
RESEARCH ARTICLE Open Access

Quantifying the relative impact of contact
heterogeneity on MRSA transmission in
ICUs - a modelling study
Hao Lei1,2* , Rachael M. Jones3 and Yuguo Li2,4

Abstract

Background: An efficient surface cleaning strategy would first target cleaning to surfaces that make large
contributions to the risk of infections.

Methods: In this study, we used data from the literature about methicillin-resistant Staphylococcus aureus (MRSA)
and developed an ordinary differential equations based mathematical model to quantify the impact of contact
heterogeneity on MRSA transmission in a hypothetical 6-bed intensive care unit (ICU). The susceptible patients are
divided into two types, these who are cared by the same nurse as the MRSA infected patient (Type 1) and these
who are not (Type 2).

Results: The results showed that the mean MRSA concentration on three kinds of susceptible patient nearby
surfaces was significantly linearly associated with the hand-touch frequency (p < 0.05). The noncompliance of daily
cleaning on patient nearby high-touch surfaces (HTSs) had the most impact on MRSA transmission. If the HTSs
were not cleaned, the MRSA exposure to Type 1 and 2 susceptible patients would increase 118.4% (standard
deviation (SD): 33.0%) and 115.4% (SD: 30.5%) respectively. The communal surfaces (CSs) had the least impact, if CSs
were not cleaned, the MRSA exposure to Type 1 susceptible patient would only increase 1.7% (SD: 1.3). The impact
of clinical equipment (CE) differed largely for two types of susceptible patients. If the CE was not cleaned, the
exposure to Type 1 patients would only increase 8.4% (SD: 3.0%), while for Type 2 patients, it can increase 70.4%
(SD: 25.4%).

Conclusions: This study provided a framework to study the pathogen concentration dynamics on environmental
surfaces and quantitatively showed the importance of cleaning patient nearby HTSs on controlling the nosocomial
infection transmission via contact route.
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Background
Healthcare-associated infections (HAIs) pose a signifi-
cant health and economic burden globally [1]. HAIs
transmission occurs through many processes, including
the contact route, in which microorganisms move from
surface to surface via contact [2]. An obvious interven-
tion to limit the contact transmission of HAIs is to re-
move microorganisms from the surfaces and hands, such

as through surface cleaning and hand hygiene. And these
interventions have been shown to have impact on con-
trolling HAIs [3–5].
An efficient strategy would first target cleaning to sur-

faces that make large contributions to the risk of HAIs.
Studies on the improvement of room hygiene have fo-
cused on the high-touch surfaces (HTSs) [6], near pa-
tients surfaces [7, 8], or communal locations [9], which
were associated with microbial contamination of HCW’s
hands. The Centers for Disease Control and Prevention
(CDC) recommends cleaning and disinfecting HTSs on
a more frequent basis than low-touch surfaces (LTSs) in
healthcare facilities [10]. However, there are few studies
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that quantitatively evaluate the relative effectiveness of
cleaning and disinfecting different surfaces, including
HTSs, near-patient surfaces and communal surfaces, on
controlling HAIs via the contact route [11].
Mathematical models have been successfully applied

to evaluate the transmission of HAIs [12, 13]. However,
most of these studies assumed homogeneous mixing of
surfaces, which cannot reproduce the intricacies of sur-
face contact patterns in hospitals. In this study, similarly
to previous work [14], we approach this problem using a
mathematical model describing the concentration dy-
namics of methicillin-resistant Staphylococcus aureus
(MRSA) on environmental surfaces and hands, but now
consider a 6-bed intensive care unit (ICU) with a more
realistic system of surfaces contacted by patients and
healthcare workers (HCWs). We used this model to in-
vestigate how contact heterogeneity on hospital environ-
mental surfaces may influence the exposure of
susceptible patients to MRSA via the contact route,
given non-compliance with surface cleaning.

