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Abstract

With the increasing prevalence of antibiotic resistance, the need to develop antimicrobial 

susceptibility testing (AST) technologies is urgent. The current challenge has been to perform the 

antibiotic susceptibility testing in short time, directly with clinical samples, and with antibiotics 

over a broad dynamic range of clinically relevant concentrations. Here we develop a technology 

for point-of-care diagnosis of antimicrobial-resistant bacteria in urinary tract infections (UTI), by 

imaging the clinical urine samples directly with an innovative large-image-volume solution 

scattering imaging (LVSi) system and analyzing the image sequences with a single-cell division 

tracking method. The high sensitivity of single-cell division tracking associated with large volume 

imaging enabled rapid antibiotic susceptibility testing directly on the clinical urine samples. The 

results demonstrated direct detection of bacterial infections in 60 clinical urine samples with a 60 
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min LVSi video, and digital AST of 30 positive clinical samples with 100% categorical agreement 

with both the clinical culture results and the on-site agar plating validation results. This technology 

provides opportunities for precise antibiotic prescription and prompt proper treatment of the 

patient within a single clinic visit.
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Antimicrobial resistance is a rapidly growing threat to global public health, affecting 

millions of people annually.1 An important cause for this global concern is the misuse and 

overuse of antimicrobials.2, 3 To combat this threat, a technology that can quickly identify 

pathogen infection and perform antimicrobial susceptibility testing (AST) is needed. The 

gold standard methods used in clinical labs rely on overnight cell culture for microorganism 

growth and isolation and additional sub-culture steps for AST.4, 5 Various emerging AST 

technologies generally fit into two categories: genotypic and phenotypic approaches.6, 7 The 

former detects antibiotic resistance genes.7–11 While sensitive,12 it requires prior knowledge 

of the bacteria, which can lead to a false negative result when a new resistant mechanism 

emerges, and false positive results when resistance genes are present but are not expressed or 

are not contributing to resistant phenotypes13, 14. The latter measures a phenotypic feature 

more directly, such as size or number of bacterial cells, an approach used in today’s gold 

standard AST methods. Despite recent advances,15–22 most of the AST technologies still 

require culture, isolation, and enrichment of the bacteria. A fast AST must remove these 

time-consuming steps and must be functional directly with clinical samples with minimal 

pre-processing.

One example of a direct AST method is nucleic acid amplification testing (NAT), such as 

loop-mediated isothermal amplification (LAMP).23 This technique has been used to detect 

single bacterial cells at different times after antibiotic exposure yielding a quantification of 

the target sequence. However, since LAMP is a NAT-based detection method, it requires a 

series of sample preparation steps and use of primers and enzymes. Single bacterial cells can 

be also measured by trapping them in microfluidic channels, but it typically requires culture 

or isolation of the bacterial cells.10, 15, 17, 24–27 A recent advance in microfluidics is the 

introduction of an adaptable mechanism to enable fast AST with clinical urine samples.25 

This method flows a clinical sample along microfluidic channels. Once a bacterial cell is 

detected with a high-resolution optical microscope, pressure within the channel traps the 

cell, which allows cell length measurements upon antibiotic exposure over time. Trapping of 

bacterial cells requires prior knowledge of bacteria size and need longer loading time for low 

bacteria concentration samples. This mothed also cannot differentiate normal bacteria 

growth from those antibiotics that promotes cell elongation.

Here, we introduce a fast AST with single cell tracking capability that works directly on 

urine samples in a cuvette. The method images, tracks, and counts individual division events 

of single bacterial cells. Division is the most universal phenotypic feature for AST to 

determine if a cell is viable. Compared to the LAMP-based AST, the present method 
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provides real time tracking of individual cell growth and division without the need for DNA 

primers, reagents, or long incubation periods. Direct image in a cuvette also provide several 

advantages over microfluidic-based approach: simpler setup by eliminating microfluidics 

and associated pumps and valves, more reliable measurement by avoiding clogging of 

microfluidic channels by bubbles or impurity particles in urine samples. and improved 

throughput enabled by simultaneous tracking of many cells.

