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Abstract: We present the development of SpeCamX, a mobile application that enables an
unmodified smartphone into a multispectral imager. Multispectral imaging provides detailed
spectral information about objects or scenes, but its accessibility has been limited due to its
specialized requirements for the device. SpeCamX overcomes this limitation by utilizing the RGB
photographs captured by smartphones and converting them into multispectral images spanning
a range of 420 to 680 nm without a need for internal modifications or external attachments.
The app also includes plugin functions for extracting medical information from the resulting
multispectral data cube. In a clinical study, SpeCamX was used to implement an augmented
smartphone bilirubinometer, predicting blood bilirubin levels (BBL) with superior performance
in accuracy, efficiency and stability compared to default smartphone cameras. This innovative
technology democratizes multispectral imaging, making it accessible to a wider audience and
opening new possibilities for both medical and non-medical applications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The smartphone steadily makes its way to become an indispensable tool in individual healthcare
and living quality monitoring. This trend is made possible by the rapid developments of the
sensing modules that are specifically tailored for smartphones, e.g., built-in cameras [1-3],
microphone [4—6] and touch screen [7,8]. Among these sensing modules, the camera has
experienced extensive technical innovation and nowadays can deliver a comparable imaging
quality to specialized medical imagers. With assembled color filters in Bayer arrangement,
smartphone cameras may be able to differentiate the spectral information from collected signals
in RGB channels. Utilizing this ability, researchers have been exploring smartphone-enabled
analysis to extract tissue chromophore information like hemoglobin [9], melanin [10], bilirubin
[11], etc. However, the built-in architecture of Bayer filters in the smartphone camera inevitably
limits spectral resolution that is required to evaluate the optical properties of the sample, largely
due to the overlapped sensitivity ranges in the RGB channels [12].

For example, as a biomarker of liver functions, bilirubin has distinct absorption in the wavelength
bands between 350 and 500 nm, which can be exploited to develop optical bilirubinometer for
measuring blood bilirubin level (BBL) in people [13—15]. Aiming for a low cost and easy access,
enormous effort has been paid to realize bilirubin detection with smartphone cameras. Previous
studies reported some strategies by extracting raw signals from RGB channels in photographs
[16,17]. While the results are promising, the measurement accuracy remains inadequate to inform
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clinical information. Some other studies adopted additional color calibration, image segmentation
and feature extraction steps to preprocess the data to retrieve more spectral information from
acquired color images [18-20]. Though accuracy has improved, the added operations often
require professional interventions that need to be accomplished off-line. In this case, the
smartphone is simply used as a data collection unit for experts rather than ready-to-use customer
devices, which challenges its utilities to serve the general public.

Multispectral imaging is capable of maximally recording the spectral information of subjects,
thus being widely used in conducting life science research, contributing to public healthcare
services [21-33]. Realizing this technique on smartphones would create another space for
exploitation to benefit our community, given the large user base, high usage frequency and
low cost. Here, we describe a beta-version of mobile app, termed as SpeCamX, aimed to
transform smartphones into multispectral imagers without any additional hardware attachments
or internal modifications. With the SpeCamX, we enable the unmodified smartphone to provide
a 27-channel multispectral data cube ranging from 420 to 680 nm by a single snapshot. From the
multispectral data cube, the SpeCamX provides multiple functions to estimate corresponding
chromophore levels, including hemoglobin, pigmentation, bilirubin, etc. To show the performance
of this app and method, we installed SpeCamX on an unmodified smartphone and used it as
a bilirubinometer to quantify the sclera pigmentation at the region of bulbar conjunctiva to
predict BBL (Fig. 1). In brief, the multispectral data cube of sclera is captured to derive
the reflectance spectra, which is used as the input of a hybrid prediction model trained using
artificial neural network (ANN), support vector machine (SVM), k-nearest neighbors (KNNN)
and random forest (RF) algorithms. In the clinical imaging of 320 liver disease (LD) patients,
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Fig. 1. Schematic of SpeCamX-augmented smartphone bilirubinometer. The housed
flashlight in a smartphone illuminates the sclera region of the bulbar conjunctiva in patients.
The SpeCamX converts RGB photographs into multispectral data cubes ranging from 420 to
680 nm that are used to derive the reflectance spectra of sclera, which is then used to predict
the BBL in patient through an incorporated regression model hybridized by four machine
learning algorithms. The predicted value is immediately displayed on the smartphone screen.
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the SpeCamX-enabled prediction demonstrated high correlation (R > 0.91, p < 0.0001) with the
standard clinical testing (which is however invasive). To show the benefits, we compared the
prediction using SpeCamX-enabled spectrally augmented learning (SAL) with RGB-enabled
learning (RGBL) using RGB photographs captured by smartphone snapshots. Experimental
results demonstrated that SpeCamX-enabled SAL delivers higher prediction quality, efficiency
and stability than RGBL, especially when the data feeding was limited. Without additional
customized hardware, our strategy has the potential to be widely distributed in an extremely
cost-effective and easy-to-use mode. Providing tests of BBL and other bio-chromophores in this
manner would be particularly useful for the users at both the resource-limited and homecare
settings.

2. Methods and materials

2.1. Development of SpeCamX

We calculated and embedded several transformation matrices (TMs) in SpeCamX as default op-
tions for different phone models, including those from Google, Apple, Samsung and Huawei. For
this purpose, we acquired RGB photographs of X-rite ColorChecker Classic with corresponding
smartphones under the illumination provided by their flashlights. When doing so, the color chart
should be placed at a suitable distance with a smartphone to prevent overexposure (Maximum
RGB value > 250) and under exposure (Maximum RGB value < 100). From the photographs, we
sampled and calculated averaged RGB values of 24 color blocks. Then, we calculated the TM
from the following equation:

W= (Vv (vv))!

where W is the TM, V' is the reflectance spectrum of each color block. V is the RGB responses of
each color block. <> is an ensemble-averaging operator, thus the matrix can be calculated from
the averaged signals of 24 color blocks. Using this method, we provided matrices for several
most commonly used smartphone models. We will keep updating the supported phone models in
the option. For functions that are not included in the current APP, we left an entrance for users
to conduct their self-calibration of smartphones and illuminations, and the calculation follows
the same steps above that have been built into the SpeCamX. It is worth noting that maintaining
uniform illumination conditions for both imaging and calibration is required regardless of whether
the system is in default or recalibration mode. As guidance, we highly recommend aligning
the smartphone camera vertically with the sclera region and ensuring a consistent distance of
approximately 20 cm.

SpeCamX was developed using an open-source integrated development environment (IDE)
Android Studio (Google, CA). The Weiner estimation algorithm and default TMs developed on
Matlab R2021b were incorporated into the SpeCamX. The “Imager” fragment can invoke the
built-in camera and use it under default settings (Resolution: 2268 by 4032 pixels; f/1.7; shutter
speed: 1/60; white balance: 5500 K).

2.2. Study design and population

To demonstrate its utility, we employed SpeCamX as a bilirubinometer to measure and quantify
the blood bilirubin levels in patients with liver diseases. In this study, a total of 320 patients
with liver diseases were enrolled between September 2021 and April 2022. Their diagnostic
information was shown in Table 1. Anonymized and de-identified sclera images at the anterior
segment of the eye were collected from the First Hospital of Jilin University (Jilin, China) using
SpeCamX. The sample size was selected based on previous experience using a smartphone
bilirubinometer [16-20], which is larger than the required size derived from a power analysis
so we can investigate the learning efficiency of SAL and RGBL in different sample sizes. We
randomly selected the patients with liver diseases and included all the samples with accessible
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images of sclera regions. Blinding was applied during all data analysis. This study adhered
to tenets of the Declaration of Helsinki and was performed in accordance with the Health
Insurance Portability and Accountability Act. This study was reviewed and approved by the
Ethics Committee of the First Hospital of Jilin University. Informed consent was obtained from
the subject prior to the start of each study session.

