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Abstract- The label-free technique of optofluidic 
intracavity spectroscopy (OFIS) uses light transmitted 

through a cellular body in a microfluidic optical resonator 

to distinguish different types of cells by their optical 

properties. The OFIS technique has differentiated canine 

hemangiosarcoma (HSA) cell lines from monocytes in 

peripheral blood mononuclear cells (PBMCs) based on 
their distinctive transmission spectra. A single 

characteristic parameter indicative of strong multi-

transverse-mode resonances was determined for each cell 

by forming a linear combination of the mean and standard 

deviation of the transmission spectra over one free spectral 

range excluding the peaks of passive Fabry-Pérot cavities 
without cells. The difference in the characteristic 

parameters of HSA and monocyte samples was highly 

statistically significant with a p-value as low as 10-6. The 

same method shows that the characteristic parameters of 

canine lymphoma and lymphocytes are distinct with a p < 

0.005. A receiver operating characteristic (ROC) curve 
constructed from t-distributions fit to the HSA and 

monocytes indicates that 95% sensitivity and 98% 

specificity can be simultaneously achieved. 
 

Index Terms— biophotonics, optofluidic intracavity 
spectroscopy, optical cancer diagnostics, transmission 

parameters, hemangiosarcoma 
 

I. INTRODUCTION  

abel-free optical diagnostics offer a variety of advantages 

and can provide valuable information about the biological 

state of cells and in particular may be used for cancer 

detection. Non-destructive and non-chemical optical methods 

allow reduced test complexity and cost. Optical processes such 
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as absorption, scattering, diffraction and refraction can probe 

the inherent refractive index properties of cells, which are 

related to a cell’s size, shape and intracellular components. 

Such cellular morphology information can be used to deduce 

the biological state of cells [1], including cancer. 

Both flow cytometry and, with greater precision, 

interferometry provide quantitative indications of cellular 

refractive index. Flow cytometry uses light scattering to infer 

cell size and granularity information, but it typically employs 

fluorescent labels in classifying cell types or states. Flow 

cytometry is a relatively expensive approach and does not 

measure refractive index with high accuracy. Interferometry is 

often a preferred technique to obtain information on the 

refractive index profile and size of objects.  

A recent example of optical interferometry of cells involves 

placing individual cells in laser or resonant cavities and 

observing how the cells modify the cavity modes. In the 

majority of previously reported Fabry-Pérot (F-P) cavity based 

sensing devices, only changes in longitudinal modes were 

considered. Although the techniques could successfully 

determine the refractive index and thus infer some information 

about the biological state of living cells in real time without 

any cell labeling or chemical treatment, they had some 

limitations. Gourley et al. [2] first investigated intracavity 

spectroscopy of cells by developing the biocavity laser, a 

photopumped vertical external cavity surface emitting laser 

that combined a microfluidic chamber and a semiconductor 

gain region. Spectroscopy on spheres and cells were reported 

using this technique. However, the biocavity laser system 

required an external laser, which increased the cost of the 

system and was an impediment to miniaturization. Gourley 

and co-workers relied on both fundamental mode shifts and 

observations of the number of transverse modes to 

characterize cells [3]. 

Most other microcavity interferometry investigations of 

cells avoided the complexities of placing them in laser 

resonators but did not utilize information from transverse 

mode structure. For example, a microfluidic resonator 

designed by Domachuk [4] integrated a F-P cavity formed 

between optical fiber Bragg grating reflectors across a planar 

microfluidic channel. The position of the phase reflection 

plane of distributed Bragg reflectors, which was several 

periods out from the fiber faces [5], made the effective cavity 

length substantially longer than the channel width, reducing 

the sensitivity to cellular refractive index. Refractive index 

changes as low as 0.2% were resolved; however, this approach 

required sophisticated equipment such as a high-resolution 
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spectrometer to monitor small shifts in the resonant 

wavelength of the high finesse cavity. A related on-chip F-P 

approach demonstrated by Song [6] consisted of a similar 

passive horizontal cavity formed by coating gold on the facets 

of single-mode fibers on opposite walls of a microfluidic 

channel and a micropipette that held a cell. With this device, 

both the size and refractive index of cells were measured with 

0.1% accuracy by altering the index of the fluid around the 

cell. Even higher cavity finesse was realized due to the shorter 

effective cavity length between the facets of the fibers, but a 

high-resolution spectrometer was still an essential part of the 

apparatus. Transverse mode spectra were not investigated in 

either one of these fiber-based F-P interferometers, nor did 

they consider lateral confinement effects.  

