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Abstract 

As today’s most prevalent and costly healthcare-associated infection, hospital-onset Clostridioides difficile infec-
tion (HO-CDI) represents a major threat to patient safety world-wide. This review will discuss how new insights 
into the epidemiology of CDI have quantified the prevalence of C. difficile (CD) spore contamination of the patient-
zone as well as the role of asymptomatically colonized patients who unavoidable contaminate their near and dis-
tant environments with resilient spores. Clarification of the epidemiology of CD in parallel with the development 
of a new generation of sporicidal agents which can be used on a daily basis without damaging surfaces, equipment, 
or the environment, led to the research discussed in this review. These advances underscore the potential for sig-
nificantly mitigating HO-CDI when combined with ongoing programs for optimizing the thoroughness of clean-
ing as well as disinfection. The consequence of this paradigm-shift in environmental hygiene practice, particularly 
when combined with advances in hand hygiene practice, has the potential for significantly improving patient safety 
in hospitals globally by mitigating the acquisition of CD spores and, quite plausibly, other environmentally transmitted 
healthcare-associated pathogens.

Keywords Clostridioides difficile, Hospital onset Clostridioides difficile infection prevention, Disinfection cleaning, 
Optimized cleaning performance, Sporicidal disinfectant, Healthcare-associated infections

Introduction
As noted by Peters in 2022, healthcare-associated infec-
tions (HAI) are one of the greatest threats to patient 
safety worldwide [1]. As a result of epidemiologic and 
microbiologic studies over the past decade, it has become 
increasingly evident that interventions to mitigate envi-
ronmental surface pathogen contamination constitute 
an important component of (HAI) prevention. Unfor-
tunately, precisely defining how the impact of various 

surface cleaning interventions and concomitant hand 
hygiene practice can be quantified to develop clinically 
sound implementation science has yet to achieved [2, 3]. 
Despite such ongoing challenges it is important to rec-
ognize that environmental hygiene represents a critical 
element of what Wenzel and Edmonds defined as “hori-
zontal interventions” that are central to mitigating a wide 
range of HAIs (Fig.  1) [4, 5]. These approaches aim to 
reduce the risk of infections caused by a broad range of 
pathogens by the implementation of standard practices 
that are effective regardless of patient specific conditions 
[6]. In contrast to the horizontal interventions, “vertical 
interventions” are pathogen and/or condition specific. 
While vertical and horizontal approaches are often com-
plementary, there is evolving evidence that horizontal 
interventions in endemic situations may represent a best 
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use of HAI prevention resources [6, 7]. As noted in Fig. 1, 
Healthcare Hygienic Practice consists of interventions 
which have traditionally been addressed separately, but 
as will be discussed below, their effectiveness in clinical 
settings is highly interrelated and interdependent.

The burden of healthcare associated Clostridiodes dif-
ficile Infection (CDI), coupled with the expectation that 
improved environmental cleaning could prevent these 
infections, has led to extensive efforts to mitigate trans-
mission risk within healthcare settings since 1981 when 
Fekety et al. [8] documented widespread healthcare envi-
ronmental contamination of surfaces, both near and 
more distant from patients with CDI. Although numer-
ous quasi-experimental studies substituting dilute bleach 
for non-sporicidal disinfectants have reported a reduc-
tion in healthcare-associated CDI (HO-CDI) during 
outbreaks, efforts to effectively mitigate environmen-
tal transmission of Clostridiodes difficile (CD) spores 
in endemic settings has been ineffective [9–12]. New 
insights into the healthcare epidemiology of HO-CDI 
and new approaches to mitigating environmental trans-
mission will be discussed in detail in this review.

Global and healthcare epidemiology 
of Clostridioides difficile infections
Global epidemiology
Although accurate assessments of global trends in CDI 
prevalence are challenged by variations in diagnostic 
methods as well as resource limitations impeding sur-
veillance activities [2, 13], the world wide epidemiol-
ogy of CDI has been characterized by rapidly evolving 
shifts in prevalence of disease [14]. A recent review of 
regional differences in (CDI) noted that global infections 
have been slowly decreasing between 2 and 4% per year 
through 2015 in most European countries while Asia has 
shown increasing trends through 2014 primarily due to 
increases in western Asia countries including Turkey and 
Israel [15]. In England declining rates of infection with 

ribotype 027 fell by half between 2007 and 2010, likely 
due to a concurrent reduction in fluroquinolone use [2]. 
While the overall trend toward decreasing CDI in Europe 
is of note, between 23 and 66% of cases in a range of 
European countries [2] and 50–60% of cases in Australia 
were found to be under diagnosed due to a lack of clinical 
suspicion and suboptimal laboratory methods [16].

In the United States, CDI rates had been showing a 
gradual decrease during the decade prior to the COVID 
pandemic, primarily due to decreases in HO-CDI [17]. 
Several factors would appear to have contributed to the 
declining incidence including antimicrobial stewardship 
[18], better diagnostic stewardship [19] and reimburse-
ment negative incentive programs [20]. While some 
facilities experienced increases in HO-CDI early in the 
COVID pandemic, recent more extensive studies have 
failed to document a significant trend in CDI rates [21, 
22].

Evolving insights into healthcare environmental 
Clostridioides difficile epidemiology
Given the extremely low inoculum necessary to cause 
infection [23] and the fact that CD spores on environ-
mental surfaces have a basically indefinite ability to 
remain viable decreasing only 0.5 log in 14 months [24] 
it is not surprising that surfaces contaminated with CD 
spores have a role in CD transmission. Recent studies 
have clarified and quantified many aspects of the envi-
ronmental epidemiology of CD in hospitals (Table 1).

As noted in Elements 1 and 2, recent studies have 
shown that a substantial proportion of all acute care 
patients are colonized with CD either at the time of 
admission (average incidence density 10.6%, range 
2.8–21% [25–35] or during their hospitalization (aver-
age prevalence density 12.5%, range 2.9–21%) [25, 
36–41]. As a result, approximately 11% of hospital-
ized acute care patients present an ongoing risk of 
CD transmission to the environment and susceptible 
patients. Genomic epidemiology has now confirmed 
the environmental transmission of spores from these 
patients to other patients [37, 42–45]. As noted in Ele-
ment 3, patients recovering from acute CD infection 
are associated with significant transmission of spores 
to their environment [46–48]. This issue was care-
fully analyzed in a multi-site study by Davies et  al. in 
2020 which evaluated the impact of treatment for CD 
infection on patient-zone environmental contamina-
tion [49]. Treatment of CD infection with metronida-
zole, vancomycin or fidaxomicin similarly decreased 
the proportion of patients with positive stool cultures 
from 100 to 35% immediately after treatment. Fol-
lowing treatment, the rate rebounded to 80–90% by 
2–4 weeks later. And although there was a decrease in 

Fig. 1 The elements of Horizontal Healthcare Hygienic Practices. The 
blue arrows represent the interdependence between the elements
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the proportion of environmental sites contaminated 
with CD spores from 36% before treatment to 20% 
immediately following treatment, environmental con-
tamination by these patients was still at 27% four weeks 
after completing treatment, confirming the significant 
ongoing risk of transmission of CD to other patients 
and healthcare workers by patients who had completed 
treatment for CDI. These studies confirm substantial 
levels of environmental contamination, but they may 
actually under-estimate the problem. A recent study 
using PCR technology confirmed a tenfold increase in 
the frequency of surface contamination in comparison 
to direct culture [50]. In 2015 Kundrapu, documented 
that spore shedding and near patient environmen-
tal contamination with CD spores was substantially 
increased when asymptomatic patients colonized with 
CD were administered antibiotics [51]. The clinical 
relevance of this phenomenon was subsequently clari-
fied by Freedburg et al. [52].They analyzed a cohort of 
more than 100,000 patients who sequentially occupied 
a given hospital bed and found that independent of 
the prior room occupant’s CDI status, administration 
of antibiotics to the prior bed occupant was the most 
significant factor associated with an increased risk of 
the next bed occupant developing CDI. The same phe-
nomenon was also identified by Dowling Root in 2021 
[53]. In this study of 17,285 patient room occupancies 
the risk of HO-CDI was significantly associated with 
prior room occupant antibiotic usage (Odds Ratio 
2.37, p < .001). The results of these two large studies, 
can only be explained by recipient acquisition of resid-
ual CD spores asymptomatically shed onto patient-
zone surfaces by the preceding room occupant.

Mitigating Clostridiodes difficile spore transfer 
from environmental surfaces
Chemical disinfection
Chlorine-based disinfectants, particularly diluted com-
mercial grade bleach has been used extensively for 
terminal cleaning of CDI patient rooms [54]. Unfortu-
nately, physical damage associated with the use of these 
disinfectants precludes their daily use for all high-touch 
patient-zone surfaces. Fortunately, we now have broad-
spectrum sporicidal agents that are at least as effective as 
bleach, are not associated with significant damage to sur-
faces, and are not associated with potentially toxic resid-
uals during either their use or disposal [55, 56]. These 
hydrogen peroxide/peroxyacetic acid formulation chem-
istries are rapidly sporicidal and are also effective against 
Candida auris, healthcare-associated pathogens (HAPs), 
norovirus and other viral pathogens, including corona 
viruses [57]. While these chemistries have been widely 
used and their effectiveness well validated, other non-
chlorine based sporicidal agents are becoming available.

