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Abstract. To create an affordable clinical test for use in more decentralized settings, we are developing a
multispectral imaging system based on a filter wheel and a smartphone. Our application is the label-free
identification of uropathogens from images of bacterial colonies directly on a non-chromogenic culture
medium. Using feature selection techniques, we have previously shown through calculations, the possibility
to move from hyper- to multi- spectral imaging by exploiting less than § spectral bands. Here, we confirm
our findings by testing a database of true multispectral images acquired using a filter wheel holding up to 22
dichroic bandpass filters with a 10 nm bandwidth. Performance is reported for 5 species using only 6 filters.
Probabilistic SVM algorithms were implemented to allow to reject species other than the targeted most
prevalent uropathogens as it is crucial to keep the false-positive rate low. Evolution of specificity and
sensitivity with probability threshold are discussed in the light of probability frequency distributions.

1 Introduction

The analysis of diffuse reflectance via hyperspectral
imaging is efficient in identifying microbial colonies at
the species level [1,2]. We aim to develop a low-cost
system to identify bacterial species causing Urinary Tract
Infections (UTIs) from images of bacterial colonies
grown on culture media, while providing a full machine
diagnostic. The ideal system will be robust, operator
friendly, low maintenance and operable in more
decentralized settings by staff with little expertise in plate
reading. The analysis will be deported on the cloud and
the operator input limited to send images and provide
clinical information through a smartphone interface. Our
previous calculations suggested that a 20-fold dimension
reduction (from 223 to 10 channels) was acceptable for
our application. This work focuses on implementing those
results in a simple multispectral system based on a filter
wheel and a CMOS piloted by a PC or smartphone. We
also implemented a logistic regression method on the top
of our Support Vector Machine (SVM) classification
algorithm to enable sample rejection based on low
confidence metrics to reduce the false positive rate.

2 Materials & methods

Hardware. The multispectral imaging hardware system
is constituted of a black & white SMP CMOS (e-con
systems, India), free of infrared-blocking coatings, plug &
play USC type, actionable through any Android based
smartphone. Light source is made of white light LEDs
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(Yujileds, China) with an emission spectrum extending to
780 nm. To build our reference database, we have used a
prototype (‘DB’) based on a motorized filter wheel,
holding 22 optical filters and a CMOS (e-con Systems,
India), both piloted by a PC. A second prototype (‘alpha’),
closer to the aim product, is based on a 8-slot manual filter
wheel piloted by a smartphone. Both prototypes (Fig. 1)
used dichroic bandpass filters with a 10-nm bandwidth.

Fig. 1. ‘DB’ and ‘alpha’ prototypes (see text for details)

Biological samples. Frozen bacteria originated from
bioMérieux strain collection (aka ‘pure strain’). Our
biological models comprise the 5 most prevalent
uropathogens (Table 1) typical of UTI epidemiology.
Colonies were grown on TSS (Tryptase soja agar + 5%
sheep blood) after 24 h of incubation at 37 °C.

Image segmentation. The heart of the segmentation
algorithm used to extract single colonies pixels (Fig. 2) is
the “Canny edges” detector [3], applied after a Gaussian
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filter to reduce image noise. A circularity filter is then
applied to the edge image.

Table 1. Species list, strains, plates & colonies no. (Ns, Np, Nc¢)

Species Abbrev. | Ns Np Nc
Enterococcus faecalis ENC.FAE | 17 27 1319
Escherichia coli ESH.COL | 12 16 439
Klebsiella pneumoniae KLB.PEU | 13 19 348
Proteus mirabilis PRT.MIR 15 21 335
Streptococcus agalactiae | STR.AGA | 10 18 805

Fig. 2. Culture medium (single selected colonies in red)

Multivariate analysis. SVM with a radial kernel was
used as classification algorithm. Data partition ratios for
calibration/test sets and the train/validation sets were of
3/1 and 10/1 respectively. Four random partition sets were
generated per model and the results aggregated. Only 20%
of the strains had true replicates making the analysis
mostly stringent at the strain level. The Platt logistic
regression method was used to transform SVM scores to
calibrated probabilities. After performing feature
selection, 6 filters were selected out of the 22 total; at 650,
730, 670, 630, 471 and 580 nm to perform calculations.

3 Results & discussion

The overall error rate of classification was calculated as a
function of an a priori probability threshold (PrTh) below
which colonies were rejected and labelled as “no ID” (Fig.
3). Per-species performance was evaluated by calculating
(i) the evolution of Sensitivity (Se) and Specificity (Sp)
with the applied PrTh (Fig. 4); (i) the confusion matrix
(Table 2) at a PrTh of 0.65. Normalized probability
frequency histogram per species for true pos. (TP) and
true neg. (TN) samples were also analyzed (Fig. 5).
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Fig. 3. Evolution of Test Error Rate & percentage of rejected
“no ID” colonies with applied probability threshold

Table 2. Confusion matrix for a PrTh of 0.65, Classification
Rate(CR) =1 - ER rate, Se = Sensitivity, Sp = Specificity

TRUE
Species |ENC.FAE ESH.COL KLB.PEU PRT.MIR STR.AGA [Specificity| CR
o | ENC.FAE | 1062 5 6 0 100 86% | 89%
2
5 | EsH.coL 12 242 16 4 14 97% |Sp_av
g KLB.PEU 0 32 49 3 0 98% | 96%
% | PRT.MIR 0 2 0 212 0 100% |Se_av.
STR.AGA 10 3 0 0 106 99% | 79%
Sensitivity | 98%  85%  69%  97%  48%
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Fig. 4. Evolution of Se and Sp per species with PrTh
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Fig. 5 Normalized probability histograms for True Pos.(TP) and
True Neg. (TN) per ESH.COL and STR.AGA classes

Results are encouraging with an average CR of 89%, a Sp
of 96% and a Se of 79%. A unique PrTh of 0.65 was
chosen to maximize the sensitivity of the E. coli as this
species represents the bulk fraction of UTIs. However, the
STR.AGA’s low sensitivity (48%) hurts the overall
performance, due to an unusual probability distribution
compared to the typical ENC.FAE species (Fig. 4), leading
to the rejection of numerous true positive samples.

4 Conclusions

Given the fact that no morphological predictors were used
at this stage despite having SMP resolution images, the
margin for improvement remains high. Although
sensitivity remains to be improved, this outcome must be
relativized as the bacterial load (i.e. the number of
colonies per plate) of UTI sample plates is usually quite
high. Real clinical samples by opposition to ‘pure strains’
remain to be evaluated to compete this feasibility study.
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