The optofluidic intracavity spectroscopy (OFIS) technique 

utilizes optical refraction and diffraction effects in a 

microfluidic cavity to produce characteristic intracavity 

transmission spectra of single biological cells in a microscale 

optical resonator. One goal of the technique is employing the 

resulting spectra to differentiate cells including distinguishing 

neoplastic and non-neoplastic cells. As an initial investigation, 

the OFIS spectra of small numbers of red and white blood and 

yeast cells as well as microspheres were previously published 

along with a cross-correlation analysis that indicated some, but 

not all of the non-cancerous cell types could be distinguished 

[7]. Subsequently, differentiation of canine lymphoma and 

lymphocytes with OFIS was successfully demonstrated, and 

analyzed in terms of longitudinal mode shift and lateral 

confinement induced by the cells [8].  

While that study found mode shifts of canine lymphoma 

were extremely repeatable, further experiments revealed they 

were not sufficiently repeatable to distinguish a more 

aggressive canine cancer cell line, hemangiosarcoma (HSA), 

from a background of peripheral blood mononuclear cells 

(PBMCs).  Accordingly, this paper presents for the first time 

an alternative analysis of OFIS spectra based on a single 

parameter quantification of the strength of transverse modes.  

The authors demonstrate in this work that the method is 

applicable to both HSA and canine lymphoma and believe it 

may be more generally applicable to a wide range of cancers 

including human ovarian and pancreatic as will be published 

elsewhere.   

The two types of cancer cells used in this research, HSA 

and lymphoma, are two of the most common canine cancers. 

Although extremely rare in humans, canine HSA is a common 

disease, typified by rapid and widespread metastasis, and a 

very poor prognosis [9], for hardly any symptoms exhibit until 

an advanced stage when treatment is usually unsuccessful. 

Novel techniques for its early detection would be of 

considerable clinical utility since early stage diagnosis may 

offer better treatment alternatives. Canine lymphoma 

histologically resembles human intermediate- to high-grade 

non-Hodgkin’s lymphoma [10], and is typified by very similar 

biologic behavior and response to therapy. Currently the only 

clinically accepted diagnostic tool for HSA detection is tumor 

biopsy at advanced stages. Modiano and co-workers have 

investigated the use of flow cytometry incorporating up to 6 

fluorescent labels and concluded that this technique may be 

useful in HSA diagnosis [11].  However, their research 

requires additional confirmation, and the relatively high cost 

of flow cytometery equipment and supplies and necessary 

operational expertise would limit access to this technique as 

reflected by the fact that only four veterinary hospitals in the 

U.S. are known to include flow cytometry labs. The need to 

rapidly and economically diagnose HSA with extremely poor 

prognosis from operable benign tumors in dogs with internal 

bleeding motivates research on low cost, widely available 

diagnostics for this disease.  

The remainder of the paper is organized to sequentially 

present experimental methods, resulting spectra, data analysis, 

and conclusions.  After briefly reviewing the OFIS operating 

concept, Section II describes the apparatus and procedures for 

cell preparation, spectral measurements, and data 

normalization. Section III offers typical spectra for two cancer 

cell lines, canine lymphoma and HSA, that display multiple 

transverse modes and two non-cancerous types of leukocytes, 

lymphocytes and monocytes, that do not contain transverse 

modes.  Data analysis in Section IV relies on the new method 

of parameterizing transverse mode strength to distinguish 

cancerous cells.   Statistical analysis shows that the new 

method to parameterize HSA and monocyte transverse mode 

spectra can properly categorize the cells with good sensitivity 

and specificity. A receiver operating characteristic (ROC) 

curve is presented in Section IV. Earlier publications on OFIS 

[7, 8] and the other microcavity techniques referenced above 

[4, 6] have not presented statistical analysis on multiple cells, 

such as sensitivities, specificities, nor ROC curves. 

