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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 (HCWSs), and uncontaminated and
contaminated volunteers. The basic reproduction number (Rp) was calculated, and the dependence
of Rg 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.
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Introduction

Methods

Meticillin-resistant Staphylococcus aureus (MRSA) infection is associated with
considerable morbidity and mortality among inpatients,1-2 and accounts for 35-80% of total
staphylococcal infection in China.3 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.5-8 Thus, prevention of MRSA acquisition or
transmission mediated by HCWs is critical in reducing MRSA infection.

In China, semi-professional volunteers work in many tertiary care hospitals. These
volunteers have less training than HCWs, care for patients on a one-to-one basis, and are
known to be less compliant with handwashing than HCWs.%10 The daily work of volunteers
includes taking care of patients' daily life, 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.11-20 Most studies have 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.141> A stochastic version of such models has also been proposed to study the
transmission of MRSA in an intensive care unit.2! 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.

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 transmission is particularly important. There are 23 beds in the EW
and seven beds in the RICU. The EW is further divided into two areas; an eight-bed
intensive care unit (ICU) and a 15-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.22-24 Thereafter, patients in the general
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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 polymerase chain reaction (Diversilab System, bioMérieux) was
used for molecular typing to confirm the strain 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.

To describe the transmission dynamics of MRSA in patients, HCWSs 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 [Hc(t)], and uncontaminated
volunteers [Vy(t)] and contaminated volunteers [V(t)], respectively.

It was assumed that patients are admitted to the hospital at a rate A, and a portion ¢ are
colonized with MRSA. 8 and 3¢ 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)BpHPu (HHc (1) and (1-&)Bpy Py (Ve (t), where 1 describes the hand hygiene of HCWs,
and & describes the hand hygiene of volunteers. It was assumed that the transmission rate for
volunteers (Bpy) was lower than the transmission rate for HCWs (Bpp) as volunteers only
care for one patient at a time. HCWSs can become contaminated through contact with
colonized patients, BpyPc (Y)Hy (1), as can volunteers, BpyPc (H)Vy (t). Llyy and 1lyy
represent the durations of contamination of HCWs and volunteers, respectively. Figure 2
shows a schematic illustration of the mathematical compartments. Baseline parameters were
obtained from the literature,12-20 and estimated through computerized records from 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 (9:00-10:00am, 12:30-13:30pm, 23:00-24:00pm), 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. HCWSs/
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, & 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 Bpy =0x¢pp (contact rate, patients—HCWSs), where 6py=number of
patientsx(total number of contacts between HCWs and patients per day)/(total number of
patientsxtotal number of HCWs in the ward). Bpy =@*0pyH (contact rate, patients—
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volunteers), where 6py=number of patientsx(total number of contacts between volunteers
and patients per day)/(total number of patientsxtotal number of volunteers in the ward).
Only “effective contacts' between patients 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.

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 populations. However, when using the deterministic model,
the basic reproduction number (Rg) can be expressed in terms of model parameters, and
various control and prevention measures can be proposed and evaluated by sensitivity
analysis of Ry,.

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 is less than that from HCWs to patients. If there were no volunteers,
an approximately equal number of HCWSs 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
=Bpn), the number of colonized patients would increase; this was confirmed by analysis of
Ro.

Basic reproduction number

Rg is a very useful and important concept in modelling and studying the transmission
dynamics of infectious diseases, 226 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 Ry >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 Rg on various model parameters (i.e. sensitivity analysis). The
explicit expression of R 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 undertaken 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 HCWSs and volunteers
(see Figure 6).
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Using parameter values for the EW, Figure 6a shows that Ry will increase when the
transmission rate between patients and volunteers (Bpy) 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 volunteers 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 Rg
based on parameter values for the RICU show similar results and are not given here.

This study had limitations. In the process of calculating Rg, it was assumed that ¢ = 0.
Therefore, the possibility of other values of ¢ was excluded, leading to imprecision of Ry.

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 understanding of
the current situation, and help in the development of effective strategies to reduce
prevalence rates.

Traditional strategies include reducing transmission rates between patients 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 R 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 HCWSs was closely associated with higher nosocomial infection
rates.2” 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.21:28 The volunteer system in the study hospital is similar to cohort nursing,
and volunteers can conduct many nursing tasks, thus reducing multi-patient contact by
HCWs. Cohort nursing by fully trained HCWSs 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 influenced 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,29 which suggests that employment of volunteers
undergoing nursing training is an alternative approach to nursing care.

In conclusion, improving the handwashing compliance of volunteers, who cohort nurse
patients, will decrease MRSA transmission dramatically.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

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

P2 (1 - )~ |52, H, 1)+ 528,V 0] P, )~ 6,P, ()
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When ¢ = 0 (i.e. no colonized patients admitted to hospital), the disease-free steady state is
obtained:

Eo=(P,,P.,H,,H.,V,, V)= ((;;l,o, 1,0, 1,0)
Y
Then:25.26
. \/ (L= nPg, A (1= €7,
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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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Figure 2.

A compartmental model of transmission dynamics of meticillin-resistant Staphylococcus
aureus among patients, healthcare workers (HCWSs) and volunteers in Beijing Tongren
Hospital.
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Model simulations using baseline parameters from Table | for the numbers of meticillin-
resistant Staphylococcus aureus colonized patients (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.
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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 I. Solid lines correspond to the deterministic model and dotted lines
correspond to the stochastic model.
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Numbers of meticillin-resistant Staphylococcus aureus positive patients on the Emergency
Ward with volunteers and healthcare workers (HCWSs) (Bpy =0.2, solid line) and HCWs
alone (Bpy=0.72, dotted line). This indicates that the number of colonized patients would
increase if the volunteers were replaced by HCWs.
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Simulations of the basic reproduction number (Rg) in terms of the model parameters. (a)
Contact rate between patients and volunteers. (b) Hand hygiene compliance of healthcare

workers (solid line) and volunteers (dotted line).
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Table |

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

Baseline value
Parameter Symbol Source
EW | RICU
Total number of beds | N | 23 | 7 | Tongren
Total number of HCWs | H | 23 | 14 | Tongren
Total admissions per day | X | 0.79 | 0.33 | Tongren
Fraction of admissions per day
Colonized patients [0) 0.067 | 0.165 | Tongren
Length of stay
Uncolonized patients 1/ 8y 13 7 Tongren
Colonized patients /8¢ 20 13 Tongren
Hand hygiene compliance
HCWs n 0.41 0.46 Observed
Volunteers g 0.2 0.23 Observed
Transmission probability per contact | ) | 0.09 Observed
Transmission rate
Colonized patients to HCWs B eH 0.72 Estimated
Colonized patients to volunteers B ey 0.20 Estimated
Duration of contamination
HCWs 1y 1/24 | 1/24 Austin et al.®
Volunteers Uy 112 | 112 Tongren

HCW, healthcare worker.
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