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Abstract 26 

Aim: Assess removal versus kill efficacies of antimicrobial treatments against thick biofilms 27 

with statistical confidence. 28 

 29 

Methods and Results:  A photo activated chlorine dioxide treatment (Photo ClO2) was tested in 30 

two independent experiments against thick (>100 µm) Pseuodmonas aeruginosa biofilms.  Kill 31 

efficacy was assessed by viable plate counts.   Removal efficacy was assessed by 3D confocal 32 

scanning laser microscope imaging (CSLM).  Biovolumes were calculated using an image 33 

analysis approach that models the penetration limitation of the laser into thick biofilms using 34 

Beer’s Law.   Error bars are provided that account for the spatial correlation of the biofilm’s 35 

surface.   The responsiveness of the biovolumes and plate counts to the increasing contact time 36 

of Photo ClO2 were quite different, with a massive 7 log reduction in viable cells (95% CI: 6.2, 37 

7.9]) but a more moderate 73% reduction in biovolume (95% CI: [60%, 100%]). Results are 38 

leveraged to quantitatively assess candidate CSLM experimental designs of thick biofilms . 39 

 40 

Conclusions: Photo ClO2 kills but only partially removes the biofilm from the surface.   To 41 

maximize statistical confidence in assessing removal, imaging experiments should use fewer 42 

pixels in each z-slice, and more importantly, at least 2 independent experiments even if there is 43 

only a single field of view in each experiment. 44 

 45 

Significance and Impact of Study: There is limited penetration depth when collecting 3D 46 

confocal images of thick biofilms.  Removal can be assessed by optimally fitting Beer’s Law to 47 

all of the intensities in a 3D image and by accounting for the spatial correlation of the biofilm’s 48 
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surface.   For thick biofilms, other image analysis approaches are biased or do not provide error 49 

bars.  We generate unbiased estimates of removal and assess candidate CSLM experimental 50 

designs of thick biofilms with different pixilations, numbers of fields of view and numbers of 51 

experiments using the included design tool. 52 

 53 

 54 

Keywords: Beer’s Law, biovolume, confocal scanning laser microscope, experimental designs for 55 

imaging, photo-activated chlorine dioxide 56 

Introduction 57 

Confocal scanning laser microscopes (CSLM) allow 3D visualizations of hydrated biofilms at 58 

spatial resolutions less than 1 µm.  The resulting images have become indispensable for 59 

understanding how biofilms initially attach to surfaces (e.g., orthopedic implants), and to visualize 60 

the effect of antimicrobials (e.g., removal versus kill).  Commonly, the imaged biofilm is 61 

summarized by a biovolume.  Imaging a biofilm’s complex morphology via state-of-the-art CSLM 62 

is in stark contrast to assessing microbial abundances by counting colony forming units (CFU), a 63 

technology from the 1880’s.  We investigate and compare these two approaches in a study of the 64 

efficacy of photochemically generated chlorine dioxide (Photo ClO2) against thick biofilms of 65 

Pseudomonas aeruginosa over increasing contact times (10 - 120 minutes). 66 

 67 

Chlorine dioxide (ClO2) is well-known as a potent antimicrobial (US EPA 1999). The method that 68 

we use for photochemical activation of the chlorine dioxide is recent (Buckley et al 2021).  The  69 

study described herein  illustrating ClO2 kill efficacy (via plate counts) against P. aeruginosa 70 
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biofilm complements other ClO2 efficacy studies against viruses, algae, animal planktons, bacteria, 71 

and spores (see, e.g., Beuchat et al 2004, Junli et al. 1997, Korich et al. 1990, Kreske et al 2006).  72 

Unlike these other studies, we also assess removal efficacy of ClO2 by CSLM imaging, which is 73 

one novel contribution of this paper. 74 

 75 

Despite the gorgeous images, there is a serious limitation that is little acknowledged when 76 

quantitating from a CSLM image: the laser's intensity attenuates markedly as it passes through the 77 

top layers of the biofilm so that bacteria deep in a thick biofilm (>100 µm) do not fluoresce at all 78 

(Pitts & Stewart 2008).  Hence, in this study we did not use image analysis approaches  (Imaris 79 

(2018), daime (Daims et al 2006) and the recent BiofilmQ (Hartmann et al. 2021) that only count 80 

bright pixels (i.e., pixels with intensities above a set threshold value) because biovolumes 81 

calculated from bright pixels may be biased too low when analyzing thick biofilms.  Instead, we 82 

fit a statistical regression model based on Beer’s Law to all of the 3D image intensity data to 83 

describe the laser’s penetration depth as described by Parker et al 2020, see Figure 1.  To model 84 

Beer’s Law, the top surface of the biofilm is optimally estimated (by maximizing the Bayesian 85 

posterior).  Then we integrate under the biofilm’s surface to provide an optimal estimate of the 86 

biovolume as well as an associated uncertainty estimate (error bars).  COMSTAT (Heydorn 2000, 87 

Vorregard 2008) performs a similar biovolume calculation (called a “connected volume”) but does 88 

not provide error bars. A systematic comparison of the Beer’s image analysis to other approaches 89 

(Imaris, COMSTAT  and daime) was conducted by Parker et al 2020.  The disparity between the 90 

biovolumes generated by counting bright pixels versus integrating under the biofilm’s surface will 91 

be large for thick biofilms where the attenuation of the CSLM’s laser is drastic.  Bright pixels may 92 

be a useful measure of biofilm, it is just that bright pixels may not really be an indicator of viable 93 
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cells, activity or biovolume.  Approaches that integrate under the biofilm’s surface to get 94 

biovolumes (COMSTAT and Beer’s Analysis) are more appropriate for thick biofilms when 95 

penetration depth of the laser is an issue.  Penetration limitation has been reported to occur in 96 

specimens as thin as 60µm (Bruns et al 2012), although in our experience the effects are 97 

exacerbated when the thickness is >100µm (Parker et al. 2020). Both types of approaches 98 

