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Abstract: Patient-derived organoids (PDOs) serve as excellent tools for personalized drug
screening to predict clinical outcomes of cancer treatment. However, current methods for efficient
quantification of drug response are limited. Herein, we develop a method for label-free, continuous
tracking imaging and quantitative analysis of drug efficacy using PDOs. A self-developed optical
coherence tomography (OCT) system was used to monitor the morphological changes of PDOs
within 6 days of drug administration. OCT image acquisition was performed every 24h. An
analytical method for organoid segmentation and morphological quantification was developed
based on a deep learning network (EGO-Net) to simultaneously analyze multiple morphological
organoid parameters under the drug’s effect. Adenosine triphosphate (ATP) testing was conducted
on the last day of drug treatment. Finally, a corresponding aggregated morphological indicator
(AMI) was established using principal component analysis (PCA) based on the correlation
analysis between OCT morphological quantification and ATP testing. Determining the AMI
of organoids allowed quantitative evaluation of the PDOs responses to gradient concentrations
and combinations of drugs. Results showed that there was a strong correlation (correlation
coefficient >90%) between the results using the AMI of organoids and those from ATP testing,
which is the standard test used for bioactivity measurement. Compared with single-time-point
morphological parameters, the introduction of time-dependent morphological parameters can
reflect drug efficacy with improved accuracy. Additionally, the AMI of organoids was found to
improve the efficiency of 5-fluorouracil(SFU) against tumor cells by allowing the determination
of the optimum concentration, and the discrepancies in response among different PDOs using the
same drug combinations could also be measured. Collectively, the AMI established by OCT
system combined with PCA could quantify the multidimensional morphological changes of
organoids under the drug’s effect, providing a simple and efficient tool for drug screening in
PDOs.

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

1. Introduction

Patient-derived organoids (PDOs) as in vitro organotypic models which can stably reproduce
morphological characteristics and some physiological functions of the original healthy tissues
have gained enormous interest in personalized medicine, drug screening, and cell therapy [1].
Since PDOs achieve to predict drug response due to their inherent ability in preserving the
heredity and heterogeneity of original tumors, offering an excellent tool for high-throughput
drug screening and drug toxicity assessment [2,3]. Current PDOs, such as the gastrointestinal
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tract, pancreas, liver, breast, prostate, and lung can be transferred, cryopreserved, and genetically
altered for long periods and do not undergo any significant gene mutation or epigenetic changes
[4,5]. PDOs which were extracted from different patients would indicate the incidence status
of individuals. Therefore, a living biological database that contains overall information about
various patients would be formed, providing chemosensitivity data of individual patients for
effective chemotherapy treatments [2]. However, the current evaluation method for achieving
accurate drug response prediction using organoids are limited in clinical trials. Consequently,
quantitative method for accessing drug efficacy is required for drug screening.

Current quantification of the PDO drug response is obtained by cell viability measurements,
biochemical testing, expression of cell-specific labels or transgenic reporter genes and bright-field
microscopy [6]. Biochemical testing approaches such as 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide(MTT), adenosine triphosphate (ATP), 2, 3-bis (2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide(XTT), and cell counting
kit-8(CKK-8) are usually destructive which fails to monitor organoids over long periods [7—11].
Other methods used for the morphological observation of organoids, such as histological staining,
fluorescence microscopy, and bright-field microscopy, usually lack the ability to image volumetric
structures. Ultimately, this may lead to large errors in quantitative analysis that is based on
2D information or the approximation of organoids as spheres or ellipsoids [12]. Therefore, a
monitoring tool that enables the continuous and non-destructive three-dimensional (3D) imaging
of organoids over a relatively short period is urgently needed to evaluate the growth and drug
responses of organoids.

