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a b s t r a c t 

Background and objectives: Disk diffusion testing, known as antibiogram , is widely applied in microbiology 

to determine the antimicrobial susceptibility of microorganisms. The measurement of the diameter of 

the zone of growth inhibition of microorganisms around the antimicrobial disks in the antibiogram is 

frequently performed manually by specialists using a ruler. This is a time-consuming and error-prone 

task that might be simplified using automated or semi-automated inhibition zone readers. However, most 

readers are usually expensive instruments with embedded software that require significant changes in 

laboratory design and workflow. 

Methods: Based on the workflow employed by specialists to determine the antimicrobial susceptibility 

of microorganisms, we have designed a software tool that, from images of disk diffusion tests, semi- 

automatises the process. Standard computer vision techniques are employed to achieve such an automa- 

tisation. 

Results: We present AntibiogramJ, a user-friendly and open-source software tool to semi-automatically 

determine, measure and categorise inhibition zones of images from disk diffusion tests. AntibiogramJ is 

implemented in Java and deals with images captured with any device that incorporates a camera, in- 

cluding digital cameras and mobile phones. The fully automatic procedure of AntibiogramJ for measuring 

inhibition zones achieves an overall agreement of 87% with an expert microbiologist; moreover, Antibi- 

ogramJ includes features to easily detect when the automatic reading is not correct and fix it manually 

to obtain the correct result. 

Conclusions: AntibiogramJ is a user-friendly, platform-independent, open-source, and free tool that, up to 

the best of our knowledge, is the most complete software tool for antibiogram analysis without requiring 

any investment in new equipment or changes in the laboratory. 

© 2017 Elsevier B.V. All rights reserved. 
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. Background 

Determining the antimicrobial susceptibility of microorganisms

s of great importance in clinical microbiology not only to guide

herapeutic decisions in infectious diseases, but also to investigate

he evolution and epidemiology of resistance [1] — which is essen-

ial for implementing hospital prevention programs. Antimicrobial

usceptibility tests are used to examine the in vitro activity of dif-

erent antimicrobial agents against a specific microorganism. There

re a variety of methods for determining antimicrobial susceptibil-

ty, including disk diffusion, agar dilution or broth microdilution.

ll these techniques must be performed under standardised con-

itions (culture media, temperature, incubation time, among oth-

rs) in order to achieve assessable, interpretable, reproducible and

omparable test results. 
∗ Corresponding author. 
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The Kirby-Bauer or disk diffusion assay, also known as antibi-

gram , is a qualitative test widely used in routine microbiology

ractice, mainly in bacterial isolates, due to its convenience,

eliability and low cost [1,2] . In this method, cellulose disks im-

regnated with specific dilutions of different antimicrobial agents

re placed on the surface of agar plates previously inoculated with

 standardised suspension of the microorganism [3] . Agar plates

re incubated using optimal conditions depending on the microor-

anism, and, then, the diameter (in mm) of the zone of growth

nhibition surrounding each antimicrobial disk is measured. The

iameter of the inhibition zone is related to the susceptibility of

he isolate and to the diffusion rate of the antimicrobial through

he agar medium [4] . Hence, this allows the categorisation of the

acterial isolate as susceptible, intermediate or resistant to each

ntimicrobial drug tested according to the clinical breakpoints

stablished by international committees such as the Clinical and

aboratory Standards Institute (CLSI) [5] or the European Com-

ittee on Antimicrobial Susceptibility Testing (EUCAST) [6] . In

he first case, breakpoints are published annually, whereas in the

http://dx.doi.org/10.1016/j.cmpb.2017.03.010
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cmpb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmpb.2017.03.010&domain=pdf
mailto:jonathan.heras@unirioja.es
http://dx.doi.org/10.1016/j.cmpb.2017.03.010
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second case, they are permanently available and updated annually

on its website ( http://www.eucast.org/ ). 

Some antimicrobial agents may appear active in vitro due to the

weak expression of certain resistance mechanisms, but are not ef-

fective clinically. Thus, it is important to carry out an interpretative

reading of the antibiogram as a complement of the susceptibility

test results. This global analysis of a specific susceptibility pattern

may lead to the modification of inconsistent clinical classifications

and the prediction of susceptibility values of other drugs not in-

cluded in the antibiogram [7,8] . 

The measurement of the diameter of the zone of growth in-

hibition in the antibiogram obtained by disk diffusion test is fre-

quently performed manually by specialists using a ruler. Subse-

quently, the specialist consults the standard’s breakpoints and cat-

egorises the bacterial isolate for each drug tested as susceptible,

intermediate or resistant. This process is time-consuming and the

task of measuring the inhibition zones can be highly dependent

on the researcher. Automated and semi-automated inhibition zone

readers facilitate objective and rapid resulting, reduce the opera-

tor variability in reading plates and also reduce the likelihood of

introducing errors in the transcription of results [9] . In addition,

these systems enable a more thorough quality review, and facili-

tate the comparison of cultures from multiple sites and at multiple

time points during incubation [10,11] . However, automated inhibi-

tion zone readers are usually expensive instruments with embed-

ded software that require significant changes in laboratory design

and workflow [11] . 

