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Abstract 18 

Imaging of biofilm systems is a prerequisite for a better understanding of both structure and its 19 

function. The review aims to critically discuss the use of optical coherence tomography (OCT) for the 20 

visualization of the biofilm structure as well as its dynamic behavior. A short overview on common 21 

and well-known, established imaging techniques for biofilms such as scanning electron microscopy 22 

(SEM), confocal laser scanning microscopy (CLSM), Raman microscopy (RM), and magnetic 23 

resonance imaging (MRI) paves the way to imaging biofilms at the mesoscale, which is perfectly 24 

covered by means of OCT. Principle, resolution, imaging velocity and limitations of OCT are 25 

subsequently presented and discussed in the context of biofilm applications. Examples are provided 26 

showing the strength of this technique with respect to the visualization of the mesoscopic biofilm 27 

structure as well as the estimation of flow profiles and shear rates. Common and new structural 28 

parameters derived from OCT datasets are presented. Additionally, the review shows the importance 29 

of OCT with respect to a better description of mechanical biofilm properties. Finally, the 30 

implementation of multi-dimensional OCT datasets in biofilm modelling is shown by several 31 

examples aiming on an improved understanding of mass transfer at the bulk-biofilm interface. 32 
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1 Introduction 39 

Within the last three decades – since the Dahlem Conference in 1989 – the driving force of most of the 40 

biofilm research done worldwide is still the interest in understanding the interaction of structure and 41 

function of biofilms (Wilderer and Characklis, 1989). Once identified as the main place where 42 

microorganisms prefer to live or organize themselves, the interest in biofilms was no longer only 43 

driven by waste water treatment or fouling in technical systems but also by additional research fields 44 

(Costerton et al., 1994). For example, the role of biofilms in the environment has already been 45 

identified very early (Boyle and Scott, 1984) and is still a field for understanding the interaction of 46 

physical heterogeneity (i.e. structure) and function (Singer et al., 2010). Furthermore, the impact of 47 

biofilms on human health is still a highly attractive research area (Hall-Stoodley et al., 2004). A new 48 

emerging field is the understanding of biofilms as systems which can be used for production of 49 

valuable chemicals in biofilm reactors (Halan et al., 2012; Kiperstok et al., 2017; Sarkar et al., 2009).  50 

Currently it seems that for the part of biofilm function the locally resolved description of the activity 51 

within a certain biofilm structure is not completely satisfying. Micro sensors are only available for a 52 

limited number of relevant parameters such as dissolved oxygen, nitrous oxide, and ammonium 53 

(Boessmann et al., 2003; Bungay et al., 1969; Lv et al., 2015). The use of optodes in biofilm research 54 

is not fully developed although planar optodes reveal the concentration of i.e. dissolved oxygen at the 55 

interface optode-biofilm with a high spatial resolution (Haberer et al., 2011; Staal et al., 2011). 56 

Fluorescence in situ hybridization (FISH) will typically generate an image of the distribution of the 57 

targeted microorganisms after their inactivation (Nielsen et al., 2009). Surface-enhanced Raman 58 

scattering provides more detailed chemical information about the biofilm by addition of colloidal 59 

silver or gold nanoparticles (Ivleva et al., 2010b). However, nanoparticle addition might have an 60 

impact on the biofilm structure and function by itself.  61 

On the other hand the identification of the biofilm structure can be realized with a wide variety of 62 

methods which analyze and/or image the local organization of the different components within a 63 

biofilm system as shown in the review of Neu et al. (2010). Partly these methods also deliver 64 

information on biofilm function. Beside the generation of three-dimensional (3D) imaging datasets the 65 

question on which scale tools and methods are applicable is important. This research question has 66 

been addressed by Morgenroth and Milferstedt (2009). Nevertheless, a clear definition of temporal 67 

and/or spatial scales is lacking. Two main scales seems to be important in biofilm research. For the 68 

activity and organization of single microorganisms the microscale is the one which should be 69 

observable with the applied methods. For the mechanical function and the physical interaction of 70 

biofilms with the surrounding fluid the mesoscale is of greater interest. The presented review will try 71 

to critically analyze whether optical coherence tomography (OCT) as the emerging image technique in 72 

biofilm research can be the method to throw more light on the mesoscale and in turn the understanding 73 

of fluid-structure interactions. Two topics will be analyzed: visualization and monitoring of the 74 

biofilm structure as well as the assessment of physical biofilm properties. 75 



2 Established biofilm imaging techniques 76 

As the ‘size’ of the biofilm may change over time or the interest in another scale is growing, different 77 

visualization modalities become more applicable. In Wagner et al. (2010) a scheme across the scales 78 

has been introduced (see Figure 1). Therein, the microscale is defined as the range of several 10 to 100 79 

µm capturing single cells, (initial) biofilm aggregates, and developing biofilm patches with axial and 80 

lateral resolutions < 1 µm. The mesoscale has been proposed to cover several mm large biofilm 81 

structures. It was further suggested that the mesoscale provides a representative view since it contains 82 

repeating structural units (Milferstedt et al., 2008a; Wagner et al., 2010b). Achievable resolutions vary 83 

greatly between the different mesoscopic imaging techniques. Nevertheless, resolutions of several µm 84 

to several 10 µm are possible. The scale which covers areas of several hundred mm2 or even cm2 has 85 

been defined as macroscale. The macroscale will not be discussed in this review. Focus is paid to the 86 

micro- and mesoscale, because mass transport and transfer processes as well as fluid-structure 87 

interactions are occurring at these scales. 88 

 89 

2.1 Imaging the microscale of biofilms 90 

According to Ernst Abbe the smaller the wavelength the higher the lateral resolution (Abbe, 1873). 91 

Thus, scanning and transmission electron microscopy (SEM, TEM) are often applied to visualize 92 

initial biofilm formation starting with single cells attached to an interface in the aquatic environment 93 

(Bridier et al., 2013). To avoid irreversible alteration of the biofilm structure during sample 94 

preparation (see  95 

Figure 2) environmental scanning electron microscopy (ESEM) has been developed. ESEM allows 96 

analysis of biological samples (Priester et al., 2007) such as membrane fouling and scaling (Nguyen et 97 

al., 2012; Wibisono et al., 2015). As EPS provide less contrast in ESEM, contrast agents are often 98 

added prior to the visualization. A promising technique visualizing the microscale with a less invasive 99 

sample preparation (e.g., no contrast agents are required) is helium ion microscopy (HIM; Joens et al., 100 

2013). Due to scanning the sample with an helium ion beam instead of an electron beam, HIM alters 101 

the sample structure less and generates high contrast images (Ward et al., 2006). Especially, at very 102 

high magnifications of > 150000 HIM does not show imaging artifacts (e.g., charging artifacts). 103 

 104 

Interactions of high-energy photons and the sample results in spectroscopic information. SEM/TEM is 105 

hence often coupled to an energy dispersive X-ray analysis (EDX) to characterize exopolysaccharides 106 

of specific bacteria (Singh et al., 2011), map the distribution of nanoparticles inside biofilms (Reith et 107 

al., 2010), or to determine the elemental composition of deposit layers in membrane systems 108 

(Valladares Linares et al., 2014). However, Lawrence et al. (2003) assessed the constituents of the 109 

biofilm matrix by performing a near-edge X-ray absorption fine structure (NEXAFS) analysis which 110 

confirmed the presence of proteins, (poly)saccharides, lipids, and nucleic acids. The aforementioned 111 

methods all require some sample treatment which is more or less invasive, may to some extend alter 112 



the biofilm structure, utilize highly specialized equipment (e.g., synchrotron radiation), and are 113 

available only at a limited number of labs worldwide. 114 

Other methods have thus been developed which allow the in situ and non- or less-invasive 115 

characterization of the biofilm structure chemically and physically. Here Raman microscopy (RM) 116 

showed recently great potential. Probably the greatest advantage of this technique is that biofilms can 117 

be examined in their native, un-altered state: immersed into water. Without sample preparation 118 

information about the chemical nature of a biofilm is determined (Ivleva et al., 2010a). A single 119 

