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Abstract: Doppler frequency shifts associated with the motions in cells range from mHz to Hz, 

requiring ultra-stable interferometry to capture frequency offsets at several parts in 1018.  

Common-path interferometers minimize the influence of mechanical disturbances when the 

signal and reference share common optical elements.  In this paper, multi-mode speckle self-

referencing via a Fresnel biprism demonstrates frequency stability down to 1 mHz.  A low-

coherence NIR source creates an OCT-like pseudo-coherence-gate in Fourier-domain 

holography without phase stepping, and the Fourier reconstruction of the self-referencing 

speckle fields produces an image-domain autocorrelation of the target.  Fluctuation 

spectroscopy of dynamic speckle is performed on a semi-solid lipid emulsion that captures 

Brownian thermal signatures and on feline tissue culture that measures active intracellular 

transport.  The extension of biodynamic imaging to lower frequencies opens the opportunity 
for studies of cell crawling in macroscopic living tissues. 

1. Introduction 
Common-path interferometry dates to the first interferometer, developed by Francois Arago to 

measure the refractive index of humid air [1].  The later development of multi-path 

interferometry by Michelson and others offered improved flexibility in optical design and 

applications but forfeited mechanical stability.  Interferometry in biomedical optics has a wide 

range of applications, primarily in interferometric biosensors [2], with a major expansion after 

the development of optical coherence tomography (OCT) in 1991 [3].  Spectral-domain OCT 

[4, 5] uses an essentially common-path configuration by relying on in-line reflectance and 

spectral interferometry [6].  Oblique in-line common-path interferometry provides phase 

information in digital holography [7], and diffraction-based common-path systems work in a 

similar manner [8-10].   

Augustin Fresnel, working with Arago on interferometric systems in the years 1816-1819, 

devised a simple, high-angle biprism to generate stable interference fringes [1].  The Fresnel 

biprism has recently been adopted in digital holography to provide a common-path approach to 

biological imaging in transillumination configurations [11-13].  The monolithic optical element 

of the Fresnel biprism, combined with wide-field interference, provides higher flexibility for 

many optical applications.  Here, we demonstrate the use of the Fresnel biprism to extend the 

low-frequency performance of biodynamic imaging, which is a form of digital holographic 

dynamic-contrast optical coherence tomography [14-17].   

Speeds of cellular and intracellular motions span from nanometers per second to microns 

per second with associated Doppler frequencies in a backscattering optical configuration 

ranging from mHz to Hz, respectively [18].  At the low-frequency limit of mHz, measurements 

of metastatic cell crawling within living tissues could have important applications in cancer 
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Fi g. 1 D esi g n f e at ur es of t h e Fr es n el bi pris m c o m bi n e d wit h di git al h ol o gr a p h y p erf or m e d wit h 
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on an 800x800 pixel array, beginning with a two-dimensional image-domain complex-

amplitude speckle pattern with a point-spread-function typical of experimental conditions for 

tumor spheroids.  The field-of-view is approximately 90 pixels to generate Fourier-domain 

speckle widths that span approximately nine pixels.  The biprism hologram is generated by 

splitting the Fourier field in half and overlapping the fields with a superposed spatial phase 

modulation that produces three pixels per fringe and three fringes per speckle diameter in the 

“rule-of-nine" condition.  The rule-of-nine for Fourier-plane digital holography with the tilted 

grating vector places the reconstruction in the +1 and -2 quadrants, helping to provide 

maximum separation of the sidebands from the zero-order without aliasing.  The 

autocorrelation of the target image retains significant spatial information.  For instance, in the 

case of the tumor spheroid, the center of the reconstruction is dominated by photons scattered 

near the optic axis from the tumor, while the outer rim is dominated by photons scattered from 

the rim.  Therefore, the spheroid symmetry of the target allows an investigation of dynamics in 

the shell relative to dynamics in the core of the spheroid, which has clinical relevance when 

studying the effects of anticancer drug therapy on living tissue. 

 

Fig. 2 Simulation of a speckled target letter “A”.  a) The speckle phase of the target.  b) The 

simulated hologram caused by speckle self-referencing through the Fresnel biprism. 

 

 



Fig. 3 Simulated reconstructions for a) a speckled letter “A”, and b) a tumor spheroid.  The two 

sidebands are phase conjugate pairs, and each is an autocorrelation of the target. 