Methods
Governing equations
Mathematical modeling has been used for many years to
simulate MRSA transmission [15], including continuous-
time dynamical model [16, 17] and stochastically
discrete-time Monte Carlo model [18] or Markov model
[19]. The continuous-time dynamical model described
an average behavior of the discrete-time behaviors, and
could provide a good approximation to the stochastic
model in a large scale. Given the settings we considered
in this study, a continuous-time ordinary differential
equations (ODEs) based model, developed by Plipat
et al. [20] and Lei et al. [14], was used to simulate the
MRSA concentration dynamics in different compart-
ments, representing environmental surfaces, patients’
hands, patients’ nares, HCWs’ hands and HCWs’ nares.
A brief description is provided here, and more details
are included in Additional file 1: Part A.
The model includes N compartments in total, where the

MRSA concentration in compartments i and j at time t
are Ci(t) and Cj(t) (CFU/cm

2) respectively. Compartments
i and j have area Ai and Aj (cm

2), respectively. Assuming
that after each contact, MRSA in compartments i and j
would be uniformly distributed across the area. Also as-
suming there is continuous emission of MRSA into com-
partment i at rate ei (CFU/ cm2/h), and two continuous
removal processes: loss of infectivity (decay) at rate di (/h),
and removal due to cleaning at rate αi (/h).
Contact between compartments i and j will result in

pathogen exchange between the compartments as follows.
Denoting the pathogen concentration in compartments i
to j at time t before contact as Ci(t) and Cj(t) (CFU/cm

2),
respectively. A contact between compartments i and j

occurs in one time step, Δt, and after contact Ci(t +Δt) −
Ci(t) = (Cj(t)Aijτji − Ci(t)Aijτij)/Ai, where τij is the MRSA
transfer efficiency from compartments i to j during con-
tact (0 ≤ τij ≤ 1) and Aij is the contact area between the
two surfaces during contact. Similarly, Cj(t +Δt) − Cj(t) =
(Ci(t)Aijτij − Cj(t)Aijτji)/Aj. Reflecting the conservation of
mass, Ci(t) + Cj(t) = Ci(t + Δt) + Cj(t + Δt) if no loss pro-
cesses occur. A matrix θ = (θij)N ×N is built to describe
MRSA transfer rates (cm2/h) between the N compart-
ments in the modeled ICU, where θij is the product of: 1)
the contact rate between compartment i and j, βij (/h), 2)
the contact area between compartment i and j during con-
tact, Aij (cm

2), and 3) the transfer efficiency from com-
partment i to j, τij. Thus θij = βijAijτij.
The change in MRSA concentration in compartment i

at time t is:

d
dt

Ci tð Þ ¼ ei−diCi tð Þ−αiCi tð Þ

þ

XN

j¼1

θjiC j tð Þ−
XN

j¼1

θijCi tð Þ
" #

Ai
; i ¼ 1; 2;…;N

The ICU
Since patients in an ICU are at increased risk of acquir-
ing HAIs compared with those on a general ward [21],
we modeled MRSA transmission via the contact route in
a hypothetical 6-bed ICU. We considered that the ICU
was staffed by three daytime and three nighttime nurses,
each dedicated to a pair of beds, and one physician.
Without loss of generality, it was assumed patient 1 is
colonized with MRSA, and all other people are suscep-
tible to MRSA colonization or infection (Fig. 1).
We classified the numerous surfaces in the ICU into

three groups: communal surfaces, clinical equipment
and surfaces near patients. Communal surfaces (CSs) are
those touched by all patients and/or HCWs in the ICU,
including: room dividers (curtains), door handles, etc.
Clinical equipment (CE) are those items typically
touched only by the HCWs. Near-patient surfaces
(NPSs) are typically touched only by each patient and
the HCWs that care for that patient, and include: the
bedrail, bed surfaces and overbed table, etc. The NPSs
were subdivided based on the rate of contacts by HCWs
reported by Huslage et al. [6] into HTSs, medium-touch
surfaces (MTSs) and low-touch surfaces (LTSs). As a re-
sult, for each patient, there were three kinds of NPSs
(HTSs, MTSs, and LTSs). In total, 20 environmental sur-
face compartments were included in the model: 1 CSs, 1
CE, 6 HTSs, 6 MTSs and 6 LTSs. Since our primary
interest is the contribution of each type of surface to
MRSA transmission, we did not further subdivide the
five surface types. The assumed touched area of CSs, CE,
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and near-patient HTSs, MTSs and LTSs are 2000, 3000,
2100, 1800, 2600 cm2 respectively (Additional file 1: Part
B, Table B.1). Since these values are relatively similar, we
assumed each surface type had a 2300 cm2 area, the
average of the areas of the five surface types. Each of the
13 individuals in the 6-bed ICU were represented in the
model by two compartments: the hands and the expos-
ure site – the nares, which is a site frequently colonized
by MRSA. In total, the model included 46 compartments
representing places where MRSA might be.