(integrating under a surface versus counting bright pixels) tend to give similar results for thin 99 

biofilms unless the biofilm contains holes or overhanging features.  Beer’s Analysis is a recent 100 

tool in the toolbox for the biofilm community that is explicitly designed to analyze image data 101 

from thick biofilms (>100µm).   Ultimately, which image analysis approach to use depends on the 102 

scientific question of interest and the system under study.  103 

 104 

A second novel contribution of this paper is a new version of the Beer’s image analysis tool where 105 

the error bars for the bio-volume from a single image have been updated to account for the spatial 106 

correlation of the biofilm’s surface.   The higher the spatial correlation, the wider the error bars.   107 

That is, if you ignore the spatial correlation in the biofilm’s surface, the true uncertainty in the bio-108 

volume may be optimistically underestimated.         109 

 110 

While Beer’s analysis quantifies the variability (uncertainty) of the biovolume associated with a 111 

single image (or field of view (FOV)), the imaging data set presented here shows that there are 112 

likely more important sources of variability to consider.  We quantify the variability across 113 

multiple FOVs from the same sample and the variability across multiple independent samples (or 114 

experiments).   We leverage these results to present another novel contribution which is to 115 

predict the necessary levels of replication (i.e., sample sizes) to include in future designs of 116 
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imaging experiments of thick biofilms.   The reader may use design recommendations based on 117 

our data or use their own data to estimate the variability in their systems.  Either way, once the 118 

variance components are estimated, one can use the statistical approach presented here to assess 119 

candidate experimental designs for imaging studies 120 

using the Excel spreadsheet in the Supplementary Materials. 121 

Materials and Methods 122 

Photo ClO2 solution preparation  123 

Fresh 5% (w/v) NaClO2, 80% purity (Merck Millipore, Burlington, MA, USA), and a water 124 

solubilized thioxanthone (PEG-TX) as described in Willey et al (2017) stock solutions were 125 

prepared in 18 MΩ water in separate 100 ml volumetric flasks, passed through 0.2 µm syringe 126 

filters (VWR International, Randor, PA, USA), and covered with aluminum foil. The Photo ClO2 127 

systems and all experiments were prepared and conducted, respectively, in a dark room 128 

supplemented with red light. Working solutions consisted of a variable percent of NaClO2 and 129 

1000 ppm PEG-TX. After combining the two ClO2 precursors, the Photo ClO2 system was 130 

wrapped in aluminum foil and vigorously vortexed for 10 s. To produce ClO2, the mixed solution 131 

of NaClO2 and PEG-TX was applied and subsequently illuminated with a 395 nm light source 132 

(CrazyFire USA, Shenzen H-Zone Industrial Technology Co., China) that contained a Cree 133 

XLamp XM-L T6 light emitting diode for a specified amount of time. Throughout all experiments, 134 

new batteries (Duracell, Inc., Berkshire Hathaway, Bethel, CT, USA) were used for every trial.  135 

 136 

Biofilm growth 137 

The efficacy of photochemically generated ClO2 was tested using a modified version of the Single 138 

Tube Method (ASTM E2871) against a P. aeruginosa (ATCC 15442) biofilm grown in the CDC 139 
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Biofilm Reactor (ASTM E2542). The reactor, fitted with 1.27 cm diameter borosilicate glass 140 

coupons and containing 300 mg/L Tryptic Soy Broth (TSB) was inoculated with 1 mL of P. 141 

aeruginosa ATCC 15442 inoculum grown in 300 mg/L at 125 RPM for 22 +/- 2 hours at 36 +/- 142 

2°C.  After inoculation, the reactor was operated in batch phase with stirring at 125 RPM for 24 143 

hours at 21 +/- 2°C.  Continuous flow phase began when the reactor effluent port was unclamped 144 

and 100 mg/L TSB was pumped into the reactor at a flow rate of 11.67 mL/min with stirring at 145 

125 RPM for 24 hours at 21+/- 2°C.  After 48 hours total growth, rods were removed from the 146 

reactor, dipped gently into 30 mL sterile buffered dilution water and then the coupons were 147 

dropped into 50 mL sterile conical vials.  A 4 mL volume of Photo ClO2 solution was added to 148 

each vial.  The solution was activated by placing a light apparatus containing five 395 nm LEDs 149 

powered by one 9 V battery into each vial close to the surface of the solution.  Because light 150 

intensity decreases as the distance between the light source and sample increases, special care was 151 

taken so that the light apparatus was the same distance from the solution across all replicates.  The 152 

light remained on for one of the 4 different contact times (10, 30, 60 or 120 minutes).  Parallel 153 

controls containing 4 mL sterile buffered water that were exposed to the light for the same contact 154 

times were included. Immediately at the end of the contact time, the light was removed to inactivate 155 

the Photo ClO2 and 36 mL 1X D/E Neutralizing Broth was added to the vials for both the treated 156 

and control coupons.  The D/E broth was used to neutralize any residual ClO2.  After the treatment, 157 

vials containing the coupons were vortexed at 100% power (Vortex-Genie 2, Scientific Industries 158 

Inc. catalog #SI-0236) for 30 seconds then placed in a suspended test tube rack in a sonicating 159 

water bath (Elma Model TI-H 15) at 25 kHz, 100% power, sweep mode for 30 seconds.  This cycle 160 

was repeated twice more and ended with a final vortex step to harvest the biofilm from the coupons 161 

and to disaggregate the biofilm.   The use of D/E broth assisted with harvesting  and disaggregation. 162 
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Each sample was serially diluted and plated on R2A agar then incubated at 36 +/- 2°C to obtain 163 

viable plate counts.  In two independent experiments, biofilm bacterial abundances were quantified 164 

by (CFU/cm2).   Efficacy of the Photo ClO2 treatment was quantified at each time point (10, 30, 165 

60 and 120 minutes) for each experiment by a log reduction (LR) which is the mean log10(CFU) 166 

for the treated biofilms subtracted from the mean log10(CFU) for the control biofilms. 167 