Optical coherence tomography (OCT) is a non-invasive 3D image technique with high spatial
resolution [13]. The millimeter-scale penetration depth and micrometer-scale resolution of
OCT enable this technique to depict the internal structures of organoids with high resolution.
Furthermore, the label-free nature of OCT allows the longitudinal monitoring of quantitative
and morphological variation in these organoids. Deloria et al. adopted 3D OCT with ultra-high
resolution to observe the internal structures of trophoblastic organoids derived from human
placenta [14]. Ming et al. utilized a spectral-domain optical coherence tomography (SD-OCT)
system to characterize the growth of cardiac organoids derived from human pluripotent stem
cells, ultimately observing the complex connections between cavities of different sizes [15].
Additionally, Gil et al. introduced an OCT method to track the volumetric growth of colorectal
cancer PDOs, preliminarily verifying the feasibility of OCT in evaluating organoid drug responses
[16]. It is important to note that PDOs as 3D in vitro model for drug screening exhibit more
morphological indicators besides volume value. Consequently, quantification analysis which
only considering organoid volume would lead to more biased evaluation of organoid drug
responses, whereas the characterization of multiple morphological indicators would facilitate a
more comprehensive and accurate evaluation of organoid growth [16-18].

To improve the development of drug therapeutic schemes for cancer, a self-developed SD-OCT
system was adopted to monitor the morphological variations in PDOs across a 6-day treatment
protocol with different drugs. Moreover, combining a deep learning network (EGO-Net) for
organoid segmentation and morphological quantification with principal component analysis
(PCA) would allow the aggregated morphological indicator (AMI) method established, which
could quantitatively evaluate drug efficacy in individual patients. Furthermore, ATP testing was
adopted to measure organoid viability. Finally, the correlation between the result of ATP testing
and AMI results was used to evaluate the accuracy and effectiveness of AMI method in analyzing
personalized antineoplastic efficacy in vitro.



Research Article Vol. 14, No. 4/1 Apr 2023/ Biomedical Optics Express 1705 |

Biomedical Optics EXPRESS P

2. Methods

2.1. Culture and dosing of patient-derived colorectal cancer tissue

Colorectal cancer organoids were derived from three patients (Patient1(P1), Patient2(P2), and
Patient3(P3)). The organoids used for drug screening require the observable budding of organoids
under bright-field microscope (4x magnification), and most of the organoids have the actual
equivalent diameter of no less than 50 um. PDOs for the drug sensitivity assay were cultured in
96-well plates. One 96-well plate was used per patient for a total of three 96-well plates. The
drug concentration gradients and drug combination schemes used were designed in advance.
The concentration gradient of the antineoplastic drug 5-fluorouracil (5-FU) and dosing scheme
of different drug combination were shown in Table 1 and Table 2, respectively. Three wells
were cultivated for each concentration or drug combination. A volume ratio of Matrigel:
cell suspension of 2:1 was used during organoid culture, with medium changed every 48 h.
Observation was conducted with an optical microscope every 24 h, and data were acquired every
24 h by OCT. ATP testing was conducted on the final day (day 6).

Table 1. Gradient concentration dosing of organoid samples.

Serial number Drug name Type of medication Drug concentration
1 Control (No treatment) n/a n/a
2 Spg/ml
3 15ug/ml
4 5FU (5fluorouracil) [4] Anti-metabolic drugs W
5 135ug/ml
6 405ug/ml

Table 2. Addition of drug combinations in organoid samples.

Serial number Drug name Type of medication Drug concentration
1 Control (No treatment) n/a n/a
2 SFU [4] Anti-metabolic drugs Sug/ml
3 Trastuzumab [19] Targeted agents 175ug/ml
4 Vemurafenib [20] Protein inhibitors 21.014ug/ml
5 FOLFIRI combination [21] Combination medication SFU:22.5ug/ml
SN38:0.014ug/ml
6 Cetuximab with Drug combinations Cetuximab: 0.087ug/ml
Vemurafenib [22] Vemurafenib:21.014ug/ml

2.2. OCT imaging

High-resolution SD-OCT, with a central wavelength of 1310 nm and a full width at half maximum
of 248 nm, was employed to acquire organoid data (Fig. 1). The axial and lateral resolutions of
the OCT system were 4.6 um (in air) and 13 um, respectively. The imaging depth was 3.5 mm,
and the A-Scan scanning frequency was set to 48 kHz. 3D OCT images of 4 X 4 x 3.58 mm (800
(x) x 800 (y) x 1024 (z) pixels) were obtained with a sensitivity of 111 dB and pixels measuring
5(x) x5 (y) x3.49 (z) um.