Traditional optical microscopy can image bacterial cells but requires immobilization of the 

cells on a surface. These limitations, combined with the small field of view of high-

resolution optical microscopy, necessitate bacterial enrichment in low concentration 

samples. Our AST method features digitally counting single cell division events recorded by 

large volume scattering imaging (LVSi). LVSi illuminates and images a large sample volume 

with low optical zoom, which eliminates the need of sample enrichment, and enables 

tracking bacterial cells in free solution. We have shown that this strategy can direct image 

and count urine samples with clinically relevant bacterial concentration, e.g., 104 cells/mL 

(equivalent to 104 CFU in agar plating method) for fast AST.28 To precisely track and count 

single division events of bacterial cells in the presence of various particles (e.g., crystals and 

cellular debris) in patient urine samples, we further introduced a forward scattering optical 

imaging configuration and an imaging processing algorithm. We describe the optical setup 

and principle of the digital LVSi-AST, validate it with cultured stationary phase Escherichia 
coli, and apply it to 60 clinical urine samples from patients with suspected urinary tract 

infections (UTIs). We focus on UTI because it affects millions of people annually, the 

pathogens causing UTIs pose the highest threat of antimicrobial resistance, and the sample 

type is already a liquid.29, 30

PRINCIPLE

Detection Principle

Today’s gold standard AST technologies measure changes in optical density associated with 

bacterial growth in a cultured isolate, which typically requires overnight incubation to 

reliably detect growth. Optical density is an average feature that depends on the number and 

size of the cells, as well as impurity particles in the sample. Intrinsic phenotypic features of 

single cells, including the cellular size, motion, and morphology have been used for AST, 

but these features are not always reliable in rapid detection technologies. For example, 

ampicillin promotes cell elongation prior to cell death, so bacterial cell length measurements 

are not reliable in early stages of antibiotic exposure. The most reliable and universal feature 

is the division of bacterial cells, which is a primarily intrinsic feature used in the present 

work.

Tracking the division of single bacterial cells in a patient urine samples is challenging with 

traditional optical microscopy. Clinically relevant bacterial concentrations that signify a UTI 

are ~105 cells/mL. However, for a typical 20x optical microscope with an image volume of 

2.5 nL, less than one bacterial cell will be present in such a small volume. We developed 

LVSi to image bacterial cells directly from urine samples with an image volume of 5 μL, 

allowing imaging of sufficient numbers of bacterial cells simultaneously for reliable AST 

(Fig. 1A and Supporting Information Fig. S1). LVSi uses a forward scattering geometry to 
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minimize image intensity blinking associated with the rotation of cells in the solution. 

Furthermore, a beam block prevents the incident light from directly entering the camera, 

enabling high contrast and low background images of the bacterial cells.

LVSi images bacterial cells, as well as impurities, in a urine sample as individual bright 

spots that move in and out of the view dynamically due to Brownian motion and thermal 

reflux. The thermal reflex (due to heating of the sample from bottom to keep it at 37°C) also 

helps circulating the cells and prevents sedimentation. We developed an automated imaging 

processing algorithm that identifies each particle (bacterial cell or impurity), determines the 

trajectory of the particle (Fig. 1B), and then detects and counts each division event from all 

trajectories (Fig. 1C). First, common background noise and image drift are corrected with 

temporal local minimal subtraction, which improves the image contrast. Second, a Laplace 

of Gaussian (LOG) filter is used to detect individual cell particles (bright spots in the 

image). Third, directional linking of spots in adjacent frames is performed using the Kalman 

filter to obtain single cell tracking trajectories (Fig. 1B). Finally, a division detection filter is 

applied to detect the division events of bacterial cells. The division detection filter looks for 

both splitting of a trajectory and intensity decreases in the two resulting trajectories, as 

expected for bacterial cell division (Fig. 1C).

The division counting allows for both bacterial detection and for AST (if bacteria are 

detected above the threshold) with the following algorithm (Fig. 1D). A patient’s urine 

sample is measured in two conditions simultaneously: a control sample without antibiotics 

and an AST sample with an antibiotic added. To detect infection, bacterial division in the 

control sample is counted over time (e.g., accumulation every 5 min for a total of 60 min). If 

the cumulative division count (DC) is above an infection threshold (TI) (see Materials and 

Methods), or DC > TI, the sample is identified as infection positive (Fig. 1D). Otherwise, the 

sample is determined as infection negative (Fig. 1D). To test antibiotic susceptibility, the 

ratio of the division count (DC) in the raw urine sample to that of an antibiotic treated 

sample (DABX) is determined. If the ratio is above a susceptible threshold (TS), which 

indicates no bacterial inhibition by the antibiotic, the sample is identified as resistant (Fig. 