Table 1. Diagnosis profile of subjects in clinical assessment.

Gender Number Disorder Number
Male 189 (59%) Viral Hepatitis 53 (17%)
Female 131 (41%) Drug-induced liver injury 30 (9%)

Ethnicity Number Alcoholic cirrhosis 26 (8%)
Asian 320 (100%) Acute-on-chronic liver failure 24 (T%)

iAge Number Hepatitis B 19 (6%)
20-29 10 (3%) Primary carcinoma of the liver 17 (5%)
30-39 32 (10%) Acute pancreatitis 15 (5%)
40-49 92 (29%) Drug-induced liver cirrhosis 11 (3%)
50-59 94 (29%) Cirrhosis 8 (3%)
60-69 69 (22%) Subacute liver failure 7 (2%)
70-79 19 (6%) Primary biliary cirrhosis 6 (2%)
80-89 4 (1%) Primary biliary cholangitis 6 (2%)

Gender Age,years Alcohol-induce liver injury 6 (2%)
Male 52.8(12.5;21-81) Acute liver failure 4 (1%)
Female 53.9(11.5;22-85) Other diseases 59 (18%)
Combined 53.2(12.1;21-85) Multiple liver diseases 29 (9%)

Data are n(%) or mean (SD; range)

Before imaging, the patient was asked to lie down in the bed and keep their eyes open. The
operator held the smartphone that was pointing to the sclera tissue in the front eye segment. Then,
the patient was asked to blink before taking each photo of the targeted region on the sclera. The
photographing was conducted in a dark ward and the subject was illuminated by the smartphone
flashlight, so no further color calibration is needed. Occasionally, some trials were conducted
with some residue ambient light or room light. In this case, the smartphone was recalibrated
on-site with a standard color chart. With the SpeCamX, we enable the unmodified smartphone
to provide a 27-channel multispectral data cube ranging from 420 to 680 nm from each single
snapshot. Ten snapshots were taken for each participant. For each snapshot, ten ROIs were
selected. The final BBL value was averaged from these one hundred measurements. To show the
benefits, we compared the prediction using SAL with RGBL using RGB photographs captured
by smartphone snapshots. Within six hours after imaging, the participants were subjected to
standard clinical blood sampling to obtain their BBL.A 3 mL blood sample was drawn from
subcutaneous veins in the arm. Blood samples were analyzed by the diazo method using the
Beckmann biochemical analysis system (Beckman Coulter Inc., CA) at the clinical pathology
laboratory.

2.3. Machine learning model

We compared SAL and RGBL in four commonly used machine learning regression algorithms,
including ANN, SVM, KNN and RF. We applied these regression algorithms by invoking
functions in the Statistics and Machine Learning Toolbox in Matlab R2021b. In ANN algorithm,
we used fitrnet to train a ten-layer, feedforward, fully connected neural network to predict
BBL. Function fitrsvm fits a support vector regression model. Function kNNeighborsRegressor
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estimates the values of a continuous variable (target) based on one or more independent variables
(predictors) based on KNN algorithm. In the RF algorithm, we used TreeBagger to combine the
results of many decision trees to provide predictions. While designed with different rationale
and architectures, these four algorithms were selected because they represent commonly used
machine learning methods and are all appropriate for training regression models. In this way,
the generalizability of SpeCamX-enabled augmentation can be tested. Afterwards, a hybrid
regression model was built by linearly combining these models and incorporated in SpeCamX
since hybrid machine learning has the advantages in reducing biases and increasing accuracy.
The output of the hybrid model can be previewed as the “BILI”* value in the “Analysis” fragment
of SpeCamX.

2.4. Statistical analysis

To assess the prediction quality, Pearson’s correlation coefficients were calculated between the
blood test bilirubin levels and the prediction using SAL and RGBL. Correlations were considered
significant if p < 0-001. 95% prediction bands were computed for the correlation plots. The bias
(MD) and 95% limits of agreement (LOA) were computed for the Bland-Altman plots. LOA was
computed as 1.96 times the standard deviation of the error. To create ROC curves, 320 cases
were classified into positive and negative groups using 17.1 umol/L as the threshold. All the
plots and curves were generated using Origin 2021b.

To compare the prediction performance of models using SAL and RGBL, default settings
and parameters of functions were used in both methods to keep the consistency of conditions.
In RGBL, averaged RGB values from the pixels in the ROI were used as the input dataset. In
SAL, the averaged reflectance spectra were used as the input. To avoid overfitting, the prediction
of each group was obtained by ten-fold cross-validation. 320 cases were randomly split into
ten sets. In each round, the model was trained using nine of ten sets, and then tested on the
remaining one set. In ten rounds, every data set needed to be tested for once. The final prediction
was averaged from predictions of ten rounds. To challenge the prediction models with reduced
data feeding, the sample subjects were randomly selected by an algorithm developed on Matlab
R2021b. We tested sample sizes with data resampling percentage changing from 12.5% (n =40)
to 100% (n =320) with a step width at 6.25% (n =20). Under each sample size, RGBL and SAL
models were trained with the same dataset. To avoid overfitting, the prediction of each group was
obtained by ten-fold cross-validation as well.

3. Results

3.1. Development of SpeCamX

Many proof-of-concept studies were attempted where the strategy was to develop additional
hardware attachments to enable the smartphone to acquire multispectral information [34]. In
these attachments, diverse wavelength selection units can be designed, like light sources at
appropriate wavelengths or tunable optical filters. However, asynchronous data acquisition
at different wavelengths would inevitably cause co-registration error in the data cube which
consequently contaminates the analysis outcomes. More importantly, the required investments in
these attachments may also pose an obstacle on their practical applications.

In our previous study, we described a strategy to reconstruct multispectral information directly
from skin photographs in RGB format [10]. Before imaging, the RGB camera was calibrated
to obtain a transformation matrix (TM) using Wiener estimation algorithm. Then, using the
TM, any acquired RGB photographs can be reconstructed into multispectral images. Following
this strategy, we herein integrated the workflow into SpeCamX to implement a multispectral
imager on an unmodified smartphone. The app was developed on Android 11 platform (Google
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Inc., CA). Currently, we installed it in the Google Pixel 4 smartphone (Google Inc., CA) for
demonstration, but any type of smartphone can be used.

