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Abstract

Bacterial healthcare-associated infections (HAIs) are a substantial source of global morbidity and mortality. The estimated cost
associated with HAIs ranges from $35 to $45 billion in the USA alone. The costs and accessibility of whole genome sequencing
(WGS) of bacteria and the lack of sufficiently accurate, high-resolution, scalable and accessible analysis for strain identification
are being addressed. Thus, it is timely to determine the economic viability and impact of routine diagnostic bacterial genomics.
The aim of this study was to model the economic impact of a WGS surveillance system that proactively detects and directs
interventions for nosocomial infections and outbreaks compared to the current standard of care, without WGS. Using a synthe-
sis of published models, inputs from national statistics, and peer-reviewed articles, the economic impacts of conducting a WGS-
led surveillance system addressing the 11 most common nosocomial pathogen groups in England and the USA were modelled.
This was followed by a series of sensitivity analyses. England was used to establish the baseline model because of the greater
availability of underpinning data, and this was then modified using USA-specific parameters where available. The model for the
NHS in England shows bacterial HAIs currently cost the NHS around £3billion. WGS-based surveillance delivery is predicted
to cost £61.1 million associated with the prevention of 74 408 HAls and 1257 deaths. The net cost saving was £478.3 million,
of which £65.8 million were from directly incurred savings (antibiotics, consumables, etc.) and £412.5million from opportunity
cost savings due to re-allocation of hospital beds and healthcare professionals. The USA model indicates that the bacterial
HAI care baseline costs are around $18.3 billion. WGS surveillance costs $169.2 million, and resulted in a net saving of ca.$3.2
billion, while preventing 169 260 HAls and 4862 deaths. From a ‘return on investment’ perspective, the model predicts a return
to the hospitals of £7.83 per £1 invested in diagnostic WGS in the UK, and US$18.74 per $1 in the USA. Sensitivity analyses
show that substantial savings are retained when inputs to the model are varied within a wide range of upper and lower limits.
Modelling a proactive WGS system addressing HAI pathogens shows significant improvement in morbidity and mortality while
simultaneously achieving substantial savings to healthcare facilities that more than offset the cost of implementing diagnostic
genomics surveillance.
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Impact Statement

This article estimates the impact of effective whole genome sequencing-based surveillance for tracking and intervening in
bacterial nosocomial outbreaks of the 11 most common healtcare-associated infection (HAI) species in both England and the
USA. The projected outcome would be to reduce the bacterial morbidity and mortality of HAI in hospitals while simultaneously
reducing the cost of patient care and increasing the wider cost savings of England and the USA by £478.3 million and $3.2
billion respectively, with more efficient use of hospital resources.

INTRODUCTION

Bacterial healthcare-associated infections (HAIs) are a substantial source of morbidity and mortality worldwide [1, 2], resulting
in increased length of hospital stay and high healthcare costs [3]. Whole genome sequencing (WGS) has been promoted as a
replacement for standard epidemiological investigation and as a new gold standard for outbreak detection [4]. In a clinical setting,
potential transmission events are identified from the phylogenetic relationship between isolates by identifying clusters of isolates
within a pre-defined threshold of SNPs [5]. To date, widespread adoption is limited, and most studies have been performed in
academic centres with specialist interests, supporting resources, and local bioinformatics analysis infrastructure and expertise. In
many other settings both the analysis of sequencing results [6] and the upfront cost of implementation [7] have been identified
as obstacles to adoption.

Previous models highlighting the impact of WGS on bacterial HAIs have predicted a wide range of clinical and financial impacts
[8-11]. One limitation that partially accounts for their varying conclusions is that they differ in what is addressed, and are relatively
narrow in scope [12]. Some studies model the impact of several organisms and their resistant forms across a healthcare region
[9], while others detail the reduction of one particularly resistant organism and its impact in a single hospital [13] or country
[14]. Methodologies have also differed, including complex artificial intelligence simulations [15] and relatively simple counting
[10]. Although the methodologies vary, the consistent conclusion is that a successfully implemented WGS surveillance system
would be cost-effective.

HAI economic analyses measure the impacts of successfully modifying infection control programmes in terms of economic
savings and patient benefits that result from reducing infections compared to the additional costs incurred from implementing
new strategies [16]. This approach has been used in previously published WGS model-based clinical and financial analyses [9, 10].
The paper integral to this work from Gordon et al. modelled the six primary drug-resistant nosocomial organisms in Queensland,
Australia [9]; by contrast, the model in this current study addressed all estimated bacterial HAIs (sensitive and resistant) from
these common pathogen groups as well as additional causes of nosocomial infections, and used more clearly defined and recent
estimates of costs and savings.

Accurate estimates of the cost of a newly implemented infection control strategy are central to the analyses. It is also important
that accurate and up-to-date information is used as model inputs. The models presented in this paper therefore make use of
information from recent implementation studies that include consumables, sequencer rental and staffing costs for all steps
from the point at which the process becomes additional to routine diagnostic practice. Similarly, they include the full costs
of analysis that would be incurred using an openly accessible commercial analysis system, to the point of return of actionable
reports to the clinical teams. National statistics available in England are currently the most robust source of information
upon which to base clinical and financial models; the United Kingdom Health Security Agency (UKHSA), and previously
as Public Health England, provides organism-specific data which were used in this economic analysis [17, 18].

The aim of building this model was to evaluate the clinical and economic impact of a prospective WGS-led track and trace system
of 11 common healthcare-associated and antimicrobial resistance (AMR) priority bacterial pathogens in England and the USA
compared to the current standard of care, without WGS.

METHODS

Clinical impact models were created to address the most common nosocomial infections found in the England National
Health Service (NHS) and the USA. These are caused by Staphylococcus aureus, Escherichia coli, Enterococcus species, Kleb-
siella species, Enterobacter species, Acinetobacter species, Stenotrophomonas maltophilia, Clostridioides difficile, Pseudomonas
species (mainly P. aeruginosa), Citrobacter species and Serratia species (Table 1). The models were built following guidelines
set out by both Graves [16] and Sullivan [19] and included information and structure from the works of Gordon [9] and
Kumar [10]. Briefly, Graves’s work recommends avoiding high estimates of costs designed to push decision-makers to act and
advises caution around length of stay calculations (as some patients are pre-disposed to long stays regardless of their HAI).
Sullivan’s paper recommends accounting for the relevant features of the healthcare system, developing a relatively simple cost
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Table 1. Model input variables used to estimate the number of hospitalized patients affected by HAls and colonizations in England and the USA from
current practice and from a WGS-based system

Variable England estimate (lower and upper) Source USA estimate (lower and upper) Source
Population 55980000 [59] 329500000 [60]
Hospital admissions/inpatients 13800000 (11100000-16500000) [21,61] 33356853 (30556853-36200000) [48, 62]
HATI prevalence among admissions (%) 4.7 (2.2-6.9) [21,61] 5.05 (4.6-9.3) 23]
Healthcare professionals infected with HAIs 13900 [21] N/A N/A
HAIs 653000 [21] N/A N/A
HAIs (total including specialist hospitals) 834000 [21] 1.7 million 23]

Infection rate by pathogen (% of total HAIs)

Staphylococcus aureus 12 (10.2-17.3) [9, 63] 12 (10.2-17.3) [9, 63]
Stenotrophomonas maltophilia 0.22 (0.07-0.36) [35] 0.22 (0.07-0.36) [35]
Escherichia coli 8.82(5.9-11.7) [9] 8.82 (5.9-11.7) 9]
Enterococcus spp. 7.4 (3.4-8.2) [9, 64] 7.4 (3.4-8.2) [9, 64]
Klebsiella spp. 7(2.3-8) [9, 65] 7(2.3-8) [9, 65]
Enterobacter spp. 1.93 (0.5-3.3) [9] 1.93 (0.5-3.3) [9]
Acinetobacter spp. 1.1(0-2.2) [9] 1.1 (0-2.2) [9]
Clostridioides difficile 5(2-5.5) (21, 66, 67] 10 (8.6*-11.4) [21, 66, 68]
Pseudomonas spp. 1(0-7) (42, 69, 70] 3(0-7) [42, 69, 70]
Citrobacter spp. 1.7 (0.55-3) [10,71] 1.7 (0.55-3) [10,71]
Serratia spp. 1(0-2) [72] 1(0-2) [72]
Colonizations:infections
MRSA 0.40 [9,27] 0.40 [9,27]
Escherichia coli (ESBL and CPE) 0.21 [9, 28] 0.21 [9, 28]
VRE 0.24 [29] 0.24 [29]
Klebsiella spp. (ESBL and CPE) 0.10 [9, 28] 0.10 [9, 28]
Enterobacter spp. (ESBL and CPE) 0.05 [9] 0.05 [9]
Acinetobacter spp. (CRAB) 0.08 [9] 0.08 9]
Cluster frequency
Staphylococcus aureus 0.02 0.02
Stenotrophomonas maltophilia 0.02 0.02
Escherichia coli 0.02 0.02
Enterococcus spp. 0.05 0.05
Klebsiella spp. 0.02 [9] 0.02 [9]
Enterobacter spp. 0.06 0.06
Acinetobacter spp. 0.06 0.06
Clostridioides difficile 0.03 0.03
Pseudomonas spp. 0.02 0.02
Citrobacter spp. 0.02 0.02
Serratia spp. 0.02 0.02
Decreased cluster size
Staphylococcus aureus 5.38 (1.37-9.38) 5.38 (1.37-9.38)
Stenotrophomonas maltophilia 4.72 (1-9.88)* 4.72 (1-9.88)*