II. EXPERIMENTAL METHODS 

A. Detection mechanism of OFIS 

The resonant cavity used in OFIS is a F-P cavity formed by 

two plane mirrors above and below a microfluidic channel, 

and the cavity’s resonant modes are determined by its length 

and the media inside. A F-P cavity filled with media of 

homogenous refractive index n exhibits transmission peaks at 

each wavelength that fits into the cavity an integer number of 

times, λ0 = 2nLcav/m, where λ0 is the optical wavelength in air, 

Lcav is the cavity length and m is the integer longitudinal mode 

order. These modes are affected by the refractive index in the 

longitudinal direction of the cavity and are spaced by the 

cavity’s free spectral range (FSR), a property of a cavity that 

is determined by its length and refractive index according to 

FSR=λ0
2
/2nLcav. The peaks of a bare cavity’s transmission 

spectrum, such as those shown in Fig. 1, correspond to its 

resonant wavelengths.  

Placing an object with a different refractive index than the 

surrounding media in a F-P cavity alters its resonant mode 

wavelengths due to the local index change. When the cavity is 

loaded with material that has higher refractive index than that 

of the cavity, such as a cell that has a higher index than the 

surrounding fluid, the length of optical path in the longitudinal 

direction will increase, causing the resonant transmission 

peaks to shift to the longer wavelengths. In addition, the cell’s 

lateral index profile will induce transverse variation of the 

optical field distribution in directions parallel to the mirrors 

[8]. Each self-consistent transverse field distribution will 
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create an additional transmission peak that is shifted from the 

transmission peak wavelength that would result from a change 

in the longitudinal optical path length alone. Hence a cell’s 

index profile will affect the number, position, and magnitude 

of transmission peaks corresponding to multiple transverse 

modes that occur between adjacent longitudinal modes. The 

set of transverse modes occurring between neighboring 

longitudinal modes, i.e. over one FSR, are termed a transverse 

mode group, and the transverse mode group is repeated for 

each longitudinal mode [12]. Combined, the wavelength shift 

and the number, position, and magnitude of transverse modes 

in the transmission spectrum can be used to infer refractive 

index information about the cell, which is a function of its 

size, shape, and intracellular components (such as nuclear and 

cytoplasm sizes and refractive index), and this information can 

be used to measure the biological state of a cell [13].  

B. Chip fabrication and spectral data acquisition 

Cells were delivered to a microfluidic F-P cavity on OFIS 

chips, where the transmission spectrum of the cell-loaded 

cavity was collected. Compared to the OFIS chip fabrication 

reported in [8], the process was further optimized and 

simplified. Low temperature epoxy bonding, instead of 

thermal bonding, was applied to seal the mirror coated 

substrate and superstrate together. The cavity depth was 

primarily determined by the etch depth in the substrate, with 

only a minor contribution from the thin epoxy layer.  Before 

the epoxy cured, the planarity of the mirrors was examined to 

ensure good optical performance of the chip. The schematic 

diagram of OFIS chip is shown in Fig.2. 

To acquire transmission spectra an OFIS system [7, 8, 14] 

as illustrated in Fig.3 was used. An infrared LED was focused 

to increase incident intensity, but the extended nature of the 

LED source still illuminated a large area on the chip. 

However, the approximately 10 µm diameter image of the 

fiber core, comparable with the size of a single cell, acted as a 

spatial filter in the plane of the chip, sampling the spectra only 

from that limited area. The 5× objective’s numerical aperture 

(N.A.) of 0.1 was smaller than the illumination cone and 

determined the range of incident angles that were sampled. 