An affordable alternative to those systems could be software

packages that deal with images of agar plates from disk diffu-

sion tests (from now on, plate-images) captured with a camera de-

vice. Nevertheless, there are just a few standalone programs for

analysing plate-images, and they lack some key features such as:

an easy-to-use interface, a database to store the analysed images,

or integration with the standards’ breakpoints. 

In this paper, we present AntibiogramJ , a user-friendly software

tool to semi-automatically determine, measure and categorise inhi-

bition zones of plate-images. AntibiogramJ deals with images cap-

tured with any device that incorporates a camera, including dig-

ital cameras and mobile phones. AntibiogramJ is an open-source,

platform-independent and free tool. In addition, AntibiogramJ in-

corporates key features that help in the analysis of plate-images

(e.g. an integrated database, the visualisation of breakpoints on

the images, the chance of loading different standards, and so on).

Therefore, AntibiogramJ provides the benefits of automated and

semi-automated inhibition zone readers but reducing costs — since

no special equipment is needed — and changes in the laboratory. 

2. Implementation 

AntibiogramJ has been developed as a Java application. It re-

lies on two third-party libraries widely applied in bioinformatics:

ImageJ [12] , that provides functionality for image processing, and

OpenCV [13] , that features several computer vision and machine-

learning algorithms. The combination of those two libraries was

possible thanks to the IJ-OpenCV library ( http://joheras.github.

io/IJ-OpenCV/ ). Additionally, AntibiogramJ includes an embedded

database provided by the JavaDB library [14] . 

There are three main concepts in AntibiogramJ: plate, antibi-

ogram and experiment . A plate corresponds to the determination,

measurement and categorisation of the inhibition zones of one

plate-image (such an image might have been captured using non-

specialised devices like digital cameras and mobile phones). An an-

tibiogram collects the data from several plates inoculated with the

same microorganism. Finally, an experiment gathers antibiograms.

These three concepts are integrated in the user-friendly graphical-

user-interface of AntibiogramJ and persist in the program using
n embedded JavaDB database (the structure of the AntibiogramJ

atabase is provided as a supplementary material). The interface of

ntibiogramJ has been designed to smooth its learning curve, and

t guides the user by means of metaphors, tooltips, autocomplete

elds, wizards, and enabling/disabling functionality when needed. 

The AntibiogramJ main window (see Figs. 1–3 ) consists of 3

raphical entities. The AntibiogramJ menu provides the functional-

ty to manage experiments; namely, it allows the user to create

 new experiment, open and close experiments, generate a new

xperiment by using antibiograms of other previously created ex-

eriments, and import an experiment from a file — the latter fea-

ure allows the user to share experiments across computers us-

ng the export functionality included in AntibiogramJ. In addition,

rom this menu, the user can manage standards (see Section 2.1 ),

nd make searches (see Section 2.3 ). The experiment panel (left side

f the interface) contains the active experiment, its associated an-

ibiograms, and the plates that form such antibiograms. From this

anel, the user can incorporate plates to the experiment: if the

late was inoculated with one bacterial isolate already present in

ne of the antibiograms of the experiment, the plate is included

n such an antibiogram; otherwise, a new antibiogram containing

he plate is created and added to the experiment — in both cases,

he process is carried out automatically by AntibiogramJ. In addi-

ion, from the experiment panel, the user can remove antibiograms

nd plates from the experiment, export all the information of the

xperiment and its antibiograms to an Excel file, and export the

xperiment to a file, that might be shared to other researchers and

ater imported to AntibiogramJ. Finally, the tabbed panel shows the

nformation acquired in the process of reading the plates that form

he antibiograms of the experiment (see Section 2.2 ). 

The rest of this section is devoted to present the key features

f AntibiogramJ. 

.1. Antimicrobial susceptibility testing standards 

Before categorising the inhibition zones of plate-images, it is

ecessary to establish the standard that will be employed for such

 categorisation. As we have indicated in the Introduction, there

re several organisations that regulate the standardisation of sus-

eptibility tests, procedures, and interpretation criteria (e.g. CLSI,

r EUCAST). By default, the current version of AntibiogramJ works

ith the EUCAST standard v.6.0 [6] . However, some laboratories

ight work with other standards — for instance, CLSI — and, it

ight be necessary to update the version of some standards — for

nstance, new versions of the EUCAST standard are released an-

ualy. In order to deal with this issue, AntibiogramJ provides the

unctionality to load other standards, or new versions of them, and

elect the standard to use. 