Continued
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Table 1. Continued

Variable England estimate (lower and upper) Source USA estimate (lower and upper) Source
Escherichia coli 10.25 (2.94-17.56) 10.25 (2.94-17.56)

Enterococcus spp. 8.29 (3.89-12.68) 8.29(3.89-12.68)

Klebsiella spp. 3.25 (1.23-5.27) [9, 34] 3.25 (1.23-5.27) [9, 34]
Enterobacter spp. 6.33 (1-13.87) 6.33 (1-13.87)

Acinetobacter spp. 4(1-9.88) 4(1-9.88)

Clostridioides difficile 6.25(1-13.87)* 6.25 (1-13.87)*

Pseudomonas spp. 4.72 (1-9.88)* 4.72 (1-9.88)*

Citrobacter spp. 4.72 (1-9.88)* 4.72 (1-9.88)*

Serratia spp. 4.72 (1-9.88)* 4.72 (1-9.88)*

The lower and upper input values refer to the lower and upper limits of available evidence for each variable used as the inputs in the sensitivity analyses. CPE, carbapenemase-producing Enterobacteriaceae; ESBL,
extended-spectrumbeta-lactamase; MRSA, methicillin-resistant Staphylococcus aureus
*Estimated sensitivity range input based on other pathogen groups.

evaluation calculator, reporting detailed input parameter values and presenting the outcomes in a format accessible to its
intended readership. As previously mentioned, the Gordon study was integral to the present work and aided in developing
the Excel model and overall structure of the manuscript. Kumar’s work included a previously published economic evaluation,
and was used primarily to measure the cost of healthcare workers from the amount of time they would spend on infection
prevention and control.

The model inputs are intentionally conservative, especially where the data from publications and official documents are
sparse, to prevent overestimating savings. It also does not include rare but highly expensive impacts of failure to detect
and control HAIs, including ward and intensive care unit (ICU) closures, or ward refurbishment or rebuilds [20]; nor the
potential litigation costs associated with avoidable HAIs. Sensitivity analyses were carried out to determine the robustness of
the impacts of the intervention. The baseline model was established with inputs from a previous study that modelled all HAI
costs in England [21]. This is a model generated by a professional organizational change company, working with four different
clinical laboratories. In addition, input data from UKHSA were used for all 11 of the pathogen groups modelled [18, 22].

Equivalent public health data are not available in the USA with the exception of Centers for Disease Control (CDC) information
on healthcare-associated C. difficile and methicillin-resistant Staphylococcus aureus (MRSA) [23]. Where there was an absence
of species-specific information assumptions based on peer reviewed articles and UK-specific inputs were used to calculate the
infection and death rate for the USA HAI clinical model.

MODELLING

All models were constructed and analyses performed in Excel. In addition, inputs for estimating costs were up to date, with
references from 2019 to the present day.

The economic analyses were broken up into two sections. The first section addresses the impact of a sequencing interven-
tion on direct hospital resources [personal protective equipment (PPE), consumables, antibiotics and WGS]. The second
section addresses the impact of the allocation of healthcare professionals and hospital infrastructure before and after the
WGS intervention. The individual models can be accessed in the Supplementary File and are categorized by region. The
costs of both direct hospital resources and allocation of healthcare professionals and infrastructure are shown in Table 4.
The Supplementary File includes a combined overall difference and Return on Investment calculated beneath the economic
model sections in rows 223, 224 and rows 217, 218 for the England model and the USA model respectively.

Sensitivity analyses were conducted separately for each variable by varying a wide range of upper and lower limits for each variable
where evidence of a range of values exists (Tables 1 and 2), and results are provided in Fig. 1 and the Supplementary File (Table
S1, Fig. S1, England Model and the USA Model).

ESTIMATED NUMBER OF PATIENTS DEVELOPING BACTERIAL HAI

The models presented here generate the estimated number of admissions/inpatients as a percentage of the overall population
and, subsequently, the prevalence of all HAIs among hospital admissions/inpatients by working backwards based on evidence
from both Guests [21] and Haque’s [24] work on HAIs in England and the USA. Each of the pathogen groups modelled
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Table 2. Variables used to estimate the cost of WGS, hospital stay and antibiotic treatment for England and the USA

Variable England (lower and upper input) Source USA (lower and upper input) Source
WGS (total per isolate) £160 (£115-£203) [13, 40] $194 ($138-$245) [13, 40]
Cleaning and nurse time (per detection) £61.06 (£51-£89) [9,37] $74 ($61-$107) [9,37]
PPE (per day) £29.38 (£19.77-£36.71) [9] $35 ($23.88-$44.35) 9]
Closed-bed day cost (general ward) £586 (£175.11-£863.35) [3,21] $1772 ($1735-$2018) (73]
Closed-bed day cost (ICU) £1621.16 (£1326-£2,491) [21, 74] $2902 ($2644-$3334) (73]
Cost of consumables (per infection) £160.50 [37] $194 371
Cost of infection prevention and control

team (per infection) £102.34 [43-49] £111.35 [10, 43]
Infection length of stay

Staphylococcus aureus 20 (4.5-77.2) [3,9,75] 20 (4.5-77.2) [3,9,75]
Stenotrophomonas maltophilia 28 (16.99-75) [76] 28 (16.99-75) [76]
Escherichia coli 26.5 (3.87-64) [9, 14] 26.5 (3.87-64) [9, 14]
Enterococcus spp. 28 (6-38.4) [9,77] 28 (6-38.4) [9,77]
Klebsiella spp. 20 (2-64) [9,57] 20 (2-64) [9,57]
Enterobacter spp. 22 (8-57.5) [9,78,79] 22 (8-57.5) [9,78,79]
Acinetobacter spp. 21.5(5.8-42.8) 9] 21.5(5.8-42.8) 9]
Clostridioides difficile 25 (2-30) [80, 81] 25 (2-30) [80, 81]
Pseudomonas spp. 21(1-76.3) (82] 21(1-76.3) (82]
Citrobacter spp. 18 (6-23) [83, 84] 18 (6-23) [83, 84]
Serratia spp. 14 (4-65) (85, 86] 14 (4-65) (85, 86]
Colonization length of stay

Escherichia coli (CPE) 11 (8-31) 9] 11 (8-31) [9]
Klebsiella spp.(CPE) 7 (7-31) [9] 7(7-31) [9]
Enterobacter spp. (CPE) 7(3-21) 9] 7(3-21) [9]
Acinetobacter spp. (CRAB) 7(6-22) [9] 7(6-22) [9]
Closed bed days from extra length of

hospital stay

Staphylococcus aureus 9.8 (4.5-77.2) [3,9,75] 9.8 (4.5-77.2) [3,9,75]
Stenotrophomonas maltophilia 13 (13-75.01) (76] 13 (13-75.01) [76]
Escherichia coli 12 (3.87-64) [9, 14] 12 (3.87-64) [9, 14]
Enterococcus spp. 8(6-38.4) [9,77] 8(6-38.4) [9,77]
Kilebsiella spp. 10 (2-64) [9,57] 10 (2-64) [9,57]
Enterobacter spp. 10 (8-57.5) [9,78,79] 10 (8-57.5) [9,78,79]
Acinetobacter spp. 8(5.8-42.8) 9] 8 (5.8-42.8) [9]
Clostridioides difficile 9 (2-30) (80, 81] 9 (2-30) [80, 81]
Pseudomonas spp. 8(1-76.3) [82] 8(1-76.3) [82]
Citrobacter spp. 7 (6-23) [83, 84] 7 (6-23) [83, 84]
Serratia spp. 6 (4-65) (85, 86] 6 (4-65) (85, 86]
Cost of antibiotic treatment per infected

patient

Nafcillin/flucloxacillin IV (MSSA £336.00 $510.72

bacteraemia)