Biodynamic imaging is performed with low-coherence light to provide a coherence gate 

that selects photons from specified cross sections within volumetric scattering targets such as 

tumor spheroids.  Depth selectivity is achieved by matching optical path length (to within the 

coherence length of the light source) between the signal photons and a delayed reference wave 

that is adjusted to a specific depth inside the target.  However, the common-path system 

presented here uses self-interference between the left and right sides of the speckle fields.  

Interference fringes are generated only between photons that share the same optical path length.  

Photons that scatter from deeper in the target do not interfere with photons scattered from 

shallower depths.  For a volumetric target such as a tumor spheroid, this produces low-contrast 

fringes because most of the scattered partial waves are mutually incoherent.  Therefore, the 

fringes that do arise in the hologram are from photon pairs that have matched optical path 

lengths.  Furthermore, if scattering arises predominantly from single hard backscatter, then the 

matched photons will have scattered from nearly the same depth inside the target.   

 

Fig. 4 Illustration of the principle of “stacked” or “compressed” coherence sections in low-

coherence speckle self-referencing backscatter holography through a Fresnel biprism.  The 

coherence sections are tilted at half the illumination angle.  The reconstructed hologram is an 

incoherent linear superposition of the coherence sections weighted by the scattered intensity 

that is strongest for the shallowest layer. 

 

This low-coherence self-referencing causes a form of coherence gating that is 

“compressed” or “stacked”, illustrated in Fig. 4.  The reconstructed coherence sidebands are 

comprised of a superposed stack of optical sections as if the reference in a conventional Mach-



Zehnder BDI system were scanned across the full depth of the target during a single acquisition.  

The illumination in Fig. 4 is at 30o from the optical axis to prevent specular reflections and to 

eliminate the need for a beamsplitter.  The coherence-gated planes are tilted at half that angle 

because of optical path length matching at the planar detector.  The reconstructed hologram is 

the linear (and incoherent) superposition of each of the coherence sections.  This prevents depth 

information from be explicitly obtained in this Fresnel biprism system.  However, the self-

referencing weights the coherence section holograms by the scattered intensity that is strongest 

from the shallowest sections.  This effect weights the reconstructed hologram to approximately 

three ballistic scattering lengths inside the target, which is approximately 300 microns for a 

tumor spheroid.  This depth is at the boundary between transport-limited tissue that is in under 

naturally low oxygen tension for an avascular tumor and hyperoxic tissue nearer to the surface 

of the tumor.  This boundary is of particular interest in studies of anticancer drug treatments 

whose efficacies are affected by oxygen tension. 

 

3. Fresnel Biprism Fourier-Plane Digital Holography 
Biodynamic imaging systems are conventionally designed with the reference and sample beams 

propagating through different spatial paths, interacting with different optical components (such 

as the Mach-Zehnder interferometer). These designs have proven useful for detecting the 

Doppler frequency shifts caused by the coherent light scattering of biological processes, but 

mechanical sensitivity hinders their performance at low frequencies where external vibrations 

can induce small relative differences in path length, leading to phase shifts and fringe washout. 

The common-path configuration of the Fresnel Biprism produces fringes from the direct 

overlapping of two partial speckle fields and should be resistant to external vibrations, creating 

a more stable system.   

The common-path interferometer configuration illustrated in Fig. 5 uses a Fresnel biprism 

and a Fourier-transform lens that places the digital pixel array on the Fourier plane of the 

imaging system.  The light source is a superluminescent diode (Superlum SLD-381-HP2), 

which has a center wavelength of 839.6 nm (FWHM of 27.7 nm), delivered at a power of 16.5 

mW to the optical system through a single-mode fiber that illuminates the sample from below 

in an inverted backscattering configuration. The light is captured by an objective lens L1 that 

transfers the image through a Fourier lens to a digital pixel array on the Fourier plane. The 

collection optics are mounted at a 30-degree angle relative to the illumination beam to prevent 

specular reflections from being collected, as discussed in Figure 4. The lens L2, with focal 

length f2, is mounted a distance f2 away from the image plane of the objective. A camera is 

mounted at the Fourier plane of this imaging system beyond L2. The camera used in this 

experiment is a 12-bit FLIR Blackfly S BFS-U3-32S4M camera, which captures 2048 x 1536- 

pixel images with a pixel pitch of 3.45 microns.  The region of interest (ROI) is limited to 800 

x 800 pixels for hologram recording. Additionally, the Fresnel Biprism is placed in a mount 

which orients the interference fringes at an offset angle relative to the pixel array of the FLIR 

camera.The rule-of-nine discussed in Section 2 dictates, for this pixel pitch, a fringe spacing of 

