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A B S T R A C T

Background: This study reports the outcome of the first evaluation of the APAS® Independence for automated
reading and preliminary interpretation of urine cultures in the routine clinical microbiology laboratory. In a 2-
stage evaluation involving 3000 urine samples, two objectives were assessed; 1) the sensitivity and specificity of
the APAS® Independence compared to microbiologists using colony enumeration as the primary determinant,
and 2) the variability between microbiologists in enumerating bacterial cultures using traditional culture reading
techniques, performed independently to APAS® Independence interpretation.
Methods: Routine urine samples received into the laboratory were processed and culture plates were interpreted
by standard methodology and with the APAS® Independence. Results were compared using typical discrepant
result resolution and with a composite reference standard, which provided an alternative assessment of per-
formance.
Results: The significant growth sensitivity of the APAS® Independence was determined to be 0.919 with a 95%
confidence interval of (0.879, 0.948), and the growth specificity was 0.877 with a 95% confidence interval of
(0.827, 0.916). Variability between microbiologists was demonstrated with microbiologist bi-plate enumerations
in agreement with the consensus 88.6% of the time.
Conclusion: The APAS® Independence appears to offer microbiology laboratories a mechanism to standardise the
processing and assessment of urine cultures whilst augmenting the skills of specialist microbiology staff.

1. Introduction

The demand for pathology services continues to grow, driven lar-
gely by advances in medicine that allows for both greater life ex-
pectancy and the management of increasingly complex patients
(Ledeboer and Dallas, 2014). At the same time, the ability of the mi-
crobiology laboratory to respond has become more challenging. Despite
significant developments in automation, microbiology remains highly
manual and labour-intensive and is reliant on the skills of micro-
biologists, especially in the area of interpretive assessment of microbial
cultures. The introduction of artificial intelligence (AI) and machine
learning technologies are promising to provide some solutions in this
area (Croxatto et al., 2017; Faron et al., 2016a; Faron et al., 2016b).

The first AI-based system for clinical microbiology to receive FDA
clearance was the APAS® Compact (Clever Culture Systems,
Switzerland), an instrument used for the interpretation of routine urine

samples cultured for 18 h on both Trypticase Soy Agar with 5% Sheep
Blood and MacConkey Agar with crystal violet. A global clinical trial to
validate the technology demonstrated a diagnostic sensitivity of 99.0%
and a specificity of 84.5% (Glasson et al., 2017). The APAS® Compact, a
Class II medical device, was a manual system that required the user to
load single culture plates and allowed the release of an interpreted “No
growth” result without user intervention. This was an important reg-
ulatory differentiator to other currently available digital plate reading
systems that require microbiologist review of all images to release a
result. However, using a single plate loading system in a routine clinical
laboratory did not realise the impact of the technology.

The APAS® Independence (Clever Culture Systems, Switzerland) is a
stand-alone in-vitro diagnostic instrument that fully automates culture
plate imaging and interpretation and is an improvement on the APAS®
Compact system by virtue of its high throughput and reduction in
manual handling. The APAS® Independence differs from other imaging
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systems such as those found in the Kiestra (BD Life Sciences—Integrated
Diagnostic Solutions, USA) and WASPLab (Copan Italia, Italy) in that it
offers a plate reading function and does not include additional robotics
to process or incubate specimens. Importantly, the core of the auto-
mated instrument (the way the images are captured) remains un-
changed from the APAS® Compact and is substantially equivalent. The
software used to interpret the images varies between the two systems
and is tailored for specific use across different specimen types.

This paper describes the first laboratory evaluation of the APAS®
Independence for automated reading and preliminary interpretation of
routine urine cultures, using a bi-plate combination of Horse Blood
Agar and UTI Brilliance Agar. This evaluation differs from previous
observations of the APAS® Compact system as it was conducted within a
routine clinical laboratory environment, using significantly different
culture media and new interpretive software intended specifically for
this media.