HCW schedule and allocation
In an ICU, the nurse to patient ratio is often 1:1 to 1:2
[22]. We considered that nurses worked a daytime shift (9:
00 to 21:00) and nighttime shift (21:00 to 9:00 in the next

day), and that a 1:2 nurse to patient ratio was maintained.
The physician to patient ratio was assumed to be 1:6 [23].
Nurses and the physician spent about 30% of their work
shifts in direct patient care, and we assumed nurses and
the physician visited patients 4 times and 1 time per work
shift respectively [23, 24]. Thus, each nurse spent 27min
with each patient per visit (0.3 × 12 × 60/(2 × 4) = 27min)
and the physician spent 27min with each patient per visit
(0.3 × 9 × 60/6 = 27min), which is close to the time esti-
mated by Temime et al. [23]. For nurses, since each nurse
visits each patient 4 times per work shift, it is assumed
that the nurse visits patients once per 3 h and visits the
two patients in the first 54min (0.9 h) of the 3-h period,
without considering the order of the visits, and spends the
remaining time at the nurses’ station. For the physician, it

Fig. 1 The contact network in the modeled 6-bed ICU
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was assumed that he/she visits 6 patients consecutively,
starting at 9:00, spending 27min with each patient, also
without considering the visit order. For the remainder of
the work shift, the physician is not present in the ICU.
The observation studies by Huslage et al. [6], McArdle

et al. [25] and Cheng et al. [26] were used to estimate
the nurse-to-patient and physician-to-patient contact
rates during healthcare visits, and the contact rates for
nurses, the physician and patients with environmental
surfaces (Additional file 1: Part C).

Model intervention
There is no set frequency of whole-room surface clean-
ing and disinfection in hospitals [27], but it is likely to
occur daily in room with patients with an infectious dis-
ease [20]. To reflect this condition, the baseline surface
cleaning in this study was daily cleaning on all surfaces
at 8:00 am, just before the daytime nurses began to work
at 9:00 am. We assumed that surface cleaning and disin-
fection efficacy was 91% [28]. Regarding compliance of
hospital cleaning and disinfection, we assumed cleaning
was either fully compliant (91% of the MRSA removed
by cleaning and disinfection) or non-compliant (not
cleaned and not disinfected). This is obviously not the
real situation, but we felt it was pertinent as a case
study.
In the ICU, it’s required that HCWs should wash and

clean hands before and after contact with each patient,
since each HCW spent 27min with each patient per visit,
so the required hand cleaning frequency was about 4.4
times per hour during healthcare visit. However the com-
pliance with hand hygiene is poor [29, 30]. We assumed
HCWs would clean their hands after 42% of healthcare
visits with patients, which is the average hand hygiene
compliance rate observed in 12 studies conducted in ICUs
(Additional file 1: Part A. Table C.5). Then the HCWs
hand cleaning frequency was 4.4 × 42% = 1.8 per hour.
The hand hygiene efficacy at removing pathogens is 90%
[23]. In order to represent the discrete nurse hand hygiene
process in the continuous governing ODEs, the following
translation is made. After each hand hygiene, only a frac-
tion (1–90%) of MRSA remains on hands. Hand hygiene
occurs 1.8 time per hour, and the time-average rate of
pathogen removal due to hand hygiene is denoted by
αh (/h). Then on average, there is 1–90% = e−αh=1:8

and αh = −log(1–90%)*1.8 = 4.1/h. It was assumed that
patients do not wash their hands during the simula-
tion time.

Pathogen emission, inactivation and transmission
Methicillin-resistant Staphylococcus aureus (MRSA) is a
common nosocomial pathogen, and was used as an ex-
ample to study disease transmission via contact route.

Data regarding the MRSA emission rate and the inacti-
vation rate on surfaces are listed in Additional file 1:
Part C. In this study, the transmission route of interest is
the contact route, involving direct contact between
HCWs and patients’ bodies and indirect contact by
HCWs and patients with MRSA-contaminated surfaces
(fomites); direct patient-to-patient transmission was
ignored.

Initial conditions
The initial MRSA concentration in 45 of 46 compart-
ments was set to zero, with the exception of the expos-
ure site (nares) of the index patient, which was assumed
to have a constant MRSA concentration of 250 CFU/
cm2 [20].

Evaluation of surface cleaning effectiveness
The main aim of surface cleaning is to prevent the trans-
mission of the MRSA from an index patient to susceptible
patients. As a result, the mean pathogen concentration at
the exposure site of susceptible patients over 1 day (de-
fined as 8 am to 7:59 am of the next day) was used as the
indicator of the impact of noncompliance with surface
cleaning. The model was simulated for several consecutive
days until the mean MRSA concentration at the exposure
site of susceptible patients is similar from day to day. Since
the baseline surface cleaning in this study was daily clean-
ing on all surfaces, then the effect of noncompliance with
cleaning on a type of surface would be expected to in-
crease the MRSA concentration at patient’s exposure
sites.