SpeCamX can automatically convert a built-in RGB camera in a smartphone into a multispectral
imager. The whole app platform consists of four functional fragments, with their interfaces
illustrated in Fig. 2. The “Imager” fragment (Fig. 2(A)) allows the users to set up required
functions before imaging. The users can choose a default setting by selecting the model of their
smartphones or enter the customized model to select the type of color chart for recalibration if
the smartphone is not in the default list. Fig. 2(B) shows the drop-down menu of options in the
“Imager” fragment. Fig. 2(C) shows the recalibration page. After the setting, users can launch
the imager by tapping the camera icon in Fig. 2(A). All the recorded datasets can be searched in
the “Records” fragment (Fig. 2(D)). The “MSI” fragment (Fig. 2(E)) allows the user to scrutinize
the reconstructed spectral images of the subject if needed. Embedded algorithms in SpeCamX
automatically process the spectral data cubes to extract the features of interest and present the
results in the “Analysis” fragment (Fig. 2(F)). For example, when the smartphone is used as
a bilirubinometer, the “BILI” represents the prediction value made from the region of interest
(ROI) in the “Bili” page. Users can acquire these predictions either in the real-time preview mode
or after imaging. Except for BBL, other functions like blood perfusion and pigmentation, can
also be accessed in the drop-down menu on the top of the interface. The workflow details of these
fragments can be found in Supplement 1 (Section 1, Figs. S1 to S6, and associated Visualization
1, Visualization 2, and Visualization 3). Overall, the SpeCamX possesses five key features: 1) No
external attachments or internal modifications to the smartphone are necessary, thus SpeCamX
can be distributed to the users just like other apps in Google shops for example; 2) No further
calibration is required when used in the default mode, but there is an option provided for users to
calibrate their specific smartphones in a customized mode, which is particularly useful under
un-controlled illumination conditions; 3) The customized recalibration can be simply realized by
imaging commercialized standard color charts; 4) No offline operation is required, the imaging,
processing and analysis functions are all integrated in the SpeCamX; 5) Except for the BBL
detection, other functions, like mapping of blood perfusion and pigmentation, can be provided as
well. These characteristics would ensure the compatibility and practicability of SpeCamX in
mobile health applications.

3.2. Spectral imaging using SpeCamX

The retrieval of spectral information from an RGB camera relies on the TMs that are obtained
during the calibration process and pre-stored in SpeCamX. Here we describe the performance
evaluation for the spectral reconstruction realized by the pre-stored matrices. In this method,
the default TM for the smartphone (Google Pixel 4, Google Inc., CA) was obtained from 24
Macbeth classic color blocks in the calibration step. We used a X-rite ColorChecker Digital
SG (note that this was not the one used for calibration) as the target for evaluation. After the
smartphone took the color photo of the ColorChecker, the app automatically reconstructed the
spectra for both classic colors and skin tones. The comparisons of the standard and reconstructed
spectra were shown in Fig. 3(A). The reconstructed spectra highlighted in red match very well
with the references in both classic and skin tone colors. The root mean square error (RMSE) of
each color block was measured to quantify the reconstruction accuracy (Supplement 1 (Section
2, Table S1)). The average RMSE of all color blocks is less than 0.04, indicating an accurate
reconstruction of reflectance spectra from 420 nm to 680 nm from a single snapshot RGB image.

RGB values can be influenced by different illumination conditions and channel sensitivities,
which may lead to inconsistent responses under different camera settings. To address this issue,
SpeCamX provided both default TMs and recalibration options to stabilize the quality of spectral
imaging. Here, we simulated some extreme conditions by adjusting the color temperature and
ISO of the camera to challenge this stability. The X-rite ColorChecker Digital SG was again
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Fig. 2. Interface and functions of SpeCamX which consists of four fragments. (A) “Imager’
fragment to set up the camera in the smartphone. (B) Supported functions in the setup
options. (C) Recalibration page to generate a customized TM with a standard color chart.
(D) Interface of the “Records” fragment, where users can check the list of acquired data.
(E) “MSI” fragment for the presentation of the acquired spectral images of subjects. (F)
“Analysis” fragment to present the quantitative information of the extracted feature.



Research Article Vol. 14, No. 9/1 Sep 2023/ Biomedical Optics Express 4936 |

Biomedical Optics EXPRESS

__ Standard P R .
spectrum el | U —
= s ~

Reconstructed — || e[| v,

spectrum

Color temperature (K)

RGB 420 nm 550 nm 680 nm o RGB 420 nm 550 nm 680 nm
Channels Channels

D
0 0.14
0.12
010 ] 0.10
Color temperature ‘ 0.09
g 0.06 0.07
1 ‘ 0.06
! 0.04
002 0.02
= 0.00
F G
101 = Reflectance reduction .
Li fi
~ 08 inear fiting
3
= 1
§ 086 | -
5 ]
g 04 9 Pearson's r:0.998
o
© Intercept: 0.008
02 e o Slope: 0.017
0.0 S I
500 550 0 5 10 15 20 25 30
Wavelength (nm) Biliubin concentration (mg/dL)

Fig. 3. Performance of spectral imaging using SpeCamX. (A) Spectral reconstruction test
on a standard color checker (X-rite ColorChecker Digital SG). The pre-stored TM was
applied on 24 classic colors and also 14 skin tone colors to estimate the reflectance. The
reconstructed spectra were compared with the standard spectra on the right. (B, C) Spectral
reconstruction of color block #7D under different ISO and color temperature settings. The
color temperature is increased from 2500 K to 9000 K with a step width of 500k. The ISO
is set to be 880, 840, 800, 720, 640, 570, 500, 450, 400, 360, 320, 285, 250 and 200. (D, E)
Standard deviations of signals in each channel of 96 color blocks with the alternation of color
temperature and ISO settings. RGB values of color block #7D shows much higher standard
deviations than the reconstructed spectra in this procedure. (F) Spectral reconstruction
test on bilirubin phantoms. The concentrations of bilirubin are 0.00, 0.23, 0.47, 0.94,
1.88, 3.75, 7.50, 15.00, 30.00 mg/dL in phantom one to nine, respectively. The inserted
figure shows the RGB photographs of phantoms which show progressively darker yellowish
pigmentation from phantoms one to nine. The curves present the reconstructed reflectance
spectra accordingly. The dotted line curves present the reflectance spectra measured by
a standalone spectrometer. The reflectance at wavelengths around 460 nm shows gradual
decrease from phantom one to nine because of the increased absorption of bilirubin. (G)
The linear relationship between the reflectance reduction measured by SpeCamX and the
bilirubin concentrations of phantoms. The inserted table shows the fitted equation and fitting
errors.
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used in this evaluation and imaged under different settings in camera. The color temperature was
increased from 2500 K to 9000 K with a step width of 500 k.The ISO was set to be 880, 840,
800, 720, 640, 570, 500, 450, 400, 360, 320, 285, 250 and 200, respectively. The RGB values
and reflectance spectra of all color blocks in these procedures were recorded by SpeCamX. As
an example, the results of color block #7D were shown in Fig. 3, B and C. The horizontal axis
includes both RGB and multispectral imaging (MSI) channels, while the vertical axis represents
the settings in camera. The RGB signals were normalized into the same scale as the MSI channels
and mapped in the same figure. With the color temperature increased from 2500 K to 9000 K, we
observed the signals in G and B channels remained relatively stable, but that in the R channel
increased proportionally from the RBG images. In contrast, the SpeCamX provided relatively
stable signals in all reconstructed reflectance spectral channels despite the change in the color
temperature. A similar result can be observed in Fig. 3(C), where RGB values are increased
with the increase of ISO but the SpeCamX provided consistent spectral reconstruction in all the
channels. To quantify the consistency, we calculated the standard deviations of signals in each
channel for all color blocks, shown in Fig. 3(D) and 3(E), respectively. After normalizing RGB
values into the same scale as MSI signals, the averaged standard deviations in RGB channels were
calculated to be ~0.045 and ~0.070 when changing the color temperature and ISO, respectively.
The corresponding standard deviation values in MSI channels were calculated to be ~0.015
and ~0.013. Compared with the RGB values, the signals in MSI channels perform much lower
standard deviations. These experiments demonstrate that the SpeCamX can reconstruct accurate
spectral information of the sample with a high consistency under different device conditions and
settings.

