimate

An investigator observed the daily care activities of HCWs and
volunteers over three 1-h periods (9:00—10:00 am, 12:30—13:30 pm,
23:00—24:00 pm), repeated on three different days, including
compliance with handwashing and other infection control measures,
and patient care activities. Contact plate sampling was employed to
detect MRSA colonies on the hands of HCWs/volunteers before and
after medical care of MRSA-positive patients. HCWs/volunteers were
asked to wash their hands thoroughly before contact with patients.
MRSA was transferred to the hands of HCWs/volunteers in 19 out
of 207 observed contacts with patients or their local environment
(19/207, 9.2%). Therefore, d was estimated to be 0.09. Handwashing
compliance rates of volunteers were 20.7% (25/121) on the EW and
23.1% (30/130) on the RICU. Corresponding figures for HCWs were
41.0% (50/122) and 45.6% (57/125). Note that fpy = w x Opy (contact
rate, patients—HCWSs), where 0Opy=number of patients x (total
number of contacts between HCWs and patients per day)/(total
number of patients x total number of HCWSs in the ward).
Bpy =wx0pyy (contact rate, patients—volunteers), where 0py = num-
ber of patientsx(total number of contacts between volunteers and
patients per day)/(total number of patients x total number of
volunteers in the ward). Only ‘effective contacts’ between patients
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Figure 2. A compartmental model of transmission dynamics of meticillin-resistant Staphylococcus aureus among patients, healthcare workers (HCWs) and volunteers in Beijing

Tongren Hospital.
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Table I

Baseline parameters and estimates for the transmission of meticillin-resistant
Staphylococcus aureus for volunteers in the emergency ward (EW) and respiratory
intensive care unit (RICU) at Beijing Tongren Hospital

Parameter Symbol  Baseline value Source
EW RICU

Total number of beds N 23 7 Tongren

Total number of HCWs H 23 14 Tongren

Total admissions per day A 0.79 0.33 Tongren

Fraction of admissions per day

Colonized patients [} 0.067 0.165 Tongren

Length of stay

Uncolonized patients 1/ dy 13 7 Tongren

Colonized patients 1/d¢ 20 13 Tongren

Hand hygiene compliance

HCWs n 0.41 0.46 Observed

Volunteers £ 0.2 0.23 Observed

Transmission probability d 0.09 Observed
per contact

Transmission rate

Colonized patients to HCWs Bpr 0.72 Estimated

Colonized patients to volunteers  fpy 0.20 Estimated

Duration of contamination

HCWs 1/1u 1/24  1/24  Austin et al*

Volunteers 1/vv 1/12 1/12 Tongren

HCW, healthcare worker.

and volunteers were calculated, which were composed of two parts:
contacts that occurred when a volunteer had contacts with other
patients in the ward, and effective contacts between a volunteer and
his/her dedicated patient. Baseline parameters and their estimates

are listed in Table I.
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Figure 3. Model simulations using baseline parameters from Table I for the numbers of
patients colonized with meticillin-resistant Staphylococcus aureus (solid line) compared with
the actual data (dotted line) for (a) the emergency ward and (b) the respiratory intensive care
unit at Beijing Tongren Hospital. Fifteen-day averages were used to plot the data.

Results
Model simulations

Model simulations using the parameter values given in Table |
were performed for comparision with the reported data on the
numbers of colonized patients in the EW and RICU in Beijing
Tongren Hospital from 3 March 2009 to 28 February 2010. The
results are compared in Figure 3.

Since the populations in the EW and RICU were small, the
numerical simulations were performed according to the stochastic
model, and compared with the simulations using the deterministic
model for both the EW and RICU (Figure 4).

Simulations using the stochastic model appeared to provide
a better explanation of the transmission dynamics for small pop-
ulations. However, when using the deterministic model, the basic
reproduction number (Ry) can be expressed in terms of model
parameters, and various control and prevention measures can be
proposed and evaluated by sensitivity analysis of Rg.