10 microns and a speckle size of 30 microns for optimal results. From this, the geometrical 

governing equations mentioned in section 2 can be solved for the Frensel biprism apex angle, 

the focal length of L2, and the beam diameter, which can be controlled with apertures to 

produce an interference pattern whose maximum width occurs at the Fourier plane where the 

camera is located, along with being wide enough to be statistically useful.  Images on the 800 

x 800-pixel footprint require the Fresnel biprism to produce an interfering region with a 

minimum width of 2.76 mm. 



 

Fig. 5.  Fourier-Plane Fresnel biprism digital holography schematic. 

Acquiring data from the Blackfly camera is done using the FLIR SpinView Software 

program.  With this software, parameters such as the acquisition frame rate and exposure time 

are directly controlled. By adjusting nonlinear properties, such as gain, to their default values, 

the parameter controlling the relative brightness of the acquired images is the exposure time.  

In this work, a standard of acquiring 3000 frames at a framerate of 3 fps was adopted. The 

dimmest targets examined which are reported in this work required an exposure time of 300 ms 

to capture illuminated images. To directly compare different targets with different relative 

brightnesses, appropriate ND filters were placed in front of L2 to achieve the same relative 

illumination recorded by the camera when an exposure time of 300 ms was used. The captured 

images are then analyzed using MATLAB, which converts the 8-bit pixel values saved by the 

camera to energy values by incorporating the quantum efficiency and saturation capacity of the 

camera at the light source’s 839.6 nm wavelength. Statistics on the saturation and fluctuations 

of these holograms are calculated, followed by spatial and temporal Fourier transforms, which 

are used for calculations on the reconstruction of the target (OCI and MCI) as well as the 

Doppler frequency power spectrum. These yield the signal to noise ratio, fringe contrast, and 

dynamic range of the sample.  The spatial optical coherence image (OCI) and the motility 

contrast image (MCI) are 
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where S+(x,y;t) is the side-band reconstruction from Eq.(6) providing the fluctuation speckle 

image, and the standard deviation and mean are evaluated over time.  The MCI is the 

normalized standard deviation, also known as temporal speckle contrast [20]. 

For testing purposes, two targets were used as light-scattering standards.  Black 

construction paper served as a static target for which the electronic noise floor of the system 

can be quantified.  A semi-solid lipid emulsion (provolone cheese) served as a Brownian 

phantom for dynamic light scattering fluctuation spectroscopy.  Provolone cheese has low 

absorbance in the NIR and approximately 80% Lambertian reflectance, providing a stable target 

with significant multiple light scattering from lipid globules subject to thermal Brownian 

agitation.  An example experimental hologram is shown in Fig. 6 for the paper target.  A region 

of the raw hologram is shown in Fig. 6a) that includes coherent interference fringes as well as 

incoherent background.  The hologram is demodulated by transforming to the Fourier plane 

where a single sideband is isolated and transformed back to the image plane.  The coherent 

amplitude (absolute value) is shown in Fig. 6b) and the phase in 6c).  There are numerous 

optical vortices as in Fig. 6e), indicated by fringe dislocations that form fork-like patterns, 

confirming the phase sensitivity in the self-referencing alignment through the Fresnel biprism.   

Phase sensitive holography is essential for Doppler fluctuation spectroscopy.  The Fourier-

plane acquisition of the hologram plays a key role in this phase sensitivity because every 

resolution element on the image plane is spread over the Fourier lens pupil, ensuring shared 

spatial coherence between the two halves of the speckle field illuminating the Fresnel biprism.  

The same system, when operated as image-plane holography with the camera on the image 

plane, displays perfectly linear fringes with no speckle phase sensitivity.  The compatibility 

between Fourier-plane holography and the Fresnel biprism, with reconstruction using a simple 

2D FFT, makes this system ideal for biodynamic imaging applications in biological and 

biomedical settings. 

