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Background: Esophageal cancer management lacks reliable response predictors to
chemotherapy. In this study we evaluated the feasibility and accuracy of Biodynamic
Imaging (BDI), a technology that employs digital holography as a rapid predictor of
chemotherapy sensitivity in locoregional esophageal adenocarcinoma.

Methods: Pre-treatment endoscopic pinch biopsies were collected from patients
with esophageal adenocarcinoma during standard staging procedures. BDI analyzed
the tumor samples and assessed in vitro chemotherapy sensitivity. BDI sensitivity
predictions were compared to patients’ pathological responses, the gold standard
for determining clinical response, in the surgically treated subset (n=18).

Result: BDI was feasible with timely tissue acquisition, collection, and processing
in all 30 enrolled patients and successful BDI analysis in 28/29 (96%) eligible. BDI
accurately predicted chemotherapy response in 13/18 (72.2%) patients using a
classifier for complete, marked, and partial/no-response. BDI technology had
100% negative predictive value for complete pathological response hence
identifying patients unlikely to respond to treatment.

Conclusion: BDI technology can potentially predict patients’ response to
platinum chemotherapy. Additionally, this technology represents a promising
step towards optimizing treatment strategies for esophageal adenocarcinoma
patients by pre-emptively identifying non-responders to conventional platinum-
based chemotherapy.
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Introduction

Esophageal adenocarcinoma (EA) is a significant health
concern worldwide. In the United States, it accounts for over
16,000 deaths annually (1). Most patients are diagnosed with
locally advanced stage II or III disease, for which the gold
standard treatment is preoperative CRT (CRT) followed by
surgery in eligible patients. Recently, adjuvant immunotherapy
was integrated into the treatment of those with residual disease at
the time of surgery (2, 3). Nonetheless, the 5-year survival rate for
locoregional EA remains below 20% (4).

Neoadjuvant CRT provides an absolute benefit of 13%
improvement in 5-year survival for locally advanced esophageal
cancer compared to surgery alone (5, 6). The benefits of
neoadjuvant chemotherapy and radiation are most pronounced
among patients with an excellent histopathological response.
However, only 23% of patients with EA display a complete
pathological response, as demonstrated by the CROSS trial (2).
Conversely, patients with a poor response to CRT are more likely to
have a poor prognosis and suffer from treatment-related toxicities
with limited benefits. Studies estimate that 40% of patients treated
with CRT suffer from toxicities while deriving limited benefit (2, 7-
12). These toxicities range from financial and emotional burdens to
physical side effects, such as fatigue, esophagitis, and bone
marrow suppression.

The ability to accurately predict chemotherapy response would
optimize treatment outcomes by identifying patients most likely to
benefit from neoadjuvant therapy. It would also support likely non-
responders by providing them with additional data for a more
informed discussion regarding their prognosis and spare them
unnecessary toxicities. Although several “Predictive Biomarkers”
have been evaluated, none have been validated for predicting the
response to platinum chemotherapy or taxanes, the standard EA
chemotherapies. Additionally, the reliability of traditional staging
imaging modalities, such as positron emission tomography (PET),
in predicting treatment response remains uncertain (13).

We investigate Biodynamic Imaging (BDI) as a potential
solution. BDI uses low-intensity light illumination to construct
three-dimensional holographic reconstructions from depths up to
one millimeter inside the tissue. These reconstructions allow it to
capture and analyze intracellular motions in living tissue and cancer
biopsies. Intracellular motions within the tissue produce signals that
were shown to be modulated by tumor therapeutic agents in the
laboratory setting. Capturing and interpreting these signals enables
BDI to measure cellular responses to applied therapeutics (14-29)
Preliminary laboratory BDI testing in ovarian cancer cell lines with
different cisplatin sensitivities, in human epithelial ovarian cancer
(30) and in canine multicentric lymphoma to predict doxorubicin
sensitivity (31) supported its potential as a chemotherapeutic
response predictor and pave the way for human trials.

In this phase 2 trial, we explore implementing BDI technology
in a clinical setting and its potential predictive ability for
chemotherapy response in locoregional EA by training a three-
class neural network classifier for EA clinical chemotherapy
response. The primary objective was to examine the feasibility of
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implementing the BDI technique in a clinical setting with respect to
patient enrollment, tumor tissue acquisition, sample transport
within 24 hours, sample processing, and the successful application
of BDI technology. The secondary objective was to determine the
correlation between the obtained BDI prediction and patients’
clinical response to chemotherapy, defined as the pathological
response in the subset of patients who underwent surgery.

Methods
Eligibility criteria

We enrolled patients aged > 18 years with untreated,
nonmetastatic, histologically confirmed EA who were medically
fit and willing to undergo chemoradiotherapy. The Institutional
Review Board provided ethical approval, and all participants
provided written informed consent.

Specimen collection

Participants underwent endoscopic ultrasound (EUS) for
standard disease staging, during which we collected a tumor pinch
biopsy, the only sample collected for research. The tumor samples
were sent to the laboratory for analysis, as described below.
Subsequently, the participants received standard preoperative
chemoradiotherapy followed by surgery if medically appropriate.
Treatment and management decisions, including chemotherapy
regimen selection, rested on the treating physician’s discretion and
followed the standard of care. These decisions were made
independently of the BDI results. The two main concurrent
chemotherapy regimens were carboplatin with paclitaxel or
cisplatin with 5-fluorouracil. We recorded the administered
regimen to each patient and matched it to its representative BDI
analysis arm. After completing CRT therapy, if patients underwent
esophagectomy, we recorded their pathological response and
evaluated the correlation between it and BDT’s response prediction.
Table 1 presents the criteria for assessing tumor pathological
responses. We limited the correlation with BDI to the pathological
results in the subset of patients who underwent esophagectomies, as
surgery is the gold standard for determining pathological responses in
locoregional EA. Pathological responses post CRT have been shown
to correlate with overall survival in esophageal cancer (32). EUS post-
chemoradiotherapy has limited specificity and sensitivity, and EUS
biopsies post-chemoradiotherapy are limited by sampling errors (33—
35). In addition, inflammatory changes on PET/CT limit the
interpretation and determination of treatment response using this
modality (36). BDI results from patients who did not undergo
surgical resection were classified using the neural network classifier
but were not used for training or for calculating prediction accuracy.