It is worth mentioning that each standard has its own format;

ence, hard-coding the transformation of each of them to the in-

ernal representation of AntibiogramJ is not suitable because it

eans that the AntibiogramJ code should be altered to deal with

he different standard formats and their versions. Instead, we em-

loy a new format, called AntibiogramJXML , as an intermediate step

n the conversion process. 

The AntibiogramJXML format is based on the XML (eXtensible

arkup Language) format and is therefore independent of any par-

icular computer system and extensible for future needs. The struc-

ure of XML files following the AntibiogramJXML format is fixed

y an XML Schema [15] , that not only determines the structure

f XML files but also specifies and restricts the content of their

lements — the AntibiogramJXML Schema is provided in the sup-

lementary materials. This schema was developed taking into ac-

ount the information that is needed to determine the suscepti-

ility of bacteria to the different antimicrobials. AntibiogramJXML

les are structured in two main blocks: metadata and breakpoints’

http://www.eucast.org/
http://joheras.github.io/IJ-OpenCV/
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Fig. 1. Main window of AntibiogramJ showing a summary of the active experiment. 

Fig. 2. Main window of AntibiogramJ when an antibiogram of the active experiment is selected. 
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ata. The former gives general information about the standard like

he name, the version and the validity. The latter contains informa-

ion about the breakpoints for the different microbial groups and

ntimicrobials. Files that follow the AntibiogramJXML format can

e nicely visualised in any web browser thanks to an XSLT (eXten-

ible Stylesheet Language Transformations) file [15] — an example

s provided in the supplementary materials. 

The greatest advantage of using the AntibiogramJXML format is

hat it allows AntibiogramJ to deal in an elegant manner with dif-

erent standards. Instead of hard-coding the conversion in Antibi-

gramJ, an external program is employed to convert the standard

n its original format to the AntibiogramJXML format — such an

xternal program might be created not only by the developers of

ntibiogramJ but also by third-parties. Subsequently, the generated

le can be loaded and used in AntibiogramJ. In this way, new stan-

ards can be easily incorporated into AntibiogramJ. 
Once the desired standard is selected, the user can create an

xperiment and add antibiograms to it by means of the plate anal-

ser wizard . 

.2. The plate analyser wizard 

AntibiogramJ provides a wizard to analyse plate-images — An-

ibiogramJ supports the most common standard image-formats in-

luding tiff, jpeg, png, gif, and bmp. As a result of the analysis, a

late is added to either a new or an existing antibiogram of the ac-

ive experiment. The plate analyser wizard guides the user through

he 5 steps that are required to analyse a plate-image: bacte-

ial isolate data, image pre-processing, antimicrobial disk manage-

ent, inhibition zone reading, and inhibition zone annotation (see

ig. 4 ). 
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Fig. 3. Main window of AntibiogramJ when a plate of one of the antibiograms of the active experiment is selected. 

Fig. 4. Workflow of the plate analyser wizard. Left. Main steps of the plate analyser 

wizard — even if the flow of the figure goes from top to bottom, the user can go 

back at any point. Right. Substeps of each step of the plate analyser wizard. 
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Step 1. Bacterial isolate data. In the first step, the users select

whether they want to add the plate to an antibiogram of the ex-

periment, or if they want to create a new antibiogram by introduc-

ing the information about the analysed bacterial isolate. In particu-

lar, the data that must be provided are the microbial group, genus,

species, and strain number of the bacterial isolate; and, optionally,

the sample of the bacterial isolate and some comments. These data

are introduced by means of autocomplete text fields that remem-

ber the information that was introduced previously for other bac-

terial isolates. 
tep 2. Image pre-processing. Since AntibiogramJ does not restrict

he devices, or the conditions, used to capture plate-images, there

s a huge variability on those images. Therefore, it might be nec-

ssary to adjust the quality of the images using the functionality

rovided by AntibiogramJ. First of all, the user can crop the image

o keep in the image just the plate; this action can be performed

ither manually or automatically — the automatic cropping is car-

ied out using the OpenCV library; namely employing the Hough

ircle transform [16] . Moreover, the user can adjust, both manually

nd automatically, the brightness and contrast of the plate-image

this functionality is provided by the ImageJ library. 

tep 3. Antimicrobial disk management. AntibiogramJ automatically

etects the disks in the plate-images and reads the codes of the

ntimicrobials written in those disks. In order to achieve this func-

ionality, the first step is a combination of filtering and threshold-

ng that is applied to automatically detect the white disks of the

mage. In some situations (e.g. if the quality of the image is low),

his automatic detection might need some adjustments — namely,

he user can add and remove disks, and adjust their position and

ize. Subsequently, the user must indicate the size in millimeters

f one of the diameters of the detected disks, by default this value

s 6mm. This information is employed to calibrate the scale of the

mage — a step that allows the use of images captured with dif-

erent devices, that might have different lenses and image sensors,

nd at different distances. 