Since Bpy represents the transmission rate between patients and
volunteers, it is possible to analyse the effect of using volunteers on
MRSA transmission. The transmission rate is the proportion of
contacts between colonized and uncolonized individuals that result
in infection. Thus, in numerical terms, it is transmission probability
per contact X contact rate. As volunteers interact with patients on
a one-to-one basis, the transmission rate from volunteers to patients
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Figure 4. Numerical simulations for both the deterministic and stochastic models over
one year corresponding to (a) the emergency ward and (b) the respiratory intensive
care unit, using the parameters in Table 1. Solid lines correspond to the deterministic
model and dotted lines correspond to the stochastic model.
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is less than that from HCWs to patients. If there were no volunteers,
an approximately equal number of HCWs would have to replace
these volunteers. Equal transmission rates were used for both HCWs
and volunteers to describe the situation if there were no volunteers.
Figure 5 shows that if volunteers were replaced by HCWs
(i.e. Bpy =Bpy), the number of colonized patients would increase; this
was confirmed by analysis of Rg.

Basic reproduction number

Rp is a very useful and important concept in modelling and
studying the transmission dynamics of infectious diseases,?>?% that
represents the number of patients who are colonized with MRSA by
an index case patient at the beginning of the epidemic. From the
point of view of infection control, the infection and spread of MRSA
can be controlled in a hospital if Ry < 1, whereas if Rg > 1, MRSA has
become endemic in the hospital. This study aimed to determine
factors that affect the spread and control of MRSA in the hospital by
analysing the dependence of Ry on various model parameters (i.e.
sensitivity analysis). The explicit expression of Rg is derived in the
Appendix in the case where ¢ = 0 (i.e. when no colonized patients
are admitted to hospital). Sensitivity analyses of Ry were under-
taken in terms of the model parameters, such as the transmission
rate between patients and volunteers, hand hygiene constants of
HCWs and volunteers, length of hospital stay for uncolonized and
colonized patients, and duration of contamination of HCWs and
volunteers (see Figure 6).

Using parameter values for the EW, Figure 6a shows that Ry will
increase when the transmission rate between patients and volun-
teers (fBpy) increases. Figure 6b shows that increasing the hand
hygiene constant of HCWs or volunteers will reduce the risk of
transmission; however, the effect of hand hygiene among volun-
teers is more dramatic. According to the model, if the length of
hospital stay of patients (both uncolonized and colonized) is
shortened or the duration of cross-transmission (for both HCWs
and volunteers) is reduced, Ry will also decrease (figures not
shown). The simulations in Ry based on parameter values for the
RICU show similar results and are not given here.

This study had limitations. In the process of calculating Ry, it was
assumed that ¢ = 0. Therefore, the possibility of other values of ¢
was excluded, leading to imprecision of Ry.
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Figure 5. Numbers of meticillin-resistant Staphylococcus aureus positive patients on
the emergency ward with volunteers and healthcare workers (HCWs) (8py =0.2, solid
line) and HCWs alone (8py=0.72, dotted line). This indicates that the number of
colonized patients would increase if the volunteers were replaced by HCWs.

a
0.15 £0.15
0.14 014
0.13 3 £0.13
0.12 £0.12

g, 011 011
0.10 £0.10
0.09 £0.09
0.08 £0.08
0.07 £0.07
0.06 £0.06

0 02 0.4 0.6 0.8
ﬁPV

b .

0.09 4" £0.09
0.08 £0.08
0.07 4 £0.07
0.06 £0.06

R, 0.05 £0.05
0.04 £0.04
0.03 4 £0.03
0.02 3 ) -0.02
0.01 001

0 02 0.4 0.6 0.8
E(..)andn (—)

Figure 6. Simulations of the basic reproduction number (Ry) in terms of the model
parameters, using parameter values for the emergency ward. (a) Contact rate between
patients and volunteers. (b) Hand hygiene compliance of healthcare workers (solid
line) and volunteers (dotted line).