2.3.  ATP viability measurement of organoids

ATP as the main energy currency of cell which can be used to reflect the metabolic activity of a
cell. ATP content which considered as the standard for bioactivity quantification is one of the
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Fig. 1. Colorectal cancer organoid collection and data processing process. Patient-derived
colorectal cancer organoids in 96-well plates were treated with drugs. Different colors
represented different dosing schemes. SD-OCT data was acquired every 24 hours, and photos
were taken by bright-field microscope after each SD-OCT acquisition. The SD-OCT images
were segmented by self-designed EGO-Net network and reconstructed for the organoid’s
quantification. After statistical processing, organoids AMIs were finally obtained.

most common methods used in antineoplastic drug screening [23]. In this study, the ATP value
was obtained via chemiluminescence analysis of colorectal cancer organoids that were cultured
and treated with various drugs in 96-well plates for 6 d [24].

2.4. Morphological quantification of organoids

The OCT images were subjected to pre-processing and accurate target organoid segmentation to
achieve precise assessment of the organoids morphological characteristics [25,26]. Given the fact
that OCT images would exhibit several problems hampering precise organoids segmentation, such
as the morphological diversity of organoids and low contrast between organoids and surrounding
medium, we designed an EGO-Net network to enhance the organoid boundaries recognition
which allow accurate segmentation of the target organoids. The image process of organoids was
shown in Fig. 2(A-F). It was reported that the recognition accuracy of this network could reach
85.4% [34] for organoids with an equivalent diameter >32 um [27,28]. The volume, surface
area, sphericity, quantity, and other morphological parameters of the separated organoids were
quantified based on the connected-region calculation. The daily mean value and inter-day standard
deviation for the organoid morphological parameters were used as quantification indicators of
temporal fluctuation. Figure 2(G) shows the morphological index quantification process of
organoids. The quantification algorithm used to analyze the organoid morphological parameters
is shown in Algorithm 1.

2.5. Analysis of the AMI of the organoids

The AMI of the organoids was obtained based on the statistical correlation between the single
organoid morphological parameters and the ATP test results. Considering the limitations in terms
of sample quantity, Spearman correlation analysis was performed between each morphological
parameter and the ATP test results. Morphological parameters that showed strong correlation with
organoid viability (Spearman correlation coefficient > 0.85), were selected for further analysis.
Screening indicators were then adjusted using PCA to obtain the AMI of organoids.
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Algorithm 1. Morphological quantification of organoids

1 Png format images were saved as mat format data.

2. Holes in each frame of X-Z images (imfill option = “holes”) were filled and saved as 3D
filled image data.

3. Image data with filled holes were used to obtain the 3D boundary image data.
4. Connected regions in 3D filled image data (bwlabeln) were labelled and the actual pixel

quantity in each connected region (regionprops = “Area”) counted. The index subscript
of regional pixels was saved (regionprops = “PixelldxLis”).

5. Voxels, filled voxels, and surface area pixels in each connected region were calculated.

6. Actual voxels and surface area pixels were calculated (actual 3D pixel size=5 x 5
x 3.49(z) um?, actual 2D pixel size =5 x 5 um?).

7. The connected regions of organoids with equivalent diameters < 32 um were
eliminated [16].

8. For organoids with equivalent diameters >32 pm, the equivalent diameter, quantity,
overall volume, overall surface area, and specific surface area in each well were
calculated along with the average volume, average specific surface area, and average
sphericity of the individual organoids.

9. The daily mean value and inter-day standard deviation for each organoid morphological
parameter, such as the overall volume, the overall surface area in a single well, were
calculated for each cell.
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Fig. 2. Image processing process and morphological index quantification process of
organoids. A: organoid image captured by optical microscope. B-D: OCT images of three
sections, namely XY, XZ, and YZ sections. E: 3D OCT original image reconstruction. F: 3D
segmentation image reconstruction. G: Quantification process of organoid morphological
parameters. Scale bar = 500um.

(1) Establishment of standardized morphological parameter Matrix A for organoids by PCA:
The PCA method requires the elimination of various dimensions effects in the morphological
parameters. The Z-Score method was adopted to standardize the morphological parameters
selected by Spearman correlation analysis. Consequently, the standardized morphological
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parameter Matrix A of organoids was established as follows:

X11  X12 cee X1jee. X1
X21 X22 e ij .o X7
A= , )]
. xij .
Xml  Xm2 cee Xmjoeo Xl

Matrix A is an array with m rows and / columns, where m is the overall number of culture wells
used in the three 96-well plates, [ is the number of morphological parameters, and x;; is the value
of the ji, morphological parameter in the iy culture well. In this study, m = 108 and [ = 10.