1D). If the ratio is at or below TS, bacteria are inhibited by the antibiotic, and the sample is 

susceptible to that antibiotic.

RESULTS

Testing of digital LVSi-AST with pure E. coli cultures

To establish the method, E. coli cultures (see Materials and Methods) with and without 

antibiotics were imaged via LVSi. To minimize additional sub-culture steps and speed up 

AST, we diluted E. coli stationary phase cultures in fresh culture medium to a concentration 

of ~105 cells/mL before imaging. The individual bacterial cells were imaged as bright spots 

moving dynamically in the video and tracked continuously for 60 min (Fig. 2). The time 

sequence images were then processed with the method described above to detect and count 

the division events.

In the absence of antibiotics, E. coli multiplies over 60 min as indicated by the increase in 

the cell count (Fig. 2A). E. coli growth is tracked precisely by counting the number of 
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division events of single bacterial cells every 5 min (Fig. 2B). Each division event starts with 

a parent cell, marked as a blue circle at the starting position, that moves along the trajectory 

and splits into two daughter cells (marked as red circles in the end positions) (Fig. 2B). The 

cumulative division count shows a rapid increase over time (Fig. 2C). In contrast, for the 

antibiotic-treated sample (2 μg/mL ciprofloxacin), very few division events were detected 

over 60 min (Figs. 2D, 2E and F).

To validate the robustness of the method, we performed five biological replicates with at 

least two technical replicates. To compare the results from different experiments, the 

cumulative division events are normalized to the initial spots number (N0) to generate the 

fold increase of cell growth. Five representative cumulative division tracking results of E. 
coli samples with and without antibiotics are plotted in Fig. 3A (ciprofloxacin) and Fig. 3C 

(ampicillin). Without antibiotics, all the samples show significant increase in the divisions 

detected, indicating the existence of viable bacterial cells in each of the sample. Although 

the fold increase in the division events varies from sample to sample, in the presence of 

either ciprofloxacin or ampicillin, the fold increase over 60 min is significantly lower than 

all control samples (Fig. 3). Statistical analysis of all the samples (n = 11) at different time 

points (0, 30, 60 min) indicates one can reliably differentiate the inhibition of the bacterial 

cells as fast as 30 min, and the statistical significance increases with time (Figs. 3B and 3D). 

Traditional plating and colony forming unit (CFU) quantitation were performed 

simultaneously on the same samples to verify the bacterial growth at each time point, which 

validated the present digital LVSi-AST (Supporting information S2).

Digital LVSi-AST with clinical urine samples

After validation of digital LVSi-AST with pure E. coli cultures, we applied it to clinical 

urine samples for both detection of UTI and AST of the UTI-causing bacteria. Infection 

detection tracks cellular division events in the control sample, signaling the existence of 

viable bacterial cells, while AST tracks and compares division events in samples incubated 

with and without antibiotics. Sixty de-identified clinical urine samples were collected from 

patients and subjected to LVSi-AST. In parallel, the urine samples were subjected to agar 

plating and CFU quantitation.

UTI detection: We tested 60 clinical urine samples and identified samples with UTI (Fig. 

4). Samples showing substantial numbers of division events are UTI positive, while samples 

showing few division events are UTI negative (Fig. 4A). Half of the 60 clinical samples 

show minimal division activity (Fig. 4B), and the other 30 samples exhibit significant 

division activity despite sample-to-sample variability (Fig. 4C, Supporting Information S3). 

Due to the high density of particles in clinical samples, the final division results are 

calibrated to remove the over-counting error due to cell density (Materials and Methods). 

Statistical analyses were performed by determining and plotting the cumulative division 

counts of each sample at different time points (Figs. 4D–F). LVSi-AST results were 

compared with the BD Phoenix gold standard method results obtained in the Microbiology 

Lab at Mayo Clinic, where the samples were collected. At 30 min, the cumulative division 

counts fall into two separated clusters: one cluster of samples with less than 1 division event 

and one cluster of samples with 2 – 200 division events (Fig. 4D). The two clusters were 
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further separated with increased incubation times, indicating increasing UTI detection 

accuracy with time (Figs. 4E and 4F). By setting the infection threshold at 5 cumulative 

division events (Materials and Methods), 30 samples were determined infection negative and 

30 samples were infection positive with agreement accuracy (consistent samples/total 

samples, compared with the clinical results) that increased from ~90% at 30 min to ~93% at 

45 min to ~97% at 60 min (Fig. 4G). Two false negative samples were determined from the 

60 samples tested, revealing 97% accuracy at 60 min (Fig. 4G). To assess these false 

negative sample, we subjected the urine sample to a parallel microbiological agar plating 

and failed to detect viable cells, indicating that the false negative samples may be due to 

sample handling and/or sample processing. Furthermore, the bacterial density of the samples 

can be calculated by the parallel plating validation. For one sample with bacterial density at 

2.0×104 (~100 cells in view), the cumulative division events within 60 min is ~90, while for 

another sample with 1.12×105 (~500 cells in view) bacterial density, the cumulative division 

events in 60 min is tracked to be ~270.