Simulation
For each cleaning condition, the model was imple-
mented to simulate the change in MRSA concentrations
over several consecutive days with 100 replications to re-
flect variance in parameter distributions. The mean and
standard deviation (SD) of MRSA concentrations at the
patient exposure sites and other surfaces estimated in
the 100 model replications were presented.

Results
The mean MRSA concentrations at the exposure site
of susceptible patient 2 on 7 consecutive days after
the index patient was admitted to the ICU are 0.17
(SD: 0.058), 0.22 (SD: 0.080), 0.23 (SD: 0.084), 0.23
(SD: 0.084), 0.23 (SD: 0.084), 0.23 (SD: 0.084), and
0.23 (SD: 0.084) CFU/cm2, respectively. The mean
MRSA concentrations at the exposure site of patients
3–6 on 7 consecutive days are 0.020 (SD: 0.0087),
0.027 (SD: 0.012), 0.028 (SD: 0.013), 0.028 (SD:
0.013), 0.028 (SD: 0.013), 0.028 (SD: 0.013) and 0.028
(SD: 0.013) CFU/cm2, respectively. As we can see
from the above results, the mean MRSA
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concentration on the nares of susceptible patients is
stable between after days 3, so the MRSA concentra-
tion dynamics in the third day was used for analysis.

MRSA concentration dynamics
Figure 2 shows the temporal change of the mean
MRSA concentrations on hands of HCWs and envir-
onmental surfaces during the third and fourth day
after admission of the colonized index patient to the

ICU. The MRSA concentration on HCWs’ hands in-
creases during visits with patients, but decreases rap-
idly due to hand hygiene and relatively high
inactivation rate of MRSA on hands (0.57 /h).
Though the MRSA concentrations on environmental
surfaces increased slowly compared with that on
hands, MRSA will accumulate to a high level if sur-
face cleaning is not performed, due to the relatively
low rate of MRSA on environmental surfaces (0.0082

Fig. 2 MRSA concentrations (CFU/cm2) dynamics on the third and fourth day after introduction of the index patient: a on hands of HCWs, b on
bed nearby surfaces of patient 2, c on bed nearby surfaces of patient 3, 4, 5, 6, d on communal surfaces (CSs) and clinical equipment (CE), e on
nares. Note difference in scales on y-axis
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/h). This shows the importance of surface cleaning on
control the influence of fomites on MRSA
transmission.
The MRSA concentrations on surfaces near patient 2

is about 10-times greater than the concentrations on
surfaces near patient 3. This is mainly because patient 2
is closer to the index patient than patient 3 in the con-
tact network. That is, MRSA transmission to surfaces
near patient 2 requires only two steps: 1) from the index
patient (patient 1) to a nurse’s hands (nurse 7 or 8 in
Fig. 1), and 2) from the nurse’s hands to surfaces near
patient 2. Transmission to surfaces near patient 3 re-
quires four steps: 1) from the index patient (patient 1) to
a nurse’s hands (nurse 7 and/or 8), 2) from the nurse’s
hands to CSs and/or CE, 3) from contaminated CSs and/
or CE to a nurse’s hands (nurse 9 and/ or 10), and 4)
from the nurse’s hands to surfaces near patient 3. The
transfer efficiencies of the two additional steps were 0.23
and 0.28, so the MRSA concentration on surfaces near
patient 3 would be about 6.5% (0.23 × 0.28 = 0.065) of
the concentration on surfaces near patient 2. Of course,
the steps for MRSA transmission from patient 1 to pa-
tients 2 and 3 via the physician are the same, so the ratio
of MRSA concentrations on surfaces near patient 2 and
patient 3 would be a little higher than 6.5%.

Association between contact frequency and MRSA
contamination
We tested the association between the contact frequency
and MRSA contamination for the three kinds of near-
patient surfaces: HTSs, MTSs and LTSs. The mean con-
tact rates on HTSs, MTSs and LTSs were 18.4 (SD: 1,9),
3.98 (SD: 0.81) and 1.95 (SD: 0.52) per hour, respect-
ively. There was a significant positive association be-
tween contact frequency and mean MRSA concentration

on the three near-patient surfaces, yielding a Pearson’s
ρ = 1 for surfaces near patient 2 (p = 0.033) and patient 3
(p = 0.032) (Fig. 3).