Next, we prepared a set of phantoms to further test the performance of SpeCamX to recover
the spectral information of bilirubin. The bilirubin levels were 0.00, 0.23, 0.47, 0.94, 1.88, 3.75,
7.50, 15.00, 30.00 mg/dL in the phantoms one to nine. The acquired RGB photographs of these
phantoms are shown in the inset of Fig. 3(F), deeper yellowish pigments with the increase of the
bilirubin concentration. Their reflectance spectra were obtained by the SpeCamX and presented
as the curves in Fig. 3. These spectra were normalized by the reflectance at 680 nm because
the absorbance of bilirubin at this wavelength band is negligible. Compared with phantom one
without bilirubin, other phantoms give lower reflectance around 460 nm and the rate of reduction
is similar to that of the concentration. We calculated the values of rate reduction at 460 nm and
mapped the points with their bilirubin concentrations, accordingly, shown in Fig. 3. There is a
significant linear relationship between these two variables, verifying that SpeCamX can be used
to detect and quantify the optical absorption of bilirubin.

3.3. Sclera imaging using SpeCamX to enable bilirubinometer

Figure 4 shows results of SpeCamX-enabled imaging on the sclera in the anterior segment of the
eye (bulbar conjunctiva region [35]) in two representative clinical cases. Clinically, BBLs in
the patients were measured at 27.0 and 368.9 umol/L, respectively. From RGB photographs in
Fig. 4, A and B, we can clearly observe darker yellowish color in the sclera of patients with higher
BBL. By the side of the photographs, we presented every frame of the spectral images obtained
by SpeCamX. In the wavebands from 420 to 480 nm, two cases show distinct signal strength
differences in the sclera due to different levels of bilirubin concentration. With a further increase
of the wavelength, the difference gradually decreases because the absorbance of bilirubin becomes
negligible at the longer wavelengths. In the red bands above 650 nm, no significant absorption
can be observed in both cases. Fig. 4, C and D illustrate the generation of the reflectance spectra
averaged from two imaging trials. In each trial, we acquired ten snapshots at different regions of
the sclera. From each snapshot, we calculated an averaged spectrum from the selected ROI. The
reflectance spectra also support our above observation that the sclera tissue of the patient with
higher BBL shows lower reflectance in wavebands from 420 to 480 nm. SpeCamX predicted the
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BBL of these two cases to be 30.5 and 380.5 umol/L, respectively, agreeing well with the clinical
testing results (see the prediction method in the next section).
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Fig. 4. Examples of clinical imaging using SpeCamX as a bilirubinometer. (A, B) RGB
and spectral images of cases with BBLs at 27.0 and 368.9 pmol/L, respectively. (C, D) Ten
samplings on different regions of the sclera and the reflectance spectrums of cases in (A) and
(B), respectively. The case with high BBL shows darker yellowish in the RGB photograph
and lower reflectance in wavebands from 420 to 480 nm than the case with low BBLs.

3.4. Prediction of blood bilirubin levels with machine learning

Machine learning is increasingly applicable in the medical context because of its excellent ability
to recognize subtle pattern features on datasets [36]. The ability of algorithms to extract features
which may not be sensitive to the human observer has been extensively explored for a wide variety
of predictions including blood tests [37,38], Alzheimer’s disease [39] and cardiovascular diseases
[40], etc. Here, the rich but subtle information due to the chromophores embedded within the
multispectral images [41-45] acquired by a smartphone would provide an excellent opportunity
to develop a machine learning method to predict the concentration of that chromophore. Besides,
as we can observe from Fig. 4, A and B, except for the yellow pigmentation, the sclera tissue
region also shows redness because it is covered by a highly vascularized conjunctiva layer. This
multiple-chromophore structure of human tissue is more complicated than the bilirubin phantom,
which may be less interpretable using linear regression. We therefore developed a machine
learning strategy embedded in the SpeCamX for the prediction of BBLs. Below, we present
the measures of accuracy for the models constructed to create this prediction and contrast the
interpretability of different algorithms.
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320 patients with LD were enrolled in the study. The subjects show diversities in the gender,
age and diagnosis of disorders (Table 1). RGB photographs and reflectance spectra of sclera,
paired with BBL results obtained from clinical blood testing were included in the data set. Four
established machine learning algorithms, including ANN, SVM, KNN and RF, were used to
train regression models. While designed with different rationale and architectures, these four
algorithms were selected because they represent commonly used machine learning methods
and are all appropriate for training regression models. In this way, the generalizability of
SpeCamX-enabled augmentation can be tested. Afterwards, a hybrid regression model was built
by linearly combining these models and incorporated in SpeCamX since hybrid machine learning
has been reported to be capable of reducing biases and increasing accuracy [46,47]. The output of
the hybrid model can be previewed as the “BILI” value in the “Analysis” fragment of SpeCamX.

Figure 5, A-C shows the predictions obtained from the hybrid regression model incorporated
in SpeCamX. In 320 cases, the model provided an excellent correlation between SpeCamX
prediction and clinical BBL measurements with a R value above 0.90 (p < 0.0001). From the
Bland-Altman plots (Fig. 5(B)), we can also observe small limits of agreement (LOA) (+119.90/-
117.45 pmol/L) and bias (1.23 pmol/L). Fig. 5(C) shows the receiver-operating characteristic
(ROC) curve of SpeCamX-enabled BBL prediction. The area under the ROC curve (AUC) was
calculated to be 0.97(0.94-1.00), indicating that SpeCamX and its built-in prediction model can
provide a reliable measurement of the BBL by simply taking color photos of the sclera tissue
using a smartphone.

To validate our assumption that SpeCamX-enabled multispectral imaging can better predict
BBL than conventional smartphone imaging, we compared the quality of prediction using
SpeCamX-enabled SAL and RGBL. Besides, given richer information with higher spectral
resolution, SAL should also learn quicker than the RGBL model. To validate this point, we
also tested and compared the prediction performance while reducing the data feeding. Fig. 5,
D and E show the predictions and Bland-Altman plots using SAL and RGBL, respectively. In
the whole set of 320 cases, RGBL produced visually similar plots with SAL (Fig. 5(D)), but
its Bland-Altman plots indicate a wider LOA (+136.63/-126.57 umol/L) and bigger bias (5.03
pmol/L) (Fig. 5(E)). Further, when the sample size was reduced (Fig. 5(D)), the SAL prediction
remains relatively stable and constant, whilst a deterioration of the RGBL prediction is observed
(where the regression curve is seen gradually deviating and the prediction band is becoming
wider). The corresponding Bland-Altman plots in Fig. 5(E) validated this observation. With the
sample size decreased to 25% (n = 80), the LOA of SAL prediction is +114.22/-107.87 pmol/L,
but the LOA of RGBL prediction is +166.69/-148.82 umol/L. We tested more sample sizes with
data resampling percentage changing from 12.5% (n=40) to 100% (n = 320) with a step width
at 6.25% (n = 20) and summarized the R values, mean difference (MD) and standard deviation
(STD) of MD in Fig. 5, F and G. Overall, the SAL prediction shows higher R, lower MD and
STD than RGBL in all groups.