 168 

Image acquisition 169 

In two independent experiments, image data from 3 FOVs were collected side-by-side with biofilm 170 

bacterial abundances (CFU/cm2) at 4 time points (10, 30, 60 and 120 minutes). For confocal 171 

imaging, coupons were removed from their treatment tubes and stained with 200 uL of a diluted 172 

1:1 mixture of Syto 9 and Propidium Iodide (LIVE/DEAD BacLight Bacterial Viability Kit stain 173 

(Invitrogen, catalog #L7012)). Only the “LIVE” (green) channel was used to determine biovolume 174 

for this analysis. Microscopic images were collected on an upright Leica TCS-SP5 Laser Scanning 175 

Confocal Microscope using 25X/0.95NA 2.5mmWD water objective with an excitation of 176 

LIVE/DEAD using 488 nm and 561 nm lasers.  This provided a 3D image from a 620 µm x 620 177 

µm field of view of the biofilm. 178 

 179 

Image Analysis 180 

Gray-scale (8-bit) images were generated from the confocal microscope data using Imaris 181 

(Bitplane) software.  A biovolume (μm3) was calculated from each image using Beer’s analysis 182 

(Parker et al 2020).   Beer’s Law was fit to the image intensity data via a simple regression model 183 

fit to each column of the 3D image data (see Figure 1).  From this fit, the location of the surface 184 

of the biofilm was estimated as described in Parker et al 2020.  For each image, the volume of the 185 
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biofilm was estimated by integrating under the estimated surface of the biofilm.   The error bars 186 

were calculated as described in Parker et al 2020, although with an update to use a simple order 1 187 

autoregressive process (AR(1)) to account for spatial correlation of the biofilm’s surface (Ramsey 188 

& Schafer section 15.2.2) – see Supplementary Information. Efficacy of the Photo ClO2 treatment 189 

was quantified at each time point for each experiment by a log reduction (LR) which is the mean 190 

log10(biovolume) for the treated biofilms subtracted from the mean log10(biovolume) for the 191 

control biofilms.  A regression of log10(biovolume (µm3)) responses versus log10(CFU/cm2) 192 

responses, with experiment as a factor including the interaction, was used to assess association 193 

between biovolume and CFUs. 194 

 195 

Experimental designs 196 

We used the variance of the biovolume provided by Beer’s analysis to answer questions about 197 

candidate microscopy experimental designs.  To study the removal effect of an antimicrobial in 198 

the future with a high level of statistical confidence, how many experiments should be performed?  199 

How many fields of view?  What pixilation in the x and y dimensions (parallel to the substratum) 200 

should be used?   To answer these questions, one needs to understand the uncertainty of the mean 201 

LR.  The uncertainty is quantified here by the margin of error (MOE) associated with an upper 202 

one-sided 95% confidence interval (CI) for the mean log reduction.   203 

 204 

It is well known (Hamilton et al 2013) that when calculating the mean LR (whether a LR of CFUs 205 

or a LR of biovolumes) from an experimental design with 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 experiments, and 𝑛𝑛𝑟𝑟𝑒𝑒𝑒𝑒 replicates 206 

per experiment, then 207 

 208 
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 𝑆𝑆𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚) = �
𝑉𝑉𝑉𝑉𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

+ 𝑉𝑉𝑉𝑉𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

 209 

 210 

where Varexp is the variance of the LR due to experiment-to-experiment differences (e.g., changes 211 

in inoculum and lab environment) and Varerror is the variance of the LR due to within-experiment 212 

differences also called “error” (e.g., changes in how replicate samples are handled in the same 213 

experiment).  From imaging studies that produce a LR of biovolumes, the second variance term in 214 

the above equation breaks out into two components, one driven by the variability between FOVs 215 

and the other driven by the variance due to the pixilation.   When the mean LR in biovolumes is 216 

calculated from 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 experiments, 𝑛𝑛𝐹𝐹𝐹𝐹𝑉𝑉 FOVs per experiment and 𝑛𝑛𝑒𝑒 x-pixels and 𝑛𝑛𝑦𝑦 y-pixels per 217 

FOV, then  218 

 219 

(1)    𝑆𝑆𝑆𝑆(𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚) = �
𝑉𝑉𝑉𝑉𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

+ 𝑉𝑉𝑉𝑉𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝐹𝐹𝐹𝐹𝐹𝐹

+ 𝑛𝑛𝑒𝑒𝑛𝑛𝑦𝑦×𝑉𝑉𝑉𝑉𝑟𝑟𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝐹𝐹𝐹𝐹𝐹𝐹

. 220 

 221 

The components of variance in equation (1) are due to Experiment (Varexp), FOV (VarFOV) and the 222 

surface of the biofilm (Varsurf).  These components are estimated in two steps.   First, Varexp and 223 

Varerror are estimated by a linear mixed effects model (LMM) fit to the LRs in biovolume with 224 

Experiment as a random effect and time as a fixed effect.   The assumptions of the LMM were 225 

assessed by viewing a residual versus fits plot and a normal probability plot.  The second step 226 

capitalizes on the relationship Varerror = VarFOV + 𝑛𝑛𝑒𝑒𝑛𝑛𝑦𝑦 × 𝑉𝑉𝑚𝑚𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠 to estimate the components 227 

VarFOV and Varsurf from Varerror as described in the Supplementary Information.   The AR(1) model 228 

of the spatial correlation is accounted for in Varsurf.    229 

 230 
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After estimating the variance components Varexp, VarFOV and Varsurf from data, the SE in equation 231 

(1) can be calculated.  The levels of replication we considered were: 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 1,2,3, 6; 𝑛𝑛𝐹𝐹𝐹𝐹𝑉𝑉 = 1, 232 

2, 6; and the pixilations 𝑛𝑛𝑒𝑒 = 𝑛𝑛𝑦𝑦=512, 1024, 2048.  Lastly, the lower limit for an upper one-sided 233 