Impact of the surface cleaning non-compliance on MRSA
transmission
Figure 4 shows the predicted percentage increase of
mean pathogen concentration on the exposure sites of
patients 2 and 3 three days after admission of the index
patient, given non-compliance with cleaning HTSs,
MTSs, LTSs CSs, or CE. For both patients, cleaning
non-compliance on HTSs has the most impact, leading
to an 118% (SD: 33) and 115% (SD: 30) increase in
MRSA concentration at the exposure site of patient 2
and 3 respectively. Non-compliance with cleaning CSs
has the smallest impact. Non-compliance with cleaning
CE increases the exposure of patient 3 more than the ex-
posure of patient 2 (70% V.S. 8% increase). This is be-
cause different nurses care for patients 1 and 3, meaning
that nurses’ contacts with CE mediates the transmission
pathway.

Discussion
It is widely accepted that environmental surfaces, clinical
equipment, and the hands of HCWs contribute to the
contact transmission of HAIs [6]. And it has been well
documented that many nosocomial pathogens such as
MRSA and vancomycin-resistant enterococci (VRE), can
survive on hospital surfaces for days, up to a year [31].
These pathogens are always readily transmitted from en-
vironmental surfaces to HCWs’ and patients’ hands [7].
Surface cleaning has at least two impacts. First, it re-
duces the surface pathogen contamination level, which
means that fewer pathogen is present to be transmitted
to the susceptible patients during contact with hospital

Fig. 3 Hand-touch frequency and mean MRSA concentration for three kinds of patient nearby surfaces, a for patient 2, b for patient 3. Error bar
represents the standard deviation from 100 replicate simulations
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surfaces. Secondly, it reduces the HCW’s hand contam-
ination level, and then controls the pathogen transmis-
sion from HCW-to-patient. A randomized crossover
field study in an ICU found that enhanced cleaning in
the near-patient environment significantly reduced the
number of MRSA isolates in the environment and on
the hands of the HCWs [32].
There is heterogeneity in the frequency with which

HCWs and patients contact environmental surfaces,
and it makes sense to clean and disinfect surfaces
that are frequently touched, rather than clean and
disinfect all possible surfaces equally, as touching
transfers pathogens to and from hands [6]. In this
study, we showed that MRSA concentrations on sur-
faces near MRSA-susceptible patients were positively
associated with the frequency of hand contacts, partly
due to that our model was a linear ODEs model. This
trend was also observed in a field study in a 10-bed
adult ICU, in which the bioburden on five near-
patient surfaces was linearly associated with the fre-
quency of hand contacts [21]. Theoretical work in
network modeling has also shown that disease spread
more easily among highly connected individuals [33].
According to the modeling study, the absolute MRSA
concentration on the nares of susceptible patients was
low, particularly compared to the index patient, this
is because it was assumed that the MRSA on each
compartment is uniformly distributed in the model.
The real situation could be that the MRSA would be
more concentrated on a small part of the compart-
ment, then more pathogen would be transferred to

susceptible individuals compared with the simulation
results.
We quantitatively showed that HTSs near the patient

play the most important role in the contact transmission
to susceptible patients (Fig. 4). Failure to clean HTSs
near the patients on a daily basis was estimated to in-
crease the MRSA transmitted to susceptible patients by
approximately 120%. Similarly, in an office building,
daily disinfection of highly-touched surfaces had the
greatest impact on controlling the MS2 phage concen-
tration on workers’ hands, yielding an average reduction
in phase concentrations of 41.7% [34], which means that
noncompliance of daily disinfection of high-touch sur-
face would lead to an 140% ([1–41.7%]/41.7% = 140%)
increase of phage transmitted to workers. It is already
known that traditional communal surfaces such as toi-
lets, floor and sinks tend to attract high rates of cleaning
[35], while near-patient hand-touch sites such as bed
rail, overbed table and bedside table, are not always well
cleaned [36, 37]. The responsibility for cleaning near-
patient hand-touch sites has been found to fall to nurses,
who are typically very busy and may be unable to per-
form this task consistently [38]. Two studies in ICUs
have demonstrated an increased risk of HAIs following
periods of inadequate nurse staffing [39, 40].
Our study is prone to a number of limitations. Firstly,

this study used MRSA as an example of contract-
transmissible pathogens relevant to healthcare settings,
and used MRSA-specific values for model parameters
and assumptions, which may be generalizable to other
pathogens. For example, the assumption that no MRSA