(2) Establishment of the morphological parameter polynomial Fj for the organoids:

The weights of the organoid morphological parameters were calculated by singular value
decomposition (SVD) and the organoid morphological parameters normalized according to their
weight coefficients.

Firstly, the covariances between the organoid morphological parameters were calculated to
establish covariance Matrix B with / rows and / columns.

B = cov(A),
cov(xi,x1), cov(xi,x2) --- cov(xi,x;)--- cov(xi,xp)
B , (2)
cov(xy, x1), cov(x;,x2) -+ cov(xy,x;) -+ cov(x;,xp)

IxI

In Matrix B, cov() indicates covariance, and x; indicates the jy, morphological parameter,
Xj = [xlj,XQj, PN ,xmj]T.

The eigenvalues and eigenvectors of the covariance matrix, calculated by SVD, formed an
eigenvalue sequence from largest to smallest. The eigenvectors corresponding to the sorted
eigenvalues were then used as weight coefficients for the organoid morphological parameters.

The eigenvalue A in matrix B B was then calculated:

|BTB — AE| = 0, 3)

The eigenvector v that corresponds to eigenvalue A was obtained by introducing eigenvalue
Ay, into the following equation:
(B'B — ALE)vi = 0, )

Eigenvectors were then sorted to form a sequence from large to small in terms of the
eigenvalues A;. In the sequence, vy = [ax1, ax2, - - .,akz]T is the weight coefficient of the kth
normalized organoid morphological parameter Fj in the ith culture well. The normalized
organoid morphological parameters, Fj;, were obtained by multiplying the standardized organoid
morphological parameters with their weights, shown as follows:

F,’k = apXj| +tapxp+...+ A X + ...+ apx; (5)

(3) Acquisition of the AMI:

The AMI of the organoids was established according to the singular value proportion, that is,
whether the value }’ by exceeded threshold @ (@ = 85% in this study). The first three normalized
polynomials from the organoid morphological parameters were selected, whose weights are the
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singular value proportions with the relationship o, = +/Ax between the singular value o} and

the eigenvalue Ay.
O

by =
1
Zkzl Ok

Z by>threshold a, 7

, (6)

The proportion of the singular value by is the variance contribution rate of the ky, normalized
organoid morphological parameter Fj, (the weight of Fi).

Finally, the weights of the normalized organoid morphological parameters in the ith culture
well were multiplied by the polynomials of the normalized organoid morphological parameters
in the ith culture well. The results were then summed to obtain the AMI of the organoids in the
ith culture well, AMI:

3
AMI= )" biFi, ®)

2.6. Statistical analysis

Statistical product and service solutions (SPSS) was used for all statistical analyses. The
average values from the repeated experiments were adopted for quantification of the organoid
morphological parameters. And well replicates were applied to reduce random errors. The inter-
day standard deviation of the organoid morphological parameters was used as the quantification
indicator of temporal fluctuation in the morphological parameters. Spearman correlation
coeflicients were calculated for correlation analysis of the morphological parameters and ATP
tests, with all selected indicators showing significant correlation (P <0.05). The obtained
Kaiser-Meyer-Olkin value > 0.7 in the PCA tests indicated that the PCA can be utilized for
organoids to obtain the one-dimensional AMI. The principal components were selected when the
cumulative variance contribution rate was > 85%.

