
1 
 

Article Type: Regular Articles 

Title: Reconstruction of angle-resolved backscattering through a multimode fiber 

for cell nuclei and particle size determination 

Author: Haoran Zhang1, Zachary A. Steelman1, Silvia Ceballos1, Kengyeh K. Chu1, 

Adam Wax1 

Affiliation: 

1Department of Biomedical Engineering, Duke University, Durham, NC, 227708, 

USA 

 

Abstract:   

We demonstrate reconstruction of angle-resolved optical backscattering after 

transmission through a multimode fiber. Angle-resolved backscattering is an 

important tool for particle sizing, and has been developed as a diagnostic modality 

for detecting epithelial precancer. In this work, we fully characterized the transfer 

function of a multimode fiber using a plane-wave illumination basis across two 

dimensions. Once characterized, angle-resolved scattering information which has 

been scrambled by multimodal propagation can be easily and accurately 

reconstructed. Our technique was validated using a Mie theory-based inverse light 

scattering analysis (ILSA) algorithm on polystyrene microsphere phantoms of 

known sizes. To demonstrate the clinical potential of this approach, nuclear 

morphology was determined from the reconstructed angular backscattering from 

MCF-10A human mammary epithelial cell samples and validated against 

quantitative image analysis (QIA) of fluorescence microscopy images. 

 

1. Introduction 

Endoscopic imaging has become a widely researched field due to its ability to 

visualize inaccessible structures1-5 including the esophagus, colon, and cervix. 

Typically, an imaging fiber bundle is used as a flexible image conduit,6,7 where each 

single-core element at the distal face maps light to a corresponding location on the 

proximal side of the bundle to relay intensity-based images while maintaining 
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spatial orientation. Unfortunately, most fiber bundles perform poorly for coherent 

imaging applications with mismatched optical path length and coherent crosstalk 

between elements. Also, our recent work analyzed the open area ratio (OAR) 

between fiber bundles,7 where OAR determines the percentage of the fiber end 

face that is capable of transmitting light. Because fiber bundles have a sparse field 

of single-mode cores interspersed among a surfeit of space-occupying cladding, 

commercially available fiber bundles usually have relatively low OAR (poor light 

throughput). An alternative approach is to relay the image using a single multimode 

fiber, using the multiple modes supported by the fiber to encode spatial image data. 

Imaging through a multimode fiber has a clear advantage over transmitting images 

through a fiber bundle, including improved resolution, throughput, simplicity, cost, 

and the ability to access more spatially constrained applications such as brain 

imaging. However, an image transmitted through a multimode fiber is necessarily 

distorted into a complex speckle pattern,8 which must be computationally 

reconstructed to form the image collected at the input of the fiber. Fortunately, 

optical transmission through a multimode fiber constitutes a linear system, for 

which any input function can be reconstructed from its corresponding output 

function, assuming complete knowledge of the system’s transfer function.  

Recent advances have shown various robust image reconstruction techniques to 

address multimodal image reconstruction. The most common technique is the 

transmission matrix (TM) method9-13 where the multimode fiber is treated as a 

highly turbid medium, and the input-output response of the fiber is characterized 

by measuring the transmission matrix or output speckle patterns for a wide array 

of spatial delta functions at the fiber’s input face. This technique is highly robust to 

changing input functions, but can be somewhat computationally intensive. A 

second approach is the machine learning (ML) method,14,15 where deep neural 

networks are trained to reconstruct the input images from the distorted speckle 

patterns at the output face. This method can be fast, but requires complex 

equipment such as spatial light modulators (SLMs) or digital micromirror devices 

(DMDs) to produce robust training sets, and is not usually effective for images 

outside of the training set.16 Finally, the compressive sensing (CS) method17 applies 

the same basic approach as the TM technique, but uses a small subset of the 

transmission matrix and the assumption of a sparse sample to simplify the 

reconstruction. While effective and fast, CS is limited to highly sparse samples.  
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TM, ML, and CS have proven effective for recovering spatial image data after 

transmission through a multimode fiber, but through a simple Fourier relationship, 

angular scattering information can also be obtained. Angle-resolved detection of 

elastic scattering has already proven to be an effective diagnostic tool in biological 

