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Summary

The general aim of this thesis was to contribute to the implementation of surveil-
lance of hospital acquired infections in health care settings, especially acute care 
hospitals. This goal was addressed by designing, developing, and implementing an 
electronically assisted surveillance system (EASS) of HAI, which is based on high-
frequency, hospital-wide, computer-assisted point prevalence surveys (CAPPS). We 
hypothesized that if it would be possible to perform a hospital-wide point preva-
lence survey more efficiently, allowing PPS to be conducted much more frequently, 
and that analyzing data from such serial point prevalence surveys would yield highly
useful information.

From 2006 to 2019 three important steps were taken to support this hypothesis and 
the chapters and publications in this thesis accompany each step. In part I Design 
and development we present how an algorithm was developed to electronically 
assist the infection preventionist (IP) in conducting a hospital-wide point prevalence 
survey of HAI, especially by significantly reducing the workload involved. This 
workload reduction is achieved in two ways, first by an automated preselection of 
only those patients likely to have a HAI, followed by a second step that entailed 
the development of software to support the IP  in assessing the cases selected. The 
algorithm for preselection is called the Nosocomial infection index (Nii). Throughout 
the development phase this Nii has evolved into a score based on an extensive set 
of expert rules that reflect the patient’s clinical condition on each day of stay in the 
hospital. The Nii summaries census data, laboratory and clinical parameters, such as 
leukocyte count, microbiological examinations and antibiotic prescriptions. Yet the 
basic principle of the Nii is simple. For example, when on a given day a leukocyte 
count is available for an individual patient in the clinical datawarehouse the pa-
tient’s Nii score, which default value is zero,  increases with 1 point. Only when the 
Nii is above a certain value the patient is selected for the second step, i.e. the review 
by the IP. In chapter 3 two pilotstudies are presented in which different algorithms, 
which form the basic configuration of the first Nii are evaluated in a surgical/ICU 
population. In this stage of development all variables (such as CRP, microbiological 
results) were manually extracted from different electronic hospital databases and 
stored in a SPSS data sheet for evaluation.  The performance characteristics, i.e. 
sensitivity and specificity, were compared to the surveyor consensus results of two 
point prevalence surveys (n=534) conducted in 2006-2007. Traditional surveillance 
method had a sensitivity of 86.3% (76.3-92.6 95% CI ) and specificity of 100% 
(99.9-100 95% CI).  Automated surveillance, a Nii above the cut-off value of 8, 
identified patients with hospital-acquired infections with a sensitivity of 86.3% 
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(76.3-92.6 95% CI )and specificity of 86.3% (82.8-89.3 95% CI). For the second 
pilotstudy software (e-surveillance) was developed that automatically gathered 
the clinical and laboratory variables from the hospital’s information system and 
automatically calculated the Nii. In this study we found that automated preselection 
had a sensitivity of 92.9% (75-98-8) and a specificity of 86.4% (80.9-90.5). Only 
23% of the populations would have needed a conformational assesment by the IP. 
After chart review of all discrepant cases, sensitivity of the traditional ward based 
surveillance (78,6%) proved lower than the electronically assisted surveillance.

Review by the IP is supported by software which orderly presents all data (including 
radiology reports, microbiological examinations, start and stop dates of antibiotics, 
temperature charts, etc) on a computer screen which allows the IP tgo make the 
decision  whether the patient suffered from a HAI or not according to the national 
Dutch (PREZIES) criteria. Finally, in chapter 3, the reader is presented with a detailed 
overview of the architecture and functionalities of the e-surveillance software, 
which was published as supplementary material alongside one of the publications. 
Each step of the process of performing a computer assisted point prevalence survey 
is described and schemes and screenshots of the software are shown.

In Part II Validation, we performed three clinical studies to assess the sensitivity 
and workload reduction through the preselection step of a computer-assisted point-
prevalence survey (CAPPS) in different hospital settings. In chapter 4 we showed in 
two consecutive studies, that in a 1200-bed tertiary hospital the sensitivity of the 
Nii to detect hospital acquired infections was 85% and 91% in a surgical and in a 
hospital-wide population, respectively. In the first study we concluded that 74% of 
a surgical population can be excluded from detailed assessment by the ICP. Manual 
review of only 133 of the 503 patients would have resulted in a reliable estimate of 
the point prevalence of HAI because of the algorithm’s high negative predicive value 
(98%). Moreover, no extra time was needed to make the preselection on the basis 
of the algorithm, because collecting the values of each parameter and executing the 
algorithm were fully automated.  The performance of the Nii was consistently high 
year after year. This was concluded from the second study in which the sensitivity 
of the selection algorithm was validated using a cohort of 5,206 patients divided 
over nine consecutive hospital-wide surveys performed each March and October 
from 2008 through 2012. The sensitivity of the algorithm was determined for each 
of the nine point prevalence surveys, for all types of HAIs together, and for the 
following five separate categories: surgical site infectionn (SSIs, superficial, deep, 
and anatomical space infections), lower respiratory tract infections (LRTIs, including 
ventilator-associated infections), blood stream nfections (BSIs, primary, catheter-
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related, and secondary infections), urinary tract infections (UTIs,) and other types of 
infection. Consistency over time of the algorithms was analyzed using the likelihood 
ratio x2 test on the outcomes, which showed no significant trend in the sensitivity 
of the algorithm. Workload reduction was achieved by automatically excluding 70- 
74% of patients from detailed assessment by the ICP, which was significant.