 
Fig. 6. Hologram of static target (black paper).  a) A section of the raw hologram.  b) The demodulated 

amplitude.  c) The demodulated phase. d) The raw hologram with a scale label. Optical vortices occur in the fringe 

patterns in e), demonstrating phase sensitivity. There are approximately three pixels per fringe and at least three 

fringes per speckle to satisfy the rule-of-nine shown in f).   
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The raw hologram of the semi-solid emulsion target is shown in Fig. 7a), and the 

reconstruction using a 2D spatial FFT is shown in Fig. 7b).  The tilted fringe spacing produced 

by the rotation of the Biprism in its mount places the sidebands in opposite quadrants, and the 

rule-of-nine condition separates the sidebands from the zero-order without aliasing.  A line scan 

through the sidebands and zero-order is plotted in Fig. 7c) on a logarithmic scale.  The low-

coherence holography displays a fringe contrast of -76 dB (sideband relative to zero-order), and 

the average signal-to-noise ratio (sideband relative to background) for these tests on static paper 

is 20 dB.  The optical coherence image (OCI) is shown in Fig. 7 d) averaged over 3000 frames 

at 3 fps with the motility contrast image (MCI) in Fig. 7e).  The normalized standard deviation 

(NSD) for the lipid emulsion is 0.84 caused by multiple dynamic light scattering from the 

Brownian motion of the lipids.  In contrast, the MCI of black paper is shown in Fig. 7f) with 

an NSD of 0.28 set by the mechanical stability of the holography system. 

 

Figure 7. Hologram reconstruction for a semi-solid lipid emulsion.  a) Raw hologram zoomed 

into a 225x255 pixel region.  b) The reconstruction plane (image plane) showing the two 

equivalent sidebands as images. c) A section along the sideband axis plotted logarithmically. 

d) The optical coherence image (OCI) and e) the motility contrast image (MCI) of the 

emulsion with NSD = 0.94 compared to f) the MCI for static black paper with NSD = 0.28.  

Scale bar is 1 mm. 

 

The noise spectra of the phantom targets are shown in Fig. 8 for 3000 frames acquired at 

3 fps.  The spectral power density is referenced to the DC light intensity averaged over the 

reconstructed target using a binary mask to exclude contributions from the background.  The 

spectrum of black paper displays classic f-n noise with exponent n varying from 2 to 1 across 

the spectral range from 1 mHz to 1.5 Hz, establishing the performance noise floor of the system.  

The lipid emulsion shows two Brownian knee frequencies at 3 mHz and at 30 mHz 

corresponding to diffusion constants of D = 6x10-5 m2/sec and 6x10-4  m2/sec with viscosity-

radius products of 4x10-5 Pa•m•sec and 4x10-4 Pa•m•sec, respectively.  The globule size in 

cheese ranges from 1 microns to 10 microns, which yields an emulsion viscosity on the scale 

of approximately 40 Pa•s, which is consistent within an order-of-magnitude of published values 

[21].   

The ability of the Fresnel biprism holography system to be resistant to fringe washout 

induced by external mechanical vibrations was tested using an iPhone vibration alarm placed 

on the optical bench in front of the Fresnel biprism.  The alarm uses a haptic motor that 
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generates approximately 2 g’s of acceleration with mean displacements of approximately 50 

microns at continual 5 Hz vibration.  The experimental results shown in Fig. 8 under vibration 

show no artefacts in the power spectrum, and there were no significant differences in the fringe 

contrast or signal to noise ratios, although the power spectra revealed slightly increased motion 

broadly through all frequencies.  Under similar conditions, the Mach-Zehnder biodynamic 

system shows approximately 10 dB fringe washout. Previous BDI systems were limited to 12.2 

mHz, below which they were dominated by 1/f noise.  The new performance represents a factor 

of 12x improvement in the frequency floor of the system.  It is interesting to note that metastatic 

cell crawling occurs at speeds below 3 nm/sec with a backscatter Doppler frequency below 10 

mHz [18].   

 

Figure 8. Fluctuation spectrum of semi-solid lipid emulsion compared to static black paper.  