95% CI for the mean LR in biovolume is 234 

 235 

 Mean LR - t ×SE 236 

 237 

where the margin of error is MOE = t ×SE.  The multiplier t is the 95th percentile from a t 238 

distribution with 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 − 1 degrees of freedom.  When 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 1, we used a t distribution with 0.5 239 

degrees of freedom to give an approximate MOE for a 1-sided 95% CI for the mean LR.  The 240 

bottom line is that better experimental designs attain smaller MOEs (where a design is specified 241 

by some combination of  𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛𝐹𝐹𝐹𝐹𝑉𝑉, 𝑛𝑛𝑒𝑒𝑚𝑚𝑛𝑛𝑎𝑎 𝑛𝑛𝑦𝑦) and minimal effort. 242 

 243 

Results 244 

Plate Count Analysis 245 

Figure 2 shows the killing effect of Photo ClO2, in terms of CFUs, alongside results for the 246 

untreated controls for two independent experiments.  All of the CFU data over both experiments 247 

are summarized in Figure 2A, which shows that the control data were relatively constant over time 248 

and similar across different experiments.  That is, the control log densities were repeatable 249 

(repeatability SD =  0.12).  The steep decrease in the red curves in Figure 2A shows that longer 250 

exposure to Photo ClO2 resulted in increased efficacy against viable biofilm cells of P. aeruginosa. 251 

 252 
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Figure 2B uses log reductions (LR) calculated from CFUs to illustrate the killing efficacy of the 253 

Photo ClO2 treatment over time.  The increasing LR curves show, in both experiments, that CFUs 254 

are responsive to the differing contact times with the Photo ClO2 treatment, with a mean LR = 7.0 255 

after 120 minutes (95% CI: [6.17, 7.86]).   The fact that the curves differ substantially between 256 

experiments, especially at the early time points, indicates that the repeatability of the LRs is much 257 

worse than for the controls.   This increased variability of the LRs is expected (Parker et al 2018). 258 

 259 

Image Analysis 260 

Figures 3 and 4 give an overview of the CSLM image data that illustrate the removal efficacy of 261 

the Photo ClO2 treatment and also an overview of the Beer’s Law approach to image analysis.    262 

 263 

The first row of Figure 3 shows the images collected from the untreated control biofilms from 3 264 

of the 4 time points.   Similar thick control biofilms are shown throughout the 120 minutes of the 265 

experiment, which is what might be expected given that the CFUs collected from these biofilms 266 

remained relatively constant over time (Figure 2).  The surface plots in the second row of Figure 267 

3 show the optimal estimate of the top surface of the biofilm over the field of view (FOV) captured 268 

by CSLM.  The third row of Figure 3 shows an x-slice through the biofilm.  The black curves in 269 

the x-slices show the optimal estimate of the biofilm’s top surface. The x-slices illustrate the severe 270 

attenuation of the fluorescence intensities deep in the biofilm (Figure 1 shows the fit of Beer’s Law 271 

to a single column of data in a CSLM image).   Beer’s Law predicts this attenuation even when 272 

there are viable bacteria throughout the biofilm.  It is crucial that 3 components of the imaging 273 

data are modeled: the noise above the biofilm’s surface; the brightly fluorescing biofilm just below 274 

the surface, and the low intensity pixels deep in the biofilm (Figure 1).    275 
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 276 

Figure 4 shows imaging results from biofilms after treatment by Photo ClO2 for 3 of the 4 contact 277 

times.  The biofilm images indicate that after only 10 minutes, there is only a small disruption to 278 

the biofilm architecture compared to the controls (Figure 3).  As the contact time increases, the 279 

biofilms are disrupted more severely, which might be expected given that the CFUs of these 280 

biofilms decreased exponentially (i.e., linearly on the log scale) over this same time period (Figure 281 

2).  282 

 283 

Analysis of biovolumes from images 284 

Figures 3 and 4 gave an overview of the imaging data collected during our study.   These image 285 

data are summarized as biovolumes in Figure 5.          286 

 287 

Figure 5A shows that the biovolumes of the untreated control biofilms are relatively constant over 288 

time and not very different across experiments, implying that the biovolumes of the controls over 289 

time are repeatable over different experiments (log10(biovolume) repeatability SD = 0.191).   290 

Comparing these biovolumes to the results for CFUs (Figure 2), the CFU and biovolume control 291 

data have about the same repeatability from experiment to experiment and from FOV to FOV.  292 

 293 

Figure 5B indicates the removal efficacy of the Photo ClO2 treatment over time with respect to 294 

biovolumes, resulting in a mean LR of biovolumes of 0.57 (95% CI: [0.40, 0.73])  after 120 295 

minutes (73% reduction, 95% CI: [60%, 100%]).  The decreasing curve for only one of the 296 

experiments indicates that the biovolumes were not consistently responsive to the differing contact 297 

times with the Photo ClO2 treatment.   Comparing to the large increase in the CFU LRs in Figure 298 
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2B suggests that after 120 minutes, biofilm CFUs are more responsive than biovolumes to the 299 

antimicrobial treatment.  Interestingly, when studying P. aeruginosa biofilms in 96 well microtiter 300 

plates, CFUs were also found to be more responsive than resazurin and crystal violet responses 301 

(Allkja et al 2021).   302 

 303 

Comparison of CFUs to biovolumes 304 

Figures 2 and 5 suggest that CFUs are poor predictors of biovolumes (and vice versa), especially 305 

after application of an antimicrobial.   For the controls, the log(biovolumes) were weakly correlated 306 

with log(CFU)s (R2 = 10%) and the LRs in biovolumes were weakly correlated with the LRs in 307 

CFUs (R2 = 4%).  This relationship was explored graphically in more detail in Figure S1 in the 308 

Supplementary Information.    309 

 310 

Experimental designs for imaging studies 311 

We use the results from our study of Photo ClO2 against P. aeruginosa biofilms to answer some 312 

of the most common questions that a bio-statistician receives regarding how to design an imaging 313 

study.  What pixilation in the x and y dimensions (parallel to the substratum) should be used?   How 314 

many FOVs to capture per experiment?  How many experiments to conduct?  To help answer these 315 

questions, it was assumed that the goal of the future study is to estimate the mean LR in biovolume 316 

with a high level of statistical confidence.  Table 1, generated by the design tool in the 317 