Finally, the codes written in the antimicrobial disks are read,

nd for each code the corresponding antimicrobial is associated.

his reading of the antimicrobial codes is performed by means of

 learning system that matches the disks against previously seen

isks with the same code. Instead of using an OCR (Optical Char-

cter Recognition) to read the letters written in the disks, we use

his matching procedure because different providers use different

odes for the same antimicrobial (for instance, Oxoid uses AK as

he code for amikacin, whereas BD uses the code AN ); hence, An-

ibiogramJ adapts itself to the antimicrobial disks employed in each

aboratory. It is worth noting that, in this approach, the first times

hat the users employ AntibiogramJ, they need to teach the sys-

em, by selecting from a list of antimicrobials; and such a selection

s learned for future use. In the matching procedure, the learn-

ng system employs the ORB binary descriptor [17] provided by

penCV. 
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Fig. 5. Inhibition zone reading in AntibiogramJ. Left. Plate-image, the red circle indicates the limit of the resistant value, the blue circle indicates the limit of the susceptibility 

value, and the yellow circle the detected inhibition zone. Right. Plate analyser wizard showing (1) information about the selected antimicrobial (category, whether it has 

microcolonies (in the inhibition zone), and interpretation given by the user), (2) options to edit the inhibition zone, (3) breakpoint information provided by the standard. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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tep 4. Inhibition zone reading. AntibiogramJ automatically deter-

ines and measures the inhibition zones of the plate-images, and

ategorises them based on the inhibition zone diameters and the

alues provided by the standard’s breakpoints. The available cate-

ories are Susceptible, Intermediate, Resistant , and Not Available —

he last option indicates that the standard does not provide a

reakpoint for that antimicrobial. The user can manually correct

he detected inhibition zones by using a slider or by manually in-

roducing a diameter size. When an inhibition zone is modified,

ts category is automatically recomputed. In this step, the user can

isualise the susceptibility limits and values: a red circle in the im-

ge indicates the limit of the resistant value, a blue circle indicates

he limit of the susceptibility value, and a yellow circle the de-

ected inhibition zone (see Fig. 5 ). This makes easier the categori-

ation of each inhibition zone, since the user can visualise it at a

lance. Moreover, in this step, the user can provide an interpreta-

ive reading of the antibiogram as a complement of the suscepti-

ility test result. 

tep 5. Inhibition zone annotation. As a final step in the plate anal-

ser wizard, the user can annotate the image including informa-

ion like the category and diameter of each inhibition zone, and

ustomise the information using different colours, see Fig. 6 . 

inishing the plate analysis. Once the user has finished the analy-

is of a plate-image (i.e. the five aforementioned steps have been

ompleted), a new plate is stored in the AntibiogramJ database

nd added to an antibiogram of the active experiment in the An-

ibiogramJ interface (see Figs. 1–3 ). The analysed plate can be

dded to an antibiogram of the experiment in two different ways.

f the plate was inoculated with the same microorganism of one

f the antibiograms already present in the experiment, the plate

s incorporated to such an antibiogram; otherwise, a new antibi-

gram containing the plate is created and added to the experi-

ent. In both cases, the process is conducted automatically by An-

ibiogramJ. Finally, if required, an alert system proposes additional

henotypic and molecular tests to detect specific resistances or re-

istance mechanisms according to the EUCAST guidelines (the de-

ault standard) [18] . 
In the main window of AntibiogramJ, if the active experiment is

elected, a summary of the information of all the antibiograms of

uch an experiment is shown (see Fig. 1 ) — for each antibiogram

f the experiment and for each antimicrobial of such antibiogram,

he AntibiogramJ interface shows the name of the antimicrobial,

he code, the category, the diameter, the standard employed to de-

ermine the susceptibility, and additional information provided by

he researcher (e.g. interpretation, inner microcolonies and so on).

f one of the antibiograms of the experiment is selected (see Fig. 2 )

nly the information associated with such an antibiogram is shown

n a new tab. Finally, if a plate of one of the antibiograms of the

ctive experiment is selected, its associated tab is displayed show-

ng the information of the plate, the antimicrobials employed in

uch a plate and its corresponding data, and the associated image

with or without the annotations), see Fig. 3 . 

Hence, from the main window of AntibiogramJ, the user can

onsult the readings of the antibiograms associated with each ex-

eriment. Moreover, AntibiogramJ allows the user to query the sys-

em. 

.3. Searching inside antibiogramj 

The main functionality of AntibiogramJ is the determination,

easurement and categorisation of inhibition zones of plate-

mages. In addition, AntibiogramJ supplies the functionality to con-

uct different searches in the database that is created with the

nalysis of those images. 

earch by antimicrobial. AntibiogramJ can search the bacterial iso-

ates of the antibiograms stored in the database which are resis-

ant, susceptible or intermediate to a concrete antimicrobial, see

ig. 7 . The results can be filtered by microbial group and also by

pecies. Moreover, the obtained results can be exported to an Excel

le. Examples of queries that can be carried out using this search

echanism are: which strains of the database are resistant to Cefo-

axime?, or which Escherichia coli strains are susceptible to Ampi-

illin? 

