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ABSTRACT 
Clostridium difficile is a spore forming Gram-positive bacillus that causes significant 

morbidity and mortality. This organism persists in the hospital environment for days to 

several months, strongly suggesting a role for environmental contamination in the 

pathogenesis of infection. With an aging population and an increased severity of illness 

in hospitalised patients, C. difficile may become an even more significant problem in the 

future. Therefore, the aims of this research project were: 

• To first define the epidemiological context in which this research project took 

place; 

• To compare different methods for sampling hard surfaces for C. difficile 

contamination; 

• To design a protocol to sample the hospital environment for the recovery and 

culture of C. difficile spores; and, 

• To conduct environmental surveillance of a new tertiary hospital to evaluate and 

study the emerging prevalence of C. difficile. 

In Australia, the most common C. difficile strains isolated are: ribotypes (RTs) 014/020, 

002, 054, 056, 070 and 005, and few binary toxin positive strains: RTs 027, 078, 244, 

251 and 127. In Western Australia, the most common RTs are RTs 014/020, 002, 056, 

005 and 018. At Fiona Stanley Hospital, the most common RTs are RTs 020, 014, 002, 

056 and 076.   

To assess environmental contamination of the ward environment by C. difficile, a 

reliable sampling method was needed: The recovery efficiencies (%RE) of two 

sampling tools (flocked swabs and cellulose sponges) were compared in a laboratory 

study using stainless steel carriers inoculated with low and high concentrations of C. 

difficile spores. Validation was performed in the hospital setting.  

Both methods had higher %RE at the high inoculum level but this was not statistically 

significant when compared to the %RE at the low inoculum level (psponge=0.196, 

pswab=0.064). Higher %RE were achieved using swabs however this difference was not 

statistically significant (p= 0.168). 

In the hospital setting, 13 of 101 sites, constituting eight of the 19 shared bathrooms 

sampled, grew C. difficile. Significantly more sites were positive using sponges 

compared to swabs (p=0.017). The C. difficile ribotypes isolated were 018, QX107, 
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014/020, 010, 002 and QX188. Each positive bathroom was contaminated with only one 

ribotype. The two sites positive only by enrichment culture had the same ribotype (018) 

as the other sites in the room already positive by direct culture. 

Despite there being no statistically significant difference between flocked swab and 

cellulose sponge %RE at high and low inoculum of C. difficile in vitro, the sponges 

were superior in the hospital setting. The use of the cellulose sponges is therefore 

recommended for further hospital environment surveillance. 

The opening of a new tertiary teaching hospital in Perth, Western Australia (Fiona 

Stanley Hospital), provided an opportunity to assess the prevalence of C. difficile in the 

hospital environment from its initial “clean” state to after occupation by staff and 

patients.  

Environmental samples were collected to cover 12 months over a 2-year period. 

Overall, 1360 sites were sampled in 136 rooms over six chosen wards. Of these, 17 of 

the sites, constituting 11 of the 136 rooms sampled were positive with C. difficile 

environmental contamination.  

The RT found were RTs 002, 193, 010, 014/5, 020/1, 076, and PWCEs (PathWest 

capillary electrophoresis ribotyping-assigned ribotypes) 002, 013, 043, 111, 159 and 

160. Each positive sampled room was contaminated with only one RT, except for one 

room where two RTs were found. The site positive only by enrichment culture had the 

same RT (002) as the other sites in the room already positive by direct culture. 

Twenty-seven sampled rooms contained CDI patients prior to sampling; two had 

positive cultures for C. difficile. One room with a patient under enteric contact 

precautions at the time of sampling had positive cultures for C. difficile. One room had 

a positive culture for C. difficile spores post terminal cleaning. Eight of the 11 rooms 

that had positive cultures did not contain known CDI patients prior to or at time of 

sampling.  

This study highlighted the complexity of the transmission route of CDI and 

demonstrated that the dissemination of C. difficile strains throughout the hospital 

involves various possible factors such as healthcare workers, asymptomatic carriers, 

visitors and contaminated surfaces and equipment. This project established that the 

hospital environment should be considered a reservoir for C. difficile and further 

environmental surveillance should be done to monitor the prevalence of this organism 

in the hospital environment. 
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1 LITERATURE REVIEW 

1.1 INTRODUCTION  
Clostridium difficile hospital acquired infections are increasing worldwide and in 

Australia (1). There is scientific evidence in other countries that the hospital ward 

environment can be contaminated and that patients can acquire infection from this 

environment, eventually leading to outbreaks (2). Despite this, there is little 

documentation of this mode of transmission in Australia.  

The epidemiology of C. difficile infection (CDI) is changing and the prevalence of this 

organism in the hospital environment needs to be investigated (1; 3).  A standardised, 

efficient and sensitive technique for environmental sampling and culture is required to 

sample the ward environment, particularly toilets areas and “high-touch surfaces” such 

as bed rails, phones, bedside tables and call buttons, to evaluate hospital cleanliness. 

Samples taken should be examined to assess reliability of the different disinfection 

methods and cleaning agents used in the hospital for routine cleaning. The cultured 

isolates should be typed to identify long-term contamination, so the characteristics and 

consequences of the prevalence of this organism in the hospital environment can be 

assessed (4).  

C. difficile has established itself as an important nosocomial pathogen, causing 

significant morbidity and mortality in healthcare facilities (5). Despite following 

isolation procedures, contact precautions and daily cleaning/disinfection policies, 

recurrence and persistence of C. difficile strains in the hospital environment exists.  

This prevalence within the hospital environment is considered a significant source of 

sporadic nosocomial infections and outbreaks, and gives rise to concerns about 

environmental infection control (1; 6).  Therefore, surveillance of environmental 

contamination by C. difficile spores in the hospital setting is strongly recommended (7). 

To help decrease the risk of hospital acquired CDI for the patients, cleaning/disinfecting 

methods should be monitored to assess their adequacy and to eventually determine how 

they could be improved.  

A better, global understanding of the CDI routes of transmission and reservoirs is 

necessary to determine what other types of control interventions are required to reduce 

the spread of C. difficile in the hospital environment. 
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1.2  CLOSTRIDIUM DIFFICILE INFECTION 

1.2.1 History 

Clostridium difficile is a Gram-positive spore forming anaerobe that was first identified 

by Hall and O’Toole in 1935 as part of the neonate’s intestinal flora (8). Although Hall 

and O’Toole established the fact that C. difficile produced a toxin lethal in mice, Smith 

and King (1962) in their investigation concluded that C. difficile was not to be 

considered as a cause of histotoxic infections when it grows in the human body (9). 

Finney firstly described pseudomembranous colitis (PMC) as early as 1893 and, at this 

point in time, C. difficile was unheard of (10). PMC, preceding the arrival of antibiotics, 

was mainly associated with gastrointestinal surgery. In the1950s, the number of cases of 

PMC increased, Staphylococcus aureus being considered the likely causative agent and 

vancomycin the customary treatment (11; 12). After the introduction of clindamycin in 

1969, clindamycin-associated colitis emerged as a subject of interest, the main causative 

agent remaining undefined until the 1970s (13). C. difficile was identified as the 

producer of a cytotoxin causing PMC by Barlett et al. in 1978 (14). 

Due to its association with healthcare and its impact on morbidity and mortality in the 

elderly, interest in C. difficile was aroused essentially following its identification as a 

cause of antibiotic-associated diarrhoea (AAD), colitis and PMC (1). Several factors 

such as increased length of stay in a healthcare facility, disturbance of the colonic flora 

by antimicrobial agents (such as ß-lactams, clindamycin and fluoroquinolones), 

antineoplastic therapy, opiates, underlying illness, tube feeding, and gastric acid 

suppression by proton pump inhibitors may promote the overgrowth of C. difficile and 

toxin production (15-19). Although the pathogenicity of C. difficile was first associated 

with its ability to cause PMC, it is now accepted that the manifestations of CDI can 

range from asymptomatic carriage, to mild diarrhoea, PMC, toxic megacolon and death.  

1.2.2 Pathogenesis of C. difficile infection 

Clostridium difficile infection is an inflammatory condition of the large intestine 

characterized by diarrhoea as the most common symptom. Other common clinical 

symptoms include abdominal pain and cramp and, in more severe cases, elevated 

temperature and leukocytosis (20). The presence of leukocytes in faeces or bowel 

inflammation is strongly indicative of CDI when assessed against non-infectious 

antibiotic-associated diarrhoea. Antibiotics are believed to be the most important risk 

factor for Clostridium difficile-associated diarrhoea (CDAD) by causing disruption of 
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the normal colonic flora, allowing subsequent colonisation and infection with C. 

difficile (21). The means by which the indigenous flora controls colonisation by C. 

difficile and other potential pathogenic species is known as “colonisation resistance” 

(22). Infection is acquired when colonisation resistance has been disturbed and 

vegetative cells or spores are ingested. C. difficile spores are able to survive gastric 

acidity to germinate in the host’s colon and produce toxins (Fig. 1.1). In 1998, Shim et 

al. suggested that asymptomatic colonised patients had a decreased risk of developing 

subsequent disease, emphasising the idea that asymptomatic colonisation was not a risk 

factor for CDI (23). From a therapeutic point of view, CDI is commonly treated with 

vancomycin and metronidazole, and nowadays fidaxomicin (24). 

Our understanding of the pathogenesis of CDI has greatly increased over the past 

decade, thanks to the deciphering of the genes and proteins involved in sporulation, 

germination and toxin production. New approaches to treatment can be contemplated 

(25; 26). 

1.2.3 C. difficile toxins 

The principal toxic components of C. difficile were identified as two large clostridial 

cytotoxins, toxin A (TcdA) and toxin B (TcdB). Like other large clostridial toxins, 

TcdA and TcdB have an ABCD domain structure where ‘A’ (activity domain) is the N-

terminal glucosyltransferase (Glc) domain, ‘B’ (binding domain) is the C-terminal 

receptor binding domain, ‘C’ (cutting domain) is the cysteine protease domain (CPD) 

and ‘D’ (delivery domain) is an internal hydrophobic domain (Fig 1.2) (27). The 

glucosylin toxins are primarily responsible for the symptoms associated with CDI. 

In addition to TcdA and TcdB, some strains of C. difficile also produce an actin-specific 

ADP-ribosyltransferase, a binary toxin (CDT) that consist of two unlinked polypeptides, 

CdtA (biologically active and responsible for transferase activity) and CdtB (required 

for binding and entry of CdtA into the target cell) (Fig 1.3) (28; 29). CDT induces the 

formation of dramatic ‘net-like’ microtubule protrusions on the surface of intestinal 

epithelial cells (30). The biological significance of CDT during infection remains an 

open question and although CDT is considered not sufficient to cause disease, it may 

enhance the pathogenicity of glucosylating toxin-positive strains (31). In a more recent 

study, the isolation of a strain generally associated with farm animals from symptomatic 

patients suggested potential zoonotic transmission and the possibility of disease 

occurring (in the absence of toxins A and B) when CDT only is produced (32). 
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Figure 1.1 Pathogenesis of C. difficile infection. 
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Figure 1.2 Schematic diagram of C. difficile toxin A and toxin B structure. 

TcdA and TcdB have an ABCD domain structure where ‘A’ (activity domain) is the N-

terminal glucosyltransferase (Glc) domain, ‘B’ (binding domain) is the C-terminal 

receptor binding domain, ‘C’ (cutting domain) is the cysteine protease domain (CPD) 

and ‘D’ (delivery domain) is an internal hydrophobic domain.  Image from Shen (27). 
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1.2.4 Epidemiology of C. difficile infection 

In the past decade, the epidemiology of C. difficile has noticeably changed, with 

significant increases in CDI incidence and severity (31; 33). Since the early 2000s, 

highly virulent C. difficile strains have emerged, particularly PCR-ribotype 027, which 

is now widespread in the USA. In Australia, the first patient with CDI due to ribotype 

027 was identified in October 2008. She was a 43-years-old woman with a permanent 

ileostomy who appears to have been infected while traveling in the United States where 

ribotype 027 has persisted as the dominant C. difficile epidemic strain (1; 34). There 

was concern in Australia because of the lack of suitable surveillance systems for early 

detection of epidemic C. difficile in this country (35). Nowadays however, laboratory 

testing has increased and diagnostic methods have changed, potentially influencing the 

rates of infection being reported, and allowing suitable surveillance of CDI (36).  

From a demographic point of view, it has been accepted that CDI is predominantly a 

disease of the elderly. This opinion was supported by a 1-year study in the Royal 

Hallamshire Hospital in Sheffield, UK (37). In this study, the elderly were proven to be 

more susceptible to the acquisition of CDI.  

Another issue has also been identified in the situation of inpatients being C. difficile 

asymptomatic carriers: Asymptomatic carriage of toxigenic strains of C. difficile is 

common in health care facilities and the community. However, infection control efforts 

essentially focus on symptomatic patients. There is now growing concern that 

asymptomatic carriers may be an underappreciated source of transmission (38; 39). In 

their study in 2013, Eyre et al. provided evidence for asymptomatic carriage of 

toxigenic strains (40).  Their analysis demonstrated that case-to-case transmission is an 

uncommon event, but also that as asymptomatic carriers are a relatively large pool of 

patients, they may still have an important role in onward transmission leading to 

disease.  

CDI in the community setting was first described in the late 1980s, the incidence of 

community acquired CDI (CA CDI) has increased since that time (41; 42). In addition, 

it has been noted that patients with CA CDI were younger and healthier than their 

counterparts with nosocomial CDI  raising questions about the source of infection in this 

population, previously considered to be at low risk (43; 44).  Given the ubiquity of C. 

difficile in the environment and the durability of viable spores, it is to be expected that 

exposure to C. difficile outside the hospital will increase in the foreseeable future. 

Fawley et al. (2016) investigated the epidemiology of CA CDI, using nationally sourced 
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data (England) (45). Their findings emphasise the close interplay between hospital and 

community settings, also highlighting that CA CDI cases were nearly twice as likely to 

have had no antibiotics preceding infection than corresponding HA CDI cases during 

the same period. 

C. difficile has recently been recognized as a pathogen or commensal in numerous 

animals such as pigs, cattle, horses and poultry, raising the question of interspecies 

transmission and possible routes of exposure to C. difficile for humans (46; 47). This led 

the scientific community to explore the possible role of food as a vector for C. difficile. 

This organism is responsible for animal infection and can also be found in/on different 

food products including raw vegetables (48). The presence of this pathogen on 

vegetables may reflect contamination of the environment (soil) or may be occurring 

during the processing step. Typically, the spore concentration in foods has been 

relatively low, but most strains of C. difficile identified from foods are pathogenic in 

humans. These facts suggest that CA CDI may sometimes be a food borne illness (42). 

Further investigations need to be made regarding C. difficile reservoirs in the 

community (environment, food, animals…) to monitor CA CDI incidence and the 

implications for the population (49). 

Because of the increase of CDI in the community, the higher prevalence of strains 

producing binary toxin such as ribotype 027, associated with more severe infections, 

and the eventual contamination of food by C. difficile may raise new concerns for public 

health (50).  

1.3 THE RELATION BETWEEN THE HOSPITAL 

ENVIRONMENT AND HOSPITAL ACQUIRED 

INFECTION  

1.3.1 The role of contaminated surfaces  

In the infection control community, it is widely accepted that contaminated 

environmental surfaces, contaminated equipment, and contaminated hands and clothing 

of health care workers (HCWs) are linked to the transmission pathway of nosocomial 

pathogens (Fig 1.4) (51; 52). Important pathogens such as C. difficile persist in the 

environment for a prolonged period, from several days to several months, leading to 

individual cases and multiple outbreaks of healthcare acquired infections (2; 53). In 

fact, C. difficile spores may survive on dry surfaces more than 5 months (Table 1.1) (2).  
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Figure 1.4 Generic transmission routes of nosocomial pathogens in the hospital 

environment.  Based on the study by Otter et al. (52). 
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Table 1.1 Survival of a selection of hospital pathogens on dry surfaces. 

Organism Survival time 

 

Clostridium difficile (spores) 

Acinetobacter spp. 

Enterococcus spp including VRE 

Pseudomonas aeruginosa 

Klebsiella spp. 

Staphylococcus aureus including MRSA 

Norovirus (and feline calicivirus) 

 

>5 months 

3 days to 11 months 

5 days to >46 months 

6 hours to 16 months 

2 hours to >30 months 

7 days to >12 months 

8hours to >2 weeks 

 
 Note: Adapted from Otter et al. (58).
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In 2010, Huslage et al. led an 18-month study aiming to obtain a quantifiable definition 

of what is called “high-touch surfaces” in a patient’s immediate environment. They 

demonstrated that within the patient’s immediate environment, bed rails and bed 

surfaces were among the most frequently touched surfaces in an ICU (Fig 1.5a) and on 

a general medical-surgical ward (Fig 1.5b) (51). This study provided an overall idea of 

what surfaces might be classified as important to monitor environmental contamination. 

No limitations of the study were reported.  