With a processing rate of 200 plates per hour, the APAS®
Independence reads and interprets microbial cultures using proprietary
classification algorithms for enumeration and classification, and in the
case of urine samples, an expert decision system based on international
reporting guidelines (England, 2017; Grabe et al., 2015; Kouri et al.,
2000; McCarter et al., 2009). Whilst interpretative subtleties exist
across these guidelines, their broad intent is that a bacterial load of
103 CFU/mL usually represents a low level of probability of urinary
tract infection (UTI), and a colony count of ≥105 CFU/mL indicates a
high probability of UTI. A bacterial load of 104 CFU/mL requires more
detailed interpretation in order to determine significance. It should be
noted that there are additional indicators of significance aside from
bacterial load when determining the presence of bacteriuria.

Using colony enumeration as the primary decision-making driver
for this study, the instrument sorts urine culture plates into four des-
ignation categories, based on the likely significance of the culture;
“Probable” (≥105 CFU/mL), “Review” (104 CFU/mL), “Doubtful”
(103 CFU/mL), and “No Growth.” Cultures designated as “Probable”
and “Review” (i.e. enumeration ≥104 CFU/mL) require the expertise of
microbiologists to further evaluate cultures and to perform identifica-
tion and sensitivity testing as required. In contrast, “Doubtful” (typi-
cally skin and urogenital contamination, and a low likelihood of UTI)
and “No Growth” designations require less skill, or no attention, and
represent samples that could readily be reported through instrument
function and interfacing.

Whilst total colony enumeration is generally the primary con-
sideration in urine culture assessment, laboratory protocol-specific
factors such as patient history and results of other laboratory tests, are
frequently used as adjuncts to clinical interpretation and the generation
of patient reports. The APAS® Independence has a bi-directional inter-
face capability to support the input of these variables from a labor-
atory's information system (LIS), allowing the flagging of cultures for
microbiologist review that, on enumeration and purity parameters
alone, may not have been considered significant. When utilised, it
provides an opportunity for users to customise reporting practices and
the final clinical interpretation of the significance of cultures is not
performed by the APAS® Independence alone.

In an evaluation involving 3000 urine samples, two objectives were
assessed; 1) the reporting of the APAS® Independence compared to
microbiologists performing traditional culture reading techniques,
using colony enumeration as the primary determinant, and 2) the
variability between microbiologists when enumerating urine cultures
performed independently to APAS® Independence interpretation.

2. Methods

2.1. Standard urine processing methodology at St Vincent's Pathology

St Vincent's Pathology (SVP) provides services to St Vincent's
Hospital, several affiliated private and specialist hospitals, general

practitioners, and a large clinical trials business. Consequently, the
microbiology laboratory receives a diverse range of specimens where
urine samples requiring culture constitute approximately 50% of the
total bacteriology workload. Up to 300 urine specimens are processed
per day, and whilst a large proportion are considered routine, a range of
complex samples are received from renal transplant recipients, cathe-
terized inpatients and complicated oncology patients, for example.

All urines received by SVP microbiology laboratory have automated
chemistry and microscopy performed using the AUTION Hybrid AU-
4050 System (ARKRAY, Inc., Japan). In addition, the majority of urines
are cultured using a 1 μL calibrated loop onto a Horse Blood Agar
(HBA)/Brilliance UTI chromogenic agar bi-plate (Thermo Fisher
Scientific, Australia, product PP2249) (Fallon et al., 2002) and in-
cubated aerobically at 35 °C for 18 h. Consistent with international
reporting guidelines, interpretation of culture plates is initially de-
termined by colony enumeration, and in the case of a bi-plate, the
overall enumeration is calculated by taking the higher of the two agar
colony counts, termed amalgamated enumeration. Table 1 provides a
full description and definition of growth categories, where growth at
≥104 CFU/mL is considered potentially significant (SIG), and growth at
less than this level (or no growth) is generally considered not significant
(NSG). All urine samples received for culture were included in this
study. Samples did not contain preservatives.