Continued
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Table 2. Continued

Variable England (lower and upper input) Source USA (lower and upper input) Source

Nafcillin/flucloxacillin IV (MSSA wound

infection) £168.00 $255.36
Vancomycin (MRSA bacteraemia) £315.00 $125.16
Ampicillin/amoxicillin £14.85 $33.39

Vancomycin IV (Enterococcus faecium

bacteraemia) £157.50 $62.58
Linezolid/daptomycin/tigecycline (VRE) £483.33 $212.8
Ampicillin/sulbactam IV or co-amoxiclav [38] [39]
IV then co-amoxiclav PO £10.74 $33.39
Piperacillin/tazobactam (co-amox resistant) £270.90 $140.57
Ertapenem (tazobactam resistant) £221.55 $292.25
Meropenem (rrtapenem resistant) £427.98 $148.68

Caftazidime-avibactam (carbapenem
resistant/CPE) £1799.70 $7954.38

Colistin £308.56 $193.41

Piperacillin/tazobactam [Pseudomonas

aeruginosa bacteraemia (sensitive)] £270.90 $140.57
Ciprofloxacin PO (Pen allergy) £11.55 $39.48
Fidaxomicin (Clostridioides difficile) £1351.00 N/A
Vancomycin po (Clostridioides difficile) £7552.00 $9870
Cotrimoxazole £131.60 $160.33

CPE, carbapenemase-producing Enterobacteriaceae; CRAB, carbapenamase-resistant Acinetobacter baumanni; MSSA, methicillin-susceptible Staphylococcus aureus; VRE, vancomycin-resistant enterococci.

England sensitivity analysis with higher and lower model inputs

Extra length of hospital stay - days (1-17.5) (23-76.3)
Decreased Cluster Size (1-3.89) (5.27-17.56)

HAI prevalence among admissions (2.2% - 6.9%)
Infection Rate by Pathogen (0%-10.2%) (0.36%-17.3%)
Closed-bed day cost (General ward) (£175.11 - £863.35)
Hospital admissions (11,100,000- 16,500,000)

Infection Length of Stay (1-17.5) (23-76.3)

Cost of PPE per patient (£19.77 - £36.71)

Cost of WGS (£115 - £203)

Cleaning and nursing time (£51 - £89)

Closed-bed day cost (ICU) (£1,326 - £2,491)

Colonisation length of stay (6-8) (21-31)
£0 £500 £1,000 £1,500 £2,000

Overall savings in millions of pounds = Low value (EM) = High value (EM)

Fig. 1. All savings are in millions of pounds relative to a base saving of £478.3 million. Low value (EM) represents the lower input for each variable and
equally the High value (EM) represents the higher model input. The higher value for Cost of WGS was the only variable to reduce savings.
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account for a proportion of the total number of HAIs; the number of infections was therefore divided accordingly based
on different publications estimating the frequency of each pathogen group as a proportion of the total HAIs (Table 1). The
relative frequency of each pathogen group can be seen in the Infection Rate by Pathogen section in Table 1. The resistance
phenotype [such as MRSA, vancomycin-resistant Enterococci (VRE), carbapenemase-producing Enterobacteriaceae (CPE),
extended-spectrum beta-lactamases (ESBL) and carbapenamase-resistant Acinetobacter baumannii (CRAB)], specific species
type and bacteraemia/bloodstream infections were also estimated for each pathogen group (Supplementary File). The number
of healthcare-associated bacteraemia/bloodstream infections was estimated for all organisms in both models except for
Staphylococcus aureus, Escherichia coli, and Klebsiella spp. which used exact data from the UKHSA [25, 26]. The complete
breakdown of the data for these infections is present in the Supplementary File (Table S1, England Model and USA Model).

COLONIZATIONS FROM ANTIBIOTIC-RESISTANT ORGANISMS

The number of patients colonized with antibiotic-resistant Staphylococcus aureus, Escherichia coli, Enterococcus faecium, Kleb-
siella spp., Enterobacter spp. and Acinetobacter spp. was based on the lower estimates in different publications [9, 27-29]. The
number of colonizations for the other five pathogen groups was not estimated due to the lack of suitable source information
[30]. The colonization:infection ratio (Table 1) generated the number of colonizations from resistant organisms (MRSA, VRE,
ESBL, CPE and CRAB) for the previously mentioned pathogens relative to the total number of infections for each pathogen
group. Omitting the colonization burden altogether would not reflect the true cost of an effective sequencing intervention,
as only by proactively sequencing infections and asymptomatic close contacts (such as healthcare workers) can chains of
transmission be successfully defined and interrupted [31].

WGS SURVEILLANCE AND DETECTION OF CLUSTERS

Estimating the impact of a WGS intervention in a healthcare setting is challenging because there are few published prospective WGS
surveillance studies [11, 31]. In SNP-based analysis, suspected transmission events are determined by investigating the number of
SNPs that differ between any two isolates [9, 32, 33].

The Cluster Frequency (Table 1) represents the probability of a cluster detected from the total number of isolates for each pathogen
group when using WGS, as in the Gordon model. The Cluster Frequency of Stenotrophomonas maltophilia, Pseudomonas spp., Citro-
bacter spp. and Serratia spp. was estimated to be 0.02 based on the lowest estimate of the other modelled organisms for which there
is evidence in the Gordon model [9]. The Cluster Frequency of Clostridiodes difficile was estimated to be higher, at 0.03, as a previous
study suggested 35% of isolates from a 4 year study were genetically linked by 0 to 2 single nucleotide variants (SNVs) [34].

The Decreased Cluster Size variable (Table 1), was used to determine the proportion of total infections which could be reduced (i.e. the
larger this input, the more successful the WGS intervention). Again as Stenotrophomonas maltophilia, Pseudomonas spp., Citrobacter
spp. and Serratia spp. had not been modelled before, their Decreased Cluster Size (Table 1) estimates were conservatively based on the
evidence of other organisms in the Gordon model [9]. The Decreased Cluster Size of Clostridioides difficile was higher than these four
pathogen groups but not as high as Escherichia coli, Enterococcus spp. and Enterobacter spp. based on the evidence in the previously
mentioned paper from the University of Oxford [34]. The same methodology was used to estimate the reduction in colonizations.
The overall reduction in infections and colonizations was estimated based on previous models and sequencing studies [9, 34]; with
more effective interventions following more timely and higher resolution analysis, the reduction would be expected to be greater.

In the Gordon model, the turnaround time is 7 days; another prospective study that tried to replicate this had mean turnaround
times of 13 days [31]. As the Decreased Cluster Size values in this analysis are based on the Gordon model, this cluster detection and
intervention model is also based on a 7 day turnaround time. In addition to the 7 day turnaround time of results, a further assumption
is that transmission chains are broken upon identification of outbreak strains, by cleaning wards/rooms, isolating patients or removing
equipment. Sensitivity analyses explore differences in Decreased Cluster Size. A turnaround of less than 7 days would be anticipated
to increase the speed of detection [12], and thus increase interruption of transmission, but this is not addressed in the model.

EXPECTED DEATHS

In addition to the economic modelling, the mortality rate from bacterial HAIs was estimated for each pathogen group by using
mortality statistics from the UKHSA [22]. Where national statistics were unavailable, mortality rates from bloodstream infections were
used to estimate the number of deaths. For example, Stenotrophomonas maltophilia bacteraemia is associated with a mortality rate of
20-60% [35], and there were 391 Stenotrophomonas maltophilia bacteraemia isolates detected in England in 2018 [18]. Conservatively
estimating that just under half (47%) of these Stenotrophomonas maltophilia isolates were healthcare-associated [36], the total number
of deaths estimated from Stenotrophomonas maltophilia HAIs was 37,20% of 184. The same methodology was used in both the England
and USA models where national statistics were unavailable. The number of deaths was generated as a proportion of the total number
of infections and can be seen in the Supplementary File (Table S1, England Model and USA Model).
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RESOURCES AND COSTS

Patients colonized with resistant organisms incurred costs of WGS; the number of patients colonized with CPEs and CRAB incurred
the additional costs of PPE and cleaning and nursing time. To avoid over-complicating the model, the cost of nursing and cleaning
time were calculated by using the average time spent on an infection or colonization according to the National Institute for Health and
Care Excellence (NICE), as the cost of these interactions varies widely [37]. Infected patients accrued the additional costs of antibiotic
treatment with associated consumables, infection prevention and control team time and closed bed days from extra length of hospital
stay. Antibiotic treatment costs in the UK-based model were determined using current prices as listed in the British National Formulary
[38] for England and from the Drugs.com website for the USA [39]. Consumable costs consisted of cannulas, lines, dressing, etc., and
were estimated from the length of the antibiotic treatment course and NICE guidelines [37]. Sensitivity analyses were conducted on
the cost of all variables in Table 2 except consumables, antibiotic treatment, and the cost of the infection prevention and control team
based on available evidence; this was to highlight how fluctuations in these costs would impact the model.