Discussion

The control of antibiotic-resistant bacterial infections in China is
very difficult due to the huge population size, the large number of
patients in hospitals, and the high transmission rate between
HCWs and patients,. Mathematical modelling can improve under-
standing of the current situation, and help in the development of
effective strategies to reduce prevalence rates.

Traditional strategies include reducing transmission rates between
patient and nurses. In this study, the introduction of volunteers
provides more options in designing control intervention strategies.
Meanwhile, decreasing the transmission rates between patients and
HCWs and between patients and volunteers, while increasing hand
hygiene compliance of HCWs and volunteers, are all important in
controlling infection based on the sensitivity analysis of Ry for these
parameters. However, among these parameters, an increase in
handwashing compliance for HCWs and volunteers would decrease Ry
most dramatically, as the dependence is almost linear. If volunteers
were replaced by HCWs and handwashing compliance was not 100%,
MRSA transmission would increase as HCWs care for more than one
patient. The simulation results can be explained by previous studies,
which showed that increasing the workload of HCWs was closely
associated with higher nosocomial infection rates.>” Employment of
volunteers would decrease the workload of HCWs dramatically.
Cohort nursing is known to be one of the most effective ways to
prevent cross-transmission.??® The volunteer system in the study
hospital is similar to cohort nursing, and volunteers can conduct many
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nursing tasks, thus reducing multi-patient contact by HCWs. Cohort
nursing by fully trained HCWs would be even more effective.

This study also investigated the behaviours of volunteers during
the study period. Compared with HCWSs, more frequent contacts
were observed between volunteers and environmental surfaces, and
this may increase the probability of transmission of MRSA from the
surrounding environment of MRSA patients to other environmental
surfaces and vice versa. Volunteers’ behaviours may be partly influ-
enced by their long-term assignment to a ward. However, a recent
study revealed that proper education for volunteers in infection
control can decrease the nosocomial infection rate,2® which suggests
that employment of volunteers undergoing nursing training is an
alternative approach to nursing care.

In conclusion, improving the handwashing compliance of volun-
teers, who cohort nurse patients, will decrease MRSA transmission
dramatically.
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Appendix

The deterministic model is a system of six ordinary differential
equations:

=i1-9)- [ mtc(o) +

(1I;§)ﬂpvvc(f)} Py (t)—0yPy(t)

o = [ Bt 0+ U Ve (0 Pu(o)-crc(e)
o g pe()Hy (1) +vH (1)
%:(1I;")ﬁPHpC(r)Hu(t)—vHHc(t)
dstu:_<1;]5>5Wpc(t>vu(r>+wvc(r>
%:(11:15)5pvpc(t)vu(t)—vac(t)

When ¢=0 (i.e. no colonized patients admitted to hospital), the
disease-free steady state is obtained:

Eo = (Pu.Pe,Hu. He Vo Vo) = (5.0.1,0.1.0)
u
Then:?>26
Ry — /0= 1Bph  (1— 5By
° oydcyuN?  dydcyyN?

The following material shows how Ry was derived, and deter-
mines the stability of disease-free equilibrium when ¢ = 0.

Theorem

If P9, P2 > 0, the solutions are non-negative and remain

bounded in the positive cone of RS. If Ry < 1, the disease-free steady
state E is locally asymptotically stable. If Ry > 1, Ej is unstable.

Proof: Let T(t) = Py(t) + Pc(t) + Hy(t) + He(t) + Vy(t) + Ve (0).
Then:

IO — )~ duPy(t) — dcPe(t) < 1~ minfoy. oc}T(D)

Thus, the solutions remain bounded in the positive cone of R where
the system induces a global semi-flow. The procedure introduced by
van den Driessche and Watmough?® or Diekmann et al.>’ can be used to
evaluate Ry, and determine the stability of the disease-free equilibrium.
After re-ordering, the disease-free steady state can be written as:

Ey = (Py,Hy,Vy,Pc,Hc,Ve) = (517 1,1,0,0, 0)