Over the past decade, substantial scientific evidence has confirmed that contaminated 

environmental surfaces in hospital rooms play an important role in the transmission of 

several key pathogens such as C. difficile (54). A patient may become colonized with 

one of those nosocomial pathogens by direct contact with a contaminated environmental 

surface (55).  Shaughnessy et al. demonstrated this in the case of C. difficile, 

establishing that being in room previously occupied by a patient with CDI was a 

significant risk factor for CDI acquisition independent of established CDI risk factors, 

while other studies showed C. difficile had been cultured and identified in 16%-17% of 

samples from the rooms of patients without known CDI (16; 33; 38). While the 

likelihood of contamination was higher in rooms occupied by CDI patients, these 

studies suggest that contaminated rooms occupied by non-CDI patients may greatly 

outnumber contaminated rooms occupied by CDI patients. Contamination of rooms not 

accommodating CDI patients is therefore most likely to be due to continued viability of 

organisms shed by previous occupants (56). It is reasonable to assume that the potential 

role of asymptomatic carriers is one other factor that could impact the efficacy of 

current infection control strategies in disease transmission (57). 

1.3.2 Prevalence of C. difficile in the hospital environment 

Being a spore forming bacterium, C. difficile has the capacity for survival in the hospital 

environment. C. difficile spores may survive on environmental surfaces for months. 

Weber et al. reported that the vegetative form of C. difficile survives for only 15 min on 

dry surfaces in room air, while cells could remain viable for up to 6 h on moistened 

surfaces (55). On the other hand, Kim et al. in 1981 demonstrated that C. difficile could 

persist on the hospital floor for 5 months by intentionally contaminating the floor of an 

unused hospital room with a 72 h brain-heart infusion broth culture of an environmental 

isolate, and culturing the surface at regular intervals thereafter using pre-reduced 

cycloserine-cefoxitin- fructose agar (CCFA) Rodac plates (59). It was not specified 

whether they differentiated spores and vegetative cells in this study. 
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The findings of Samore et al. in 1996 identified the floors as the most frequently 

positive site (48%) for C. difficile culture (60). Some studies mentioned the fact that C. 

difficile spores are also highly resistant to heat, drying, chemical and physical agents 

(61; 62). The most commonly used surface disinfectants in hospitals (such as phenolics 

and quaternary ammonium compounds) are not active against C. difficile spores (54).  

In 2001, a 4-week study in a hospital in the UK demonstrated that C. difficile was still 

present in the hospital side room used to isolate CDI patients despite regular detergent 

based cleaning (Fig 1.6a & 1.6b) (63). In their study in 1988, Kaatz et al. showed the 

heaviest contamination of environmental areas to be the floors and bathroom surfaces 

(64). Other surfaces regularly found positive for environmental cultures of C. difficile 

were: bedrail, bedside table, phone, call button, toilet (bowl and seat) and door handle 

(65).  

Guerrero and colleagues demonstrated that acquisition of C. difficile spores on gloved 

hands was as likely after contact with high touch environmental surfaces in CDI 

patients’ rooms as after contact with commonly examined skin sites. These results 

suggest a mechanism by which contaminated surfaces could play an important role in 

the transmission of C. difficile (53; 66).  

The findings of numerous studies such as the ones mentioned above highlight the 

persistent marked contamination by C. difficile in the immediate environment of 

patients, despite routine cleaning.   

1.4 THE RECOVERY OF C. DIFFICILE SPORES FROM 

ENVIRONMENTAL SURFACES  
Contaminated environmental surfaces and even healthcare workers’ clothing may act as 

reservoirs of bacterial pathogens and can play an important role in disease transmission 

(38; 67; 68). Consequently, environmental surface sampling for biological contaminants 

is critical to the assessment of hygiene and decontamination procedures to ensure public 

health (69).  

Traditional surface sampling methods utilizing swabs and wipes have been hampered by 

poor recovery and highly variable results, with reported recovery efficiency ranging 

from less than 1% to greater than 90%, depending on the experimental conditions (69-

72). 

After a bioterrorist incident in USA in 2001 involving spores of Bacillus anthracis, an 

awareness of the lack of a standardized method for environmental sampling appeared  
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Figure 1.6a Prevalence of Clostridium difficile by weeks in a hospital side room, 

showing frequency at which each sample site was positive during the 

study period. From Verity et al. (63). 
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Figure 1.6b Clostridium difficile contamination levels recovered from each test site 

of a hospital side room throughout duration of survey period, expressed 

as a percentage of the total recovered. From Verity et al. (63).
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and several protocols were tried (73-75). An assortment of materials has been tried in 

various studies: cotton swabs (which were used in the National Aeronautics and Space 

Administration’s (NASA) standard procedure), electrostatic wipes, nitrocellulose 

membranes, flocked nylon swab, sponges, biological sampling kits and contact plates 

(64; 76-84). The three most common collection/culture methods used to detect 

environmental surface contaminants are: pre-moistened swabs inoculated onto selective 

agar plates, pre-moistened swab inoculated into enrichment broths, direct inoculation by 

surface to agar contact using the Rodac imprint technique. Numerous studies have 

compared the Rodac imprint method to the use of different types of swabs. A majority 

of them conclude that the use of the Rodac imprint method requires less time and 

material for specimen inoculation and has a better or equivalent recovery percentage 

than the other methods (15; 76; 85).  

1.4.1 Recovery of C. difficile spores from environmental surfaces  

Several methods have been used to culture C. difficile from the hospital environment 

including: moistened swabs or moistened cellulose sponges, culture on selective agars 

or in selective broths, and selective contact plates (15; 16; 86; 87). In 1983, TCCFA-

Rodac plates were more efficient than swabs for the recovery of C. difficile spores from 

an inoculated surface (15; 88; 89). In 2009, Otter et al. compared the swab method to 

the cellulose sponge method: C. difficile was cultured considerably more often when 

using the sponge (83). Cellulose sponges may provide a more sensitive method for 

detection of C. difficile environmental contamination. Hence, it is reasonable to 

consider either cellulose sponges or selective media in a Rodac plate for effective 

recovery of C. difficile spores from the environment.  

From a culture medium point of view, in 2006 Martirosian’s study recommended the 

use of broth enriched with 0.1% sodium taurocholate and an antibiotic mixture when 

environmental swab samples are cultured for C. difficile, because in the hospital 

environment, the number of spores is smaller than that in faecal samples (87). For an 

increased recovery of spores, supplementing media such as CCFA with a germinant 

such as sodium taurocholate was recommended to enhance the sensitivity in C. difficile 

culture (90). New enrichment broths were also developed, providing a selective and 

sensitive medium for a simplified recovery of C. difficile from environmental surfaces, 

without the need for anaerobic culture conditions (91). ChromID C. difficile agar 

(bioMérieux), a new chromogenic medium for the isolation of C. difficile in 24 h, is 

efficient and easy, thanks to the specific color of colonies and its selectivity (92-94). 
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ChromID C. difficile agar was tried for culturing environmental samples and performed 

well in the recovery of C. difficile from the environment (95).  

1.4.2 Issues with the recovery of C. difficile spores from the hospital 

environment  

A potential issue could be the use of selective media to recover C. difficile from the 

environment, as the antibiotics might impair the “resuscitation” of the recovered 

organisms. Selective media (such as CCAB (Sigma, Poole, UK), CDMN, CCEY 

(Brazier’s medium), FA (BioConnections) or chromogenic media…) were primarily 

developed for enhancing the recovery of C. difficile from stool samples, and the use of 

such media in environmental monitoring could easily give rise to underestimates of C. 

difficile presence in the environment (77).  

Moore and Griffith (2007) demonstrated that the level of mechanical energy generated 

during swabbing increased the number of bacteria removed from a wet surface. They 

hypothesized that cellular damage, perhaps caused by the swabbing action itself, may 

reduce recoverability from a dry surface, justifying the difference of the percentage of 

bacteria recovered between the two type of surfaces with the same protocol (96). The 

use of nutrients or chemicals might either stimulate or inhibit C. difficile spore 

germination depending on the C. difficile strain being cultured. Mechanisms of C. 

difficile spore germination in response to bile salts are complex and require further 

study (97).  

Fungal contamination may also be a problem. It has been demonstrated that the hospital 

environment is often contaminated by fungi, and fungal contamination may out-

compete any spores or vegetative cells present at a low concentration in an 

environmental sample (98).  

1.5 CLEANING AGENTS VS. C. DIFFICILE 

1.5.1 Assessing the cleanliness of surfaces 

The hospital environment is increasingly appreciated as a factor in healthcare associated 

infections. Aside from the room being especially “filthy”, it is quite difficult to 

determine the level of cleanliness of a room or surface by sight only. Nowadays, several 

methods exist in order to assess the cleanliness of a room before and after cleaning, 

such as adenosine triphosphate (ATP) detection, the quantitative determination of 
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colony forming units (CFU) and the use of fluorescent markers (FMs), as a first step 

toward efficient cleaning (99).  

There is no perfect method for assessing environmental cleanliness within the hospital 

setting. As standard methods for the isolation of micro-organisms from the hospital 

environment have not been established, and as organism recovery is often low or absent 

and time consuming, the use of rapid methods such as ATP bioluminescence 

monitoring in a hospital setting should be considered in conjunction with visual 

methods (100). Moreover, the use of FM method for the audit and monitoring of 

cleaning teams’ performances is more and more frequent, demonstrating that the most 

complete cleaning is related to objects that are easily accessible and are commonly 

cleaned in the domestic environment. The less traditional and more epidemiologically 

important objects were substantially less frequently cleaned (101).  

Therefore, the ATP and FM methods are likely to be helpful in routine hospital 

situations providing rapid information, even though each has limitations (102). 

1.5.2 Efficacy of hospital routine cleaning against C. difficile spores 

Tackling hospital environmental contamination with C. difficile spores with cleaning 

gives sporicidal products considerable importance in healthcare environments. The 

frequent and profuse diarrhoea caused by CDI can contaminate environmental surfaces 

with disinfectant-resistant spores (16; 103). C. difficile being recognised as a major 

nosocomial pathogen points to the need for harmless, effective and fast-acting 

environmental sporicides for infection prevention and control. 

Environmental surface disinfectants such as alcohols, quaternary ammonium 

compounds and phenolics are ineffective against C. difficile spores, even at high 

concentration because they need several hours of contact to be sporicidal if indeed they 

have any effect (104). 

As arbitrary use of poorly effective hard surface disinfectants may lead to dissemination 

of the C. difficile spores over a wider area during routine environmental 

decontamination, their elimination from rooms of CDAD patients may require the use 

of sporicidal agents (105). Activity against spores is affected by several key factors such 

as concentration, exposure time, soiling, and the types of surface to be treated. 

Sporicidal efficacy is usually achieved after an exposure time of several minutes with a 

high concentration of a biocide. Failure to understand these factors will result in 

decreased sporicidal activity and survival of spores (106). 
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The benefits of cleaning for controlling C. difficile are well established. The use of 

chlorine-releasing disinfectants for rooms contaminated with C. difficile reduces the 

amount of spores in the environment, with additional evidence suggesting that this 

affects recurrence and transmission of CDI (107). There is particularly good evidence 

for more concentrated products, especially those releasing higher levels of free chlorine 

(e.g., 5,000 mg/litre). The benefits of chlorinated products are more obvious in units 

with high rates of CDI (e.g., those for care of the elderly, oncology, etc.) or if used in 

conjunction with an outbreak.  

Peracetic acid-based disinfectants, considered as a surface sporicide and disinfectant 

(SSD), have shown efficacy in reducing environmental contamination with C. difficile 

spores (108).  The regular use of peracetic acid sporicidal wipes also demonstrated a 

significant reduction in C. difficile infection rates in the institution where the trial was 

conducted (109). 

In their study, Alfa et al. established that ready-to-use accelerated hydrogen peroxide 

disinfectant cleaner in a disposable wipe container system used once per day for all 

high-touch surfaces in patient care rooms (including isolation rooms), in order to 

replace a cleaner only, significantly reduced rates of CDI and hospital acquired 

infections from other nosocomial pathogens (110). 

It was also demonstrated by Alpha and colleagues that the use of washer disinfectors’ 

regular intensive cycle with thermal conditions of 85°C for 60 seconds plus the addition 

of an alkaline detergent was sufficient to greatly reduce the amount of C. difficile spores 

from bedpans used by CDI patients. This highlights the fact that the thermal conditions 

of the regular intensive cycle in combination with this detergent provided a solution to 

the problem of adequate cleaning and disinfection of bedpans that takes into account the 

unique conditions required to kill C. difficile spores (111). 

It should be noted that the overall efficiency of disinfectants for eliminating 

environmental spores and lowering CDI rates is dependent upon a number of factors, 

including knowledge and training of cleaning staff, contact time of disinfectants, and 

overall time allocated to staff for cleaning (112).  

Dormant C. difficile spores may need exposure to a germination solution containing 

amino acids, minerals and taurocholic acid for initiation of germination in room air. It 

has been demonstrated that stimulation of germination prior to cleaning resulted in 

reduced survival of spores on surfaces in room air, possibly due to increased 
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susceptibility to stressors such as oxygen and desiccation, as well as increased 

sensitivity to cleaning agents (113).  

1.5.3 New cleaning technologies 

Although the inanimate environment is known to be an important factor in the spread of 

C. difficile and decontamination of the environment contributes to the prevention and 

control of infection due to this organism, many commonly used biocides in the hospital 

setting have poor activity against C. difficile spores. New products are continually under 

development and some of these show promise. Unfortunately, there is a shortage of 

good data on the activity of new agents against C. difficile spores.  

Innovative no-touch automated systems have recently been introduced in healthcare 

settings to overcome some of the limitations associated with conventional (manual) 

methods for disinfection. It must be emphasized that these technologies supplement, but 

do not replace, cleaning or daily disinfection. No-touch systems can only be used for 

‘terminal cleaning’ of a room after discharge of the patient because the room must be 

emptied of patients and personnel.  

Recently, a study demonstrated that the sporicidal activity of 405 nm light against C. 

difficile spores can significantly increase when combined with low strength chlorinated 

disinfectants (114). However, further studies are necessary to demonstrate this 

synergistic activity in the environmental setting.  The most widely used and promising 

systems are based on hydrogen peroxide or ultraviolet (UV) light (115).  

Automated room disinfection technologies are increasingly being used as an adjunct to 

standard cleaning and disinfection in healthcare facilities. Ultraviolet (UV) radiation 

devices have been most widely adopted owing to the efficiency and well-documented 

efficacy of UV irradiation. Several UV room disinfection devices are now being 

marketed. Most of these devices use low-pressure mercury gas bulbs, but recently 

pulsed xenon flash bulbs have also been incorporated into disinfection systems (116). 

When used as a complement to routine hospital discharge cleaning, the UV devices 

helped to significantly reduce the mortality attributable to HA CDI (117; 118).  

Hydrogen peroxide decontamination has been shown to be highly effective for 

removing environmental C. difficile contamination after deep cleaning with a 

detergent/chlorine agent (119). No-touch automated room decontamination technologies 

such as hydrogen peroxide vapour (HPV) have therefore been used for the 

decontamination of healthcare facilities and to improve the level of surface disinfection 
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(120). HPV does not rely on the operator to achieve adequate distribution and contact 

time, and has demonstrated in vitro efficacy against various nosocomial pathogens. 

HPV eradicates pathogens from environmental surfaces and helps to bring hospital 

outbreaks under control. The use of HPV mitigates the risk from the prior room 

occupant with multidrug-resistant organisms and reduces the transmission of C. difficile 

in hospitals (121). Moreover, it has been demonstrated by Horn and Otter that the use of 

HPV, along with a strong compliance in hand hygiene, greatly reduces the rates of 

infection with key nosocomial pathogens, including C. difficile (122).  

The use of technologies such as UV devices or hydrogen peroxide systems for 

environmental decontamination has strongly been supported by the literature because of 

their performance (123).   

1.6 FINANCIAL BURDEN OF TREATING NOSOCOMIAL 

INFECTIONS CAUSED BY C. DIFFICILE  

Infections caused by these pathogens are clinically important and are therefore 

associated with additional economic costs. Infections due to C. difficile increase 

morbidity, mortality and the patient’s healthcare costs, resulting in extended 

hospitalization and high utilization of costly treatment modalities (including isolation, 

laboratory tests and medication) (124).  

1.6.1 Cost related to nosocomial C. difficile associated diarrhoea  

Nosocomial CDAD is associated with high costs for healthcare systems, essentially 

because of an increased length of stay. Riley et al. reported the cost of CDAD in 1995 

to be about A$1,250,000 per year at Sir Charles Gardner Hospital in Perth, Western 

Australia as a result of increased length of hospital stay for patients (125). In 1996, in 

the UK, Wilcox et al. estimated the average additional cost of each CDAD case 

compared with controls at an excess of £4,000 (126). This resulted in an annual extra 

cost of £400,000 related to CDI in one hospital. In Germany, a study by Vonberg et al. 

estimated the average cost per CDAD patient at €33,840 compared to €7,147 per 

matched controls (127).  

The European Society of Clinical Microbiology and Infectious Diseases estimated that, 

in 2006, the direct cost to the EU was €3 billion per year (128). Magalini et al. claimed 

in their study that additional hospitalization costs attributed to CDI in Italian hospitals 

from 2009 to 2012 was estimated at €13,958 per case (129).  
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In the USA in 2008, the attributable cost of CDI ranged from US$433 million to 

US$797 million annually (130; 131). Dubberke and Olsen estimated that CDI might 

have resulted in as much as $4.8 billion in excess healthcare costs in acute-care facilities 

alone (132). 