Radiation effects were not modeled in vitro as there is no simple
way to mimic radiotherapy in the laboratory setting. We accept this
as a potential limitation of the present study. Any adverse events
related to the study procedure were recorded and followed up. All
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TABLE 1 Criteria for assessing tumor pathological response (modified
from the College of American Pathologists guidelines).

Response Definition

No residual tumor/ Grade 0: no viable cancer cell, 0% tumor.

Complete Response

Near Complete/
Marked Response

Grade 1: single/rare groups of cancer cells, 0 -
<10% residual tumor.

Moderate/Partial Response  Grade 2: residual cancer with regression, 10-50%

residual tumor.

Poor/No definite response Grade 3: No tumor regression, >50%

residual tumor.

treating specialists were blinded to BDI prediction. Figure 1 outlines
the study’s design.

Biopsy sample processing

Tumor biopsy samples used for biodynamic imaging were
chilled (4°C) the same day and dissected into multiple pieces of
one mm®. Between 16 and 32 pieces per patient were immobilized
in 96-well plates using agarose and immersed in RPMI 1640 growth
medium. The wellplate with the biopsy samples was then mounted
onto the sample stage of the BDI system for data acquisition. After
acquisition of a 4-hour baseline, samples were treated with cisplatin,
carboplatin, 5-fluorouracil, and paclitaxel individually and with
each combination of (cisplatin + 5-fluorouracil) and (carboplatin
+ paclitaxel). The four chemotherapy agents were selected based on
their prevalent use in treating EA and their varied action
mechanisms, representing the therapeutic strategies employed in
current clinical practice. The dynamic spectra were acquired over 10
hours after the application of the treatment in vitro, capturing the
early physiological responses of the samples to the treatments likely
related to the uptake facility of small-molecule drugs by living cells
within the biopsy. The biopsy samples have been shown to fully
maintain their health during this period. Afterward, the culture

Patients with advanced
locoregional esophageal
adenocarcinoma

Initial staging procedure
| +
Sample collection
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medium was replaced with 10% neutral buffered formalin for
preservation and stored at 4°C.

Biodynamic imaging

Biodynamic Imaging (BDI) is a dynamic-contrast, holographic
optical coherence tomography technique. The optical principle
behind the technique is off-axis holography; the interference of the
object and reference fields with a small offset angle creates a hologram
on the Fourier plane of the digital camera, and a numerical spatial
transform of the hologram yields a reconstruction of the object field
on the image plane. The offset between the two beams creates spatial
separation of the reconstructed components due to the spatial carrier
wave associated with the interference fringe pattern. BDI is optimized
to have high sensitivity to small-scale intracellular motions. These
motions are captured by the dynamic speckle pattern on the
hologram, which in turn is captured by the intensity fluctuations of
the reconstructed field which can be used as a surrogate observable to
examine the dynamics of the living tissue sample.

For this study, a Mach-Zehnder interferometer with short-
coherence superluminescent diode (SLD) source of A = 840nm was
used to implement the BDI technique. A schematic of the optical
system is shown in Figure 2. The low-coherence light and variable
optical path length (OPL) on the reference arm enable coherence
gating, where photons with matching OPL are coherent with respect
to the reference and form a stable interference pattern, while photons
whose OPL stretches outside the coherence length contribute only to
random noise. Coherence gating allows a consistent acquisition of
thin optical sections (~20 um) of the sample.

BDI features

BDI data consisting of high-frame-rate dynamic speckle images
were converted into fluctuation power spectra averaged over all the
sample pixels. Each power spectrum corresponds to an
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FIGURE 1
Outline of the study design. Bolded areas represent study interventions.
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A schematic diagram of the Mach-Zehnder interferometer used to perform biodynamic imaging (BDI). The reference arm contains a 180° reflector
mounted on a motorized stage to control the coherence depth for the optical sectioning. The object arm contains a series of optical Fourier
transforms with spatial filters (apertures). The object and reference beams are recombined with a slight angle offset at the beam splitter (BS3) and
projected onto the camera located on the Fourier plane, where the interferogram is recorded.

approximately 40-minute time frame. Several pre-treatment time
frames established each sample’s baseline, while post-treatment
frames captured drug-induced changes. Data aggregated from
multiple time frames for each sample were converted into a
differential spectrogram, i.e., a time-frequency representation of
the relative change in spectral power, offering the “fingerprint” of
the drug’s action on that sample (37). A visual summary of the data
processing steps is shown in Figure 3A comprehensive report on the
process and specifications of the BDI technology and other tools
used in this project are published in Hua et al. (2024) (38).