tissues to diagnose dysplasia,5,18-24 an early carcinogenesis state. Pre-cancerous 

cells exhibit morphologic changes compared to healthy cells, including variations in 

size and relative refractive index of the nucleus. Because angular light scattering is 

highly sensitive to changes in scatterer properties, the size and relative refractive 

index of scattering objects such as cells, nuclei, and even smaller organelles can be 

monitored using angle-resolved scattered fields. In particular, techniques such as 

angle-resolved low-coherence interferometry (a/LCI),4,5,24 light scattering 

spectroscopy (LSS)25 and bright and dark field OCT (BRAD-OCT)26 take advantage of 

angle-resolved light scattering to acquire diagnostic information from tissue, and 

would easily benefit from a method for transmission of angle-resolved light 

scattering through a multimode fiber. 

In this work, we explore the capability of accurately determining the size of 

scattering particles using their backscattering signal, which has been scrambled via 

transmission through a multimode optical fiber. The transmission matrix (TM) 

approach is utilized with a plane-wave basis set at various angles, which more 

closely matches the parameters being measured than the traditional basis set of 

spatial delta functions. The technique is first validated by determining the size of 

polystyrene microspheres embedded in polydimethylsiloxane (PDMS), using an 

inverse light scattering analysis (ILSA) algorithm based on Mie theory. To illustrate 

the applicability of this approach for biological media, angle-resolved scattering 

from a sample of MCF-10A human mammary epithelial cells is reconstructed, and 

analyzed to determine the average size of the cell nuclei. The size of nuclei 

determined from the reconstructed angular scattering is validated against 

quantitative image analysis (QIA) of fluorescence microscopy images using a DAPI 

nuclear stain. This work will serve as a foundation for future endoscopic light 

scattering techniques by enabling transmission and reconstruction of the angular 

scattering spectrum of biological media using a simple multimode fiber. 
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2. Method 

2.1 Instrumentation 

The schematic diagram of the system used for studying multimode transmission of 

angular scattering is shown in Fig. 1(a). Light from a Helium-Neon laser (λ = 632.8 

nm) with a power of 7.5mW is first spatially filtered and delivered into either the 

calibration path (shown in dark red) during measurement of the transmission 

matrix, or the imaging path (shown in light red) during sample measurement. To 

record the transmission matrix, a two dimensional MEMS mirror (Mirrorcle 

Technologies, Inc., Richmond, CA) is used to illuminate the multimode fiber (200 

μm core, 0.39 NA, Thorlabs, Inc., NJ) at various input angles via an objective lens 

(OL1: 10x/0.45 NA, ZEISS). While traditional TM approaches build the matrix by 

scanning a point along the fiber face, we utilize a plane-wave basis by scanning a 

collimated beam at the fiber face at various angles, and recording the 

corresponding output speckle pattern for each plane wave. In total, 6561 images 

are recorded, covering an angular range of ±16.2° in both 𝜃𝑥  and 𝜃𝑦 , with an 

angular resolution of 0.20°. The complete set of output images forms a basis set 

which fully characterizes the relationship between the input and output of the 

multimode fiber. During the measurement process, the calibration path is blocked, 

and the sample is placed in the imaging path, where the backscattered photons 

from the sample are directed into the same multimode fiber. The distorted image 

received from the fiber which encodes the angular scattering data is relayed onto 

the camera (Grasshopper3, 60 FPS, 2048×2048 pixels/image, with a pixel size of 5.5 

μm). Only intensity-based measurements are used in this current setup. 

Representative transmitted calibration images for selected incident angles are 

shown in Fig. 1(b). 

 

2.2 Transmission Matrix Method and Mie Theory ILSA 

The key challenge of the reconstruction process is to unscramble light after 

propagation through the multimode fiber, and accurately recompute the scattering 

distribution collected at the input face of the fiber. Here, we use a similar approach 

to the transmission matrix method, where the multimode fiber is treated as a 

scattering medium,27 as it transforms the field at the input face into plane waves 

propagating through the fiber at multiple angles. The input-output response of the 
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multimode fiber is then characterized by measuring its transmission matrix. By 

computing the correlation between the transmission matrix and the transmitted 

image, we can recover the original angular spectrum of the sample field amplitude 

collected at the input end of the fiber.  