Then: v

[ ot + L gmveco puce)
O SprgPe(0)Hy )
F = _
Qe
0
0
L 0 J
and:
- OcPc(t) ]
YuHc(t)
TVe(t)
v o | O 8ttt + L D veo)| Puce) + dupy(t) - 2
O bowPe (O Hy (8) — He (1)
- O PtV (t) - roVe(t
Since:
[0F; oF; oF; ]
0Pc 0Hc V¢
pl R R o
oPc oHc oV
oF; oF; 0F;
-1 0 (1;]7])ﬁPHPU(t) (11\_15)6PVPU(0
— | O Dty 1) 0 0
s vu) 0 0
it follows that:
(A-m, A (-8, 2
0 N 5PH% N 5Pv%
Flg, = (1;]17)61711 0 0
i 0
Similarly:
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o6 0 0
V = 0 YH 0
0 0 Yv
and:
1
% 0 0
viiolo L o
TH
0O 0 —
Tv
So:
o (-mbemd (1-8)BmA]
oyyuN oyyyN
- 1-7)8
-1 = | L= mBpu
SN 0 0
(1—£)8py
S 0 0

Thus, the Jacobian matrix is:

(1 —mBpyr (1 —5)Bpya

X
oyyuN oyyyN
T R N )
XI-FV ' = 75CN X 0
(1-%)Bpy
TN 0 X

242 292
Since x3 — |:(13U_(5:4){H5NPI;A (33[;52‘/6\’;‘2/} x = 0, we obtain that:

Ro = p (1-n) 51)1—1’1+ (1 *g)zﬁl%v;{
dydcyuN? OydcyyN?

By the results in van den Driessche and Watmough,*® the
stability of the disease-free equilibrium is obtained.

References

1. Cosgrove SE, Sakoulas G, Perencevich EN, Schwaber M], Karchmer AW,
Carmeli Y. Comparison of mortality associated with methicillin-resistant and
methicillin-susceptible Staphylococcus aureus bacteremia: a meta-analysis. Clin
Infect Dis 2003;36:53—59.

2. Cosgrove SE, Qi Y, Kaye KS, et al. The impact of methicillin resistance in Staph-
ylococcus aureus bacteremia on patient outcomes: mortality, length of stay, and
hospital charges. Infect Control Hosp Epidemiol 2005;26:166—174.

3. Wang H, Liu Y, Sun H, Xu Y, Xie X, Chen M. In vitro activity of ceftobiprole,
linezolid, tigecycline, and 23 other antimicrobial agents against Staphylococcus
aureus isolates in China. Diagn Microbiol Infect Dis 2008;62:226—229.

4. Niven DJ, Laupland KB, Gregson DB, Church DL. S. aureus Screening Initiative
Group. Epidemiology of Staphylococcus aureus nasal colonization and influence
on outcome in the critically ill. J Crit Care 2009;24:583—589.

5.

10.

11.

12.

13.

14.

15.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Reilly JS, Stewart S, Christie P, et al. Universal screening for meticillin-resistant
Staphylococcus aureus: interim results from the NHS Scotland Pathfinder
Project. ] Hosp Infect 2010;74:35—41.

. Creamer E, Dorrian S, Dolan A, et al. When are the hands of healthcare workers

positive for meticillin-resistant Staphylococcus aureus? | Hosp Infect 2010;75:
107—-111.

. Alonso-Echanove ], Edwards JR, Richards M], et al. Effect of nurse staffing and

antimicrobial-impregnated central venous catheters on the risk for blood
stream infections in intensive care units. Infect Control Hosp Epidemiol 2003;24:
916-925.

. Beggs CB, Shepherd SJ, Kerr KG. How does healthcare worker hand hygiene

behaviour impact upon the transmission of MRSA between patients? An
analysis using a Monte Carlo model. BMC Infect Dis 2009;9:64—72.

. Su Y. Knowledge and awareness of nosocomial infection among care workers:

investigations and counter measures. Chin ] Nosocomiol 2010;20:1132—1133.
Yong LR. Analysis of the Influencing factors of hand-washing compliance of
hospital cleaners and nursing workers. Nurs J Chin PLA 2010;27:60—61.
Cooper BS. Confronting models with data. ] Hosp Infect 2007;65(Suppl. 2):
88-92.