Surface disinfection technologies
Despite in vitro studies confirming the resistance of CD 
spores to UV light, programs incorporating UV technol-
ogy have been reported to have impacted HO-CDI rates 
in hyper-endemic settings [58]. In contrast, several more 
recent reports of such programs failed to show an impact 
on endemic HO-CDI rates [12, 59–62] and a multi-year 
cluster randomized crossover control trial found that 
the daily UV supplemented intervention did not reduce 
either HO-CDI rates or VRE transmission [63]. These 
results have now been further supported by a cluster-ran-
domized sham-controlled double blinded crossover trial 

Table 1 The elements of Clostridioides difficile healthcare epidemiology

Elements of Clostridioides difficile Environmental Epidemiology

1. At the time of hospitalization 10.6% of patients (range 2.8–21%) are CD carriers Ref: [25–35]

2. During hospitalization 12.5% of patients (range 2.9–21%) are CD carriers Ref: [25, 36–41]

3. Transmission of CD spores to environmental surfaces is associated with: Ref: [46–48]

Patients with acute infection

Patients recovering from acute infection

Asymptomatic CD colonized patients

4. Treatment does not decrease ongoing environmental spore contamination for more than a month Ref: [49]

5. Wide spread surface contamination far from known CD infected patients Ref: [35, 36]

6. Increased Cleaning and disinfection result in: Ref: [99]

Decreased surface and hand contamination

Decreased CD acquisition

7. Genomic confirmation of the role of asymptomatic CD carriers in transmission Ref: [37, 42–45]

8. Acquisition of CD from a prior room occupant is significantly dependent on the prior room occupant receiving antibiotics Ref: [52, 53]
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of a UV program, by Kaye et al. involving 25,732 patient 
room cleanings. It failed to show an impact on HO-CDI 
rates, which were actually higher in the sham UV treat-
ment arm (p 0.53) [64]. Furthermore, the prevalence of 
E. coli and Staph. aureus contamination of high-touch 
patient-zone surfaces was unchanged [65, 66]. Uncon-
trolled studies utilizing hydrogen peroxide vapor tech-
nology as part of terminal cleaning of CDI patient rooms 
have appeared to be associated with a decrease in HO-
CDI [67–69] but they were lacking confounder assess-
ment. In addition, logistical challenges in delivering the 
treatment may hinder the use of this technology beyond 
CDI isolation room terminal cleaning [58].

A programmatic approach to optimizing 
environmental hygiene to mitigate HO‑CDI
Evaluating disinfection cleaning
The importance of physically removing visible dirt and 
soil from surfaces in hospitals has been recognized for 
more than 150 years [70]. Consequently, all acute care 
hospitals have policies and procedures to define the 
role of environmental services personnel for cleaning 
patient-zone surfaces. Environmental services (EVS) 
managers and infection preventionists had imple-
mented joint visual inspection of surfaces in patient 
care areas well before the CDC recommended that 
hospitals clean and disinfect “high-touch surfaces” in 
2003 [71]. The CDC further recommended that hos-
pitals “monitor, (i.e., supervise and inspect cleaning 
performance) to assure consistent cleaning and dis-
infection of surfaces in close proximity to the patient 
and likely to be touched by the patient and healthcare 
professionals” in 2006 [72]. Unfortunately, the intrinsi-
cally subjective nature of such monitoring along with 
its episodic and deficiency-oriented features limit its 
ability to accurately assess the thoroughness of day-to-
day cleaning activity. Preliminary studies documenting 
patient zone surface contamination with HAPs raised 
concerns that cleaning practice should be improved 
[73]. It was not until actual cleaning practice was objec-
tively monitored, initially using a covert visual moni-
toring program [74] and later with covertly applied 
fluorescent markers, that actual cleaning practice was 
objectively evaluated [75, 76]. Evaluations were done 
in a standardized manner with a metered fluorescent 
marking system (DAZO™ Ecolab, Inc., St. Paul, MN). 
The outcome measured was the actual thoroughness 
of cleaning expressed as the “thoroughness of disin-
fection cleaning” or”TDC” [77]. Given the accuracy 
of the metered fluorescent markers to objectively and 
reproducibly identify opportunities to improve clean-
ing thoroughness, process improvement interventions 
based on structured educational activities and direct 

performance feedback to EVS staff were shown to be 
highly effective in improving cleaning outcomes [78, 
79]. Despite the challenges the EVS staff contend with 
[80], published reports of these programs have now 
confirmed the effectiveness of such programs with the 
TDC improving from 40–60% to 80–90% or higher 
for at least 3 years [79, 81]. Most recently Parry (2022) 
evaluated the sustained impact of a structured ongoing 
monitoring and feedback program to optimize patient-
zone disinfection cleaning in a 305 bed acute care hos-
pital over 10 years [82].

The cleaning/disinfection performance of the EVS staff 
was covertly measured by specially-trained infection pre-
vention nurse liaisons to minimize bias and telegraphing 
surface marking sites. As noted in Fig. 2, cleaning perfor-
mance improved from a baseline TDC of 60% to greater 
than 80% over the first year of the program. Subsequently 
most quarterly rates were at or above the 90% minimum 
target during the final six years reported. The process 
improvement success of programs related to patient zone 
disinfection cleaning had also been realized with respect 
to the operating theatre setting [82, 83].

“Tools For Evaluating Environmental Cleaning: The 
Guidance Environmental Cleaning Procedures” As a 
result of published evidence supporting objective moni-
toring to evaluate surface cleaning processes, the CDC 
developed the guidance “Options for Evaluating Environ-
mental Cleaning” in 2010 and updated it in the Guidance 
“Best Practices for Environmental Cleaning Procedures” 
in 2020 [77, 84]. which recommends the use of a fluo-
rescent marker-based performance monitoring program 
along with direct observation of cleaning practice.

Studies in the United States and abroad during the past 
20 years have used a specially developed fluorescent gel 
or “test soil” to covertly evaluate environmental clean-
ing in a wide range of healthcare settings [75, 76, 85–
89]. These studies have utilized a standardized metered 
transparent gel specifically formulated for the covert 
evaluation of healthcare surface cleaning. While non-
standardized fluorescent powders and lotions have been 
used in a non-covert manner for education [90], other 
studies [89, 91] demonstrated that these substances vis-
ibility in ambient light limited their effective use in pro-
grams to objectively monitor cleaning practice as a result 
of their ability to induce a Hawthorne effect. In 2019 a 
study from Johns Hopkins compared the clinical use of 
the metered applicator with a standardized fluorescent 
gel to a cotton swab applicator with a non-standardized 
fluorescent gel and found that the metered applicator 
provided a more accurate assessment of cleaning prac-
tice. The authors concluded that, “Infection control 
programs implementing evaluation of environmental 
cleaning programs should carefully consider the type 
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and method of applying fluorescent gel marks to stand-
ardize and optimize the measurement of fluorescent gel 
removal” [92, p.796].

ATP bioluminescence technology detects the pres-
ence of organic material, including viable and non-
viable bioburden, on surfaces. Although their ease of 
use led to their use to attempt to quantify healthcare 
surface bioburden, the high sensitivity of the system to 
non-microbiologic and non-viable organic matter and 
its relative insensitivity to some healthcare-associated 
pathogens has now been clarified [93, 94]. As noted by 
Mulvey, et  al. in a detailed evaluation of the ATP tech-
nology, “Sensitivity and specificity of 57% (with the ATP 
tool) means that the margin for error is too high to justify 
stringent monitoring of the hospital environment (with 
ATP technology) at present” [95, p.29]. As noted in the 
CDCs Guidance Best Practices for Environmental Clean-
ing in Healthcare facilities (2020): (Section  4. Tables  29 
and 30) ATP technology is not recommended for evaluat-
ing cleaning performance [84].

An important requirement for monitoring and pro-
cess improvement programs relates to the need for them 
to have a successful validation component. As noted in 
the 2010 CDC guidance, “It is important that the moni-
toring be performed by hospital epidemiologists, infec-
tion preventionists or their designees who are not part 

of the actual EVS cleaning programs. Such an approach, 
as discussed previously, assures the validity of the infor-
mation collected” [77 (Appendix B, p.1, 82]. The impor-
tance of this issue was confirmed in a study which found 
that when EVS managers monitored the discharge room 
cleaning, they documented an average TDC score of 
82.5% while a research team covertly evaluating the same 
two hospitals documented an average score of 52.4% [96]. 
Given the fact that neither the Joint Commission or the 
World Health Organization consider self-monitoring of 
hand hygiene practice to be acceptable, it seems reason-
able that a similar expectation should be applied to moni-
toring disinfection cleaning activities.

