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Abstract
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Sepsis, a life-threatening immune response to blood infections (bacteremia), has a ~30% mortality
rate and is the 10th leading cause of US hospital deaths. The typical bacterial loads in adult septic
patients are ≤100 bacterial cells (colony forming units, CFU) per mL blood, while pediatric
patients exhibit only ~1000 CFU/mL. Due to the low numbers, bacteria must be propagated
through ~24-hr blood cultures to generate sufficient CFUs for diagnosis and further analyses.
Herein, we demonstrate that, unlike other rapid post-blood culture antibiotic susceptibility tests
(ASTs), our phenotypic approach can drastically accelerate ASTs for the most common sepsiscausing gram-negative pathogens by circumventing long blood culture-based amplification. For all
blood isolates of multi-drug resistant pathogens investigated (Escherichia coli, Klebsiella
pneumoniae, and Acinetobacter nosocomialis), effective antibiotic(s) were readily identified
within the equivalent of 8 hours from initial blood draw using <0.5mL of adult blood per
antibiotic. These methods should drastically improve patient outcomes by significantly reducing
time to actionable treatment information and reduce the incidence of antibiotic resistance.

Key terms
multidrug-resistant bacteria; antibiotic susceptibility test; flow cytometry; pre-blood culture;
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Leading to many deaths worldwide, sepsis can result from <100 CFU of bacteria/mL blood.
Such low bacterial counts limits determinations of appropriate treatments, even in hospitals
with advanced clinical diagnostics available. Early appropriate antibiotic treatment for
bacteremia patients not only shortens hospitalizations and reduces antibiotic resistance
proliferation, but it also lowers the incidence of septic shock and halves the fatality rate (2–
*
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6). As sepsis can be caused by any number of bacteria, effective treatment relies on the
combination of bacterial identification and sensitivity profile determinations. While
pathogen identification has been hastened to just a few hours post positive blood culture (7–
11), antibiotic sensitivity tests (ASTs) still require an additional ~36–44 hrs, post blood
culture (12). Although many flow cytometric-based ASTs have been proposed (13–22),
development of general phenotypic ASTs has been elusive, due to the wide range of bacteria
and antibiotics interactions, biovariability, noisy fluorescence background, and lack of
reliable multidimensional statistical analyses to interpret small changes within the
heterogeneous populations (17,19,23). These challenges have forced reliance on slow, but
reliable blood cultures for amplifying populations, followed by multiple purification,
growth, and antibiotic challenge cycles to guide treatment.

Author Manuscript
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Developing ASTs directly from blood and circumvent the initial ~24 hr blood culture delay
promise to drastically improve patient outcomes and impact public health efforts. Even
though the ~109 mammalian blood cells/mL overwhelm any low-level bacteria signals
(100~1000 CFU/mL) (24,25), bacterial presence determinations within blood samples have
been reported by flow cytometry (26), microfluidics (27–29), and PCR (30,31). While most
of these schemes detected the presence of bacterial genetic material, Hou et al. was able to
detect mRNAs after pathogens were separated from blood in a microfluidic device (28). Like
other molecular diagnosis approaches, however, they can only target known mRNA
signatures for individual antibiotic resistance genetic markers for each bacterium-antibiotic
pair. A phenotype-detecting flow cytometry-based AST specific for Y. pestis was proposed
that relies on post-growth recovery of bacteria from a gel matrix and viability dye detection
(32). Generalization, however, is problematic as careful bacterial recovery, significant post
collection growth to reach ~106 CFU/mL, and user-dependent data gating were all needed to
overcome the high scatter and fluorescence background. Additionally, viability dyes are
known to produce false signals with various important bacteria/antibiotic pairs (17,19,23),
and gating is highly subject to variations in day-to-day instrument fluctuations, alignment,
and parameters, limiting application of this approach.