The results of the study by Campbell et al. underline the higher total costs in patients 

exposed to concurrent antibiotics compared with elderly patients or those with renal 

impairment between 2005-2011: Difference in total costs HA-CDI vs. non-CDI (95% 

CI): patients older than 65 years old: US$6,906 (US$3,942-US$9,871), patients exposed 

to concurrent antibiotics: US$17,015 (US$9,575–US$24,456), patients with renal 

impairment : US$4,604 (US$1,025–US$8,182) (133). 

By 2013, CDI was causing 250,000 infections in the USA per year requiring 

hospitalization or affecting already hospitalized patients, 14,000 deaths per year, and at 

least US$1 billion in excess medical costs per year (134). In 2012, Ghantoji and 

colleagues investigated the literature dealing with the costs associated with CDAD over 

a 13-year period (1995-2008) (124). The general conclusion of this review was that 

even though the various studies had some limitations and used different methods of 

evaluation, the economic burden due to CDI was considerable in all settings. 

In 2014, a cohort study in Spain and Italy by Asensio et al. assessed the attributable cost 

related to CDI per adult patient to be €4,396 in Madrid to €14,023 in Rome, with much 

of the cost due to hospitalisation (135). Grube et al. estimated CDAD to generate a 

yearly cost burden of €464 million for the German healthcare system including a loss of 

€197 million for German hospitals (136).  

Various studies also highlighted the fact that prevention of CDI would be the most cost 

effective approach to reduce the costs associated with CDI. Hand hygiene compliance, 

cleaning protocols, rapid diagnosis and isolation of symptomatic patients, along with an 

adapted treatment would greatly help reducing risks of recurrence and hospital length of 

stay and therefore, the economic burden (129; 137-139). 

Moreover, it is important to also highlight the fact that traditional surveillance for CDI 

essentially focuses on hospitalised patients, often failing to report cases brought to 

medical attention in non-hospital settings (140). Failure to take these cases into 

consideration leads to underestimation of disease burden and difficulty evaluating 

intervention to control CDI. 
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1.7 CONCLUSION  

C. difficile forms spores, which have a prolonged viability and are extremely resistant to 

the constraints of the hospital environment (141). C. difficile is an important nosocomial 

pathogen, leading to sporadic cases or multiple outbreaks of healthcare-acquired 

infections causing significant morbidity and mortality. This organism persists in the 

hospital environment for several days to several months (2). Numerous reviews support 

the idea that hospitalisation in a room formerly occupied by a colonised or infected 

patient with C. difficile is a risk factor for colonisation or infection with the same 

pathogen (33; 66). Therefore the transmission of C. difficile, despite routine cleaning of 

the hospital environment, could also be associated with the carrier status of prior room 

occupants, strongly suggesting a role for environmental contamination (53; 66). In a 

majority of studies, it is recommended that efforts should be made to prevent healthcare 

acquired disease (126; 142). Concentrating on hospital cleanliness and healthcare 

workers’ hand hygiene should be a priority. It should not be difficult, after looking at 

the high cost associated with these infections, to justify additional resources to control 

and reduce the number of cases due to these nosocomial pathogens. In most cost 

evaluations, it is mentioned that given the high frequency of nosocomial CDI, efforts 

should be made to prevent this disease (126; 142). Prevention of infection, through 

development of standards for the optimum use of antibiotics in hospital by 

implementing antimicrobial stewardship, together with extensive hospital hygiene 

measures is strongly recommended.  

1.8 RESEARCH AIMS 

Various reports suggest a rising incidence of CDI and environmental contamination 

with C. difficile spores. With an aging population and increased severity of illness in 

hospitalised patients, C. difficile may become an even greater problem in the future. 

Therefore, this research project aims: 

• To define the epidemiological context in which this research project took place. 

• To compare two sampling tools for the sampling of hard surfaces for C. difficile:  

- Sponge: MWE Polywipe™ pre-moistened sponge in peel pouch [pre-moistened 

with phosphate buffer by manufacturer], Medical Wire & Equipment Co., UK 
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- Flocked swab: MWE HydraFlock® Standard Tapered in peel pouch, 

Medical Wire & Equipment Co., UK 

• To design a sensitive and easily replicable method to sample the hospital 

environment for the recovery and culture of C. difficile spores. 

• To conduct an environmental surveillance of a new tertiary hospital over a 2-

year period to determine the prevalence of C. difficile in the hospital 

environment.
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2 MATERIAL AND METHODS 

2.1 MATERIALS 

2.1.1 Culture media 

The following media were manufactured and supplied by the Media Department of 

PathWest Laboratory Medicine WA (PathWest media), Australia: 

Blood agar (BA) plates 

Chocolate agar (CHOC) plates 

Robertson’s cooked meat (RCM) broth 

Brain-heart infusion broth with 15% glycerol (BHIB+15%glycerol) 

 

The following media were supplied by PathWest media, Australia, but manufactured by 

Biomérieux, France. 

ChromID C.difficile Agar (CDCA) 

2.1.2 Chemicals and reagents 

Chemicals and reagents, and their suppliers, used in this project are listed in Table 2.1  

2.1.3 Other consumables 

Other consumables and equipment are listed in Table 2.2 

2.1.4 Solutions 

Below are the solutions used throughout the project. Those specific to particular 

methods are listed in the relevant sections. The saline solution 0.85% was manufactured 

and supplied by PathWest media, Australia. 

• 5% Chelex solution 

A 20 mL volume of 10% Chelex solution was transferred into a 50 mL Falcon tube and 

left to settle. The supernatant was then removed using a transfert pipette, being careful 

not to remove any of the Chelex resin. Ultra pure PCR water was added up to the 40 mL 

mark. The solution was then stirred using a magnetic stirrer and aliquots of 100 µL 

dispensed into 1.5 mL biofuge tubes.  
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Table 2.1 Chemicals and reagents used in this project. 

Chemicals/Reagents Supplier 

Absolute ethanol 

Acetone 

Rowe Scientific Pty. Ltd., Australia 

Lab Serv™ Thermo Scientific™, USA 

Acetonitrile 

Bruker standard solvent 

Carbol fuchsin diluted stain 

Sigma-Aldrich, Germany 

Sigma-Aldrich 

Amber Scientific Pty. Ltd., Australia 

Crystal violet 0.5% aqueous solution 

Gram’s iodine stain 

HCCA portioned matrix 

Amber Scientific Pty. Ltd. 

Amber Scientific Pty. Ltd. 

Bruker Daltonik GmbH, Germany 

Lugol’s Iodine Amber Scientific Pty. Ltd. 

Malachite green (5%) PathWest Media, Australia   

Safranin Amber Scientific Pty. Ltd. 

Saline solution 0.85% PathWest Media  
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Table 2.2 Other consumables and equipment used in this project. 

Item Supplier/Manufacturer 

Adjustable pipettes 

Aerosol Barrier tips 100 µL, 1000 µL 

AnaeroGen™ 2,5 L 

BD BBL™ dry anaerobic indicator strips 

 

BD MAX™ C Difficile 

BD MAX™ System 

C.diff Check™-60 

Disposable tubes (10 mL) + caps 

Gene Amp® PCR System 2700 thermocycler 

GeneXpert®IV 

Glass slide superfrost® 

Ground steel MALDI target plate 

Heraeus™ Megafuge™ 1.0 

KIMAX® Culture tubes 

Kimwipes 

Laboratory L+M (Incubator) 

Microcentrifuge tubes (1.5 mL) 

Microflex™ LT/SH (Maldi Biotyper RTC) 

MinElute PCR purification kit 

Mitsubishi AnaeroPack™ 2,5 L rectangular 

jar 

MWE HydraFlock® Standard Tapered in 

peel pouch 

MWE Polywipe™ pre-moistened sponge in 

peel pouch 

Samco™ transfer pipets, disposable 

Seward STOMACHER® 80 

Spreaders, sterile  

Sterile cotton swabs 

Sterile disposable inoculation loops 

Xpert C.difficile 

Thermo Scientific™, USA 

Interpath Services, Australia 

Thermo Scientific™ 

BD (Becton, Dickinson and Company), 

Australia 

BD 

BD 

TECHLAB®, USA 

Sarstedt Australia Pty. Ltd., Australia 

Applied Biosystems, USA 

Cepheid, USA 

Menzel-Gläzer, Thermo Scientific™ 

Bruker Daltonik GmbH, Germany Thermofisher 

Scientific, USA 

Kimble Glass Inc., USA 

Kimberly-Clark Professional, Australia 

Thermoline Scientific, Australia 

Disposable Products Ltd., Australia 

Bruker Daltonik GmbH 

Qiagen Pty. Ltd., Australia 

Thermo Scientific™ 

 

Medical Wire & Equipment Co., UK 

 

Medical Wire & Equipment Co. 

 

Thermofisher Scientific 

Seward Ltd., UK 

COPAN, Italy 

Sarstedt  

Sarstedt 

Cepheid 
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• 1X Wash Solution 

The supplied Wash Buffer Concentrate (20X concentrate) was diluted to a total volume 

of 1 litre by adding 50 mL of the concentrate to 950 mL of distilled water. The bottle 

was labelled and stored between 2° and 8°C. 

• 70% Aqueous formic acid 

In a sterile container, 3 mL of demineralised water were added, followed by the addition 

of 7 mL of 100% formic acid. The container was closed and vortexed. Aliquots of 1 mL 

were dispensed into 10 eppendorf tubes and stored at room temperature. 

• Bruker HCCA portioned Matrix 

To one tube of HCCA portioned matrix, 250 µL of Bruker standard solvent were added. 

The HCCA portioned was dissolved by gently mixing at room temperature until the 

solution was clear (all crystals must be in solution). The HCCA matrix solution was 

ready for use. 

The prepared HCCA matrix solution needed to be wrapped in foil and stored in the dark 

(no exposure to UV-light) at room temperature.  

2.2 METHODS 

2.2.1 C. difficile reference strains 

R38 (ATCC 43600), WA2541 (clinical isolate P13-8389146P) and NE005 

(environmental isolate from hospital toilet floor 22/05/2013), representing ribotypes 

(RT) UK014, QX076, and QX150 respectively, were chosen for this project as: 

• RT UK014 and QX076 represented the most common RT responsible for 

hospital acquired CDI in the tertiary hospital where this project was conducted. 

• RT QX150 was the only RT isolated from the environment of this hospital in 

previous environmental screening. 

2.2.2 General methods in the laboratory setting 

For the cultures performed in Chapter 4, all agar plates were incubated under anaerobic 

conditions with a gas mixture of 80% nitrogen, 10% carbon dioxide and 10% hydrogen 

at 35˚C in an anaerobic chamber (Don Whitley Scientific Ltd).  

For the culture performed in Chapter 5, all agar plates were incubated under anaerobic 

conditions in a Mitsubishi AnaeroPack™ 2,5 L rectangular jar with one AnaeroGen™ 
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2,5 L pouch (Thermo Scientific™) and a BD BBL™ dry anaerobic indicator strip (BD), 

incubated at 35˚C in an incubator (Thermoline Scientific™). 

Except for CDCA and RCM, all media were anaerobically incubated for at least two 

hours before use. During the whole experimental process, no plate remained out of 

anaerobic conditions for longer than 15 min.  

Frozen stocks of bacteria were prepared for long-term storage by suspending pure 

cultures in BHIB + 15% Glycerol. They were stored at -80˚C. 

2.2.2.1 Clostridium difficile 

2.2.2.1.1 Schaeffer-Fulton spore stain 

Growth from an agar plate was mixed with a drop of water on a glass slide and heat 

fixed at 60˚C on a heating block. Filtered malachite green was poured onto the slide and 

steamed for 5 min (being careful not to boil the stain) by heating with a flame under the 

slide. The slide was rinsed with distilled water, then flooded with safranin for 1 min, 

rinsed and left to dry at room temperature.  

The slides were viewed under oil immersion at x100 magnification. Spores stained 

green and vegetative cells stained red.  

2.2.2.1.2 Preparation of C. difficile spore suspension for carrier testing 

From frozen stocks, C. difficile strains R38, WA2541 and NE005 were grown by 

plating a 10 µL loop of stock for single colonies on BA plates. After 48 h incubation, 

single colonies were sub-cultured for 24 h.  

Two bacterial suspensions of each strain with turbidity equivalent to a 1 McFarland 

standard in sterile water were made. Six swabs moistened with one suspension were 

used to lawn inoculate 6 CHOC plates, giving a total of 12 CHOC plates per strain. This 

measure, along with avoiding the edges of the plates was taken to prevent 

contamination. After 48 h, the plates were placed into plastic bags and returned to the 

incubator to prevent the agar from drying out. At 10 days, growth was checked for 

sporulation by microscopic examination of a slide stained following the Schaeffer-

Fulton method (section 2.2.2.1.1) (Fig 2.1).  

No contamination was visible through the process therefore no plates were discarded. 

The growth was harvested from the plates by adding 3 mL of sterile water to the plate 

then scraping growth off the surface into the water suspension, taking care not to disrupt 

the agar surface. The suspension was transferred into a 50 mL centrifuge tube using a 
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pipette. To collect any remaining cells, a further 2 mL of water added to the plate 

completed the process. Growth from four plates was collected into one tube, resulting in 

a final volume 20 mL in fluid per strain. Alcohol shock was performed by adding 20 

mL of absolute ethanol for 1 h to kill any vegetative cells. The spores were then pelleted 

by centrifugation (3000 rcf for 20 min) and the supernatant discarded. The pellets were 

then re-suspended in 3 mL of sterile water and combined into one tube per strain giving 

a final volume of 9 mL. The 9 mL were aliquoted into 17 aliquots of 500 µL, 8 aliquots 

of 10 µL and one aliquot with the remaining solution (420 µL). They were stored at -

80˚C. 

2.2.2.1.3 Quantification of spores from frozen suspensions 

Serial 10-1 dilutions of three thawed aliquots for each spore suspension were made in 

sterile water and 100 µL aliquots of the 10-3, 10-4, and 10-5 dilutions were plated on 

CDCA. Colonies were counted after 24 h of incubation. 

2.2.2.2 Carrier testing 

2.2.2.2.1 Preparation of bacterial inoculum 

Spore suspensions prepared as per section 2.2.2.1.2 were diluted to two concentrations 

used to inoculate the stainless steel carriers: 

1. The concentrations of the suspensions were adjusted to 1x107 CFU per mL in 

sterile water. This concentration was referred to as “high inoculum”. 

2. A 10-2 dilution of the suspensions was made to create a 1x105 CFU per mL in 

sterile water. This concentration was referred to as “low inoculum”. 

2.2.2.2.2 Preparation of stainless steel carriers 

The stainless steel carriers (17 mm x 50 mm, 0.9 mm thick, 304 grade stainless steel) 

were first cleaned with a non-bactericidal detergent, rinsed, then autoclaved in glass 

petri dishes. Each petri dish contained: one carrier for testing the swab method, one for 

testing the sponge method and one as a positive control. One inoculum concentration 

was tested per petri dish. Negative sterility controls of un-inoculated carriers were 

included with each sampling method to ensure there was no background contamination. 

Aliquots of 10 µL of the bacterial suspensions prepared as per section 2.2.2.2.1 were 

used to inoculate the carriers and spread over 1 square inch with a 1 µL loop. 

The carriers inoculated with C. difficile were left to dry for 30 min inside a Class II 

biosafety cabinet before being placed in a Nalgene® vacuum desiccator overnight (≥ 24
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Figure 2.1 Sporulation of C. difficile reference strains post Schaeffer-Fulton stain.  
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h) at 690 mmHg with calcium chloride as an absorbent (AOAC International 2013 

(143)).  

2.2.2.3 Sampling methods tested with stainless steel carriers 

A swab method and a sponge method were tested using the stainless steel carriers. The 

methods were tested in triplicate, on three separate occasions, with a total of 66 carriers 

tested: three carriers for testing (flocked swab, sponge and positive controls) per strain 

per inoculums’ concentration (18 carriers), a negative control per sampling tool per 

inoculums’ concentration (4 carriers) repeated three times. 

2.2.2.3.1 The sponge method 

The sponge (MWE Polywipe™ pre-moistened sponge in peel pouch [pre-moistened 

with phosphate buffer by manufacturer], Medical Wire & Equipment Co., UK) was 

swept across the carrier surface with constant pressure, ensuring the entire surface of the 

carrier had been sampled (82). The sponge was placed into the provided plastic bag 

along with 10 mL of 0.85% saline solution and kneaded by hand for 30 s. The fluid was 

expelled from the sponge, transferred into a 10 mL tube then centrifuged for 20 min at 

3000 rcf. All but 2.5 mL of the supernatant was discarded, with the pellet re-suspended 

in the remaining 2.5 mL of fluid.  

2.2.2.3.2 The swab method 

The flocked swab (MWE HydraFlock® Standard Tapered in peel pouch, Medical Wire 

& Equipment Co., UK) was pre-moistened in a 2.5 mL 0.85% saline solution tube. 

Excess fluid was removed by pressing the swab against the inside wall of the tube. Each 

pre-moistened swab was swept across the entire surface of the carrier in horizontal, 

vertical and diagonal sweeps, turning the swab when changing directions, to expose all 

surfaces of the swab (78). The swab was broken and sealed into the 0.85% saline 

solution tube used previously (as in the middle of the shaft, a predetermined breaking 

point ensured easy separation of the head from the handhold after sampling), and 

vigorously vortexed for 30 s. 