We analyzed these fingerprints using time-frequency masks to
isolate spectrogram sections previously correlated with biological
function. For instance, concurrent high and low-frequency
enhancements correlate with apoptosis. Hence, this concurrence
is used as a biomarker. Various biomarkers were assessed, including
integrated post-treatment power over the entire spectrogram,
selected frequency bands, strong inhibition occurrence, overall
spectra frequency shift, and collective fluctuation amplitude. We
utilized the strongest correlating biomarkers exclusively to generate
tumor cell survival predictive classifications presented as Complete
Response (Grade 0), Marked Response (Grade 1), and Partial/No
Response (Grade 2 or 3). Of these, the dominant treatments that
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best differentiated the responsive from the non-responsive patients
were cisplatin, paclitaxel and the combination cisplatin+5fu. The
dominant biomarkers were broad-frequency inhibition, change in
metabolic activity, and shift in intracellular speeds.

Neural network with triplet loss

The biomarkers were narrowed down to 20, with the strongest
clinical outcome correlations. These were used as the input to a
minimal two-hidden-layer neural network (NN) model with 20
neurons in the input layer, 20 in the first hidden layer, 10 in the
second hidden layer, and 3 in the output layer. The NN was trained
with the Adam update Matlab algorithm on a triplet loss function
(39) for dimensionality reduction from D = 20 to D = 3. The three-
dimensional output of the neural net was the input to a k-means
clustering algorithm to generate the three-class classifier. The
classifier was trained and validated using a one-left-out (OLO)
approach in which each successive patient was held out of the
training and then classified by the network trained on the remaining
patients. Only patients with clinical pathology outcomes were used
for training. Each patient receives a likelihood of belonging to each
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A visual summary of the data processing steps involved in biodynamic imaging. (A) the raw hologram captured by the camera, showing the
interference fringes and speckle pattern; (B) 2D digital Fourier transform of the hologram showing the zeroth order terms (spatial autocorrelation) in
the center, the object field and its phase conjugate offset from the center; (C) an averaged power spectrum; (D) differential spectrogram showing
the change in power spectral weights over the course of the experiment for one sample.

class. A table presenting BDI predicted response to chemotherapy
and clinical pathological response to chemotherapy after surgery by
subject is available in Appendix A.

Statistical methods

Given the exploratory nature of this pilot study, our analysis is
primarily descriptive, focusing on the feasibility of the BDI
application and its predictive accuracy, which was limited to
patients with available pathological responses. In a preclinical trial
of biodynamic imaging for canine non-Hodgkin’s lymphoma
sensitivity to doxorubicin with 10 dogs, the assay had a 90%
correct classification rate (1 false case out of 10). Of the 6 dogs
that were clinical responders, 5 of 6 were classified as responders by
BDI. Of the 4 dogs that were clinical non-responders, all four were
classified as non-responders by BDL. If our true correct classification
rate in this study is 90%, with a sample size of n=15, a 95% two-
sided confidence interval around that percentage would cover
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between 75% and 100%. However, because some samples may
have quality problems (i.e., too little material, too heterogeneous
material), up to 15 additional subjects were planned to be enrolled
(n=30) to ensure 15 samples suitable for analysis, yielding an
adequate estimate of the correct classification rate at this stage of
the research. A point estimate and a 95% exact confidence interval
were calculated. Table 2 lists the pathological response and the
equivalent BDI prediction.

Results

Biodynamic imaging is feasible in the
clinical setting

We enrolled 30 patients, later withdrawing one found to have
metastatic disease, resulting in 29 subjects eligible for BDI analysis.
Among the 29 patients, 18 proceeded to surgery and had their
pathological responses documented. Among them, 6 patients
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TABLE 2 Clinical pathological response and equivalent BDI
clinical prediction.

Path Response BDI Response

Grade 0 Complete Response (Sensitive)
Grade 1 Marked Response (Mixed)
Grade 2 or 3 No Response (Resistant)

achieved a grade 0 pathological response, 6 patients had grade 1
response, 4 patients had grade 2 response, and 2 patients had grade 3
response. The remaining 11 (37.93%) underwent chemoradiotherapy
without surgery for several reasons, including poor recovery from
chemoradiotherapy, patient choice, or surgeon’s preference. Table 3
summarizes the demographics and clinical characteristics of our
complete cohort and the surgery subset.

We obtained and completed processing all 30 subjects’ biopsy
samples for BDI analysis within 24 to 72 hours. BDI analysis was
successfully performed on 28/29 eligible patients’ samples,
reflecting a 96.6% success rate. The single failure was due to one
sample lacking sufficient tissue for complete BDI analysis. Of the 29
patients on-study, we observed no study procedure or biopsy-
related complications.

Biodynamic imaging prediction correlates
with pathological response to platinum-
based chemotherapy

Table 4 presents a detailed comparison of BDI predictions to
actual pathological responses. BDI predictions using a three-class
neural network classifier (Grade 0, Grade 1, and combined Grades 2
& 3) aligned with clinical outcomes in 72.2% (13/18 patients) of
cases (noting that random odds are 33.3%). BDI correctly identified
all 6 patients with a Complete response (grade 0). For the 6 patients
with a marked pathological response (Grade 1), BDI misclassified 3
cases, overpredicting in 1 and underpredicting in 2 cases. Among
the 6 patients with limited to no pathological response (Grade 2 and
Grade 3), BDI mis-predicted by overestimating response to
treatment in 2 cases.

Overall, BDI showed a moderate correlation with actual clinical
outcomes. For complete responses, the prediction accuracy was
100% (6 out of 6). For marked responses, the accuracy was 50% (3
out of 6). For non-responders, the accuracy was 66.6% (4 out of 6).
The sensitivity for complete pathological response was 100% (6 out
of 6). Its specificity was 83.3% (10 out of 12), positive predictive
value (PPV) 75% (6 out of 8), and negative predictive value (NPV)
was 100% (10 out of 10). It incorrectly predicted 25% (2 of 8 cases)
as having a complete pathological response when they did not.