In chapter 5 we evaluated the performance of the algorithm and the e-surveillance 
software in another hospital setting, a large 754- bedteaching hospital. Sensitivity 
of a CAPPS again was 91% and workload reduction in this type of hospital was as 
high as 83% in a series of 13 CAPPS. Approximately 3 hours were spend per CAPPS 
in this clinical study. This high level of efficiency could be partly attributed to the 
decision support software that was used for the assesment of the selected patients. 
Furthermore, an external validation was performed by the experts of PREZIES and 
showed this CAPPS to have a 99.1% negative predictive value.

Since 2011 e-surveillance is operational in the tertiary hospital in which it was de-
veloped in. This meant that on a daily basis the clinical datamart was updated with 
all the data needed to automatically execute the algorithms to calculate the a Nii for 
each patient, for each day of stay. In part III Implementation, chapter 6 we present 
how in the years 2013 to 2014 the data gathered in 77 serial, hospital-wide CAPPS 
was consolidated and analyzed into information regarding trends of different types 
of HAI at the level of a whole hospital and at the level of individual hospital depart-
ments. A logistic regression model was used to detect trends hospital-wide and for 
medical disciplines with a higher risk of surgical site infections, lower respiratory 
infections, urinary tract infections and bloodstream infections. To elucidate the ef-
fect of the frequency of surveys on the ability to detect trends in HAI, we performed 
simulation-based power calculations for the trends with p < 0.05 and calculated the 
probability (expressed as the power P (1-beta)) to detect these trends when the 
CAPPS were performed weekly or once every 2, 4 or 6 weeks. With this analyses 
we showed that an electronically assisted surveillance system based on frequently 
repeated hospital-wide CAPPS is highly sensitive to changes in HAI epidemiology 
and that it will pick up subtle trends in the occurrence of HAI that may be relevant 
and otherwise remain undetected. The probability of detecting true trends in HAI, 
for example in surgical site infections (SSI) in the department of neurosurgery fell 
from > 90% to < 10% if the frequency of the prevalence surveys was reduced from 
once weekly to once every 6 weeks. The information from serial CAPPS can be used 
to target interventions, and it is likely that the effects of these targeted interventions 
on HAI rates can be ascertained at an early stage by using this surveillance system. 
Furthermore, in this study we further analyzed the Nii, especially the in-hospital 
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dynamics of patients’ Nii scores from day to day to guide further enhancement of 
the discriminatory capability of the Nii, such that it will exceed current performance 
characteristics. The daily median and interquartile range (IQR) of the Nii scores were 
calculated for three categories of patients: (i) patients who had an Nii score of ≥ 8, 
who were reviewed by the IP and found to have an HAI (category 1); (ii) patients 
who had an Nii of ≥ 8, who were likewise reviewed but for whom review resulted in 
the decision that the patient did not have an HAI (category 2); and (iii) patients who 
did not have an Nii score of ≥ 8 on any point prevalence date during their hospital 
stay(s) and who were therefore not reviewed since they were considered not to have 
an HAI (category 3). A quantile regression analysis was performed on the dynamics 
of the Nii scores of category 1 and 2 patients, which showed a significant difference. 
Possibly this difference in Nii dynamics can be used to optimize next generation 
selection algorithms.

In chapter 7 the e-surveillance software and the two-step process (automated 
preselection followed by software supported assesment of the selected patients) 
was used to conduct a point prevalence survey of antimicrobial use. Patients were 
selected based on new algorithms that were specifically programmed for this study. 
First, the point prevalence population was automatically created. Then, all patients 
using at least one antibacterial for systemic use (ATC code starting with J01) on May 
4th or May 16th 2013 were selected for review regarding the appropriateness of 
the antibiotic use. From this electronically assisted PPS for antibiotic use we learned 
that antibiotic therapy can be evaluated efficiently using this computer assisted 
surveillance system, and that antibitoic use in this tertiary care setting was inap-
propriate in 29.3 % of the instances that antibiotics were prescribed; also, areas for 
improvement in antibiotic usage could be identified.