2.2.2.3.3 Culture of swab and sponge suspensions 

For both the sponge and the swab method, a 10-1 dilution of the suspension from the 

carrier with the “high inoculum” was performed for culture. CDCA plates were lawn 

inoculated accordingly with 100 µL of neat suspension from the “low inoculum” 
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carriers and both the neat and 10-1 dilution of the “high inoculum” carriers. Colonies 

were counted after 24 h incubation (following manufacturer instructions).  

2.2.2.3.4 Enumeration of the carrier inoculum using the positive control 

Positive control carriers were placed into sterile McCartney bottles containing 20 mL of 

sterile distilled water, sonicated for 5 min, then vortexed for 2 min. A 10-1 dilution of 

the “high inoculum” carrier’s suspension was made and a 1 mL concentration of “low 

inoculum” carrier’s suspension was made by centrifuging 10 mL at 3000 rcf for 20 min 

and discarding 9 mL of the supernatant. 

CDCA plates were lawn inoculated with 100 µL of the neat, diluted and concentrated 

suspensions.  

2.2.3 General methods in the hospital environment setting 

2.2.3.1 Healthcare setting: Fremantle Hospital 

The clinical isolates were detected following laboratory procedure, using C.diff Check™ 

60 (TECHLAB®, USA) and confirmed with a Xpert C.difficile (Cepheid) PCR test.  

Environmental samples were collected over four weeks in a tertiary hospital, Fremantle 

Hospital in Western Australia. Three wards were chosen: 

• Ward A, a surgical ward where a VRE outbreak had recently been controlled 

• Ward B, the haematology/oncology ward 

• Ward C, the geriatric ward 

Overall, 19 bathrooms were tested. Five sites were sampled in each bathroom: the toilet 

seat, the toilet bowl, the toilet floor, the flush button, and the handrail.  

Note: 6 sites were sampled on ward C as there are two handrails: left and right sides of 

the toilet. 

2.2.3.2 Healthcare setting: Fiona Stanley Hospital 

The clinical isolates were detected following laboratory procedures, using BD MAX™ 

C Difficile (BD, Australia) PCR test. 
Environmental samples were collected to cover 12 months over a two-year period. Six 

wards with the most susceptible patients to C. difficile infection were chosen:  

• Haematology  

• Oncology 

• Acute Care of the Elderly (ACE)  

• Inpatient haemodialysis 
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• Gastrointestinal surgery 

• General medicine 

Overall, 136 rooms were tested. Ten sites were sampled in each room: the toilet seat, 

the toilet bowl, the toilet floor, the flush button, the handrail and the call button in the 

bathroom, and four sites of the following (depending of the patient’s position at time of 

sampling) bedside table (central area), chair (right hand rest), bathroom door handle, 

bedrail (central area), patient’s computer keyboard (right side, including the “return” 

button) and bed remote. 

In the inpatient haemodialysis ward, the following sites were sampled (only in the two 

toilets area as to not disturb the inpatients): the toilet seat, the toilet bowl, the toilet 

floor, the flush button, the handrail, the call button, toilet paper dispenser, door handle, 

tap handle, commode or soap dispenser. 

2.2.3.3 Sampling method 

To sample a site using a sponge or a flocked swab, the sampling tool was wiped across 

a surface area of 10 x 10 cm, following the surface sampling procedures from the 

Centers for Disease Control and Prevention (Appendix A). The 10 x 10 cm template 

was always used for the sampling area and all areas were first sampled with swabs and 

then with sponges. In the case of the flush and call buttons, the template was placed 

with the button in the centre. The button and surrounding surface were sampled. For 

curved surfaces (handrails), an approximate 10 x 10 cm surface was sampled. 

For transportation, the sponge was placed into a labelled bag and the swabs broken into 

a labelled tube containing 2.5 mL 0.85% saline solution. They were processed as soon 

as they arrived in the laboratory.  

For consistency, one person performed sampling of all the sites. Through the sampling 

process, sterile disposable gloves were worn by the individual performing the sampling 

and were changed between each surface. 

2.2.3.4  C. difficile culture from environmental samples 

Swabs and sponges were processed as per section 2.2.2.3.1 and 2.2.2.3.2, except that the 

sponges were kneaded for 30 s using a stomacher (Seward STOMACHER® 80) instead 

of by hand in Chapter 5. In contrast to laboratory setting, no dilutions were made to the 

suspensions before plating, as the expected level of organisms in the environment was 

low. 
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• Direct culture: an aliquot of 100 µL was taken from the 2.5 mL deposits of the 

sponge samples and the 2.5 mL vortexed swab samples and lawn inoculated 

onto CDCA accordingly. 

• Enrichment culture for C. difficile: In addition to direct culture of the 

environmental samples, 500 µL from the 2.5 mL deposits of the sponge samples 

and the 2.5 mL vortexed swab samples were added to RCM broths, which were 

sealed and incubated at 35˚C for 7 days. After 7 days, alcohol shock was 

performed on1 mL of broth (1 mL of absolute ethanol added to 1 mL of broth 

for 1 h). After the hour, 10 µL were streaked for single colonies on half-plates of 

CDCA. All plates were examined and colonies counted at 24 h. 

2.2.3.4.1 Identification of C. difficile 

After 24 h, CDCA plates were examined and any putative C. difficile were counted and 

marked on the plate. Preliminary identification of C. difficile colonies was visual, as on 

the CdiffID chrom media (CDCA) C. difficile colonies have a typical morphology: 

black with rough edges and a ‘ground glass’ texture (93). Presumptive C. difficile 

colonies were sub-cultured on pre-reduced BA and incubated for 24 h. Isolates were 

identified using MALDI-TOF (Bruker Daltonik) (144; 145). 

2.2.3.4.2 Molecular characteristics of C. difficile isolates 

2.2.3.4.2.1 DNA extraction 

A full 1 µL loop of 24 h BA culture was emulsified into 5% Chelex solution, heated for 

12 min at 100˚C and centrifuged for 12 min at 4˚C at 14,000 x g to remove cell debris. 

The supernatant (about 50 µL) was pipetted into a new 1.5 mL biofuge tube and stored 

at -20˚C until further use. 

DNA amplification was performed on the Gene Amp® 2720 Thermo cycler (Applied 

Biosystems, USA) with the cycle parameters presented in Table 2.4, primers in Table 

2.5. 

2.2.3.4.2.2 Ribotyping 

In chapter 4 of this project, isolates of C. difficile were ribotyped according to the 

methods of Stubbs et al. (146). The PCR products were concentrated using the 

QIAGEN MinElute PCR purification kit (Qian Pty. Ltd., Australia) and resolved on the 

QI Axel using a High-Resolution DNA gel cartridge and method OL500. 

The PCR ribotyping banding patterns were imaged with QIAxcel ScreenGel software 

(v1.0.2.0, Ambion Inc., USA) and analysed using BioNumerics software package v7.1
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 (Applied Maths, Belgium). The interpretation of band patterns was performed by 

dendogram and cluster analysis using the Ranked Pearson co-efficient by Stacey Hong 

of the Bacteriology Research & Development (R&D) Laboratory, Sir Charles Gardner 

Hospital, Nedlands, Western Australia. The ribotyping patterns were matched against 

the Bacteriology R&D Laboratory library of reference strains, which include strains 

from the European Centre for Disease Prevention and Control (ECDC), and a collection 

of the most prevalent PCR ribotypes currently circulating in Australia (HISWA 

Database 2011-2012, unpublished data). 

In chapter 5, isolates of C. difficile were ribotyped according to the methods of Fawley 

et al. (147), by Dr Niki Foster and Lyn O’Reilly, of the PathWest Molecular 

Epidemiology Department, Sir Charles Gardner Hospital. The PCR products were 

prepared for fragment analysis (capillary electrophoresis (CE)). After denaturation, the 

tray was delivered to the Diagnostic Genomics laboratory (PathWest Diagnostic 

Genomics department) for loading onto the sequencer (ABI 3730 sequencer). 

PeakScanner and BioNumerics softwares (Applied Maths, Belgium) were used to 

assign a ribotype to the obtained sequencer files. The interpretation of band patterns was 

performed by dendogram and cluster analysis by Dr Niki Foster and Lyn O’Reilly, 

using the CDRIB (Clostridium difficile ribotyping) Reference library. When a new RT 

was identified, a PWCE (PathWest capillary electrophoresis ribotyping-assigned 

ribotypes) code was used when globally-recognised nomenclature was unknown to 

PathWest for that pattern. 

2.2.4 MATHMATICAL AND STATISTICAL ANALYSES 

2.2.4.1 Software used 

 Data was entered, stored and transformed in Excel for Mac version 15.32, Office 365 

(Microsoft Corp, USA). All bacterial counts were log10-transformed before statistical 

analysis, so where means have been described they are geometric means. Where 

statistical analysis was performed, Prism 5 for Mac OS X version 5.0c (GraphPad 

Software Inc., USA) was used to conduct calculations. 

2.2.4.2 Equations 

2.2.4.2.1 The viable count 

The viable count (of CFU per mL) was calculated using counts from plates between 30 

and 300 colonies, inserting those figures into the following formula based on the 
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formula by Fraise et al. (148):  

 

N= Viable count of spores per mL 

V= Volume of solution plated in mL 

∑colonies= Sum of counts from usable plates (between 30 and 300 colonies) 

n1= Number of plates considered at dilution 1 

n2= Number of plates considered at dilution 2 

d1= Factor of first used dilution 

2.2.4.2.2 The Recovery Efficiency 

The recovery efficiency (%RE) was calculated using the following formula (74): 

 

NST= Number of CFUs from the sampling tool material 

N0= Number of CFUs from control surface 

n= Sample size 

2.2.4.2.3 The Lower Detection Limit 

The lower detection limit was estimated using the following formula (149): 

 

 

v= Volume of the sample (mL) 

p= Volume plated (mL) 

%RE= Recovery Efficiency 

2.2.4.3 Statistical tests 

2.2.4.3.1 Normality test 

To test the data for normality, a D’Agostino and Pearson omnibus normality test was 

performed. The test quantifies the discrepancy between the distribution of data and an 

ideal Gaussian distribution. 

 

N =
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V × (n1 + 0.1n2) × d1
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2.2.4.3.2 Comparison of two groups 

When the data was normally distributed, a paired t-test was performed as the paired t-

test is commonly used to compare how a certain group performs in two different test 

conditions. 

The Mann-Whitney nonparametric test was performed to compare differences between 

two independent groups when the dependent variable was either ordinal or continuous, 

but not normally distributed. 

2.2.4.3.3 Multiple groups comparison 

When more than two groups were to be compared, an ANOVA (analysis of variances) 

was performed (paired with a Bonferroni post-test for confirmation of results) to 

determine how a response was affected by various factors. 
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3 EPIDEMIOLOGICAL CONTEXT 
C. difficile is the most common cause of healthcare- and antibiotic-associated diarrhoea 

(150). With epidemic strains of C. difficile posing a substantial healthcare burden 

internationally, there is a need for evaluation of CDI events in Australia. A requirement 

for vigilance for emerging strains and changing molecular epidemiology of C. difficile 

in Australia is necessary. 

3.1 C. DIFFICILE IN AUSTRALIA 
Infection with hyper-virulent strains of C. difficile such as ribotype (RT) 027, which has 

an increased production of toxins A and B, as well as the presence of an additional 

binary toxin (CDT), leads more often to severe disease, more recurrences and a greater 

risk of death (151). There has been concern in Australia because of the lack of suitable 

surveillance systems to detect the entry of epidemic C. difficile into this country (35; 

152). In a survey conducted in 2010, the most common C. difficile strains isolated in 

Australia were: RTs 014/020 (most common RT of C. difficile in most typing studies 

worldwide), and RT 002, followed by RTs 054, 056 (a frequently isolated strain in 

Europe), 070 and 005. The collection also contained a few binary toxin positive strains, 

namely RTs 027, 078, 244, 251 and 127 (153). 

An important increase in both HA-CDI and CA-CDI cases has been identified through 

hospital surveillance in Australia since 2011, thanks to a standardised definition of 

hospital-identified CDI (HI-CDI) across the country and a reliable surveillance system 

in each state and territory (86). In addition, the significant increase of CDI in Australia 

might also partially be linked to more laboratory testing and better, or perhaps more 

sensitive, diagnostic methods (50).  

In early 2010, the first case of PCR ribotype 027 CDI acquired locally was identified in 

Melbourne (154). While there were known introductions of RT 027 into Australia in 

2008 and 2010, the strain did not establish, possibly because of Australia’s conservative 

policies regarding fluoroquinolone use. Another potential explanation for the increase in 

CDI rates is the emergence of new strains: C. difficile RTs 033, 126 and 127.  These 

strains are closely related to RT 078, a RT originally only isolated from animals, 

particularly livestock, in the Northern hemisphere, but not in Australia, and are 

associated with more severe disease (36). The clinical significance and extent of 

infection with RT 033 remains to be determined (155). The problem for diagnostic 



Chapter 3: Epidemiological context 

 29 

laboratories is that tests designed to detect toxin A or toxin B, or the genes that encode 

them, will not detect RT 033 (156). 

C. difficile RT 244 was first identified in Australia in 2011, and associated with more 

severe disease and a higher mortality rate. RT 244 is in the same genetic clade as RT 

027 (clade 2), but is distinct from all RT 027 strains. The pathogenic potential of this 

RT 244 C. difficile strain has been demonstrated and its appearance emphasizes the 

importance of ongoing surveillance for emergent strains (89). 

In Victoria, a lower incidence of HA-CDI has been reported compared to the US and 

Europe. Surveillance showed seasonality and a decrease of HA-CDI rate in 2012-2014, 

as well as severe infections more common in the CA-CDI cases, most likely due to the 

emergence of RT 244 (157). Other new C. difficile strains are emerging in Australia. 

How they got to Australia and the risks to the population remains unclear. 

3.2 C. DIFFICILE IN WESTERN AUSTRALIA 
C. difficile has been demonstrated to be one of the most common causes of diarrhoea in 

Western Australia, not only in hospital patients but also affecting community patients. 

An increase in the rates of CDI in WA has been noticed, but a similar increase has been 

demonstrated through the whole of Australia. In 2011-2012, the predominant C. difficile 

ribotypes isolated in Western Australia were RTs 014/020, 056 and 070 (158). In 2014, 

the most common RT found was RT 014/020, followed by RTs 002, 056, 005 and 018 

(159). 

RTs 014/020 and 002 are the most commonly identified RT in Australia and these 

strains feature prominently in Europe, Asia and North America (160). RT 056 was 

among the most frequent RTs isolated in Europe, and was associated with complicated 

CDI outcomes (161). Between 2011 and 2013, over a 2-year period, surveillance of 

symptomatic CDI at a 350-bed tertiary Western Australian hospital, it was demonstrated 

that the most common hospital acquired RTs were RT 014/020, followed by RTs 076, 

002, 005 and 056/255 (unpublished data). 

An outbreak of C. difficile RT 244 infection in Western Australia was identified 

between 2010 and 2012, with 25 cases. RT 244 CDI was significantly more likely to be 

community-associated. Since then, however, only five RT 244 cases were identified in 

Western Australia in 2013, and none in the first five months of 2014 (162). 
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3.3 C. DIFFICILE AT FREMANTLE HOSPITAL 

3.3.1 Fremantle Hospital 

Fremantle Public Hospital opened in 1897 with 52 beds. Two extra wards and an 

operating theatre were added by 1900. Subsequent additions included the Ron Doig 

Block in 1934, the William Wauhop Wing in 1960, and the Princess of Wales Wing in 

1976. 

Prior to the opening of Fiona Stanley Hospital, Fremantle Hospital provided 350 beds. 

Facilities included 24-hour acute care, emergency department, a paediatric ward, and a 

66-bed psychiatric and psychogeriatric service. The Hyperbaric Medicine Unit has 

provided support services for divers in Western Australia and clinical services to 

residents mainly from the immediate area for over 20 years. 

With the opening of Fiona Stanley Hospital, in 2015 Fremantle Hospital became a 300-

bed hospital focused on services such as mental health, aged care, secondary 

rehabilitation, palliative care, and planned surgeries. 

3.3.2 C. difficile at Fremantle Hospital 

From October 2011 till October 2014, 147 clinical C. difficile isolates from FH patients 

were ribotyped, as described in section 2.2.3.3.3. Testing was restricted to patients over 

2 years of age who had not had a previous specimen tested in the previous 8 weeks. 

Overall, 44 different RTs were identified. The most common RTs were RTs 020/014 

(31.8%), 020 (29.5%), 014 (29.5%) and QX 076 (25%), followed by RTs 053, 005 and 

environmental isolate QX 150 (20.5%, 20.5% and 13.6%, respectively) (163). These 

findings are in accordance with the other surveillance results previously mentioned. No 

hyper-virulent strains such as RT 244 or RT 027 were isolated.  These finding have 

been published: Engelhardt NEP, McGechie DB. Increasing incidence of Clostridium 

difficile infection, Australia, 2011-2012. Medical Journal of Australia. 2014;201:94 

(Appendix B). 