The reconstruction process is shown with an example in Fig. 2(a) and 2(b). The 

distorted image after transmission through the multimode fiber, shown in Fig. 2(a), 

encodes the angular scattering profile of NIST traceable microsphere phantoms 

with a mean size of 6.01 ± 0.04 μm. Through a projection operation of the distorted 

image onto each angular component of the transmission matrix, the angular 

spectrum of the target can be retrieved using: 

𝐴(𝜃𝑥, 𝜃𝑦) =  ∑ 𝐴trans(𝑥, 𝑦; 𝜃𝑥, 𝜃𝑦)𝐴I(𝑥, 𝑦)                    (1) 

 Where 𝐴I(𝑥, 𝑦)  is the speckle pattern transmitted through the fiber and 

𝐴trans(𝑥, 𝑦; 𝜃𝑥, 𝜃𝑦) is the complete transmission matrix. A median filter is applied 

to the raw reconstructed image to reduce noise. Because of the azimuthal 

symmetry of the backscattering profiles,28 a radial integration is performed from 

the center of the two-dimensional reconstruction to obtain a 1D angular scattering 

distribution. This step helps to reduce noise arising from the inversion process.  

Once the angle-resolved scattering profile is reconstructed, the scatterer 

morphology must be determined using ILSA29-31. A detailed description of the 

algorithm is discussed in the literature32. Briefly, the integrated 1D profile is low-

pass filtered and detrended using a second-order polynomial to isolate the 

oscillatory component of interest.33 Fortunately for our application, this also serves 

to suppress speckle noise arising from the inversion. The extracted oscillatory part 

of the light scattering distribution, shown as the red line in Fig. 2(c), is then 

compared to a library of simulated profiles based on Mie theory to find the best fit 

(shown as the blue line) using chi-squared (χ2) error as a comparative metric.30 The 

algorithm then produces a scatterer size prediction for each collected 

backscattering profile.  

The scattering library for microsphere phantoms library was created using 

MiePlot34, with microsphere and medium refractive indices of 1.58 and 1.41 

respectively, and including a 1% standard deviation in size distribution for the 

scatterers. The scatterer diameter was varied between 4-14 μm with an increment 
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of 0.1 μm to encompass the range of scatterers measured in this work. For cell 

measurements, based on the typical range of cell nuclear diameter and refractive 

index ratio, a library was generated with nuclear and cytoplasmic refractive indices 

ranging from 1.42-1.47 and 1.36-1.39 respectively, with a nuclear diameter ranging 

between 6-18 μm in increments of 0.1 μm and a variable size standard deviation 

including 1%, 2.5%, 5%, 7.5% and 10% variability to account for heterogeneity of 

sizes in the sample. In total, the libraries contained 101 spectra for the technical 

phantoms, and 14,520 for cells. 

The transmission matrix reconstruction and ILSA was performed using MATLAB 

R2019a (MathWorks, Inc., Natick, MA). The total time to acquire the transmission 

matrix was 2.8 minutes, which consisted of acquiring 6,561 images (2048*2048 

pixels/image) with an integration time of 12.5 ms per image and resting time 

between images which allowed the MEMS mirror to settle. Image reconstruction 

took 12 mins, with an average of 120ms for constructing each transmission matrix. 

ILSA for a single image required 290 ms of processing time on a standard desktop 

computer (Intel(R) Core i7-8700 processor). Statistical analysis was performed 

using R 3.6.3 (RStudio, Boston, MA). The data that support the findings of this study 

are available from the corresponding author upon reasonable request. 

2.3 Sample preparation 

To validate our approach, technical phantoms were constructed using polystyrene 

microspheres (Thermo Fisher Scientific, Microgenics Corporation, Fremont, CA) 

embedded in PDMS. A detailed description of our phantom protocol can be found 

in the literature35. Briefly, the polystyrene microspheres were centrifuged and 

dried to form a pellet, and mixed with PDMS elastomer base and curing agent 

(Sylgard 184, Dow Corning, Midland, MI) with a pre-mixed ratio of 10:1 by weight 

in a plastic dish. The samples were left overnight in a vacuum to remove bubbles, 

and left for 72 hours at room temperature to fully cure. Microspheres of 6.0, 8.0 

and 10.1 m were utilized to determine the particle sizing capacity of our system. 