The enhancement of SAL prediction over RGBL is benefited from the multispectral information
brought by the SpeCamX, rather than by a specific design of the prediction model. To demonstrate
this point, we further separately investigated the quality of predictions using SAL and RGBL
implemented by individual ANN, SVM, KNN and RF algorithms. The input of SAL and RGBL
are the spectra saved in SpeCamX and corresponding RGB values of ROIs. The predictions
were detailed in Supplement 1 (Section 3, Fig. S7 and Section 4, Fig. S8). To summarize these
comparisons, SAL improved the prediction quality to varying degrees, especially with less data
feeding. To illustrate this point clearer, we quantified the prediction performance of SAL and
RGBL with data resampling percentage ranging from 12.5% (n =40) to 100% (n =320) with a
step width at 6.25% (n=20). The R, MD and STD were then measured and presented as curves
in Fig. 6. The evolution curves showed that the R of SAL always remained at high levels of
around 0.90 (p < 0.0001), even when only 12.5% (n =40) of the data was used to train the model.
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Fig. 5. Quantification and improvements of SpeCamX-enabled SAL prediction using the
hybrid regression model. (A) The relationship between BBL and predictions using SAL.
Red point: prediction using SAL; red area: 95% prediction band of prediction using SAL.
(B) Bland-Altman plots of predictions using SAL. Red dotted line: 1.96 limits of agreement;
red line: MD of prediction. (C) The ROC analysis of prediction using SAL. A bigger AUC
indicates a better diagnostic. (D) The comparison between predictions using SAL and RGBL
in different sample sizes (resampling percentages from left to right: 100% (n = 320); 75%
(n=240); 50% (n=160); 25% (n = 80)). Here RGBL was conducted using the same hybrid
model as SpeCamX. Red point: prediction using SAL; red area: 95% prediction band of
prediction using SAL. Black point: RGBL prediction; black area: 95% prediction band of
RGBL prediction; (E) Corresponding Bland-Altman plots of predictions in d. Black dotted
line: 1.96 limits of agreement of RGBL prediction; red dotted line: 1.96 limits of agreement
of prediction using SAL; black line: MD of RGBL prediction; red line: MD of predictions
using SAL. (F-H) Quantification of R (F), MD (G) and STD of MD (H) between BBLs and
prediction using SAL/RGBL along different resampling percentages from 12.5% (n = 40) to
100% (n=320). Black curve: RGBL prediction; red curve: predictions using SAL; blue
curve: difference between RGBL prediction and predictions using SAL.
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Fig. 6. Quantification and improvements of SpeCamX-enabled SAL prediction using single
machine learning models. (A-D) Quantification of R (left), MD (middle), and STD (right) of
the BBLs predicted with SAL/RGBL when data feeding varied from 12.5% (n = 40) to 100%

(n=320) into different machine learning models: (A) ANN; (B) SVM; (C) KNN; (D) RF.

Black curve: RGBL prediction; red curve: SAL prediction; blue curve: difference between
RGBL prediction and SAL prediction. (E-F) the receiver-operating characteristic (ROC)
analysis of prediction using RGBL (E) and SAL (F) using the single and hybrid machine
learning model. Regardless of single or hybrid models, SAL achieves a better AUC than
RGBL, which indicates a better diagnostic value for SAL-based SpeCamX. All the groups
with different sample sizes are randomly selected from the data pool of 320 patients.
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On the contrary, the R value of RGBL can be even lower than 0.6. In all methods except for
SVM, the prediction biases of SAL are close to zero, smaller or at least comparable to RGBL
predictions. In SVM, the bias of SAL is increased, but still averagely 55% (16.87 +3.27 umol/L)
smaller than that of RGBL. The STD of MD in SAL slightly increases with smaller sample size
but overall lower than 75 umol/L, which is almost the best level the RGBL can achieve. Fig. 6, E
and F show that the AUC value of SAL in all models is above 0.94, which outperforms that of
RGBL in all algorithms. Besides the enhancements exist in absolute values, the red SAL curves
in Fig. 6 seem to perform higher stability in all groups than RGBL curves. We quantified the
standard deviations of these four indices in all groups with different sample sizes and algorithms
(Supplement 1 (Section 5, Fig. S9)). The standard deviations of R, MD, STD and AUC in RGBL
prediction are 72% (0.06), 50% (6.80 umol/L) and 66% (11.74 pmol/L) higher than those in
SAL prediction. All these merits demonstrate that SpeCamX-enabled SAL can significantly
augment the BBL prediction quality regardless of the learning algorithms used, which indicates
that its superiority originated from the multispectral imaging capacity in SpeCamX. In this case,
it is reasonable to expect that any machine learning augmentation can be added when deploying
SpeCamX for applications other than bilirubin level detection as demonstrated here.

4. Discussions

The development of mobile health based on smartphones facilitates daily monitoring of many
vital signs and body tissue compositions, some of them have the potential to indicate disease
conditions that are difficult to detect/diagnose without physically visiting healthcare providers
[48]. Exploring and developing such techniques can clearly promote and benefit public healthcare.
For example, the global incidence of LD is estimated at 1.5 billion, which leads to about 2
million deaths each year [49,50]. Close monitoring of the at-risk population is believed to be an
effective strategy to control its progression and spread [51]. However, frequent testing through
visiting the clinical labs imposes an inevitable burden to the patients, both psychologically and
economically, impacting their compliance to seek for medical services. To improve the clinical
compliance and promote their willingness to accept the monitoring of liver health conditions,
one solution is to noninvasively detect bilirubin levels in the serum, preferably that can be
performed in a non-clinical environment. The balance of BBL in the circulation relies on a
normal liver metabolism, which makes it a suitable biomarker of liver functions [52,53]. At
different severity stages of LD, bilirubin dysbolism accumulates and eventually causes different
levels of hyperbilirubinemia, which usually appears as the yellowish pigmentation in body tissue
[54,55]. With distinct optical spectral properties, bilirubin-induced pigmentation is suitable
to be noninvasively measured using optical sensors to estimate the BBL and finally predict
the liver condition. Some of these sensors, like transcutaneous bilirubinometer, equip spectral
illumination for the detection of the light absorption to estimate BBL [56]. We also see some
portable versions of these sensors that are developed to save people from the frequent clinical
visits [57], however, substantial investment is still required to acquire these dedicated devices,
which eventually prevents them from wider spread use.

Herein, we provided a strategy by developing a mobile application termed SpeCamX to
transform smartphones into spectral imagers and tested this strategy in BBL prediction. SpeCamX
can acquire multispectral data cubes through a single snapshot using a smartphone without external
attachments. Besides, SpeCamX provides a set of pre-stored TMs for some popular smartphones
and standard room conditions. This provision would save users from the requirements on the
expertise of complicated color calibration and off-line processing. Moreover, after spectral
imaging, SpeCamX uses the “Analysis” fragment in the app to analyze the chromophore
information from acquired multispectral data cubes. Except for the bilirubin prediction discussed
in this study, the SpeCamX also provides options to map the blood perfusion, melanin pigmentation
and other chromophores within human tissue. Given that smartphones are already integrated
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terminals equipped with detector, processor and display units, the installation of SpeCamX will
enable them to conduct selfie health screening and monitoring with a high independence and
almost cost to nothing.

In this study, as a proof of concept, the output data cube of SpeCamX was set to be in
27 channels covering from 420 to 680nm with a step width at 10nm. We assumed that
bilirubin and hemoglobin dominated the color of scleral tissue in the bulbar conjunctiva region
(which is easily accessible by smartphone), thus the selected wavelength bands covered both
the absorption peaks and troughs of these two chromophores. Moreover, the format of output
data, including the spectral resolution and channel number, can be adjusted according to specific
sample compositions and processing methods. For instance, the user can set up a more refined
spectral resolution (i.e. to have denser spectral channels) around bilirubin’s absorption peak to
maximally minimize the effect from hemoglobin content. Another example is in developing
machine learning algorithms, a setting with more channels and higher spectral resolutions would
be particularly useful to enable potential features to be fully learned. Furthermore, SpeCamX can
also support non-learning algorithms by imaging at typical wavelengths, like 460 and 500 nm
used in transcutaneous bilirubinometer. Overall, SpeCamX-enabled medical imaging possesses a
high technical flexibility for further optimization and exploitation.