3. Result
3.1. Drug actions lead to various volumetric change rates in PDOs from different
patients

The observation of volumetric change in different PDOs under same drug treatment would be
beneficial to ascertain any differences between individuals. The organoids growth is a continuous
process, where the quantitative analysis of the volumetric change rates for different drugs allows
the identification of drugs with optimal efficacy and facilitate more personalized and precise
treatment of patients [16]. The morphological images of the time-dependent changes in PDOs
from P1 and P2 are shown in Fig. 3(A) (organoids with an equivalent diameter < 32 um were
eliminated). PDOs volume began to change significantly from the day 3. The organoid volume
in each well was calculated and compared with the volume of the control group. The daily
volume in each well required normalization because of discrepancies in the quantities of the
initial organoids; this was conducted by dividing the volume observed on each day by the volume
on the first day. The overall single-well volumetric change rates of the different drug-treated
patient-derived colorectal cancer organoids compared to the control group is shown in Fig. 3(B),
(C). The daily overall volumetric change rate was obtained by subtracting the normalized volume
for the control group from that of the drug group. The drug responses of P1 and P2, who both
suffered from colorectal cancer, were generally similar. An ascending trend of volume value was
observed in both the trastuzumab-treated and vemurafenib-treated groups when compared with
the control group, whereas a descending trend was seen in the other three groups. It should be
noted that the overall organoid volume on the sixth day of drug effect resulted in a Spearman
correlation coefficient < 0.8 when compared to the ATP tests results. This indicated a lack of
accuracy when using a single organoid volume measurement to characterize drug response.
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Considering the time-dependent organoid volumetric change caused by drug treatment, the daily
change and amplitude of time-dependent fluctuations in organoid volume were characterized by
the corresponding daily mean value and rolling standard deviation in each individual organoid.
Spearman correlation coefficients of 0.8403 and 0.8609 were obtained between ATP tests and the
daily mean value and rolling standard deviation of the average volume in individual organoids,
respectively; both correlations were considered statistically significant (P <0.01). This result
indicates a strong correlation between the time-dependent volumetric change and the bioactivity of
organoids, showing quantification of the time-dependent changes in the organoid morphological
parameters can more accurately reflect drug efficacy.
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Fig. 3. Volume changes in patient-derived tumor organoids due to drug treatment. A: 3D
OCT segmented images of different patient colorectal cancer organoids (control, SFU-treated
group), including. B-C: Heat map show pairwise differences of overall volume change
between each treatment and control. Top: Colorectal cancer organoids from P1. Bottom:
Colorectal cancer organoids from P2. Scale bar = 1mm.

3.2.  Quantification of time-dependent morphological parameters in organoid clusters
cultured on individual well plates

Previous studies have revealed that organoids are not perfect spheres and the drug effect efficacy
on organoids cannot be accurately reflected by only quantifying time-dependent changes that
occur in the organoid volume [18]. Due to discrepancies in the surface area and organoid
sphericity, the trends in time-dependent changes of morphological parameters, such as volume,
surface area, and sphericity, are not entirely consistent for each organoid. The time-dependent
changes in the overall volume, overall surface area, and average sphericity of the organoids from
P1 with no drug and 15 pg/mL 5-FU treatment are shown in Fig. 4. These results indicate that
similar time-dependent change trends for overall volume and surface area, whereas the changing
trend in average sphericity is comparatively not obvious. Spearman correlation analysis between
the morphological parameters and the ATP test results indicate organoid viability based on the
morphological parameters of the PDOs from P1 and P2 under different drug treatments (Fig.S1).
The quantitative AMI expression was established using PCA. Based on Spearman correlation
analysis, the morphological parameters used to calculate the AMI were determined from the
average surface area on the last day (ASA;,), the equivalent diameter on the last day (Dj,y),
the daily mean average volume for a single organoid (AV,,..,), the daily mean average surface
area for a single organoid (ASA,.q4n), the daily mean average sphericity for a single organoid
(ASPean), the daily mean equivalent diameter for a single organoid (D4, ), the rolling standard
deviation in the daily change rate for the specific surface area in a single organoid (DSAgy),
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the rolling standard deviation for the average volume for a single organoid (A V), the rolling
standard deviation for the average surface area for a single organoid (ASyy), and the rolling
standard deviation for the equivalent diameter for a single organoid (D). Using SVD of the
covariance matrix, the formula of the three normalized organoid morphological parameters with
a variance ratio > 85% was obtained and is presented as follows:
Fy = 0.3433A8A,,5: + 0.3291Dj,5; + 0.3426AV 100n + 0.3450A8A,10an + 0.0537
ASPean + 0.3291D,00n + 0.2990DSA 10 + 0.3392AV 4y + 0.3347AS1q + 0.3312D4,
Fy = —0.0373A85A 45 + 0.1365D,5; + 0.0108AV 00, — 0.0195A8A,100, + 0.9544
ASP ean + 0.1620D,,,04, — 0.1064DSA s — 0.0958AV,; — 0.1104AS5,s — 0.0979Dy;4,
F3 = —0.2094A8A,,5: — 0.3551Dj45t — 0.2104AV y00n — 0.1704A8A 1ean + 0.2308