To determine our system’s capacity for measuring biological samples, immortalized 

human mammary gland epithelial cells (MCF-10A, ATCC CRL-1031) were cultured 

in Brugge’s media (Department of Cell Biology, Harvard Medical School) consisting 

of DMEM/F12 (Invitrogen) supplemented with Horse Serum (Invitrogen), EGF 

(Peprotech), Hydrocortisone (Sigma), Cholera Toxin (Sigma) and Insulin (Sigma). 
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Cells were maintained at 37°C with 5% CO2 and 100% humidity under normal 

passaging protocols. 

In order to perform the angular scattering measurements, MCF-10A epithelial cells 

were removed from the culture surface using 0.25% trypsin (GIBCO), which was 

then deactivated by adding growth media. The sample was transferred to a conical 

vial and centrifuged to form a dense pellet. The supernatant was removed, and the 

cell pellet was sandwiched between two glass coverslips separated by an adhesive 

spacer. This scattering from the sample was measured using our system (N = 6 

measurements for each sample, integration time = 240 ms/sample). To validate our 

nuclear size measurements, fluorescence microscopy was performed using a 

nuclear stain on a ZEISS Axiovert 200 microscope (40X). For these measurements, 

MCF-10A epithelial cells were plated on a dish (FluoroDish FD5040) seeded at a 

concentration of 6x105 cells/ml. The plated cells were then stained with media 

containing 3μM 4’,6’-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, 

Microgenics Corporation, Fremont, CA), and incubated for 10 mins at 37°C with 5% 

CO2 and 100% humidity. The residual staining solution was removed by rinsing the 

cell culture dish with phosphate-buffered saline (PBS). Cells were covered in live 

cell imaging solution (Thermo Fisher Scientific) prior to imaging. 

3. Results 

The approach was initially validated by measuring angle-resolved backscattering 

from various polystyrene microspheres. Fig. 3 (a-c) shows size determination from 

reconstructed distributions, using the minimization of the chi-squared value, for 

polystyrene microspheres with a manufacturer verified size of 6.01 ± 0.04 μm, 7.98 

± 0.08 μm and 10.12 ± 0.06 μm. The computed angular scattering function and its 

corresponding theoretical best-fit are shown in Fig. 3(d-f) for each sample. The red, 

yellow and green points in Fig. 3 (a) to 3(c) indicate that the chi-squared values are 

minimized at values of 6.0 ± 0.3 μm, 8.0 ± 0.9 μm and 10.2 ± 0.8 μm respectively, 

with the uncertainty given by the range of the calculated minimum chi-squared 

value is doubled.28 This produces a close prediction for the scatterer’s diameter, 

showing excellent agreement with the size specified by the manufacturer. The 

angular range from 0° to 16.2° collected by the multimode fiber is sufficient to 

accurately measure the size of the scatterer, and satisfies the required resolution 

for diagnostic modalities such as a/LCI.36 
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To prove the reliability of the reconstruction and ILSA results, a calibration curve 

summarizing all microsphere phantom measurements is shown in Fig. 4. Each 

microsphere phantom was measured six times, with each measurement occurring 

at different sites to avoid degenerate measurements. The 6.01, 7.98 and 10.12 μm 

microspheres are accurately measured with averages and standard deviations of 

5.90 ± 0.17 μm, 7.90 ± 0.21 μm and 10.09 ± 0.33 μm respectively, producing an 

excellent coefficient of determination (R2) of 0.964, relative to the line of perfect 

agreement (blue line). All measurements of scatterer size fall in the range of sub-

wavelength accuracy (±λ= 0.633 μm), shown as dotted lines in the figure, and the 

mean error across all measurements was only 0.26 μm. 