Implementing the 2020 CDC guidance: core 
components of environmental cleaning 
and disinfection in hospitals
In October 2020 the CDC published a guidance docu-
ment to provide hospitals with a detailed roadmap for 
the development of programs to optimize all aspects of 
patient-zone environmental hygiene because “maintain-
ing a clean hospital environment and minimizing the 
presence of hospital pathogens is critical for keeping 
patients safe” [97, p.e1].

The six individual “core components” (Fig.  3) and the 
specific recommendations within each of the strategies 

Fig. 2 The thoroughness of disinfection cleaning as objectively documented by the standardized florescent marker monitoring program
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detailed in the document specify what “every healthcare 
facility should consider to ensure appropriate environ-
mental cleaning and disinfection” [98, p.e1]. While not 
specifically discussed in the document, describing the 
(EVS) staff involved in patient-zone cleaning and disin-
fection as “healthcare personnel” represents an acknowl-
edgment of the relevance these activities have to safe 
patient care. Taken together, these Core Components 
provide a detailed, clearly structured, comprehensive 
template, based on implementation science studies over 
the past 20 years, to optimize all aspects of environmen-
tal hygiene practice for acute care hospitals which can 
also be adapted to a wide range of patient care settings 
[81].

Assessment of the potential impact of thorough 
daily sporicidal disinfection cleaning in mitigating 
HO‑CDI
Given the fact that general use of sporicidal disinfectants 
on patient-zone surfaces is now feasible, it is possible to 
quantitively assess the impact of daily sporicidal disinfec-
tion cleaning of all high-touch patient-zone surfaces in 
mitigating CD transmission. This approach was initially 
evaluated in a single-site, quasi-experimental study in 
2016 [98].

As noted in Fig.  4, during the 33-month intervention 
period, thoroughness of disinfection cleaning (TDC) 
rapidly improved from 81 to 92% and remained greater 
than 88% during the remainder of the study (P = .01). 
HO-CDI rates fell significantly during the intervention 
period from an average of 8.9–3.2/10,000 patient-days 
(p = 0.0001, 95% CI 3.48–7.81).

The clinical impact of implementing daily, hospital-
wide sporicidal disinfectant cleaning of all patient-zone 
surfaces was further evaluated using a control group 
validated, quasi-experimental, interrupted-time series 

analysis employing a group of eight acute care hospitals 
[99]. These hospitals had stable endemic Standardized 
Infection Rates (SIRs) (Mean 1.03 for the group) during 
an 18-month pre-intervention period. The intervention 
hospitals within the healthcare system studied ranged 
in size from a 532-bed tertiary care hospital to a 44-bed 
regional critical access hospital (mean 257 beds). Nine 
randomly selected hospitals from the same system 
that had not enrolled in a standardized (EVS) process 
improvement program served as controls. (mean 266 
beds). Thoroughness of cleaning was programmatically 
monitored in accordance with the 2010 CDC guid-
ance[77] using a standardized metered fluorescent 
marking system (DAZO™ Ecolab, Inc., St Paul, MN).

CDC Core Components of Environmental Cleaning and 
Disinfec�on in Hospitals 

1. Integrate Environmental Services into the Hospital’s Safety Culture 

2. Educate and Train all Healthcare Providers Responsible for Cleaning 
and Disinfec�ng Pa�ent Care Areas

3. Select Appropriate Cleaning and Disinfec�on Technologies and 
Products

4. Standardize Se�ng-specific Cleaning and Disinfec�on Protocols

5. Monitor Effec�veness and Adherence to Cleaning and Disinfec�on 
Protocols 

6. Provide Feedback on Adequacy and Effec�veness of Cleaning and 
Disinfec�on to All Responsible HCP as well as Relevant Stakeholders 
(e.g., Infec�on Control, Hospital Leadership)

Fig. 3 The CDC core elements of environmental cleaning 
and disinfection in hospitals

Fig. 4 The impact of optimizing environmental hygiene to decrease 
Clostridioides difficile transmission in a single hospital over two 
and one half years

Fig. 5 Toroughness of Cleaning in 8 Intervention Hospitals
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As noted in Fig.  5, TDC following educational activi-
ties during the 3-month wash-in period improved rapidly 
from 59 to 88%. With the use of ongoing quarterly per-
formance feedback, cleaning thoroughness continued to 
improve over the next 5 quarters and at 18  months the 
TDC was 93.6% for the group (Range 91–96%, 95% CI 
45–24%, p < 0.0001).

As noted in Fig.  6, mean group HO-CDI SIRs ranged 
from 0.49 below to 1.42 above a mean of 1.03 during the 
18  months prior to project implementation. In quar-
ter-1 following wash-in, all sites documented a decrease 
in HO-CDI to a mean SIR of 0.6 (95% CI 0.13–0.75, 
p = 0.009). Over the next 5 quarters, the HO-CDI SIR 
continued to decrease stabilizing during the last three 
quarters evaluated to a mean SIR of 0.4 (95% CI 0.13–
0.75, p = 0.009).

As outlined in Fig. 7 seven potentially significant con-
founders were evaluated pre-and post-intervention and 
were found not to have had an impact on the results. 
Using the control hospitals in an adjusted difference-
in-differences analysis, the intervention was associ-
ated with a 0.55 reduction (95% CI − 0.77 to − 0.32) 
in HO-CDI (p < 0.001; or a 50% relative decrease from 
a baseline SIR of 1.03). The study represents the first 
multi-site, quasi-experimental study with control 
hospitals to evaluate a daily, hospital wide, perfor-
mance optimized, sporicidal, disinfection cleaning on 

HO-CDI. While a randomized controlled trial could 
further clarify and quantify the results of this interven-
tion, such an undertaking would require considerable 
resources as well as the need for sites to defer imple-
menting potentially effective design elements of the 
intervention.

Fig. 6 The trend in HO-CDI SIR pre and post-intervention

Fig. 7 Evaluation of potential confounding influences. 1. Q3 
pre-intervention year “Enhanced contact precautions for CD 
positive patients was implemented”. During the first 6 to 9 months 
of the pre-intervention period these sites implemented nursing 
education to clarify the importance of early stool specimen collection 
in patients with diarrhea
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Given the challenges of a randomized trial, it should 
be noted that the open-access published, agent-based 
modeling study by Barker, et al. evaluating the impact of 
multiple single and bundled interventions on HO-CDI 
prevention found that the single most clinically effective 
and cost-effective intervention was daily sporicidal clean-
ing of all patient zone surfaces as depicted in Fig. 8 [7]

Furthermore, quantitative input analysis of the model 
found only a limited additional incremental benefit from 
increasing modeling parameters of thoroughness of 
cleaning from an “enhanced level” (80% TDC) to an “ideal 
level” (94% TDC), suggesting that daily patient zone 
sporicidal cleaning could have a substantial impact on 

CD transmission when TDC is lower than those achieved 
by the intervention group of hospitals discussed above 
[7]. Most recently, this agent-based simulation model 
was used by Scaria, to compare it with primary observed 
data from a 426 mid-western, US hospital over 6  years 
in order to compare the predicted HO-CDI rate to the 
observed rate between 2013 and 2018.

As noted in Fig.  9.,the trends in both the modeled 
and actual rates were nearly identical following imple-
menting “increased infection control measures” namely, 
daily patient-zone sporicidal disinfection cleaning and 
improvement in the TDC from 56% in 2013 to 79% in 
2017 and 2018 [100]. Of note, the decrease of 46% in HO-
CDI, both predicted and observed, was similar to the 
decrease of 50% documented in the eight hospital study 
previously discussed.

Additional benefits of mitigating CD 
environmental transmission
Collateral microbiological benefits
Over the past several years there has been increasing 
documentation of the potential and actual role of sur-
faces in the near patient environment being relevant in 
HAI epidemiology.

As noted in Fig.  10, [101–116] patient-zone environ-
mental surfaces are frequently contaminated with a wide 
range of HAPs. While the frequency of contamination 
is greatest close to patients, genomic epidemiology has 
confirmed more distance spread [11, 116]. While docu-
menting high level CRE contamination (88% of surfaces) 
associated with colonized patients, the study by Shams 

Fig. 8 Evaluation of the modeled cost (cost-avoidance) associated 
with interventions to mitigate HO-CDI

Fig. 9 Comparison of the modeled and observed HO-CDI over 6 years
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also found that 80% of all contamination was associated 
with 20% of colonized patients which they character-
ized as “super shedders” [101, 117] Although many of the 
HAI-associated pathogens in Fig. 10 are effectively killed 
by quaternary-ammonium compounds, or accelerated 
hydrogen peroxide the use of hydrogen peroxide-peroxy-
acetic acid chemistries for CD mitigation would allow for 
highly effective disinfection of surfaces harboring Can-
dida auris, norovirus and quaternary-ammonium resist-
ant A. baumannii [118].