Figure 4 shows the likelihood for belonging to one of the three
classes for all patients, grouped according to the pathological
response (Grades 2&3, Grade 1 and Grade 0). The dominant
likelihood is taken as the patient prediction for correlation to
clinical outcomes, as in Table 4.
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TABLE 3 Demographics and baseline clinical characteristics of all
participants and those receiving surgery.

Characteristic Enrolled Sub- Surgery Recipi-
jects (n=30) ents (n=18)
Age at Enrollment, 66.0 (13.2) 60.9 (10.3)
mean (SD)
Sex
Female, n(%) 6 (20.0) 2 (11.1)
Male, n(%) 24 (80.0) 16 (88.9)
Race
White, n(%) 29 (96.7) 17 (94.4)
Unknown, n(%) 1(3.3) 1(5.6)
Ethnicity
Non-Hispanic, n(%) 27 (90.0) 16 (88.9)
Unknown, n(%) 3 (10.0) 2 (11.1)
Disease Stage at Specimen Collection
1B, n(%) 4(13.3) 2 (11.1)
1B, n(%) 5(16.7) 4(22.2)
1A, n(%) 1(3.3) 0 (00.0)
IIIA, n(%) 13 (43.3) 8 (44.4)
I1IB, n(%) 2 (6.7) 1(5.6)
IIIC, n(%) 1(3.3) 0 (00.0)
Unknown, n(%) 3 (10.0) 2 (11.1)
Missing, n(%) 1(3.3) 1(5.6)
TMN Stage at Specimen Collection
TIN2MO, n(%) 1(3.3) 0 (00.0)
T2NOMO, n(%) 3 (10.0) 0 (00.0)
T2NOMX, n(%) 2(6.7) 2 (11.1)
T2N1MO, n(%) 3 (10.0) 3 (16.7)
T2N2MX, n(%) 1(3.3) 0 (00.0)
T3NOMO, n(%) 2 (6.7) 1(5.6)
T3NO0 MX, n(%) 1(3.3) 1(5.6)
T3N1 MO, n(%) 8 (26.7) 1(5.6)
T3NIMX, n(%) 3 (10.0) 5(27.8)
T3 N2 MO, n(%) 2 (6.7) 1(5.6)
T3N2MX, n(%) 2(6.7) 1(5.6)
T3N3MO, n(%) 1(3.3) 2 (11.1)
Missing, n(%) 1(3.3) 1(11.1)
Chemotherapy Regimen
Carbotaxol, n(%) 22 (73.3) 10 (55.6)
Cisplatin + 5-FU, n(%) 6 (20.0) 6 (33.3)
5FU, n(%) 1(3.3) 1(5.6)
FOLFOX, n(%) 1(3.3) 1(5.6)
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TABLE 4 BDI response prediction compared to patients’ pathological
(clinical) response.

Actual Pathological

Response
BDI Pathological Grade Grade Grade
Response Prediction (0] 2/3
Grade 0 6 1 1
Grade 1 0 3 1
Grade 2/3 0 2 4

The three-class likelihoods can be combined into two-class
classifiers to generate receiver operator curves (ROCs) for several
combinations. The ROCs for these comparisons plot true positive
rate against false positive rate and are shown in Figure 5A for three
cases: Grades 2&3 versus Grade 0, Grades 1&2&S3 versus Grade 0,
and Grades 2&3 versus Grades 0&1. The first case ignores the
marked (but not complete) responders (AUC = 85%). The second
case compares Grade 0 (complete pathological response) against all
others (AUC = 92%). The third case compares the non-responders
to the complete and marked responders (AUC = 74%). The
diagonal in the figure represents 50/50 likelihood for a random
relationship. The area under the curve (AUC) is a measure of assay
reliability with a maximum 1.00 for a “perfect” assay and 0.50 for a
random relationship. Figure 5B shows the probability distribution
functions for the first case that compares the least responsive to the
most responsive patients for which the AUC = 85%.

10.3389/fonc.2024.1429343

Discussion

The application of BDI provides evidence of the feasibility of its
implementation in a clinical setting. All samples were successfully
collected, transported, and processed within hours, confirming
BDI’s suitability for routine clinical use. We also obtained BDI
results for 28 of the 29 examined samples without any biopsy-
related complications.

Crucially, BDI’s preclinically observed predictive capability
appears to translate to the human model of EA. Our study
demonstrated that BDI predicts chemotherapy responses with
72.2% accuracy for a three-class classifier (33% random
performance), a moderate yet promising success rate. This rate is
comparable to the 84% accuracy for the two-class classifier (50%
random performance) noted in preclinical trials (31). It is important
to acknowledge the complex and heterogeneous nature of human
tumors and the influence of host factors on drug responses. These
factors may not have been fully captured in preclinical models, as
they were trained on a limited number of canine rather than
human samples.

Additionally, the underprediction in 2 cases may be attributed
to the synergistic effect of radiotherapy in clinical practice, which
has been shown to improve local-regional control of esophageal
cancers, helping achieve a complete pathological response; however,
the radiation effect was not replicated for the BDI analysis (40). It
must be kept in mind that accuracy may improve with broader BDI
implementation. Utilizing larger human datasets and markers
would help refine biomarker selection prior to training the neural
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(+1). Respectively, Grade O signifies tissue sensitivity to chemotherapy and Complete Response clinically, Grade 1 signifies a mixed response to
chemotherapy and a Marked Response clinically, finally Grade 2 or 3 signify Partial/No Response to chemotherapy as in the tissue is resistant to

chemotherapy and tumor regression is not expect clinically.

network, reducing training epochs and the size of the hidden
neuron layers to decrease the possibility of overfitting.