Supplementary Information, provides assessments of different experimental designs over a wide 318 

range of pixel resolutions, FOV numbers and experiment numbers.  To determine the margins of 319 

error (MOE) for a one-sided 95% CI in Table 1, the SE for the mean LR was calculated by plugging 320 

into equation (1) the variance components that we found for our study: Varexp = 1.0 × 10−16, 321 
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VarFOV=6.91 × 10−3, Varsurf=1.70 × 10−10.  Table 1 says that, if the goal is to assess removal at 322 

a 95% confidence level, then 2 experiments, with 1 FOV in each, must be performed when 323 

studying a treatment that yields a mean LR in biovolumes of 0.4 (60% reduction, which occurred 324 

in both experiments in our study before 30 minutes).  Increasing to 6 FOVs in each of 2 325 

experiments allows detection of mean LRs as low as 0.16 (31% reduction).   In our study we 326 

performed 2 independent experiments, each with 3 FOVs that generated a 1024×1024 pixelated 327 

image; Table 1 predicts a margin of error 0.2673.   Table 1 also shows that one can markedly 328 

reduce pixilation in the x and y dimensions and actually decrease the margin of error for the LR in 329 

biovolume. 330 

 331 

Discussion 332 

There are different approaches for controlling biofilm in an environment. To date, most industries 333 

have relied on traditional antimicrobials to kill the organisms in a biofilm. Because biofilms are 334 

more tolerant to disinfection, to achieve a high LR in viable cells means that the treatment must 335 

have higher concentrations of active ingredients, extended contact times and/or more aggressive 336 

chemicals. In our study, Photo ClO2 continually generated chlorine dioxide while the 395 nm 337 

LEDs were on, so that the amount of active was increased by increasing exposure time to the 338 

LEDs.   339 

 340 

We applied Photo ClO2 at 4 different exposure times  (10, 30, 60 and 120 min).  The 10 minute 341 

time point in our study corresponds to the maximum contact time allowed by EPA when 342 

demonstrating kill efficacy against biofilms in public health settings.  In our study Photo ClO2 343 

achieved a mean LR = 1.75 in viability at 10 minutes, much less than the LR ≥ 6 requirement by 344 
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EPA in public health settings.   By 120 minutes, Photo ClO2 efficacy increased to mean LR = 7 in 345 

viability.   This longer contact time is relevant and practical to implement for the non-public health 346 

applications that Photo ClO2 was originally designed for such as cleaning fouled exterior surfaces 347 

like a deck or cleaning a washing machine over a long cycle.  The Photo ClO2 treatment was much 348 

less efficacious at the shorter contact times in our study because a low sodium chlorite precursor 349 

concentration was used which produced ClO2 at a rate slower than a product applied in a public 350 

health setting would be designed for. By slowing the ClO2  production rate, we were able to 351 

carefully study the effect of photo ClO2 on biofilm by capturing changes that occurred through 352 

time that might have been missed by higher sodium chlorite precursor concentrations. 353 

 354 

ClO2 often shows improved efficacy vs. chlorinating agents such as chlorine, chloramines, and 355 

hypochlorite and a reduction in disinfection by-products (Richardson et al 2007).  ClO2 is an 356 

oxidizing agent capable of reacting with several cellular constituents, including the cell membrane 357 

of microbes. By removing electrons from cellular constituents (oxidation), ClO2 initiates the death 358 

of the organism by the breakup of the cell. ClO2 alters the proteins involved in the structure of 359 

microorganisms, breaking the enzymatic function, thus causing very rapid bacterial kills. The 360 

potency of ClO2 is attributable to the simultaneous, oxidative attack on many proteins thereby 361 

preventing the cells from mutating to a resistant form (Chen et al 2012).  Due to stability issues, 362 

ClO2 is typically produced at the point of use and often only in small quantities and in dilute 363 

solutions.   Our data illustrates a photochemical pathway for generating ClO2 from a stable sodium 364 

chlorite precursor in situ in the presence of light (Buckley et al 2021). Photochemical generation 365 

avoids stability issues as the system requires only a photocatalyst and a stable precursor (sodium 366 

chlorite).  ClO2 is then generated upon exposure to light (395nm LEDs). The Photo ClO2 system 367 
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also overcomes a practical concentration limitation of ClO2 based systems. At standard 368 

temperature and pressure, ClO2 is soluble to ~3,000 ppm prior to outgassing. By generating a 369 

transient ClO2 species photochemically, the effective reactivity of the system mimics 370 

concentrations far greater than can be practically formulated often by orders of magnitude in 371 

standard electrochemical or acidified ClO2 systems (Buckley et al 2021, Willey et al 2015). 372 

 373 

Historically, the efficacy of an antimicrobial has been illustrated by kill as quantified by CFUs or 374 

presence/absence assays.  Hpwever, in many applications, removing the biofilm is a practical 375 

strategy. For example, removing biofilm may improve heat transfer rates in a cooling tower, or 376 

eliminate pathogens from a toilet or medical device.  Agents that remove instead of kill can have 377 

positive public health effects by eliminating havens for pathogens. Assessing a treatment’s 378 

removal efficacy by changes in biovolume as we do here can help develop the necessary “clean in 379 

place” processes and optimize the formulation of treatments that both kill viable cells and remove 380 

biofilm from a surface.  Effective removal includes reducing viable microorganisms, 381 

exopolysaccharide (EPS), the biofilm’s matrix and/or the environmental contaminants that have 382 

become a part of the biofilm.    383 

 384 

In our study, Photo ClO2 reduced the volume of P. aeruginosa biofilm by 73% (LR = 0.57).  In 385 

another study (Davison et al 2010, see Table 2), CSLM applied to S. epidermidis biofilms 386 

illustrated a 90% reduction for chlorine 50 mg/L, 43% reduction for chlorine 10 mg/L, 9% 387 

reduction for a quaternary ammonium compound 50 mg/L, 8% reduction for nisin 50 mg/L and 388 