Finally, it should be noted that recent reports docu-
menting widespread intra-system and inter-system trans-
mission of carbapenem-resistant Klebsiella pneumoniae 
and the possibility that terminal patient room clean-
ing enhanced by a UV treatment protocol can impact 
the occurrence of hospital-onset bacteremia with some 
strains of gram negative rods suggest that there is yet 
much to be clarified regarding the role of patient zone 
surfaces in the epidemiology of many HAPs [119, 120]

Quality of life benefits
While the acute morbidity and mortality (approximately 
5%) of CDI have represented significant issues for years, 
analysis of more complex effects of CDI are now being 

quantified. As part of the agent-based modeling study 
previously described, Barker used a standardized quality-
of-life years (QALYs) analysis and found that the impact 
of the daily, performance optimized (80% TDC) spori-
cidal disinfection patient-zone cleaning intervention in 
the modeled 200 bed hospital with a 1.0 SIR was associ-
ated with a savings of 36.8 QALY s annually for such a 
program [7].

In addition to QALYs lost as a result of CDI, the ill-
ness has a substantial adverse impact on patient reported 
quality of life. This phenomenon was recently quanti-
fied in a controlled study by Han (2022) using a health-
related quality of life 32 element questionnaire [121]. The 
study found that patients hospitalized with CDI devel-
oped a quantifiable negative impact on multiple physical 
and mental health measures. Of note was a particularly 
adverse impact of recurrent CDI (10% of patients) on the 
quality-of-life parameters measured.

Economic benefits
While the direct impact of CDI in terms of morbid-
ity and mortality has been well documented, several 
in-depth population based studies published between 
2011 and 2022 have analyzed the economic costs of CDI 

Environmental  Transmission of  HAPs Other Than CD 

A. Environmental Contamina�on of rou�nely Cleaned Pa�ent-Zone Surfaces          Reference 
MRSA, VRE, Ab, Kp   34% of random surfaces      102 

MRSA,VRE    55%of random surfaces      103

MRSA, VRE, Ab, Ps   40%         104 

C. auris    70%         105 

KPC-producing CRE  88% of colonized pa�ent surfaces    106 

MRSA, VRE    82% of CP room surfaces      107 

     12% of non-CP room surfaces     107 

MDROs    65%         108 

B. Genomic Epidemiologic Evidence of Environmental Transmission 
MRSA, VRE Transmission between pa�ents and surface environment  102 

MRSA and MSSA           109,110 

VRE, MDROs            111 

C. Decreased Environmental Contamina�on With Improved Disinfec�on Cleaning 
MRSA             112 

VRE              113-115 

GNB              91 

MDROs and Ab            104,108 

D. Decreased Acquisi�on of HAPs With Improved Disinfec�on Cleaning 
Ab,MRSA, VRE,             104,116 

Fig. 10 Studies which have clarified the potential for optimized patient-zone disinfection cleaning to mitigate the transmission of healthcare 
-associated organisms from environmental surfaces
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[122–125]. In considering the impact of these costs, it 
is critically important to note that a substantial propor-
tion of the total costs per case are not reimbursed by 
commercial insurance, Medicare or Medicaid in U.S. 
hospitals. As summarized in Fig.  10, four studies have 
specifically evaluated the cost of HO-CDI (Table 2).

These matched controlled studies evaluated between 
6000 and 60,000 HO-CDI cases over 2–7  years. The 
three studies which evaluated total cost found almost 
identical results while the two studies which evaluated 
non-reimbursed costs also found highly similar costs of 
$14,257 and $13,476 or approximately 50% of the total 
cost. This proportion of non-reimbursed costs is also 
consistent with an earlier study of 272, 143 hospitaliza-
tions which found that 65% of the cost of HO-CDI was 
not reimbursed by Medicare payments [126]. Although 
not stratified to identify costs for HO-CDI, Magee in 
2015 determined the excess cost for hospitalized CDI 
patients to be $24,408 based on data from 2009 to 2011 
[127]. In a similar study Zhang in 2019 found excess 
total cost per case of $24,205 [128].

As modeled by Barker [7] using data from published 
studies, a 200 bed hospital with a HO-CDI rate at the 
national average and a non-reimbursed cost per case 
of $12,313 was projected to have an annualized sav-
ings of $358,268 as a direct result of implementing 
daily hospital-wide patient zone sporicidal disinfection 
cleaning at a 70% TDC. Based on this modeling and the 
population based studies discussed it is likely that the 
8 intervention hospitals previously discussed (average 
size 258 beds, HO-CDI rate at the national average pre-
intervention) realized an annualized savings of approxi-
mately $3.7 million per year during the last 12 months 
of the study.

Based on this research, it is feasible for a hospital to 
project the yearly non-reimbursed cost of HO-CDI. 
Taken together, these studies support the likely prob-
ability that each case of HO-CDI had a non-reimbursable 
cost of approximately $12,000 between 2008 and 2019. 
While the current cost can be estimated based on these 
studies Yu and co-authors in 2019 noted that, “As CDI 
management evolves, the already substantial per-patient 

health care costs and health care utilization associated 
with CDI are likely to increase” [125, p.1].

Environmental hygiene and hand hygiene: 
an integrated approach
Over the past several years it has become increasingly 
evident that infection prevention initiatives focused on 
optimizing hand hygiene have not realized their hoped-
for impact on healthcare-associated pathogen (HAP) 
transmission in well-resourced healthcare settings 
[129–133]. Accepting our inability to quantify the abso-
lute risk of pathogen acquisition directly from healthcare 
workers’ hands, there is good circumstantial evidence 
that such transmission accounts for a substantial propor-
tion of HAP transmission. Indeed, it has become widely 
accepted that hand hygiene, as noted by Palamore, is 
“critically important for the prevention of HAIs” [134] 
(p.8).

Given the fact that patient zone surfaces not con-
taminated by HAPs cannot be a source of pathogen 
transmission even in the absence of hand hygiene, 
further consideration must be given to viewing both 
environmental hygiene and hand hygiene as being inter-
dependent interventions since these two interventions 
are intrinsically interdependent, they represent what can 
be termed “hygienic practices” (Fig. 1.).

Conclusions
In discussing the 2022 Clean Hospitals Healthcare Clean-
ing Forum, Peters noted that “Healthcare environmental 
hygiene has become recognized as being increasingly 
important for patient safety and the prevention of HAIs” 
[135, p.1].

Given the fact that HO-CDI is the most frequent HAI 
today, representing 56% of NHSN-reported HAIs in US 
hospitals (ref ) and likely so globally, its mitigation is 
clearly critical [136]. In light of our recent greatly clari-
fied understanding of the healthcare epidemiology of 
HO-CDI; implementation of new antibiotic and test-
ing stewardship programs; the development of new 
potent sporicides which can be used on a daily basis for 
patient-zone disinfection cleaning; and the extensive 

Table 2 Population based studies which have evaluated the average attributable and non-reimbursed cost of HO-CDI in US hospitals

Population based studies on the cost of HO-CDI

Author Study period Publication date date Total attributable cost per case 
(USD)

Non-reimbursed 
Cost Per case 
(USD)

Shorr [122] 2008–2010 2022 $28,050 Not evaluated

Mollard [123] 2012–2016 2019 $27,122 Not evaluated

Sahrmann [124] 2011–2017 2022 $14,257

Yu [125] 2012–2019 2022 $28,762 $13,476
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documentation that such cleaning can be sustainably 
optimized with ongoing education and objective, quan-
titative performance monitoring and feed-back, there 
is reason to believe that great reductions in HO-CDI 
are feasible, particularly when hand hygiene is also 
optimized.

While studies incorporating genomic epidemiology will 
be needed to quantify the impact of HO-CDI mitigation 
on other HAIs, the documented mitigation of MRSA and 
VRE acquisition with moderately improved TDC and the 
environmental epidemiology of a wide range of HAPs 
suggests that there will be collateral benefits of mitigating 
HO-CDI [74, 115].

Author contributions
PC developed the structure of this review and is the corresponding author. PC, 
MP and RO participated in all aspects of the development of the manuscript 
and approved the final draft.

Funding
Not applicable.

Availability of data and materials
The manuscript will be available as open-access and through the correspond-
ing author.

Declarations

Ethical approval
Not applicable.

Competing interests
PC, Licensed patents to Ecolab, Inc., StPaul, MN, USA; MP and RO, no compet-
ing interests.

Received: 14 May 2023   Accepted: 25 August 2023

References
 1. Peters A, Schmid MN, Parneix P, Lebowitz D, deKraker M, Sauser J, 

et al. Impact of environmental hygiene interventions on healthcare-
associated infections and patient colonization: a systematic review. 
Antimicrob Resist Infect Control. 2022;11(1):38.

 2. Kampouri E, Croxatto A, Prod’hom G. Clostridioides difficile Infection, still 
a long way to go. J Clin Med. 2021;10:389.