This feature can be used as an epidemiological tool to deter-

ine the prevalence of resistance of a specific bacteria or bacte-
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Fig. 6. Inhibition zone annotation in AntibiogramJ. Left. Plate-image annotated with different information. Right. Plate analyser wizard showing the different options to 

annotate the image. 

Fig. 7. Search by antimicrobial. In this window, all the bacterial isolates susceptible to antimicrobial CIP 5 are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

S  

a  

F  

s  

a  

l  

a  

o

3

 

t  

b  

t  

r  
rial group against one or more antimicrobial agents. The deter-

mination of the prevalence of a particular mechanism of resis-

tance (extended-spectrum beta-lactamase production, methicillin-

resistance and so on) needs additional analyses as a complement

of the susceptibility test results — the additional analyses are rec-

ommended based on specific phenotypic criteria established in the

EUCAST guidelines by means of the alert system included in An-

tibiogramJ. 

Search by bacterial isolates. The user of AntibiogramJ can select

several bacterial isolates and ask the system for which antimicro-

bials the selected strains are either resistant or intermediate (see

Fig. 8 ). As in the search by antimicrobial, the results can be ex-

ported to an Excel file. An example of what the user can ask using

this feature is: “show me the antimicrobials for which the strains

C2088, C3560 and C239S are resistant”. 
earch by antibiograms. AntibiogramJ also allows the user to cre-

te new experiments from previously analised antibiograms (see

ig. 9 ). The user can search antibiograms by any of their fields

tored in the database, and filter the search using a “from” and

 “to” date. Examples of the use of this feature are: “show me a

ist of all the E. coli antibiograms that I have tested” or “show me

 list with all the antibiograms of Enterobacteriaceae from the 1st

f January of2017”. 

. Results 

In this section, we compare AntibiogramJ’s automatic procedure

o categorise inhibition zones with the results obtained manually

y an expert microbiologist. For this study, we employed a bat-

ery of 86 plates-images corresponding to 27 enterobacterial, ente-

ococcal, staphylococcal, pseudomonal and acinetobacterial clinical
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Fig. 8. Search by bacterial strain. In this window, it is shown for which antimicro- 

bials, the strains C8402 and 7825 are resistant. 

Fig. 9. Search by antibiograms. 
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solates prepared on Mueller Hinton (MH) agar plates. A total of 29

ifferent antimicrobial agents were used. 

From the 86 plates-images, 43 images were captured with a

igital camera with 8.1 MP, 3 × (33–100 mm) optical zoom, and

ensitivity to ISO 1600; and 43 images using a mobile phone with

 camera with 13 MP and autofocus. The 86 plate-images were

anually classified as good-quality images (55 images) and bad-

uality images (31 images) depending on factors such as lightning

onditions and intensity of inhibition zones. A total of 720 inhibi-

ion zones were analysed. 

The EUCAST breakpoints [6] were used as susceptibility thresh-

lds, allowing the classification of the isolates into three categories

or each antimicrobial tested: S (sensible), I (intermediate), and

 (resistant). The results obtained with AntibiogramJ were com-

ared to the manual readings and expressed in terms of agreement

nd disagreement. Following the terminology employed in [19,20] ,

dentical characterization in both methods was defined as agree-

ent; categorisation of I with one method and R or S with an-

ther method was defined as minor disagreement ; categorisation

f S in the manual reading and R in AntibiogramJ was defined as

ajor disagreement ; and categorisation of R in the manual reading

nd S in AntibiogramJ was defined as very major disagreement . The

appa index, which is commonly employed for comparing inter-

ater agreement, was calculated using SPSS (IBM Corp.; Armonk,

Y, USA). 

The agreements and disagreements considering different cri-

eria are shown in Table 1 — contingency tables are available

n Appendix A . An overall agreement of 87% was observed and the
esulting kappa index was 0.768. Splitting the dataset of images

nto camera images and mobile images, the agreement percent-

ges were 89% and 85% respectively, and the kappa value indexes

ere 0.8 and 0.736. If we only consider good-quality images, an

greement of 91% was observed with kappa index value of 0.844.

n the case of bad-quality images, an agreement of 82% was ob-

erved with kappa index value of 0.663. Table 1 also contains the

esults split into families, and the agreements range from 71% to

3%. 