3.4 C. DIFFICILE AT FIONA STANLEY HOSPITAL 

3.4.1 Fiona Stanley Hospital 

Fiona Stanley Hospital (FSH) is a new 783-bed tertiary teaching hospital in Murdoch, 

Western Australia. It includes the 140-bed State Rehabilitation Service, a 30-bed 

purpose-built mental health unit and the State Burns Service. Moreover, the design of 

the hospital uses mainly single-patient rooms (83% of patient rooms in the main 
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hospital with ensuite toilet facilities), offering increased privacy and providing a safer 

environment for the patients by reducing the risk of transmission of infection between 

room-mates (164; 165).  

FSH opened in October 2014, with the opening of the State Rehabilitation Service, 

pathology, pharmacy and medical imaging. In November 2014, several operating 

theatres and the surgical and medical wards opened, along with orthopaedic, 

anaesthetic, hyperbaric medicine and limited intensive care capability. In February 

2015, Emergency Departments (ED) and most other medical specialities in the main 

nine-storey main hospital building also opened, including 18 more wards and 

corresponding outpatient services in 10 clinics. Heart and lung transplant services 

opened in March 2015, completing the four stages of opening. 

3.4.2 C. difficile at FSH 

From mid-June 2015 until early January 2017, 246 clinical C. difficile isolates from 

FSH patients were ribotyped, as described in section 2.2.3.3.3. Testing was restricted to 

patients over 2 years of age who had not had a previous specimen tested in the previous 

8 weeks.  

Overall, 77 different RTs were identified. The most common RTs were RTs 020 

(17.48%), 014 (15.04%) and 002 (6.5%), followed by RTs 056 and 076 (4.06% and 

3.25%, respectively). These findings are in accordance with other surveillance results 

previously mentioned. No hyper-virulent strains such as RT 244 or RT 027 were 

detected.
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4 ENVIRONMENTAL STUDY 

4.1 COMPARISON OF SAMPLING METHODS IN THE 

LABORATORY SETTING 

4.1.1 Quantification of spore suspensions 

Table 4.1 shows the plate counts and geometric means calculated for the C. difficile 

stock suspensions as per the formula in section 2.2.4.2.1. These counts were used to 

determine the appropriate dilutions for inoculating the carriers with about 105 CFU and 

103 CFU. 

4.1.2 Recovery efficiency 

Table 4.2 shows the results of this experiment regarding the recovery efficiency (%RE) 

of the sponge and swab methods as per the formula in section 2.2.4.2.2. The comparison 

of the %RE in this section has been calculated using the geometric mean values of the 

bacterial counts. As the total sample size to compare was quite small (n=3), a Mann-

Whitney test was not appropriate even though the population distribution was not 

Gaussian. The comparison of the %RE of the sponge and swab methods was made as 

follows: a preliminary test was run to determine the efficiency of the paring of two 

groups. A paired or unpaired t-test (which are both known to be fairly robust to 

violations of a Gaussian distribution (166)) was then used accordingly.   

• Both the swab and sponge methods had a higher %RE at the high inoculum 

level.  

o When comparing the sponge %RE between the high and low inoculum, 

the means of the two groups were not significantly different (p=0,196, 

t=1.914, df=2). 

o When comparing the swab %RE between the high and low inoculum, the 

means of the two groups were not significantly different (p=0.064, 

t=2.543, df=4). 

4.1.3 Lower detection limit 

According to the formula in section 2.2.4.2.3, the theoretical lower detection limits 

(lowest concentration of an organism that the analytical process can reliably detect) of 

those experiments were: 

• Based on the %RE from a surface with a high concentration of C. difficile 

spores:  
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Table 4.1 Enumeration of spore suspensions on CDCA at 24h. 

STRAIN 
Dilution factor 

(10-5) counts 

 

Geometric 

mean 

(CFU/mL) 

 

95% Confidence Interval 

(CFU/mL) 

R38 187 233 216 2.11 x 108 

 

1.6 x 108  – 2.79 x 108 

 

WA2541 277 376 313 3.19 x 108 

 

2.18 x 108  – 4.68 x 108 

 

 

NE005 

 

 

135 

 

 

131 

 

 

128 

 

 

1.31 x 108 

 

1.22 x 108  – 1.40 x 108 
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Table 4.2 Geometric means of bacterial counts (CFU/mL), Recovery Efficiencies 

(%RE) and 95% confidence intervals for sampling tool methods for Clostridium 

difficile at two different carrier inoculum levels. 

 

Bacteria 

 

 

Carrier 

inoculum level 

 

Sampling tool 
Geometric 

Mean 
%RE (95%CI) 

 

Clostridium 

difficile 
High 

 

Sponge 

Swab 

Control 

 

19301.76 

39329.24 

61286.45 

 

28.53 (-31.19 – 88.25) 

61.19 (-10.12 – 132.5) 

---- 

 

 

4.73 (1.11 – 20.11) 

12.99 (2.21 – 76.49) 

---- 

   

 

 

Clostridium 

difficile 

Low 

 

 

Sponge 

Swab 

Control 

 

192.01 

530.70 

2671.45 
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Ø Sponge method: for the high inoculum, 88 spores per sampled area and 472 

spores per sampled area for the low inoculum. 

Ø Swab method: for the high inoculum, 41 spores per sampled area and 161 

spores per sampled area for the low inoculum.  

4.1.4 Negative controls 

No growth was seen from any of the negative controls that were set up for each 

sampling tool with each set of the three experiments. 

4.1.5 Comparison of swab vs. sponge methods 

In this section, the swab and sponge methods results were compared using the bacterial 

count values transformed to log10. The sample (n=18) was big enough for the 

D’Agostino and Pearson omnibus normality test to be performed. 

Only the swab results for C. difficile passed the normality test (p value = 0.23, non 

significant).  The sponge results for C. difficile failed the normality test (p value = 

0.013, significant).  

Due to these results, the comparison of the two groups was made using a Mann-

Whitney test. It showed that there was no statistical difference between the medians of 

the two sampling tools for C. difficile (Mann Whitney C. difficile, swab vs. sponge p= 

0.17) (Figure 4.1). 

4.1.6 Variances of the recovery efficiency of the sampling methods 

depending on bacterial strains 

In order to compare the recovery efficacy of the sampling methods and the different 

bacterial strains, two way ANOVAs backed with a Bonferroni post-test were performed. 

At the high inoculum level, the bacterial strains did not affect the %RE of the sampling 

methods. However, at the low inoculum level, the bacterial strains did have an 

interaction with the %RE which was not quite significant (p=0.07).  

At the high-level inoculum, the sampling methods and the bacterial strains did not affect 

the results. Their effect on the total variance of the experiment was considered non-

significant (sampling tool: p=0.127, bacterial strains: p=0.849). Conversely, for the low-

level inoculum, the sampling tool had an effect on the total variance of the experiment, 

which was considered significant (p=0.038), whereas the bacterial strains had no effect 

overall (p=0.526) and this effect was therefore considered not significant (Figures 4.2 

and 4.3). 
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From these tests results, it can be assumed that even though the different strains did not 

have any significant effect on the total variance of the experiment, the sampling 

methods effect is not to be neglected. 

4.2 COMPARISON OF SAMPLING METHODS IN THE 

HOSPITAL ENVIRONMENT 

4.2.1 Chosen wards 

Environmental samples were collected over 4 weeks in Fremantle Hospital in Western 

Australia. Three wards were chosen: 

• Ward A, a surgical ward where a VRE outbreak had recently been controlled, 

• Ward B, the haematology/oncology ward, and, 

• Ward C, the geriatric ward. 

These wards were selected as they were considered to contain patients at high risk of 

acquiring CDI. 

4.2.2 Direct culture and ribotyping 

A total of 101 sponges and 101 swab samples were taken. Thirteen sites grew presumed 

C. difficile colonies on CDCA by 24 h. In total, 24 colonies were sub-cultured onto BA 

and 21 were confirmed as C. difficile (Table 4.3).  

Overall, 11 sites of 19 shared bathrooms sampled grew C. difficile across the three 

chosen wards. Out of the 11 positive sites, 11 cultures were obtained with the sponge 

method and two positive cultures were obtained with the swab method (Table 4.4). 

The RTs found on direct culture were RTs 018, 014/020, 010, 002, QX 107 and QX 

188. Each positive bathroom was contaminated with only one RT. RT 014/020 was 

found on two wards out of three (Table 4.5).  

4.2.3 Enrichment culture and ribotyping 

Of the 101 RCM subbed, four alcohol shocked RCMs grew C. difficile, revealing two 

new sites contaminated with C. difficile (Table 4.6 & Table 4.7).  The RTs of the two 

isolates from the new sites, which were the only two sent for ribotyping, matched those 

from the direct cultures. They were identified as RT 018 (Table 4.5). 
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Table 4.3 Environmental isolates characteristics and identification of 24h BA cultures. 

Isolate* 
Sampling 

tool 

 

Appearance 

 

Odour 
MALDI-TOF 

Identification 
Log 

score 

A15-16 TB1 

A15-16 TB2 

A15-16 TB3 

A15-16 TB4 

A15-16 TB 

A6 TB 

B14 TS 

B17 TB1 

B17 TB2 

B17 TB 

B17 H 

C5-6 TB1 

C5-6 TB2 

C11-12 TB 

C11-12 TS 

C5-6 TS1 

C5-6 TS2 

C5-6 TS3 

Sponge 

Sponge 

Sponge 

Sponge 

Swab 

Sponge 

Sponge 

Sponge 

Sponge 

Swab 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+/- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+/- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

C. disporicum 

Clostridium sp. 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

C. butyricum 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

2.123 

2.219 

2.172 

2.179 

2.224 

2.124 

1.9 

2.3 

2.2 

2.3 

2.3 

2.216 

2.316 

2.234 

2.182 

2.238 

2.111 

2.138 

C3-4 TB1 

C3-4 TB2 

C3-4 TB3 

C3-4 FR 

C14-15 FH 

     C14-15 H 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+/- 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

C. difficile 

2.161 

2.323 

2.303 

2.253 

2.187 

2.2 

The 1st letter indicates the ward, then the rooms’ numbers, TB= toilet bowl, TS= toilet 
seat, H= handrail, FR= floor, FH = flush button, the last number is the isolate number.  
+ = positive, +/- = indeterminate. 
 



Chapter 4: Environmental study 

	

 

 

 

 

Table 4.4 Details of environmental isolates. 

Isolate* 
Sampling 

tool 

 

Surface type 

 

Colony count 

No. of colonies sub-

cultured for further 

tests 

A15-16 TB 

A15-16 TB 

A6 TB 

B14 TS 

B17 TB 

B17 TB 

B17 H 

C5-6 TB 

C11-12 TB 

C11-12 TS 

C5-6 TS 

C3-4 TB 

C3-4 FR 

C14-15 FH 

C14-15 H 

Sponge 

Swab 

Sponge 

Sponge 

Sponge 

Swab 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Sponge 

Ceramic 

Ceramic 

Ceramic 

Plastic 

Ceramic 

Ceramic 

Metal 

Ceramic 

Ceramic 

Plastic 

Plastic 

Ceramic 

Linoleum 

Metal 

Metal 

34 

1 

11 

1 

2 

1 

1 

2 

12 

1 

7 

26 

2 

2 

1 

4 

1 

1 

1 

2 

1 

1 

2 

1 

1 

3 

3 

1 

1 

1 

* The 1st letter indicates the ward, the numbers the room, TB= toilet bowl, TS= toilet 
seat, H= handrail, FR= floor, FH = flush button, the last number is the isolate number. 
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Table 4.5 Molecular details of C. difficile environmental isolates.  

Ward Bathroom Nb Site Isolate Nb Ribotype 

A 

1 

TB 

 

 

 

 

H 

1 

2 

3 

4* 

5+ 

1*+ 

018 

018 

018 

018 

018 

018 

2 TB 1 018 

3 TS 1 014/020 

B 1 

TB 

 

 

 

H 

2 

1 

2 

3* 

1 

002 

002 

002 

002 

002 

C 

1 TS 

1 

2 

3 

QX 188 

QX 188 

QX 188 

2 TB 1 014/020 

3 
H 

FH 

1 

1 

010 

010 

4 

TB 

 

 

FR 

1 

2 

3 

1 

QX 107 

QX 107 

QX 107 

QX 107 

TB= toilet bowl, TS= toilet seat, H=handrail, FH= flush, FR= floor, *swab isolate, 
+RCM isolate. 
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Table 4.6 Environmental isolates (enrichment broth cultures) characteristics and 

identification of 24h BA cultures. 

Isolate* 
Sampling 

tool 

 

Appearance 

 

Odour 
MALDI-TOF 

 

Identification 

Log 

score 

A15-16 TB 

A15-16 H 

B17 TS 

C5-6 TB 

C14-15 TB 

C14-15 FR 

C14-15 H 

C3-4 FR 

RCM (sponge) 

RCM (swab) 

RCM (sponge) 

RCM (sponge) 

RCM (swab) 

RCM (sponge) 

RCM (sponge) 

RCM (swab) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+/- 

+ 

+ 

+/- 

C. difficile 

C. difficile 

Clostridium sp 

C. difficile 

C. hathewayi 

C. tertium 

C. difficile 

C. tertium 

2.218 

2.3 

1.9 

2.183 

2.137 

2.465 

2.24 

2.42 

* The 1st letter indicates the ward, the numbers the room, TB= toilet bowl, TS= toilet 
seat, H= handrail, FR= floor, FH = flush button, the last number is the isolate number. 
+ = positive, +/- = indeterminate. 
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Table 4.7 Details of C. difficile environmental isolates from enrichment 

broths. 

Isolate* 
Sampling 

tool 

 

Surface type 

No. of colonies sub-

cultured for further tests 

 

A15-16 TB 

A15-16 H 

C5-6 TB 

C14-15 H 

RCM (sponge) 

RCM (swab) 

RCM (sponge) 

RCM (sponge) 

Ceramic 

Metal 

Ceramic 

Metal 

Sweep 

Sweep 

Sweep 

Sweep 

* The 1st letter indicates the ward, the numbers the room, TB= toilet bowl, TS= toilet 
seat, H= handrail. 
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4.2.4 Positive sites 

The sites that were the most often positive for C. difficile were toilet bowls (n=5, 39%), 

handrails (n=4, 31%) and toilet seats (n=2, 15%). The other positive sites were the flush 

and the floor (n=1, 8%) (Figure 4.4). Most of the positive sites were situated on the 

geriatric ward. 

4.3  DISCUSSION 

4.3.1 Prevalence of C. difficile in the hospital environment 

Environmental contamination may have a role in the transmission of nosocomial 

infections (167). Admission to rooms previously occupied by a C. difficile infected 

patient considerably increases the risk of acquiring infection/colonisation with the same 

pathogen (16; 168). 

Various studies chose to target the environment of infected patients to have a good 

likelihood of detecting environmental contamination (16; 65; 169). In this part of the 

project, shared bathrooms on the three chosen wards were sampled. The wards were: the 

general surgery, haematology/oncology and geriatric wards, where the patients most 

susceptible to CDI are. At the Fremantle Hospital, patients diagnosed with CDI are 

isolated in single rooms with their own bathroom facilities and put under contact 

precautions (The HCWs wear extra personal protective equipment such as masks and 

gowns when in the infected patient’s room to reduce spread of infection). These 

measures have been implemented to reduce the risk of environmental contamination and 

disease transmission. 

Thus, pathogens such as C. difficile should not be found in the hospital’s shared 

bathrooms. Of all the sampled sites, 12.87% were positive for C. difficile by culture. 

This shows that despite following the isolation and contact precaution policies, the 

shared bathrooms on the wards get contaminated. This contamination may be due to 

asymptomatic carriers, or inadequate routine cleaning (57; 170). 

C. difficile is a pathogen often cultured from the hospital environment. Given the 

frequent use of shared areas and patient, family and health care worker movement in 

hospital settings, it could be hypothesized that person-to-person transmission was likely, 

and that a contaminated environment was a contributor to CDI transmission (71; 79; 

171). Unidentified C. difficile colonised patients could contaminate the hospital 

environment, impacting the efficacy of infection prevention strategies. 
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4.3.2 Sampling methods review 

An assortment of different materials for sampling was documented in the literature 

including electrostatic wipes, sterile gauze pads, or new sampling tools such as roller 

sampler (38; 64; 71; 172; 173).   

4.3.2.1 Contact plate (RODAC) 

In the early 90s, RODAC plates with selective media (CCFA) were used for the 

recovery of C. difficile from the environment (174).  In 2000, Hacek et al. demonstrated 

that the RODAC imprint technique gave better results than the swab and enrichment 

broth method for the recovery of pathogens from surfaces (76). Malik and colleagues 

used the contact plate method to compare the recovery of C. difficile from the 

environment using different media (77) and showed that this method was a good for 

environmental contamination monitoring. In the current project, this method could not 

be tried as the manufacturers of the CdiffID Chrom could not provide the media in 

RODAC plates. 

4.3.2.2 Direct culture method 

In their study in 2013, Hill et al. used sponges to sample surfaces and just pressed the 

sponge firmly eight times on the agar for culture (95). C. difficile was isolated from 

21.2% of the samples using this method. A problem with this method may be that any 

residue of cleaning/chemical agents could prevent bacterial growth affect recovery 

efficiency. In the current study, moistened swabs were processed in 2.5mL of 0.85% 

saline and sponges by adding 10mL of 0.85% saline. This appeared to have limited any 

effect of the cleaning/chemical agent on microorganism recovery. 