 3. Guh A, Kutty P. Clostridioides difficile infection. Ann Intern Med. 
2018;169(7):1–14.

 4. Wenzel RP, Edmond MB. Infection control: the case for horizontal rather 
than vertical interventional programs. Int J Inf Dis. 2010;14:S3–5.

 5. Edmond MB, Wenzel RP. Screening inpatients for MRSA: case closed. N 
Engl J Med. 2013;368(24):2314.

 6. Septimus E, Weinstein A, Perl T, Goldmann D, Yokoe S. Approaches for 
preventing healthcare-associated infections: go long or go wide? Infect 
Control Hosp Epidemiol. 2014;35(7):797–801.

 7. Barker A, Scaria E, Safdar N, et al. Evaluation of the cost-effectiveness 
of infection control strategies to reduce hospital-onset Clostridioides 
difficile infection. JAMA Netw Open. 2020;3(8):1–11.

 8. Fekety R, Kim KH, Batts DH. Epidemiology of antibiotic-associated 
Colitis. Isolation of Clostridium difficile from the hospital. Am J Med. 
1981;70:906.

 9. Daneman N, Gutttmann A, Wang X, Ma X, Gibson D, Stukel TA. The 
association of hospital prevention processes and patient risk factors 
with the risk of Clostridium difficile infection: a population-based cohort 
study. BMJ Qual Saf. 2015;24:435–43.

 10. Principi N, Gnocchi M, Gagliardi M, Argentiero A, Neglia C, Esposito S, 
et al. Prevention of clostridium difficile infection and associated diar-
rhea: an unsolved problem. Microorganisms. 2020;8:1640.

 11. Doll ME, Zhao J, Kkang L, Rittmann B, Alvarez M, Fleming M, et al. 
Chasing the rate: an interrupted time series analysis of interventions 
targeting reported hospital onset Clostridioides difficile, 2013–2018. Inf 
Control Hosp Epidemiol. 2020;41:1142–7.

 12. Deloney VM, Kociolek LK, Gerding DN, Carrico R, Carling PC, Donskey 
CJ, et al. Stratigies to prevent clostrididioides difficile infections in acute 
care hospitals 2022. Infect Control Hosp Epidemiol. 2023;44(4):527–49.

 13. Petrosillo N. Clostridioides difficile infection: a never-ending challenge. J 
Clin Med. 2022;11(4115):1–3.

 14. Lessa FC, Gould CV, McDonald LC. Current status of clostridium difficile 
infection epidemiology. Clin Infect Dis. 2012;55(Suppl 2):S65–70.

 15. Ho J, Wong SH, Doddangoudar VC. Regional differences in temporal 
incidence of clostridium difficile infection: a systematic review and 
meta-analysis. Am J Infect Control. 2020;48:89–94.

 16. Mitchell BG, Shaban RZ, MacBeth D. The burden of healthcare-
associated infection in Australian hospitals: a systematic review of the 
literature. Epub. 2017;15:1–2.

 17. Turner NA, Grambow SC, Woods C. Epidemiologic trends in Clostridi-
oides difficile infections in a regional community hospital network. 
JAMA Netw Open. 2019;2(10):1–12.

 18. Kazakova SV, Baggs J, Yi SH. Associations of facility-level antibiotic use 
and hospital-onset Clostridioides difficile infection in US acute-care 
hospitals, 2012–2018. Infect Control Hosp Epidem. 2022;43(8):1067–9.

 19. Rock C, Abosi O, Bleasdale S. Clinical decision support systems to 
reduce unnecessary Clostridioides difficile testing across multiple hospi-
tals. Clin Infect Dis. 2022;75(7):1187–93.

 20. Alrawashdeh M, Rhee C, Hsu H. Assessment of federal value-based 
incentive programs and in-hospital Clostridioides difficile infection rates. 
JAMA Netw Open. 2021;4(10):1–12.

 21. Mendo-Lopez R, Pacheco L, Villafuerte-Galvez JA. Impact of the COVID-
19 pandemic first wave on Clostridioides difficile infection. Open Forum 
Infect Dis. 2022;9(Suppl 2):S237–8.

 22. Baker MA, Sands KE, Huang SS. The impact of coronavirus disease102- 
2019 (COVID-19) on healthcare-associated infections. Clin Infect Dis. 
2022;74(10):1748–54.

 23. Sambol SP, Tang JK, Merrigan MM, Johnson S, Gerding DN. Infection 
of hamsters with epidemiologically important strains of Clostridium 
difficile. J Inf Dis. 2001;183:1760–6.

 24. Curry Sr. Clostridium difficile. Clin Lab Med. 2017;37(2):341–69.
 25. Furuya-Kanamori L, Marquess J, Yakob L. Asymptomatic Clostridium 

difficile colonization: epidemiology and clinical implications. BMC Infect 
Dis. 2015;15:516.

 26. Loo VG, Bourgault A, Poirier L. Host and pathogen for Clostridium difficile 
infection and colonization. N Engl J Med. 2011;365:1693–703.

 27. Hung Y, Tsai P, Hung K. Impact of Clostridium difficile colonization and 
infection among hospitalized adults at a district hospital in southern 
Taiwan. PLoS ONE. 2012;7(8):1.

 28. Eyre DW, Griffiths D, Vaughan A. Asymptomatic Clostridium difficile and 
onward transmission. PLoS ONE. 2013;8(11):1.

 29. Alasmari F, Seiler SM, Hink T. Prevalence and risk factors for asympto-
matic Clostridium difficile carriage. Clin Infect Dis. 2014;59(2):216–22.

 30. Kong LY, Dendukuri N, Schiller I. Predictors of asymptomatic Clostridium 
difficile colonization on hospital admission. Am J Infect Control. 
2015;43:248–53.

 31. Nissle K, Kopf D, Rosler A. Asymptomatic and yet C. difficile-toxin posi-
tive? Prevalence and risk factors of carriers of toxigenic Clostridium 
difficile among geriatric in-patients. BMC Geriatr. 2016;16:185.

 32. Longtin Y, Paquet-Bolduc B, Gilca R. Effect of detecting and isolating 
Clostridium difficile carriers at hospital admission on the incidence of C. 
difficile infections. A Quasi-experimental controlled study. JAMA Intern 
Med. 2016;176(6):796–804.

 33. Rea MC, O’Sullivan O, Shanahan F. Clostridium difficile carriage in elderly 
subjects and associated changes in the intestinal microbiota. J Clin 
Microbiol. 2011;50(3):867–75.



Page 12 of 14Carling et al. Antimicrobial Resistance & Infection Control           (2023) 12:94 

 34. Sheth PM, Douchant K, Uyanwune Y. Evidence of transmission of 
Clostridium difficile in asymptomatic patients following admission 
screening in a tertiary care hospital. PLoS ONE. 2019;11:1–14.

 35. Gonzalez-Orta M, Saldana C, Ng-Wong Y. Are many patients diagnosed 
with healthcare-associated Clostridioides difficile infections colonized 
with the infecting strain on admission? Clin Infect Dis. 2019;69:1801–4.

 36. Galdys AL, Nelson JS, Shutt KA. Prevalence and duration of asympto-
matic Clostridium difficile carriage among healthy subjects in Pittsburgh, 
Pennsylvania. J Clin Microbiol. 2014;52(7):2406–9.

 37. Blixt T, Gradel KO, Homann C. Asymptomatic carriers contribute to 
nosocomial Clostridium difficile infection: a cohort study of 4508 
patients. Gastroenterology. 2017;152:1031–41.

 38. Kong LY, Eyre DW, Corbeil J. Clostridium difficile: investigating transmis-
sion patterns between infected and colonized patients using whole 
genome sequencing. Clin Infect Dis. 2019;68(2):204–9.

 39. Koo H, Van J, Zhao M. Real-time polymerase chain rection detec-
tion of asymptomatic Clostridium difficile colonization and rising 
C. difficile-associated disease rates. Infect Control Hosp Epidemiol. 
2014;35(6):667–73.

 40. Guerrero DM, Becker JC, Eckstein EC. Asymptomatic carriage of 
toxigenic Clostridium difficile by hospitalized patients. J Hosp Infect. 
2013;85:155–8.

 41. Halstead FD, Ravi A, Thomson N. Whole genome sequencing of toxi-
genic Clostridium difficile in asymptomatic carriers: insights into possible 
role in transmission. Microb Genom. 2019;9:e000293.

 42. Kumar N, Miyajima F, He M. Genome-based infection tracking reveals 
dynamics of Clostridium difficile transmission and disease recurrence. 
Clin Infect Dis. 2016;62(6):746–52.

 43. Kong LY, Eyre DW, Corbeil J. Clostridium difficile: Investigation transmis-
sion patterns between infected and colonized patients using whole 
genome sequencing. Clin Infect Dis. 2019;68(2):204–9.

 44. Endres BT, Dotson KM, Poblete K. Environmental transmission of 
Clostridioides difficile ribotype 027 at a long-term care facility; an 
outbreak investigation guided by whole genome sequencing. Infect 
Control Hosp Epidemiol. 2018;39(11):1322–9.