The cost of WGS was the sum of the individual costs of sequencing a bacterial isolate such as the DNA preparation, library preparation,
sequencing, analysis and shipping for a total baseline cost of £160 and $194 for England and the USA respectively. The price of library
preparation and sequencing is based on the costs quoted by an existing clinical service that provides rapid WGS. Sensitivity analysis
was used to explore changes in the cost of sequencing within a wide range of costs [15, 40]. The upper and lower input values can
be seen in Table 2 for each variable where there is a range of different prices. The cost of routine microbiological screening was not
included as the microbiology test occurs regardless of the sequencing intervention.

BED COSTS, BED DAYS AND LENGTH OF STAY

The main cost of an HAI is the extra length of hospital stay [16]. For this reason, conservative estimates for bed-day calculations were
used to reduce the possibility of overestimating savings. The length of stay was divided into Colonization Length of Stay and Infection
Length of Stay to estimate the amount of PPE used, using the logic of Gordon’s model [9], which can be seen in Table 2. Closed Bed
Days from extra length of hospital stay were used to calculate the extra amount of time a patient would occupy a bed if infected, also
following the logic in the Gordon model [9]. To account for the difference in the price of a general ward bed and an ICU bed it was
estimated that 0.04% of the HAIs modelled in this study were managed in the ICU [21, 41, 42]. Sensitivity analyses were performed
using lower and upper limits of these inputs (Fig. 1, Table 2).

COST OF CLINICALLY QUALIFIED SPECIALISTS IN INFECTION PREVENTION AND CONTROL

By reducing the total number of HATSs, the time an infection prevention and control team would have spent on addressing these
infections can be spent elsewhere. This is not a monetary saving but an opportunity cost associated with a reallocation of time.
Nevertheless, previous studies have included figures detailing healthcare professionals’ time and cost which are spent on HAIs
[10]. Depending on the size of the hospital, infection prevention and control teams will consist of nurses, physicians, public health
personnel, epidemiologists and microbiologists, all of varying expertise and salary [43, 44]. The cost of an infection prevention
and control team was estimated by taking the number of hospitals in England (1648 [45]); multiplying it by the average annual
salary of an individual in an infection prevention and control team in the NHS (average annual salary of individuals in an infec-
tion prevention and control team = £64714.71 - including on-costs [46, 47]); multiplying it by the average number of infection
prevention and control professionals per hospital (estimated as 6.6 per 500 bedded hospital [44, 48, 49]), and multiplying that
by the amount of time spent on outbreak investigations and HATs (estimated as 10% [10]). The same methodology was used
to determine the cost of an infection prevention and control team in the USA, using the total number of hospitals in the USA
as 6093 [50]; an average salary input of $76933 [43]; the average number of infection prevention and control professionals per
hospital as eight and the time spent on outbreak investigations and HAIs as 10%, as in Kumar’s economic model [10]. Dividing
each of these numbers by the total number of HAIs for each country provides a figure for the cost of an infection prevention and
control team per infection of £84.43 and $222.69 for England and the USA.

RESULTS

The primarily economic model of the impact of diagnostic WGS for surveillance of priority HAI species includes an assessment
of its impact on clinical outcomes. The patient-focused outcomes indicate that 393229 infections and 6073 deaths occur due to
bacterial HAIs in England using current epidemiological methods, which is broadly consistent with other published evidence from
England which estimates the total number of HAIs (viral, fungal and bacterial combined) to be 653000 associated with 22800
associated deaths [21]. WGS-based surveillance, modelled on a turnaround time of 7 days, is predicted to lead to a reduction of
74408 infections and 1257 deaths. The baseline model estimated a median reduction of total infections and colonizations by 11%
(mean of 18%). Current practice has a cost to NHS England of around £3 billion (excluding current microbiological screening
costs), and the addition of a WGS diagnostic surveillance has an estimated cost of £61.1 million. Based upon the modelled impacts
of WGS surveillance, this is associated with an overall saving of £478.3 million.
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Table 3. Estimated number of HAIs and deaths for each pathogen group using current practice and estimated number of avoided infections and death
with a WGS-based system

Current practice WGS
Organism HAI Death HATI avoided Death avoided
England
Staphylococcus aureus 100044 1009 10765 109
Stenotrophomonas maltophilia 1842 37 174 3
Escherichia coli 73515 1456 15071 298
Enterococcus species 61694 1252 25572 519
Kilebsiella species 58359 986 3793 64
Enterobacter species 16074 294 6105 112
Acinetobacter species 9171 128 2201 31
Clostridioides difficile 41685 375 7816 70
Pseudomonas species (mainly P. aeruginosa) 8337 375 787 35
Citrobacter species 14173 68 1338 6
Serratia species 8337 92 787 9
Total 393229 6073 74408 1257
USA
Staphylococcus aureus 202073 17176 21743 1848
Stenotrophomonas maltophilia 3722 74 351 7
Escherichia coli 148490 1336 30440 274
Enterococcus species 124612 2530 51652 1049
Kilebsiella species 117876 2299 7662 149
Enterobacter species 32466 1623 12331 617
Acinetobacter species 18523 926 4446 222
Clostridioides difficile 168394 2526 31574 474
Pseudomonas species (mainly P. aeruginosa) 50518 1516 4769 143
Citrobacter species 28627 137 2702 13
Serratia species 16839 707 1590 67
Total 912141 30851 169260 4862

The USA-based model indicates that 912141 infections and 30851 deaths occur from bacterial HAIs based on current epide-
miological methods, which is also consistent with published evidence from the USA [24]. WGS-based surveillance, modelled
on a turnaround time of 7 days, is predicted to lead to a reduction of 169260 infections and 4862 deaths. Current practice costs
$18.3 billion (without current microbiological screening costs), and the addition of WGS diagnostic surveillance has a cost of
$169.2 million. Based on the modelled outcomes of implementing WGS surveillance this is associated with an overall saving
of $3.2billion. The number of bacterial HATs and deaths for each pathogen group from the current practice and the potential
number of avoided infections for both England and the USA are shown in Table 3 and in the Supplementary File (Table S1, the
England Model and the USA Model).

The full breakdown of each pathogen group’s resistance, species allocation and number of bacteraemia/bloodstream infections
is presented in Table S1, the England Model and the USA Model.

As can be seen in Table 3, this clinical impact model estimated Staphylococcus aureus to be the most common bacterial HAI
in both England and the USA, and most deaths in the USA, with 17176 deaths annually. In comparison, Escherichia coli was
responsible for the most nosocomial deaths in England, with 1456 deaths.

Cost per bacteraemia/bloodstream infection was calculated separately by country, sensitivity/resistance and requirement for
ICU. By this method a CPE Klebsiella spp. bacteraemia was demonstrated to cost £18904, which is similar to findings reported
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Table 4. Estimated differences in costs in England and the USA with current practice and WGS surveillance

England USA

Current practice WGS Current practice WGS
Direct hospital resources
WGS £- £61,118,073 $- $169,245,276
PPE £266,750,089 £212,448,937 $740,286,599 $593,475,563
Consumables £63,113,318 £51,170,819 $177,685,114 $144,713,345
Antbiotic treatment £319,695,715 £259,060,468 $1,665,639,355 $1,353,822,910
Total cost of hospital resources £649,559,122 £583,798,298 $2,583,611,068 $2,261,257,094
Allocation of hospital beds and healthcare professionals
Extra length of stay — General Ward £2,220,992,705 £1,820,127,623 $15,278,211,667 $12,501,524,165
Extra length of stay — ICU £4,234,642 £3,479,079 $168,858,625 $146,123,367
Cleaning and nursing time £24,289,160 £19,696,643 $68,180,372 $55,534,825
Cost of infection prevention and control team £33,200,330 £26,918,060 $203,127,450 $165,434,527
Total cost of allocation of hospital beds and healthcare professionals £2,282,716,838 £1,870,221,405 $15,718,378,114 $12,868,616,885
Overall total £2,932,275,960 £2,454,019,702 $18,301,989,182 $15,129,873,979
Overall cost savings with WGS surveillance £478,256,258 $3,172,115,203

in a paper from Imperial College, London, which estimated a single outbreak of CPE Klebsiella sp. to cost £1 million for 40 CPE
Klebsiella isolates (£25000 per infection) [51]. Comparatively, the cost of a single sensitive Klebsiella spp. bacteraemia that does
not require ICU was estimated to be £6770. In the USA, the cost of a CPE Klebsiella spp. bacteraemia requiring ICU was estimated
to cost $38166, whereas its sensitive counterpart not requiring ICU would cost $18945.