Fig. 4 Percentage increase of mean MRSA concentration at the exposure site of susceptible patients on day 3 after admission of the index
patient given non-compliance with cleaning of HTSs, MTSs, LTSs, CSs and CE respectively. HTSs: high-touch surfaces, MTSs: medium-touch
surfaces, LTSs: low-touch surfaces, CSs: communal surfaces, CE: clinical equipment. Error bar represents the standard deviation
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was released directly onto communal surfaces may be
reasonable for some respiratory infections, such as influ-
enza and SARS, but is not reasonable for norovirus,
which is released into communal areas (washrooms) in
diarrhea and vomit. In this context, cleaning of commu-
nal washroom surfaces should be very important in pre-
venting the norovirus transmission via the contact route.
The assumption about no emission to communal sur-
faces, may therefore overemphasize the importance of
near-patient sites for some nosocomial pathogens trans-
mitted via the contact route. In addition, this study also
did not consider other source of pathogens, such as mo-
bile contamination by healthcare workers. Second, in de-
termining the pathogen transfer efficiency from one type
of surface to hand and the reverse direction, the surfaces
are all thought to be non-porous surfaces. This is due to
most surfaces in UIC are non-porous surfaces. However,
there still are some porous surfaces in hospital, such as
bed surfaces and clothes. The relative low pathogen
transfer efficiency from porous surface to hand and rela-
tive high pathogen transfer efficiency from hand to por-
ous surface may lead much pathogen harbour on the
bed surfaces, then the cleaning of HTSs (bed surface is
one HTS in our model) in reality may be more import-
ant than we obtained in this study. Finally, the ODEs
model we used in this study could provide a good ap-
proximation of the average behaviors in large scale set-
tings, but may not be applicable in all situations.

Conclusions
In summary, in this study, we built an ODEs based
mathematical model to study the pathogen concentra-
tion dynamics and explored the relative importance of
different surfaces with different contact frequencies on
MRSA transmission in a 6-bed ICU. The pathogen con-
centration on patient nearby high-touch surfaces were
found to be linearly associated with the contact frequen-
cies, and therefore, the high-touch surfaces should be
cleaned more carefully during the daily surface hygiene.
The findings of this study contribute to the development
of targeted surface cleaning strategies. The model and
associated approaches could also be applied to other
pathogens in indoor environments.

Additional file

Additional file 1. Appendix.

Abbreviations
CDC: Centers for Disease Control and Prevention; CE: Clinical equipment;
CSs: Communal surfaces; HAIs: Healthcare-associated infections;
HCWs: Healthcare workers; HTSs: High-touch surfaces; ICU: Intensive care
unit; LTSs: Low-touch surfaces; MRSA: Methicillin-resistant Staphylococcus
aureus; MTSs: Medium-touch surfaces; NPSs: Near-patient surfaces;
SD: Standard deviation

Acknowledgements
Not applicable.

Authors’ contributions
HL, RMJ, and YL designed the study, HL wrote the computer program and
performed simulation and analysis, HL drafted the article, RMJ, and YL
revised it critically for important intellectual content. All authors have read
and approved the manuscript.

Funding
This project is financially supported by the HKU-Zhejiang Institute for
Research and Innovation (HKU-ZIRI) Seed Funding Programme, which is
provided by the Zhejiang Provincial, Hangzhou Municipal, and Lin An County
Governments. It provided research staff expenditures and research paper
layout costs.

Availability of data and materials
The datasets and computer program used in the study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
YL is a member of the editorial board of this journal. The other authors
declare that they have no competing interests.

Author details
1School of Public Health, Zhejiang University, Hangzhou, People’s Republic of
China. 2Zhejiang Institute of Research and Innovation, The University of
Hong Kong, Lin An, Zhejiang, People’s Republic of China. 3Department of
Family and Preventive Medicine, School of Medicine, University of Utah, Salt
Lake City, UT, USA. 4Department of Mechanical Engineering, The University
of Hong Kong, Pokfulam, Hong Kong, SAR, People’s Republic of China.

Received: 29 July 2019 Accepted: 24 December 2019

References
1. Zimlichman E, Henderson D, Tamir O, Franz C, Song P, Yamin CK, et al.

Health care-associated infections: a meta-analysis of costs and financial
impact on the US health care system. JAMA Intern Med. 2013;173:2039–46.

2. Otter JA, Yezli S, French GL. The role played by contaminated surfaces in
the transmission of nosocomial pathogens. Infect Control Hosp Epidemiol.
2011;32:687–99.