0% reduction for glutaraldehyde 50 mg/L.  While the biovolume was reduced by 73%, Photo ClO2 389 

effected a LR = 7 in biofilm CFUs.  Importantly, this massive reduction in viable cells peaked at 390 
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120 minutes whereas the 73% reduction in biovolume occurred quickly after only 30 minutes then 391 

remained relatively unchanged.   This result is consistent with the findings by Davison et al 2010, 392 

who observed slow penetration of chlorine into the biofilm yet substantial erosion of the matrix 393 

and biofilm removal at the surface which they attributed to chlorine’s high reactivity. 394 

 395 

The biofilms in our study ranged in thickness from 40 – 260 µm.   Hence, the assessments that we 396 

present of experimental designs of imaging studies apply to thick slimy biofilms.  Pettygrove et al 397 

(2022) considered designs for imaging studies of the early phases of biofilm formation and so, 398 

unlike we do here, focused on the image acquisition rate and modeling serial correlation over time.  399 

Whether determining future designs for studying early forming or mature biofilms, preliminary 400 

data must be available to estimate the variances from different sources (e.g., pixilation, FOVs and 401 

experiments).  One can use the variances that we have generated from our study, use those reported 402 

by Pettygrove et al (2022), or estimate variances from a new data set.   In all of these cases, the 403 

statistical approach used here can be applied to assess candidate experimental designs. 404 

 405 

The experimental design assessments (Table 1) do not consider the effect of changing the number 406 

of z-slices.  This is because the effect of changing the number of z slices (nz) is not necessarily 407 

linear.  A preliminary assessment via simulation studies (not shown) shows that increasing nz 408 

reduces the variability of the mean LR in biovolume.  A more systematic study is a topic of further 409 

research.   Simulations also support the prediction by equation (1) that decreasing the pixilation in 410 

the horizontal x and y dimensions reduces the variability of the mean LR, although there is clearly 411 

a limit in how much the pixilation can be reduced before the biofilm representation is compromised 412 

that is not captured by equation (1).  In our data, nz ranged from 67 to 325 z-slices per image so 413 
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that the spatial resolution in the z dimension (i.e., the distance between z-slices) was fairly 414 

consistent, ranging from 0.5 - 1.4 µm. 415 

 416 

COMSTAT is a useful tool for image analysis that is well used and preferred by many biofilm 417 

researchers.  COMSTAT appears to give an unbiased estimate of the biovolume (called the 418 

“connected volume”) because it determines biovolumes by integrating under the top bright pixels 419 

that identify the biofilm’s top surface.  Unfortunately, COMSTAT does not provide any error bars 420 

for the biovolume, or for the threshold that it chooses, which makes an assessment of the effect of 421 

pixilation (as in Table 1) challenging. The Beer’s image analysis that we use also integrates under 422 

the biofilm’s top surface, but the top surface is determined by a statistical regression model that 423 

describes Beer’s Law (Figure 1) as opposed to the heuristic used by COMSTAT.   A major 424 

advantage to fitting Beer’s Law to all of the intensity data in an image is that error bars for the 425 

threshold, surface and biovolume are provided which allows the effect of different pixilations to 426 

easily be assessed (via equation (1) and Table 1).  We emphasize that this paper shows how to 427 

calculate the error bars for the biovolume after accounting for the spatial correlation of the 428 

biofilm’s surface, which is then an input into experimental design assessments.   429 

 430 

The top surface of the biofilm was not the only feature estimated from the images. The bottom of 431 

the biofilm where it was attached to the coupon surface also needed to be estimated (see the blank 432 

space under the biofilms in the last row of images in Figures 3 and 4). We manually identified the 433 

bottom of the biofilms with a flat horizontal line, and then removed the corresponding z-slices 434 

from the images prior to biovolume calculations.  This artifact in these images highlights a crucial 435 

step in image analysis that is rarely performed when using other software: the data analyst should 436 
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assess the fit of the model to the data.  We assessed the fit of Beer’s Law by examining x-slices 437 

(middle rows of Figures 3 and 4) that revealed that the microscopist inadvertently imaged into the 438 

substratum (coupon) on which the biofilm was attached. 439 

 440 

Statistical assessments of experimental designs, as we do here, presume that the sub-samples that 441 

are analyzed are representative of all possible sub-samples. For example, when plating 100uL for 442 

counting CFUs from the 40mL volume into which biofilm bacteria were harvested in our 443 

experiments, the plating volume was assumed to be representative of the entire volume because 444 

the biofilm was disaggregated into single cells and then homogenously distributed by sonicating 445 

and vortexing.  When applying CSLM, the biofilm samples were imaged in their unadultered 446 

natural heterogenous state.   In this case, the simplest approach for choosing representative FOVs 447 

would be by simple random sampling.  Unfortunately, in our study the FOVs were determined by 448 

the microscopist.  This is a potential weakness of most imaging studies, including ours.  449 

Nonetheless, our results are a starting point for estimating the sources of variability of biovolumes 450 

for designing future microscopy experiments. We recommend adaptive cluster sampling 451 

(Thompson, 1990) for selecting FOVs, an approach which can be more efficient than simple 452 

random sampling for generating representative FOVs, which is the focus for future research.  453 

 454 

This research demonstrates the utility of pairing plate counts with CSLM data to assess the kill 455 

and removal efficacy of an antimicrobial. In our case study, plate count data confirmed that Photo-456 

ClO2 effectively killed the biofilm, while imaging showed the ability of Photo ClO2 to remove 457 

biofilm (microbial cells and matrix) from the surface, a critical determination for the non-public 458 

health applications of the technology. 459 
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Figures and Tables 561 

 562 

Figure 1: Schematic showing the fit of the physical model of the CSLM laser intensity as a function of 563 

depth into the biofilm.   564 

 565 
   566 

567 
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                          A            B 568 