Author Manuscript

Recently, we developed a rapid, flow cytometry-based AST based on rigorous
multidimensional statistical metrics (1) that matches the timescale of emerging post blood
culture identification (~4hrs) (8–10). Our adaptive, multidimensional Probability Binnedsignature Quadratic Form (PB-sQF) statistical distances (1) are ideal for quantifying small,
but statistically significant changes relative to paired controls, even within broad,
multidimensional flow cytometry datasets. PB-sQF calculates the true linear distance
between any two multidimensional histograms, thereby enabling rapid direct comparisons of
changes within heterogeneous populations, relative to their paired controls. Our prior orderof-magnitude improvement in post-blood culture time-to-result can in most cases be done
label-free, and works with bacteria-antibiotic combinations that had failed with previous
cytometric tests (1).
Without blood culture-based amplification, the highly disadvantageous bacteria:mammalian
cell ratio, even in patients with bacteremia, demands that phenotypic ASTs remove nearly all
mammalian cell background, without killing the bacteria. Additionally, sufficient bacteria
must be recovered to allow assaying with multiple antibiotics at various concentrations,
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suggesting that at least some amplification, or a higher volume of blood (at ~100 CFU/mL),
is needed. Because time is critical in ensuring appropriate treatment for patient survival (33)
and reducing antibiotic resistance proliferation (6), we avoid the need for lengthy blood
culture by utilizing saponin to complex with cholesterols and induce hemolysis (34,35),
without affecting bacterial growth or morphology (36). This selective blood cell lysis
enables even very small numbers of bacteria to be directly collected from the blood and
enriched in blood-free growth medium for cytometric detection. Our robust statistics then
enable quantification of very few bacterial counts, such that much shorter growth and
antibiotic sensitivity times can be achieved.

Materials and Methods
Bacterial strains and antibiotics

Author Manuscript

All clinical isolates (E. coli strains Mu14S and Mu890, K. pneumoniae strains Mu670 and
Mu55, A. nosocomialis strains M2) were obtained from the Georgia Emerging Infection
Program (GEIP). The MIC of each isolate was determined by a clinical microbiology
laboratory using post blood culture automated AST and confirmed using broth microdilution
in our laboratory. The MICs of each strain were measured to be as follows. For A.
nosocomialis strain M2, 1 μg/mL tetracycline, 2 μg/mL gentamicin, and > 1024 μg/mL
ampicillin. For E. coli strain Mu890, 1 μg/mL tetracycline, 8 μg/mL gentamicin, and > 1024
μg/mL ampicillin. For E. coli strain Mu14S, > 64 μg/mL tetracycline, 8 μg/mL gentamicin,
and > 1024 μg/mL ampicillin. For K. pneumoniae strain Mu55, > 64 μg/mL tetracycline, 1
μg/mL gentamicin, and > 1024 μg/mL ampicillin. For K. pneumoniae strain Mu670, 2
μg/mL tetracycline, 4 μg/mL gentamicin, and > 1024 μg/mL ampicillin.

Author Manuscript

FAST
To simulate a blood specimen from a patient with bacteremia, the isolates were grown,
diluted to the desired CFU/mL in blood (ZenBio, Research Triangle Park, NC) and saponin
was added to achieve the final diluted sample. Initial bacterial cultures were prepared using
Luria-Bertani (LB) broth for (E. coli) or cation-adjusted Mueller-Hinton broth (CAMHB).
The fresh bacterial cultures started from ~0.05 optical density (OD) by inoculating a 6-mL
fresh growth medium with overnight culture were grown in an incubator shaker (MaxQ
4000, Thermal Fisher Scientific, Waltham, MA) at 37°C and 225 rpm. After the culture
reached mid-log phase, bacteria were collected and diluted into ~10 CFU/mL through serial
10-fold dilutions. Bacterial densities were determined by plating onto LB plates. The final
10-fold dilution was performed by adding 500μL of 100 CFU/mL into 4500 μL of 10%
human blood in medium.