Through the clinical imaging of patients with LD, we demonstrated the enhancements on
predictions realized by SpeCamX. Encouraged by this study, we believe SpeCamX may also act
as an effective tool to monitor other bilirubin-related diseases, like neonatal jaundice. In fact,
both infants and the guardians should benefit from the real-time, non-contact and non-invasive
evaluation mode of this SpeCamX-augmented smartphone bilirubinometer. Further, if we see the
bilirubin prediction described here as evidence, it should be reasonable to expect similar prediction
quality when evaluating other chromophores. For example, SpeCamX should conceivably better
describe hemoglobin behaviors than regular camera apps, which would strengthen the monitoring
of blood and vascular abnormalities. In a word, SpeCamX has the potential to contribute to
conventional smartphone-enabled medical imaging methods and improve their performance.

There are still some limitations in our study. Although we maintained the diversity of patients
in gender and ages in the demonstration of SpeCamX augmented bilirubinometer, only Asian
patients were enrolled and imaged. Being dominated by bilirubin and hemoglobin, the color
of scleral tissue is not correlated with the complexions in subjects, but further investigation
is needed. Besides this, the property of SpeCamX to estimate targets from more complicated
backgrounds remains untested. Some human tissues may contain chromophores with more
diversity and less predictability. Aiming to spread the usage of SpeCamX, we need to further
explore its usability in these scenarios.

Looking forward, though our current study was conducted in clinics, a wider application of
SpeCamX is expected for the public in their daily lives. In the future, we will keep working
on the optimization, packaging and approval of this app and method to provide its open access.
Through this way, we may conduct studies on the health care of a larger population with more
diversity in regions, races, and complexions. Meanwhile, we will keep updating the embedded
“Analysis” fragment by uploading more functions to empower this platform for the screening and
monitoring of more health issues.

5. Conclusions

In conclusion, we have presented a mobile app and an augmented smartphone bilirubinometer
that hold great promise for advancing medical diagnostics. The development of this smartphone-
based system highlights the potential of using smartphones as multispectral imagers for bilirubin
measurement, offering a convenient and cost-effective solution. Our clinical study has shown a
strong correlation between the measurements obtained from the smartphone-based bilirubinometer
and traditional laboratory methods. This demonstrates the accuracy and reliability of the system.
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Additionally, the use of SpeCamX for prediction has shown higher accuracy, efficiency, and
stability compared to prediction based on regular RGB photographs. This indicates the potential
of the SpeCamX-based approach for providing accurate healthcare assessments in various settings.
The accessibility and affordability of smartphones make this technology highly promising
for widespread adoption. By leveraging the existing hardware and computational power of
smartphones, our solution has the potential to improve access to bilirubin monitoring, particularly
in resource-limited areas.

Funding. Washington Research Foundation.

Acknowledgments. This work was supported by the Washington Research Foundation. The funding organization
had no role in the design or conduct of this research.

Disclosures. Authors declare that they have no competing interests.

Data availability. The data that support the findings of this study are available from the corresponding author, but
restrictions apply to the availability of these data, which were used under license for the current study, and so are not
publicly available. Data is however available from the corresponding author upon reasonable request. The code that
supports this work is copyright of the Regents of the University of Washington and can be made available through license.

Supplemental document. See Supplement 1 and associated Visualization 1, Visualization 2, and Visualization
3 for supporting content.

References

1. S.M. Park, M. A. Visbal-Onufrak, M. M. Haque, M. C. Were, V. Naanyu, M. K. Hasan, and Y. L. Kim, “mHealth
spectroscopy of blood hemoglobin with spectral super-resolution,” Optica 7(6), 563-573 (2020).

2. J. Chan, K. Michaelsen, J. K. Estergreen, D. E. Sabath, and S. Gollakota, “Micro-mechanical blood clot testing using
smartphones,” Nat. Commun. 13(1), 831 (2022).

3. R. Avram, J. E. Olgin, P. Kuhar, J. W. Hughes, G. M. Marcus, M. J. Pletcher, K. Aschbacher, and G. H. Tison, “A
digital biomarker of diabetes from smartphone-based vascular signals,” Nat. Med. 26(10), 1576-1582 (2020).

4. M. Faurholt-Jepsen, J. Busk, M. Frost, M. Vinberg, E. M. Christensen, O. Winther, J. E. Bardram, and L. V. Kessing,
“Voice analysis as an objective state marker in bipolar disorder,” Transl. Psychiatry 6(7), 856 (2016).

5. J. Chan, S. Raju, R. Nandakumar, R. Bly, and S. Gollakota, “Detecting middle ear fluid using smartphones,” Sci.
Transl. Med. 11(492), eaav1102 (2019).

6. R.Nandakumar, S. Gollakota, and J. E. Sunshine, “Opioid overdose detection using smartphones,” Sci. Transl. Med.
11(474), eaau8914 (2019).

7. J.N. Borger, R. Huber, and A. Ghosh, “Capturing sleep-wake cycles by using day-to-day smartphone touchscreen
interactions,” NPJ Digital Med. 2(1), 73 (2019).

8. J. Walch, A. Cochran, and D. B. Forger, “A global quantification of ‘normal’ sleep schedules using smartphone data,”
Sci. Adv. 2(5), e1501705 (2016).

9. R. G. Mannino, D. R. Myers, E. A. Tyburski, C. Caruso, J. Boudreaux, T. Leong, G. D. Clifford, and W. A. Lam,
“Smartphone app for non-invasive detection of anemia using only patient-sourced photos,” Nat. Commun. 9(1), 4924
(2018).

10. Q. He and R. Wang, “Hyperspectral imaging enabled by an unmodified smartphone for analyzing skin morphological
features and monitoring hemodynamics,” Biomed. Opt. Express 11(2), 895-910 (2020).

11. S. B. Munkholm, T. Krggholt, F. Ebbesen, P. B. Szecsi, and S. R. Kristensen, “The smartphone camera as a potential
method for transcutaneous bilirubin measurement,” PLoS One 13(6), €0197938 (2018).

12. K. Liang, C.-W. Chow, and Y. Liu, “RGB visible light communication using mobile-phone camera and multi-input
multi-output,” Opt. Express 24(9), 9383-9388 (2016).

13. F. McDonagh, G. Agati, F. Fusi, and R. Pratesi, “Quantum yields for laser photocyclization of bilirubin in the
presence of human serum albumin. Dependence of quantum yield on excitation wavelength,” Photochem. Photobiol.
50(3), 305-319 (1989).

14. G. Inamori, U. Kamoto, F. Nakamura, Y. Isoda, A. Uozumi, R. Matsuda, M. Shimamura, Y. Okubo, S. Ito, and H.
Ota, “Neonatal wearable device for colorimetry-based real-time detection of jaundice with simultaneous sensing of
vitals,” Sci. Adv. 7(10), eabe3793 (2021).

15. P. Padidar, M. Shaker, H. Amoozgar, M. Khorraminejad-Shirazi, F. Hemmati, K. S. Najib, and S. Pourarian,
“Detection of neonatal jaundice by using an android OS-based smartphone application,” Iranian J. Pediatrics 29
(2019).

16. S. Swarna, S. Pasupathy, B. Chinnasami, D. N. Manasa, and B. Ramraj, “The smart phone study: assessing the
reliability and accuracy of neonatal jaundice measurement using smart phone application,” Int. J. Contemp. Pediatr.
5(2), 285 (2018).