ASPriean — 0.2963D a0 + 0.6546DSAsq + 0.0888AV g + 0.1388AS 14 + 0.4000D 14
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Fig. 4. Morphological tracking result of P1 PDOs. A: Bright field microscope, OCT
and corresponding processing images under no treatment. B: Changes in overall organoid
volume, overall surface area and mean sphericity under the no treatment. C: Bright field
microscope, OCT and corresponding processing images under SFU treatment. D: Changes
in overall organoid volume, overall surface area and mean sphericity under SFU treatment.
(Error bars indicate standard deviation, n = 3).

On this basis, the normalized organoid morphological parameters were linearly weighted by
PCA to construct an AMI for the organoids:

AMI = 0.825673F + 0.103979F, + 0.043914F3 , C))

3.3. Testing drug efficacy over a concentration gradient based on AMI quantification

To test the correlation between the AMI and the ATP test results and determine the effects of
drug delivery over a concentration gradient, 5-FU experiments were conducted on P1 PDOs. The
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specific concentrations used are listed in Table 1. OCT images and morphological quantification
results of P1 PDOs under 5-FU treatment at different concentrations is shown in Fig. 5. As
shown in Fig. 5(A), descending trends were observed in the P1 PDOs quantity under the different
5-FU concentrations. Meanwhile the volumes of single organoids and the overall volume of
the organoids in a single well showed same trend. In contrast, the organoids number increased
significantly over the first 3 days in the control group, with the overall volume of organoids
showing the increased trend throughout the entire observation period.
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Fig. 5. OCT 3D segmentation and quantification results of P1 PDOs treated with different
concentrations of SFU. A: OCT segmentation images of P1 PDOs treated with gradient
concentrations of SFU drug, where different color bars represent different equivalent
diameters of the organoid. B-D: ATP results versus mean volume, mean sphericity and
AMIs results of organoids in the single well plate at different SFU concentration. Scale
bar = 1mm. (Error bars indicate standard deviation, n = 3).

The changes in average volume, average sphericity, AMIs, and ATP measurement across
different 5-FU doses are shown in Fig. 5(B-D). To obtain more comparable correlations,

each indicator in the figure was normalized against the results obtained for the control group.

o . 1
Normalization was performed by normalizing to the control group (Nor.Value = #ZD”‘KI . As
ontroi

shown in Fig. 5(B-D), the average volume of all organoids decreased to a certain extent under 6
days of drug treatment at different concentrations when compared to those in the control group.
However, this decrease was not sustained as the drug concentration increased, with a minimum
organoid volume observed at a 5-FU concentration of 5 ug/mL. When the drug concentration
exceeds 5 ug/mlL, the normalized organoid average volume rebounds as the drug concentration
increases. The average sphericity of organoids decreased to a minimum after 6 days of 15ug/mL
5-FU treatment. Continuous increased drug concentration led to a significant rebound in the
average sphericity of organoids, and the AMIs for P1 PDOs declined as the 5-FU concentration
increased; these AMI results exhibited a significant similarity to the results of the ATP viability
test. Overall, the drug efficacy assay results measured by AMI were consistent with the conclusion
that the cancer cell killing efficiency can be enhanced by increasing the 5-FU concentration, as
reported in other work [29]. This indicates that, compared with a single morphological indicator,
the AMI of organoids contains multi-dimensional temporal and structural data, upon which drug
efficacy can be better determined.
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3.4. Testing the efficacy of different drugs based on AMI quantification

To investigate the testing drug efficacy of AMI, combined drug experiments with different drug
combinations were conducted on P3 PDOs without the use of PCA. The specific dosing scheme
is listed in Table 2. Normalized morphological parameters of PDOs from P3 were introduced to
Formula (9) to obtain the AMI under different drug treatments. OCT images were obtained from
the continuous monitoring of P3 PDOs under the different drug treatments over 6 days (Fig. 6(A)).
Based on the OCT segmentation images of the separated organoids, combined SFU, SN38
treatment, combined cetuximab, vemurafenib treatment and 5-FU treatment reduced the quantity,
size, and overall volume of the organoids in a single well. While no significant changes were
observed occurred in the same parameters for the organoids in single wells under the vemurafenib
effect alone. The tracking results for individual organoids, illustrated with white arrows in
Fig. 6(A), were consistent with the overall drug response of these organoids. To eliminate
additional dimensional effects, the morphological parameters from P3 PDOs and the ATP test