Author Manuscript

A 2.5% (w/v) of saponin solution was prepared, sonicated (Branson 2510, Emerson, St.
Louis, MO) for 20 minutes and spun down with a clinical centrifuge (Centrific Model 228,
Fisher Scientific, Waltham, MA) for 4 minutes. The supernatant cleared of particulates was
collected. 500 μL of 2.5% saponin was then added to the 5 mL of 10% human blood sample
with ~10 CFU/mL, described above and the mixtures were shaken at 300 rpm for 15 minutes
at 37°C. After the saponin treatment, the bacteria were pelleted and washed with 2 mL of
phosphate buffered saline (PBS) (Life Technologies, Carlsbad, CA) using a clinical
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centrifuge for 2 minutes. Bacterial growth medium (2.5 mL) was then added to the tube and
incubated for 2 hours at 37°C and 225 rpm.
After the 2-hour incubation, 500-μL aliquots of the suspension were added to each of 4 wells
in a 12-well microtiter plate that contained 500 μL of growth medium with or without
antibiotic at 2-fold of specified concentrations. The plate was then incubated at 37°C for 3
hours. Bacteria were collected by centrifugation (Centrifuge 5417R, Eppendorf) and
resuspended in 200 μL of PBS for flow cytometry detection. To ensure each clinical isolate
was tested at its MIC values of the tested antibiotics, the initial bacterial cultures at the 1000
CFU/mL dilution were also tested for each experiment (Supporting Figs. 1, 2, 4, 5, and 6.),
confirming that the antibiotic concentrations indeed inhibited bacterial growth.
Flow cytometry
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Cytometric data were collected on a BD LSRFortessa flow cytometer (Becton Dickinson,
Franklin Lake, NY) equipped with a 100 mW, 488 nm laser for the scatter signal. Set such
that low scatter signals are observed when running pure PBS buffer, high-pass thresholds
were set on both forward and side scatter to exclude instrumental noise. Data were recorded
with FACSDiVa provided by BD. For FAST data, either 100,000 events were collected or
collection was stopped when the sample volume was nearly depleted. Flow cytometry data
were exported into .fcs files for further analysis and display in MATLAB 2016a
(MathWorks, Natick, MA).
PB-sQF test statistics
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The statistical tests were performed in MATLAB 2016a on an Intel® Core™ i7-4790 CPU
(3.60GHz) machine, equipped with 12.0GB RAM running MS Windows 10. The PB-sQF
procedure was as described in our previous publication (1). For each data set, thresholds
were applied to both dimensions to include data points that lie within the range from 5 to
105 to exclude outliers. PB-sQF starts with the probability binning approach developed by
Roederer et al. (37,38), but then uses a different and linear statistical distance metric related
to quadratic form (39). The probability binning approach treats the original data as the initial
bin. The variances of all dimensions (here, forward scatter and side scatter) were calculated
and the initial bin was divided into 2 daughter bins at the median of the highest variance
dimension. Data points equal to the median were randomly assigned to the 2 daughter bins.
The same procedure was recursively applied to split each daughter bin into its daughter bins,
until the designated number of bins were generated. All data were analyzed with 128 bins.
The number of bins was determined by the calculation time and the accuracy of test results.
For datasets with sufficient counts to avoid Poisson counting noise/bin from increasing
uncertainty in centroid position, better accuracy can be obtained with more bins. With the
low bacterial CFUs measured in these studies, 128 bins offered the best compromise of
calculation time and counting noise minimization, while maintaining excellent convergence
accuracy for bootstrapped confidence limit distances. Although any number of bins can be
used in probability binning, with the weights taking care of the different counts/bin, using a
power of two for the number of bins generates irregularly shaped bins containing similar
numbers of counts (and nearly equal bin weights). The binning patterns are adaptive and
represent the data with more (and smaller) bins in regions where the data is most highly

Cytometry A. Author manuscript; available in PMC 2019 June 01.

Huang et al.

Page 5

Author Manuscript

concentrated. The same adaptive binning procedure is applied to both no-antibiotic controls
and the antibiotic-treated samples. The centroids of the data within each bin and weights
(normalized numbers of counts in each bin, relative to the total counts) were then calculated
and stored for calculation. In this manner, data with ~100,000 bacterial counts in any
number of dimensions is reduced to 128 adaptive bins/data set for fast distance calculations
among data.
Bins are numbered for control (c) and sample (s) centroids in the order that the bins are
created in the probability binning process, with N total bins. The weight for each bin is the
number of counts per bin divided by the total number of counts. As with non-adaptively
binned quadratic form statistics (39), the weight vector is the collection of the weights from
the control and sample data:

Author Manuscript

1
2
N
Weight = (W1c , W2c , ⋯, WN
c , − Ws , − Ws , …, − Ws )

The negative sign for the sample weights ensures that the difference between the control and
sample is calculated in the following matrix multiplication.
The centroid is the multidimensional median of the data in each bin and the calculation is
described below in the “Geometric quantile” section. The centroid matrix is written as:
1 2
N
Cent = (C1c , C2c , ⋯, CN
c , Cs , Cs , …, Cs )

Author Manuscript

The notation is the same as in the weight vector. “Cent” is a matrix listing all the centroids
from control and sample, with each column representing a centroid and each row
representing one dimension.
The centroids and weights were then used to calculate the test statistics as described in sQF
(40,41). First, a similarity matrix is constructed. The matrix elements at ith row and jth
column, Aij, in the similarity matrix, A, is defined as:
Ai j = 1 −