One spectrum was taken with a haptic motor vibrating on the optical table for conditions that 

produce fringe washout in a Mach-Zehnder configuration. 

 

4. Biodynamic FB-DH on Living Tissue Spheroids 

Biodynamic imaging was originally developed to interrogate living tumor spheroids [22, 23] 

and living biopsy samples from clinical trials [24, 25].  More recently, studies of microbial 

infection of tissue culture have yielded to biodynamic imaging [19, 26].  Studies of infection 

are facilitated by working with smaller tumor spheroids that have higher volume-to-surface 

ratios.  Shifting to small living tumor spheroids approximately 300 microns in diameter is an 

ideal application for the FB-DH system because the depth-gating is less important in this 

configuration, and a spatial image is not required for fluctuation spectroscopy which can be 

performed on an autocorrelation image as produced by the self-referencing. 

We prepared several samples of Crandell-Rees Feline Kidney Cells spheroids (CRFK 

ATCC CCL 94) infected with canine parvovirus (Cornell 780916 80) with 103.77 TCID/50 mL. 

The base medium for the CRFK cell line is composed of 50% RPMI (GIBCO 72400-047), 50% 

L-15 (GIBCO 31415-029), 10 % fetal calf serum (FCS) and 10 µ𝐿 of gentamicin. CRFK cells 

were grown to approximately 2.61 × 103cells per 25 𝑐𝑚3  flask. To detach cells from the 

bottom of the flask they were washed with 3 mL of DPBS (GIBCO 14040133) and then 3mL 

of TrypLE Express (GIBCO 12604-021). The cells were then put in an incubator set at 37 ˚C 

and 5 % 𝐶𝑂2 for 5 minutes to facilitate detachment. The cells along with 50 mL medium were 

put in two rotary cell culture systems and placed in the incubator for 2 weeks while refilling the 

medium every couple of days. After two weeks, we added 50 µL of canine parvovirus to one 



of the rotary flasks and waited 24 hours. We then took spheroids from each rotary flask (one 

being control and one infected with virus) at 48, 72, 96 and 120 hours. These spheroids were 

placed in 16 wells in a 96 well plate with 8 wells being virus infected and 8 wells being control. 

We added 15 µ𝐿 of spheroids into each well and then immobilized the spheroids with 80 µ𝐿 of 

low melting agarose (0.1 g agarose and 10 mL L-15 medium). We then added 300 µ𝐿 of 

complete medium to each well before covering the well with breath-easy sealing membranes.  

The image-plane reconstruction of tissue spheroids is shown in Fig. 9.  Numerous spheroids 

fill the approximately 2 mm diameter field of view which is set by the illumination beam 

profile.  The regions of highest intensity are selected with a binary mask, shown in the OCI and 

the MCI images in Fig. 10a) and b).  The OCI color scale is set by the reflectance in dB relative 

to the average intensity.  The MCI color scale is set by the normalized standard deviation (NSD) 

which measures the temporal speckle contrast with an average NSD of 0.96, and the minimum 

NSD of approximately 0.8 occurs in the regions of highest spheroid density.  These “images” 

are image-plane spatial autocorrelations of the spheroids within the illuminated field of view.  

 

Figure 9. Biodynamic imaging of tumor micro-clusters showing the reconstructed image plane 

with zero-order and two side-bands that are the optical sections of the target.  The reflectance 

is in dB relative to the maximum pixel value in the zero-order. 

 



 

Figure 10. Biodynamic imaging of tumor spheroids. a) The OCI and b) the MCI of the living 

tissue spheroids after masking. 

 

The performance of the FB-DH system for Doppler spectroscopy is demonstrated in Fig. 

11.  Three regions on the reconstruction plane were masked off: the tumor region, the zero-

order at the center of the reconstruction plane, and a region near the illumination region to 

characterize the reconstructed background, shown in Fig. 11a).  The spectral power density 

relative to the DC average intensity of three consecutive measurements of spheroid targets are 

shown in Fig. 11b) for the three regions.  The zero-order contains all incoherent intensity 

fluctuations for non-path-matched optical paths which dominate the acquired intensities on the 

camera.  The tumor region, consisting of the superposed coherence volumes of Fig. 4, shows a 

pronounced knee frequency near 50 mHz corresponding to an average intracellular speed of 20 

nm/sec.  The background region shows the noise floor for this measurement, although a small 

dynamic contribution is remnant from the living tissue that may be from tails on the 

illumination profile. 