I ru;
results were normalized to the control group (Nor.Value = % When comparing the

results of organoid morphological quantification with the ATP tests (”F1g 6(B-D)), inconsistency
was observed between the ATP test results and the average volume and sphericity of P3 PDOs
across the 6 days treatment. However, the obtained AMI results including the temporal and
multi-dimension structural data, which were highly consistent with the ATP test results. The
calculated Pearson correlation coefficient of the ATP results compared to the average volume,
average sphericity, and AMI were 0.851 (P <0.05), 0.018, and 0.925 (P < 0.01), respectively.
The ATP test is considered the standard method in quantifying bioactivity. A comparatively
strong correlation with the ATP results was demonstrated using AMI quantification, indicating
great significance in this non-destructive drug efficacy characterization.
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Fig. 6. OCT 3D segmentation and quantification results of P3 PDOs treated with different
drugs. A: Segmented images of P3 PDOs. B-D: ATP results versus mean volume, mean
sphericity and AMIs results of organoids in the single well plate at different drugs. Scale
bar = Imm. (Error bars indicate standard deviation, n = 3).

4. Discussion

Optical microscope hardly captures the variation in 3D organoid morphology to determine the
drug responses of organoids. The fluorescent agents that are used as labels in fluorescence
microscopy interfere with the cell environment, inhibiting the non-destructive and continuous
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monitoring of organoids; this problem also exists in biochemical testing [12]. Therefore, a 3D
label-free imaging method is required to recognize precise morphological variations in the 3D
organoid structure [6]. Consequently, OCT was adopted in this study to monitor the growth
status and morphological changes induced by drugs effect on organoids (Fig. 3(A), Fig. 4(A),
Fig. 5(A) and Fig. 6(A)). Compared with other imaging methods, the advantages of OCT, such as
its non-destructive characteristics, deep penetration and volume imaging ability, allow evaluation
of the organoids 3D variation on a continuous basis (Fig. 3(A), Fig. 4(A), Fig. 5(A) and Fig. 6(A))
[10]. In this study, the time-dependent morphological parameters of organoids were quantified
using the image data acquired via OCT, this enabled investigation into the morphological variation
of organoids under different drugs effect. The OCT has been implemented in several other studies
for the continuous monitoring the changing status of organoid volumes under drug treatments
[16].

The organoid volumetric growth trend monitored by OCT (Fig. 3) indicated that the viability
and drug responses of organoids may not be accurately characterized by volume parameter only;
this was concluded because the Spearman correlation coefficient between the overall volume
and ATP results on the last day was determined to be < 0.8. Figure 4((B), (D)) demonstrated
large discrepancies in the changing trends of the different morphological parameters under drug
treatment. Specifically, the trends vary in standardized volume and standardized sphericity.
Quantifying the volumetric change of organoids only and neglecting other morphological
changes, such as organoid surface area or sphericity, may lead to evaluation bias. Furthermore,
Gil et al. introduced multi-dimensional morphological parameters to investigate the organoids
heterogeneity by cluster analysis. These results indicated that different information may be found
by using multi-dimensional morphological parameters [30]. Gil et al. also investigated the
estimation errors in organoid volume by calculating sphericity, which is a significant source of
information in the morphological characterization of organoids [16]. Therefore, considering
multiple parameters can facilitate accurate growth monitoring and drug response evaluation of
organoids.