L[Cent(i), Cent( j)]
# dim ension · Lmax

Author Manuscript

The first term is a 2Nx2N matrix of 1’s and the second term is the dissimilarity matrix. The
numerator, L[Cent(i),Cent(j)], calculates all pairwise Euclidean distances between
multidimensional centroids i and j, for both the control and the sample. The denominator is
the maximum distance to normalize the calculated distance. Lmax, is the maximum distance
in one dimension. Since we have the same maximum range for each dimension, the
maximum distance for n dimensions is n · Lmax. When the two centroids are identical, the
numerator goes to 0 and thus no dissimilarity exists. Conversely, when the maximum
difference occurs, the 2nd term goes to 1 due to normalization. The similarity matrix, A, is
the logical opposite of the dissimilarity matrix so the dissimilarity matrix is subtracted from
the 2Nx2N matrix of 1’s. Note that the diagonal elements, the similarity of centroid i and i,

Cytometry A. Author manuscript; available in PMC 2019 June 01.

Huang et al.

Page 6

Author Manuscript

is always one. Each test statistic (statistical distance, D) were then calculated in quadratic
form:
D = Weight · A · WeightT

WeightT is the transpose of the Weight vector.
Confidence level estimation and fold distance
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The bootstrap method was used to estimate the 99% confidence level of the no-antibiotic
control and the 1/16x MIC data. By calculating the 99% confidence levels from small
sample size sub-distributions, bootstrapping can estimate the confidence level at the data
sample size accurately. 70 sub-distributions with the sample size ranging from 4*(number of
bins) to (1/10 of sample size) with 20 steps, were randomly sampled from the 1/16x MIC
data and the paired no-antibiotic control. The lower bound, 4*(number of bins), was chosen
to prevent zero count per bin. The upper bound, (1/10 of sample size), was set to ensure the
sampling process was random. All 140 sub-distributions were binned and the centroids and
weights were calculated as described in “PB-sQF test statistics”. Test statistics were
calculated between all 70 sub-distributions from the 1/16x MIC data and the 70 paired
controls. Since all the sub-distributions were sampled randomly thus were different from
each other, the test statistics yield a distribution (biological variability) and the 99%
confidence level for each sample size was determined. The confidence levels decreased as a
function of sub-sample size since all the sub-distributions come from the same mother
distribution and the larger the sample size, the better the estimation of the mother
distribution. The distribution of the 99% confidence level should approximate a Gaussian
distribution at large sample size according central limit theory, thus the uncertainty in
estimating the confidence level can be described with an equation used to estimates the
standard error of the sample mean: a1 , where n is the sample size and a1 is the standard
n

deviation of the population. The 99% confidence level at sample size n, Conf(n), can then be
described by the following equation:
Conf(n) = a0 +

a1
n

Author Manuscript

where a0 is the confidence level of the population. The confidence level at sample size n
converges to the population’s confidence level as the uncertainty decreases. From the fitting,
we can get the confidence level of the mother distribution with sample size n. For our pure
culture control, n = 100,000 counts. While in FAST, n varies. The test statistic of each
antibiotic-treated sample was then normalized with the calculated confidence level and
turned into fold distance relative to its paired control for direct comparison among different
samples and replicates.
Error bar determination
Two different uncertainties contribute to the error bars. The first is biological variability and
was determined by the standard deviation of the triplicate data. The second is the uncertainty
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in centroid position associated with the dispersion of data points in each bin. This
uncertainty is determined by the median absolute deviation (MAD) of data within each bin.
MAD was chosen over the standard deviation of each bin because MAD is more robust
toward outliers. The MAD is calculated as follows:
MAD = median[abs[Xi − centroid]]

The median of the absolute distance between each data point, Xi, and the centroid of each
bin (42,43). The standard deviation can be estimated from MAD by:
σMAD
perbin =

MAD
3
φ−1( )
4

Author Manuscript

where φ−1 is the inverse of the cumulative distribution function or the quantile function (43).
Thus, the standard deviation (without the influence of outliers) can be calculated by dividing
the MAD with the 75% quantile (See section “Geometric quantile”, below). The final
, was estimated by propagating the
binning uncertainty for each replicate i, σbinning
i
uncertainty from each bin, σMAD
perbin.