3. Dancer SJ, White LF, Lamb J, Girvan KE, Robertson C. Measuring the effect
of enhanced cleaning in a UK hospital: a prospective cross-over study. BMC
Med. 2009;7:28.

4. Rampling A, Wiseman S, Davis L, Hyett AP, Walbridge AN, Payne GC, et al.
Evidence that hospital hygiene is important in the control of methicillin-
resistant Staphylococcus aureus. J Hosp Infect. 2001;49:109–16.

5. Mitchell BG, Hall L, White N, Barnett AG, Halton K, Dl P, et al. An
environmental cleaning bundle and health-care associated infections in
hospitals (REACH): a multicenter, randomized trial. Lancet Infect Dis.
2019;19:410–8.

6. Huslage K, Rutala WA, Weber DJ. A quantitative approach to defining “high-
touch” surfaces in hospitals. Infect Control Hosp Epidemiol. 2010;31:850–3.

7. Bhalla A, Pultz NJ, Gries DM, Ray AJ, Eckstein EC, Aron DC, et al.
Acquisition of nosocomial pathogens on hands after contact with
environmental surfaces near hospitalized patients. Infect Control Hosp
Epidemiol. 2004;25:164–7.

8. Dancer SJ. Importance of the environment in meticillin-resistant
Staphylococcus aureus acquisition: the case for hospital cleaning. Lancet
Infect Dis. 2008;8:101–13.

9. Zivich PN, Gancz AS, Aiello AE. Effect of hand hygiene on infectious
diseases in the office workplace: a systematic review. Am J Infect Control.
2018;46:448.

Lei et al. BMC Infectious Diseases            (2020) 20:6 Page 8 of 9



10. Sehulster L, Chinn RY. Centers for Disease Control and Prevention
(CDC), healthcare infection control practices advisory committee
(HICPAC). Guidelines for environmental infection control in health-care
facilities. Recommendations of CDC and the HICPAC. MMWR Recomm
Rep. 2003;52:1–42.

11. Otter JA, Yezli S, Ath GLF. The role played by contaminated surfaces in the
transmission of nosocomial pathogens. Infect Control Hosp Epidemiol. 2011;
32:687–99.

12. Grundmann H, Hellriegel B. Mathematical modelling: a tool for hospital
infection control. Lancet Infect Dis. 2006;6:39–45.

13. Wang X, Xiao Y, Wang J, Lu X. A mathematical model of effects of
environmental contamination and presence of volunteers on hospital
infections in China. J Theor Biol. 2012;293:161–73.

14. Lei H, Jones RM, Li Y. Exploring surface cleaning strategies in hospital to
prevent contact transmission of methicillin-resistant Staphylococcus aureus.
BMC Infect Dis. 2017;17(1):85.

15. Kwok KO, Read JM, Tang A, Chen H, Kam KM. A systematic review of
transmission dynamic studies of methicillin-resistant staphylococcus aureus
in non-hospital residential facilities. BMC Infect Dis. 2018;18:188.

16. Wang J, Wang L, Magal P, Wang Y, Zhou J, Lu X, Ruan S. Modelling the
transmission dynamics of methicillin-resistant Staphylococcus aureus in
Beijing Tongren hospital. J Hosp Infect. 2011;79:302–8.

17. Beauparlant M, Smith R. A metapopulation model for the spread of MRSA in
correctional facilities. Infect Dis Model. 2016;1:11–27.

18. Lesosky M, McGeer A, Simor A, Green K, Low DE, Raboud J. Effect of
patterns of transferring patients among healthcare institutions on rates of
nosocomial methicillin-resistant Staphylococcus aureus transmission: a
Monte Carlo simulation. Infect Control Hosp Epidemiol. 2011;32:136–47.

19. Batina NG, Crnich CJ, Anderson DF, Dopfer D. Models to predict prevalence
and transition dynamics of methicillin-resistant Staphylococcus aureus in
community nursing homes. Am J Infect Control. 2016;44:507–14.

20. Plipat N, Spicknall LH, Koopman JS, Eisenberg JNS. The dynamics of methicillin-
resistant Staphylococcus aureus exposure in a hospital model and the
potential for environmental intervention. BMC Infect Dis. 2013;13:595.

21. Adams C, Smith J, Watson V, Robertson C, Dancer SJ. Examining the
association between surface bioburden and frequently touched sites in
intensive care. J Hosp Infect. 2017;95:76–80.

22. Dara SI, Afessa B. Intensivist-to-bed ratio: association with outcomes in the
medical ICU. Chest. 2005;128:567–72.

23. Temime L, Opatowski L, Pannet Y, Brun-Buisson C, Boëlle PY, Guillemot D.
Peripatetic health-care workers as potential superspreaders. PNAS. 2009;106:
18420–5.