The breakdown of costs for both England and the USA can be seen in Table 4. The largest cost-saving WGS would provide by
preventing bacterial HAI would not be direct hospital savings but the opportunity costs associated with the reallocation of existing
infrastructure such as hospital beds and healthcare professionals. The complete breakdown of costs associated with each pathogen
group can be accessed in the England and USA models in the Supplementary File.

When using various inputs, the sensitivity analyses demonstrate that overall savings for England and the USA were always retained
(Figs 1 and S1). The model was most sensitive to inputs that affected hospital length of stay calculations, such as the number of
hospital admissions/inpatients, general ward bed day cost, organism frequency, cluster size decrease and number of closed bed
days due to extra length of hospital stay.

The number of colonizations was estimated for the same resistant organisms as in the Gordon model, which estimated a coloniza-
tion burden for different species to be between 2 and 20 (median=3.2, mean=6.2) times greater than the number of antibiotic-
resistant infections in each pathogen group [9]. In the model presented here, the number of colonizations from resistant organisms
was made more conservative (especially for VRE, for which colonization was previously estimated at a very high level; detail of
revisions is summarized in the Supplementary File, in both the England and USA models) and estimated to between 0.6 and 2.7
(median=1.82, mean=1.77) times greater than the number of antibiotic-resistant infections in each pathogen group. Furthermore,
the number of CPE and CRAB colonizations was estimated from the total number of colonizations from resistant organisms
to include in PPE calculations (Supplementary File, England and USA models). There is sparse evidence of the prevalence of
colonizations from resistant nosocomial organisms, and even less for susceptible organisms; some studies have looked at the
colonization of individual organisms in healthcare workers and staff, but only voluntarily, and it has been argued that probable
missing links in the transmission chain highlight the need to sequence as many infections and potential colonizations in a hospital
as possible [52, 53].

DISCUSSION

Normally, a new health intervention needs to justify its costs in terms of reduced morbidity and mortality. Proactive diagnostic
bacterial genomics is different, in that it improves both patient care and hospital resource management at the same time, in a way
that it gives a return on investment: in this model of £7.83 per pound spent in the UK, and $18.74 per dollar in the USA. When
scaled, this results in savings of £478.3 million per annum to NHS England and around $3.2 billion in the USA.
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Efficiencies of scale, for example using other instruments such as a NextSeq with runs of greater than 80-100 isolates, would
reduce the cost of implementation. Marginal savings are also possible from buying a sequencing machine and using it beyond
2years. However, as indicated by the sensitivity analysis, variations in the costs of sequencing and analysis are not the principal
determinants of the savings.

The average excess length of stay estimates vary greatly from 3.9 days with Escherichia coli bacteraemia [14] to 16.6 with ESBL
Escherichia coli infections [9]. The average excess length of stay for all 11 pathogen groups in this model-based analysis is 9.2,
similar to a 2019 study which cites between 8.4 and 9.6 days for >50000 patients [54] and the Guest study which has a mean
additional length of ward stay from acquiring an HAI of 9.1days [21]. The sensitivity analyses demonstrate that calculations
involved in length of hospital stay affect the overall financial outcome the most (Figs 1 and S1). The analyses highlight the potential
saving if hospital length of stay from these infections on average becomes longer. With ageing populations in both countries, and
older age associated with increased hospital length of stay and likelihood of developing an HAI, the proposed savings could be
far higher than modelled here in the future [54-56].

As more longitudinal sequencing studies are completed in healthcare settings the previously unrecognized scale of hospital
transmission is being uncovered. In Singapore, retrospective WGS of Enterobacterales identified 58 groups of isolates that were
genomically linked [57]. Furthermore, in two New York City hospitals, retrospective genomic analysis of 197 MRSA bacteraemia
isolates identified 33 patients in connected isolate groups differing by <15 SN'Vs [58]. These studies clearly showed that WGS led
to the identification of transmission events which would have otherwise been undetected.

This study has several limitations. The most important is the dependency of the modelling process on the inclusiveness and
quality of the infection frequencies and outcomes as available from hospital-derived and published public health data. As more
WGS is carried out, it would be useful for annual epidemiological data to be available through government-funded agencies
such as the CDC and UKHSA from a larger spectrum of pathogens than currently exists. The model is expected to be reasonably
generalizable across the UK, parts of Europe and North America. The model does not address low- and middle-income country
settings. In addition, this analysis does not allow adjustments for comorbidities, different hospital demographics, clinical discipline
mix, age or sex, and presents a purely economic model rather than a cost-benefit analysis and thus does not include the use of
quality-adjusted life years for the additional patient mortality or morbidities [8]. As the model was initially created from inputs
based on England data, the data points used in the USA model are inherently less robust. Also, as the USA healthcare system is
decentralized and the demographics across the country vary greatly, the ability of the model to be broken down to predict savings
from smaller hospitals is unknown.

This economic analysis indicates that substantial savings as well as positive improvements in clinical outcomes are associated
with proactive diagnostic genomics of bacterial pathogens. The largest savings are associated with improved use of healthcare
resources, due to avoidance of prolonged patient stays and the ability to use facilities more effectively. These savings were robust
and consistent when tested by sensitivity analyses, which showed relatively small impacts from the costs of sequencing and
analysis. Finally, the same-year returns on investment indicate savings that more than offset the costs of establishing and delivering
WGS-based genomics in clinical settings.

Funding information
This research was entirely funded by Genpax.

Conflicts of interest
The authors of this study are employees of Genpax, which is a commercial provider of diagnostic genome sequence analysis whose costs of analysis
are used in the baseline models presented.

References 5. Forde BM, Bergh H, Cuddihy T, Hajkowicz K, Hurst T, et al. Clinical
1. Higgs C, Sherry NL, Seemann T, Horan K, Walpola H, et al. Opti- implementation of routine whole-genome sequencing for hospital
mising genomic approaches for identifying vancomycin-resistant infection control of multi-drug resistant pathogens. Clin Infect Dis
Enterococcus faecium transmission in healthcare settings. Nat 2023;76:€1277-e1284.
Commun 2022;13:509. 6. Amoutzias GD, Nikolaidis M, Hesketh A. The notable ahievements
2. lkuta KS, Swetschinski LR, Robles Aguilar G, Sharara F, and the prospects of bacterial pathogen genomics. Microorganisms
Mestrovic T, et al. Global mortality associated with 33 bacterial 2022;10:1040.
pathogens in 2019: a systematic analysis for the Global Burden of 7. Alvarez Narvaez S, Shen Z, Yan L, Stenger BLS, Goodman LB,
Disease Study 2019. The Lancet 2022,400:2221-2248. et al. Optimized conditions for Listeria, Salmonella and Escheri-
3. Manoukian S, Stewart S, Graves N, Mason H, Robertson C, et al. Bed- chia whole genome sequencing using the Illumina iSeq100
days and costs associated with the inpatient burden of healthcare- platform with point-and-click bioinformatic analysis. PLoS One
associated infection in the UK. J Hosp Infect 2021;114:43-50. 2022;17:e0277659.
4. Gorrie CL, Mirceta M, Wick RR, Judd LM, Lam MMC, et al. Genomic 8. Dymond A, Davies H, Mealing S, Pollit V, Coll F, et al. Genomic
dissection of Klebsiella pneumoniae infections in hospital patients surveillance of methicillin-resistant Staphylococcus aureus: a
reveals insights into an opportunistic pathogen. Nat Commun mathematical early modeling study of cost-effectiveness. Clin

2022;13:3017. Infect Dis 2020;70:1613-1619.

11



Fox et al., Microbial Genomics 2023;9:001087

20.

21.

22.

23.

24.

25.

Gordon LG, Elliott TM, Forde B, Mitchell B, Russo PL, et al. Budget
impact analysis of routinely using whole-genomic sequencing
of six multidrug-resistant bacterial pathogens in Queensland,
Australia. BMJ Open 2021;11:e041968.

Kumar P, Sundermann AJ, Martin EM, Snyder GM, Marsh JW,
et al. Method for economic evaluation of bacterial whole genome

sequencing surveillance compared to standard of care in detecting
hospital outbreaks. Clin Infect Dis 2021;73:e9-e18.