 569 

Figure 2. Microbial abundances versus contact time with Photo ClO2. A: Mean log density for untreated 570 

control biofilms and for biofilms treated by Photo ClO2.  Each point is the mean log10(CFU/cm2) for two 571 

coupons at a single time point in one experiment.  B: log reductions with respect to CFUs after treatment 572 

by Photo ClO2.  Each point is a log reduction for a single time point in a single experiment.        573 
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Time point (min):             10                                            60                                           120 576 

 577 

Figure 3.  Images of untreated control biofilms versus time.  3D CSLM images collected from P. 578 

aeruginosa biofilms at 10, 60 and 120 minutes that were untreated (cf. Figure 2).  The field of view in every 579 

case is 620 µm x 620 µm.  Top Row: “3D view” generated by Imaris. Middle Row: The biofilm’s surface 580 

estimated by Beer’s analysis.   Colors indicate the thickness of the biofilm. Bottom Row: A single slice (out 581 

of 1024 possible x or y slices) from the biofilm depicting the pixel intensities inside the biofilm.  Colors 582 

indicate the pixel intensity on the log scale. The pixels at the top of the biofilm have high intensities, while 583 

the pixels deeper into the biofilm have lower intensities as predicted by Beer’s Law.   584 

  585 



Page 27 of 32 
 

 586 

Time point (min):            10                                           60                                            120 587 

 588 

Figure 4.  Images versus contact time with Photo ClO2. 3D CSLM images collected from P. aeruginosa 589 

biofilms after treatment by Photo ClO2 for 10, 60 and 120 minutes (cf. Figure 2).  The field of view in every 590 

case is 620 µm x 620 µm.  Top Row: the “3D view” generated by Imaris. Middle Row: A surface plot of 591 

the biofilm’s surface generated by Beer’s Analysis.  Colors indicate the thickness of the biofilm.  Bottom 592 

Row: A single slice (out of 1024 possible x or y slices) from the biofilm that allows a visualization of the 593 

pixel intensities inside the biofilm.  Colors indicate the pixel intensity on the log scale. The pixels at the top 594 

of the biofilm have high intensities, while the pixels deeper into the biofilm have lower intensities.    595 

  596 
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 597 

              A                B 598 

 599 

Figure 5. Biovolumes versus Photo ClO2 contact time. A: Biofilm volumes.  Each point is the mean log-600 

transformed biovolume from three 620 µm x 620 µm fields of view from a single sample.  B: LRs with 601 

respect to biovolume after treatment by Photo ClO2.  Each point is a LR for a single time point.  602 
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Table 1: The expected margin of error for an upper 1-sided 95% confidence interval for the mean LR in 605 

biovolumes for different experimental designs.  The number of x and y pixels is assumed to be the same (nx 606 

= ny). 607 

 608 

 609 
Supplementary Information 610 

 611 

  A                             B 612 

 613 

Figure S1. There is weak association between CFUs and biovolumes.  Little to no correlation is indicated 614 

by the flat lines that relate CFUs to biovolumes.  A: For the controls, the log(biovolumes) are weakly 615 

correlated with log(CFU)s (R2 = 10%).  B: The log reductions in biovolumes are weakly correlated with 616 

the log reductions in CFUs (R2 = 4%). 617 

Num. FOV 1 1 1 2 2 2 6 6 6
Num. x-pixels 512 1024 2048 512 1024 2048 512 1024 2048
Num. Exp 1 3.4494 3.4818 3.6089 2.4391 2.4620 2.5519 1.4082 1.4215 1.4733

2 0.3745 0.3780 0.3918 0.2648 0.2673 0.2770 0.1529 0.1543 0.1599
3 0.1415 0.1428 0.1480 0.1000 0.1010 0.1047 0.0578 0.0583 0.0604
4 0.0986 0.0995 0.1032 0.0697 0.0704 0.0730 0.0403 0.0406 0.0421
5 0.0799 0.0807 0.0836 0.0565 0.0571 0.0591 0.0326 0.0329 0.0341
6 0.0692 0.0699 0.0724 0.0489 0.0494 0.0512 0.0283 0.0285 0.0296
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 618 

Estimates for Varexp and Varerror are found directly from the LMM model fit to the LRs that has a 619 

random effect due to experiment.  From the LR in biovolumes in our data set, Varexp = 1.0 × 10−16 620 

and Varerror = 0.0071.  When working with LR in biovolumes, Varerror has two components, one 621 

due to FOV differences captured from the same experiment (VarFOV) and one due to differences 622 

in the surface of the biofilm in a single FOV (Varsurf).  Here we show how to estimate each of these 623 

variance components to substantiate equation (1). 624 

 625 

The optimal biovolume Volj from the jth FOV is calculated by Beer’s analysis by integrating under 626 

the optimal top surface of the biofilm; that is, by simply summing the height of the biofilm’s 627 

surface across all x and y pixels. The variance of this sum Volj is 628 

 629 

(2)   Var(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗) = 𝑛𝑛𝑒𝑒𝑛𝑛𝑦𝑦 × 𝑉𝑉𝑚𝑚𝑟𝑟(𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆) 630 

 631 

where Var(𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆) is the usual sample variance of the surface across all 𝑛𝑛𝑒𝑒𝑛𝑛𝑦𝑦 horizontal pixels in 632 

the CSLM image (Parker et al 2020) times c, an inflation factor that accounts for spatial correlation 633 

via an autoregressive process of order 1 (AR(1)) (Ramsey & Schafer (section 15.2.2)). If there was 634 

no spatial correlation of the biofilm’s surface among the spatial locations in the image then c = 1.  635 