 

 

Figure 11. Tissue spectra for feline CRFK tissue spheroids.  a) The zero-order, the tumor and 

the background masks.  b) The fluctuation spectra for the masked regions in b).   

 

Of particular interest in microbial infection studies of living tissue is the effect of viral 

infections on intracellular dynamics.  Samples of Parvovirus-infected CRFK were examined 
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wit h t h e Fr e s n el b i pris m s yst e m . T h e s e e x p eri m e nts r e v e al a si g nifi c a nt d e cr e a s e i n a cti vit y f or 
D o p pl er fr e q u e n ci es b et w e e n a p pr o xi m at el y 8 m H z a n d 8 0 m H z b et w e e n t h e C R F K c ells 
i nf e ct e d wit h c a ni n e p ar v o vir us r el ati v e t o h e alt h y C R F K c ells.  T h e hi g h -fr e q u e n c y N y q uist  
fl o or is si g nifi c a ntl y hi g h er f or bi ol o gi c al s a m pl e s c o m p ar e d t o t h e el e ctr o ni c n ois e fl o or 
pr o d u c e d b y st ati c p a p er.   T his is c a us e d b y t h e “ str o b e ” eff e ct i n w hi c h t h e f a st e x p os ur e ti m e 
c a pt ur e s c h a n g es fr a m e -t o-fr a m e t h at a p p e ar a s t h e Ny q uist fl o or at t h e N y q uist fr e q u e n c y.  

 
 

 

Fi g ur e 1 2 . Tiss u e s p e ctr a f or f eli n e C R F K tiss u e s p h er oi ds.  T h e s p e ctr al p o w er d e nsit y f or 
h e alt h y tiss u e s p h er oi ds a n d vir al -i nf e ct e d s p h er oi ds c o m p ar e d t o st ati c bl a c k p a p er. 

 
M a ps of t h e l o c al fr e q u e n ci es a cr os s t h e i m a g e pl a n e c a n b e pr o d u c e d b y fi n di n g t h e m e a n 

fr e q u e n c y f or e a c h pi x el usi n g t h e f or m ul a 

 f =
1

N
× f × P f( ) df

fmi n

fN y

ò  (8 ) 

w h er e P(f) is t h e s p e ctr al p o w er s p e ctr u m a n d t h e i nt e gr als ar e li n e ar i n fr e q u e n c y fr o m f mi n  = 
1/ T t o f N y  = f ps/ 2, w h er e T is t h e t ot al ti m e of t h e a c q uisiti o n, f ps is t h e fr a m er at e of t h e 
a c q uisiti o n , a n d N is a n or m ali z ati o n c o nst a nt.  T h e m e a n fr e q u e n c y is li n e arl y r el at e d t o t h e 
“ k n e e fr e q u e n c y ” of t h e p o w er s p e ctr a f u n cti o ns.  Pi x els wit h o nl y n ois e i n t h e p o w er s p e ctr u m 
ar e v et o e d.  T h e r e s ulti n g fr e q u e n c y m a p f or t h e C R F K s p h er oi ds is s h o w n i n Fi g. 1 3 a).  T h e 
fr e q u e n ci es r a n g e fro m 1 0 t o 2 0 m H z u p t o a p pr o xi m at el y 2 0 0 m H z.  T h e pr o b a bilit y 
distri b uti o n f u n cti o n of t h e fr e q u e n ci es is s h o w n i n Fi g. 1 3 b) wit h m a n y hi g h fr e q u e n ci es 
( a b o v e t h e a v er a g e k n e e fr e q u e n c y f or t his s a m pl e) t h at ar e l o c ali z e d t o r e gi o ns of l o w 
r efl e ct a n c e.  T h e c o n diti o n al pr o b a bilit y distri b uti o n is s h o w n i n Fi g. 1 3 c) f or fr e q u e n c y v ers us 
r efl e ct a n c e.  T h er e is a n i n v ers e r el ati o ns hi p b et w e e n t h e fr e q u e n c y a n d t h e r efl e ct a n c e, w h er e 
hi g h r efl e ct a n c e is a s s o ci at e d wit h t h e d e ns e st s p h er oi ds t h at ar e li k e c o h e si v e tis s u e r at h er t h a n 
a s pri n kli n g of s m all cl ust ers of c ells.  W e pr e vi o usl y v erifi e d t h at t h e c o m p a ct n e s s of tis s u e 
c orr el at es wit h s p e ctr al k n e e fr e q u e n ci es, wit h ti g ht er tiss u e s h a vi n g s u p pr e ss e d k n e e 
fr e q u e n ci es [ 2 7].  T h e l o w er fr e q u e n ci es f or t h e d e ns er cl ust ers ar e c o nsist e nt wit h t his eff e ct. 