Raman spectra contains information about organic (polysaccharides, proteins, lipids, humic-like 120 

substances, etc.) as well as inorganic constituents (e.g., minerals; Pätzold et al., 2006) or 121 

(micro)plastics; Kniggendorf and Meinhardt-Wollweber, 2011). A comprehensive list can be found in 122 

(Ivleva et al., 2009). Based on a comprehensive Raman band assignment, specific signals can be 123 

extracted and mapped (semi-)quantitatively (Ivleva et al., 2009; Ivleva et al., 2010a; Kniggendorf et 124 

al., 2016). 125 

Due to the low quantum efficiency scanning a biofilm area of several µm2 will last hours. To speed-up 126 

the spectra acquisition, surface or tip enhanced Raman spectroscopy (SERS, TERS) has been 127 

introduced (Ivleva et al., 2010b; Neugebauer et al., 2006). Recent studies of Kubryk et al. (2015, 128 

2016) revealed a red-shift of Raman signals in individual bacterial cells when stable isotope labeled 129 

substrates (13C, 2H) were fed to the biofilm. This methodology has clearly the potential to resolve 130 

metabolic pathways as well as can make use of ‘modified’ bacterial cells as bio-compatible tracers 131 

(‘bio-tracers’) in environmental studies (e.g., soil remediation). 132 

The aforementioned techniques may or may not provide a graphical representation of the biofilm 133 

sample under investigation. As a consequence fluorescence microscopy is applied widely. More 134 

specifically, confocal laser scanning microscopy (CLSM) has become the ‘work-horse’ in biofilm 135 

research (Neu et al., 2010; Neu and Lawrence, 2015). CLSM is an optical sectioning technique which 136 

acquires fluorescence signals only from a few hundred nanometer thick focal plane within the sample 137 

(Minsky, 1988). Compared to normal or epi fluorescence microscopy this a significant advantage as 138 

the sample is now scanned in 3D point-by-point, section-by-section, slice-by-slice (Pawley, 2006). 139 

Meanwhile many derivates have been developed such as light sheet microscopy (Santi, 2011; 140 

Taormina et al., 2012) or spinning-disk systems (Lin and Scott, 2012). Even Abbe’s law regarding the 141 

resolution limit has been ‘passed-by’ by the group of the Novel Price winner Stefan Hell (Hell, 2007; 142 

Hell, 2009). ‘Nanoscopy’ allows optical investigations far below the single cell level with incredibly 143 

high lateral resolutions < 10 nm (Berk et al., 2012). 144 

This excursion shows the trend towards enhanced acquisitions speed and high-resolution fluorescence 145 

microscopy. Nevertheless, much understanding about biofilm composition and architecture (Chen et 146 

al., 2007; Neu and Lawrence, 2014) as well as their relation to mass transfer (Yawata et al., 2009) and 147 

metabolism is gained from rather simple CLSM point scanners. These are used to characterize 148 

biofouling layers (Bjørkøy and Fiksdal, 2009; Derlon et al., 2013), how bulk flow shapes the biofilm 149 



structure (Besemer et al., 2007) and how higher organisms alter the biofilm structure (Peter-Varbanets 150 

et al., 2010). CLSM was also used to quantify the effect of cleaning procedures by West et al. (2014). 151 

Although fluorescence microscopic techniques and microscopes itself have been improved 152 

tremendously in the last decade, still the representativeness of the visualized biofilm structure depends 153 

on the applied fluorescent stains and their interactions with the biofilm. Bacteria – precisely, their 154 

nucleic acids – are stained with fluorochromes binding to RNA and DNA (i.e., SYTO dyes, SYBR 155 

dyes). Application of genetic techniques causing the expression of fluorescent proteins by bacteria are 156 

also feasible (Herzberg and Elimelech, 2007; Xi et al., 2006). Labeling the EPS matrix is rather 157 

difficult, because EPS are for most (multispecies) biofilms a complex mixture instead of a well 158 

defined polymer (Flemming et al., 2016; Flemming and Wingender, 2010). There is no universal stain 159 

which binds specifically to a certain polymer or unspecifically to all polymers. In 2003 Staudt et al. 160 

performed a lectin-binding analysis screening over 60 lectins for their binding affinity to the EPS of a 161 

heterotrophic wastewater biofilm. Their results unequivocally reveal that lectins only mark a certain 162 

fraction of the EPS. Nevertheless, biofilm researchers have to accept and tackle the uncertainty of 163 

fluorescence microscopy with respect to the visual representation of the biofilm as well as to 164 

quantitative results derived through image analysis (Beyenal et al., 2004b). As an example, Wagner et 165 

al. (2010) visualized the biofilm structure of a heterotrophic wastewater biofilm by means of CLSM 166 

and OCT. Comparison of CLSM and OCT results revealed substantial differences. As the study 167 

investigated the same biofilm with both methods, results highlight the uncertainty of CLSM 168 

measurements; namely lectin-binding specificity, fluorochrome penetration or expression, 169 

excitation/emission attenuation, quenching effects and more (Neu et al., 2010; Shotton, 1989; Wagner 170 

et al., 2009). 171 

 172 

2.2 Imaging the mesoscale of biofilms 173 

At the mesoscale bulk flow interacts with biofilm at the bulk-biofilm interface (fluid-structure 174 

interactions). It is further the scale at which the overall biofilm structure and distribution is assessed. 175 

Imaging the mesoscale of biofilms often employees stereo microscopy and magnetic resonance 176 

imaging. Compared to microscopic tools the field-of-view is enlarged and the spatial resolution is 177 

decreased. Stereo micrographs store morphological information in gray intensity levels (e.g., biofilm 178 

thickness: the thicker the biofilm, the lower the gray intensity). By applying sophisticated image 179 

analysis tools (i.e., SGLDM, see Haralick et al., 1973; Lee et al., 1992; Milferstedt et al., 2008b) to 180 

interpret the grayscale distribution structural features of the biofilm can be extracted and related to the 181 

growth conditions. Saur et al. (2016) visualized biofilm growing on transparent coupons in bubble 182 

column reactors by means of stereo microscopy (imaged area: 6.4 mm × 4.8 mm). Their methodology 183 

further allows to quantify moving predators, which are of interest in membrane systems as these 184 

organisms influence the filtration performance (Saur et al., 2014). Thereby, almost no or even no 185 



sample pre-treatment is necessary allowing stereo microscopy to be used as a monitoring tool (Pons et 186 

al., 2008). 187 

Ultrasound imaging and X-ray computed microtomography were also tested for imaging biofilm at the 188 

mesoscale (Davit et al., 2010; Shemesh et al., 2007). However, for the last decades magnetic 189 

resonance imaging/microscopy (MRI/MRM) was the preferred techniques to visualize the mesoscale 190 

of biofilms in all three spatial dimensions. Here, researchers make use of the high water content of 191 

biofilms (Callaghan, 1991). Normal water 1H2O contains protons 1H which interact with magnetic 192 

fields and radio frequency pulses. Additionally, the relaxation behavior of 1H2O after a radio 193 

frequency excitation depends on the interaction with the surrounding matter (e.g., 1H2O, EPS). 194 

Thereby, molecular contrast is generated which allows to separate ‘free’ water from ‘bound’ water 195 

stored inside the biofilm in 3D (Hornemann et al., 2008; Hoskins et al., 1999). Various studies 196 

resolved the flow profiles in all spatial directions in biofilm tube reactors (Manz et al., 2003; Manz et 197 

al., 2005; Nott et al., 2005). MRI/MRM also allows relating the shear stress at the bulk-biofilm 198 

interface to biofilm detachment events (Wagner et al., 2010a). Graf von der Schulenburg et al. (2008) 199 

applied MRM/MRI to assess the impact of growing biofilm inside membrane fouling simulators on 200 

the local hydrodynamic conditions. MRI/MRM does not suffer from penetration limitations as known 201 

for other imaging modalities (e.g., light microscopy). Hence, it is often applied to visualize biofilms 202 

within porous media (e.g., soils; (Hoskins et al., 1999)) as well as resolve transport phenomena 203 