The inflation factor is c > 1 when the surface is correlated over space in which case the variance 636 

is inflated to account for that correlation.  For our data, the inflation factors ranged from 24 to 1276 637 

with a median of 525.   The inflation factor is calculated by  𝑐𝑐 = 1+𝑟𝑟
1−𝑟𝑟

 that depends on the first serial 638 

correlation coefficient 𝑟𝑟 = ∑ 𝑟𝑟𝑒𝑒𝑠𝑠𝑖𝑖×𝑟𝑟𝑒𝑒𝑠𝑠𝑖𝑖−1𝑛𝑛
𝑖𝑖=2
∑ 𝑟𝑟𝑒𝑒𝑠𝑠𝑖𝑖×𝑟𝑟𝑒𝑒𝑠𝑠𝑖𝑖𝑛𝑛
𝑖𝑖=1

  where the residual resi is the difference between the 639 

mean height of the surface in the ith x slice and the overall mean surface of the biofilm.  Using 640 
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equation (2), 𝑆𝑆𝑆𝑆(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗)  =  �𝑉𝑉𝑚𝑚𝑟𝑟(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗) ranged from 8.85×103 to 6.00×105 with a median of 641 

2.57×105.  The latest version of Beer’s analysis software, presented for the first time in this paper, 642 

supplies 𝑆𝑆𝑆𝑆(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗) that accounts for the the AR(1) spatial model (improving upon the analysis in 643 

Parker at al 2020). 644 

 645 

We relate equation (2) to variances of the log transformed biovolumes, Var(log10(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗)).   This 646 

can be estimated by the Delta Method that states that if a random variable Y is a function of another 647 

random variable V with mean 𝜇𝜇𝑉𝑉, Y = f(V), and if f has Taylor series 𝑆𝑆(𝑉𝑉) = 𝑆𝑆(𝜇𝜇𝑉𝑉) + 𝑆𝑆′(𝜇𝜇𝑉𝑉)(𝑉𝑉 −648 

𝜇𝜇𝑉𝑉)+. .., then taking the variance of both sides shows that 𝑉𝑉𝑚𝑚𝑟𝑟(𝑌𝑌) ≈ (𝑆𝑆′(𝜇𝜇𝑉𝑉))2𝑉𝑉𝑚𝑚𝑟𝑟(𝑉𝑉).  For the 649 

case where 𝑌𝑌 = log10(𝑉𝑉) = 𝑆𝑆(𝑉𝑉), then 𝑆𝑆′(𝑉𝑉) = 1
𝑉𝑉𝑉𝑉𝑛𝑛10

 so 𝑆𝑆𝑆𝑆(log10(𝑉𝑉)) ≈ 𝑆𝑆𝑆𝑆(𝑉𝑉)
𝜇𝜇𝐹𝐹𝑉𝑉𝑛𝑛10

.  Applying to 650 

equation (2) and substituting Volj  for  𝜇𝜇𝑉𝑉, then 651 

 652 

(3)   𝑉𝑉𝑚𝑚𝑟𝑟(log10(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗)) ≈ 𝑉𝑉𝑉𝑉𝑟𝑟(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗)
(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗𝑉𝑉𝑛𝑛10)2

= 𝑛𝑛𝑒𝑒𝑛𝑛𝑦𝑦×𝑉𝑉𝑉𝑉𝑟𝑟(𝑆𝑆𝑠𝑠𝑟𝑟𝑠𝑠)
(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗𝑉𝑉𝑛𝑛10)2

. 653 

 654 

Importantly, the units cancel out, making this a unitless quantity, which must be the case because 655 

variances of log transformed random variables are invariant to a multiplicative change in units in 656 

the original variable.   Equation (3) was applied to all of the biovolumes in our data set, with nx=ny 657 

= 1024 (the pixilation used in our data), giving 𝑆𝑆𝑆𝑆(log10(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗)) = �𝑉𝑉𝑚𝑚𝑟𝑟(log10(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗)) ranging 658 

from 1.10×10-3 to 2.00×10-2 with a median of 9.09×10-3.   These variances were pooled together 659 

to give 𝑉𝑉𝑚𝑚𝑟𝑟(log10(𝑉𝑉𝑉𝑉𝑉𝑉)) ≈ 8.89 × 10−5.     660 

 661 
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The last step is to relate equation (3) to the components of variance of the LR, VarFOV and Varsurf 662 

(Varsurf  is the contribution to the variance of the LR due to changes in the surface, Var(Surf) is the 663 

variance of the surface). Because the LR is the mean of the log biovolumes for the control FOVs 664 

minus the mean of the log biovolumes for the treated FOVs, then VarFOV and Varsurf  have 665 

contributions from both the controls and treated FOVs (e.g., see Hamilton et al. 2013).  Explicitly 666 

accounting for these, as opposed to pooling across them,  is useful if differing pixilations are used 667 

for the treated and controls (which we have never seen), of if there are different numbers of control 668 

FOVs versus treated FOVs, or if non-constant variances are observed  for the controls versus 669 

treated log biovolumes (𝑉𝑉𝑚𝑚𝑟𝑟(log10(𝑉𝑉𝑉𝑉𝑉𝑉𝑗𝑗))).   The last occurs frequently when working with LRs 670 

of CFUs, not to mention that the variances tend to change as a function of the LR (Parker et al 671 

2018).  For these biovolume data and the exercise we present here, the variances for the log 672 

biovolumes for the controls and treated were similar, and the same pixilation and the same number 673 

of FOVs for controls and treated are used in the design scenarios, so we pool the control and treated 674 

data together when calculating VarFOV and Varsurf.   That is,  675 

 676 

   Var𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠 = 2 𝑉𝑉𝑉𝑉𝑟𝑟(log10(𝑉𝑉𝑉𝑉𝑉𝑉))
𝑛𝑛𝑒𝑒𝑛𝑛𝑦𝑦

≈ 1.70 × 10−10 677 

 678 

and then  679 

 680 

  Var𝐹𝐹𝐹𝐹𝑉𝑉 = Var𝑒𝑒𝑟𝑟𝑟𝑟𝑉𝑉𝑟𝑟 −  𝑛𝑛𝑒𝑒𝑛𝑛𝑦𝑦Var𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠 ≈ 6.91 × 10−3. 681 

  682 

 683 

 684 
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