Notably, BDI had a 100% accuracy in predicting all 6 patients
with clinical complete response (grade 0). Nonetheless, it mis
predicted 2 other patients as achieving grade 0. With its high
sensitivity (100%), specificity (83.3%), and 100% negative
predictive value, BDI has the potential to identify the subset of
patients less likely to have a complete pathological response to
treatment. The BDI technique shows promising implications for
personalized cancer treatment. Theoretically, BDI could enable
clinicians to predict tumor responses to chemotherapy prior to
treatment by identifying those unlikely to respond to
chemotherapy. It may also permit physicians to compare the
potential impact of different regimens in tumors without cross-
resistance to the available regimens, subsequently choosing the ideal
treatment. Tailoring the most effective individual regimen would
improve patient outcomes and minimize unnecessary toxicities.

BDI's advantages over other
predictive tools

A key BDI strength is providing real-time tumor response data
before chemotherapy initiation. These data were obtained rapidly
within 24-72 hours from a tumor biopsy, avoiding any treatment
delays compared to gene expression profiling methods that can
take weeks.

Although BDI requires a fresh biopsy, its ability to functionally
assess living tumor tissue within its native 3D microenvironment
promises more accurate predictions than solely genomic,
proteomic, or even 2D culture methods. Unlike surface imaging
techniques, BDI can probe into tissues, providing a comprehensive

Frontiers in Oncology

view of tumor dynamics in naturally hypoxic conditions far from
tissue surfaces. Distinguishing itself from tools that merely quantify
static gene or protein levels, BDI offers dynamic insights into
functional tumor responses like intracellular motions and viability
after drug exposure. It captures crucial phenotypic information
beyond genomics, such as accurate drug delivery and response
kinetics and provides superior biological context. The large number
of extracted biodynamic features allows for comprehensive analysis
capturing tumor heterogeneity, hence predicting the regimen with
the best potential response for most tumor volume. BDI bridges the
best attributes of in vitro sensitivity assays and modern Artificial
Intelligence (AI) and Machine Learning (ML) Models while
sidestepping their limitations. The success of AI and ML models
depends on the quality and quantity of the training data. These
models can be “black boxes,” making it difficult to interpret their
predictions. BDI circumvents these issues by generating a large
amount of high-quality data and translating it into specific, reliable,
and easily interpreted response fingerprints and outcomes.
Among the strengths of this study is the novelty of BDI
technology, which offers real-time insights into chemotherapeutic
response. The high rate of successful biopsy sample collection and
processing further contributes to the reliability of the results.
Nonetheless, several limitations warrant discussion, such as the
small number of patients who underwent surgery, limiting the
training set for the neural network. The pilot nature of this study
limits the generalizability of our findings. The study does not
account for the effects of radiotherapy, a standard treatment for
locoregional EA received by all participants, that is synergistic with
chemotherapy contributing to the pathological response.
Furthermore, the classification of drug response derived from
previous preclinical work may only partially translate to human
tumors. Finally, the study population, while reflecting the sex
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demographics of esophageal adenocarcinoma patients, lacked
diversity, being predominantly white, limiting generalizability
across other populations. Further large-scale blinded studies in
diverse cohorts are needed to substantiate BDI’s predictive
accuracy before clinical implementation. The inherent spatial
heterogeneity of tumors and the potential non-representativeness
of a single fine needle biopsy sample may explain some
discrepancies between BDI’s predictions and clinical outcomes
and must be addressed in subsequent research.

Conclusion

Biodynamic Imaging has demonstrated high feasibility for clinical
application and promising efficacy in predicting chemotherapy
response in locoregional esophageal adenocarcinoma, especially
among poor responders. The technology’s rapid-response capability
and maintenance of the biopsy’s 3D architecture are key strengths
supporting its potential use in personalized treatment strategies.
Integrating BDI with other predictive modalities could yield a more
robust and multidimensional approach to treatment planning.
Exploring the applicability of BDI to other malignancies and
treatment modalities, such as radiotherapy and immunotherapy,
could further establish its versatility as a predictive tool. After
additional validation, BDI may guide treatment prospectively when
deciding between different regimens. Furthermore, with its predictive
ability, BDI may hold promise as a tool to test the development and
efficacy of new cancer treatments.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Indiana
university institutional review board. The studies were conducted
in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

AA: Data curation, Formal analysis, Writing - original draft,
Writing - review & editing. BK: Data curation, Writing — original
draft, Writing - review & editing. AK: Data curation, Writing -
original draft, Writing - review & editing. JD: Data curation,

Frontiers in Oncology

09

10.3389/fonc.2024.1429343

Writing - original draft, Writing - review & editing. MA:
Resources, Writing — original draft, Writing - review & editing.
DL: Data curation, Formal analysis, Methodology, Software,
Writing - original draft, Writing - review & editing. DN:
Funding acquisition, Investigation, Methodology, Resources,
Writing — original draft, Writing - review & editing. JT: Funding
acquisition, Investigation, Methodology, Resources, Writing -
original draft, Writing - review & editing. SP: Data curation,
Formal analysis, Writing - original draft, Writing - review &
editing. SJ: Funding acquisition, Investigation, Methodology,
Project administration, Resources, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The
National Science Foundation grant CBET-2200186 partially
supported this work.

Acknowledgments

The authors acknowledge the collaboration with Purdue
University physicists and biologists in developing and applying
BDI technology. We also express our gratitude to the patients who
participated in this study and the research staft involved in data
collection and analysis.