Rapid AST: We performed AST on the 30 UTI positive clinical samples by comparing 

cumulative division in antibiotic-treated samples (DABX) with the control samples (DC) 

following the algorithm defined in Fig. 1D. When DABX is consistently lower than DC, the 

sample is identified as an antibiotic susceptible sample (Fig. 5A, Supporting Information 

Fig. S4A). In contrast, when DABX and DC values are similar, the sample is identified as a 

resistant sample (Fig. 5B, Supporting Information Fig. S4B). To explore LVSi-AST 

accuracy over time, we set the susceptibility threshold (TS) at 0.5, corresponding to 

inhibition of 50% of the bacterial cells, and plotted comparisons of the reference method 

(BD Phoenix) and digital AST at the time points of 30, 45 and 60 min (Fig. 5C–E). With the 

30-min detection, four susceptible samples localized within the resistance zone or at the TS, 

demonstrating a category accuracy of ~87% (Fig. 5C), while the 45 min detection increased 

the category accuracy to 94% (Fig. 5D). At 60 min, all susceptibility profiles were correctly 

determined with 8 samples identified as resistant to ciprofloxacin and the remaining 22 were 

susceptible (Fig. 5E). These results were in 100% agreement with BD Phoenix results from 

both clinical microbiology testing and the parallel agar plating validation experiments 

(Supporting Information S5). Fig. 5F plots the AST accuracy over the 60 min, with a 

hyperbolic increase observed.

Discussion

Ciprofloxacin kills bacteria by inhibiting DNA replication, while ampicillin disrupts cell 

wall synthesis.31, 32 In contrasts to tracking other phenotypic features, such as cellular 

morphology, length and motion that depends on antibiotic working mechanisms, division 

tracking is more general and provides reliable AST detection regardless of the antibiotic 

mechanism of action. Furthermore, with the single-cell division tracking capability, we 

observed some cells still dividing in the presence of antibiotics, showing the cell to cell 

heterogeneity in resistance within a sample. Thus, our division counting method provides a 

mechanism for early detection of drug resistance or tracking the progress of resistance 

development.
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We present tracking division events of single cells as a rapid and accurate method to 

determine the presence of bacteria in urine samples at clinically relevant concentrations. 

While simple cell counting work well with pure or culture isolated bacterial samples with 

LSVi, they are problematic for clinical urine samples where a large number of nonbacterial 

and/or non-viable particles are present. These particles are hard to distinguish from bacterial 

cells at low zoom and overwhelm the small number of bacterial cells and mask out increases 

in bacterial numbers. In fact, we found that many urine samples contain so many particles 

that some precipitate and fall out of the imaging volume during the test, leading to false 

detection of bacterial cell growth by counting bacterial numbers (Supporting Information S6, 

S7). Tracking of the division events of single bacterial cells is more sensitive and more 

robust in the presence of a large number of impurity particles, thereby improving accuracy 

and shortening detection time.

The present LVSi and imaging processing algorithm has an image volume of 5 μL. We 

estimate a minimum of 50 bacterial cells are needed for reliable tracking results, which 

corresponds to a minimum bacterial cell concentration of 1×104 cells/mL, which is 10-fold 

less than the threshold for most clinically relevant samples. However, if the particle 

concentration (impurities + bacterial cells) is too high, overlapping particles in the LVSi 

compromises the tracking accuracy. The current setup can track up to 1,000 particles per 

image frame, corresponding to ~2×105 particles/mL. If patient urine samples have greater 

than ~2×105 particles or cells/mL, additional sample dilutions will be necessary. A quick 

count of the particles in image view is needed, which takes about 2–5 minutes for a quick 

imaging, counting and dilution. This limitation may be improved with better optical imaging 

resolution and more robust division tracking algorithm. Additionally, because we currently 

can only obtain refrigerated urine samples, a 30 min prewarm was performed to mimic the 

condition of fresh and warm urine sample, as the technology is targeting for rapid detection 

in point of care settings. Therefore, the current total assay time for direct AST in clinical 

sample includes 30 min sample pre-warming, 2 to 5 min sample pre-treatment (filtration/

dilution), 60 min LVSi imaging, and 10 min division tracking processing. The total assay 

time can be shorten to ~ 60 min with improved sample collection and software automation 

for measuring fresh urine sample in point-of-care settings. Despite the limitation, digital 

LVSi-AST successfully tracked real clinical urine samples.