Since all triplicate data were sub-samples from the same unknown population, the
uncertainty from each replica was further pooled together to estimate the uncertainty of
binning for the population as follows:
k

Author Manuscript

σ2binning =

∑

i=1

2
(ni − 1)(σbinning
)
i
k

∑

i=1

(ni − 1)

in which k = 3 for triplicate data. n is the sample size of each replicate.
The biological variation uncertainties from triplicate data and binning centroid estimation
were propagated together to get the final uncertainty.
σ2 = σ2Tri + σ2binning

Author Manuscript

The error bars in the bar charts are one standard deviation above and below the test statistic
value.
Geometric quantiles
Geometric quantiles were used for calculating the multidimensional median of each bin as
the centroid and for estimating the standard deviation from MAD. The geometric quantile,
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Q, is defined as the data point that minimizes the following target function as described by
Chaudhuri (44):
f( Q

(m)

)=

n

∑

i=1

{ ∣ Xi − Q

(m)

∣ + u · (Xi − Q

(m)

)}

in which n is the number of data points in each bin; X⃗i is the data point, and Q(⃗ m) is the
quantile of the mth iteration; u = 2α − 1, where α is fractional quantile. For example, α =
0.5 for median (50% quantile) and the target function reduces to
f( Q

(m)

)=

n

∑ { ∣ Xi − Q

i=1

(m)

∣ }. The 50% quantile is the Q that minimizes the sum of

Author Manuscript

distances between each data point to Q. For other quantiles, the second term in the target
function is not zero and takes the deviation from the median into account. To minimize the
target function, Newton’s method (with a quasi-Newton modification, if needed) was used to
solve the unconstrained minimization problem, as detailed below.
Our initial guess, Q⃗(0), is the 1-D quantile in each dimension. Q⃗(1) is estimated using the
following equations:
Q
s

(m + 1)
(m)

=Q

= −

(m)

+ s

(m)

(m)
∇f( Q
)
(m)
2
∇ f( Q
)

Author Manuscript

in which s⃗(m) is the increment determined by the first- and second-order derivative of the
target function at the current iteration. For each step, f(Q(⃗ m+1)) < f(Q(⃗ m)) must be satisfied
(Newton’s method). If not satisfied, a better Q(⃗ m+1) is estimated by a backtracking line
search (quasi-Newton method) (45). It has been shown that Newton’s method converges
quadratically while the quasi-Newton method, with adequate line search, converges
superlinearly (45). Convergence for all multidimensional medians for each bin was readily
achieved in ≪50 iterations (usually <5).
The iteration stops when either (1) the iteration has been carried out 50 times or (2) the
relative gradient in Q is smaller than the stopping criteria we set. The relative gradient is:
f( Q

Author Manuscript

relgrad(Q) =

(m)

+ δ) − f( Q
(m)
f( Q
)
δ
(m)
Q

(m)

)

In this work, the iteration was stopped when relgrad(Q) is smaller than 10−4.
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Results
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To demonstrate acceleration of the timeline for our Fast AST (i.e. FAST, Fig. 1), we
obtained multidrug resistant, blood isolates of common bacteremia-causing pathogens (E.
coli, K. pneumoniae, and A. nosocomialis). Varied counts of bacteria were mixed with
human blood and diluted 1:9 (v/v) with bacterial growth medium to desired bacterial
concentrations (< 10 CFU/mL final solution) and plated to independently confirm CFU/mL
blood. Saponin was immediately added and the samples shaken for 15 minutes to achieve
selective blood cell lysis. After hemolysis, bacteria were spun down and washed with PBS.
The pellets were resuspended in bacterial growth medium and incubated at 37°C for 2 hours,
followed by another 3-hour incubation with antibiotics at various fractions of the minimum
inhibition concentration (MIC, as independently determined by microdilution from the pure
starting culture, Table 1) for sensitive strains or at the CLSI MIC resistant breakpoints (12)
for the highly resistant strains. Changes in scattered light signals largely resulting from
bacterial growth inhibition were monitored by flow cytometry, and the difference in the 2-D
scatter histograms with and without antibiotic treatment was quantified with PB-sQF
statistics (1). Using PB-sQF, distance is calculated for each antibiotic concentration relative
to its own no-antibiotic control and expressed as “fold distance” relative to the 99%
confidence limit distance between the no-antibiotic control and the sensitive breakpoint.
This allows comparison of fold distances among all samples as each is individually paired to
its own control, as is each replicate. More detailed procedures are given in Materials and
Methods.
Multidrug-resistant E. coli isolates