2.2. APAS® Independence operation parameters

The APAS ® Independence was operated in accordance with man-
ufacturer instructions, using Analysis Module AM007–1.0.0–27721.
Following routine incubation, agar plates were loaded via the in-
strument's input module and the session was initiated to run. The in-
strument then mechanically transported the plates to an imaging sta-
tion where plate images were acquired from both top- and bottom-lit
light sources. Proprietary classification software was used to enumerate
and analyse bacterial growth on each media of the bi-plate in order to
determine the appropriate designation (Probable, Review, Doubtful, or
No Growth) in the instrument's output section. This process took, on
average, 18 s per bi-plate and occurred in real-time. As the primary
objective of this study was to measure colony enumeration, plate des-
ignation categories offered by the system were not directly evaluated.
The APAS® Independence was not interfaced to the LIS and results were
not used for routine clinical reporting. For this study, growth
≥104 CFU/mL was considered potentially significant, warranting mi-
crobiologist attention for further interpretation.

A schematic of workflow is detailed Fig. 1 and further detailed in-
formation on the system is available at www.cleverculturesystems.com.

2.3. APAS® Independence reporting compared to standard laboratory
workflow

SVP performed this evaluation over a 5-week period. The aim was to
assess the ability of the instrument to evaluate cultures compared to a
microbiologist operating under current laboratory workflow and re-
porting conditions. In stage one a total of 881 cultures were analysed by
the APAS® Independence and independently assessed and reported by
microbiologists, according to the laboratory's routine protocols. To do

Table 1
Definition and interpretive criteria of results by St Vincent's Pathology's stan-
dard workflow.

St Vincent's classification Definition

No Growtha No colony forming units detected
No significant growth (NSG) < 104 CFU/mL
Significant growth (SIG) > 104 CFU/mL

a No growth was included in the NSG group for analyses.
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this, each side of the bi-plate was inoculated with 1 μL of well-mixed
urine and manually streaked using a fishbone pattern. Plates were in-
cubated for 18 h and were first analysed by the APAS® Independence
and then by microbiologists. The two evaluations were performed using
the same culture plates and the time between imaging and manual
culture reading was typically less than one hour. The primary analysis
variable in this study was bacterial growth enumeration of the bi-plate,
classified as 0, 103, 104 and 105+ CFU/mL. The reporting micro-
biologists remained blinded to the APAS® Independence results.

The APAS® Independence calculated the enumeration for each agar
of the bi-plate and assigned an amalgamated enumeration by taking the
larger of these two values, in line with standard laboratory culture
reading procedures performed by microbiologists. The final and routine
culture results reported by SVP were extracted from the LIS. A direct
comparison of results generated by SVP standard workflow and the
APAS® Independence, is presented as a two by two confusion matrix in
Table 2. Sensitivity and specificity were estimated with 95% confidence
intervals using the Wilson score method (Newcombe, 1998). Sensitivity
was defined as the probability of the APAS® Independence detecting
significant growth (SIG, ≥104 CFU/mL) where SVP determined sig-
nificant growth, and specificity was defined as the probability of the
APAS® Independence reporting non-significant growth where SVP de-
termined non-significant growth (NSG,< 104 CFU/mL). Analysis was
performed in R 3.5.1 (Team, 2017).

2.4. Investigation of microbiologist variability

Separate to the stage one comparison, a randomly selected subset of
480 plates (consisting of 107 No Growth plates, 151 plates with
103 CFU/mL, 148 with 104 CFU/mL, and 74 with ≥108 CFU/mL) from
the 2119 samples available for stage two, was used to assess the
variability in culture interpretation between microbiologists. Three
microbiologists assessed the enumeration of the APAS® Independence

images independently of each other in a blinded manner. The micro-
biologists' enumeration values were then compared across all the mi-
crobiologists and for each of three pairwise combinations. A consensus
enumeration value for each agar was calculated by taking the median of
the ordinal enumeration categories of the microbiologists. Both per-
centage agreement and correlation using Kendall's τB (rank correlation)
were calculated (Agresti, 2010).