24. Hollingsworth JC, Chisholm CD, Giles BK, Cordell WH, Nelson DR. How do
physicians and nurses spend their time in the emergency department? Ann
Emerg Med. 1998;31:87–91.

25. McArdle FI, Lee RJ, Gibb AP, Walsh TS. How much time is needed for hand
hygiene in intensive care? A prospective trained observer study of rates of
contact between healthcare workers and intensive care patients. J Hosp
Infect. 2006;62:304–10.

26. Cheng VCC, Chau PH, Lee WM, Ho SKY, Lee DWY, So SYC, et al. Hand-touch
contact assessment of high-touch and mutual-touch surfaces among
healthcare workers, patients, and visitors. J Hosp Infect. 2015;90:220–5.

27. Siegel JD, Rhinehart E, Jackson M, Chiarello L. Guideline for isolation
precautions: preventing transmission of infectious agents in health care
settings. Am J Infect Control. 2007;35:65–164.

28. Cheng KL, Boost MV, Yee JY. Study on the effectiveness of disinfection with
wipes against methicillin-resistant Staphylococcus aureus and implications
for hospital hygiene. Am J Infect Control. 2011;39:577–80.

29. Eveillard M, Hitoto H, Raymond F, Kouatchet A, Dubé L, Guilloteau V, et al.
Measurement and interpretation of hand hygiene compliance rates:
importance of monitoring entire care episodes. J Hosp Infect. 2009;72:211–7.

30. Petti S, De Giusti M, Moroni C, Polimeni A. Long-term survival curve of
methicillin-resistant Staphylococcus aureus on clinical contact surfaces in
natural-like conditions. Am J Infect Control. 2012;40:1010–2.

31. Wagenvoort JH, Sluijsmans W, Penders RJ. Better environmental survival of
outbreak vs. sporadic MRSA isolates. J Hosp Infect. 2000;45:231–4.

32. Wilson APR, Smyth D, Moore G, Singleton J, Jackson R, Gant V, et al. The
impact of enhanced cleaning within the intensive care unit on
contamination of the near-patient environment with hospital pathogens: a
randomized crossover study in critical care units in two hospitals. Crit Care
Med. 2011;39:651–8.

33. Pourbohloul B, Meyers LA, Skowronski DM, Krajden M, Patrick DM, Brunham
RC. Modeling control strategies of respiratory pathogens. Emerg Infect Dis.
2005;11:1249–56.

34. Kurgat EK, Sexton JD, Garavito F, Reynolds A, Contreras BD, Gerba CP, et al.
Impact of a hygiene intervention on virus spread in an office building. Int J
Hyg Environ Health. 2019;222:479–85.

35. Dancer SJ. The role of environmental cleaning in the control of hospital-
acquired infection. J Hosp Infect. 2009;73:378–85.

36. Carling PC, Briggs JL, Perkins J, Highlander D. Improved cleaning of patient
rooms using a new targeting method. Clin Infect Dis. 2006;42:385–8.

37. Goodman ER, Platt R, Bass R, Onderdonk AB, Yokoe DS, Huang SS.
Impact of an environmental cleaning intervention on the presence of
methicillin-resistant Staphylococcus aureus and vancomycin-resistant
enterococci on surfaces in intensive care unit rooms. Infect Control
Hosp Epidemiol. 2008;29:593–9.

38. Dancer SJ, White L, Robertson C. Monitoring environmental cleanliness on
two surgical wards. Int J Environ Heal R. 2008;18:357–64.

39. Hugonnet S, Chevrolet JC, Pittet D. The effect of workload on infection risk
in critically ill patients. Crit Care Med. 2007;35:76–81.

40. Scanvic A, Denic L, Gaillon S, Giry P, Andremont A, Lucet JC. Duration of
colonisation by methicillin-resistant Staphylococcus aureus after hospital
discharge and risk factors for prolonged carriage. Clin Infect Dis. 2001;32:
1393–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Lei et al. BMC Infectious Diseases            (2020) 20:6 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Governing equations
	The ICU
	HCW schedule and allocation
	Model intervention
	Pathogen emission, inactivation and transmission
	Initial conditions
	Evaluation of surface cleaning effectiveness
	Simulation

	Results
	MRSA concentration dynamics
	Association between contact frequency and MRSA contamination
	Impact of the surface cleaning non-compliance on MRSA transmission

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