The AMIs of organoids includes volume, sphericity, quantity, and equivalent diameter [31].
Owing to OCT advantages in achieving 3D monitoring, we were able to analyze the morphological
multi-parameters of organoids. Namely, we could analyze the overall volume, overall surface
area, overall number, average volume, average surface area, average volume, average sphericity,
average specific surface area and average equivalent diameter of each culture well at a single time
point [16,17,31]. Considering the characteristics of OCT non-destructive monitoring, we were
able to analyze the daily mean and time-varying standard deviation of the above parameters over
6 days. Organoid volume refers to the space occupied by an organoid, which increased over time
in the control group. Under the treatments of the studied drugs, the volume tends to increase or
decrease, with decreases volume attributed to the suppression of cancer organoids as a result
of drug treatment. Organoid sphericity is a quantitative parameter of the organoid sphericity
degree. The sphericity index of organoids enables to characterize the organoid shape, namely,
whether the shape is regular or not. When the sphericity is close to 1, that means organoids
are more rounded, and when it is close to 0, organoids tend to be more irregular. At the same
time, we substituted the volume and surface area of organoids into the sphericity formula of
organoids. Owing to volume and surface area were calculated by pixels methods, the shape of
organoids can be characterized. Under drug treatment, sphericity was observed to increase or
decrease over time, which may be related to the growth status of the organoids. Organoid quantity
refers to the number of organoids in a particular space, and an observed increase in quantity may
indicate that drug can facilitate the growth of organoids. Organoid equivalent diameter refers to
the diameter of a sphere with the same volume as the organoid. Organoid equivalent diameter
directly characterizes the size of the organoid and can be used to evaluate the effects of drugs on
organoid size.
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When testing the bioactivity of colorectal cancer organoids under 5-FU treatment with
different concentrations, the ATP value was found to decrease as drug concentration increased.
Besides, AMIs showed a similar tend (Fig. 5(D)). Koch et al. tested the drug responses of
cholangiocarcinoma organoids to various sorafenib concentrations; the corresponding results
exhibited decreasing cell proliferation rates as sorafenib concentration increased [32]. Cho et al.
indicated that the cancer cell survival rate and 5-FU concentration are related. Namely, the cell
vitality would decrease as the drug concentration increased [4]. The reliability of the results in
this study is verified by the conclusions of previous studies, and the morphological parameters of
organoids under various concentrations of drug treatments were quantified. The corresponding
results indicated that the AMI exhibits higher correlation with the ATP results compared to
average volume and sphericity (Fig. 6(B-D)). These results were also verified by the calculated
correlation coefficients. The AMI characterizes drug responses and exhibits a high degree of
similarity of ATP testing. The disadvantages of ATP testing are its destructive way result in only
a single-point measurement. These complications can be overcome by AMI analysis, which
demonstrates potential for non-destructive, continuous, and accurate personalized drug screening.

It must be emphasized that the coefficient weight of AMIs requires re-calculation for organoids
with different cancer types. In addition, there are still the discrepancies between the AMI and the
of the ATP test results, which probably was attributed to the diffusion limitation of the ATP test
reagent in organoids with large diameters. If the organoid radius exceeds the diffusion radius of
the ATP test reagent or drug, the reagent or drug may fail to enter the organoid; therefore, this can
generate errors when testing for organoid viability. The fact that organoids with a diameter < 32
um do not possess the same functions as mature organoids, which means smaller organoids
would be excluded in this study [16]. Nonetheless, as ATP is the primary carrier of energy
metabolism for organoids, these deviations may lead to the discrepancies between the AMI and
the ATP results [30]. However, there are some problems to be overcome when these studies
can be implemented into clinical practice [33]. The next step of this investigation involves the
introduction of metabolic variables or immunohistochemical analysis indicators to propose new
potential AMIs for organoids. Overall, the correlation between these new AMIs and toxicological
indicators can be enhanced by conducting correlation analysis between the AMI and toxicological
indicators, such as ATP or MTT [8-10].

5. Conclusion

This study verifies the OCT utility as a potential imaging tool in the visualization and quantification
of the 3D structural growth status of organoids. Compared with biochemical measurements, the
morphological quantification in this study can provide non-destructive and continuous dynamic
data of organoid growth. Compared with 2D estimation obtained from optical microscopy, the
voxel-based method in calculating volume is proved to be more accurate. Continuous tracking of
PDOs also indicates that different patients show different responses to drug effects, therefore
personalized drug screening methods are needed. In addition, morphological parameters such as
the number, volume, surface area and sphericity of organoids varied greatly under the drug effects,
indicating that only considering a single morphological parameter would be isolated. Overall,
AMI proposed in this report, based on PCA analysis, takes into account multi-dimensional
morphological parameters of organoid clusters, thereby enhancing accuracy in drug screening and
providing a novel non-destructive method by which drug effect on organoids can be quantitatively
analyzed.
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