2.5. Composite reference standard (CRS) for discrepant result analysis

Discrepant resolution is commonplace in clinical microbiology,
however inherently biased approaches investigating only samples that
disagree are often used (Buss et al., 2015; Faron et al., 2016b; Faron
et al., 2015; Harrington et al., 2015; Kost et al., 2017; Mashock et al.,
2017). CRS methodology (Alonzo and Pepe, 1999a) avoids the bias
inherent in typical discrepant resolution by not only sampling dis-
crepant samples, but also sampling specimens in agreement, allowing
and assessing the possibility that the samples in agreement may fall out
of agreement with the use of an improved imperfect truth (such as the
consensus of a panel of microbiologists). The CRS method requires a
representative number of both discrepant and concordant samples, and
the more samples analysed, the lower the width of the confidence in-
tervals around revised CRS estimates. By not requiring all samples ex-
amined to have a composite reference standard calculated, CRS pro-
vides an efficient methodology whilst maintaining statistical rigour.
The methodology to produce CRS-based sensitivity and specificity es-
timates with 95% confidence intervals is outlined in (Hawkins et al.,
2001) using a probit transformation and the delta method (Cox, 1990).
The data and code to perform the analysis in R are available at https://
github.com/tystan/crs.

3. Results

3.1. APAS® Independence versus SVP

The data from the first stage of the evaluation demonstrated a high
level of agreement (86.8%, 765/881; Table 2) between SVP and APAS®
Independence enumerations. When there was disagreement, there was
a larger probability the APAS® Independence would report the higher
enumeration. Significant growth occurred on 449 plates as assessed by
SVP; 423 of these plates were also assessed to have significant growth
by APAS® Independence (Table 2). The significant growth sensitivity
was estimated to be 0.942 with a 95% confidence interval of (0.917,
0.960). Similarly, 432 plates were assessed as having non-significant
growth by SVP and 342 of these plates were also assessed to have non-

Fig. 1. Schematic representation of the APAS® Independence workflow within the laboratory. The APAS-LIS flag function provides the option for microbiologist
review for No Growth or Doubtful plates under laboratory-defined conditions.

Table 2
Sample classifications of St Vincent's Pathology's standard workflow (SVP)
(rows) and APAS® Independence (columns) for the first stage of the evaluation.
Entries in the table are the number of bi-plates with the given SVP and the
APAS® Independence categorisations.

APAS® Independence

NSG SIG

SVP NSG 342 90
SIG 26 423
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significant growth by APAS® Independence. The significant growth
specificity was estimated to be 0.792 with a 95% confidence interval of
(0.751, 0.827).

3.2. Microbiologist variability

Fig. 2 demonstrates the variability in urine culture enumeration
across microbiologists. The lowest agreement on samples between all
microbiologists occurred for consensus values of 103 CFU/mL for both
agars (as low as 60.2% on Brilliance UTI agar (68/113)). As might be
expected, the high growth (105+ CFU/mL) group showed the most
concordance between all microbiologists for both agars. In almost a
third of HBA cultures, one microbiologist reported some growth where
the consensus was no growth (32.2%, 37/115). This occurred far less on
Brilliance UTI agar (22.7%, 44/194).

Total agreement between all microbiologists for enumeration was
achieved in 69.6% of samples on HBA (334/480) and 72.9% on
Brilliance UTI agar (350/480). The amalgamated growth values were
very similar to the HBA growth values because HBA usually exhibited
more growth. However, microbiologist amalgamated enumerations in
agreement with consensus was 88.6% (1276 /1440) which is slightly
less than 94.5% agreement on HBA previously reported in (Glasson
et al., 2016b). On HBA, 2 microbiologists demonstrated the most
agreement with a percentage agreement of 82.7%. The same micro-
biologists had a similar level of agreement and correlation on Brilliance
UTI agar. The percentage of agreement was slightly higher on Brilliance
UTI agar for all pairwise comparisons of the microbiologist's

enumeration values (data not shown), suggesting the reading of Bril-
liance UTI agar was perhaps simpler due to the presence of chromo-
genic reactions facilitating interpretation.

3.3. Composite reference standard

Fig. 3 demonstrates how the CRS method altered the initial achieved
estimates for sensitivity and specificity. It is clear that the initial spe-
cificity result was an underestimate, as application of the CRS increased
specificity considerably (by 0.085) to 0.877 (CRS specificity 95% CI:
0.827, 0.916). However, because of the nature of the CRS method, the
sensitivity reduced from 0.942 to 0.919 (CRS sensitivity 95% CI: 0.879,
0.948). When considering the typical discrepant resolution method,
labelled (c) Discrepant resolution -typical, both the sensitivity and spe-
cificity improved over the initial estimates, as would be expected.