17. J. A. Taylor, J. W. Stout, L. de Greef, M. Goel, S. Patel, E. K. Chung, A. Koduri, S. McMahon, J. Dickerson, E. A.
Simpson, and E. C. Larson, “Use of a smartphone app to assess neonatal jaundice,” Pediatrics 140(3), €20170312
(2017).


https://doi.org/10.6084/m9.figshare.23954856
https://doi.org/10.6084/m9.figshare.23341121
https://doi.org/10.6084/m9.figshare.23341514
https://doi.org/10.6084/m9.figshare.23341574
https://doi.org/10.6084/m9.figshare.23341574
https://doi.org/10.1364/OPTICA.390409
https://doi.org/10.1038/s41467-022-28499-y
https://doi.org/10.1038/s41591-020-1010-5
https://doi.org/10.1038/tp.2016.123
https://doi.org/10.1126/scitranslmed.aav1102
https://doi.org/10.1126/scitranslmed.aav1102
https://doi.org/10.1126/scitranslmed.aau8914
https://doi.org/10.1038/s41746-019-0147-4
https://doi.org/10.1126/sciadv.1501705
https://doi.org/10.1038/s41467-018-07262-2
https://doi.org/10.1364/BOE.378470
https://doi.org/10.1371/journal.pone.0197938
https://doi.org/10.1364/OE.24.009383
https://doi.org/10.1111/j.1751-1097.1989.tb04164.x
https://doi.org/10.1126/sciadv.abe3793
https://doi.org/10.18203/2349-3291.ijcp20175928
https://doi.org/10.1542/peds.2017-0312

Research Article Vol. 14, No. 9/1 Sep 2023/ Biomedical Optics Express 4945 |

Biomedical Optics EXPRESS -~

18. A. Mariakakis, M. A. Banks, L. Phillipi, L. Yu, J. Taylor, and S. N. Patel, “Biliscreen: smartphone-based scleral
jaundice monitoring for liver and pancreatic disorders,” Proc. ACM Interact. Mob. Wearable Ubiquitous Technol.
1(2), 1-26 (2017).

19. A. Aune, G. Vartdal, H. Bergseng, L. L. Randeberg, and E. Darj, “Bilirubin estimates from smartphone images of
newborn infants’ skin correlated highly to serum bilirubin levels,” Acta Paediatr. (Oxford, U. K.) 109(12), 2532-2538
(2020).

20. Z. Hu, C. Fang, and B. Li, et al., “First-in-human liver-tumour surgery guided by multispectral fluorescence imaging
in the visible and near-infrared-I/II windows,” Nat. Biomed. Eng. 4(3), 259-271 (2019).

21. A. Orth, M. J. Tomaszewski, R. N. Ghosh, and E. Schonbrun, “Gigapixel multispectral microscopy,” Optica 2(7),
654-662 (2015).

22. M. Garcia, C. Edmiston, T. York, R. Marinov, S. Mondal, N. Zhu, G. P. Sudlow, W. J. Akers, J. Margenthaler, and S.
Achilefu, “Bio-inspired imager improves sensitivity in near-infrared fluorescence image-guided surgery,” Optica 5(4),
413-422 (2018).

23. A.J. Bares, M. A. Mejooli, M. A. Pender, S. A. Leddon, S. Tilley, K. Lin, J. Dong, M. Kim, D. J. Fowell, and
N. Nishimura, “Hyperspectral multiphoton microscopy for in vivo visualization of multiple, spectrally overlapped
fluorescent labels,” Optica 7(11), 1587-1601 (2020).

24. L. Courtenay, D. Gonzdlez-Aguilera, S. Lagiiela, S. del Pozo, C. Ruiz-Mendez, 1. Barbero-Garcia, C. Roman-Curto,
J. Caifiueto, C. Santos-Durén, M. Cardefioso-Alvarez, M. Roncero-Riesco, D. Hernandez-Lopez, D. Guerrero-Sevilla,
and P. Rodriguez-Gonzalvez, “Hyperspectral imaging and robust statistics in non-melanoma skin cancer analysis,”
Biomed. Opt. Express 12(8), 5107-5127 (2021).

25. B. Urban and H. Subhash, “Multimodal hyperspectral fluorescence and spatial frequency domain imaging for tissue
health diagnostics of the oral cavity,” Biomed. Opt. Express 12(11), 6954-6968 (2021).

26. K. Liu, S. Lin, S. Zhu, Y. Chen, H. Yin, Z. Li, and Z. Chen, “Hyperspectral microscopy combined with DAPI staining
for the identification of hepatic carcinoma cells,” Biomed. Opt. Express 12(1), 173-180 (2021).

27. D. Wirth, B. Byrd, B. Meng, R. Strawbridge, K. Samkoe, and S. Davis, “Hyperspectral imaging and spectral unmixing
for improving whole-body fluorescence cryo-imaging,” Biomed. Opt. Express 12(1), 395-408 (2021).

28. M. Lv, T. Chen, Y. Yang, T. Tu, N. Zhang, W. Li, and W. Li, “Membranous nephropathy classification using
microscopic hyperspectral imaging and tensor patch-based discriminative linear regression,” Biomed. Opt. Express
12(5), 2968-2978 (2021).

29. L. Ayala, F. Isensee, S. Wirkert, A. Vemuri, K. Maier-Hein, B. Fei, and L. Maier-Hein, “Band selection for oxygenation
estimation with multispectral/hyperspectral imaging,” Biomed. Opt. Express 13(3), 1224-1242 (2022).

30. S. Lin, Z. Ke, K. Liu, S. Zhu, Z. Li, H. Yin, and Z. Chen, “Identification of DAPI-stained normal, inflammatory, and
carcinoma hepatic cells based on hyperspectral microscopy,” Biomed. Opt. Express 13(4), 2082-2090 (2022).

31. D. J. Waterhouse and D. Stoyanov, “Optimized spectral filter design enables more accurate estimation of oxygen
saturation in spectral imaging,” Biomed. Opt. Express 13(4), 2156-2173 (2022).

32. A. Pfahl, G. Radmacher, H. Kohler, M. Maktabi, T. Neumuth, A. Melzer, I. Gockel, C. Chalopin, and B. Jansen-
Winkeln, “Combined indocyanine green and quantitative perfusion assessment with hyperspectral imaging during
colorectal resections,” Biomed. Opt. Express 13(5), 3145-3160 (2022).

33. L. Zhang, D. Huang, X. Chen, L. Zhu, X. Chen, Z. Xie, G. Huang, J. Gao, W. Shi, and G. Cui, “Visible near-infrared
hyperspectral imaging and supervised classification for the detection of small intestinal necrosis tissue in vivo,”
Biomed. Opt. Express 13(11), 6061-6080 (2022).

34. S. Cheemerla and M. Balakrishnan, “Global epidemiology of chronic liver disease,” Clin. Liver Dis. 17(5), 365-370
(2021).

35.J.Y. Lin and D. E. Fisher, “Melanocyte biology and skin pigmentation,” Nature 445(7130), 843-850 (2007).

36. A. Esteva, A. Robicquet, B. Ramsundar, V. Kuleshov, M. DePristo, K. Chou, C. Cui, G. Corrado, S. Thrun, and J.
Dean, “A guide to deep learning in healthcare,” Nat. Med. 25(1), 24-29 (2019).

37. A. Dauvin, C. Donado, P. Bachtiger, K. C. Huang, C. M. Sauer, D. Ramazzotti, M. Bonvini, L. A. Celi, and M. J.
Douglas, “Machine learning can accurately predict pre-admission baseline hemoglobin and creatinine in intensive
care patients,” NPJ Digit. Med. 2(1), 116 (2019).