Conflict of interest

Employment and Shareholding: Both DN and JT are employed
by and hold shares in Animated Dynamics, Inc. Founders and
Advisory Roles: In addition to their employment, DN and JT are
founders of Animated Dynamics, Inc. and serve on its Scientific
Advisory Board. Patent Holdings: The authors hold a total of eight
patents related to the technology discussed in this research.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1429343
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Ajrouch et al.

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA: A Cancer J Clin. (2019)
69:7-34. doi: 10.3322/caac.21551

2. Shapiro J, van Lanschot JJB, Hulshof M, van Hagen P, van Berge Henegouwen MI,
Wijnhoven BPL, et al. Neoadjuvant chemoradiotherapy plus surgery versus surgery
alone for oesophageal or junctional cancer (CROSS): long-term results of a randomised
controlled trial. Lancet Oncol. (2015) 16(9):1090-8. doi: 10.1016/S1470-2045(15)
00040-6

3. Herskovic A, Martz K, al-Sarraf M, Leichman L, Brindle J, Vaitkevicius V, et al.
Combined chemotherapy and radiotherapy compared with radiotherapy alone in
patients with cancer of the esophagus. N Engl ] Med. (1992) 326:1593-8.
doi: 10.1056/NEJM199206113262403

4. Howlader N NA, Krapcho M, Miller D, Brest A, Yu M, Ruhl J, et al. SEER Cancer
Statistics Review, 1975-2018. Bethesda M, editor. Bethesda, MD: National Cancer
Institute (2021).

5. Zhang C-D, Zeng Y-J, Li H-W, Zhao Z-M, Zhang J-K, Dai D-Q. Neoadjuvant
chemotherapy for nonmetastatic esophago-gastric adenocarcinomas: A systematic
review and meta-analysis. Cancer Invest. (2013) 31(6):421-31. doi: 10.3109/
07357907.2013.802801

6. Wang D-B, Zhang X, Han H-L, Xu Y-J, Sun D-Q, Shi Z-L. Neoadjuvant
chemoradiotherapy could improve survival outcomes for esophageal carcinoma: A
meta-analysis. Digestive Dis Sci. (2012) 57(12):3226-33. doi: 10.1007/s10620-012-2263-
8

7. Hammoud ZT, Kesler KA, Ferguson MK, Battafarrano R], Bhogaraju A, Hanna
N, et al. Survival outcomes of resected patients who demonstrate a pathologic complete
response after neoadjuvant chemoradiation therapy for locally advanced esophageal
cancer. Dis Esophagus. (2006) 19(2):69-72. doi: 10.1111/j.1442-2050.2006.00542.x

8. Urba SG, Orringer MB, Turrisi A, Iannettoni M, Forastiere A, Strawderman M.
Randomized trial of preoperative chemoradiation versus surgery alone in patients with
locoregional esophageal carcinoma. J Clin Oncol. (2001) 19(2):305-13. doi: 10.1200/
JCO.2001.19.2.305

9. Ancona E, Ruol A, Santi S, Merigliano S, Chiarion Sileni V, Koussis H, et al. Only
pathologic complete response to neoadjuvant chemotherapy improves significantly the
long term survival of patients with resectable esophageal squamous cell carcinoma.
Cancer. (2001) 91(11):2165-74. doi: 10.1002/1097-0142(20010601)91:11<2165::AID-
CNCR1245>3.0.CO;2-H

10. Kesler KA, Helft PR, Werner EA, Jain NP, Brooks JA, DeWitt JM, et al. A
retrospective analysis of locally advanced esophageal cancer patients treated with
neoadjuvant chemoradiation therapy followed by surgery or surgery alone. Ann
Thorac Surg. (2005) 79(4):1116-21. doi: 10.1016/j.athoracsur.2004.08.042

11. Berger AC, Farma J, Scott WJ, Freedman G, Weiner L, Cheng JD, et al. Complete
response to neoadjuvant chemoradiotherapy in esophageal carcinoma is associated
with significantly improved survival. J Clin Oncol. (2005) 23(19):4330-7. doi: 10.1200/
JCO.2005.05.017

12. Donington JS, Miller DL, Allen MS, Deschamps C, Nichols Iii FC, Pairolero PC.
Tumor response to induction chemoradiation: influence on survival after
esophagectomyst. Eur ] Cardio-Thoracic Surg. (2003) 24(4):631-7. doi: 10.1016/
$1010-7940(03)00397-X

13. Cremonesi M, Garibaldi C, Timmerman R, Ferrari M, Ronchi S, Grana CM, et al.
Interim 18 F-FDG-PET/CT during chemo-radiotherapy in the management of
oesophageal cancer patients. A systematic review. Radiotherapy Oncol. (2017) 125
(2):200-12. doi: 10.1016/j.radonc.2017.09.022

14. Yu P, Mustata M, Peng L, Turek JJ, Melloch MR, French PMW, et al.
Holographic optical coherence imaging of rat osteogenic sarcoma tumor spheroids.
Appl Optics. (2004) 43(25):4862. doi: 10.1364/A0.43.004862

15. Yu P, Peng L, Mustata M, Turek JJ, Melloch MR, Nolte DD. Time-dependent
speckle in holographic optical coherence imaging and the health of tumor tissue. Optics
Lett. (2004) 29(1):68. doi: 10.1364/0L.29.000068

16. Jeong K, Peng L, Turek JJ, Melloch MR, Nolte DD. Fourier-domain holographic
optical coherence imaging of tumor spheroids and mouse eye. Appl Optics. (2005)
44:1798. doi: 10.1364/A0.44.001798

17. Jeong K, Turek JJ, Nolte DD. Fourier-domain digital holographic optical
coherence imaging of living tissue. Appl Optics. (2007) 46:4999. doi: 10.1364/
A0.46.004999