 45. Chen LF, Knelson LP, Gergen MF. A prospective study of transmission 
of multi-drug resistant organisms (MDROs) between environmental 
sites and hospitalized patients-the TransFER study. Infect Control Hosp 
Epidemiol. 2019;40:7–52.

 46. Jinno S, Kundrapu S, Gurrero DM, Juyr LA, Nerandzic MM, Donskey CJ, 
et al. Potential for transmission of Clostridium difficile by asymptomatic 
acute care patients and long-term care facility residents with prior C. 
difficile infection. Infect Control Hosp Epidemiol. 2012;33(6):638–9.

 47. Shrestha SK, Sunkesula CK, Kundrapu S. Acquisition of Clostridium dif-
ficile on hands of healthcare personnel caring for patients with resolved 
C. difficile infection. Infect Control Hosp Epidemiol. 2016;37(4):45–7.

 48. Reigadas E, Vazquez-Cuesta S, Villar-Gomara L. Role of Clostridioides 
difficile in hospital environment and healthcare workers. Anaerobe. 
2020;63:102–204.

 49. Davies K, Mawer D, Walker AS, Berry C, Planche T, Stanley P, et al. An 
analysis of Clostridium difficile environmental contamination during and 
after treatment for C. difficile Infection. https:// acade mic. oup. com/ ofid/ 
artic le/7/ 11/ ofaa3 62/ 58934 73. Accessed 10 Feb 2023.

 50. Odoyo E, Kyanya C, Mutai W. High levels of toxigenic clostridiodes 
difficile contamination of hospital environments: a hidden threat in 
hospital-acquired infections in Kenya. Access Microbiol. 2020;2:1–6.

 51. Kundrapu S, Sunkesula V, Tomas M, Donskey CJ. Skin and environmental 
contamination in patients diagnosed with Clostridium difficile infection 
but not meeting clinical criteria for testing. Infect Control Hosp Epide-
miol. 2015;36(11):1348–50.

 52. Freedberg DE, Salmasian J, Cohen B, Abrams JA, Larson EL. Receipt of 
antibiotics in hospitalized patients and risk for Clostridium difficile infec-
tion in subsequent patients who occupy the same bed. JAMA Intern 
Med. 2016;176(12):1801–8. https:// doi. org/ 10. 1001/ jamai ntern med. 
2016. 6193.

 53. Dowling Root E, Lindstrom M, Xie A, Mangino JE, Moffatt-Bruce 
S, Hebert C. Investigating the association of room features with 
healthcare-facility-onset Clostridioides difficile: an exploratory study. 
Infect Control Hosp Epidemiol. 2021;42(7):847–52.

 54. Recommendations of CDC and the Healthcare Infection Control 
Practices Advisor Committee (HICPAC). Guidelines for environmental 

infection control in health-care facilities. 2019. https:// www. cdc. gov/ 
mmwr/ previ ew/ mmwrh tml/ rr521 0a1. htm. Accessed 11 Feb 2023

 55. Cadnum JL, Jencson A, Thriveen J, Mana SC, Donskey J. Evaluation of 
real-world materials compatibility of OxyCide daily disinfectant cleaner 
versus sodium hypochlorite. Abstract 7202. Presented at the Society for 
Healthcare Epidemiology Meeting, Orlando 2015.

 56. Haider S, Moshos J, Burger T, Carling PC, Lephart P, Kilgore P, et al. 
Impact of QxyCide™ on environmental contamination and infection 
rates compared to standard cleaning practice. Abstract 1437, ID Week 
2014, San Diego, 2014.

 57. Bandara HMHN, Samaranayake LP. Emerging strategies of environmen-
tal decontamination of the nosocomial fungal pathogen Candida auris. 
J Med Microbiol. 2022;71(6):001548.

 58. Carling PC. What is the role of mobile no-touch disinfection technology 
in oprimizing healthcare environmental hygiene? In: Berman G, Morgan 
D, Murthy R, Hota S, editors. New perspectives and controversies in 
infection. Springer; 2022.

 59. Attia F, Whitener C, Mincemoyer S, Houck J, Julian K. The effect of 
pulsed xenon ultraviolet light disinfection on healthcare-associated 
clostridioides difficile rates in a tertiary care hospital. Am J Infect Con-
trol. 2020;48:1116–8.

 60. Blanchard DM, Resendiz M, Lustik MB, West GF. Limited impact of an 
ultraviolet disinfection intervention on hygienic behaviors of nursing 
staff in a military hospital. Infect Control Hosp Epidem. 2022;43:797–9.

 61. Hodges JC, Bilderback AL, Bridge CM, Wagester S, ColInne V, Babiker A, 
et al. Assessment of the effectiveness of ultraviolet-C disinfection on 
transmission of hospital-acquired pathogens from prior room occu-
pants. Antimicrob Stewardship Healthcare Epidemiol. 2022;2(1):e110.

 62. Anderson DJ, Chen LF, Weber DJ, Moehring RW, Lewis SS, Triplett 
PF, et al. Enhanced terminal room disinfection and acquisition and 
infection caused by multidrug-resistant organisms and clostridium 
difficile (the benefits of enhanced terminal room disinfection 
study): a cluster-randomised, multicentre, crossover study. Lancet. 
2017;389(10071):805–14.

 63. Rock C, Hsu YJ, Curless MS, Carroll KC, Howard TR, Carson KA, et al. 
Ultraviolet-C light evaluation as adjunct disinfection to remove 
multidrug-resistant organisms. CID. 2022;75(1):35–40.

 64. Kaye K, Kilgore P, Carling P, Chopra T, Todter E, Divine G. Shining a 
light on the impact of ultraviolet (UV) technology in the reduction of 
environmentally implicated infections. Abstract02786 presented at the 
annual meeting of the European Congress for Clinical Microbiology and 
Infectious Diseases, 2021.

 65. Navarathna T, Chatterjee P Ashby L, Choi H, Hwang M, Dhar S, et al. 
Clonal recovery pattern of staphylococcus aureus during sham-
controlled, interventional, crossover trial on the effectiveness of pulsed 
xenon ultraviolet light (PX-UV) in reducing healthcare-associated infec-
tions. OFID 2022, 9(suppl 2).

 66. Navarathna T, Chatterjee P, Ashby L, Hosoon C, Hwang M, Dhar S. 1190. 
Effect of pulsed xenon ultraviolet light (PX-UV) on clonal recovery of 
escherichia coli in a prospective, sham-controlled, Double-Blinded, 
interventional, crossover trial conducted in two detroit hospitals. OFID 
2022, 9(Suppl 2).

 67. Manian FA, Griesnauer RN, Bryant A. Implementation of hospital-wide 
enhanced terminal cleaning of targeted patient rooms and its impact 
on endemic clostridium difficile infection rates. Am J Infect Control. 
2013;41:537–41.

 68. Boyce JM, Havill LN, Otter AJ, McDonald C, Adams NM, Cooper T, 
et al. Impact of hydrogen peroxide vapor room decontamination on 
clostridium difficile environmental contamination and transmission in a 
healthcare setting. ICHE. 2008;29(8):723–9.

 69. Truitt CL, Runyan DA, Stern J, Tobin C, Goldwater W, Madsen R. Evalu-
ation of an aerosolized hydrogen peroxide disinfection system for the 
reduction of Clostridioides difficile hospital infection rates over a 10 year 
period. AJIC. 2022;50:409–13.

 70. Smith P, Watkins K, Hewlett A. Infection control through the ages. Am J 
Infect Control. 2012;40:35–42.

 71. Centers for disease control and prevention/Healthcare Infection Control 
Advisory Committee (HICPAC) Guidelines for environmental infection 
control in healthcare facilities. Atlanta: Centers for Disease Control and 
Prevention; 2003. http:// www. cdc. gov/ hicpac/ pdf/ guide lines/ eic_ in_ 
HCF_ 03. pdf Accessed 10 Jan 2023.

https://academic.oup.com/ofid/article/7/11/ofaa362/5893473
https://academic.oup.com/ofid/article/7/11/ofaa362/5893473
https://doi.org/10.1001/jamainternmed.2016.6193
https://doi.org/10.1001/jamainternmed.2016.6193
https://www.cdc.gov/mmwr/preview/mmwrhtml/rr5210a1.htm
https://www.cdc.gov/mmwr/preview/mmwrhtml/rr5210a1.htm
http://www.cdc.gov/hicpac/pdf/guidelines/eic_in_HCF_03.pdf
http://www.cdc.gov/hicpac/pdf/guidelines/eic_in_HCF_03.pdf


Page 13 of 14Carling et al. Antimicrobial Resistance & Infection Control           (2023) 12:94  

 72. Siegel JD, Rhinehart E, Jackson M, Chiarello L. Healthcare infection con-
trol practices advisory committee. Management of multi-drug-resistant 
organisms in healthcare settings 2006. http:// www. cdc. gov/ hicpac/ 
pdf/ guide lines/ eic_ in_ HCF_ 03. pdf Accessed 10 Jan 2023.