(Baumann and Werth, 2005; Gjersing et al., 2005; Hornemann et al., 2009). In addition to transport of 204 

dissolved species (i.e., metal ions; McLean et al., 2008; Ramanan et al., 2010 and substrates; Renslow 205 

et al., 2014), nanoparticle transport, interaction with humic substances and deposition in porous media 206 

systems was studied recently (Cuny et al., 2015). 207 

Beside the advantage of visualizing biofilm, free flowing water as well as solid and dissolved species 208 

simultaneously, MRI/MRM has some drawbacks (e.g., high administrative demand, long measurement 209 

times, and operational costs). Most critical to the authors of this review is the fact, that the size of the 210 

object (e.g., biofilm reactor) which will be investigated needs to fit into the bore of the MRI/MRM 211 

tomograph. Here diameters of more than 10 cm are very seldom. Moreover, the larger the object the 212 

lower the resolution. To achieve acceptable resolutions of 50 – 100 µm per length of the scanned 213 

volume units, biofilm reactors are often scaled down to a diameter of 25 mm or lower. The study 214 

conducted by Vrouwenvelder et al. (2009) nicely shows that MRI/MRM experiments require certain 215 

compromises: The membrane fouling simulator had to be constructed from PVC as (i) most metals 216 

cannot be used due to the interaction with the strong magnetic field as well as (ii) their shielding of 217 

electromagnetic radiation, and (iii) as PVC cannot withstand high pressures (≈ 10 bars), no permeate 218 

was produced. 219 



3 OCT in biofilm research 220 

This review thus tries to describe why optical coherence tomography might be the most suitable 221 

imaging tool for biofilms at the mesoscale. The working principle will be explained briefly, 222 

advantages and disadvantages as well as limitation will be discussed in the context of biofilm related 223 

publications. 224 

 225 

3.1 Measurement principle, dataset composition, resolution 226 

There are various text books which describe OCT in detail. For instance confer to Drexler and 227 

Fujimoto (2008) and Bouma and Tearney (2001). Furthermore, several review articles have been 228 

published explaining the physical and technical aspects (Fercher et al., 2010; Huang et al., 1991; 229 

Schmitt, 1999). For a basic understanding a brief explanation of the working principle is provided. 230 

OCT is an interferometric imaging technique. Having a classical Michelson-type interferometer in 231 

mind, there is a light source, a dichroic mirror (beam splitter), a reference arm of a constant or varying 232 

length, and a sample arm. The sample arm is equipped with an objective lens focusing at the sample 233 

(e.g., biofilm). Light of the light source is reflected and scattered by the sample causing interference 234 

with the light of the reference arm at the dichroic. This interference is digitally recorded and analyzed. 235 

As light sources lasers and super luminescent diodes are used providing low-coherence near-infrared 236 

light (coherence length of several µm) with good penetration characteristics in biological samples such 237 

as biofilms. 238 

Of course, in modern devices fiber-optics replace the components of the Michelson interferometer 239 

allowing for the construction of compact, robust and movable devices. There are two main branches: 240 

time-domain (TD) and Fourier or spectral domain (SD) OCT. Recent developments allow both 241 

technologies for the high quality visualization of the biofilm structure (Yaqoob et al., 2005). 242 

Independent of whether TD- or SD-OCT is used, axial intensity profiles are acquired containing 243 

depth-resolved structural information about the analyzed sample. These axial profiles are referred to as 244 

‘A-scan’. A series of A-scans represents an optical cross-section (xz-plane) which is named ‘B-scan’. 245 

Finally, a series of adjacent B-scans creates volume scan. This volume scan has not been named, yet. 246 

In ultrasound tomography a C-scan refers to a xy-plane of signals with identical traveling time. This 247 

also applies to OCT measurements; the xy-plane represents an en-face view. However, the authors of 248 

this review would like to use the term ‘C-scan’ to indicate a volumetric OCT dataset. Although, the 249 

name C-scan does not indicate the orientation of the imaging data, using A-scan for 1D, B-scan for 250 

2D, and C-scan for 3D datasets is in a logical order and will support the understanding of OCT related 251 

publications. As this postulation will still be prone to discussion – especially with ophthalmologists – 252 

it is herewith recommended to indicate the orientation of OCT imaging data in publications. 253 

Of similar importance is the correct reporting of the resolution of the acquired imaging datasets. 254 

Maybe due to a lack of knowledge, the physical resolution is mixed up with the pixel resolution. The 255 

first is defined by the optical components (e.g., light source, numerical aperture of the objective lens, 256 



grating) and dispersing components in the light path whereas the second is user-defined in the 257 

software. Assuming the use of a Thorlabs GANYMEDE-II SD-OCT system (Thorlabs, Dachau, 258 

Germany) from the shelf equipped with an OCT-LK3-BB objective lens kit, it provides a central 259 

wavelength of 930 nm resulting in an axial resolution of 6 µm in air (refractive index 𝑛 = 1) and a 260 

lateral resolution of 8 µm (values taken from GANYMEDE-II product page found at 261 

www.thorlabs.com, assessed 24 Nov 2016). In the OCT software the user is i.e. able to scan laterals of 262 

5 mm length (x, y) by 1000 pixels each. This causes a pixel resolution of 5 µm/px and in turn 263 

represents a certain oversampling. More critical is the axial resolution. GANYMEDE-II systems 264 

provide a imaging depth range of 2.9 mm in air. These 2.9 mm are represented by 1024 pixel. Each 265 

pixel in axial direction equals a height of 2900 µm/1024 px = 2.83 µm/px in air. In water this pixel 266 

resolution is further ‘improved’ by the refractive index of water (𝑛 = 1.333 at 20°C) resulting in a 267 

pixel height 𝛥𝑧 of 2.83 µm/px/1.333 = 2.12 µm/px. Thereby, selecting the correct refractive index 268 

becomes important. In consequence a careful reporting of the physical, optical, and pixel resolution is 269 

highly recommended and requires basic understanding of the physics behind OCT. This allows for 270 

more transparent research and would for instance trace the calculation of structural parameters; for 271 

instance biofilm thickness, roughness, and average horizontal run length. Reporting of different axial 272 

resolutions for similar devices (wavelength, bandwidth, objective lens kit) is confusing and misleading 273 

(compare Blauert et al. (2015) and Derlon et al. (2016)). 274 

 275 

3.2 Biofilm structure and fluid-structure interaction 276 

Since OCT detects reflection and scattering signals, it is well suited to visualize the overall 277 

distribution of particular matter in biofilms. More importantly the main limitation of especially 278 

fluorescence imaging is overcome: regions of background signals surrounded by biofilm are identified 279 

as voids and cavities (Valladares Linares et al., 2016; Wagner et al., 2010b). To date none of the 280 

biofilm research groups applying OCT have reported if these cavities contain other matters than water 281 

(e.g., EPS). However, due to the dependency of OCT from the refractive indices of the sample, voids 282 

containing matter of a refractive index different to water (e.g., gases) would cause a distortion in the 283 

image. As such observations have not been reported for biofilms yet, it is mostly likely to assume that 284 

signal free spaces inside biofilms are filled with water. 285 

In the publication of Xi et al. (2006) and Haisch and Niessner (2007) OCT has firstly be shown to be 286 

capable of visualization the structure of biofilms non-invasively and in situ. Xi et al. (2006) monitored 287 

the growth of biofilm in a glass capillary. Haisch and Niessner (2007) already went a step further by 288 

separating low- and high-density parts of the biofilm structure based on the intensity of the OCT 289 

signal acquired using an in-house modified TD-OCT originally used for medical purposes. In 2010 290 