38. K. Aschbacher, C. S. Hendershot, G. Tison, J. A. Hahn, R. Avram, J. E. Olgin, and G. M. Marcus, “Machine learning
prediction of blood alcohol concentration: a digital signature of smart-breathalyzer behavior,” NPJ Digit. Med. 4(1),
74 (2021).

39. Y. Huang, X. Sun, H. Jiang, S. Yu, C. Robins, M. J. Armstrong, R. Li, Z. Mei, X. Shi, E. S. Gerasimov, P. L. De Jager,
D. A. Bennett, A. P. Wingo, P. Jin, T. S. Wingo, and Z. S. Qin, “A machine learning approach to brain epigenetic
analysis reveals kinases associated with Alzheimer’s disease,” Nat. Commun. 12(1), 4472 (2021).

40. M. M. Yuen, A. M. Prabhat, and M. H. Mazurek, et al., “Portable, low-field magnetic resonance imaging enables

highly accessible and dynamic bedside evaluation of ischemic stroke,” Sci. Adv. §(16), eabm3952 (2022).

. Y. Zhang, S. Yu, X. Zhu, X. Ning, W. Liu, C. Wang, X. Liu, D. Zhao, Y. Zheng, and J. Bao, “Explainable liver tumor
delineation in surgical specimens using hyperspectral imaging and deep learning,” Biomed. Opt. Express 12(7),
4510-4529 (2021).

42. K. Liu, Z. Ke, P. Chen, S. Zhu, H. Yin, Z. Li, and Z. Chen, “Classification of two species of Gram-positive bacteria

through hyperspectral microscopy coupled with machine learning,” Biomed. Opt. Express 12(12), 7906-7916 (2021).

4

—


https://doi.org/10.1145/3090085
https://doi.org/10.1111/apa.15287
https://doi.org/10.1038/s41551-019-0494-0
https://doi.org/10.1364/OPTICA.2.000654
https://doi.org/10.1364/OPTICA.5.000413
https://doi.org/10.1364/OPTICA.389982
https://doi.org/10.1364/BOE.428143
https://doi.org/10.1364/BOE.439663
https://doi.org/10.1364/BOE.412158
https://doi.org/10.1364/BOE.410810
https://doi.org/10.1364/BOE.421345
https://doi.org/10.1364/BOE.441214
https://doi.org/10.1364/BOE.451006
https://doi.org/10.1364/BOE.446975
https://doi.org/10.1364/BOE.452076
https://doi.org/10.1364/BOE.470202
https://doi.org/10.1002/cld.1061
https://doi.org/10.1038/nature05660
https://doi.org/10.1038/s41591-018-0316-z
https://doi.org/10.1038/s41746-019-0192-z
https://doi.org/10.1038/s41746-021-00441-4
https://doi.org/10.1038/s41467-021-24710-8
https://doi.org/10.1126/sciadv.abm3952
https://doi.org/10.1364/BOE.432654
https://doi.org/10.1364/BOE.445041

Research Article Vol. 14, No. 9/1 Sep 2023/ Biomedical Optics Express 4946 |

Biomedical Optics EXPRESS -~

43. Y. Li, X. Shi, L. Yang, C. Pu, Q. Tan, Z. Yang, and H. Huang, “MC-GAT: multi-layer collaborative generative
adversarial transformer for cholangiocarcinoma classification from hyperspectral pathological images,” Biomed. Opt.
Express 13(11), 5794-5812 (2022).

44. C. Bench, J. Nallala, C. Wang, H. Sheridan, and N. Stone, “Unsupervised segmentation of biomedical hyperspectral
image data: tackling high dimensionality with convolutional autoencoders,” Biomed. Opt. Express 13(12), 6373-6388
(2022).

45. L. Jong, N. de Kruif, F. Geldof, D. Veluponnar, J. Sanders, M. Vrancken Peeters, F. van Duijnhoven, H. Sterenborg,
B. Dashtbozorg, and T. Ruers, “Discriminating healthy from tumor tissue in breast lumpectomy specimens using
deep learning-based hyperspectral imaging,” Biomed. Opt. Express 13(5), 2581-2604 (2022).

46. S. Mohan, C. Thirumalai, and G. Srivastava, “Effective heart disease prediction using hybrid machine learning
techniques,” IEEE Access 7, 81542-81554 (2019).

47. H.Li, Y. Weng, E. Farantatos, and M. Patel, “A Hybrid Machine Learning Framework for Enhancing PMU-based Event
Identification with Limited Labels,” in IEEE International Conference on Smart Grid Synchronized Measurements
and Analytics, 1-8 (2019).

48. S. R. Steinhubl, E. D. Muse, and E. J. Topol, “The emerging field of mobile health,” Sci. Transl. Med. 7(283),
283rv283 (2015).

49. S. K. Asrani, H. Devarbhavi, J. Eaton, and P. S. Kamath, “Burden of liver diseases in the world,” J. Hepatol. 70(1),
151-171 (2019).

50. M. Wong, J. Huang, J. George, J. Huang, C. Leung, M. Eslam, H. Chan, and S. C. Ng, “The changing epidemiology
of liver diseases in the Asia—Pacific region,” Nat. Rev. Gastroenterol. Hepatol. 16(1), 57-73 (2019).

51. R. Lester, J. D. Ostrow, and R. Schmid, “Enterohepatic circulation of bilirubin,” Nature 192(4800), 372 (1961).

52. P. A. Dennery, D. S. Seidman, and D. K. Stevenson, “Neonatal hyperbilirubinemia,” N. Engl. J. Med. 344(8), 581-590
(2001).

53. A. Louvet and P. Mathurin, “Alcoholic liver disease: mechanisms of injury and targeted treatment,” Nat. Rev.
Gastroenterol. Hepatol. 12(4), 231-242 (2015).

54. R. Williams, S. W. Schalm, and J. G. O’Grady, “Acute liver failure: redefining the syndromes,” Lancet 342(8866),
273-275 (1993).

55. R. C. Chen, Y.-J. Cai, J.-M. Wu, X.-D. Wang, M. Song, Y.-Q. Wang, M.-H. Zheng, Y.-P. Chen, Z. Lin, and K. Q. Shi,
“Usefulness of albumin-bilirubin grade for evaluation of long-term prognosis for hepatitis B-related cirrhosis,” J.
Viral Hepatitis 24(3), 238-245 (2017).

56. S. Yasuda, S. Itoh, K. Isobe, M. Yonetani, H. Nakamura, M. Nakamura, Y. Yamauchi, and A. Yamanishi, “New
transcutaneous jaundice device with two optical paths,” J. Perinat. Med. 31(1), 81 (2003).

57. F. Hemmati and N. A. K. Rad, “The value of Bilicheck® as a screening tool for neonatal jaundice in the South of
Iran,” Iranian J. Med. Sci. 38, 122 (2013).



https://doi.org/10.1364/BOE.472106
https://doi.org/10.1364/BOE.472106
https://doi.org/10.1364/BOE.476233
https://doi.org/10.1364/BOE.455208
https://doi.org/10.1109/ACCESS.2019.2923707
https://doi.org/10.1126/scitranslmed.aaa3487
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.1038/s41575-018-0055-0
https://doi.org/10.1038/192372a0
https://doi.org/10.1056/NEJM200102223440807
https://doi.org/10.1038/nrgastro.2015.35
https://doi.org/10.1038/nrgastro.2015.35
https://doi.org/10.1016/0140-6736(93)91818-7
https://doi.org/10.1111/jvh.12638
https://doi.org/10.1111/jvh.12638
https://doi.org/10.1515/JPM.2003.012