Temporary back illumination through the fiber was used to 

focus the core image on the chip and to find the corresponding 

location on the camera display, which was noted and served as 

the light collection spot when acquiring spectra. Once the cells 

temporarily settled on the channel bottom, in-plane translation 

of the chip was used to align the collection spot to individual 

cells. Associated bare cavity reference spectra were either 

taken by translating the cell just out of the collection spot or 

by temporarily increasing flow rate to push the cell away from 

the spot. Each spectrum of an individual cell and the 

corresponding bare cavity spectrum were obtained with the 

same integration time, typically 3 to 6 seconds to achieve 

sufficient signal-to-noise ratio for the data acquired from 

different cavities.   

C. Flow control 

Fluids and cells were delivered to the chip by pressure 

driven flow from a custom syringe pump through nanotubes 

(PEEK T-1576, Upchurch Scientific) and nanoport assemblies 

illustrated in Fig.2. Conventional pressure driven flow would 

result in excessive flow velocities of over 1000 µm/sec and 

might cause clogging at the beginning the microfluidic 

channel, where the cross-section area was greatly reduced 

from the 1mm diameter inlet to the 200 µm wide channel. To 

avoid clogging, low flowrate was achieved at the beginning of 

each experiment by running the syringe pump with a small 

duty cycle, typically 10%. Steady flow was observed under 

pulsed drive conditions due to compressible air space in the 

syringe combined with the low conductance of the nanotube 

and microchannel acting as a low pass mechanical frequency 

filter. After flowing cell suspensions through the nanotube into 

the channel, the syringe pump was stopped and manual control 

of the syringe was used to further slow down the flowrate, 

until minimal velocity was achieved and some cells 

temporarily settled on the channel bottom. Other cell 

immobilization methods, such as dielectrophoresis, are under 

investigation and will be integrated in the OFIS system in the 

future. Although a short channel was preferred for the stability 

of optical resonators [7], it was more readily clogged by cells, 

especially when their size was comparable to the channel 

depth, such as HSA cells in the 16 µm deep channel. 

 
Fig.1.  LED (solid) and bare cavity spectra (dashed) with 

Lorentzian fit (dotted).   

 

 
Fig.2.  Cross-sectional schematic diagram of an OFIS chip. 

 
Fig.3.  OFIS system apparatus. 
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D. Raw spectrum normalization 

To obtain the spectral transmission of the cavities, raw 

spectral data were normalized using a unity transmission 

spectrum. Bare cavity spectra, such as the one shown by the 

dashed line in Fig. 1, contained only longitudinal peaks 

separated by a FSR. The envelope of the peaks was 

approximately, but not exactly proportional to the LED 

spectrum, also seen in Fig. 1, due to other optical effects. To 

properly normalize the cell transmission spectra, the peaks of 

the bare cavity spectra were assumed to represent unity 

transmission of the F-P cavity since the reflectivity of the two 

mirrors was nominally matched. The peaks in the 880 to 920 

nm range of a bare cavity spectrum collected from a location 

next to each cell was fit to a Lorentzian line shape, illustrated 

by the dotted curve in Fig 1, by adjusting the fit’s peak 

wavelength, peak height, peak width and a small skew factor 

if necessary. The intensity of the Lorentzian curve was then 

taken to represent unity transmission for the corresponding 

cell spectrum to allow normalization of spectral regions 

between the bare cavity peaks. The statistical significance of 

the results, i.e. p-values reported in Section IV, was nearly 

independent of the exact parameters of the unity transmission 

fit and even the functional form of the fit. 

E. Cell sample preparation  

Optical properties of one HSA cell line, DEN-HSA and two 

lymphoma cell lines, OSW and 1771 were investigated with 

the OFIS technique. The DEN-HSA canine HSA cells were 

established in the laboratory of Thamm et al. [15], and the 

OSW canine T-cell lymphoma cells were provided by Dr. W. 

Kisseberth, Ohio State University [16]. The 1771 canine B-

cell lymphoma cell line was provided by Dr. K.A. Jeglum, 

Wistar Institute [17, 18, 19]. 