Due to the throughput limit of current prototype setup, we focused on E. coli infection 

detection (the most common cause of UTI) and AST with ciprofloxacin antibiotic for proof 

of concept demonstration of cell division counting based rapid bacteria ID and AST. Our 

future development plan includes improvement of detection throughput with multiplexed 

sample detections, and study of additional strains of bacteria and different types of 

antibiotics for complete coverage of UTI/AST diagnosis. As an intrinsic feature for cell 

growth estimation, single cell division tracking is a universal method for all categories of 

antibiotics. However, when work with bacterial strains that does not split, such as 

Staphylococcal bacteria in UTI, the division tracking will not work. This limitation can be 

solved by analysis additional phenotypic features in LSVi images, such as single particle 

intensity. The coccus cell growth induces cell aggregation and increases the spots intensity 

in LSVi image and can be easily tracked. Furthermore, the present work focus on direct AST 

without specific bacterial strains identification, which is different from the current practice. 
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To be consistent with the clinical protocol, we are also working on the bacteria identification 

with LVSi, and have successfully identified the cells with different shapes (rod vs. cocci), 

which is out of the scope of this paper. Therefore, by improving the system throughput and 

integrating multiple phenotypic features (e.g. counts, intensity and division), we anticipate 

this technique can be used for bacterial cell identification and multiplex AST directly on the 

raw urine samples.

Conclusions

We described a large volume solution scattering imaging (LVSi) technique to detect the 

presence of bacteria and determine antimicrobial susceptibility directly in clinical urine 

samples. By tracking single-cell division events, we quantified the growth of the bacterial 

cells with high sensitivity in a 60 min LVSi video. For pure E. coli cultures, we have 

achieved direct AST with stationary phase bacteria in 60 min. Our results revealed the 

variability in the growth rate of cells from different populations, indicating the existence of 

persistent cells in the presence of antibiotics. The method offers single cell detection 

capability, which enable studies of cell heterogeneity response to antibiotics and the 

antibiotic resistance evolution. We then applied the technique to 60 clinical urine samples 

and accurately predicted 94% of the infection-positive samples. We also performed AST on 

30 infection positive patient samples with ciprofloxacin and achieved 100% categorical 

agreements with culture-based commercial reference method. The technique can test raw 

clinical samples without overnight culturing and can track the division events of individual 

viable bacterial cells in real time. Collectively, LVSi-AST simplifies testing procedures, 

improves precision, and shortens the turnaround time from sample receipt to result 

determination. As the division tracking quantifies the bacterial cell growth, a universal 

phenotypic feature for AST, we anticipate that the technique can be expanded to applications 

beyond UTIs.

Materials and Methods

Materials.

E. coli ATCC 25922 was purchased from American Type Culture Collection (ATCC) and 

stored at −80°C in 5% glycerol. Ciprofloxacin and ampicillin were purchased from Sigma-

Aldrich. The antibiotic powders were stored in the dark at 2 to 8°C.

Bacterial preparation.

E. coli was grown overnight (~15 h) in Luria−Bertani (LB) broth (per liter: 10 g peptone 

140, 5 g yeast extract, and 5 g sodium chloride) at 37°C and 150 rpm. E. coli cultures were 

diluted in fresh LB broth to ~105 cells/mL. With LVSi system, cells/mL or particles/mL is 

used for cell density quantification, which is equivalent to CFU unit for pure cultured 

samples. An antibiotic at the standard breakpoint concentration was added to one of two 

preparations. Each bacterial suspension (70 μL), one with and one without antibiotic, was 

transferred into a cuvette at 37 °C for imaging.
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Clinical urine samples.