4. Discussion

Using SVP as the truth status for plate assessment, the CRS sig-
nificant growth sensitivity was determined to be 0.919 with a 95%
confidence interval of (0.879, 0.948), whilst the CRS significant growth
specificity was determined to be 0.877 with a 95% confidence interval
of (0.827, 0.916). Where there was disagreement (n = 26, SVP SIG and
APAS® Independence NSG), image review determined that twenty-four
samples had urogenital/ skin contaminants at levels marginally above
the 104 CFU/mL threshold. These were reported as mixed urogenital
and skin contamination by the laboratory, but as< 104 CFU/mL by the

Fig. 2. Microbiologist panel agreement percentages by level of enumeration of each of two agars separately and for the amalgamated sample enumeration. Panel
agreement is defined as all three microbiologists providing the same enumeration on the same plate image.
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APAS® Independence. According to the study criteria, and based solely
on bacterial enumeration, these results are considered false negatives
for the APAS® Independence. However, this was not reflected in the
final laboratory result of urogenital contamination, i.e. non-significant
growth. The two remaining discrepant samples contained slow-
growing alpha-haemolytic streptococci, presenting as hazy growth after
18 h incubation. Of these, one sample would have flagged for review/
re-incubation by virtue of a raised white blood cell count and utilisation
of a bi-directional interface to re-route the plate from a NSG classifi-
cation to a SIG classification. A “flag” is feature of the APAS®
Independence that can be used in conjunction with other sample
parameters and patient demographics from the LIS to redirect culture
classifications on the instrument in real-time. In both cases, the strep-
tococcal isolates were reported by the laboratory as being of uncertain
significance due to absence of any clinically relevant information.
However this will not always be the case, and the limitation described
here will require complementary laboratory procedures to minimise
impact (Glasson et al., 2016a). Whilst the sensitivity estimate of 0.919
on enumeration alone may appear to be less than ideal, the limitations
described in this study do not practically translate to a fully integrated
instrument with LIS connectivity and the use of flags as described,
which would predictably increase true clinically sensitivity. Assuming
full LIS integration and the use of custom flags to promote those sam-
ples that are potentially clinically significant based on additional in-
formation, only one clinically significant case from 449 samples would
have been misreported by the APAS® Independence, with a resulting
sensitivity estimate of 0.998 (448/449 SIG samples, Table 2).

Lack of full integration of the APAS® Independence with the LIS was
therefore a limitation of this study and such integration would

additionally have allowed quantitative assessment of efficiencies attri-
butable to automated plate reading and releasing of reports. This
highlights the necessity to interrogate new technologies thoroughly in
terms of both their analytical performance, and their true clinical per-
formance with full laboratory integration.

Direct comparison to performance of previous studies using the
APAS® Compact with Trypticase Soy Agar with 5% Sheep Blood and
MacConkey Agar with crystal violet agars is not possible because the
media used in this evaluation are different, but we note that the spe-
cificity in this study is greater while the raw sensitivity estimate is re-
duced. This may be a function of the media which poses some detection
challenges to the interpretive software in the context of pin-point co-
lonies on the agar. This is also likely to be a function of the way the
results were analysed, as the previous studies measured sensitivity and
specificity based on the presence or absence of growth, while this study
uses bacterial enumeration as the primary driver for determining the
likely significance of a urine culture. Whilst it is generally accepted that
the bacterial load of urinary tract infections is> 105 CFU/mL, there are
often exceptions to this, both clinical and laboratory-specific, that add a
further study limitation.

Although human assessment of bacterial cultures remains the gold
standard, this evaluation has shown its subjective and variable nature,
which is surprisingly under-reported in the literature (Glasson et al.,
2016b). The APAS® Independence allows for the standardisation of
culture reading through the use of standardised interpretive software.
In this study, microbiologist variability was assessed using electronic
images of cultures and it may be that the low level of agreement at
values of 103 CFU/mL was due, in part, to the misclassification of agar
flecks, dust, and/or probable artefacts on images as colonies (2). With

Fig. 3. Sensitivity and specificity estimates with 95% confidence intervals as vertical bands for the three analysis methods of estimation.
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any digital plate reading systems, ensuring appropriate training and
competency assessment is especially important, especially in the ab-
sence of the ability to manipulate angles of light on the plate to de-
termine form and shape. In the case of the APAS® Independence, efforts
are made to computationally remove these common artefacts, and their
classification as background is a key difference between the APAS®
Independence and other digital plate reading systems that currently
exploit differences in images at incubation points.