As we have previously mentioned, the results presented in this

ection have been obtained applying AntibiogramJ fully automati-

ally, that is, without any user interaction. However, it is worth re-

arking that AntibiogramJ is a semi-automatic system that allows

he user to easily spot whether the automatic reading was correct,

nd otherwise modify it by just moving a slider. Therefore, with

ittle effort, the users of AntibiogramJ can obtain correct readings

n images acquired with any camera device. 

. Discussion 

There are two kinds of automated or semi-automated inhibition

one readers: integrated instruments that combine hardware and

oftware; and software tools that work with plate-images captured

ith a camera device. 

For the first kind of inhibition zone readers, a variety of instru-

ents have been introduced over the years to automate the mea-

urement of inhibition zones in order to determine antimicrobial

usceptibility [11,21–23] . Nowadays, these systems usually consists

f three components: a holding area for inoculated plates, a robotic

andling mechanism for the plates, and an image capture station.

hese instruments are typically combined with a middleware sys-

em that resides between the image capture system and the labo-

atory information system. Some of those instruments are: BIOMIC

3 (Giles Scientific; Santa Barbara,California), VITEK 2 (Biomérieux,

SA), ADAGIO (BIO-RAD, Marne La Coquotte, France), Sirscan 20 0 0

i2a, Montpellier, France), BD Kiestra (Drachten, Netherlands), Was-

Lap (Murrieta, California), bioMeriéux (Marcy-l’ Etoile, France)

nd Maestro (i2a, Montpellier, France). 

The advantages of automation provided by those systems in-

lude a higher degree of standardisation resulting in an increased

ccuracy, improved data management with a concomitant reduc-

ion in transcription errors, earlier availability of results, and de-

rease exposure to cultivated pathogens [24] . Moreover, archived

mages of culture plates enable more thorough quality review and

he development of real-world training sets, increase staff produc-

ivity, and facilitate comparison and sharing of cultures from mul-

iple sites and at multiple time points during incubation [11] . In

ddition, the library of images may also be used as an educational

ool [23] . 

Unfortunately, as indicated by the review published in

008 [22] , most integrated systems were too expensive for many

aboratories, and this has not changed in the past years [11,23] . An-

ther common challenge for integrating these systems in the lab-

ratory is the change in the laboratory design and workflow, to-

ether with the training associated with any new technology. 

In the second kind of inhibition zone readers, the aforemen-

ioned challenges are tackled by using an affordable camera device

e.g. a digital camera, a tablet or a mobile phone), and a software

ool for automating zone inhibition measurements. This solution,

hile keeping most of the advantages of the integrated systems

rom the first approach, reduces the costs and changes in the labo-

atory design and workflow. However, there are only a few stan-

alone software tools with this aim — the majority of software

ools are part of embedded systems. In addition, the automation-

egree is lower in this approach because images are captured in
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Table 1 

Agreements and disagreements for susceptibility categorisations. 

N % Agreement % Disagreement Kappa index 

% Minor % Major % Very Major 

All 720 87 6 5 2 0 .768 

Camera 360 89 6 4 1 0 .800 

Mobile 360 85 6 6 3 0 .736 

Good-quality 386 91 2 3 3 0 .844 

Bad-quality 334 82 1 7 0 0 .663 

Acinetobacter spp. 130 93 0 0 7 0 .551 

Camera 65 100 0 0 0 1 

Mobile 65 86 0 0 14 0 .371 

Enterobacteriae 138 93 4 3 0 0 .872 

Camera 69 94 3 3 0 0 .886 

Mobile 69 93 4 3 0 0 .859 

Enterococcus spp. 14 71 0 0 29 –

Camera 7 100 0 0 0 –

Mobile 7 43 0 0 57 –

Pseudomonas spp. 104 89 4 3 4 0 .799 

Camera 52 88 4 4 4 0 .782 

Mobile 52 90 4 2 4 0 .816 

Staphylococcus spp. 334 82 1 7 0 0 .663 

Camera 167 82 1 7 1 0 .660 

Mobile 167 82 1 8 0 0 .667 
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an uncontrolled environment; and, hence, more user-interaction

might be needed to process the images. 

After a thorough search, we have found the following stan-

dalone tools for antibiogram analysis. A procedure to analyse plate-

images using ImageJ was presented in [25] ( http://vlab.amrita.edu ).

This procedure is completely manual and the final results are the

diameters of the inhibition zones. ImageJ is also internally em-

ployed by diskImageR [26] , an R package that determines the de-

gree of drug susceptibility (the radius of inhibition), the subpop-

ulation growth (fraction of growth within the zone of inhibition)

and the rate of change in growth from no drug to inhibitory drug

concentrations. These two systems lack some instrumental features

like the determination of antimicrobial-disk codes, the availability

of breakpoints to determine the category of the antimicrobial phe-

notype, or a database to store previously analysed plate-images. A

more complete system, implemented in MATLAB, was presented by

Costa et al. in [20] . This system is able to determine antimicrobial

codes and inhibition zones, and from that information, it deter-

mines the susceptibility categorisation using the CLSI breakpoints.