18. Jeong K, Turek JJ, Nolte DD. Volumetric motility-contrast imaging of tissue
response to cytoskeletal anti-cancer drugs. Optics Express. (2007) 15:14057-64.
doi: 10.1364/OE.15.014057

19. Jeong K, Turek JJ, Nolte DD. Speckle fluctuation spectroscopy of intracellular
motion in living tissue using coherence-domain digital holography. J Biomed Optics.
(2010) 15(3):030514. doi: 10.1117/1.3456369

Frontiers in Oncology

10

10.3389/fonc.2024.1429343

20. Nolte DD, An R, Turek J, Jeong K. Holographic tissue dynamics spectroscopy. ]
Biomed Optics. (2011) 16(8):087004. doi: 10.1117/1.3615970

21. Salvador M, Prauzner J, Kéber S, Meerholz K, Turek JJ, Jeong K, et al. Three-
dimensional holographic imaging of living tissue using a highly sensitive
photorefractive polymer device. Optics Express. (2009) 17(14):11834. doi: 10.1364/
OE.17.011834

22. Nolte DD, An R, Turek J, Jeong K. Tissue dynamics spectroscopy for three-
dimensional tissue-based drug screening. JALA: ] Assoc Lab Automation. (2011) 16
(6):431-42. doi: 10.1016/j.jala.2011.05.002

23. Nolte DD, An R, Turek J, Jeong K. Tissue dynamics spectroscopy for phenotypic
profiling of drug effects in three-dimensional culture. Biomed optics express. (2012) 3
(11):2825-41. doi: 10.1364/BOE.3.002825

24. An R, Merrill D, Avramova L, Sturgis ], Tsiper M, Robinson JP, et al. Phenotypic
profiling of Raf inhibitors and mitochondrial toxicity in 3D tissue using biodynamic
imaging. J biomolecular screening. (2014) 19(4):526-37. doi: 10.1177/
1087057113516674

25. An R, Turek ], Matei DE, Nolte D. Live tissue viability and chemosensitivity
assays using digital holographic motility contrast imaging. Appl Optics. (2012) 52(1):
A300. doi: 10.1117/1.3456369

26. An R, Turek ], Matei DE, Nolte D. Live tissue viability and chemosensitivity
assays using digital holographic motility contrast imaging. Appl Opt. (2013) 52(1):
A300-9. doi: 10.1364/A0.52.00A300

27. Abd El-Sadek I, Miyazawa A, Tzu-Wei Shen L, Makita S, Fukuda S, Yamashita T,
et al. Optical coherence tomography-based tissue dynamics imaging for longitudinal
and drug response evaluation of tumor spheroids. Biomed Optics Express. (2020) 11
(11):6231-48. doi: 10.1364/BOE.404336

28. Leroux C-E, Bertillot F, Thouvenin O, Boccara A-C. Intracellular dynamics
measurements with full field optical coherence tomography suggest hindering effect of
actomyosin contractility on organelle transport. Biomed Optics Express. (2016) 7
(11):4501-13. doi: 10.1364/BOE.7.004501

29. Nolte DD, An R, Turek J, Jeong K. Tissue dynamics spectroscopy for three-
dimensional tissue-based drug screening. SLAS Technol. (2011) 16(6):431-42.
doi: 10.1016/j.jala.2011.05.002

30. Merrill D, An R, Sun H, Yakubov B, Matei D, Turek J, et al. Intracellular doppler
signatures of platinum sensitivity captured by biodynamic profiling in ovarian
xenografts. Sci Rep. (2016) 6(1):18821. doi: 10.1038/srep18821

31. Choi H, Li Z, Sun H, Merrill D, Turek J, Childress M, et al. Biodynamic digital
holography of chemoresistance in a pre-clinical trial of canine B-cell lymphoma.
BioMed Opt Express. (2018) 9(5):2214-28. doi: 10.1364/BOE.9.002214

32. O'Sullivan KE, Hurley ET, Hurley JP. Understanding complete pathologic
response in oesophageal cancer: implications for management and survival.
Gastroenterol Res Pract. (2015) 2015:518281. doi: 10.1155/2015/518281

33. Isenberg G, Chak A, Canto MI, Levitan N, Clayman J, Pollack BJ, et al.
Endoscopic ultrasound in restaging of esophageal cancer after neoadjuvant
chemoradiation. Gastrointest Endosc. (1998) 48(2):158-63. doi: 10.1016/S0016-5107
(98)70157-9

34. Ribeiro A, Franceschi D, Parra J, Livingstone A, Lima M, Hamilton-Nelson K,
et al. Endoscopic ultrasound restaging after neoadjuvant chemotherapy in esophageal
cancer. Am ] Gastroenterol. (2006) 101(6):1216-21. doi: 10.1111/j.1572-
0241.2006.00692.x

35. Sun F, Chen T, Han J, Ye P, Hu J. Staging accuracy of endoscopic ultrasound for
esophageal cancer after neoadjuvant chemotherapy: a meta-analysis and systematic
review. Dis Esophagus. (2015) 28:757-71. doi: 10.1111/dote.12274

36. Rahman WT, Wale DJ, Viglianti BL, Townsend DM, Manganaro MS, Gross
MD, et al. The impact of infection and inflammation in oncologic (18)F-FDG PET/CT
imaging. BioMed Pharmacother. (2019) 117:109168. doi: 10.1016/j.biopha.2019.109168

37. Li Z, Sun H, Turek J, Jalal S, Childress M, Nolte DD. Doppler fluctuation
spectroscopy of intracellular dynamics in living tissue. ] Opt Soc Am A Opt Image Sci
Vis. (2019) 36:665-77. doi: 10.1364/JOSAA.36.000665