Despite the established and authoritative recommendations against
typical discrepant resolution (Alonzo and Pepe, 1999b, Hadgu Hadgu,
1996, Hadgu, 2000, Hawkins et al., 2001, McAdam, 2000, McAdam,
2017, Miller, 1998), methods interrogating only those results that do
not agree remains in widespread use (Buss et al., 2015; Faron et al.,
2016b; Faron et al., 2015; Harrington et al., 2015; Kost et al., 2017;
Mashock et al., 2017). An alternative, and apparently superior method,
CRS, overcomes the shortcomings of an imperfect truth when evalu-
ating a new test or screening method. CRS takes the classification of
plates by a new test and an imperfect truth, and then improves the
estimates of the test's performance by subsampling and re-assessing the
plates in a manner that performs as an improved imperfect truth. CRS
applies this methodology to both concordant and discrepant samples,
not just discrepant samples, and therefore removes bias.

CRS provides a defensible method to reduce the effect of individual
microbiologist variability unfairly altering performance estimates.
These data demonstrate that more concordance was achieved when
examining a subsample of plates with a panel of microbiologists, re-
ducing variability in the truth status of plates. However, this does not
necessarily equate to improved sensitivity and specificity estimates as
seen here (specificity increased from 0.792 by 0.085, but sensitivity
reduced from 0.942 by 0.023), while typical discrepant analysis did
improve sensitivity and specificity as expected.

The use of AI in diagnostics is rapidly advancing, and when im-
plementing systems to augment human skill and knowledge, there must
be a concerted effort to truly understand the technology and its lim-
itations, on its own and when combined with adjunct technologies or
systems. When evaluating these new technologies, simply continuing
typical analyses and processes is not applicable and not statistically
defensible. It is a timely reminder to examine, with scientific and sta-
tistical rigour, representative samples from across the entire sample set
to ensure that the true performance is understood and to confirm that
the technology will be fit for diagnostic purpose. Simply setting typical
performance measurements (such as sensitivity and specificity) may not
be enough. It is also important to consider usability across staff and to
ensure engagement with these stakeholders is given the appropriate
focus and weight in the decision-making process for adopting new
technologies.

In routine laboratory testing where approximately 60–70% of urine
cultures return results of no growth or no significant growth, there
exists a potential for significant reduction in microbiologist time to read
and report these cultures using the APAS® Independence. This is pri-
marily due to the triaging function of the instrument, and the fact that
the instrument provides a report to the laboratory information system
that can facilitate the automatic reporting of samples that yield results
of no growth and no significant growth (NSG), requiring no micro-
biologist input and a decreased time to reporting. This opens the po-
tential for workflow redesign and redirection of skilled resources to
other areas of the laboratory.

The APAS® Independence adds to the suite of options from other
manufacturers in microbiology. This includes solutions for specimen
processing, for example, WASP (Copan Italia, Italy), InoqulA (BD Life
Sciences - Integrated Diagnostic Solutions, USA), and AutoPlak
(Beckman Coulter, USA) as well as automated incubation and imaging
of samples (ReadA - BD Life Sciences - Integrated Diagnostic Solutions,
USA) without any assisted artificial intelligence. Combined, the concept
of workstation automation allows users to customise and prioritise
system integrations for individual laboratories, and as fiscal conditions

allow.
When evaluating new technologies with an evidence- and risk-based

approach, clinical sensitivity is a key determinant for procurement and
implementation. In this study, the clinical sensitivity availed by full
implementation options was 0.998 which indicates the risk of false
negatives is very low. However, other strategic considerations are also
fundamental and were important considerations for the authors. As
such, the APAS® Independence offers microbiology laboratories a me-
chanism to augment the skills of specialist microbiology staff, reduce
workload and manual handling, and increase efficiencies and standar-
disation in the processing and assessment of urine cultures, as well as
addressing a growing gap in the availability of skilled workers.
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