Wagner et al. (2010b) were the first using a commercial SD-OCT (Thorlabs GANYMEDE-I system, 291 

Dachau, Germany) for the visualization of heterotrophic wastewater biofilms grown in a flume on 292 

objective slides (substratum). Although, biofilms of this study were thick (1.2 – 1.6 mm), a complete 293 



visualization down to the substratum of the fully hydrated biofilm was achieved. Structural differences 294 

were obvious, represented by several structural parameters and connected to the hydrodynamic growth 295 

conditions. Results show that the compactness of a biofilm increases with the Reynolds number (see  296 

Figure 3). Most impressively is the fact that single OCT C-scans of 4 × 4 × 2.1 mm3 (resolution 297 

< 20 µm/px) were acquired within 2 min without any sample pretreatment. Such volumes were 298 

beforehand analyzed using MRI/MRM, but at a fairly course resolution of ≈ 20 - 160 µm/px (Manz et 299 

al., 2003; Seymour et al., 2004; Wagner et al., 2010a). 300 

Since the publications of Haisch and Niessner (2007) and Wagner et al. (2010b), OCT gained more 301 

and more attention in biofilm research. Meanwhile various groups used OCT to monitor the biofilm 302 

development and biofilm structure changes in complex/sophisticated cultivation setups. Especially, 303 

setups are investigated which are hardly to modify to fit a certain instrumentation such as CLSM, 304 

SEM, and MRI/MRM. Most recently, Fortunato et al. (2016) implemented an on-line OCT 305 

measurement in a gravity driven submerged membrane bioreactor to study the development of 306 

biofouling on the flat-sheet membrane. Over a period of 43 days they captured and quantified the 307 

change of the biofilm structure from a thin and porous biofilm (until day 10) towards a compact 308 

biofouling layer of 250 µm thickness. The results can be treated as valid, because the biofilm structure 309 

was visualized without alteration of the biofilm. Beside gravity driven membrane systems (Derlon et 310 

al., 2013; Derlon et al., 2016; Shen et al., 2015) high-pressure operated membrane systems such as 311 

reverse osmosis devices are technologically important. So-called membrane fouling simulators (MFS) 312 

are used to investigate the biofouling formation at lab-scale. Macroscopic pressure measurements 313 

(transmembrane pressure and feed channel pressure drop) provide a good indication of biofouling 314 

inside MFS. However, the impact of the local distribution of biofilm inside the MFS was invasively 315 

assessed through a membrane autopsy. This restriction was overcome by Dreszer et al. (2014) using a 316 

MFS with a partially transparent lid. Monitoring by means of OCT revealed biofilm development 317 

inside the feed channel at a constant flux of 20 L/(m2 h). Within five days the biofilm thickness 318 

reached 200 µm leading to a hydraulic biofilm resistance of 8´1012 m-1. However, as only scans of 319 

10 mm × 0.008 mm were acquired local variations of the biofilm structure were not addressed. Such 320 

simplifications might be tolerated when no feed spacer is installed in the feed spacer channel of the 321 

MFS. But as the biofouling in (reverse osmosis) membrane modules is massively influence by the feed 322 

spacer, MFS experiments need to apply feed spacers (Vrouwenvelder et al., 2009). West et al. (2016) 323 

manufactured a MFS with optical windows in the lid to conduct a most realistic testing scenario for 324 

two different feed spacers and two different feeds. Their study visualized the accumulation of biofilm 325 

on the membrane surface as well as at the feed spacer within C-scans of 7 × 7 × 1.2 mm3. The results 326 

clearly confirm that (i) the feed spacer is markedly influencing the fouling behavior as well as that (ii) 327 

imaging tools such as OCT are necessary to understand differences among experimental parameters 328 

(e.g., feed and feed spacer geometry). A similar approach was recently published by Fortunato et al. 329 

(2016a). Working with feed spacers is challenging with respect to image analysis. For instance, West 330 



et al. (2016) had to assure an accurate quantification of biofilm related signals independent of the 331 

abundance of signals allocated to the feed spacer. OCT analysis could in future thus confirm and prove 332 

simulation approaches propagated recently by Siddiqui et al. (2016) as strategy for the optimization of 333 

feed spacer geometries. 334 

Due to the non-invasivity, ease-of-use and acquisition speed OCT might be applied in other testing 335 

scenarios more regularly. A suitable field of application includes the evaluation of cleaning 336 

procedures. The cleaning efficiency of chemicals is often determined macroscopically based on flux 337 

measurements (Ang et al., 2006) as well as ATP and carbohydrate analyses (Hijnen et al., 2012). In 338 

some studies microscopic tools are used the assess structural changes of the fouling deposits (West et 339 

al., 2014). However, a more general picture is assessable by applying OCT. Rasmussen et al. (2016) 340 

applied cross-polarization OCT and resolved the penetration behavior of chlorhexidine in artificial oral 341 

biofilms over time. 342 

Removal of biofilm is triggered by the destabilization of the biofilm matrix as well as by the forces 343 

acting on the biofilm structure. Detachment occurs when the shear force exceeds the cohesive strength 344 

of a biofilm. To determine the shear forces, velocity gradients need to be quantified. This is either 345 

done through simulations, particle imaging velocimetry, or measurements using MRI/MRM 346 

approaches (Graf von der Schulenburg et al., 2008; Stewart, 2012; Wagner et al., 2010a). The 347 

restrictions of MRI/MRM have already been mentioned. Thus, the OCT approach of Gao et al. (2013) 348 

sounds promising. They characterized the axial velocity profile at the different locations within a feed 349 

spacer filled MFS. This group further extended their methodology to assess the development of the 350 

fouling layer from Doppler OCT measurements (Gao et al., 2014). Recently, a sophisticated approach 351 

was presented by Weiss et al. (2013) who calculated the longitudinal as well as transversal velocities 352 

from the alteration of the OCT signal in a flowing colloidal suspension. They determined the parabolic 353 

flow velocity profile in a cylindrical capillary (I.D. ≈ 600 µm) at laminar flow with pixel resolutions of 354 

≤ 11 µm/px. Hence, multi-dimensional information about the velocity and subsequently about the 355 

shear stress distribution becomes available through OCT at resolutions 3- to 10-times better compared 356 

to MRI/MRM (see Wagner et al. (2010a)). In addition to the flow, the distribution of biofilm and shear 357 

stress inside a flow cell is accessible, can be visualized, and quantified as shown by Weiss et al. 358 

(2016). Moreover, the diffusion coefficient of suspended particles (e.g., polystyrene spheres) can be 359 

determined (Weiss et al., 2015). 360 

 361 

3.3 Estimation and modelling of biofilm characteristics 362 

In the previous section the various fields of applications for OCT in biofilm research were presented. 363 

The versatile use of OCT became obvious. However, in addition to a pure visualization of the biofilm 364 

structure, measures are required allowing for the objective comparison of imaging datasets as well as a 365 

statistical treatment of available data. The following part of this review will report about OCT dataset 366 

treatment and common structural parameters used to describe the biofilm structure. 367 



3.3.1 Structural properties 368 

Except of velocity determinations as performed by Weiss et al. (2013; 2016), most parameters used to 369 

describe the investigated biofilm (system) are calculated from binary image datasets. Hence, 370 

parameters calculated from CLSM, MRI/MRM, and other tomography datasets can also be derived 371 

from OCT datasets. Available software tools (e.g., PHLIP, COMSTAT, ISA 2D/3D; for more details 372 

see Neu and Lawrence (2015)) might also be used to analyze OCT datasets. A comprehensive list of 373 

structural parameters has been presented a decade ago by Beyenal et al. (2004a) who also discussed – 374 

similar to other studies – the meaning and quality of structural parameters (Beyenal et al., 2004b). 375 