Cells were cultured in minimal essential medium (MEM, 

BioWhittaker, Walkersville, MD) supplemented with 10% 

heat inactivated fetal bovine serum (HyClone, Logan, UT), 

100 units/ml penicillin–streptomycin (Mediatech, Herndon, 

VA), 2 mM L-Glutamine (Mediatech), 1 mM sodium pyruvate 

(Mediatech) and 1X nonessential amino acid solution (Sigma, 

St. Louis, MO)(C/10%), at 37°C, 5% CO2 in a humidified 

atmosphere, and suspended in C/10% on ice prior to 

utilization in the described experiments. Fig. 4 shows 

microscopic images of individual stained monocyte and HSA 

cells from cytospin slides. Monocytes, lymphocytes, and a 

small fraction of neutrophil granulocytes were found in the 

PBMC samples. Monocytes were manually selected during 

collection of OFIS transmission spectra of unstained PMBC 

based on obvious size differences between the monocytes 

(approximately 14-17 µm), lymphocytes (7-8 µm) and 

neutrophil granulocytes (10-12 µm) [20]. The spectra of the 

smaller PBMCs were observed to be less likely to contain any 

observable peaks away from the bare cavity modes. 

III. EXPERIMENTAL RESULTS 

A. HSA and monocyte results 

Transmission spectra of neoplastic and non-neoplastic cells 

were collected with OFIS chips of different cavity depths. 

Cavity depths were determined from the FSR of the 

transmission spectra collected from fluid-filled bare cavities. 

Three separate chips with cavity depths of 16, 22, and 25 µm 

were used to measure transmission spectra of HSA cells; and 

the 22 µm and 25 µm channel were then used to take 

transmission spectrum of baseline monocytes. Earlier studies 

on lymphoma and lymphocytes used a separate 15.8 µm deep 

channel [8]. 

Transmission spectra of 24 unstained single cells from the 

canine DEN-HSA cell line and 24 unstained baseline normal 

monocytes were collected and analyzed. Example normalized 

transmission spectra of cells in a 25 µm deep cavity are 

plotted in Fig. 5, where vertical lines on each spectrum mark 

the peak wavelengths of the bare cavity taken at the same 

location as each cell or immediately adjacent to it. The exact 

wavelength of the bare cavity modes acquired in conjunction 

with cells at different positions along the channel shifted due 

to changes as small as 0.2% in the cavity length.  However, 

the absolute wavelengths of the spectral peaks are not 

important for the new detection method presented in Section 

IV. Since the cells were settled on the bottom of the channel 

rather than rotating, each cell’s spectra was relatively constant. 

Although the HSA spectra were acquired from two different 

cavities, the absolute cavity length is not a critical parameter 

of the intracavity spectroscopy. In both 25 µm and 22 µm 

cavities, monocytes and HSA cells showed distinctively 

different spectral characteristics. The spectra of the non-

neoplastic monocytes were dominated by peaks near the bare 

cavity mode positions with only very weak intervening modes. 

In contrast, the majority of HSA cells exhibited several well-

defined, significant transverse modes of moderately uniform 

spacing and weakened peaks near the bare cavity mode 

wavelengths. Transverse mode groups were repeated for each 

longitudinal mode and were spaced by the cavity’s FSR of 

approximately 12 nm or 14 nm, corresponding to a cavity 

length of 25 µm and 22 µm, respectively.  

 
Fig. 4.  Microscopic images of cytospin slides of stained 

monocytes in PBMC and HSA cells under 40× magnification. 

 

 
Fig.5.  Normalized transmission spectra of HSA cells and 

monocytes collected from a 25 µm deep channel. Vertical lines 

indicate the bare cavity modes at the same or adjacent location 

for each cell. Each spectrum is offset from the one below it by 

one unit on the transmission scale. 
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B. Lymphoma and lymphocyte results 

The distinctive spectral properties of canine lymphoma and 

lymphocytes were previously reported [8]. Lymphocytes were 

used as a control for the two lymphoma cell lines that were 

investigated, OSW and 1771. Fig.6 shows typical lymphoma 

and lymphocyte spectra from a 15.8 µm deep cavity used in 

that study, and the vertical lines on each spectrum marked the 

peaks of bare cavity modes as noted above.  

