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Abstract
Selection of antibiotic therapy is crucial for patient care. In the era of increasing antibiotic resistance and shortage of new 
antibiotic drugs, rapid Minimum Inhibitory Concentration (MIC) tests results will enable the clinician to treat the patient 
appropriately. Moreover, rapid MIC is crucial for an effective antimicrobial stewardship program. The main limitation of 
current Antimicrobial Susceptibility Testing (AST) practices is turnaround time, between 5 hours for certain bacteria with a 
semiautomatic system to 18 hours or more in the routine techniques. 

In this study we present a rapid method for AST and MIC determination directly from blood culture with a turnaround 
time of 15 min after 2-4 hours of antibiotic exposure. Our new method is based on single dye staining which enables rapid 
detection of the bacteria viability without the time consuming process of growth curve. The analysis procedure is performed 
with flow cytometry measurement utilizing single fluorescent membrane dye staining and unique spectral intensity ratio 
analysis. Using this method susceptibility and MIC results are quickly obtained within 15 minutes following antimicrobial 
exposure.

Introduction
Sepsis is a life threatening medical condition, therefore fast and accurate antibiotic treatment iscrucial for patient care. 
Currently sepsis is determined by taking a blood sample from the patient and incubating it for up to 7 days. Blood samples 
that were found positive for bacterial presence are then taken for bacterial identification and antibiotic susceptibility testing, 
which takes at least an additional 24 hours.

Rapid determination of MIC values directly from bacterial positive blood cultures could dramatically improve  treatment 
selection for infectious disease patients in hospitals and clinics. It is especially important in cases where the infection is 
caused by antibiotic resistant bacteria. 

In previous report we described a new rapid method for AST and MIC determination, which does not require bacterial 
growth curves [1]. It is based on following the bacterial viability statehood using fluorescence membrane marker (FM1-43) 
and our new patented spectral intensity ratio analysis method using flow cytometry [3]. This method enables an immediate 
observation of bacterial viability upon antibiotic exposure, hence a rapid AST test that relies on a single bacterial effect and 
not on bacterial growth. Figure 1 shows a typical flow cytometer scatter plot of active and inactive E. coli.

Figure 1: Two wavelength fluorescence scatter plot, Green – active bacteria, Red – inactive bacteria
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Method
In general, our method includes; blood culture centrifugation, bacterial antimicrobial exposure for 2 to 4 hours, bacteria 
staining with a single fluorescence dye followed by a flow cytometric measurement and mathematical analysis. The following 
figure 2 illustrates the AST procedure.

Figure 2: Rapid positive blood culture AST procedure

The following paragraphs describe the method in detail.

Sample preparation - Macro dilution method 
31 positive blood cultures were obtained from Sheba Medical Center (Ramat-Gan, Israel) and tested for antimicrobial 
susceptibility with gentamicin and ampicillin antibiotics (Sigma-Aldrich, USA). A total of 62 positive blood samples-
antibiotics combinations were tested. 

a) Positive blood samples were received from Sheba Medical Center, 2 ml of each sample were centrifuged for 15 min 
at 24 x g and supernatants were diluted 1:1000 with Cation-Adjusted Mueller Hinton Broth (CAMHB).

b) Antimicrobial stock solutions were prepared according to CLSI recommendations, and were diluted in CAMHB, 
to a concentration which was 2 fold higher from the highest concentration recommended for each antimicrobial 
combination [2].

c) For each sample/antimicrobial combination a set of tubes was prepared. For which 1 ml of CAMHB medium was 
added, except for the first tube.

d) To each first tube of the set, 2 ml from the antimicrobial stock solution (b) was dispensed.

e) From the first tube a serial dilutions of 2 folds were prepared by transferring 1 ml of the solution to the next tube 
till the lowest required concentration by CLSI was reached. 1 ml was discarded from the last tube in each set of 
tubes. 

f) To each tube in the set, 1 ml of bacterial sample solution (a) was added.

g) For each serial dilutions set, two controls were added. As a negative control, a tube with 2 ml of CAMHB. As a 
positive control, a tube with bacterial sample solution (a) without antimicrobial agent.
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h) All tubes were incubated at 37°C.

i) 2-4 hours from incubation initiation, 200 µl from each tube were transferred into a fresh tube, dyed with 2 µl of 
Synaptogreen or FM 1-43 (Sigma-Aldrich; Molecular Probes, respectively) and measured by flow cytometer. The 
rest of the sample was further incubated for 16-20 hours and then was visually evaluated for growth.