Author Manuscript
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Two multidrug-resistant E. coli clinical isolates were tested, Mu890 and Mu14S. Following
the hemolysis and growth procedure outlined above, flow cytometry was used to collect
forward and side scattered light signals. Statistical comparison of these histograms (Fig. 2)
demonstrates that susceptibility testing is readily performed by immediate hemolysis of 0.5
mL blood, followed by 2-hrs pre-incubation, and 3-hrs AST. When treated at the MICs of
tetracycline or gentamicin, to which Mu890 is sensitive and intermediate, respectively, the
Mu890 signals disappeared, indicating effective growth inhibition (Fig. 2a). When treated
with 32 μg/mL ampicillin (the Enterobacteriaceae resistance breakpoint), however, scatter
signals were indistinguishable from those of the no-antibiotic control (Fig. 2a). The
complete cytometric data over 16-fold ranges encompassing the sensitive to resistant
breakpoints of ineffective antibiotics or from 1/16x MIC to 1x MIC for antibiotics to which
Mu890 are sensitive are in Supporting Figure S1. PB-sQF fold distance-based FAST beyond
the 99% confidence levels match the much slower microscan AST data, demonstrating that
tetracycline and gentamicin are indeed effective for Mu890 (Fig. 2c). The actual starting
CFU/mL of Mu890 were confirmed with overnight plating to be 3, 3, and 5 CFU/mL for
tetracycline, gentamicin, and ampicillin experiments, respectively. Since the E. coli/human
blood was diluted 10-fold, the real concentrations before dilution corresponded to ~30, 30
and 50 CFU/mL of whole blood.
Also matching its standard AST data, FAST shows that Mu14S is intermediate to gentamicin
and when treated at the MIC, exhibits growth inhibition (Fig. 2b and Supporting Fig. S2).
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When treated with tetracycline or ampicillin at each resistant breakpoint (16 μg/mL and 32
μg/mL), however, Mu14S signals remained statistically unchanged. The PB-sQF fold
distance average from triplicate data shows clear differences between the 1x MIC
gentamicin data versus the paired-control (Fig. 2c). This confirms that the gentamicin
sensitivity of Mu14S observed after blood culture (1) can also be observed on much shorter
timescales with FAST. Overnight plating confirms that initial Mu14S counts were 3, 2, 5 and
CFU/mL for tetracycline, gentamicin and ampicillin data after 10-fold dilution of the blood/
bacteria mixture, corresponding to FAST being performed on whole blood samples
containing ~30, ~20 and ~50 CFU/mL. Controls of identical treatment of 10% human blood
samples without bacteria inoculation were also tested, yielding scattered light histograms
that do not significantly change around the resistance breakpoints of Enterobacteriaceae
under gentamicin, ampicillin, or tetracycline treatment (Supporting Fig. S3). Overnight
plating confirmed that no bacteria were found in the blood, except when specifically added.
Thus, diluting bacterimic blood specimens 1:9 (v:v) directly into saponin-containing growth
medium provides a path to ASTs within 8 hours from initial blood draw, with excellent
results matching independent (36–44 hrs) MIC determinations from pure, overnight cultures
(~108 CFU/mL) that could only be initiated after (~24hr) positive blood culture.
Multidrug resistant K. pneumoniae isolates

Author Manuscript

The same FAST procedure was applied to two multidrug-resistant K. pneumoniae clinical
isolates, Mu55 and Mu670. Analogous to the E. coli data, K. pneumoniae growth inhibition
is directly quantified with PB-sQF upon effective antibiotic treatment, and sensitivities are
accurately determined. Importantly, when treated with antibiotics to which Mu55 or Mu670
were resistant, the scatter data (black contours) were not statistically different from each
experiment’s paired control (pseudo-color plots) as shown in Supporting Figure S4 (Mu55),
and Supporting Figure S5 (Mu670). PB-sQF confirms that tetracycline is effective toward
Mu670 and gentamicin is appropriate for both Mu55 and Mu670. The initial bacterial
concentrations post 10-fold dilution were confirmed by plating to be ~8 CFU/mL for Mu55
and ~9 CFU/mL for Mu670, demonstrating that FASTs can be readily completed within 8
hours of initial blood draw on blood samples exhibiting <100 CFU/mL.
Multidrug resistant A. nosocomialis isolates