In order to demonstrate the capability of determining cell nuclear size in biological 

samples, a dense pellet of MCF-10A cells was imaged. The reconstructed 2D 

scattering profile of a single measurement is shown in Fig. 5(a), where a clear 

azimuthal pattern is visually apparent. After a radial integration, filtering and 

polynomial subtraction to isolate the scattering from the nuclei using a/LCI 

analysis37, we are able to extract the average nuclear size and density from the best 

fitted Mie profile, shown in Fig. 5(b). The obtained nuclear size after Mie fitting was 

averaged across six measurements, resulting in a mean nuclear diameter of 9.63 ± 

1.03 μm.  

Quantitative image analysis (QIA) of fluorescence micrographs of DAPI-stained 

MCF-10A nuclei were used for validation, shown in Fig. 5(c). ImageJ (U.S. National 

Institutes of Health) was used to segment the nuclei, and compute an effective 

diameter from the cross-sectional area as 𝑑𝑒𝑓𝑓 = 2√𝐴𝑟𝑒𝑎
𝜋⁄ . From the core size 

of our fiber and the magnification of our lens, we estimate that angle-resolved 

detection collects an averaged scattering distribution from 20-30 cells, so QIA 

measurements were divided into six different clusters of cells with 25 

measurements in each cluster. The mean diameters from each cluster were 

averaged, and the equivalent diameter of the nuclei was determined to be 10.10 ± 

0.71 μm, with the uncertainty given by the standard deviation across the six 

clusters. As seen in Fig. 5(d), nuclear sizing based on Mie fitting is in close 

agreement with the fluorescence microscopy, with a difference between the mean 

diameter of only 0.47 µm, and no statistical difference between the predicted 

diameters using a Student’s t-test (p>0.05). A slight increase was observed from 
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quantitative analysis of the cell measurements compared with Mie theory, which 

is consistent with results in our previous work.38,39  

 

4. Discussion 

In our experiment, the reconstructed angular scattering information has an angular 

range of ±16.2 degrees, which is mainly due to the limited scanning ability of the 

MEMS mirror and the numerical aperture of the imaging setup, including the 

multimode fiber. As demonstrated in our previous work,36 a minimum of 20 

degrees is desired to produce high diagnostic accuracy from Mie fitting for light 

scattering measurements of nuclei in tissue, and the reduced angular range used 

here may somewhat diminish the accuracy of the computed nuclear size and 

density. However, the reduced angular range of the multimode fiber scheme is 

compensated by an improvement in angular resolution. The typical sampling period 

of fiber bundles used for clinical endoscopy would be ~0.5 degrees,38 which is 

limited by the distance between two adjacent core elements in the fiber bundle. 

Our current setup improves upon this sampling limit, with an angular resolution of 

0.20 degrees, which can be further improved by increasing the angular sampling 

frequency of the MEMS mirror. A further aspect to consider is the choice of 

multimode fiber. For this experiment, we used a 200 µm core multimode fiber with 

an NA of 0.39 (±22.9 degrees allowed), supporting approximately 13,000 unique 

guided modes which travel simultaneously through the fiber. A multimode fiber 

with more modes could increase the angular resolution, although the transmission 

matrix and computational complexity would grow larger. The fiber core also 

determines the field of view (FOV) that our system would be sampling. In a typical 

angular scattering measurement, the collected angular profile is an averaged 

scattering distribution formed by all the scatterers in the FOV, which would be 20-

30 scatterers in our setup. Increasing the FOV brings more potential nuclei into the 

measurement, and this increases the optical signal. However, the nuclear sizes vary 

more significantly when sampled over larger length scales, which can undesirably 

cause the measured nuclei from the averaged distribution to be more 

heterogeneous if an excessively large FOV is chosen. Future work will focus on 

optimizing these parameters for better and faster measurements.  
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In our measurements of MCF-10A cells, we observed a mean difference of 0.47 µm 

between the light scattering measurements and the quantitative analysis based on 

fluorescence microscopy images. While the two measurements are quite close, the 

slightly smaller diameter as determined from scattering is consistent with previous 

work,39 which suggests that assuming the cell nuclei have higher refractive index 

(m = 
𝑛𝑛𝑢𝑐𝑙𝑒𝑢𝑠

𝑛𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚
⁄  > 1) leads to an underestimate of the nuclear size during 

nuclear morphology extraction. As recently shown, the cell nucleus has a lower 

refractive index than the cytoplasm for many cells.40,41 In theory, angular scattering 

from lower-index nuclei will have similar scattering distributions to higher-index 

nuclei when m~1, where m indicates the ratio between nuclear refractive index to 

that of cytoplasm. Still, our assumption of the biophysical properties of the nucleus 

may contribute to some imprecision in our measurements. 