Lymphoma cells from both cell lines exhibited multi-mode 

behavior with at least two clear transmission peaks in each 

free spectral range. The primary peak, attributed to the 

fundamental mode, was well separated from the bare cavity 

resonance obtained at the test locations adjacent to each cell. 

The measured fundamental mode wavelength shifts were 

extremely repeatable for different lymphoma cells from the 

same cell line with a standard deviation of ±0.13 nm. The 

lymphocyte control spectra had a fundamental mode as well, 

but no higher order transverse modes were observed for these 

non-neoplastic cells. The lymphocytes also exhibited very 

repeatable wavelength shifts. However, the wavelength shifts 

of the HSA spectra were much more widely distributed, 

potentially indicating a wider variation in cell or nucleus size 

due to the more aggressive nature of HSA and corresponding 

rapid progression through the cell cycle. 

Due to the variability in wavelength shifts for HSA, the 

method investigated for discrimination of lymphoma and 

lymphocyte spectra was not directly useful for HSA and 

monocyte spectra, motivating a different analysis approach. 

The method presented in Section IV utilized the average 

transmission and standard deviation of transmission computed 

from each cell’s transmission spectrum to compare different 

cell types and distinguish them. As discussed below, the new 

method worked well for both types of canine cancer. 

IV. DATA ANALYSIS 

A. Transmission parameters method 

Qualitative observation of the HSA spectra in Fig. 5 and the 

lymphoma spectra in Fig. 6 indicates that these cancer cell 

lines produce much stronger transverse mode peaks between 

the bare cavity modes than the corresponding monocyte and 

lymphocyte controls. Even in the absence of a precise physical 

model, the differences motivate an effort to quantify the 

strength of transverse modes away from the bare cavity peaks 

and seek a correlation of the transverse mode strength 

parameters with a binary categorization of cells as neoplastic 

or non-

neoplas

tic. 

Two 

quantita

tive 

measur

es of 

the 

strength 

of 

transverse modes were analyzed. One is the mean value of 

transmission, T, and the other is the standard deviation of the 

transmission, σT. Casual observation suggests the presence of 

multiple transverse modes is correlated with neoplastic cells. 

To quantify the extent of multimode spectra, it is noted that 

well-defined transverse mode peaks that have significant peak 

transmission height will produce a larger mean value of 

transmission and generally a larger fringe modulation depth. 

However, if the individual transverse modes for HSA are not 

well resolved due to the increase of background noise, the 

mean transmission would increase, but the standard deviation 

value would be diminished. Also, neoplastic cells that 

produced low intensity transmission peaks with large fringe 

depth were sometimes observed where, although the resulting 

mean transmission is low, the standard deviation value is 

comparable with that of other neoplastic cells. Hence, both the 

mean transmission and standard deviation of the transmission 

were considered. 

The two parameters, T and σT, of the normalized 

transmission spectra (using the normalization method 

described in Section II. D) of all 16 HSA cells and 16 

monocytes in the 25 µm deep channel, and all 8 HSA and 8 

monocytes in the 22 µm deep channel were computed and 

plotted in Fig. 7. To prevent the bare cavity modes from 

influencing the parameters, the calculations were performed 

only on data at least one full-width-at-half-maximum 

(FWHM) away from the adjacent bare cavity mode peaks.  

In the scatter plot, the neoplastic and non-neoplastic cells in 

both channels are divided into two groups. In comparison to 

the monocyte spectra, HSA cell spectra have a higher mean 

transmission value, and are more likely to have a greater 

transmission standard deviation, indicating HSA has stronger 

transverse modes that are attributed to the enlarged nucleus of 

neoplastic cells. Large standard deviation of transmission 

values indicate large differences between transmission peaks 

and valleys, i.e. greater contrast, but do not indicate a lack of 

repeatability in individual cell spectra. 

To support the generality of this method, it was also applied 

to previously reported lymphoma and lymphocyte results 

acquired in a 15.8 µm deep channel with the OFIS technique. 

Although the number of cells being interrogated was more 

limited, the neoplastic lymphoma and non-neoplastic 

lymphocyte were divided into two groups as well, as shown in 

Fig. 8. 