Author Manuscript

Obtainable in <1/8th the time of standard AST results, FAST on A. nosocomialis clinical
isolate M2 spiked in 10% human blood (Supporting Fig. S6) enabled its susceptibility
profile to be similarly quickly determined. As with other species, PB-sQF reveals that M2 is
resistant to ampicillin but susceptible to both tetracycline and gentamicin when assayed
within 8 hrs of initial simulated blood draw (Fig. 3). Different from the ~105 CFU/mL E.
coli and K. pneumoniae strains resulting from 2-hr preincubation, the final A. nosocomialis
concentrations were ~104 CFU/mL, as confirmed by plating. Even with an order of
magnitude fewer bacterial counts, the clear growth inhibition was readily quantified with the
same procedure. As initial ~10 CFU/mL samples incubated for 5 hours are sufficient for
analysis, ~10 doubling events are ideal to generate sufficient sample for FAST antibiotic
panels to be performed on any bacteria. For the most common sepsis-inducing strains,
including gram-negative E. coli, P. aeruginosa, and Klebsiella spp. (46,47), 10 doubling
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events should be achieved within the total 2-hr pre-incubation and 3-hr incubation with
antibiotics in 1:9 whole blood:standard bacterial media.

Discussion

Author Manuscript

Most cytometric-based bacterial viability tests utilize fluorescent dyes to assay live/dead
populations after positive blood cultures, but have problems with many antibiotic/bacteria
combinations. Since there are no statistically significant scattered-light signal changes in the
blood-only sample with antibiotic exposure, and the antibiotic breakpoint is related to
growth inhibition, the scattered-light signal changes in the bacteria-spiked samples with
inhibitory antibiotic concentration observed here result from antibiotic-induced growth
inhibition. This growth inhibition is observed only in the presence of antibiotic
concentrations that matched the independently determined MICs, and was confirmed by
overnight plating for each sample. Colony counts for the prototypical example, Mu14S
(Supporting Table S1) correlate with the independently determined resistance profile. This
supports that the primary contribution to the changes in scattered light signals indeed reflect
the inhibition/reduction of viable bacterial counts in the sample. Here, we show that by using
PB-sQF to characterize the differences between dataset, the changes in 2D scatter patterns
are sufficient for a robust growth inhibition-based phenotypic AST directly from bacteriacontaining blood. A scatter-only AST is more general to different bacterial strains since
there is no staining problem as seen in the previous studies (17,19).

Author Manuscript

As described in our previous study (1), PB-sQF combines the advantages from Quadratic
Form (QF) (39), which uses rectangular binning, and PB-χ2 (37,38), which uses chi-squared
statistics. QF calculates linear distances that can be compared directly. Rectangular binning,
however, does not scale well with high data dimensionality. PB-χ2 addresses the
dimensionality problem with probability binning, by significantly reducing the number of
bins required to represent the data, thereby reducing the computation burden. The chisquared statistics, however, give non-linear distances which cannot be quantitatively
compared among samples. This non-linear distance also prevents the test results of different
machines or different days from being compared directly. By using probability binning,
calculating the signatures (centroids) of each bin, and performing Quadratic Form
calculations of linear distances, PB-sQF enables direct similarity comparison for
multidimensional data through fold distance comparisons, each of which is individually
normalized to its own paired control for more quantitative comparisons.
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The data shown in Figures 2 and 3 fluctuate from run to run due to the varying ratio between
bacterial cells and blood debris resulting from sample processing. Also, when the blood
debris counts are high, the signals can partially obscure the bacteria signal. Additionally,
bacteria with different size and shape produce different scatter patterns that can increase
overlap with the blood debris background. As a result, setting an artificial gate to
discriminate bacteria counts is problematic when the bacterial identity is unknown. Without
robust multidimensional statistics, unbiased by artificial gating, determining statistical
distances between any two data sets that have different background signals is an outstanding
challenge. PB-sQF calculates similar levels of fold distances of the triplicate data from their
own paired controls with different levels of background noise. With triplicate error bars
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included in the PB-sQF analysis, the 1x MIC data were statistically significantly different
from the 99% confidence level.
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To rapidly determine appropriate treatments for gram-negative bacteria, we developed FAST
to minimize time to result from initial blood draw. By selectively removing blood cells,
FAST requires a total of only 8 hours to complete susceptibility testing. Using flow
cytometry to acquire the entire distribution of bacterial responses to antibiotic exposure, PBsQF statistical metrics directly quantify the differences between antibiotic-treated data and
no-antibiotic paired controls. Consistent results are obtained even when data vary among
different replicates, or if performed on different instruments. This procedure, without timeconsuming overnight incubation and multiple serial subculturing, reduces the time to result
from >60 hours to <8 hours total time from initial blood draw, with identical susceptibility
determinations. Since rapid identification of the correct antibiotic treatment is crucial in
treating suspected bacterial infections, FAST has the potential to greatly improve patient
outcomes, while minimizing antibiotic resistance proliferation. While both bacterial identity
and susceptibility profile are currently needed for appropriate treatment, CLSI breakpoints
for the most common bacteremia-causing bacteria differ by <4-fold (12). Thus, testing
additional antibiotic concentrations to encompass the full susceptibility ranges of the most
common bacteremia-causing pathogens could rapidly provide susceptibility information
without waiting for much slower, post blood culture bacterial identity determinations. As the
majority of blood stream infections are caused by gram-negative bacteria (46,47), this
approach offers a path to drastically improved patient outcomes, while still allowing for
subsequent confirmation from standard post blood culture pathogen identification and ASTs.
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Figure 1. Antibiotic susceptibility test (AST) timelines