However, this system has some limitations: the antimicrobial codes

that can be determined are limited to 12 antimicrobials, it assumes

that a disk dispenser is employed (hence, the number of disks and

their positions are fixed), it does not have an interface, and the

program is not freely-available. 

AntibiogramJ also follows the second approach and solves the

limitations of the other software tools. First of all, AntibiogramJ

tries to reduce user-interaction as much as possible, and whenever

such an interaction is necessary, it guides the user by means of

tooltips, autocomplete fields, wizards and metaphors. In compari-

son with the system presented by Costa et al. in [20] , AntibiogramJ

has several advantages: the number of antimicrobials that can be

determined is not limited thanks to the learning system presented

in Section 2.2 , it does not assume the use of a disk dispenser, it has

a simple-to-use interface, and it is open-source and free. In addi-

tion, AntibiogramJ includes useful features such as an integrated

database, functionality to query the system and export the results

to Excel files, the possibility of loading and working with different

standards like EUCAST and CLSI, the functionality to import/export

experiments, and the visualisation of breakpoints directly on the

images to facilitate the interpretation of antibiograms. 

A comparison of the features available in the software tools

for antibiogram analysis (i.e. the ImageJ procedure, diskImageR,
he software presented in [20] , and AntibiogramJ) is provided in

able 2 . We consider three categories: general features, antibi-

gram reading features, and user-experience features. In the “gen-

ral features” category, AntibiogramJ is the only system that is

pen-source, independent of the operating system, depends on

oftware (Java) that is available in most computers, and can work

ith images captured with any camera device. In the category of

antibiogram reading features”, AntibiogramJ and the software pre-

ented by Costa et al. share some features such as the automatic

etermination of antimicrobial disks and the automatic identifica-

ion of inhibition zones, but there are two aspects where Antibi-

gramJ surpasses the tool of Costa et al.: the chance of post-editing

he results obtained automatically by the software — as we have

xplained in the Results section, neither AntibiogramJ nor the tool

f by Costa et al. obtain perfect readings; hence, a post-edition is

ecessary to obtain the correct results — and the support of sev-

ral breakpoints standards — not all the laboratories use the same

reakpoints standards, and updates of those standards are usually

equired. Finally, AntibiogramJ provides a better user-experience

han the rest of the tools, since it provides several features, that

n spite of not being necessary for reading antibiograms, help re-

earchers in their work. 

We finish this section by comparing the accuracy of Antibi-

gramJ with the accuracy reported in the literature for other in-

ibition zone readers. As we have explained in the Results section,

he users of AntibiogramJ can obtain the correct results for images

aptured with any camera device thanks to the post-processing

f the automatically detected inhibition zones. Such an accuracy

as not been obtained by fully-automatic systems even when they

se special-purpose devices to capture the plate-images. The fully-

utomated software presented by Costa et al. [20] has an agree-

ent of 88% using a special-purpose camera device and impos-

ng several restrictions (e.g. the use of a disk dispenser or a fixed

umber of antimicrobial disks per Petri dish). In the case of in-

egrated systems with a fully automated analysis, the category

greements reported in the literature are similar to the ones ob-

ained by AntibiogramJ: Aura image system, 82.4% [22] ; Osiris,

2.6% [27] ; and ADAGIO, 81.4% [28] . Some integrated systems in-

lude, as AntibiogramJ, a feature to manually adjust the automati-

ally detected zone diameters, obtaining almost perfect accuracies:

DAGIO, 94.8% [28] , Biomic Video Reader, 95% [29] ; and, Sirscan,

7.8% [9] . 

http://vlab.amrita.edu
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Table 2 

Features available in the software tools for antibiogram analysis. 

ImageJ procedure diskImageR Costa et al. AntibiogramJ 

Open-source � � � 

Operating system Independent Independent Independent Independent 

Dependencies ImageJ R MATLAB Java 

Works with images captured with any camera device Yes Yes No Yes 

Image preprocessing � � � 

Determination of antimicrobial-disk codes � � 

Identification algorithm Manual Automatic Automatic Automatic 

Post-edition � 

Visualisation of breakpoints � 

CLSI support � � 

EUCAST support � 

Other breakpoints support � 

Devoted GUI � � 

Database support � 

Image annotation � 

Reports � 

Export to Excel � 

Import/Export � 

Searching � 
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Therefore, AntibiogramJ automatically obtains comparable re-

ults to those obtained automatically by integrated systems but

ithout requiring any investment in new equipment, and working

ith images captured with any camera device. Additionally, the vi-

ualisation and post-processing features of AntibiogramJ allow re-

earchers to easily fix automatically-obtained incorrect results. 