Since CLSM is widely applied, a comparison of biofilm structure has thus been performed 376 

predominately at the microscale. Additionally, the meaning and quality of individual parameters has 377 

been discussed in the context of e.g. incomplete staining and limited penetration depth. Nevertheless, 378 

common parameters used to quantify the biofilm structure are: (mean) biofilm thickness, roughness, 379 

roughness coefficient, porosity, volumetric coverage, fractal dimension, biovolume, and run length. In 380 

addition to these parameters, OCT C-scans can be converted into topographic representations of the 381 

bulk-biofilm interface. By analyzing the topography using methods such as SGLDM (Pons et al., 382 

2008) or those available as plugins (i.e., SurfaceJ by Chinga et al., (2007) for ImageJ (Schindelin et 383 

al., 2012), the number of structural parameters becomes extended by textural descriptors (Milferstedt 384 

et al., 2008b). 385 

 386 

Binarization 387 

To separate the biomass related signals from those of background noise is the most crucial step in 388 

analyzing OCT datasets. Follow-up procedures are affected by this separation based on a certain 389 

threshold. It shall not be discussed what the ‘right’ thresholding algorithm is. Often the Otsu method is 390 

used (Otsu, 1979; Yerly et al., 2007). Some groups used the ‘triangle’ algorithm (Derlon et al., 2013) 391 

or judged their imaging datasets manually (Blauert et al., 2015). However, attempts exist which try to 392 

optimize the thresholding by minimizing the error (Kittler et al., 1985; Kittler and Illingworth, 1986) 393 

or by implementing more robust techniques (Xavier et al., 2001). Independent of the thresholding 394 

method chosen, the separation into fore- and background is performed by interpreting the 395 

grayscale/intensity distribution either in a single B-scan or within a C-scan. Although, most OCT used 396 

in biofilm research are spectrometer-based SD-OCT systems, less or even no attention is paid to the 397 

variation of the signal-to-noise ratio (SNR) over depth. This SNR drop-off increases with the 398 

difference in length between the reference and sample arm as described coherent in Yaqoob et al. 399 

(2005). This drop-off should not be neglected as it may reach 20 decibel (dB) (Yaqoob et al., 2005). 400 

To avoid the drop-off influencing the thresholding, it is recommended by the authors of this review to 401 

binarize OCT datasets as illustrated in  402 

Figure 5. In Figure 5 (A) the SNR drop-off influences the correct recognition of biofilm, because the 403 

thresholding algorithm judges between fore- and background including the SNR drop-off. Thus, 404 



binary images after applying the Otsu and triangle algorithm differ. On the contrary, binarization 405 

performed using Otsu’s method following the scheme proposed in Figure 5 (B) leads to a complete 406 

detection of biofilm. Consequently, the binarization quality depends on the thresholding algorithm as 407 

well as on the orientation of OCT imaging data. 408 

In addition, applying filters (e.g., mean or median) prior to the thresholding may help to achieve good 409 

binarization results. However, filters alter the imaging data. Care should thus be paid to avoid 410 

significant alteration of the structural information of the biofilm, which is subsequently quantitatively 411 

described using structural parameters. 412 

 413 

Biofilm thickness and mean biofilm thickness 414 

As OCT datasets cover a large scan area of several mm2 the mean biofilm thickness is calculated to 415 

quantify the visualized biofilm. However, there are several ways to define and calculate the mean 416 

biofilm thickness. 417 

The first attempt distributes all foreground (biofilm) signals of a binary 3D dataset evenly above the 418 

scanned area. The mean biofilm thickness is calculated according to 419 

𝐿) =
𝑉(1)
𝐴

 (1) 

wherein 𝑉(1) equals the volume covered by foreground/biofilm signals and 𝐴 is the analyzed basal 420 

area. The mean biofilm thickness calculated that way is comparable to gravimetrical determinations. 421 

Using this method, heterogeneities within the biofilm structure are homogenized. 422 

The following approach accounts for the spatial distribution of biomass and cavities within biofilms as 423 

well as for irregularities of the bulk-biofilm interface. Hence, is the preferably used method to 424 

calculate the mean biofilm thickness. In general, the biofilm thickness 𝐿)	 is the distance between the 425 

substratum and a point at the bulk-biofilm interface perpendicular to the substratum. The mean biofilm 426 

thickness is hence calculated as follows 427 

𝐿) =
1
𝑁

𝐿),1

2
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 (2) 

where 𝐿),1 is a local biofilm thickness measurements at location i and 𝑁 equals the number of 428 

thickness measurements (if a complete C-scan is analyzed, 𝑁 is equal to the number of A-scans). 429 

It is important to stress, that a correct calculation of the (mean) biofilm thickness depends on the right 430 

selection of the voxel/pixel height 𝛥𝑧. It depends on the refractive index of the media within the 431 

optical path and is defined as 432 

𝛥𝑧 =
𝛥𝑧516
𝑛

 (3) 

with 𝑛 being the refractive index of the penetrated media, 𝛥𝑧 being the effective axial resolution in 433 

this medium and 𝛥𝑧516 being the axial resolution of the device in air (𝑛 = 1, Bouma and Tearney, 434 

2001). From Eq. 3 it can be derived that the higher the refractive index, the better the axial resolution. 435 

As OCT devices and software tools (e.g., ImageJ/Fiji, Schindelin et al., 2012) to date do only allow to 436 



set a single refractive index for the complete dataset, the refractive index of a biofilm is assumed to be 437 

𝑛 = 1.333 (20°C) equal to that of water (Blauert et al., 2015; Dreszer et al., 2014; Fortunato et al., 438 

2017; Shen et al., 2016; Wagner et al., 2010b). This might be an acceptable assumption for an 439 

unaltered, sponge-like biofilm structure containing a high fraction of water. But when the biofilm is 440 

compressed (Valladares Linares et al., 2016) this simplification becomes to some extend obsolete the 441 

more water is released. However, Ratheesh Kumar et al. (2015) estimated the refractive index of 442 

biofilm during a cultivation by means of a swept-source OCT. Their measurements revealed a 443 

refractive index of 𝑛 ≈ 1.355 confirming the general simplification made in most studies. However, 444 

they did not evaluated the change of the refractive index during a compression experiment. 445 

 446 

Using Eq. 2, Wagner et al. (2010b) determined a mean biofilm thickness of 1.3 – 1.6 mm for a 447 

heterotrophic wastewater biofilm grown in a lab-scale flume. Such high values have previously only 448 

be reported from MRI/MRM experiments by Manz et al. (2005). Thin biofilms of 30 – 40 µm were 449 

analyzed on membranes (Shen et al., 2016). OCT was also used to reveal how grazers in an 450 

oligotrophic environment control the mean biofilm thickness in a range of 50 – 250 µm. In the study 451 

of Rasmussen et al. (2016) a 15 min exposure to urea caused an increase of the biofilm thickness 452 

(approx. 500 µm at t = 0) by ≈ 40%. Thickness measurements were also conducted to evaluate the 453 

compression behavior of biofilms (Blauert et al., 2015). Valladares Linares et al. (2015) monitored the 454 

compression-relaxation characteristics of biofilm cultivated in a MFS in a series of B-scans (𝐿) ≈455 

200 − 300µ𝑚). A flux increase by 200% led to a reduction of the mean biofilm thickness by 40%. 456 

Subsequent flux reduction to the initial level did not cause a full recovery of the biofilm structure. 457 

 458 

Roughness and roughness coefficient 459 

Roughness in general describes surface properties. According to Nowicki (1985) there are several 460 

parameters feasible as roughness measures. The common descriptors used in biofilm research are 461 

roughness and the roughness coefficient. Both parameters describe the smoothness of the biofilm 462 

surface/bulk-biofilm interface. Roughness 𝑅5 quantifies the absolute variation to the biofilm thickness 463 

according to Eq. 4. 464 

𝑅5 =
1
𝑁

𝐿),1 − 𝐿)

2
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 (4) 