4.3.2.3 Macrofoam and cotton swabs 

Rose et al. tested four types of swabs (cotton, macrofoam, rayon and polyester) (74). 

When testing with the pre-moistened swab method, they did not get recovery 

efficiencies superior to 11.5%. In their study, Probst et al. compared nylon-flocked 

swabs to protocol standard cotton swabs (78). The mean recovery efficiency for cotton 

swabs was13.2% against 45.4% - 49% for flocked swabs. Lastly, Hodges et al. used a 

macrofoam swab protocol through several laboratories in their study and found a mean 

RE of 24.2% (149). 

One other consideration is that cotton swabs leave residues on surfaces and this might 

inhibit/contaminate molecular analyses (78).  Another problem with cotton and rayon 

swabs is that the release of bacteria from the swab is often incomplete (81). However, 
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when used on non-porous surfaces such as stainless steel, tulip cotton buds recorded 

%RE as high as 71% (75). 

4.3.2.4 Broth enrichment 

In their studies, both Riggs et al. (2007) and Dumford et al. (2009) used an initial 

enrichment broth step with environmental sampling (38; 57). They incubated their 

gauze swabs (sampling tool) in cycloserine-cefoxitin-fructose broth for 48 h before 

plating them onto pre-reduced CCFA and incubating for a further 48 h. In the present 

study, the enrichment broth step permitted the identification of two additional 

contaminated sites. 

4.3.2.5 Filtration 

Hodges et al. (2010) for their quantitative step, used a filtration method (149). Their 

swab elution suspensions, after dilution, were vacuum filtered through two 0.45µm 

membrane filters. After processing, the membranes were placed aseptically on culture 

plates and incubated at 35˚C. It is reasonable to assume that even though this study 

applied to Bacillus anthracis spores, the results could be similar for C. difficile spores. 

For quantitative analysis, filtration may be a better step than centrifugation to recover an 

optimum number of spores. 

4.3.3 The sampling methods in the laboratory setting 

In this study, cellulose sponges and nylon-flocked swabs were the chosen sampling 

methods, due to their reported high recovery efficiencies (78; 82; 86).  

4.3.3.1 Flocked swab method 

In this project, when comparing experiments in a laboratory setting, the flocked swab 

method had the best RE with C. difficile at both inoculum levels tested. Damalso et al. 

used nylon-flocked swabs on various bacterial species in their study and found an 

average RE of 55.42% (175). Probst et al. tested two nylon-flocked swab protocols on 

Bacillus spp. spores and found a RE for the nylon-flocked swabs of 45.4% for protocol 

A and 49.0% for protocol B (78). The same year, Hedin, Rynbäck and Loré 

demonstrated a %RE of 79% (Enterococcus hirae) and 74.5% (Staphylococcus aureus) 

when using two nylon-flocked swabs per sample (81). 

In this project, the mean REs found for the flocked swab method were 61.19% and 

12.99% at the high and low inoculum, respectively. Those results are in accordance 

with those found in the literature. 
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4.3.3.2 Cellulose sponge method 

Buttner et al. (2007), in their study on the recovery of Erwinia herbicola, also tried a 

sponge method (176). They found a %RE of 44.8% from metal surface, 25.8% from 

vinyl tile material and 18.1% from plastic surfaces. Best et al. determined a %RE of 

52% for C. difficile spores using polywipe sponges (168). Rose et al. tried cellulose 

sponge wipes for the recovery of B. anthracis (82). Several laboratories participated in 

the study (same materials and same protocol) and the mean obtained %REs of B. 

anthracis spores from surfaces were 32.4%, 24.4% and 30.1%.  

In this project, the mean %REs found for the polywipe sponge method were 28.53% 

and 4.73% at the high and low inoculum, respectively. These values are lower than 

those found in the literature. The difference in the size of the sampled surface, 

variations in the initial inoculum concentration and differences in the processing of the 

sponges could explain this. Moreover, in the present study, the carrier’s surface was 

quite small (1 square inch) and applying constant pressure with the sponge on the whole 

surface while sampling without moving the carrier was difficult. On the contrary, the 

carrier was very easily sampled using the nylon-flocked swab, thanks to its small size. 

4.3.4 The sampling methods in the hospital environment setting 

When tested in the hospital environment setting, the sponge sampling method was a lot 

more efficient than the swab sampling method (Figure 4.5). Out of the 101 sites 

sampled, 10.9% of the sites were positives using the sponge method whereas only 2.0% 

of the sites were positive using the swab method. Otter et al. (2009) conducted a study 

comparing a swab (with broth enrichment) and a cellulose sponge method for the 

recovery of C. difficile spores from the environment (83). Their results were similar to 

this project results, as they concluded that C. difficile was cultured significantly more 

frequently using the sponges compared with swabs (28% vs. 1.5%, respectively).  

When comparing the two methods in the hospital environment setting, the interaction 

between the sampling method and the sampled sites was considered non-significant 

(ANOVA p= 0.88) and the sites had an effect on the results of the experiment that was 

considered not significant (ANOVA p= 0.65). However, the effect of the sampling 

method on the experimental results was considered statistically significant (ANOVA p= 

0.017). Hence, it could be said that when compared to nylon-flocked swabs, cellulose 

sponges provide a more sensitive method for the detection of C. difficile environmental 

contamination.





Chapter 4: Environmental study 

	 39 

The low efficiency recovery of the swab method for surface sampling compared to the 

high %RE obtained in a laboratory setting could be due to variation of sampling area, 

sampling technique such as pressure applied and speed used, but also distribution of 

spores on the sampled surface or physical or chemical residue on the surface (Figure 

4.6) (74). 

4.3.4.1 Recovery efficiency 

The methods of sampling used in this project were designed and adapted from 

previously validated methods (78; 82; 177). The REs calculated for this project (Table 

4.3) illustrated the capacity of the sampling tool to recover spores from the 

carrier/environment surfaces.  The REs also considered the methods for processing the 

sampling tool, the variations in sampling consistency, and the different interactions with 

various types of surfaces. 

4.3.4.2 Size of sampled area 

Most studies regarding the sampling of environmental surfaces have different sizes for 

their sampled area. For this project, a 10x10 cm area was used as it was the size of the 

commercially-available sterile plastic templates (Medical Wire & Equipment Co., 

Corsham, UK). The templates were used to maintain consistency through the whole 

experiment. 

4.3.4.3 Incubation times 

Boseiwaqa et al. demonstrated that there was an 18% increase of median counts 

between 24 and 48 h of incubation on ChromID C.difficile Agar (93). Despite the 

findings of these studies, the incubation times for this project were based on the 

manufacturers’ recommendations. All counts were performed and reported after 24h 

incubation.  

4.3.4.4 Statistical analysis 

For analysis, the transformed to log10 bacterial count values were used. However, this 

was not sufficient to remove all skewness with the group of data and, when needed, 

non-parametric tests were used. Care was taken when interpreting results, especially 

when analysing comparisons between groups (178).  

4.3.5 Molecular epidemiology of environmental isolates 

4.3.5.1 Environmental ribotypes 

In this part of the project, eight of the 19 bathrooms tested were contaminated with C.
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difficile. Each contaminated bathroom was contaminated with only one RT. RT014/020, 

which is one of the most common RTs isolated from hospitals in Western Australia, 

was found on two different wards. The presence of this RT in the Fremantle Hospital 

environment was to be expected, as it was isolated from patients throughout the whole 

hospital all year round in a previous study (unpublished data). 

The other RTs identified were RT 018, which contaminated two bathrooms on the same 

ward, and RTs 002, 010 and QX 107 which had also been isolated from inpatients in the 

past and were identified as hospital strains (although RT 010 is non-toxigenic). This 

means that CDI due to these RTs was acquired 48 h after admission. The last identified 

RT, QX 188, also previously isolated from inpatients, was identified as a community 

strain. CDI related to this RT occurred within 48 h of admission in inpatients who had 

had no contact with healthcare facilities within 3 months of their current admission. 

In previous environmental screening of this hospital, only RT QX 150 was isolated 

from four different wards (unpublished data). None was isolated in this part of the 

project. 

4.3.5.2 Discrimination of results 

4.3.5.2.1 PCR ribotyping 

The fact that PCR ribotyping is now done using capillary electrophoresis rather that the 

traditional agarose gel increases the discriminatory power. RTs such as 014 and 020, for 

example, are more readily distinguished (179). This method is the one employed in the 

PathWest Molecular Epidemiology Laboratory for differentiation between strains of C. 

difficile. 

4.3.5.2.2 Multiple-loci variable tandem repeat analysis (MLVA) 

In 2006, Marsh et al. concluded that MLVA was a valuable genotyping method that 

could lead to an improvement of the outcome of CDI and health care costs by being 

applied to outbreak detection and epidemiologic investigations of C. difficile-associated 

disease (180). 

Eckert and colleagues (2011) demonstrated an overall good agreement between MLVA 

types and PCR ribotypes (181). MLVA could separate isolates of the hyper-virulent RT 

027 clone into several clusters. Results of MLVA confirmed that strains from RTs 078 

and 126 were closely related although some were located in different branches of the 

tree. Similar results were observed for most strains of RTs 014, 020 and 077. This 



Chapter 4: Environmental study 

41 

highly discriminatory method is time-consuming and expensive, but is a valuable tool 

for subtyping of C. difficile, especially of RT 027 strains.  

Fawley and Wilcox (2011) demonstrated with MLVA that strains from a cluster could 

be linked epidemiologically, being classified as highly related, but different (182). In 

their study, 19% of the suspected hospital CDI case cluster isolates were not related, 

despite sharing a common RT. This method could be extremely useful in the 

investigation of cross-contamination by offering information of significant 

epidemiological value. 

4.3.5.2.3 Whole genome sequencing (WGS) 

Eyre et al. (2013) in their study concluded that WGS permitted more sensitive 

monitoring of institutional infection- control performance through the counting of 

genetically related cases, rather than all cases (183). Data from WGS were sufficiently 

discriminatory that genetically related cases without a clear epidemiologic link could be 

investigated in a highly-focused way to discover novel routes of transmission. Such 

investigations were likely to shed new light on the source of currently unexplained 

infections and the diverse sources of CDI. 

According to Knetsch et al., WGS will dominate the field of molecular typing in time 

(179). A few improvements need to be achieved before WGS can be used as a routine 

tool for molecular typing such as increasing speed, having results available within 48 h, 

and simplification of the technical workflow including data analysis into an automatic 

pipeline. Also, the costs for acquiring the technical and organisational platforms needed 

to perform WGS must be reduced.  

The use of such a technique in this project could have been beneficial to determine if all 

the isolates with the same RT were really identical. 

4.3.6 Limitations of the study 

4.3.6.1 Reduced sensitivity 

In this project, the overall sensitivity of the method was reduced due to certain steps 

within the method. 

4.3.6.1.1 Centrifugation 

As centrifugation was used in the sponge processing method to concentrate the solution 

from 10 mL to 2.5 mL, it is assumed that all spores collected through sampling were 

recovered. Although it is logical to assume that most of the spores are pelleted, it is also 
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important to keep in mind that some are likely to have been lost through the process 

(e.g. discarded with the supernatant). Consequently, the numbers found should not be 

considered 100% accurate. Using methods such as filtration could have increased the 

sensitivity of the method. 

4.3.6.1.2 Serial dilutions 

When performing dilutions, only one aliquot of sample was taken. There is a small risk 

that the portion taken was not representative of the entire sample.  

4.3.6.1.3 Release capacity of sampling tool 

Even though this step was not included in this study, it may have been interesting to 

measure the release capacities of each sampling tool and see if they correlated with the 

results obtained in these experiments. 

4.3.6.1.4 Power of results 

In this project, 101 sites were sampled and 13 sites were contaminated with C. 

difficile. However, in order to better demonstrate the prevalence of C. difficile in the 

hospital environment, and their RT diversity, sampling needs to be extended and further 

studies undertaken. Moreover, the small number of positives found may have led to 

misinterpretations during the statistical analysis, as most of the tests performed are more 

powerful with samples bigger than n=100. It is important to take this statement into 

account when reading results. 

4.3.6.1.5 Room occupation 

It would have been helpful to consider room occupation for the month prior to this 

study to establish if a CDI patient had been on the ward. If so, determining which room 

and for how long, then investigating the RT that caused the infection and comparing 

this with the RT found in the environment. This process could help establishing 

epidemiological links between isolates as well as evaluating the survival period of C. 

difficile in the Fremantle Hospital ward environment.  Unfortunately, room occupation 

data were not available. 

4.3.7 Summary 

This part of the project established a standardized, efficient and sensitive technique for 

environmental sampling and culture. The REs of two sampling methods (nylon-flocked 

swabs and cellulose sponges) were compared. The experiments were initially done in a 

laboratory setting, with controlled inocula and consistent, optimised experimental 
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conditions, and then validated within the hospital setting. The culture media used in this 

project was C. diff ChromID (Biomerieux, France).  

Even though the swab method had a better RE than the sponge method at high and low 

inoculum concentrations for both bacteria in a laboratory setting, the sponge method 

excelled in the hospital setting when compared to the swab method. Hence, the use of 

the sponge method would be recommended for any further environmental surveillance.  

These findings have been published: Engelhardt NEP, Foster NF, Hong S, Riley TV, 

McGechie DB. Comparison of two environmental sampling tools for the detection of 

Clostridium difficile spores on hard bathroom surfaces in the hospital setting. Journal of 

Hospital Infection. 2017;96:295-96 (Appendix C). 
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5 ENVIRONMENTAL CONTAMINATION 

Healthcare associated infections are a significant problem (184). In general, direct 

contact is considered the principal pathway for pathogens transmission, but there is 

growing evidence implying that the hospital environment serves as a reservoir of 

infections (185). The presence of pathogens is common on inanimate surfaces and 

equipment, especially in environments occupied by infected or colonised patients (186). 

Contaminated hands of healthcare workers seem to also play a role in the spread of C. 

difficile spores within the hospital environment (187). Computer keyboards and mice 

(especially from the computers on wheels used by medical teams) that are shared by 

different individuals, can likewise serve as reservoir and play a role in the transfer of 

pathogens between individuals or environments in the healthcare setting, increasing the 

risk of transmission of infection (188). 

Therefore, implementing environmental surveillance for nosocomial pathogens such as 

C. difficile would be of great use to monitor the prevalence of such organisms as well as 

routine cleaning efficacy. The opening of a new tertiary teaching hospital, Fiona Stanley 

Hospital in Western Australia, provided a unique opportunity to assess the prevalence of 

C. difficile in the hospital environment through environmental surveillance from its 

opening. 

5.1 ENVIRONMENTAL SURVEILLANCE OF FSH FOR C. 

DIFFICILE CONTAMINATION 

As described in Chapter 4, wards were sampled using the sponge method.  

5.1.1  Chosen wards 

Environmental samples were collected over a 2-year period (March 2015 till February 

2017). Six wards with patients most susceptible to CDI were chosen:  

• Haematology (ward 7D, 24 beds) 

• Oncology (ward 7C, 24 beds) 

• Acute Care of the Elderly (ACE) (ward 6D, 24 beds) 

• Inpatient haemodialysis (HDI, 12 beds) 

• Gastrointestinal surgery (ward 7A, 24 beds) 

• General medicine (ward 5A, 25 beds) 
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5.1.2 Cleaning policies at FSH 

5.1.2.1 Standard clean 

Standard cleaning is applied to rooms hosting patients with no known infections or 

chicken pox, rubella, influenza like illnesses, measles, meningococcal disease, mumps, 

pneumonia, pertussis, respiratory syncytial virus, scarlet fever, shingles or tuberculosis. 

Rooms get a daily clean, using microfiber with detergent. The discharge clean uses 

microfiber with a chlorine and detergent based disinfectant (1000 parts per million/0.1% 

chlorine).  

5.1.2.2 Enhanced clean 

An enhanced clean is used for rooms hosting patients with the following Micro Alert(s), 

multi-resistant organisms (MROs) or gastroenteritis: Clostridium difficile, methicillin-

resistant Staphylococcus aureus (MRSA), norovirus, Salmonella, Campylobacter, 

infective gastroenteritis (or suspected), vancomycin resistant enterococci (VRE), 

carbapenemase-resistant Enterobacteriaceae (CRE), ESBLs (extended-spectrum beta-

lactamase producers).  

These rooms get a daily clean using microfiber with chlorine and detergent based 

disinfectant (1000 parts per million/0.1% chlorine). The discharge clean is identical. 

5.1.2.3 High risk area clean 

The high risk areas at FSH are the ICU, neonatal unit, oncology, haematology, burns 

and renal dialysis (three of these were chosen wards for environmental surveillance). 

The occupied rooms get two daily cleans: 

• First clean (morning) - microfiber with chlorine and detergent based disinfectant 

(1000 parts per million/0.1% chlorine). 

• Second clean (afternoon) - microfiber and detergent. 

The discharge clean uses microfiber with chlorine and detergent based disinfectant 

(1000 parts per million/0.1% chlorine).  

These cleaning procedures are detailed in APPENDIX D. 
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5.1.3 Results 

Overall, 1360 sites were sampled in 136 rooms over the six wards. Out of the 136 

rooms sampled, 27 rooms contained diagnosed CDI patients prior to sampling: Two of 

those rooms had positive cultures for C. difficile. One room had a patient under enteric 

contact precautions at time of sampling (CDI not mentioned): This room had positive 

cultures for C. difficile. Out of 11 contaminated rooms, eight rooms that had positive 

cultures had not contained known CDI patients prior to or at time of sampling. 