. Conclusions 

In this paper, we have presented AntibiogramJ, a Java applica-

ion designed for determining, measuring and categorising zone

f growth inhibition from plate-images captured with any cam-

ra device, including digital cameras, smartphones and tablets. An-

ibiogramJ is a user-friendly, platform-independent, open-source,

nd free-tool. Up to the best of our knowledge, AntibiogramJ is

he most complete software tool for antibiogram analysis with-

ut requiring any particular hardware system. Besides, the agree-

ent percentage obtained automatically by AntibiogramJ when

ompared to manual measurements is similar to those reported in

he literature for automated inhibition zone readers. In addition,

hanks to the features of AntibiogramJ, the researcher can easily

etect when the automatic reading has failed and fix it to obtain

he correct results. 

As further work, some improvements could be introduced in

ntibiogramJ to deal with some aspects that, currently, must be

andled manually by the researcher. First of all, the algorithms

mplemented in AntibiogramJ are optimised to work with images

f antibiograms that were performed on Mueller Hinton (MH)

gar plates; hence, when working with blood-containing MH agar

lates, the user might need to correct more frequently the inhi-

ition zones detected automatically by AntibiogramJ — the rest

f AntibiogramJ’s functionality works equally well for both MH

nd blood-containing MH agar plates. Moreover, it would be in-

eresting to include a feature to detect synergies in plate-images;

ince currently, this information must be annotated manually by

he user. Furthermore, we envision two additional tasks: a client-

erver architecture and a mobile application for tablets. The for-

er task will consist in changing the current local architecture

f AntibiogramJ with a client-server architecture that allows the
sers of this tool to share their experiments across the world.

urrently, this can be achieved in AntibiogramJ by using the im-

ort/export functionality, but a client-server architecture will fa-

ilitate the comparison of cultures from multiple sites. The latter

ask refers to the creation of a mobile application with the same

unctionality as AntibiogramJ. It is our belief that, due to the fact

hat most tablets incorporate a camera, a mobile application for

hat kind of device will fasten the analysis of antibiograms since

late-images would be analysed directly in the same device used

or capturing the images. 

vailability and requirements 

• Project name: AntibiogramJ. 
• Project home page: https://sourceforge.net/projects/ 

antibiogramj/ . 
• Operating system(s): Platform independent. 
• Programming language: Java. 
• Other requirements: Java 8. 
• License: GNU GPL v3. 
• Any restrictions to use by non-academics: restrictions specified

by GNU GPL v3. 

ntibiogramJ does not require installation. To run Antibi-

gramJ, the user should download AntibiogramJ from the project

ome page, unzip the downloaded file, and run the program

ntibiogramJv 1 ∗. jar. The only requirement to run AntibiogramJ is

he installation of Java. 

Several videos explaining how to use AntibiogramJ are available

n the Wiki page of the project home page. 
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Appendix A. Contingency tables 
Table A1 

Contingency tables all images. 

AntibiogramJ 

All images Camera images Mobile images Good-Quality Bad-Quality 

S I R S I R S I R S I R S I R 

Manual S 325 33 36 165 17 16 160 16 20 149 8 11 176 25 25 

I 0 25 1 0 12 0 0 13 1 0 18 0 0 7 1 

R 14 9 277 3 4 143 11 5 134 13 1 186 1 8 91 

Table A2 

Contingency tables Acinetobacter. 

AntibiogramJ 

All images Camera images Mobile images 

S I R S I R S I R 

Manual S 0 0 0 0 0 0 0 0 0 

I 0 6 0 0 3 0 0 3 0 

R 9 0 115 0 0 62 9 0 53 

Table A3 

Contingency tables Enterobacteriaceae. 

AntibiogramJ 

All images Camera images Mobile images 

S I R S I R S I R 

Manual S 80 4 4 40 2 2 40 2 2 

I 0 4 0 0 2 0 0 2 0 

R 0 1 45 0 0 23 0 1 22 

Table A4 

Contingency tables Enterococcus. 

AntibiogramJ 

All images Camera images Mobile images 

S I R S I R S I R 

Manual S 10 0 4 7 0 0 3 0 4 

I 0 0 0 0 0 0 0 0 0 

R 0 0 0 0 0 0 0 0 0 

Table A5 

Contingency tables Pseudomonas. 

AntibiogramJ 

All images Camera images Mobile images 

S I R S I R S I R 

Manual S 59 4 3 29 2 2 30 2 1 

I 0 8 0 0 4 0 0 4 0 

R 4 0 26 2 0 13 2 0 13 

Table A6 

Contingency tables Staphylococcus. 

AntibiogramJ 

All images Camera images Mobile images 

S I R S I R S I R 

Manual S 176 25 25 89 13 12 87 12 13 

I 0 7 1 0 3 0 0 4 1 

R 1 8 91 1 4 45 0 4 46 
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Supplementary material associated with this article can be

ound, in the online version, at 10.1016/j.combustflame.2015.09.
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