Traditionally surveillance demands time and resources and infection preventionists 
still spend up to 51% of their time on surveillance activities 1-3. However, in an 
systematic literature review on the use of EASS for HAI we found that less than 20% 
of the studies presented the actual time reduction that was achieved by introduc-
ing an EASS for HAI. Also, very few EASS targeted ‘all types of HAI, hospital-wide’. 
It seems that the older generation of electronic health records was not suited for 
decision support and electronically assisted surveillance of HAI. Electronically as-
sisted surveillance of HAI has not yet reached a mature stage, it is yet to be used 
routinely in most health care settings. Although progress is being made towards a 
digital infrastructure for the learning health system, it is not likely that EASS of HAI 
will be implemented globally within the next decade. A data-driven and decision-
supported healthcare system, including infection control surveillance, requires next 
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generation electronic health records systems4, clinical ownership and a good and 
close working relationship between infection control professionals and medical 
information specialists5.

Future perspectives

The next step is the evolution from electronically assisted surveillance to fully elec-
tronic surveillance, so that the second step, i.e. conformational assesment by the IP 
is not needed and results of e-surveillance can readily be analyzed and shared in a 
healthcare setting and even used to benchmark (inter)nationally.

Routinely documenting clinical findings in the electronic health record
Currently a standardized algorithm for EASS of HAI is lacking. However, standardized 
(E)CDC definitions for HAI, which are in fact algorithms (expert rules) that could be 
automatically executed, are globally accepted. When the data elements and vari-
ables, that are used in HAI definitions, can be found in the electronic patient record 
reassesment by the IP might be not necessary. Although theoretically there is the 
danger of incomplete data entry, previous studies report a very high reliability of 
data entry by the attending health care personnel 6,7. Future studies should again 
start with making an inventory of the availability of standardized data elements 
documented  in electronic healthcare records, which could be used as input for 
these eCDC HAI definitions. For example a standardized description of the wound 
(tumor, dolor, calor, rubor et functio laesa) using the SNOMED CT vocabulary would 
be very helpful in electronically detecting surgical site infections.

Standardizing the use and documentation of microbiology and other laboratory 
findings
The presence and quality of the microbiological examination and other laboratory 
tests highly depends on the availability of these services and on the adherence 
to diagnostic protocols. Unfortunately, this does not necessarily mean that when 
the diagnostics are performed that the data generated can readily to be used in an 
algorithm. Often the results of microbiological examination are reported as free text 
in the electronic hospital records. Therefore, an important prerequisite for future 
decision-supported healthcare systems and EASS of HAI is the standardisation of 
laboratory codes. This effort is currently undertaken in the Netherlands, where 
laboratory testcodes and results are mapped to standardized health information 
building blocks LOINC, SNOMED CT and UCUM codes.
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Regulations towards a data-driven and decision-supported healthcare system
The government’s role should be to guide the future of HAI surveillance by defining 
a clear set of prerequisites and regulations for hospital leadership and software sup-
pliers. This set should at least support the technical interoperability of healthcare 
systems by defining the standards for interfacing (HL7 and IHE profiles) and medical 
information exchange (SNOMED CT, LOINC).

Future research
We recommend that future studies on the development and implementation of EASS 
of HAI focus on thorough validation of previously published algorithms and to study 
reproducibility in different hospital-settings. These studies should use standardized 
data to facilitate implementation in other healthcare centers and present detailed 
information on efficiency, costs and benefits. This information, together with the 
continuous focus on the importance of surveillance of HAI, is needed to convince 
our health care providers, professionals and  boards of directors, to invest in EASS, in 
the future of infection control.

reFerenceS

 1. Brachman PS. Visions for the future. Am J Infect Control 1984;12:204-210.
 2. Emori TG, Haley RW, Stanley RC. The infection control nurse in US hospitals, 1976-1977. 

Characteristics of the position and its occupant. Am J Epidemiol 1980;111:592-607.
 3. Bartles R, Dickson A, Babade O. A systematic approach to quantifying infection prevention 

staffing and coverage needs. Am J Infect Control 2018;46:487-491.
 4. Celi LA, Marshall JD, Lai Y, Stone DJ. Disrupting Electronic Health Records Systems: The Next 

Generation. JMIR medical informatics 2015;3:e34-e34.
 5. Evans RS, Abouzelof RH, Taylor CW, et al. Computer surveillance of hospital-acquired infec-

tions: a 25 year update. AMIA Annu Symp Proc 2009;2009:178-182.
 6. Steinmann J, Knaust A, Moussa A, et al. Implementation of a novel on-ward computer-assisted 

surveillance system for device-associated infections in an intensive care unit. Int J Hyg Envi-
ron Health 2008;211:192-199.

 7. McLaws ML, Caelli M. Pilot testing standardized surveillance: Hospital Infection Standardised 
Surveillance (HISS). American Journal of Infection Control 2000;28:401-405.

8 Erasmus University Rotterdam