B. Statistical Analysis and Significance 

A statistical hypothesis test, Student’s t-test was applied to 

evaluate the difference in transmission parameters of 

neoplastic and non-neoplastic cells. To assess potential 

clinical significance, the sensitivity and specificity for 

detecting neoplastic cells was evaluated by constructing a 

receiver operating characteristic (ROC) curve. Typical ROC 

curves are generated by varying the classification threshold 

with respect to a single parameter. In order to form a single 

parameter for classification, a weighted sum of the mean and 

standard deviation of the transmission WT = kT+ σT was used, 

where k is a constant chosen to roughly optimize statistical 
 

Fig.6.  Normalized transmission spectra of healthy canine 

lymphocytes and neoplastic lymphoma cells from two different 

cell lines, OSW and 1771. Vertical lines indicate the bare cavity 

mode wavelengths adjacent to each cell. 
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significance of the data sets reported in this paper. The 

distinctiveness of the cell populations varied weakly but 

smoothly with k.  This single combined transmission 

parameter enabled quantitative analysis of the transmission 

spectrum of any individual cell, and a two sample Student’s t-

test [21] was carried out to verify the statistical importance of 

neoplastic and non-neoplastic cell classification.  

For the HSA and monocyte transmission collected from the 

25 µm deep channel with k = 2, the standardized variable (t-

score) between the two samples was 7.45, and the number of 

degrees of freedom from the total of 32 samples was 17, 

resulting in a p-value of 1.0×10
-6

. For the cell transmission 

collected from the 22 µm deep channel, the t-score was 4.63, 

and the number of degrees of freedom from the total of 16 

samples was 12, resulting in a p-value of 5.8×10
-4

. The very 

small p-values show that the classification of HSA and 

monocyte had extremely high statistical significance.  

To further validate the general applicability of using the 

weighted sum of transmission parameters, WT, to differentiate 

neoplastic and healthy cells, it was applied to the previously 

reported lymphoma and lymphocyte transmission spectra [8]. 

The resulting t-score between the two cell types was 4.59 and 

the number of degrees of freedom from the total of 11 samples 

was 6. The small sample size produced a somewhat higher, 

but still quite small null hypothesis probability of p = 3.8×10
-3

. 

In comparison, the peak shifts for lymphoma and lymphocytes 

were extraordinarily well separated. The peak shift mean 

values and standard deviations reported in Reference 7 of 

20.38 ± 0.30 nm for 10 lymphocytes and 24.59 ± 0.13 nm for 

10 OSW lymphoma cells yielded a t-score of 40.7. While 

these data indicate that a weighted transmission parameter is 

not the optimum approach for distinguishing lymphoma and 

lymphocytes based on the prior data, the p-values of < 0.005 

for HSA in two different cavity lengths as well as lymphoma 

suggests the new approach may be broadly applicable for 

detecting multiple types of cancer cells. 

C. ROC curve 

For a preliminary assessment of clinical utility, a ROC 

curve [22] was generated for HSA cells and monocytes in the 

25 µm deep channel. Due to the limited number of samples, t-

distributions were fit to WT values for the two cell types. Note 

that t-distributions have larger tails than normal distributions, 

making the use of t-statistics more conservative and leading to 

slightly lower sensitivity and specificity predictions than 

normal statistics would. The sample mean ± sample standard 

deviation for HSA was WT = 0.185±0.058, while the monocyte 

distribution produced WT = 0.072±0.016. Numerical 

integration of the t-distributions as the classification threshold 

was varied produced the most probable ROC curve as shown 

by the solid line in Fig. 9 [23]. Upper and lower 95% 

confidence limits on the ROC curve, shown with dashed lines, 

were computed by shifting the t-distribution mean values for 

HSA and monocytes in opposite directions by 2.14 times the 

standard deviations of the sample means. Moving the mean 

values toward each other gave a lower 95% confidence limit 

on the ROC curve while shifting them farther apart generated 

the upper 95% confidence limit on the curve. The small 

sample size necessitated the use of t-distributions to construct 

a reasonable ROC curve as the 25 µm deep channel provided 

perfect separation of the HSA and monocyte samples with a 

classification threshold WT = 0.1. While t-distributions are 

more conservative than normal distributions, deviations of the 

transmission parameters of biological cells from either 

distribution are possible, particularly in the tails. Such 

deviations would alter the exact locus of the ROC curve [24]. 