 465 

For comparing the structure of different biofilms, across different studies as well as across scales, the 466 

roughness coefficient 𝑅5∗  was introduced by Murga et al. (1995). It normalizes to roughness 𝑅5 to 467 

mean biofilm thickness 𝐿) (see Eq. 5). 468 

𝑅5∗ =
1
𝑁

𝐿),1 − 𝐿)
𝐿)

2

134

 (5) 

 469 



One major advantage of OCT over other imaging techniques for biofilms is the high penetration depth. 470 

Biofilms are most often visualized completely. However, shadowing effects might occur (Derlon et 471 

al., 2013). Moreover, OCT datasets do not suffer from an incomplete visualization of the bulk-biofilm 472 

interface due to unstained constituents as knows for fluorescence methods (e.g., CLSM). Hence, 473 

roughness coefficients calculated from OCT datasets are expected to be representative and valid – at 474 

the very least when the axial resolution is set correctly as discussed earlier. Derlon et al. (2012) for 475 

example evaluated the biofilm surface roughness for their OCT datasets, but omitted the calculation 476 

for the additionally acquired CLSM stacks. In their study a low concentration of grazing eukaryotes 477 

caused the development of a smooth biofilm with a low roughness coefficient of 𝑅5∗ = 0.25. Elevated 478 

grazer concentrations (natural and doped level) increased the irregularity of the bulk-biofilm interface 479 

and in turn the roughness coefficient to 0.5 and 0.75, respectively. 480 

Fluctuations of the flow velocity (e.g., shear stress) may also induce a change of the biofilm structure. 481 

Within their shear stress experiment, Blauert et al. (2015) observed a slight increase of the roughness 482 

coefficient from 0.18 to 0.24 within 2.1 s after the shear stress was increased. This might be 483 

contradictory to a general understanding of biofilm deformation, but revealed local differences in the 484 

deformation behavior. These findings thereby hint on a heterogeneous distribution of biofilm material 485 

properties. 486 

 487 

Porosity 488 

Porosity is another important structural parameter taking irregularities within the biofilm into account. 489 

And again, there are different approaches for the calculation available. Those approaches are not 490 

necessarily named different. Independent of the way of calculation, porosity is in accordance to Eq. 6 491 

the ratio of void voxels [𝑣𝑜𝑥𝑒𝑙𝑠(0)] over the overall number of analyzed voxels [𝑣𝑜𝑥𝑒𝑙𝑠 0 +492 

𝑣𝑜𝑥𝑒𝑙𝑠 1 = 𝑣𝑜𝑥𝑒𝑙𝑠(0,1)]. The biomass is represented by the foreground [𝑣𝑜𝑥𝑒𝑙𝑠(1)]. 493 

 494 

𝛷 =
𝑣𝑜𝑥𝑒𝑙𝑠(0)

𝑣𝑜𝑥𝑒𝑙𝑠 0 + 𝑣𝑜𝑥𝑒𝑙𝑠(1)
=

𝑣𝑜𝑥𝑒𝑙𝑠(0)
𝑣𝑜𝑥𝑒𝑙𝑠 0,1

 (6) 

 495 

Because porosity was calculated across scales between CLSM and OCT datasets, Wagner et al. 496 

(2010b) used the ‘simplest’ approach. In their study 𝑣𝑜𝑥𝑒𝑙𝑠(0,1) was equal to the overall number of 497 

voxels in the C-scan (L×𝑊×𝐻, L = length, W = width, H = height). Thus, background signals 498 

[𝑣𝑜𝑥𝑒𝑙𝑠(0)] above the bulk-biofilm interface contribute to the porosity of the biofilm and may lead to 499 

an overestimation as illustrated in  500 

Figure 6 (A). However, as CLSM datasets did not allow to determine the bulk-biofilm interface 501 

completely it was the authors’ only chance to compare the biofilm structure determined by means of 502 

CLSM and OCT. We suggest to call this the global porosity 𝛷KLMN5L. 503 



𝛷KLMN5L =
𝑣𝑜𝑥𝑒𝑙𝑠 0
𝑣𝑜𝑥𝑒𝑙𝑠 0,1

=
𝑣𝑜𝑥𝑒𝑙𝑠 0
𝐿×𝑊×𝐻

 (7) 

 504 

As porosity is intended to describe the internal biofilm structure, its calculation should discard 505 

void/background pixels/voxels above the bulk-biofilm interface. Hence, a complete 506 

detection/visualization of the bulk-biofilm interface as well as of the substratum are prerequisites (see  507 

Figure 6 (B)). Shadowing effects as obvious in the study of Derlon et al. (2013) may hinder the 508 

visualization of the substratum and thus cause additional post-processing. Biofilm porosity 𝛷) is then 509 

calculated as follows: 510 

𝛷) =
𝑣𝑜𝑥𝑒𝑙𝑠(0)
𝑣𝑜𝑥𝑒𝑙𝑠 0,1

=
𝑣𝑜𝑥𝑒𝑙𝑠 0
𝐿×𝑊×𝐿)

 (8) 

 511 

where 𝑣𝑜𝑥𝑒𝑙𝑠 0,1  represents the total number of voxels beneath the bulk-biofilm interface. 512 

However, in the presence of bended, overlapping structures the biofilm porosity 𝛷) might artificially 513 

be increased as depicted in  514 

Figure 6 (C). 515 

Nonetheless, porosity is an easy to understand and to interpret structural parameter. Compression of 516 

the biofilm structure due to shear forces acting at the biofilm surface may increase or decrease the 517 

porosity. Furthermore, the visual impression of the biofilm structure is resembled in this parameter. 518 

This is nicely shown by Fortunato et al. (2017) who observed an increase in the homogeneity of the 519 

biofilm structure and thus the decrease of its porosity 𝛷) with ongoing operation of their membrane 520 

biofilm reactor; 𝛷) decreased from 0.20 at day 5 to almost zero from day 15 forth. 521 

Moreover, porosity is directly connected to transport processes within and through the biofilm. Derlon 522 

et al. (2012) as well as Fortunato et al. (2017) used biofilm porosity 𝛷) to calculate the filtration 523 

resistance of the biofilm growing on the membranes. 524 

 525 

Analysis of the bulk-biofilm interface 526 

OCT allows complete visualization of the bulk-biofilm interface. In turn, the structural 527 

characterization of the biofilm surface over a large, representative area becomes possible. Several 528 

descriptors proposed by Nowicki (1985) might also be used to characterize the biofilm surface 529 

structure in more detail (e.g., by means of skewness or kurtosis). 530 

But most important seems to be the calculation of the biofilm surface area as this is directly coupled to 531 

the utilization of substrates and nutrients from the bulk phase. Moreover, a change of the surface 532 

structure should influence the hydrodynamic conditions. 533 

In addition to the absolute biofilm surface area, the surface enlargement factor (Picioreanu et al., 1998) 534 

can be calculated as done by Wagner et al. (2010) from MRI datasets. 535 

Assessing the surface area of a biofilm, binarized OCT C-scans need to be reorganized in a way that 536 

the 3D dataset is presented as a series of xy-planes. In ImageJ this function is called ‘Reslice…’. The 537 



thickness of such a xy-plane equals 𝛥𝑧. Assuming the visualization of the substratum, the distance ℎ1 538 

between the substratum and a particular xy-plane can be calculated and addressed as intensity to the 539 

entire xy-plane according to Eq. 9: 540 

ℎ1 =
𝑖 ⋅ 𝛥𝑧
255

 (9) 

where i equals the i-th xy-plane above the substratum (at the substratum i = 0); 255 is the intensity of a 541 

foreground signal in a 8-bit binary dataset. As the calculated distances ℎ1 are floating point numbers, it 542 

is necessary to change the bit depth of the target dataset of xy-planes to 32-bit. 543 