Although our system represents an advance for reconstruction of the angular 

backscattering, some limitations remain that must be addressed prior to clinical 

implementation. Fiber bending is a major issue for computational imaging, since it 

severely alters the pre-collected transmission matrix. Our current setup pre-

records the transmission matrix with an acquisition time of approximately 3 

minutes, which may be too long to incorporate into a scheme for endoscopic 

surveillance. Faster acquisition, reduced sampling of the transmission matrix, and 

compressive sensing will each help to shorten the time required. Another limitation 

that hinders translation of this approach to clinical applications is the 

computational burden for accessing the large data set and reconstructing the 

angular scattering distributions from the speckle patterns. For this work, we used 

a high-resolution USB camera that did not support on-chip binning, and the transfer 

rate of the pixel data from the camera to the computer is the rate-limiting step. 

Our future work will optimize the setup and algorithm to design a more practical 

device with reduced pixel resolution and faster acquisition speed. Also, many 

methods have been introduced to overcome these limitations during 

reconstruction, including implementation of compressive sensing techniques,17 

where fewer basis sets are used for reconstruction of samples with unique 

properties, such as sparsity. Our future work will employ symmetries and sparsity 

within the angular scattering distributions to create compressive sensing 

approaches that enable achieve faster transfer function characterization. 
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5. Conclusion 

In this paper, we have demonstrated reconstruction of angular scattering 

distributions which have been transmitted through a single multimode fiber. An 

optomechanical system was developed to acquire nuclear morphology 

measurements using backscattered light. The results from this study showed 

accurate size determinations, demonstrating the feasibility of the transmission 

matrix approach and Mie-theory based ILSA to characterize the size of biological 

scatterers from multimode-fiber-collected angular backscattering distributions. It 

is our hope that improved computational imaging schemes will enable the use of 

multimode fiber for simple and robust medical diagnostics. 

Acknowledgements 

We gratefully acknowledge the support from National Institute of Health (NIH RO1 

CA210544) and National Science Foundation (NSF 2009841). 

 

References 

1. B. A. Flusberg, E. D. Cocker, W. Piyawattanametha, J. C. Jung, E. L. M. Cheung and M. J. Schnitzer, 
Nature Methods 2 (12), 941-950 (2005). 
2. G. Isenberg, M. V. Sivak Jr, A. Chak, R. C. Wong, J. E. Willis, B. Wolf, D. Y. Rowland, A. Das and A. 
Rollins, Gastrointestinal endoscopy 62 (6), 825-831 (2005). 
3. T. Xie, D. Mukai, S. Guo, M. Brenner and Z. Chen, Optics letters 30 (14), 1803-1805 (2005). 
4. Y. Zhu, N. Terry, J. Woosley, N. Shaheen and A. Wax, Journal of Biomedical Optics 16 (1), 011003 
(2011). 
5. D. Ho, T. K. Drake, K. K. Smith-McCune, T. M. Darragh, L. Y. Hwang and A. Wax, International 
Journal of Cancer 140 (6), 1447-1456 (2017). 
6. D. M. Chiarulli, S. P. Levitan, P. Derr, R. Hofmann, B. Greiner and M. Robinson, Applied Optics 39 
(5), 698-703 (2000). 
7. Z. A. Steelman, S. Kim, E. T. Jelly, M. Crose, K. K. Chu and A. Wax, Applied optics 57 (6), 1455-1462 
(2018). 
8. B. E. Saleh and M. C. Teich, Fundamentals of photonics. (john Wiley & sons, 2019). 
9. T. Čižmár and K. Dholakia, Optics Express 19 (20), 18871-18884 (2011). 
10. Y. Choi, C. Yoon, M. Kim, T. D. Yang, C. Fang-Yen, R. R. Dasari, K. J. Lee and W. Choi, Physical review 
letters 109 (20), 203901 (2012). 
11. T. Čižmár and K. Dholakia, Nature communications 3 (1), 1-9 (2012). 
12. M. Plöschner, T. Tyc and T. Čižmár, Nature Photonics 9 (8), 529-535 (2015). 
13. S. F. Liew, B. Redding, M. A. Choma, H. D. Tagare and H. Cao, Optics Letters 41 (9), 2029-2032 
(2016). 
14. N. Borhani, E. Kakkava, C. Moser and D. Psaltis, Optica 5 (8), 960-966 (2018). 
15. B. Rahmani, D. Loterie, G. Konstantinou, D. Psaltis and C. Moser, Light: Science & Applications 7 
(1), 1-11 (2018). 