38. Hua Z, Li Z, Lim D, Ajrouch A, Karkash A, Jalal S, et al. Comparative oncology
chemosensitivity assay for personalized medicine using low-coherence digital
holography of dynamic light scattering from cancer biopsies. Sci Rep. (2024) 14:2760.
doi: 10.1038/541598-024-52404-w

39. Kaya M, Bilge H.S. Deep metric learning: A survey. Symmetry. (2019) 11:1066.
doi: 10.3390/sym11091066

40. Fan N, Wang Z, Zhou C, Bludau M, Contino G, Zhao Y, et al. Comparison of
outcomes between neoadjuvant chemoradiotherapy and neoadjuvant chemotherapy in
patients with locally advanced esophageal cancer: A network meta-analysis.
eClinicalMedicine. (2021) 42. doi: 10.1016/j.eclinm.2021.101183

frontiersin.org


https://doi.org/10.3322/caac.21551
https://doi.org/10.1016/S1470-2045(15)00040-6
https://doi.org/10.1016/S1470-2045(15)00040-6
https://doi.org/10.1056/NEJM199206113262403
https://doi.org/10.3109/07357907.2013.802801
https://doi.org/10.3109/07357907.2013.802801
https://doi.org/10.1007/s10620-012-2263-8
https://doi.org/10.1007/s10620-012-2263-8
https://doi.org/10.1111/j.1442-2050.2006.00542.x
https://doi.org/10.1200/JCO.2001.19.2.305
https://doi.org/10.1200/JCO.2001.19.2.305
https://doi.org/10.1002/1097-0142(20010601)91:11%3C2165::AID-CNCR1245%3E3.0.CO;2-H
https://doi.org/10.1002/1097-0142(20010601)91:11%3C2165::AID-CNCR1245%3E3.0.CO;2-H
https://doi.org/10.1016/j.athoracsur.2004.08.042
https://doi.org/10.1200/JCO.2005.05.017
https://doi.org/10.1200/JCO.2005.05.017
https://doi.org/10.1016/S1010-7940(03)00397-X
https://doi.org/10.1016/S1010-7940(03)00397-X
https://doi.org/10.1016/j.radonc.2017.09.022
https://doi.org/10.1364/AO.43.004862
https://doi.org/10.1364/OL.29.000068
https://doi.org/10.1364/AO.44.001798
https://doi.org/10.1364/AO.46.004999
https://doi.org/10.1364/AO.46.004999
https://doi.org/10.1364/OE.15.014057
https://doi.org/10.1117/1.3456369
https://doi.org/10.1117/1.3615970
https://doi.org/10.1364/OE.17.011834
https://doi.org/10.1364/OE.17.011834
https://doi.org/10.1016/j.jala.2011.05.002
https://doi.org/10.1364/BOE.3.002825
https://doi.org/10.1177/1087057113516674
https://doi.org/10.1177/1087057113516674
https://doi.org/10.1117/1.3456369
https://doi.org/10.1364/AO.52.00A300
https://doi.org/10.1364/BOE.404336
https://doi.org/10.1364/BOE.7.004501
https://doi.org/10.1016/j.jala.2011.05.002
https://doi.org/10.1038/srep18821
https://doi.org/10.1364/BOE.9.002214
https://doi.org/10.1155/2015/518281
https://doi.org/10.1016/S0016-5107(98)70157-9
https://doi.org/10.1016/S0016-5107(98)70157-9
https://doi.org/10.1111/j.1572-0241.2006.00692.x
https://doi.org/10.1111/j.1572-0241.2006.00692.x
https://doi.org/10.1111/dote.12274
https://doi.org/10.1016/j.biopha.2019.109168
https://doi.org/10.1364/JOSAA.36.000665
https://doi.org/10.1038/s41598-024-52404-w
https://doi.org/10.3390/sym11091066
https://doi.org/10.1016/j.eclinm.2021.101183
https://doi.org/10.3389/fonc.2024.1429343
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Ajrouch et al. 10.3389/fonc.2024.1429343

Appendix A

BDI predicted response to chemotherapy and clinical pathological
response to chemotherapy after surgery by subject.

BDI Grade BDI Grade BDI Grades Pathological Clinical

0 1 2or Grade pathological
probability | probability 3 from BDI Grade from
probability surgery,

collapsing
Grade 2
and 3

2 0.567 0.270 0.163 Grade 0 Grade 0

4 0.513 0.352 0.135 Grade 0 Grade 1

7 0.214 0.490 0.296 Grade 1 Grade 1

9 0.214 0.329 0.457 Grade 2/3 Grade 2/3

11 0.769 0.136 0.095 Grade 0 Grade 0

12 0.146 0.077 0.777 Grade 2/3 Grade 2/3

13 0.453 0.300 0.246 Grade 0 Grade 2/3

14 0.440 0.410 0.150 Grade 0 Grade 0

18 0.227 0.695 0.078 Grade 1 Grade 1

19 0.619 0.205 0.176 Grade 0 Grade 0

20 0.160 0.079 0.761 Grade 2/3 Grade 2/3

22 0.394 0.242 0.364 Grade 0 Grade 0

24 0.385 0.194 0421 Grade 2/3 Grade 2/3

26 0.571 0.178 0.251 Grade 0 Grade 0

29 0.377 0.244 0.379 Grade 2/3 Grade 1

32 0.326 0.386 0.288 Grade 1 Grade 1

33 0.114 0.403 0.483 Grade 2/3 Grade 1

34 0.297 0.651 0.052 Grade 1 Grade 2/3
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