In total, 17 sites in 11 rooms were positive with C. difficile environmental 

contamination, growing presumed C. difficile on CDCA by 24 h, representing 1.25% of 

the total sampled sites: 

• 12 sites grew putative C. difficile colonies on CDCA, direct culture only. 

• 4 sites grew putative C. difficile colonies on CDCA, direct and enrichment broth 

cultures. 

• 1 site grew putative C. difficile colonies on CDCA, enrichment broth culture 

only. 

In total, 33 colonies were sub-cultured onto BA and all 33 were confirmed as C. difficile 

(Tables 5.1 & 5.2). The RTs found on direct culture were RTs 002, 010, 014/5, 020/1, 

076, and 193 as well as PWCEs 002, 013, 043, 111, 159 and 160.  

Each positive sampled room was contaminated with only one RT, except for one room 

where two RTs were found: RT 010 on the toilet bowl and floor and PWCE 043 on the 

patient’s chair.  

One shared bedroom was positive with environmental contamination by C. difficile 

spores post terminal cleaning, with a positive direct culture from the bedrail. 

Of the 1360 RCMs sub-cultured, 5 alcohol shocked RCM grew C. difficile, revealing 

one new site contaminated with C. difficile. The RT of the isolate from the new site 

matched those from the direct cultures. It was identified as RT 002 (Table 5.3).  

The most contaminated sites were the toilet bowls (n=5) and floors (n=4). The other 

sites were the toilet seats and toilet paper dispensers (n=2), the flush, patient chair, 

commode and bedrail (n=1) (Figure 5.1). It is interesting to note that no contaminated 

sites were found on the ACE ward, even though elderly patients are amongst the most 

susceptible population to CDI.  
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Table 5.1 Environmental isolates characteristics and identification of 24h BA 

cultures. 

Isolate*                Appearance                                MALDI-TOF 
Organism ID                        Log Score 

5A-508 TB1 + C. difficile 2.199 

5A-508 TB2 + C. difficile 2.216 

5A-508 TB3 + C. difficile 2.3 

5A-508 FR + C. difficile 2.189 

5A-520/21 BR1 + C. difficile 2.17 

5A-520/21 BR2 + C. difficile 2.092 

5A- 508 CH  + C. difficile 2.067 

HDI-ACC COM1 + C. difficile 2.28 

HDI-ACC COM2 + C. difficile 2.215 

7C-755 FR + C. difficile 2.289 

7C-755 TB + C. difficile 2.126 

7D-789 FR1 + C. difficile 2.147 

7D-789 FR2 + C. difficile 2.13 

7D-789 TS1 +/- C. difficile 2.232 

7D-789 TS2 + C. difficile 2.288 

5A-515 TB1 + C. difficile 2.137 

5A-515 TB2 + C. difficile 2.184 

5A-515 TB3 + C. difficile 2.144 

7C-749 TB1 + C. difficile 2.205 

7D-789 TB + C. difficile 2.139 

HDI-ACC TPD1 + C. difficile 2.265 

HDI-ACC FR + C. difficile 2.247 

HDI-ACC TPD1 + C. difficile 2.149 

HDI-ACC TPD2 + C. difficile 2.257 

7C-707 TB1 +/- C. difficile 2.017 

7C-707 TB2 +/- C. difficile 2.005 

7C-707 TB3 + C. difficile 2.082 

7D-787 TS1 + C. difficile 2.193 

* The 1st letter and number indicates the ward, then the room number, ACC= accessible 
unisex toilet, BR= bedrail, CH= chair, COM= commode, FR= floor, TB= toilet bowl, 
TS= toilet seat, TPD= toilet paper dispenser, FH= flush button, the last number is the 
isolate number. + = positive, +/- = indeterminate. 
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Table 5.2 Environmental isolates (enrichment broth culture) characteristics and 

identification of 24h BA cultures. 

        Isolate*                Appearance MALDI-TOF 
        Organism ID                      Log Score 

5A-508 TB4 + C. difficile 2.298 

7C-749 TB2 + C. difficile 2.284 

HDI-ACC TPD2 + C. difficile 2.237 

HDI-ACC FH + C. difficile 2.305 

HDI-ACC TPD3 + C. difficile 2.157 

* The 1st letter and number indicates the ward, then the room number, ACC= Accessible 
unisex toilet, FH = flush button, TB= toilet bowl, TPD= toilet paper dispenser, the last 
number is the isolate number, + = positive. 
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Table 5.3 FSH Clostridium difficile environmental isolates. 
Collection 
 Date Ward Room Site ID Report Ribotype 
20/08/2015 5A 508  TB FSH 001* RT 010 
20/08/2015 5A 508  TB FSH 002 RT 010 
20/08/2015 5A 508  TB FSH 003 RT 010 
20/08/2015 5A 508  TB FSH 004 RT 010 
20/08/2015 5A 508  TB FSH 005 RT 010 
20/08/2015 5A 508  FR FSH 006 RT 010 
20/08/2015 5A 508  CH FSH 007 PWCE 043 
20/08/2015 5A  521  BR FSH 008 PWCE 013 
13/10/2015 DIA ACC  COM FSH 009 PWCE 002 
15/12/2015 7C 755  FR FSH 010 RT 076 
22/12/2015 7D 789  FR FSH 011 RT 193 
22/12/2015 7D 789  FR FSH 012 RT 193 
22/12/2015 7D 789  TS FSH 013 RT 193 
06/01/2016 5A 515  TB FSH 014 RT 020/1 
06/01/2016 5A 515  TB FSH 015 RT 020/1 
06/01/2016 5A 515  TB FSH 016 RT 020/1 
22/01/2016 7D 789  TB FSH 017 RT193 
27/01/2016 7C 749  TB FSH 018 RT 014/5 
27/01/2016 7C 749  TB FSH 019 RT 014/5 
27/01/2016 7C 749  TB FSH 020* RT 014/5 
17/05/2016 DIA ACC  TPD FSH 021 RT 002 
17/05/2016 DIA ACC  TPD FSH 022 RT 002 
17/05/2016 DIA ACC  TPD FSH 023* RT 002 
17/05/2016 DIA ACC  FH FSH 024* RT 002 
28/06/2016 DIA ACC  TPD FSH 025 RT 002 
28/06/2016 DIA ACC  TPD FSH 026 RT 002 
28/06/2016 DIA ACC  TPD FSH 027 RT 002 
28/06/2016 DIA ACC  TPD FSH 028* RT 002 
05/07/2016 7A 707  TB FSH 029 PWCE 111 
05/07/2016 7A 707  TB FSH 030 PWCE 111 
05/07/2016 7A 707  TB FSH 031 PWCE 111 
04/10/2016 7D 787 TS FSH 032 PWCE 159 
18/10/2016 DIA ACC  FR FSH 033 PWCE 160 
 
*enrichment broth isolates, DIA: inpatient dialysis, ACC: accessible toilet, TB: toilet bowl, FR: 
floor, CH: chair, BR: bedrail, COM: commode, FR: floor, TS: toilet seat, TPD: toilet paper 
dispenser, FH: flush, FSH: Fiona Stanley hospital, RT: ribotype, PWCE: PathWest capillary 
electrophoresis ribotype
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5.1.3.1 Lower detection limit 

According to the formula in section 2.2.4.2.3, the theoretical lower detection limit 

(lowest concentration of an organism that the analytical process can reliably detect) of 

the experiments was (based on the %RE of 28.5% determined in Chapter 4) 88 CFU for 

a sampled area of 100 cm2 (149). 

5.1.3.2 Estimation of the level of contamination per site  

In order to estimate the number or spores from the tested sites, the equation presented in 

section 2.2.4.2.3 was used (149). The %RE of 28.5% determined in chapter 4 was used. 

When one colony was found, it could be expected that there were 88 CFU/site. From 

this calculation, it could then be estimated that the level of contamination across the 

chosen wards ranged from 88 – 3330 CFU for a sampled area of 100 cm2.  

5.1.4 Discussion 

5.1.4.1 The role of environmental surveillance in hospitals 

It has previously been demonstrated that good hand hygiene compliance played a role to 

reduce the incidence of CDI. However, appropriate environmental disinfection along 

with good antibiotic stewardship provides the most effective benefits (189). Strong 

evidence has been provided regarding the potential for environmental surveillance of 

the hospital as a strategy for preventing the transmission of disease (190). Data obtained 

through surveillance provide opportunities to regularly assess surface cleaning 

procedures and rethink infection control strategies (191). 

A well implemented surveillance program might allow important savings of financial 

resources and better management regarding hospital acquired infections (192). To use 

environmental surveillance as a successful tool in the prevention of infection, the active 

participation of, and coordination between, the laboratory, infection control team and 

management is critical for environmental surveillance to succeed as an integral part of 

the hospital infection control strategy (193). 

Most environmental surveillance articles in the literature are related to outbreaks and 

there is limited data available on routine environmental surveillance for C. difficile 

(194). Hence, the present study was undertaken. 
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5.1.4.2 Environmental surveillance of FSH 

The hospital environment is a source of infection where C. difficile spores survive for 

months, as they are resistant to heat and most standard disinfectants (195). The recovery 

of toxigenic C. difficile from the hospital environment and the identification of strain 

types common to patients and the environment suggest that the environment may be a 

reservoir, and serve as a source of acquisition of toxigenic C. difficile (196). 

Since the opening of FSH to patients and for a 2-year period, environmental 

surveillance for the prevalence of C. difficile in the hospital environment was 

conducted. Overall, 1360 sites were sampled in 136 rooms over the wards. In total, 17 

sites in 11 rooms were positive with C. difficile contamination, representing 1.25% of 

the total sampled sites. 

5.1.4.2.1 Molecular epidemiology of C. difficile environmental isolates 

The most commonly isolated clinical RTs were RTs 020 (17.5%), 014 (15.0%) and 002 

(6.5%), followed by RTs 056, 076 and 193 (4.1%, 3.2% and 2.8%, respectively). The 

environmental RTs cultured were RTs 002, 010, 014/5, 020/1, 076 and 193 as well as 

PWCEs 002, 013, 043, 111, 159 and 160, which is similar to the clinical case findings. 

RT 010 and PWCEs 002,111,159 and 160 were cultured from the environment but were 

not clinically isolated from patients at FSH during the period of surveillance. PWCEs 

159 and 160 are new strains which have not been detected previously. 

The fact that 5 strains were cultured only from environmental specimens and not from 

clinical specimens raises the issue of the role of asymptomatic carriers admitted to the 

hospital. There is no recommendation for routine screening of asymptomatic carriers on 

admission, therefore the introduction of C. difficile strains on wards by asymptomatic 

carriers could be possible.  Asymptomatic carriers of toxigenic C. difficile in hospitals 

may increase risk of infection in other patients. There are identifiable risk factors 

(recent hospitalisation, use of corticosteroids, previous CDI) that could serve in the 

detection of asymptomatic carriers and help providing a basis for targeted screening 

(197). The transmission of C. difficile within the hospital remains a key epidemiological 

parameter that can significantly influence the dynamics of CDI. Furthermore, the silent 

transmission of C. difficile from asymptomatic carriers is an important pathway for the 

spread of CDI, especially among individuals with increased susceptibility to 

colonisation. Asymptomatic transmission in the hospital should be accounted for when 

designing and evaluating control interventions (198). 
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Recent studies have appraised the efficiency of various intervention measures in 

healthcare facilities, including infection control practices (199-202). A large population-

based retrospective cohort study of all patients admitted to acute care hospitals between 

April 2011 and March 2012 in Ontario, Canada, found that selected hospital prevention 

strategies had limited effectiveness or were ineffectively implemented (203). 

Another study however demonstrated that in a hospital with an established infection 

control program designed to contain transmission from symptomatic CDI patients, 

asymptomatic carriers appear to have played an important role in transmission. It also 

supported the hypothesis that environmental transmission events from prior room 

occupants with CDI or carriage can occur (204). Consequently, identification and 

isolation of carriers may be necessary to further reduce transmission of C. difficile in the 

hospital settings. Hence there may be benefits in performing microbiogical surveillance 

testing for C. difficile carriage as well as environmental surveillance for contamination 

with C. difficile spores to reduce the incidence of CDI.  

5.1.4.2.2 Distribution of C. difficile strains at FSH 

Out of the 136 rooms sampled, 27 rooms (19.8%) contained diagnosed CDI patients 

prior to sampling: Only two of those rooms (7.4%) had positive culture for C. difficile. 

In a total of 11 contaminated rooms, eight rooms (72%) that had positive cultures did 

not contain known CDI patients prior to or at the time of sampling, reinforcing the 

important role of asymptomatic carriers in the shedding of C. difficile spores and the 

transmission of disease. Also, even though microfiber cloths were proven to reduce the 

transfer of C. difficile spores to environmental surfaces, this was the case essentially 

when the cloths were new (205; 206). Thus, we could hypothetically attribute some of 

the environmental contamination to the over use of the microfiber cloths used for 

cleaning the patient’s room, even if microfiber cloths have been shown to transfer 

significantly less microorganisms back to the surface than other types of cloths (207). 

One room had a patient under enteric contact precautions at time of sampling (CDI not 

mentioned), and this room had positive cultures for C. difficile. Two strains were 

isolated from this room: RT 010 from the toilet bowl and floor, PWCE 043 from the 

patient’s chair. As mentioned previously, RT 010 is non-toxigenic and has not been 

isolated from clinical specimens at FSH, and PWCE 043 had previously been isolated 

from a clinical specimen once, 2 days prior to the sampling day from a different patient 

on a different ward. Therefore, the presence ribotype PWCE 043 may be due to 

contamination related to visitors or healthcare worker movement through the hospital. 
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Hospital floors are a potential reservoir for the transmission of healthcare associated 

pathogens such as C. difficile, and this RT had recently been isolated in the hospital 

(208). The presence of RT 010 in the room could relate to the patient occupying the 

room at the time of sampling being an asymptomatic carrier of C. difficile. The last 

hypothesis would be that the patient was an asymptomatic carrier of two distinct strains 

of C. difficile. Different C. difficile strains are able to proliferate concurrently in an in 

vitro model reflective of the human colon, although with differences in germination and 

growth rate (209; 210). 

One shared bedroom was positive with environmental contamination with C. difficile 

post terminal cleaning, with a positive direct culture from the bedrail. This 

environmental isolate was identified as PWCE 013. This RT had been isolated from a 

clinical specimen on another ward (but situated on the same hospital level) 1 day prior 

to sampling. It could be hypothesised that either the protocol for terminal cleaning had 

not been properly followed, hence the residual environmental contamination, or that the 

contamination was due to a contaminated healthcare worker (211).  

In addition, this project demonstrates that the dissemination of C. difficile through the 

hospital is a complex issue with multiple possible routes of transmission. Patients and 

healthcare workers clearly have an important role in spreading bacteria in the hospital 

environment (212).  

5.1.4.3 Limitations of the study 

5.1.4.3.1 The role of enrichment broths 

Enrichment cultures increase isolation rates for C. difficile (213). In this project, 

Robertson’s cooked meat (RCM) was used as enrichment broth. The efficacy of this 

step could be questioned as even though it allowed the discovery of a contaminated site 

which was negative with direct culture, only five broths in total grew C. difficile when 

cultured, whereas 11 sites were positive with direct culture. Other studies used RCM 

supplemented with taurocholate or gentamicin, cycloserine and cefoxitin to further 

enhance enrichment of the sample prior to culture (87; 158; 214). 

Most studies regarding the efficacy of the enrichment broths in the recovery/detection 

of C. difficile were done using faecal specimens. Cooked meat carbohydrate selective 

broth (cooked meat base with cycloserine and cefoxitin), cycloserine-cefoxitin-fructose 

broth (CCFB), CCFB supplemented with 0.1% sodium taurocholate and C. difficile 

Brucella broth (CDBB) were proven to stimulate rapid germination and outgrowth of C. 
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difficile spores, with rates similar or superior to the conventional culture on CCFA (215-

217). 

When used in the processing of environmental samples, CCFB is not as efficient as 

CCFA RODAC imprint technique, regardless of the cycloserine concentration of the 

media (174). The cycloserine-cefoxitin mannitol broth with taurocholate and lysozyme 

(CCMB-TAL) is an effective culture enrichment medium for specimens containing a 

low concentration of organisms and thus could be considered for environmental 

sampling (218).To achieve better results with enrichment culture in this project, 

possibly another choice of broth would have been more appropriate and efficient. 

5.1.4.3.2 The choice of the sampled rooms 

In this study, the sampled rooms were selected at random at time of sampling, according 

to patients’ disposition, medical rounds and treatment schedules. It could be argued that 

always sampling the same rooms and sites would have provided more accurate 

surveillance.  