 
 

 



 

Figure 13. Frequency distributions for CRFK micro-clusters.  a) Frequency map.  b) 

Probability distribution function.  c) Conditional probability distribution function for frequency 

as a function of tissue reflectance. 

 

 

5. Discussion and Prospects 

The chief application for biodynamic imaging has been for medium-throughput screening, 

either of tumor spheroids for drug development or of patient biopsies for cancer 

chemoresistance screening.  In this screening spectroscopy context, neither high-resolution 

imaging nor depth-gated imaging are necessary.  To obtain the highest signal-to-noise, the 

fluctuation spectra are averaged over the full sample and spatial information is not used.  The 

Fresnel-biprism digital holography (FB-DH) system we report here has the advantage of ultra-

stable holographic performance with a new base frequency of 1 mHz that is 12 times lower 

than in previous biodynamic imaging systems.  The trade-offs of losing direct imaging (the 

image plane reconstruction is a spatial autocorrelation of the target regions) and of losing the 

OCT-like depth gate (the low-coherence creates a superposed “stack” of coherence volumes) 

are not central to the spectral averaging used by the biodynamic screening applications.  

Therefore, for these spectral screening applications, the trade-off is unimportant relative to the 

improvement in stability and lower frequency performance. 

The motivation for retaining the low-coherence light source in the current system is through 

the pseudo-coherence-gating behavior that is remnant from the low coherence.  A long-

coherence source (as used in a previous diffraction-based common path system) has the well-

known disadvantage of coherent imaging systems, in which light scattered from any 

components in the optical system can lead to stray interference patterns.  For instance, in a 

recent study using long-coherence in a common-path system, free-swimming bacteria in the 

liquid medium above tissue micro-clusters contributed to the fluctuation spectra, requiring 

detailed control experiments to subtract out this effect.  With the current low-coherence system, 

free swimming bacteria in the liquid column above the tissues will not contribute significantly 

to the fluctuation spectra because of their low reflectance that would preclude the kind of self-

referencing coherence gating that does occur from the high reflectance of the tissue sample.  

Therefore, keeping the low coherence of conventional biodynamic imaging retains some of the 

depth selectivity that localizes fluctuating signals to tissue depths of 100 to 200 microns. 

A particularly exciting future application for the FB-DH system, with its 1 mHz lower 

frequency limit, is the opportunity to study cell crawling through tissues.  Existing 3D tissue-

based culture [28, 29] could be augmented with this new velocity-based approach.  For instance, 

immune cells, like T-cells, and metastatic cancer cells crawl through tissue at speeds below 3 

nm/sec.  The improved stability and low frequency places these processes in a frequency range 

that now can be measured using dynamic light scattering and fluctuation spectroscopy.  For 

instance, T-cells participate directly in immunotherapy, and the efficacy of different types of 

immunotherapy drugs could be screened using the FB-DH system.  Similarly, anti-metastatic 

drugs would likely affect metastatic cell crawling, and the new system could provide a means 

for testing drug efficacy by using light-scattering signatures of the metastatic cell crawling. 



In the study of the biological materials presented here, the low-frequency diffusion knees 

within the lipid emulsion of provolone cheese were observed and related to rheological 

properties of the material.  In the study of feline CRFK cells infected by a canine parvovirus 

over several days, a pronounced change in the fluctuation spectrum was observable when the 

viral particles themselves are too small to scatter light.  The effect of the virus on the 

intracellular dynamics are detected through the “sentinel effect” in which the biological agent 

is measured through its effect on living systems when it cannot be detected directly.  These 

proof-of-concept studies open the door to studies of microbiology and antibiotic resistance.  
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