12 
 

16. Y. Li, Y. Xue and L. Tian, Optica 5 (10), 1181-1190 (2018). 
17. L. V. Amitonova and J. F. De Boer, Optics letters 43 (21), 5427-5430 (2018). 
18. R. Drezek, M. Guillaud, T. Collier, I. Boiko, A. Malpica, C. MacAulay, M. Follen and R. Richards-
Kortum, Journal of Biomedical Optics 8 (1) (2003). 
19. Y. L. Kim, Y. Liu, R. K. Wali, H. K. Roy, M. J. Goldberg, A. K. Kromin, K. Chen and V. Backman, IEEE 
Journal of Selected Topics in Quantum Electronics 9 (2), 243-256 (2003). 
20. A. Wax, C. Yang, M. G. Müller, R. Nines, C. W. Boone, V. E. Steele, G. D. Stoner, R. R. Dasari and M. 
S. Feld, Cancer research 63 (13), 3556-3559 (2003). 
21. H. K. Roy, Y. Liu, R. K. Wali, Y. L. Kim, A. K. Kromine, M. J. Goldberg and V. Backman, 
Gastroenterology 126 (4), 1071-1081 (2004). 
22. X. Lin, N. Wan, L. Weng and Y. Zhou, applied optics 56 (29), 8154-8158 (2017). 
23. Z. A. Steelman, D. S. Ho, K. K. Chu and A. Wax, Optica 6 (4), 479-489 (2019). 
24. N. G. Terry, Y. Zhu, M. T. Rinehart, W. J. Brown, S. C. Gebhart, S. Bright, E. Carretta, C. G. Ziefle, M. 
Panjehpour and J. Galanko, Gastroenterology 140 (1), 42-50 (2011). 
25. V. Backman, M. B. Wallace, L. Perelman, J. Arendt, R. Gurjar, M. Müller, Q. Zhang, G. Zonios, E. 
Kline and T. McGillican, nature 406 (6791), 35-36 (2000). 
26. P. Eugui, A. Lichtenegger, M. Augustin, D. J. Harper, M. Muck, T. Roetzer, A. Wartak, T. Konegger, 
G. Widhalm and C. K. Hitzenberger, Biomed. Opt. Express 9 (6), 2476-2494 (2018). 
27. Y. Choi, T. D. Yang, C. Fang-Yen, P. Kang, K. J. Lee, R. R. Dasari, M. S. Feld and W. Choi, Physical 
Review Letters 107 (2), 023902 (2011). 
28. J. W. Pyhtila, R. N. Graf and A. Wax, Optics Express 11 (25), 3473-3484 (2003). 
29. J. D. Keener, K. J. Chalut, J. W. Pyhtila and A. Wax, Opt. Lett. 32 (10), 1326-1328 (2007). 
30. W. J. Brown, J. W. Pyhtila, N. G. Terry, K. J. Chalut, T. A. D'Amico, T. A. Sporn, J. V. Obando and A. 
Wax, IEEE Journal of Selected Topics in Quantum Electronics 14 (1), 88-97 (2008). 
31. K. J. Chalut, S. Chen, J. D. Finan, M. G. Giacomelli, F. Guilak, K. W. Leong and A. Wax, Biophys J. 94 
(12), 4948-4956 (2008). 
32. Y. Zhu, N. G. Terry and A. Wax, Expert Rev Gastroenterol Hepatol 6 (1), 37-41 (2012). 
33. D. Ho, T. K. Drake, R. C. Bentley, F. A. Valea and A. Wax, Biomed. Opt. Express 6 (8), 2755-2765 
(2015). 
34. P. Laven, http://www. philiplaven. com/mieplot. htm (2011). 
35. Z. A. Steelman, D. Ho, K. K. Chu and A. Wax, Optics letters 42 (22), 4581-4584 (2017). 
36. H. Zhang, Z. A. Steelman, D. S. Ho, K. K. Chu and A. Wax, Journal of biophotonics 12 (2), 
e201800258 (2019). 
37. A. Wax, N. G. Terry, E. S. Dellon and N. J. Shaheen, Gastroenterology 141 (2), 443-447. e442 (2011). 
38. D. Ho, S. Kim, T. K. Drake, W. J. Eldridge and A. Wax, Biomed. Opt. Express 5 (10), 3292-3304 
(2014). 
39. Z. A. Steelman, W. J. Eldridge, J. B. Weintraub and A. Wax, Journal of biophotonics 10 (12), 1714-
1722 (2017). 
40. M. Schürmann, J. Scholze, P. Müller, J. Guck and C. J. Chan, Journal of biophotonics 9 (10), 1068-
1076 (2016). 
41. Z. A. Steelman, W. J. Eldridge and A. Wax, Journal of biophotonics 11 (6), e201800091 (2018). 