De-identified clinical urine samples were obtained from the clinical microbiology laboratory 

at Mayo Clinic Hospital, Phoenix, Arizona. Clinical urine samples were stored at 4°C and 

transported in an insulated box with ice packs. Prior to processing, urine samples were pre-

warmed for 30 min at 37°C and passed through a 5 μm filter to remove large substances. To 

provide nutritional supplementation, each urine sample was then diluted 1:10 with LB broth. 

Additional 10-fold dilutions with LB broth were performed as needed to make the final 

concentration of detectable particles less than 2 × 105 particles/mL. A quick count of the 

particles in image view is needed, which takes about 2–5 minutes for imaging, counting and 

dilution. For AST test, another identical sample was prepared with the addition of 

ciprofloxacin (2 μg/mL, final concentrations). After mixing, diluted samples (70 μL) were 

transferred to cuvettes (Uvette, Eppendorf, Germany), and measured by LVSi. A total of 60 

urine samples were tested using both optical division tracking and on-site validating agar 

plating (Supporting Information S8). Urine samples were prepared and transferred to 

researchers in a blinded fashion without providing any clinical testing results. The LVSi-

AST, and microbiological plating results were compared with clinical microbiology culture 

results (Supporting Information S9) from the Mayo Clinic Hospital lab after the completion 

of the experiments.

LVSi.

The dual channel LVSi imaging system (Fig. 1A and Supporting Information Fig. S1) 

consists of two 800 mW, 780 nm infrared (IR) LEDs (M780LP1, Thorlabs, Inc., USA), each 

with collimating and focusing lens and a central blocking aperture to focus a ring-shaped 

illumination through the sample or the reference cuvettes. Wide-view and deep field depth 

scattering images were recorded by two CMOS camera (BFS-U3–16S2M-CS, Point Grey 

Research Inc., Canada) at 10 fps through two variable zoom lenses (NAVITAR 12X, Navitar, 

USA) with zoom factors set at 2.0X for the sample and reference cuvettes. The image 

volume was determined by the viewing size and focal depth of the optics. For the 

experiments described in this study, the viewing volume of 2.5 mm × 1.9 mm × 1.0 mm was 

equivalent to 4.8 μL at 2.0X magnifying power. The imaging system was enclosed in a 

thermally isolated housing unit with a controlled temperature (37°C).

Biosafety.

All sample preparations and measurements were performed in biosafety level 2 (BSL2) 

laboratories following an IBC-approved BSL2 protocol.

Single-cell division tracking.

Individual cells recorded by LVSi are resolved as a bright spot and the image sequences 

were taken as stacks and analyzed by ImageJ plug-in TrackMate.33 Before division tracking, 

each spot was detected with a Laplacian of Gaussian (LoG) filter with a defined radius and 

threshold. Then, the spots from adjacent time frames were connected with a Karman filter 

for directional linking, so that each bright spot became a single-cell trajectory. After filtering 

out the short tracks, the average length of the valid cell trajectory is about 2 min. For a 

sample with 5.0 × 104 cell density, there are several hundreds of valid tracks for division 
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detection. These steps take ~ 5 min processing time for each sample. Then, to track the 

division events, the single-cell trajectories were imported into Matlab and subjected to 

division filtering. First, the newly appeared cell trajectories from the image edges were 

excluded, and the nearby original trajectories that appear before the division event were 

checked. If the daughter cell trajectory candidate is traced back to an original single 

trajectory and a splitting event is identified, then a potential division event was tracked. As 

cells float past each other, there is potential to mistake these passing/crossing cells as 

divisions thus, these ‘spot merging’ events were also checked and filtered out from the 

potential division events. Finally, an intensity filter was used to evaluate the remaining 

division events, ensuring the parent cell intensity is near the summation of the two resulting 

daughter cells, and the two daughter cells are similar in size (Supporting Information Fig. 

S10). The bacterial morphological changes induced splitting, such as breaking, lysis, or 

rupture, are not equal division in most cases, and can be easily filter out. The division filter 

process takes another 5 min for each sample. Fig. 1C shows two representative examples of 

single-cell division tracking. Each parent cell travels with time and increases in size, before 

dividing into two smaller daughter cells.

To validate that the tracked division events are due to bacterial cell multiplication and not an 

artifact of the particle merging or crossing, a division over-counting calibration test was 

designed. To rule out the valid division events, the E. coli cells were heat-inactivated at ~ 

65°C for 15 min. Then, 5-min videos of the dead E. coli cells at different concentrations (2.0 

× 104 – ~2.0 × 105 cells/mL, corresponding to 100–1000 spots in image view) were 

analyzed for single-cell division tracking. Each concentration test was repeated three times. 