. Mellmann A, Bletz S, Boking T, Kipp F, Becker K, et al. Real-

time genome sequencing of resistant bacteria provides preci-
sion infection control in an institutional setting. J Clin Microbiol
2016;54:2874-2881.

Price V, Ngwira LG, Lewis JM, Baker KS, Peacock SJ, et al. A
systematic review of economic evaluations of whole-genome
sequencing for the surveillance of bacterial pathogens. Microb
Genom 2023;9:mgen000947.

Elliott TM, Harris PN, Roberts LW, Doidge M, Hurst T, et al. Cost-
effectiveness analysis of whole-genome sequencing during an
outbreak of carbapenem-resistant Acinetobacter baumannii Anti-
microb Steward Healthc Epidemiol 2021;1:62.

Naylor NR, Pouwels KB, Hope R, Green N, Henderson KL, et al.
The health and cost burden of antibiotic resistant and suscep-
tible Escherichia coli bacteraemia in the English hospital setting: a
national retrospective cohort study. PLoS One 2019;14:e0221944.

Elliott TM, Lee XJ, Foeglein A, Harris PN, Gordon LG. A hybrid simu-
lation model approach to examine bacterial genome sequencing
during a hospital outbreak. BMC Infect Dis 2020;20:72.

Graves N, Harbarth S, Beyersmann J, Barnett A, Halton K, et al.
Estimating the cost of health care-associated infections: mind your
p's and g's. Clin Infect Dis 2010;50:1017-1021.

Public Health England. Staphylococcus aureus (MRSA and MSSA)
bacteraemia: mandatory surveillance 2017/18 gov.uk2018; (n.d.).
https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/724361/S_aureus_
summary_2018.pdf [accessed 7 February 2023].

Public Health England. Laboratory surveillance of Pseudomonas
and Stenotrophomonas spp bacteraemia in England; (n.d.). https://
assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/864115/hpr0320_PSDMNS-18.pdf
[accessed 7 February 2023].

Sullivan SD, Mauskopf JA, Augustovski F, Jaime Caro J, Lee KM,
et al. Budget impact analysis-principles of good practice: report of
the ISPOR 2012 budget impact analysis good practice Il task force.
Value Health 2014;17:5-14.

Department of Health D. Healthcare Premises Cost Guides
(HPCGs); (n.d.). https://www.england.nhs.uk/wp-content/uploads/
2021/05/Healthcare-premises-cost-guides.pdf [accessed 12 July
2023].

Guest JF, Keating T, Gould D, Wigglesworth N. Modelling the annual
NHS costs and outcomes attributable to healthcare-associated
infections in England. BMJ Open 2020;10:e033367.

UK Health Security Agency U. Thirty-day all-cause mortality
following MRSA, MSSA and Gram-negative bacteraemia and C.
difficile infections 2020; (n.d.). https://assets.publishing.service.
gov.uk/government/uploads/system/uploads/attachment_data/
file/1039272/hcai-all-cause-fatality-report-2021.pdf [accessed 27
February 2023].

Centers for Disease Control and Prevention C. Healthcare-
Associated Infections (HAIs) cdc.gov2021; (n.d.). https://www.cdc.
gov/hai/index.html [accessed 7 February 2023].

Haque M, Sartelli M, McKimm J, Abu Bakar M. Health care-
associated infections - an overview. Infect Drug Resist
2018;11:2321-2333.

UK Health Security Agency U. Escherichia coli bacteraemia: annual
data gov.uk: gov.uk; 2022. https://www.gov.uk/government/statis-
tics/escherichia-coli-e-coli-bacteraemia-annual-data [accessed
14 February 2023].

12

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

UK Health Security Agency U. Klebsiella species bacteraemia:
annual data gov.uk2022; (n.d.). https://www.gov.uk/government/
statistics/klebsiella-species-bacteraemia-annual-data [accessed
14 February 2023].

Calderwood MS. Editorial commentary: duration of colonization
with methicillin-resistant Staphylococcus aureus: a question with
many answers. Clin Infect Dis 2015;60:1497-1499.

Ludden C, Cormican M, Vellinga A, Johnson JR, Austin B, et al.
Colonisation with ESBL-producing and carbapenemase-producing
Enterobacteriaceae, vancomycin-resistant enterococci, and
meticillin-resistant Staphylococcus aureus in a long-term care
facility over one year. BMC Infect Dis 2015;15.

Zhou MJ, Li J, Salmasian H, Zachariah P, Yang YX, et al. The local
hospital milieu and healthcare-associated vancomycin-resistant
enterococcus acquisition. J Hosp Infect 2019;101:69-75.

Crobach MJT, Vernon JJ, Loo VG, Kong LY, Péchiné S, et al. Under-
standing Clostridium difficile colonization. Clin Microbiol Rev
2018;31:e00021-17.

Sherry NL, Gorrie CL, Kwong JC, Higgs C, Stuart RL, et al. Multi-
site implementation of whole genome sequencing for hospital
infection control: a prospective genomic epidemiological analysis.
Lancet Reg Health West Pac 2022;23:100446.

Octavia S, Wang Q, Tanaka MM, Kaur S, Sintchenko V, et al. Deline-
ating community outbreaks of Salmonella enterica serovar Typhimu-
rium by use of whole-genome sequencing: insights into genomic
variability within an outbreak. J Clin Microbiol 2015;53:1063-1071.

Coll F, Raven KE, Knight GM, Blane B, Harrison EM, et al. Defini-
tion of a genetic relatedness cutoff to exclude recent transmission
of meticillin-resistant Staphylococcus aureus: a genomic epidemi-
ology analysis. Lancet Microbe 2020;1:e328-e335.

Eyre DW, Cule ML, Wilson DJ, Griffiths D, Vaughan A, et al. Diverse
sources of C. difficile infection identified on whole-genome
sequencing. N Engl J Med 2013;369:1195-1205.

Gajdacs M, Urban E. Prevalence and antibiotic resistance of Steno-
trophomonas maltophilia in respiratory tract samples: a 10-year
epidemiological snapshot. Health Serv Res Manag Epidemiol
2019;6:2333392819870774.

Chang Y-T, Lin C-Y, Lu P-L, Lai C-C, Chen T-C, et al. Stenotropho-
monas maltophilia bloodstream infection: comparison between
community-onset and hospital-acquired infections. J Microbiol
Immunol Infect 2014;47:28-35.

National Institute for Health and Care Excellence NGC. Diverticular
Disease. Costing analysis: Management of acute diverticulitis with
computed tomography and antibiotics nice.org.uk2019; (n.d.).
https://www.nice.org.uk/guidance/ng147/documents/guideline-
appendix-2 [accessed 2 February 2023].

British National Formulary (online) London JFC. British National
Formulary (online) London: BMJ Group and Pharmaceutical
Press British National Formulary; (n.d.). https://bnf.nice.org.uk/
[accessed 1 February 2023].

Drugs.com. Drugs.com (Internet). Find Drugs & Conditions Drugs.
com?2023; (n.d.). https://www.drugs.com/ [accessed 1 February
2023].

MicrobesNG. Unlock your microbial genomes; 2023. https://
microbesng.com/ [accessed é February 2023].

Prechter F, Katzer K, Bauer M, Stallmach A. Sleeping with the
enemy: Clostridium difficile infection in the intensive care unit. Crit
Care 2017;21:260.

Harris AD, Jackson SS, Robinson G, Pineles L, Leekha S, et al.
Pseudomonas aeruginosa colonization in the intensive care unit:
prevalence, risk factors, and clinical outcomes . Infect Control Hosp
Epidemiol 2016;37:544-548.

Landers T, Davis J, Crist K, Malik C. APIC megasurvey: method-
ology and overview. Am J Infect Control 2017;45:584-588.

Kingston Hospital NFT. Infection Prevention & Control Annual
Report; (n.d.). https://kingstonhospital.nhs.uk/wp-content/

uploads/2019/12/enc-h-ipct-annual-report-2017-2018-final.pdf
[accessed 1 January 2023].