(Top, blue arrows) The standard clinical microbiology workflow requires >60 hours from
initial blood draw. (Green arrows) Timeline for the post-blood culture cytometric AST using
PB-sQF distances (1). (Red arrows) Timeline from initial blood draw for Fast AST (i.e.
FAST). FSC: forward scatter. SSC: side scatter.
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Figure 2. FAST antibiotic-induced scatter signals for E. coli isolates Mu890 and Mu14S
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(a and b) Antibiotic induced scatter histograms (black contours) overlaid on paired noantibiotic control (color dots, red indicating highest occurrence). BP: break point. (a) Mu890
treated with tetracycline (Tet) at 1 μg/mL (MIC), gentamicin (Gen) at 8 μg/mL (MIC). and
ampicillin (Amp) at 32 μg/mL (resistance breakpoint). (b) Mu14S treated with tetracycline
at 16 μg/mL (resistance breakpoint), gentamicin at 8 μg/mL (MIC) and ampicillin at 32
μg/mL (resistance breakpoint). (c) PB-sQF distances for (a) and (b). The radius is the fold
distance, (the test statistics normalized by the 99% confidence distance to be different from
the control). The 99% confidence fold-distance is represented by the inner black circle with
radius equal to 1. Any test result exceeding the 99% confidence level (error bar included) is
statistically different from the control and is an effective antibiotic treatment. Mu890 results:
upper semicircle. Mu14S results: lower semicircle. Error bar is one standard deviation above
and below the average fold distance obtained from triplicate trials. Details of test statistics
and error bar calculation are presented in the Methods.
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Figure 3. FAST antibiotic-induced scatter signal changes for K. pneumoniae stain Mu55 and
Mu670 and A. nosocomialis strain M2 reveal different susceptibilities
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The PB-sQF result for each strain is shown in each segment. Mu55 (upper right segment)
was treated with tetracycline at 16 μg/mL (resistance breakpoint) or gentamicin at 1 μg/mL
(MIC) or ampicillin at 32 μg/mL (resistance breakpoint). Mu670 (left segment) was treated
with tetracycline at 2 μg/mL (MIC) or gentamicin at 4 μg/mL (MIC) or ampicillin at 32
μg/mL (resistance breakpoint). M2 (lower right segment) was treated with either tetracycline
at 1 μg/mL (MIC), gentamicin at 2 μg/mL (MIC), or ampicillin at 128 μg/mL (resistance
breakpoint for penicillin type antibiotic). As in Figure 2c, the radius is the fold distance
normalized by the 99% confidence level (inner black circle with radius equals to 1). The
error bar is one standard deviation of each test result above and below the average.
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> 64 (R)
8 (I)

> 1024 (R)

Tetracycline

Gentamicin

Ampicillin

> 1024 (R)

8 (I)

1 (S)

E. coli Mu890

> 1024 (R)

4 (S)

2 (S)

K. pneumoniae Mu670

> 1024 (R)

1 (S)

> 64 (R)

K. pneumoniae Mu55

> 1024 (R)

2 (S)

1 (S)

A. nosocomialis M2

The MICs were determined from microdilution AST. S, I, and R represent sensitive, intermediate and resistant according to the 2016 Clinical & Laboratory Standards Institute (CLSI) handbook (12).

E. coli Mu14S

MIC (S/I/R)
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MIC (μg/mL) for each antibiotic/bacteria combination

Author Manuscript

Table 1
Huang et al.
Page 18

Cytometry A. Author manuscript; available in PMC 2019 June 01.