 

 

 

http://www/


13 
 

 

FIG. 1. (a) Experimental setup for measuring the transmission matrix of the multimode fiber. OL1, OL2: 

objective lens. The dark red path is used to measure the transmission matrix of the fiber at each angle, 

and is blocked except during calibration. The embedded image is a schematic showing the illumination 

angles (𝜃𝑥 , 𝜃𝑦) and an example of a transmission matrix element for a given (𝜃𝑥 , 𝜃𝑦) at the distal end of 

the fiber. In total, 6561 images were recorded, covering a range of ±16.2 degrees in both 𝜃𝑥 and 𝜃𝑦. (b) 

Representative images at different illumination angles constituting the transmission matrix. Images are 

displayed with enhanced contrast for clarity. 

 

 

FIG. 2. Reconstruction and ILSA processing of angular scattering collected from a 6 μm microsphere 

phantom and transmitted through a multimode fiber. The distorted image is shown in (a). This image is 

projected onto a set of pre-recorded transmission matrix images to reconstruct a 2D angular 

backscattering profile, visualized in (b). The azimuthal symmetry of the scattering profile becomes evident. 

A radial integration is then applied from the center to obtain the 1D angular scattering distribution (red 

line, (c)), which is then compared to a Mie-theory-based library to find the best fit (blue line in (c)). The 

scatterer size is correctly determined to be 6.0 m. 
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FIG. 3. (a-c) Minimization of chi-squared error to determine the best theoretical fit for 6, 8 and 10.1 μm 

polystyrene microspheres in PDMS using Mie theory-based ILSA. Mie fitting results show excellent 

agreement with the actual size of the polystyrene microspheres, with a measured diameter of 6.0 ± 0.3 

μm, 8.0 ± 0.9 μm, and 10.2 ± 0.8 μm respectively, with the uncertainty given by finding range which 

doubles the minimum chi-squared error. (d-f) Reconstructed and best-fit theoretical scattering functions 

for representative color points in (a)–(c) for 6, 8 and 10.1 μm microspheres, shown in red, yellow and 

green, respectively. 
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FIG. 4. Calibration curve demonstrating scatterer sizing capability of the system. Microspheres of 

approximately 6, 8 and 10 μm diameters were accurately measured as 5.90 ± 0.17 μm, 7.90 ± 0.21 μm 

and 10.09 ± 0.33 μm, respectively, and all results fall in the range of sub-wavelength accuracy. 

 

FIG. 5. (a) Angular reconstruction from one experimental measurement of MCF-10A angular scattering. 

(b) Mie fitting results of the profile in (a) predicts the average nuclear diameter and relative refractive 

index of the sample site that to be 9.6 ± 1.0 μm and 1.04. (c) Fluorescence images of DAPI stained MCF-

10A cells, scale bar = 50 μm. (d) Average predicted MCF-10A nuclear diameter from DAPI image analysis 

and reconstructed angular scattering. 

 

 