 73. Dancer SJ. How do we assess hospital cleaning? A proposal for micro-
biological standards for surface hygiene in hospitals. J Hosp Infect. 
2004;56:10–5.

 74. Hayden MK, Bonten MJ, Blom DW, Lyle EA, van de Vijver DA, Weinstein 
RA. Reduction in acquisition of vancomycin-resistant enterococcus 
after enforcement of routine environmental cleaning measures. Clin 
Infect Dis. 2006;42(11):1552–60.

 75. Carling PC, Brigs J, Hylander D, Perkins J. Evaluation of patient area 
cleaning in 3 hospitals using a novel targeting methodology. AM J 
Infect Control. 2006;34:513–9.

 76. Carling PC, Parry MF, Von Beheren SM. Identifying Opportunities to 
enhance environmental cleaning in 23 acute care hospitals. Infect 
Control Hosp Epidemiol. 2008;29(1):1–7.

 77. Guh A, Carling P, The environmental cleaning work group. Options for 
monitoring environmental cleaning. 2010. http:// www. cdc. gov/ HAI/ 
toolk its/ Evalu ating- Envir onmen tal- Clean ing. html. Accessed 10 Jan 
2023.

 78. Carling P. Methods for assessing the adequacy of practice and improv-
ing room disinfection. Am J Infect Control. 2013;14(5 Suppl):S20–5.

 79. Carling PC. Healthcare environmental hygiene: new insights and CDC 
guidance. Infect Dis Clin N Am. 2021;35:609–29.

 80. Goedken CC, McKinley L, Balkenende E, Sherlock SH, Knobloch MJ, 
Perencevich EN, Safar N, Reisinger HS. “Our job is to break that chain 
of infection”: challenges environmental management services (EMS) 
staff face in accomplishing their critical role in infection prevention. 
Antimicrob Steward Healthc Epidemiol. 2022;2(1):e129.

 81. Carling PC. Optimizing healthcare environmental hygiene. Infect Dis 
Clin N Am. 2016;30:639–60.

 82. Parry MF, Sestovic M, Renz C, Pangan A, Grant N, Shah AK. Environmen-
tal cleaning and disinfection: sustaining changed practice and improv-
ing quality in the community hospital. Antimicrob Steward Healthc 
Epidemiol. 2022;2:1–7.

 83. Munoz-Price LS, Birnbach DJ, Lubarsky DA, Carling P. Decreasing operat-
ing room environmental pathogen contamination through improved 
cleaning practive. Infect Control Hosp Epidem. 2012;33(9):897–904.

 84. CDC Guidance Prebenting HAIs. 4. Environmental cleaning proceedures 
2020 https:// www. cdc. gov/ hai/ preve nt/ resou rce- limit ed/ clean ing- 
proce dures. html Accessed 10 Feb 2023.

 85. Carling PC, Eck EK. Achieving sustained improvement in environmental 
hygiene using coordinated benchmarking in 12 hospitals. Abstracts of 
the SHEA Fifth decennial meeting, Atlanta, 2010.

 86. Murphy CL, Macbeth DA, Derrington P, Garrand J, Faloon J, Kenway 
K, et al. An assessment of high touch object cleaning thoroughness 
using a fluorescent marker in two Australian hospitals. Healthc Infect. 
2012;16(4):156–63.

 87. Carling PC, Herwaldt LA, VonBeheren S. The iowa disinfection clean-
ing project: opportunities, successes and challenges of a structured 
intervention project in 56 hospitals. Infect Control Hosp Epidemiol. 
2017;38(8):960965.

 88. Munoz-Price LS. Ultraviolet powder versus ultraviolet gel for 
assessing environmental cleaning. Infect Control Hosp Epidemiol. 
2012;33(2):192–5.

 89. Munoz-Price LS. Controlling multidrug-resistant gram-negative bacilli in 
your hospital: a transformational journey. J Hosp Infect. 2015;89:254–8.

 90. Gillespie E, Wright P, Snook K, Ryan S, Vandergraaf S, Abernethy M, et al. 
The role of ultraviolet marker assessments in demonstrating cleaning 
efficacy. Am J Infect Control. 2015;43:1347–9.

 91. Boyce JM. Comparison of fluorescent marker systems with 2 quantita-
tive methods of assessing terminal cleaning practices. Infect Control 
Hosp Epidemiol. 2011;32:1187–93.

 92. Rock C, Small BA, Hsu YJ, Gurses AP, Xie A, Scheeler V, et al. Evaluat-
ing accuracy of sampling strategies for fluorescent gel monitor-
ing of patient room cleaning. Infect Control Hosp Epidemiol. 
2019;40(7):794–7.

 93. Whiteley GS, Derry C, Glasbey T. Reliability teating for portable adeno-
sine triphiosphate bioluminometers. Infect Control Hosp Epidemiol. 
2013;34(5):538–40.

 94. Malik D, Shama G. Estimating surface contamination by means 
of ATP determinations: 20 pence short of a pound. J Hosp Infect. 
2012;80(4):354–5.

 95. Mulvey D, Redding P, Robertson C, Woodall C, Kingsmore P, Bedwell 
D, Dancer SJ, et al. Finding a benchmark for monitoring hospital 
cleanliness. J Hosp Infect. 2011;77(1):25–30.

 96. Knelson LP, Ramadanovic G, Chen L, Moehring R, Lewis S, Rutala W, 
et al. Self-monitoring of hospital room cleaning by environmenal 
services (EVS) may not accurately measure cleanliness. Infect Control 
Hosp Epidemiol. 2017;38(11):1371–3.

 97. Reducing risk from surfaces: Core components of environmental 
cleaning and Disinfection in hospitals (2020). https:// www. cdc. gov/ 
hai/ preve nt/ envir onment/ surfa ces. html Accessed 10 Jan 2023.

 98. Carling P, Scott M. Optimizing envitonmental hygiene to success-
fully decrease Clostridiun difficile transmission. Open Forum Infect Di. 
2017;4(suppl1_1):S404–5. https:// doi. org/ 10. 1093/ ofid/ ofx163. 1011.

 99. Carling P, O’Hara L, Harris A, Olmsted R. Mitigating hospital-onset 
Clostridioides difficile: the impact of an optimized environmental 
hygiene program in eight hospitals. Infect Control Hosp Epidemiol. 
2022. https:// doi. org/ 10. 1017/ ice. 2022. 84.

 100. Scaria E, Safdar N, Alagoz O. Validating agent-based simulation model 
of hospital-associated Clostridioides difficile infection using primary 
hospital data. PLoS ONE. 2023;18(4):e0284611. https:// doi. org/ 10. 
1371/ journ al. pone. 02846 11.

 101. Shams AM, Rose LJ, Edwards JR. Assessment of the overall and 
multidrug-resistant organism bioburden on the environmental 
surfaces in healthcare facilities. Infect Control Hosp Epidemiol. 
2016;37(12):1426–32.

 102. Chen LF, Knelson LP, Gergen MF. A prospective study of transmission 
of multi-drug resistant organisms (MDROs) between environmental 
sites and hospitalized patients: the transfer study. Infect Control Hosp 
Epidemiol. 2019;40:47–52.

 103. Denton M, Wilcox MH, Parnell P. Role of environmental cleaning in 
controlling an outbreak of Acinetobacter baumannii on a neurosurgi-
cal intensive care unit. J Josp Infect. 2004;56:106–10.

 104. Sanson S, Gussin GM, Singh RS, Bel, PB, Benson, EC, Makhija J, et al. 
Increasing bioburden of Candida auris body site colonization is asso-
ciated with environmental contamination. Open Forum Infectious 
Diseases 2022, 9(Suppl 2).

 105. Adler LA, Abu-Hanna J, Meitus I, Navon-Venezia S, Carmeli Y. Environ-
mental contamination by carbapenem-resistant enterobacteriaceae. 
J Clin Microbiol. 2013;51(1):177–81.

 106. Tanner WD, Leecaster MK, Zhang Y, Stratford KM, Mayer VLD, et al. 
Environmental contamination of contact precaution and non-con-
tact precaution patient rooms in six acute care facilities. Clin Infect 
Dis. 2021;72(Suppl 1):S8–16.

 107. Gussin GM, MS, Singh RD, MA, Tjoa TT, MS, MPH, Berman C, BS, Saave-
dra R, AS, et al. Impact of universal decolonization with and without 
enhanced cleaning on multidrug-resistant organism (MDRO) body-
site carriage and environmental contamination in nursing homes 
(NHs): the CLEAN study. Open Forum Infectious Diseases 9(Suppl 2). 
2022

 108. Popovich KJ, Green SJ, Okamoto K. MRSA transmission in ICUs: 
genomic analysis of patients, their environments and healthcare 
workers. Clin Infect Dis. 2020;72(11):1879–87.