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/724361/S_aureus_summary_2018.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/724361/S_aureus_summary_2018.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/724361/S_aureus_summary_2018.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/864115/hpr0320_PSDMNS-18.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/864115/hpr0320_PSDMNS-18.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/864115/hpr0320_PSDMNS-18.pdf
https://www.england.nhs.uk/wp-content/uploads/2021/05/Healthcare-premises-cost-guides.pdf
https://www.england.nhs.uk/wp-content/uploads/2021/05/Healthcare-premises-cost-guides.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1039272/hcai-all-cause-fatality-report-2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1039272/hcai-all-cause-fatality-report-2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1039272/hcai-all-cause-fatality-report-2021.pdf
https://www.cdc.gov/hai/index.html
https://www.cdc.gov/hai/index.html
https://www.gov.uk/government/statistics/escherichia-coli-e-coli-bacteraemia-annual-data
https://www.gov.uk/government/statistics/escherichia-coli-e-coli-bacteraemia-annual-data
https://www.gov.uk/government/statistics/klebsiella-species-bacteraemia-annual-data
https://www.gov.uk/government/statistics/klebsiella-species-bacteraemia-annual-data
https://www.nice.org.uk/guidance/ng147/documents/guideline-appendix-2
https://www.nice.org.uk/guidance/ng147/documents/guideline-appendix-2
https://bnf.nice.org.uk/
https://www.drugs.com/
https://microbesng.com/
https://microbesng.com/
https://kingstonhospital.nhs.uk/wp-content/uploads/2019/12/enc-h-ipct-annual-report-2017-2018-final.pdf
https://kingstonhospital.nhs.uk/wp-content/uploads/2019/12/enc-h-ipct-annual-report-2017-2018-final.pdf

Fox et al., Microbial Genomics 2023;9:001087

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Statista. Number of hospitals in the United Kingdom (UK); (n.d.).
https://www.statista.com/statistics/949580/hospitals-in-united-
kingdom/ [accessed 7 February 2023].

British Medical Association. Pay scales for consultants in England
bma.org.uk2023 [Available from; (n.d.). https://www.bma.org.uk/
pay-and-contracts/pay/consultants-pay-scales/pay-scales-for-
consultants-in-england [accessed 7 February 2023].

National Health Service N. Agenda for change - pay rates nhs.
uk: nhs digital; 2022. https://www.healthcareers.nhs.uk/working-
health/working-nhs/nhs-pay-and-benefits/agenda-change-pay-
rates/agenda-change-pay-rates [accessed 1 January 2023].

Infection prevention and control annual report nhs.uk2018 [Avail-
able from; (n.d.). https://media.gosh.nhs.uk/documents/Annual_
Infection_Prevention_and_Control_Report_2017.pdf [accessed 1
January 2023].

University College London Hospitals NFT. Infection Control Annual
Report 2017; (n.d.). https://www.uclh.nhs.uk/about-us/what-we-
do/our-performance/annual-report-annual-plan-and-quality-
account?search=1&keywords=infection [accessed 1 January
2023].

American Hospital Association. Fast Facts on U.S; (n.d.). https://
www.aha.org/statistics/fast-facts-us-hospitals ~ [accessed 31
January 2023].

Otter JA, Burgess P, Davies F, Mookerjee S, Singleton J, et al.
Counting the cost of an outbreak of carbapenemase-producing
Enterobacteriaceae: an economic evaluation from a hospital
perspective. Clin Microbiol Infect 2017;23:188-196.

Kinnevey PM, Kearney A, Shore AC, Earls MR, Brennan G, et al.
Meticillin-resistant Staphylococcus aureus transmission among
healthcare workers, patients and the environment in a large acute
hospital under non-outbreak conditions investigated using whole-
genome sequencing. J Hosp Infect 2021;118:99-107.

Kinnevey PM, Kearney A, Shore AC, Earls MR, Brennan Gl, et al.
Meticillin-susceptible Staphylococcus aureus transmission 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.

Arefian H, Hagel S, Fischer D, Scherag A, Brunkhorst FM, et al.
Estimating extra length of stay due to healthcare-associated infec-
tions before and after implementation of a hospital-wide infection
control program. PLoS One 2019;14:e0217159.

Office for National Statistics 0. Voices of our ageing popula-
tion: Living longer lives ons.gov.uk2022; (n.d.). https://www.
ons.gov.uk/peoplepopulationandcommunity/birthsdeath-
sandmarriages/ageing/articles/voicesofourageingpopula-
tion/livinglongerlives#:~:text=The%20population%200f% 20
England%20and,the% 20previous%20census%20in%202011
[accessed 8 February 2023].

United States Census Bureau UG; (n.d.). https://www.census.
gov/library/stories/2018/03/graying-america.html#:~:text=
By%202060%2C%20nearly%20one%20in,caregiving%20and%
20assisted%20living%20facilities [accessed 8 February 2023].

Marimuthu K, Venkatachalam |, Koh V, Harbarth S,
Perencevich E, et al. Whole genome sequencing reveals hidden
transmission of carbapenemase-producing Enterobacterales. Nat
Commun 2022;13:3052.

Berbel Caban A, Pak TR, Obla A, Dupper AC, Chacko KI, et al.
PathoSPOT genomic epidemiology reveals under-the-radar noso-
comial outbreaks. Genome Med 2020;12:96.

Office for National Statistics 0. (n.d.). https://www.ons.gov.uk/
[accessed 8 February 2023].

United States Census Bureau UG. U.S and World Population Clock
census.gov: US Government; 2023. https://www.census.gov/
popclock/ [accessed 27 February 2023].

NHS Digital NHS. Hospital Admitted Patient Care Activity 2016;
(n.d.). https://digital.nhs.uk/data-and-information/publications/
statistical/hospital-admitted-patient-care-activity/2016-17
laccessed 20 February 2023].

13

62.

63.

64,

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Statista. Total number of hospital admissions in the U.S; (n.d.).
https://www.statista.com/statistics/459718/total-hospital-
admission-number-in-the-us/ [accessed 22 February 2023].

International Society for Infectious Diseases |. Guide to infec-
tion control in the healthcare setting, Staphylococcus aureus isid.
org2018; (n.d.). https://isid.org/guide/pathogens/staphylococcus-
aureus/ [accessed 20 February 2023].

International Society For Infectious Diseases |. Guide to infection
control in the hospital - Enterococcal species International Society
For Infectious Diseases2018; 2018. https://isid.org/wp-content/
uploads/2018/06/ISID_InfectionGuide_Chapter44.pdf  [accessed
27 February 2023].

Ashurst JV DA. Klebsiella pneumonia. In: StatPearls (Internet).
Treasure Island. FL: StatPearls Publishing, 2022.

Tydeman F, Craine N, Kavanagh K, Adams H, Reynolds R, et al.
Incidence of Clostridioides difficile infection (CDI) related to antibi-
otic prescribing by GP surgeries in Wales. J Antimicrob Chemother
2021,76:2437-2445.

European Centre for Disease Prevention E. Point prevalence
survey of healthcare-associated infections and antimicrobial use
in European acute care hospitals 2011-2012ecdc.europa.eu2013
[updated 20/02/2023. Available from; (n.d.). https://www.ecdc.
europa.eu/sites/default/files/media/en/publications/Publica-
tions/healthcare-associated-infections-antimicrobial-use-PPS.
pdf [accessed 20 February 2023].

Centers for Disease Control and Prevention. Healthcare Asso-
ciated Infections — Community Interface Surveillance Report,
Clostridioides difficile infection (CDI) 2019. cdc.gov: Centers for
Disease Control and Prevention; 2022. https://www.cdc.gov/hai/
eip/Annual-CDI-Report-2019.html [accessed 31 January 2023].

Bassetti M, Vena A, Croxatto A, Righi E, Guery B. How to manage
Pseudomonas aeruginosa infections. DIC 2018;7:1-18.

Magill SS, Edwards JR, Bamberg W, Beldavs ZG, Dumyati G, et al.
Multistate point-prevalence survey of health care—associated
infections. N Engl J Med 2014;370:1198-1208.

Ranjan KP, Ranjan N. Citrobacter: an emerging health care associ-
ated urinary pathogen. Urol Ann 2013;5:313.

Khanna A, Khanna M, Aggarwal A. Serratia marcescens- a rare
opportunistic nosocomial pathogen and measures to limit its
spread in hospitalized patients. J Clin Diagn Res 2013;7:243-246.

Ohsfeldt RL, Choong CK-C, Mc Collam PL, Abedtash H, Kelton KA,
et al. Inpatient Hospital Costs for COVID-19 Patients in the United
States. Adv Ther 2021;38:5557-5595.

NHS Digital NHS. National Cost Collection for the NHS 2021; (n.d.).
https://www.england.nhs.uk/costing-in-the-nhs/national-cost-
collection/#ncc1819 [accessed 22 February 2023].

Tsuzuki S, Yu J, Matsunaga N, Ohmagari N. Length of stay, hospi-
talisation costs and in-hospital mortality of methicillin-susceptible
and methicillin-resistant Staphylococcus aureus bacteremia in
Japan. Public Health 2021;198:292-296.