Finally, a maximum intensity projection generates the topographic representation of the biofilm 544 

surface/bulk-biofilm interface. The intensity variation equals the height variation and allows extraction 545 

of surface parameters such as the surface enlargement using for example the SurfaceJ plugin of 546 

ImageJ (Chinga et al., 2007). The entire approach is depicted in  547 

Figure 7. 548 

To the authors knowledge there is only the publication of Wangpraseurt et al. (bioRxiv) who 549 

introduced this approach describing the expansion and compaction of coral tissue. A change of the 550 

surface area by a factor of two was determined. 551 

 552 

3.3.2 Mechanical properties 553 

Mechanical properties of biofilms are still one of the blind spots in biofilm research. A major reason is 554 

the lack of applicable methods for the determination of relevant parameters which are the Young’s 555 

modulus, shear modulus, adhesive or tensile strength. Very good reviews have been published on the 556 

available methods within the last 5 years (Billings et al., 2015; Böl et al., 2012; Guelon et al., 2011; 557 

Peterson et al., 2015). These reviews describe the main problems in determining relevant mechanical 558 

parameters. The most important problem is that biofilm samples cannot easily be transferred to the 559 

measuring device without altering/manipulating the desired properties. Biofilms are in some cases 560 

extremely thin, so that they cannot be transported to a measuring device at all. In general the best way 561 

would be to measure the characteristics in place without disturbing the biofilm sample. 562 

 563 

Stress-strain analyses have been measured from compression experiments in a rheometer and have 564 

then been used to calculate the apparent Young’s modulus, yield strength, and shear modulus 565 

(Körstgens et al., 2001). A common way is meanwhile to apply hydrodynamic shear stress and 566 

observe the deformation with a microscope. This has been done with light microscopy by Mathias and 567 

Stoodley (2009) as well as Galy et al. (2012). The authors stated that their methods could be further 568 

developed, respectively, optimized by acquisition of 3D time-lapsed images of biofilm structures 569 

under changing shear. For the latter case CLSM imaging is still much to slow to deliver enough data 570 

for the calculation of mechanical properties (Peterson et al., 2015).  571 



Here, OCT offers the chance to overcome the lack of suitable and fast imaging technique. Blauert et 572 

al. (2015) have been the first to show the power of OCT imaging for the estimation of the shear 573 

modulus and Young’s modulus. The extremely fast imaging capability allows for the acquisition of 2D 574 

videos in ‘real-time’ (Blauert et al., 2015; Valladares Linares et al., 2016) and time-lapsed 3D imaging 575 

(Blauert et al., 2015) showing overall biofilm deformation. The latter is exactly what is needed for the 576 

establishment of a fast and reliable method to determine mechanical biofilm properties. 577 

Nevertheless, we are still far away from having the tools straight. Blauert et al. (2015) did the 578 

estimations of the biofilm material properties manually (see  579 

Figure 8) and tested only a few biofilm samples. In future, the imaging process has to be implemented 580 

into a tool chain to derive mechanical parameters objectively without user interaction. As pointed out 581 

by Mathias and Stoodley (2009) observing the same spot moving or shifting under the pressure of a 582 

changing hydrodynamic field is necessary. Furthermore, the resolution in time space depends on the 583 

A-scan rate of the OCT device. The higher it is, the more B-scans can be acquired per time unit. 584 

Hence, image artifact for example caused by oscillating biofilm structures are reduced. However, an 585 

increase of the scanning speed often causes the decrease of the signal-to-noise ratio. 586 

Another example of the advanced use of OCT in this field is the study of Valladares Linares et al. 587 

(2015). In membrane filtration not only a parallel flow induces a force to a biofilm fouling layer, but 588 

also the vertical movement of water flowing through the biofilm and finally through the membrane, 589 

i.e. the permeate flux. The authors used OCT imaging to show the impact of changing flux on the 590 

biofilm structure (see  591 

Figure 9). The biofilm is compressed with the increase of flux and did not regain its original structure 592 

after decreasing the flux. With respect to the mechanical biofilm properties the authors found a higher 593 

velocity for the compaction compared to the relaxation process and a larger stiffness of the biofilm 594 

structure after compaction. 595 

To stress the importance of OCT for this experiment it has to be clear that for instance CLSM cannot 596 

be used as the membrane fouling simulator is operated under pressure (1.7 bar) and that the most of 597 

the automated microscopes cannot handle such heavy loads (m > 500 g). 598 

A recent manuscript describes an additional advantage of OCT: The parallel measurement of biofilm 599 

structure and flow field in microfluidic channels (Weiss et al., 2016). Back in 2013 the group already 600 

showed the possibility to measure the transverse and longitudinal flow velocities with OCT (Weiss et 601 

al., 2013). In their recent manuscript the authors demonstrate that the flow field or better the locally 602 

resolved shear rate does have an impact on biofilm growth (Weiss et al., 2016). That is in itself not 603 

new, the innovation is that both biofilm structure and shear rates are measured simultaneously using 604 

the same device. 605 

 606 



3.3.3 Coupling OCT datasets to modelling approaches 607 

Mainly the biofilm images which have been created by means of CLSM in the 1990`s pushed the 608 

approaches by which the structure and function of biofilms have been simulated in multi-dimensional 609 

biofilm models (Horn and Lackner, 2014). Furthermore, CLSM images have been directly 610 

implemented in simulation tools to show the relation between microscopic biofilm structures on the 611 

one hand and shear forces on the other (Böl et al., 2009). Another example is a finite-element study of 612 

Staphylococcus aureus released from a suture by tension, torsion, and bending studied by Limbert et 613 

al. (2013). The authors used the CLSM images to feed the model with real observed biofilm structures.  614 

As mentioned earlier, CLSM has disadvantages compared to OCT; mainly these are the time 615 

consuming imaging process and the visualization of only the stained/(auto)fluorescent biofilm parts. In 616 

case biofilm structures have to be implemented into biofilm models on the mesoscopic scale the 617 

application of by OCT generated images does make sense. Especially, for processes such as mass 618 

transfer at the bulk-biofilm interface and the fluid-structure interaction multi-dimensional OCT images 619 

seemed to be the right way to achieve an improved understanding. For the latter process, OCT might 620 

be able to deliver more than only the biofilm structure (Gao et al., 2013). The authors managed to 621 

visualize and measure the velocity field around a feed spacer by applying and analyzing the Doppler 622 

effect. 623 

Martin et al. (2014) recently used biofilm structures which have been generated from OCT 624 

measurements for the simulation of permeate flux in a gravity-driven membrane system (GDM). Such 625 

systems somehow depend on the formation of biofilms above the membrane to stabilize the permeate 626 

flux over a long time of operation (confer to Derlon et al., 2013). The authors could show that by 627 

using the real, heterogeneous biofilm surface structure a better fit with measured permeate flux was 628 

achieved compared to a simulation assuming an average biofilm thickness. 629 

Another direct implementation of 2D biofilm structures visualized by means of OCT into a simulation 630 

tool was presented by Li et al. (2015). Within this study, biofilm on a carrier material from a MBBR 631 

(moving bed biofilm reactor) was imaged and applied to simulate different flow conditions for 632 

understanding the interaction between biofilm structure and substrate turnover. Although complete 2D 633 

cross-sections (B-scan) of the carrier and biofilm were used, still a rigid biofilm structure was assumed 634 

for simplification. Especially, the movement of biofilm structures may play in future a larger role in 635 

biofilm models as indicated by Taherzadeh et al. (2012). As shown by Blauert et al. (2015) and 636 

Wangpraseurt et al. (bioRxiv) such interactions can be covered by means of OCT. 637 