5.1.4.3.3 Use of whole genome sequencing for RT comparison 

PCR ribotyping of C. difficile, that utilised a capillary sequencer to resolve different 

sized amplicons, was used as a typing method.  Few existing typing systems for C. 

difficile have the sensitivity of whole genome sequencing (WGS) to precisely identify 

specific molecular changes that constitute identification of multiple strains within a 

given typing group (219). Therefore, WGS (when available) could be used to elucidate 

the complex transmission epidemiology of CDI, as a novel surveillance tool to identify 

C. difficile transmission and to allow targeted efforts to reduce CDI incidence (220). 

Technologies such as WGS will continue to provide information on this pathogen that 

can be used to reduce the overall burden of disease caused by C. difficile, and to 

confirm or refute suspected CDI case clusters (221). 

5.1.5 Summary 

In this chapter, environmental surveillance of a new tertiary hospital was conducted 

from opening to arrival of patients and over a 2-year period to assess the prevalence of 

C. difficile in the hospital environment. No comparable studies were found in the 

literature, assessing the prevalence of this organism starting from a “clean” hospital 

environment. Even if small (1.25% of the sampled sites), environmental contamination 

with C. difficile spores was present, despite routine cleaning and infection control and 
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prevention policies. The disturbing fact is that contamination was found in rooms which 

did not and had not contained known CDI patients prior or at time of sampling.  

Most of the RTs identified from the environment had previously been isolated from 

clinical specimens, but on different wards or in different rooms, and always from 

different patients. It should be highlighted that five strains were isolated solely from 

environmental specimens, two of which were detected for the first time in this project. 

Hence, this study raises the possibility of the asymptomatic carriers shedding spores in 

their environment, the movement of contaminated equipment or furniture from one 

ward to another and the potential role of healthcare workers in the transmission route of 

CDI. The hospital environment should be considered a reservoir for C. difficile and 

further environmental surveillance should be done to keep on monitoring the prevalence 

of this organism. 
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6 GENERAL DISCUSSION 

C. difficile is the leading cause of infectious diarrhoea in hospitalised adult patients, 

causing infections ranging from mild diarrhoea to pseudomembranous colitis. 

Furthermore, C. difficile spores are highly resistant to environmental stress. In hospital 

settings, C. difficile spores are exposed to a wide array of disinfectants commonly used 

to disinfect contaminated surfaces but their intrinsic resistance properties are sufficient 

to successfully contribute to their persistence in hospital environments (7). 

Due to changes in the epidemiology, there is growing concern regarding the incidence 

and severity of CDI with the emergence of epidemic strains such as RTs 027 and 244. 

More recently, an increase in CA-CDI has been observed internationally, where cases 

have been younger and less likely to have used antimicrobials. It is important to gather 

information about the prevalence of this organism in the hospital environment, to 

understand its transmission routes and what increases the risk of a patient developing 

CDI, so that preventive measures can be implemented. 

  

The aims of this project consequently were: 

1. To define the epidemiological context in which this research project took 

place. 

2. To compare two sampling tools for the sampling of hard surfaces:  

- Sponge: MWE Polywipe™ pre-moistened sponge in peel pouch [pre-

moistened with phosphate buffer by manufacturer] (Medical Wire & Equipment 

Co., UK). 

- Flocked swab: MWE HydraFlock® Standard Tapered in peel pouch 

(Medical Wire & Equipment Co., UK). 

3. To design a sensitive and easily replicable method to sample the hospital 

environment for the recovery of C. difficile spores. 

4. To conduct environmental surveillance of a new tertiary hospital over a 

2-year period to evaluate and study the prevalence of C. difficile in the 

hospital environment. 

The present study has contributed new knowledge on the epidemiology and prevalence 

of C. difficile in the hospital environment in WA, with a particular focus on 

environmental surveillance methods and the distribution of C. difficile strains through 
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the hospital environment. A replicable method for environmental sampling was 

established and hospital environmental contamination with C. difficile spores was 

demonstrated. 

6.1 ENVIRONMENTAL SAMPLING 
A replicable environmental sampling method was established for this project, using a 

laboratory controlled setting and a hospital setting for proper validation. The method 

was selected to compare two of the most efficient sampling tools for the recovery of C. 

difficile spores identified in the literature: polywipe sponges and flocked swabs, as the 

ability to recover C. difficile spores from surfaces using tools such as contact plates and 

flocked or rayon swabs was shown to be inferior when surface contamination is low 

(222).  The most efficient tool would then be selected for routine environmental 

surveillance.  

A wide range of sampling tools has been assessed for the recovery of bacteria from the 

hospital environment. Regarding the recovery of C. difficile spores, the two samplings 

tools that were evaluated in this project were the most commonly tried with good rates 

of recovery. 

Few studies have conducted environmental surveillance as a routine procedure, and the 

need for an easy, rapid and replicable sampling method was identified.  Polywipe 

sponges were shown to be the most appropriate tool for an optimised recovery of C. 

difficile spores from hard surfaces in the hospital environment. As previously described 

in the literature, albeit with different processing methods, polywipe sponges performed 

extremely well here (83; 223). The REs were similar to those obtained in other studies 

and therefore polywipe sponges were used for environmental surveillance at FSH. 

In many studies regarding the culture of C. difficile, CCEY and CCFA have been the 

most commonly used media (196; 223). When using a single agar for detection of 

toxigenic C. difficile, CCFA has often been the most sensitive (224). In this project, a 

chromogenic medium, ChromID C.difficile Agar (CDCA) (bioMérieux, France), was 

successfully used. This medium offers effective isolation of C. difficile within 24 h with 

or without the use of alcohol-shock treatment (225). CDCA is highly effective for 

detecting C. difficile and has a fast turnaround time.  This medium exhibited good 

sensitivity with specimens with low burden of C. difficile (226). 

Adoption of a method like the sponge sampling technique described in this thesis for the 

surveillance of environmental contamination by C. difficile spores on surfaces would be 
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invaluable. It would also offer faster detection and reporting of contaminated areas to 

facilitate the control and management of C. difficile transmission in the clinical 

environment. 

6.2 ENVIRONMENTAL CONTAMINATION 
The epidemiology of CDI is changing: C. difficile has become an urgent threat in 

today’s healthcare environment and the most common cause of nosocomial 

gastrointestinal infection and nosocomial diarrhoea. It is found widely in the 

environment, and is also a commensal/pathogen in the intestinal tracts of most 

mammals. To date, the most common risk factors of CDI development in humans are 

old age, recent antibiotic therapy and recent hospitalisation (227).  

C. difficile was thought to cause disease only in hospitalised elderly patients until the 

early 2000s when reports of CDI in the community among young and previously 

healthy individuals were published (228; 229). Since these initial reports, C. difficile has 

been increasingly recognised outside health care settings (230). As previously 

mentioned, there are numerous cases of CDI without reported or recorded known risk 

factors. This suggests that there could be other unrecognised risk factors contributing to 

the increased incidence of CA-CDI, including food, animals and the environment (231). 

In this thesis, environmental surveillance was conducted at the new Fiona Stanley 

Hospital in Perth, WA, over a 2-year period. It was a unique opportunity to start 

environmental surveillance for C. difficile in the hospital environment from the opening 

of the hospital through to when the first patients were admitted.  No similar project has 

been identified in the literature. 

Most of the RTs identified from the ward environment in this project have previously 

been isolated from clinical specimens from the same hospital, but on different wards or 

in different rooms, and always from different patients. Five strains were isolated solely 

from environmental specimens, two of which were recovered for the first time as part of 

this project. 

The community environment may be a source of toxigenic C. difficile, and a high 

prevalence of C. difficile isolates in the community comprised multiple unique RTs 

(232). However, the role of environmental contamination in the community in the 

pathogenesis of C. difficile has not been investigated fully. As C. difficile spores are 

resistant to many household cleaning products, the potential for household 

contamination is high. An elevated rate of environmental contamination of C. difficile 
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was observed from community households from a large urban area, where shoe soles 

and household dust were the most common sources of C. difficile (233). Moreover, the 

bacterium is ubiquitous and can be isolated from various sources, the outdoor 

environment also being a potential reservoir of genetically diverse population of C. 

difficile (234). These multiple reservoirs could be possible sources leading to the 

introduction of new C. difficile strains into the hospital environment. 

It is important to highlight the possible role of asymptomatic carriers in the hospital. 

Asymptomatic C. difficile colonisation is the condition where C. difficile is detected in 

the absence of symptoms of infection. However, asymptomatic C. difficile colonised 

patients potentially act as an infection reservoir and may present a risk to others (57; 

235). The prevalence of asymptomatic C. difficile colonisation varies depending on 

several factors such as host, pathogen, and environment. These features of 

asymptomatic C. difficile colonisation are important to establish the contribution that 

asymptomatic C. difficile carriers make to transmission of C. difficile in healthcare 

environments (236). This suggests that specific patient populations at risk for CDI 

should be targeted for C. difficile prevention efforts rather than solely focus on the 

containment of patients with active disease. Screening and intervention of asymptomatic 

carriers could be implemented in high risk areas of the hospital where high incidence of 

nosocomial CDI occurs, to help decreasing CDI rates (237). 

In this project, C. difficile RTs were isolated from the environment when no similar 

clinical RTs where recorded on the same ward. This finding implies that there may be 

another dissemination route within the hospital, and this needs to be investigated. C. 

difficile spores on skin and in the environment have been shown to be an important 

source for acquisition of spores on hands of healthcare personnel and these are likely to 

be an important source for transmission (238). C. difficile frequently contaminates 

multiple skin sites of patients with CDAD and could easily be transmitted to healthcare 

workers’ hands, providing a major potential source for C. difficile transmission to other 

patients, and having important implications for infection control procedures (239). 

Moreover, this skin contamination and environmental shedding of C. difficile spores 

often persists post diarrhoea, emphasising the need for continuation of contact 

precautions even when the patient becomes asymptomatic (240). 

Healthcare workers move throughout the whole hospital. They are not necessarily 

confined to a particular area, and they are in contact with various contaminated objects, 

such as soiled linen, which are a potential source of C. difficile (241). These objects, 
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could play an important role in the dissemination of C. difficile strains throughout the 

hospital.  

Environmental contamination with C. difficile is a frequent occurrence and the surfaces 

affected may vary. Efforts addressing environmental contamination should take these 

findings into consideration when tailoring local decontamination protocols to individual 

settings. Furthermore, it is important that people entering the rooms of CDI patients 

adhere to contact isolation protocols by wearing gowns and gloves since contamination 

of the environment is not restricted to the area immediately surrounding the patient 

(242). 

Vegetative cells and spores of C. difficile strains have different resistance properties that 

may impact decontamination of surfaces and hands (243). The hands of patients with 

CDI, asymptomatic carriers and carers are frequently contaminated with C. difficile 

spores. Such contamination could potentially contribute to transmission or recurrence of 

CDI. Soap and water washing is an effective way for reducing the presence and burden 

of C. difficile spores on hands, whereas alcohol hand rub is not (244). Thus, for patients 

and healthcare workers, regular hand washing is a useful and simple-to-implement 

adjunct to standard control measures for C. difficile, particularly in an outbreak setting.  

In hospitals, the recommended preventive measures to control CDI generally are 

antibiotic stewardship, rapid diagnosis and isolation of infected symptomatic patients, 

re-evaluation of proton pump inhibitor prescription, probiotic utilisation, staff 

education, hand hygiene, regular cleaning of patient rooms, medical equipment 

disinfection, usage of gloves by HCWs, and monitoring of surveillance data (245). 

Transmission of C. difficile spores occurs primarily via the contaminated hands of 

health-care workers, but contact with a contaminated environment, contaminated 

utensils or medical devices has also been implicated. In this project, most sites 

contaminated with C. difficile spores were identified in rooms of non-CDI patients. 

Environmental decontamination of clinical areas, using chlorine-releasing agents or a 

sporicidal product, is recommended, however, in practice, compliance with cleaning 

protocols is often suboptimal (102). Variations in cleaning, disinfection and isolation 

practice play a role in hospital acquired infections. Thus, the standardisation of cleaning 

and disinfection procedures is essential to help decrease the rates of HA-CDI (246). 

Newer alternatives for environmental decontamination have been introduced, notably 

gaseous hydrogen peroxide and, more recently, UV decontamination (115). The former 

is particularly effective at killing C. difficile spores, but the cost-effectiveness of these 
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approaches is still unclear (247). Daily environmental cleaning with a 1:10 hypochlorite 

solution in areas of high endemicity has been shown to be a practical and inexpensive 

addition to the short list of effective measures that can reduce the spread of highly 

resistant nosocomial pathogens such as C. difficile (248). Proper training, assessment 

and direct interaction with housekeeping staff can result in highly effective disinfection 

of environmental surfaces (249). 

This thesis was preliminary work demonstrating the presence of C. difficile in the 

hospital environment very early on in a hospitals life. This project offered the unique 

opportunity to start environmental surveillance of a new tertiary teaching hospital from 

its opening to when patients were admitted and after. Even though the contamination 

rates were low (1.25%), it is important to note that environmental contamination of the 

hospital with C. difficile spores was demonstrated nonetheless. The dissemination of C. 

difficile as shown in this project was quite complex, with various possible transmission 

routes. Surveillance is critical to monitor and control the prevalence of this organism in 

the hospital environment and hence reduce the risks of disease transmission. Further 

studies should be conducted to keep monitoring the rates of contamination over time, 

and therefore assess the efficacy of the cleaning and disinfection procedures in place. 

6.3 CONCLUSION 
C. difficile is now recognized as the leading cause of healthcare associated infective 

diarrhoea and is increasingly being linked to community-acquired cases of colitis. C. 

difficile can be found in the intestinal tracts of both humans and animals, but its spores 

are also ubiquitous in the environment and can be isolated from food (230; 250). 

Importantly, people with an adequate immune response will either eliminate the 

infection and/or become asymptomatic carriers (247). In this project, C. difficile spores 

were shown to persist in the hospital environment despite the cleaning and disinfection 

procedures in place. Even though the contamination rates of C. difficile were low, this 

surveillance started monitoring a “clean” environment from the opening of the hospital, 

proving that environmental contamination by this organism occurs over time. The 

environmental sampling method used in this thesis allowed a simple and regular way to 

assess surface cleaning procedures and rethink infection control strategies. Not only did 

this study highlight the complexity of the transmission route of CDI, but it also 

demonstrated that the dissemination of C. difficile strains throughout the hospital 

involves various possible factors such as healthcare workers, asymptomatic carriers, 

visitors and contaminated surfaces and equipment. C. difficile stays a formidable 
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pathogen, and the financial burden of CDI continues to challenge healthcare systems 

internationally. Environmental surveillance and efficient cleaning are crucial to monitor 

and reduce environmental contamination and hence help reducing the risks to patients to 

acquire nosocomial CDI.  
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APPENDIX 
 

Appendix A 

CDC Guidelines for surface sampling procedures 

(Centre for disease Control and Prevention, April 2012)  

1. Wearing a clean pair of gloves, place the disposable template over the area to be 

sampled and secure it.  

2. Remove the sterile swab/sponge from its package (if the sterile swab is not pre-

moistened, moisten the sterile swab by dipping it in the 2.5 mL container of 

0.85% saline. Remove any excess liquid by pressing the swab head on the inside 

surface of the 0.85% saline container).  

3. Wipe the surface to be sampled using the moistened sterile swab/sponge. Use an 

overlapping ‘S’ pattern to cover the entire surface with horizontal strokes.  

4. Rotate the swab/sponge and wipe the same area again using vertical ‘S’-strokes 

5. Rotate the swab/sponge once more and wipe the same area using diagonal ‘S’-strokes 

 

 

3. 4. 5.  
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Appendix B 

Published paper from research in chapter 3 
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Appendix C 
 
Published paper from research in Chapter 4 
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Appendix D 

Fiona Stanley Hospital - cleaning policies 

 

 
 

  
 
 
 

Policy 

Environmental Cleaning  
Reference #: FSFH HW POL 0002 

Scope 

Site Service/Department/Unit Disciplines   

F ona Stan ey 

Hosp ta  (FSH) 
Hosp ta  w de  A  staff 

1. Introduction 
Ma nta n ng a safe and c ean env ronment s paramount for reduc ng the r sk of 

assoc ated env ronmenta  cross contam nat on. Contam nated env ronmenta  surfaces 

can ead to transm ss on of nfect ous agents, e ther after d rect contact w th the 

env ronment or v a secondary contact w th the hands of hea th care workers, v s tors or 

other staff members who have not ma nta ned appropr ate hand hyg ene.  

The FSH c ean ng program s mu t faceted, ev dence-based and nvo ves r sk 

assessment n order to prov de opt ma  env ronmenta  nfect on contro .  Th s 

document out nes the protoco s to be fo owed at FSH to ensure comp ance w th the 

recommended c ean ng program.   

2. Definitions 

Cleaning The phys ca  remova  of d rt, mpur t es, marks, sta ns, 

b em shes, organ c mater a , odours and contam nat on. 

 

3. Policy 
3.1.  FSH Cleaning program - Documentation 

3.1.1. The FSH C ean ng Serv ce P an descr bes the c ean ng program 

mp emented at FSH. Th s s supported by c ean ng standards, 

procedures and work nstruct ons 

3.1.2. A  documents descr b ng FSH c ean ng pract ces are ocated n OnBase 

under CORP – Serv ce P an, Serv ce L ne – C ean ng  
 
 

The information provided in this document is based on its relevance to Fiona Stanley Fremantle Hospital 
Group (FSFHG) only   Due to differences in context, scope of practice and differences in service delivery, 
FSFHG does not make claim to its relevance or appropriateness for use within other organisations/sites  
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