Data interpretation
In order to quantify the influence of a certain antimicrobial exposure we define the spectral intensity ratio as follows:

Where (I) is the mean value of the scatter plot at each wavelength. Low spectral intensity ratio values correspond to active 
bacterium population, while high values show a larger inactive bacterium population. The main advantage of using a single 
dye and the above spectral intensity ratio is the elimination of the result dependency on the dye concentration and optical 
efficiency.

The MIC is calculated by plotting the spectral intensity ratio as a function of the antimicrobial concentration and approximating 
it to a step function in the form of

Where a, b and c are parameters and erf is the error function. The MIC is the value of the parameter c. 
 

Results
62 samples (combination of 31 positive blood cultures and 2 antibiotics) were analyzed in triplicates. Each sample was 
measured by the flow cytometer and the MIC was calculated using the spectral intensity ratio calculation and step function 
estimation. The bacteria identified within the samples were; Escherichia coli (15 samples), Klebsiella pneumonia (6 samples), 
Acinetobacter baummanii (4 samples), Proteus mirabilis (2 samples), Enterococcus cloacae (2 samples), Aeromonass spp. 
(1 sample), and Klebsiella oxytoca (1 sample). 

Figure 3 shows fluorescence scatter plots (typical flow cytometric measurements) of K. pneumonia treated with 
gentamicin. As can be seen from the figure, as long as the antibiotics concentration is below the MIC, the majority of 
the bacterium population is active (green dots in the scatter plot). Once the antibiotic concentration reaches the MIC, the 
inactive bacterium population increases significantly (red dots in the scatter plot). The increase in the inactive bacterium 
population increases the spectral intensity ratio as can be seen in figure 4. The spectral intensity ratio as a function of 
antibiotic concentration is approximated to a step function (solid line in figure 4) and the MIC is determined to be 1μg/ml.
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Figure 3: Two wavelength fluorescence scatter plot of K. pneumonia exposed to gentamicin, Green – active K. pneumonia 
population, Red – inactive K. pneumonia population.

Figure 4: Spectral intensity ratio as a function of antibiotic concentration for K. pneumonia exposed to gentamicin, circles 
– measured spectral intensity ratio, solid line – approximated step function
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Similar results (figures 5 and 6) were obtained for K. pneumonia and ampicillin. This time the MIC was found to be 4µg/ml.

Figure 5: Two wavelength fluorescence scatter plot of K. pneumonia exposed to ampicillin, Green – active K. pneumonia 
population, Red – inactive K. pneumonia population.

Figure 6: Spectral intensity ratio as a function of antibiotic concentration for K. pneumonia exposed to ampicillin, circles 
– measured spectral intensity ratio, solid line – approximated step function

An example of a strain, E. coli., which was found to be resistant to ampicillin is presented in the following 2 figures. As 
can be seen from figure 7 the flow cytometry fluorescence scatter plot remains practically the same even at high antibiotic 
concentrations. This is reflected in the spectral intensity ratio (figure 8), where the slope is negative and small.
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Figure 7: Two wavelength fluorescence scatter plot of E. coli

Figure 8: Spectral intensity ratio as a function of antibiotic concentration of E. coli resistant to ampicillin

The following tables summarize the performance of the method in this study. It has a 98.4% (61/62) essential agreement (the 
MIC result is within ±1 antibiotic dilution from the reference method) and 100% categorical agreement [2]. 

Table 1: Results analysis

Table 2: MIC Agreement 
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Conclusion
This study shows that antibiotic susceptibility testing for positive blood samples can be conducted using a single dye stain 
and flow cytometry measurement. By defining the spectral intensity ratio parameter and plotting it as a function of the 
antibiotic concentration, it is possible to determine the bacteria MICs and whether it is susceptible, intermediate or resistant 

to a certain antibiotic directly from a positive blood sample. Spectral intensity ratio method is done within 15 min following 

2-4 hours of antibiotic exposure.
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