Ince N, Yekenkurul D, Danis A, Caliskan E, Akkas i. An evaluation
of six-year Stenotrophomonas maltophilia infections in a university
hospital. Afr H Sci 2020;20:1118-1123.

Rosselli Del Turco E, Pasquini Z, Scolz K, Amedeo A, Beci G, et al.
Treatment duration for central line-associated infection caused
by Enterococcus spp.: a retrospective evaluation of a multicenter
cohort. Eur J Clin Microbiol Infect Dis 2022;41:1203-1206.

Chen CJ, Lu PL, Jian SH, Fu HL, Huang PH, et al. Molecular epide-
miology, risk factors and clinical outcomes of carbapenem-
nonsusceptible Enterobacter cloacae complex infections in a
Taiwan University hospital. Pathogens 2022;11:151.

Laupland KB, Edwards F, Harris PNA, Paterson DL. Significant
clinical differences but not outcomes between Klebsiella aero-
genes and Enterobacter cloacae bloodstream infections: a compar-
ative cohort study. Infection 2023.

Monge D, Millan |, Gonzalez-Escalada A, Asensio A. The effect of
Clostridium difficile infection on length of hospital stay. A cohort
study. Enferm Infecc Microbiol Clin 2013;31:660-664.


https://www.statista.com/statistics/949580/hospitals-in-united-kingdom/
https://www.statista.com/statistics/949580/hospitals-in-united-kingdom/
https://www.bma.org.uk/pay-and-contracts/pay/consultants-pay-scales/pay-scales-for-consultants-in-england
https://www.bma.org.uk/pay-and-contracts/pay/consultants-pay-scales/pay-scales-for-consultants-in-england
https://www.bma.org.uk/pay-and-contracts/pay/consultants-pay-scales/pay-scales-for-consultants-in-england
https://www.healthcareers.nhs.uk/working-health/working-nhs/nhs-pay-and-benefits/agenda-change-pay-rates/agenda-change-pay-rates
https://www.healthcareers.nhs.uk/working-health/working-nhs/nhs-pay-and-benefits/agenda-change-pay-rates/agenda-change-pay-rates
https://www.healthcareers.nhs.uk/working-health/working-nhs/nhs-pay-and-benefits/agenda-change-pay-rates/agenda-change-pay-rates
https://media.gosh.nhs.uk/documents/Annual_Infection_Prevention_and_Control_Report_2017.pdf
https://media.gosh.nhs.uk/documents/Annual_Infection_Prevention_and_Control_Report_2017.pdf
https://www.uclh.nhs.uk/about-us/what-we-do/our-performance/annual-report-annual-plan-and-quality-account?search=1&keywords=infection
https://www.uclh.nhs.uk/about-us/what-we-do/our-performance/annual-report-annual-plan-and-quality-account?search=1&keywords=infection
https://www.uclh.nhs.uk/about-us/what-we-do/our-performance/annual-report-annual-plan-and-quality-account?search=1&keywords=infection
https://www.aha.org/statistics/fast-facts-us-hospitals
https://www.aha.org/statistics/fast-facts-us-hospitals
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/ageing/articles/voicesofourageingpopulation/livinglongerlives#:~:text=The%20population%20of%20England%20and,the%20previous%20census%20in%202011
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/ageing/articles/voicesofourageingpopulation/livinglongerlives#:~:text=The%20population%20of%20England%20and,the%20previous%20census%20in%202011
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/ageing/articles/voicesofourageingpopulation/livinglongerlives#:~:text=The%20population%20of%20England%20and,the%20previous%20census%20in%202011
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/ageing/articles/voicesofourageingpopulation/livinglongerlives#:~:text=The%20population%20of%20England%20and,the%20previous%20census%20in%202011
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/ageing/articles/voicesofourageingpopulation/livinglongerlives#:~:text=The%20population%20of%20England%20and,the%20previous%20census%20in%202011
https://www.census.gov/library/stories/2018/03/graying-america.html#:~:text=By%202060%2C%20nearly%20one%20in,caregiving%20and%20assisted%20living%20facilities
https://www.census.gov/library/stories/2018/03/graying-america.html#:~:text=By%202060%2C%20nearly%20one%20in,caregiving%20and%20assisted%20living%20facilities
https://www.census.gov/library/stories/2018/03/graying-america.html#:~:text=By%202060%2C%20nearly%20one%20in,caregiving%20and%20assisted%20living%20facilities
https://www.census.gov/library/stories/2018/03/graying-america.html#:~:text=By%202060%2C%20nearly%20one%20in,caregiving%20and%20assisted%20living%20facilities
https://www.ons.gov.uk/
https://www.census.gov/popclock/
https://www.census.gov/popclock/
https://digital.nhs.uk/data-and-information/publications/statistical/hospital-admitted-patient-care-activity/2016-17
https://digital.nhs.uk/data-and-information/publications/statistical/hospital-admitted-patient-care-activity/2016-17
https://www.statista.com/statistics/459718/total-hospital-admission-number-in-the-us/
https://www.statista.com/statistics/459718/total-hospital-admission-number-in-the-us/
https://isid.org/guide/pathogens/staphylococcus-aureus/
https://isid.org/guide/pathogens/staphylococcus-aureus/
https://isid.org/wp-content/uploads/2018/06/ISID_InfectionGuide_Chapter44.pdf
https://isid.org/wp-content/uploads/2018/06/ISID_InfectionGuide_Chapter44.pdf
https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/healthcare-associated-infections-antimicrobial-use-PPS.pdf
https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/healthcare-associated-infections-antimicrobial-use-PPS.pdf
https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/healthcare-associated-infections-antimicrobial-use-PPS.pdf
https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/healthcare-associated-infections-antimicrobial-use-PPS.pdf
https://www.cdc.gov/hai/eip/Annual-CDI-Report-2019.html
https://www.cdc.gov/hai/eip/Annual-CDI-Report-2019.html
https://www.england.nhs.uk/costing-in-the-nhs/national-cost-collection/#ncc1819
https://www.england.nhs.uk/costing-in-the-nhs/national-cost-collection/#ncc1819

Fox et al., Microbial Genomics 2023;9:001087

81.

82.

83.

Forster AJ, Taljaard M, Oake N, Wilson K, Roth V, et al. The effect
of hospital-acquired infection with Clostridium difficile on length of
stay in hospital. CMAJ 2012;184:37-42.

Daneman N, Elligsen M, Walker SAN, Simor A. Duration of hospital
admission and the need for empirical antipseudomonal therapy. J
Clin Microbiol 2012;50:2695-2701.

Samonis G, Karageorgopoulos DE, Kofteridis DP, Matthaiou DK,
Sidiropoulou V, et al. Citrobacter infections in a general hospital:
characteristics and outcomes. Eur J Clin Microbiol Infect Dis
2009;28:61-68.

84.

85.

86.

Kim PW, Harris AD, Roghmann MC, Morris JG, Strinivasan A, et al.
Epidemiological risk factors for isolation of ceftriaxone-resistant
versus -susceptible citrobacter freundii in hospitalized patients.
Antimicrob Agents Chemother 2003;47:2882-2887.

Rogers AD, Wallace DL. 708 Serratia infections in burn care. J Burn
Care Res 2022;43:5159-5160.

Yayan J, Ghebremedhin B, Rasche K. Cefepime shows good effi-
cacy and no antibiotic resistance in pneumonia caused by Serratia
marcescens and Proteus mirabilis - an observational study. BMC
Pharmacol Toxicol 2016;17:10.

our journal portfolio.

Five reasons to publish your next article with a Microbiology Society journal

1. When you submit to our journals, you are supporting Society activities for your community.
2. Experience a fair, transparent process and critical, constructive review.
3. If you are at a Publish and Read institution, you'll enjoy the benefits of Open Access across

4. Author feedback says our Editors are ‘thorough and fair’ and ‘patient and caring’.
5. Increase your reach and impact and share your research more widely.

Find out more and submit your article at microbiologyresearch.org.




	Economic and health impact modelling of a whole genome sequencing-­led intervention strategy for bacterial healthcare-­associated infections for England and for the USA
	Abstract
	Data Summary
	Introduction
	Methods
	Modelling
	Estimated number of patients developing bacterial HAI
	Colonizations from antibiotic-resistant organisms
	WGS surveillance and detection of clusters
	Expected deaths
	Resources and costs
	Bed costs, bed days and length of stay
	Cost of clinically qualified specialists in infection prevention and control
	Results
	Discussion
	References