Fortunato et al. (2017) also simulated the permeate flux in a GDM system. As already done by Martin 638 

et al. (2014) the authors used the OCT B-scans to simulate the flux of water through biofilm layers 639 

developing on membranes ( 640 

Figure 10). Their manuscript does focus on the flow field and the resulting pressure at the bulk-biofilm 641 

interface. The heterogeneity of the biofilm surface significantly influences the flux of permeate. The 642 

authors do stress that in future the movement of the biofilm structure has to be incorporated into 643 



models. However, the authors left open whether a rigid structure provides enough data for realistic 644 

simulations. 645 

 646 

3.4 Concluding remark 647 

Optical coherence tomography is the emerging imaging technique of the last decade in biofilm 648 

research. Its remarkable features are the fast – up to real-time – acquisition of multi-dimensional 649 

datasets, the in situ application as well as the fact, that no sample preparation is necessary allowing for 650 

a non-invasive and complete characterization of an unaltered biofilm structure. Additional advantages 651 

are the compact dimensions and mobility of on OCT device, which allows investigating biofilms 652 

directly inside the cultivation device (e.g., biofilm reactor) under operational conditions (e.g., flow). 653 

Hence, biofilms in various systems are analyzed, which are not accessible by other, established 654 

imaging modalities. Two- and three-dimensional datasets contain a representative description of the 655 

overall biofilm structure at the mm-scale (mesoscale) with µm-resolution. The structural descriptors 656 

are directly related to the shear and nutritional conditions of the experiment. Thus, the fundamental 657 

understanding of the fluid-structure interaction of biofilm systems can be further improved through 658 

coupling OCT imaging (e.g., biofilm structure and hydrodynamics) to multi-dimensional modelling 659 

approaches using commercial software packages. 660 

A major step forward in biofilm research has been achieved by monitoring the deformation (e.g., 661 

compaction, relaxation) of the biofilm structure at real-time in a series of B-scans. In defined 662 

deformation experiments performed directly within the cultivation device (e.g., micro-fluidic flow 663 

channel), mechanical properties such as the shear and Young’s modulus have thereby been determined 664 

non-invasively. This will in future definitely lead to a better understanding of fluid-structure 665 

interactions and further reveal the impact on mass transport and transfer characteristics. 666 

However, OCT suffers – similar to other visualization tools – from limitations. For instance these are 667 

changing refractive indices along the z-axis, artifacts created by moving structures, or the signal-to-668 

noise drop-off along an A-scan of SD-OCT devices. Although, OCT provides extraordinary 669 

penetration capabilities even in highly scattering biofilm samples, optical clearing agents might be 670 

necessary to be added in some experiments. Analysis of OCT datasets is affected more or less by one 671 

or more of these issues. In consequence, a common image analysis protocol is hitherto lacking and 672 

individual biofilm research groups develop custom procedures. In future, software developers for OCT 673 

devices may consider this fact. 674 

Lastly, OCT does only provide information about the distribution of scattering and reflecting biofilm 675 

components. Neither cavities within biofilms have been identified as regions filled only with water nor 676 

are biofilm constituents resolved. Hence, biofilm composition and activity is not covered applying this 677 

tool. In future, molecular contrast experiments might be part of routine OCT analysis, but to date the 678 

combination with other imaging modalities such as CLSM and Raman microscopy is still necessary to 679 

reveal i.e. the abundance of bacteria within the EPS matrix. 680 
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Figure captions 1026 

Figure 1: Scheme illustrating the definition of scales at which biofilm structure might be investigated. The 1027 
definition of scales is not based on the resolution of the imaging techniques. Moreover, recent developments 1028 
extended the capabilities of the methods shown here. Thus, methods might overlap in some cases. Image taken 1029 
with permission from Wagner et al. (2010b) and modified for this review. 1030 

 1031 
Figure 2: Scanning electron micrograph of a heterotrophic wastewater biofilm cultivated in a lab-scale flume. 1032 
The network-like biofilm structure is visible although altered through dehydration. Scale bar = 20 µm. 1033 

 1034 
Figure 3: Series of OCT B-Scans (xz-planes) along the y-axis of the C-scan (3D dataset) through heterotrophic 1035 
biofilms grown at different hydrodynamic conditions. Size of a B-scan = 4 mm ´ 1.6 mm. Image taken with 1036 
permission from Wagner et al. (2010b). 1037 

 1038 
Figure 4: Calculated shear-rate in the B-scan for the transverse flow velocity component. The first row shows the 1039 
shear-rate in the y-direction and the second row shows the shear-rate in the z-direction. The first column shows 1040 
the reference data, and the second and third column show the data after 24 and 48 hours after starting the 1041 
experiment, respectively. All data refer to OCT measurements. Image taken with permission from Weiss et al. 1042 
(2016). 1043 

 1044 
Figure 5: The scheme compares different binarization approaches. The raw imaging dataset (B-scan) contains a 1045 
structure (rectangle) including a SNR drop-off of 20 (intensity gradient). For elucidation purposes there is no 1046 
noise (black background). The red-dashed frame in (A) outlines the object. As shown in (A), different 1047 
thresholding algorithms can result in different amounts of pixels assigned to the foreground (white) in the binary 1048 
dataset. In (B) a procedure is proposed which compensates for the SNR drop-off present in OCT datasets 1049 
acquired with spectrometer-based devices. A C-scan composed of identical B-scans (raw image, xz-plane) is 1050 
assumed, which is resliced into a stack of xy-planes. The scheme includes only three xy-planes with an SNR of 1051 
20 (blue), 10 (green), and 5 (red). For each individual xy-plane the threshold is calculate using Otsu’s method 1052 
(Otsu, 1979). The binary stack of xy-planes is resliced into a series of xz-planes (C-scan). Independent of the 1053 
SNR ratio of a particular xy-plane, Otsu’s thresholding method assigned the complete object correctly to the 1054 
foreground. Results of (A) using the triangle method and (B) using Otsu’s method are equal in this particular 1055 
example. 1056 

 1057 
Figure 6: Calculation of porosity. (A) depicts the calculation of global porosity. (B) and (C) illustrate the 1058 
calculation of biofilm porosity. In (B) background signals vx(0) outside the biofilm structure are ignored. 1059 
Through bending of the biofilm structure in (C), the biofilm porosity is overestimated by the number of 1060 
additional background signals vx(0) within the gray region. 1061 

 1062 
Figure 7: Proposed scheme of the extraction of the bulk-biofilm interface from OCT C-scans for the analysis of 1063 
the biofilm topography. The biofilm topography is generated by assigning the distance ℎ1 of a particular xy-plane 1064 
from the substratum to the target 3D stack (see Eq. 9). Thereby, the stack becomes depth-coded. By calculating 1065 
the maximum intensity projection the topography of the bulk-biofilm interface is represented in 2D. Calibration 1066 
bars indicate the grayscale intensity. For the binary datasets it is 0 or 255 whereas it is in a range of 0 to 10.0 for 1067 
the depth-coded xy-planes as well as for the final maximum intensity projection. 1068 

 1069 
Figure 8: OCT B-scans of the biofilm deformation as a function of the shear stress from the beginning and the 1070 
end of an experiment. (A) shows the OCT B-scan at the begin (shear stress = 0.01 Pa) and (B) at the end of the 1071 
deformation experiment at a shear stress of 1.64 Pa. The filamentous structure elongated (ΔL = 220 µm). 1072 
Simultaneously a change of the angle of deformation α was observed. Scale bar equals 250 µm. Flow from left to 1073 
right. Image taken with permission from Blauert et al. (2015). 1074 

 1075 
Figure 9: OCT images of a biofilm structure at constant flow velocity (0.1 m/s) but changing permeate flux. The 1076 
permeate flux is 20 L/(m²h) for the right image 60 L/(m²h) for the middle image and again 20 L/(m²h) for the left 1077 
image. Image taken with permission from Valladares Linares et al. (2015). 1078 



 1079 
Figure 10: An OCT biofilm image used to simulate the permeate flux (m/s) through membrane (white lower 1080 
region) and biofilm. The lowest flux (blue) can be found below cavities in the biofilm due a certain pressure loss 1081 
in direction of the membrane. Image taken with permission from Fortunato et al. (2017).  1082 
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