Robotham ]V, Scarff CA, Jenkins DR, Medley GF. Meticillin-resistant Staphylo-
coccus aureus (MRSA) in hospitals and the community: model predictions
based on the UK situation. | Hosp Infect 2007;65(Suppl. 2):93—99.

Bonten MJM, Austin D], Lipsitch M. Understanding the spread of antibiotic
resistant pathogens in hospitals: mathematical models as tools for control. Clin
Infect Dis 2001;33:1739—1746.

Austin DJ, Kristinsson KG, Anderson RM. The relationship between the volume
of antimicrobial consumption in human communities and the frequency of
resistance. Proc Natl Acad Sci USA 1999;96:1152—1156.

D’Agata EMC, Horn MA, Webb GF. The impact of persistent gastrointestinal
colonization on the transmission dynamics of vancomycin-resistant Entero-
cocci. | Infect Dis 2002;185:766—773.

D’'Agata EMC, Webb GF, Horn MA, Moellering Jr RC, Ruan S. Modeling the
invasion of community-acquired methicillin-resistant Staphylococcus aureus
into the hospital setting. Clin Infect Dis 2009;48:274—284.

. Grundmann H, Hellriegel B. Mathematical modelling: a tool for hospital

infection control. Lancet Infect Dis 2006;6:39—45.

. Grundmann H, Hori S, Winter B, Tami A, Austin D]. Risk factors for the trans-

mission of methicillin-resistant Staphylococcus aureus in an adult intensive
care unit: fitting a model to the data. J Infect Dis 2002;185:481—488.

. Lipsitch M, Bergstrom CT, Levin BR. The epidemiology of antibiotic resistance in

hospitals: paradoxes and prescriptions. Proc Natl Acad Sci USA 2000;97:
1938—1943.

Webb GF, Horn MA, D’Agata EMC, Moellering Jr RC, Ruan S. Competition of
hospital-acquired and community-acquired methicillin-resistant Staphylo-
coccus aureus strains in hospitals. J Biol Dynam 2010;4:115—129.

McBryde ES, Pettitt AN, McElwain DLS. A stochastic mathematical model of
methicillin resistant Staphylococcus aureus transmission in an intensive care
unit: predicting the impact of interventions. J Theor Biol 2007;245:
470—-481.

Moore C, Dhaliwal ], Tong A, et al. Risk factors for methicillin-resistant Staph-
ylococcus aureus (MRSA) acquisition in roommate contacts of patients colo-
nized or infected with MRSA in an acute-care hospital. Infect Control Hosp
Epidemiol 2008;29:600—606.

Gopal Rao G, Michalczyk P, Nayeem N, Walker G, Wigmore L. Prevalence and
risk factors for meticillin-resistant Staphylococcus aureus in adult emergency
admissions — a case for screening all patients? J Hosp Infect 2007;66:15—21.
Muto CA, Jernigan JA, Ostrowsky BE, et al. SHEA guideline for preventing
nosocomial transmission of multi-drug resistant strains of Staphylococcus
aureus and Enterococcus. Infect Control Hosp Epidemiol 2003;24:362—386.
van den Driessche P, Watmough ]. Reproduction numbers and sub-threshold
endemic equilibria for compartmental models of disease transmission. Math
Biosci 2002;180:29—48.

Diekmann O, Heesterbeek JAP, Roberts MG. The construction of next-generation
matrices for compartmental epidemic models. J R Soc Interface 2010;7:873—885.
Hugonnet S, Chevrolet JC, Pittet D. The effect of workload on infection risk in
critically ill patients. Crit Care Med 2007;35:76—81.

Beggs CB, Noakes CJ, Shepherd SJ, Kerr KG, Sleigh PA, Banfield K. The influence
of nurse cohorting on hand hygiene effectiveness. Am J Infect Control
2006;34:621-626.

Peng MD. Effect evaluation of hand washing education for nursing workers.
Nurs J Chin PLA 2010;27:60—61.