The most probable ROC curve indicated that a diagnostic or 

screening test for individual HSA cells based on OFIS 

transmission parameters could simultaneously offer 95% 

sensitivity and 98% specificity. To quantitatively estimate the 

accuracy of an OFIS based HSA diagnostic test [22, 25], the 

area under the ROC curve (AUC) was computed to be 

0.981+0.014/-0.046 with 95% confidence limits. A diagnostic 

test is considered “very good” if the AUC is between 0.92 and 

0.97 [26], and the full 95% confidence band falls well within 

or above this range. Similar ROC curve generated for the HSA 

and monocytes in the 22 µm deep channel indicated 91% 

sensitivity and 94% specificity, with AUC of 0.961. The 

absolute channel depth is not a critical parameter of the OFIS 

diagnostic tool. 

Although the mode shift method [8] is no longer suitable for 

the analysis of HSA spectra, the transmission parameters 

method applied here was proven to have sufficient sensitivity 

and specificity to differentiate neoplastic and non-neoplastic 

cells, such as canine HSA and monocyte. The generality of 

this method was further supported by discriminating canine 

lymphoma and lymphocyte.  

V. CONCLUSION 

 
Fig.7.  Scatter plot of transmission results of HSA and monocytes 

in 25 µm and 22 µm deep channels. 

 

 
Fig.8.  Scatter plot of transmission results of lymphoma and 

lymphocyte; inset reproduced with permisson from Lymphomas 

Extensive Image Collection © 2009 Rector and Visitors of the 

University of Virginia, Charles E. Hess, M.D. and Lindsey 

Krstic, B.A. 
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OFIS sensor chips combine microfluidic cell handling and a 

F-P cavity to acquire transmission spectra that are 

qualitatively and quantitatively different for neoplastic and 

non-neoplastic cells. Neoplastic cells produce multimode 

transmission spectra while non-neoplastic cells create only 

weak transmission peaks between bare cavity modes. When 

parameterized with a linear combination of average 

transmission and the standard deviation of transmission, the 

spectra of HSA cells and monocytes in canine PBMCs were 

found to be distinct with extremely high statistical significance 

(p < 10
-6

 to 10
-3

). Statistically distinct distributions of one 

single number that quantitatively summarize the transmission 

of the transverse modes, the weighted transmission 

parameters, were also obtained for canine lymphoma and 

lymphocytes although the separations in the populations were 

not as extreme as found for peak wavelength shifts from the 

same cells. An ROC curve indicated that excellent sensitivity 

and specificity could be obtained for an individual HSA cell 

diagnostic test using the new method; and this classification 

result is not significantly dependent of cavity length.  

OFIS may be a useful tool for early detection of canine 

cancers including HSA and lymphoma. If the preliminary 

results reported here can be properly applied, such a 

diagnostic cancer test based on blood samples could 

substantially increase survivability of canine cancer patients 

and provide dog owner with more certain prognosis at reduced 

cost when facing decisions on treatment of suspected HSA. 

The extent of circulating HSA cells is presently unknown but 

speculated to be as high as 1% of the leukocyte count due to 

the intimate contact between this sarcoma of endothelial blood 

vessel tissue and the blood stream. Thus HSA detection may 

be an easier initial application of the OFIS techniques 

ultimately intended to identify rare circulating tumor cells in 

humans at a level of only 1 cancer cell per 10
6
 or more 

leukocytes.  

In the future, continuing investigation of intracavity 

spectroscopy of additional types of canine and human cancer 

are expected to validate the utility of an OFIS diagnostic tool 

for different kinds of tumor cells. Also, more detailed analysis 

of the transverse mode spectra from OFIS is likely to reveal 

greater information about cells including relative refractive 

index and shape including asymmetry. 
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