Then, the division over-counting calibration curve was extracted from the tracking results 

(Supporting information Fig. S11). When the cell number is below 500, corresponding to the 

bacterial concentration of <1.0 × 105 particles or cells/mL, the risk of division over-counting 

is low. When the cell/particle number is > 500 per view, overcrowding causes some division 

events to be miscounted. Final division events in all clinical samples are calibrated by 

subtracting the density-associated division over-counting events.

Setting thresholds for data interpretation.

The statistical error of the division tracking was estimated by the division over-counting 

calibration discussed above. The final division events were calibrated by subtracting the 

fitted mean value of the division over-counting, in which the averaged standard error of the 

mean is calculated to be ~1 in every 5-min video. To establish a 95% confidence interval, we 

multiplied the error by 2. For a 60-min detection, the cumulative standard error of the mean 

is ~ 24. Since standard error of the mean in each 5-min is random, the final statistical error 

of the tracking was estimated by N, where N is the cumulative standard error of the mean. 

Therefore, the final threshold for infection identification (TI) was set as 5 with a 95% 

confidence for the calibration. The susceptible threshold (TS) was set as 0.5, corresponding 

to 50% growth inhibition in the antibiotic-treated samples.
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Statistical analysis

An unpaired two-sided student t-test was used to compare the group differences. A p value 

of <0.05 was considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principle and setup of digital LVSi-AST.
(A) Schematic illustration of one channel of the dual channel LVSi setup that allows 

imaging single bacterial cells in urine, supplemented with bacterial culture media, loaded in 

a cuvette. (B) From the video captured with LVSi, the trajectory of each bacterial cell or 

impurity particle is determined to represent the time course of the cell or particle in the 

sample, where the color of the lines are the trajectories and colors, from blue to red, 

represent the time sequence (minimally 15 sec). (C) Representative example of two division 

events for two cells tracked with the imaging processing algorithm described in the text. (D) 

Algorithm for infection detection and AST based on the division counts in samples with and 

without antibiotics, where Dc and DABX are the cumulative division counts at time t for 

antibiotic-untreated (control) and -treated samples.
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Figure 2. Validation of digital LVSi-AST with pure E. coli cultures.
Snapshots of E. coli cells after 10, 30, and 60 min in growth medium without antibiotics (A) 

and with antibiotics (2 μg/mL ciprofloxacin) (D). Division events over a 5-min time interval 

at the different time points with (B) and without ciprofloxacin (E). Cumulative division 

events over 60 min with (C) and without ciprofloxacin (F). Scale bar, 400 μm.
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Figure 3. E. coli division tracking for digital AST with different antibiotics.
Five representative cumulative division-over-time plots for E. coli with and without 

antibiotics 2 μg/ml ciprofloxacin (A) and 16 μg/ml ampicillin (B). Each color represents an 

individual test. Dots are measured data, and the solid lines are the exponential fitting to the 

data. Analysis of bacterial growth in the absence of antibiotics or presence of 2 μg/ml 

ciprofloxacin (C) and 16 μg/ml ampicillin (D) over 60 min. *** p<0.001.
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Figure 4. Detection of UTI in 60 clinical urine samples.
(A) Representative division vs. time plots for an infection negative (red, sample 

ATU090319_9) and an infection positive (black, sample ATU090319_10) samples. (B) 

Division counts over 60 min for 30 infection-negative clinical samples. (C) Division counts 

(normalized by the division events at 60 min) over 60 min of 30 infection-positive clinical 

samples. (D-F) Cumulative divisions for all the 60 clinical samples at 30, 45 and 60 min, 

respectively, where open circles correspond to infection positive and open squares 

correspond to infection negative samples measured by BD Phoenix, and 0 division counts 

are marked at 0.1 on the logarithmic scale y axis. (G) Infection detection accuracy vs. 

detection time.
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Figure 5. Digital AST with infection positive clinical samples.
(A) Normalized cumulative division counting results for all 22 susceptible samples 

determined by LVSi_AST. (B) Normalized cumulative division counting results for all 8 

ciprofloxacin-resistant samples determined by LVSi_AST. Comparison of reference method 

(clinical results measured by BD Phoenix) and digital AST for susceptibility determination 

with (C) 30 min detection, (D) 45 min detection, and (E) 60 min detection. (F) Digital AST 

accuracy over detection time.
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