 109. Kinnevey PM, Kearney A, Shore AC, Earls MR, Brennan GI, Poovelikun-
nel TT, et al. Meticllin-susceptible Staphylococcus aureus transmis-
sion among healthcare workers, patients and the environment in 
a large acute hospital under non-outbreak conditions investigated 
using whole-genome sequencing. J Hosp Infect. 2022;127:15–25.

 110. Kundrapu A, Sunkesula V, Jury LA. Daily disinfection of high-touch 
surfaces in isolation rooms to reduce contamination of healthcare 
workers’ hands. Infect Control Hosp Epidem. 2012;33(10):1039–42.

 111. Hardy KJ, Oppenheim BA, Gossain S. A study of the relationship 
between environmental contamination with methicillin-resistant 
Staphylococcus aureus (MRSA) and patient’s acquisition of MRSA. 
Infect Control Hosp Epidemiol. 2006;27(2):127–32.

 112. Hayden MK, Bonten MJ, Blom DW. Reduction in acquisition of 
Vancomyin-resistant enterococcus after enforcement of routine envi-
ronmental cleaning measures. Clin Infect Dis. 2006;42911:1552–60.

http://www.cdc.gov/hicpac/pdf/guidelines/eic_in_HCF_03.pdf
http://www.cdc.gov/hicpac/pdf/guidelines/eic_in_HCF_03.pdf
http://www.cdc.gov/HAI/toolkits/Evaluating-Environmental-Cleaning.html
http://www.cdc.gov/HAI/toolkits/Evaluating-Environmental-Cleaning.html
https://www.cdc.gov/hai/prevent/resource-limited/cleaning-procedures.html
https://www.cdc.gov/hai/prevent/resource-limited/cleaning-procedures.html
https://www.cdc.gov/hai/prevent/environment/surfaces.html
https://www.cdc.gov/hai/prevent/environment/surfaces.html
https://doi.org/10.1093/ofid/ofx163.1011
https://doi.org/10.1017/ice.2022.84
https://doi.org/10.1371/journal.pone.0284611
https://doi.org/10.1371/journal.pone.0284611


Page 14 of 14Carling et al. Antimicrobial Resistance & Infection Control           (2023) 12:94 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 113. Hota B, Blom DW, Lyle EA. Interventional evaluation of environmental 
contamination by vancomycin-resistant enterococci: failure of person-
nel, product, or procedure? J Hosp Infect. 2009;71(2):123–312.

 114. Martinez JA, Ruthazer R, Hansjosten K. Role of environmental contami-
nation as a risk factor for acquisition of vancomycon-resistant enterocci 
in patients treated in a medical intensive care unit. Arch Intern Med. 
2023;163(16):1905–12.

 115. Datta R, Platt R, Yokie DS. Environmental cleaning intervention and risk 
of acquiring multidrug-resistant organisms from prior room occupants. 
Arch Intern Med. 2011;171(6):491–4.

 116. Page AM, Babiler A, Strudwich AF, Burd E, Satola, SW, Woodworth MH, 
et al. Environmental contamination of rooms of patients harboring 
multidrug-resistant organisms. Open Forum Infectious Diseases 2022, 
9(Suppl 2).

 117. Lerner A, Adler A, AbuHanna J, Percia SC, Matolon MK, Carmeli Y. 
Spread of KPC-producing carbapenem-resistant enterobacteriaceae: 
the importance of super-spreaders and rectal KPC concentration. Clin 
Microbiol Infect. 2015;21:470.e1-470.e7.

 118. De Andrade AP, Arend LNVS, Ribeiro VST, Tuon FF. Resistance of clinical 
and environmental Acinetobacter baumannii against quaternary ammo-
nium. Infect Control Hosp Epidemiol. 2022;43:527–30.

 119. Luterbach CL, Chen L, Komarow L, Ostrowsky B, Kaye KS, Hanson B, 
et al. Transmission of carbapenem-resistant Klebsiella pneumoniae in 
US hospitals. Clin Infect Dis. 2023;15(76):229–37.

 120. Goto M, Hasegawa S, Balkenende EC, Clore GS, Safdar N, Perencevich 
EN. Effectiveness of Ultraviolet-C disinfection on hospital-onset gram-
negative rod bloodstream infection: a nationwide stepped-wedge 
time-series analysis. Clin Infect Dis. 2023;15(76):291–7.

 121. Han Z, Lapin B, Garey KW, Donskey J, Deshpande A. Impact of Clostridi-
oides difficile infection on patient-reported quality of life. Infect Control 
Hosp Epidemiol. 2022;43:1339–44.

 122. Shorr AF, Zilberberg MD, Wang L, Baser O, Yu H. Mortality and costs in 
Clostridium difficile infection among the elderly in the United States. Inf 
Control Hosp Epidemiol. 2016;37:11.

 123. Mollard S, Lurienne L, Heimann SM, Bandinelli PA. Burden od Clostrid-
ium (Clostridioides) difficile infection during inpatient stays in the USA 
between 2012 and 2016. J Hosp Infect. 2019;102:135–40.

 124. Sahrmann JM, Olsen M, Stwalley D, Yu H, Dubberke ER. Costs attribut-
able to Clostridioides difficile infection based on the setting of onset. 
Clin Inf Dis. 2022;76(5):809–15.

 125. Yu H, Tamuno A, Nguyen JL, Zhou J, Olsen MA. Incidence, attributable 
mortality, and healthcare and out-of-pocket costs of Clostridioides 
difficile infection in US medicare advantage enrollees. Clin Infect Dis. 
2022;76(3):e1476–83.

 126. Brossette SE, Sun X, Johannes RS, Hymel PA, Tabak YP. Economic burden 
of nosocomial infection on payers and providers: analysis of 272, 143 
Admissions in 2007. Abstract 569 infectious diseases society of America 
annual meeting. 2009.

 127. Magee G, Strauss ME, Thomas SM, Brown H, Baumer D, Broderick KC. 
Impact of clostridium difficile-associated diarrhea on acute care length 
of stay, hospital costs, and readmission: a multicenter retrospective 
study of inpatients, 2009–2011. Am J Infect Control. 2015;43:1148–53.

 128. Zhang D, Prabhu VS, Marcella SW. Attributable healthcare resource utili-
zation and costs for patients with primary and recurrent Clostridium dif-
ficile infection in the United States. Clin Infect Dis. 2018;66(9):1326–32.

 129. Silvestri L, Petros AJ, Sarginson RE, de la Cal MA, Murray AE, Van Saene 
HK, et al. Hand washing in the intensive care unit: a big measure with 
modest effects. J Hosp Infect. 2005;59:172–9.

 130. Rupp M, Fitzgerald T, Puumala S, Anderson J, Craig R, Iwen P, et al. Pro-
spective, controlled, cross-over trial of alcohol-based hand gel in critical 
care units. Infect Control Hosp Epidemiol. 2008;29(1):8–15.

 131. Sepkowitz KA. Why doesn’t hand hygiene work better? Lancet Infect 
Dis. 2012;12:96–7.

 132. Smiddy M, O’Connell R, Creedon S. Systematic qualitative literature 
review of health care worker’s compliance with hand hygiene guide-
lines. Am J Infect Control. 2015;43:269–74.

 133. Graves N. It’s not all about hand hygiene: other measures are at least 
that important. Controversies infection control and prevention. 
Presented at the interscience conference on antimicrobial agents and 
chemotherapy 2015. San Diego

 134. Palmore T, Henderson D. Big brother is washing … video surveillance 
for hand hygiene adherence, through the lenses of efficacy and privacy. 
Clin Infect Dis. 2012;54(1):8–9.

 135. Peters A, Schmid MN, Parneix P, Lebowitz D, de Kraker M, Sauser, 
et al. Impact of environmental hygiene interventions on healthcare-
associated infections and patient colonization: a systematic review. 
Antimicrob Resist Infect Control. 2022;11(1):38.

 136. Forrester JD, Maggio PM, Tennakoon L. Cost of healthcare-associated 
infections in the United States. J Patient Saf. 2022;18(2):e477-479.

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


	Environmental approaches to controlling Clostridioides difficile infection in healthcare settings
	Abstract 
	Introduction
	Global and healthcare epidemiology of Clostridioides difficile infections
	Global epidemiology
	Evolving insights into healthcare environmental Clostridioides difficile epidemiology

	Mitigating Clostridiodes difficile spore transfer from environmental surfaces
	Chemical disinfection
	Surface disinfection technologies

	A programmatic approach to optimizing environmental hygiene to mitigate HO-CDI
	Evaluating disinfection cleaning

	Implementing the 2020 CDC guidance: core components of environmental cleaning and disinfection in hospitals
	Assessment of the potential impact of thorough daily sporicidal disinfection cleaning in mitigating HO-CDI
	Additional benefits of mitigating CD environmental transmission
	Collateral microbiological benefits
	Quality of life benefits
	Economic benefits

	Environmental hygiene and hand hygiene: an integrated approach
	Conclusions
	References


