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TECHNICAL STRATEGY

Application of a Novel Miniaturized
Histopathologic Microscope for Ex Vivo Identifying
Cerebral Glioma Margins Rapidly During Surgery:

A Parallel Control Study
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Nu Zhang, MD, PhD,* and Kejun He, MD*

Purpose: The purpose of our study is to assess the clinical per-
formance of the DiveScope, a novel handheld histopathologic
microscope in rapidly differentiating glioma from normal brain
tissue during neurosurgery.

Methods: Thirty-two ex vivo specimens from 18 patients were
included in the present study. The excised suspicious tissue was
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sequentially stained with sodium fluorescein and methylene blue
and scanned with DiveScope during surgery. The adjacent tissue
was sent to the department of pathology for frozen section ex-
amination. They would eventually be sent to the pathology
department later for hematoxylin and eosin staining for final
confirmation. The positive likelihood ratio, negative likelihood
ratio, sensitivity, specificity, and area under the curve of the
device were calculated. In addition, the difference in time usage
between DiveScope and frozen sections was compared for the
initial judgment.

Results: The sensitivity and specificity of the DiveScope after
analyzing hematoxylin and eosin -staining sections, were
88.29% and 100%, respectively. In contrast, the sensitivity and
specificity of the frozen sections histopathology were 100% and
75%, respectively. The area under the curve of the DiveScope
and the frozen sections histopathology was not significant
(P=0.578). Concerning time usage, DiveScope is significantly
much faster than the frozen sections histopathology no matter
the size of tissue.

Conclusion: Compared with traditional pathological frozen
sections, DiveScope was faster and displayed an equal accuracy
for judging tumor margins intraoperatively.

Key Words: DiveScope, glioma, histopathology, surgical mar-
gins

(J Craniofac Surg 2023;00: 000-000)

liomas are the primary malignant tumor of the central
nervous system,! especially high-grade gliomas, which
are responsible for the highest mortality rate.> The strongest
prognostic factor for glioma is residual cavity tumor
burden.? Petrecca et al* have demonstrated that 90% of
glioblastoma will recur in situ within 2 years despite gross
total resection. Currently, the conventional treatment for
glioma is maximal surgical resection with preservation of
neurologic function.>® Hence, it is vital to precisely and
swiftly define the boundaries of the glioma during surgery.
This is necessary to minimize the amount of remaining tumor
tissue and prevent over excision, which can lead to neuro-
logical deficits.’
The practice of utilizing frozen pathology is a common and
traditional approach within the field of neurosurgery.'? Because
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this procedure requires substantial time and exertion, rapid
identification is unattainable, particularly in cases where there is
a sizable residual cavity and multiple sites must be sampled.!!
Over recent decades, surgical techniques for delineating brain
lesions have evolved greatly.” Microendoscope systems similar
to Divescope such as Endoscopic Raman spectroscopy,'? Mul-
tiphoton endomicroscopy,!® and Confocal endomicroscopy.'*
The depth of penetration of Divescope Endomicroscope being
50 um, '3 shows its suitability as a cell morphology visualizer.

Herein, we present preliminary evidence of the efficacy of
real-time visualization of brain tumors using the prototype
DiveScope fluorescence imaging device for clinical applications.
The DiveScope is an innovative epifluorescence microscope that
comprises an image acquisition system, a light-emitting diode
(LED) light source, camera readout, and a monitor. The LED
light source emits blue light onto the tissue surface through
light-transmitting bundles. The emitted green light is received
by the microscopic imaging amplification system to enhance the
signals. The camera system collects and processes the signals,
which are eventually transmitted to the monitor in the form of
an image (1980x1080 pixels). The lens is equipped with optical
anti-shake performance, providing a resolution of up to 50 pm
and a frame rate of up to 60 frames/s. Our work aimed to
demonstrate the device’s feasibility in detecting intracranial re-
sidual walls in live swine in vivo. We then conducted a human
ex vivo study of glioma margin assessment to compare the di-
agnostic accuracy, consistency, and timeliness between the Di-
veScope and frozen section.

MATERIALS AND METHODS

Patient Selection

Our prospective ex vivo cohort study enrolled 40 consecutive
patients with 54 samples from November 2021 to May 2022 in
the Department of Neurosurgery at the First Affiliated Hospital
of Sun Yat-sen University. Inclusion criteria: (1) Diagnosis of
glioma, (2) Tumor size larger than 1 cm based on imaging ex-
amination, (3) Scheduled for total tumor resection surgery.
After these criteria, 22 cases were initially considered. However,
4 cases were excluded due to an inability to complete the gold
standard test. Consequently, a total of 18 cases, comprising 32
samples, fulfilled the statistical requirements and were eligible
for analysis. Written consent was obtained from all patients
under a protocol approved by the institutional review board of
the First Affiliated Hospital of Sun Yat-sen University
(No. [2020]322). For more detailed patient demographics, see
Supplemental Table 1, Supplemental Digital Content 1, http:/
links.lww.com/SCS/F573.

Specimen Preparation

Specimen Preparation Procedure: Tissue samples are pro-
cured from the peritumoral region and tumor margins. Before
staining, the samples are segmented into 3 sections. These sec-
tions are subsequently dispatched to Digital Pathology (DS),
Frozen Pathology, and Paraffin Pathology for staining and
processing.

DS, Frozen, and Paraffin Pathology Slide Review Protocol:

Slide review is undertaken using 3 distinct approaches: DS
interpretation by a neurosurgeon, evaluation by a frozen path-
ology specialist, and assessment by a paraffin pathology (HE)
expert. These evaluations are conducted consecutively, and the
outcomes are meticulously documented. The HE findings serve
as the reference standard against which DS and frozen pathol-
ogy results are juxtaposed. In addition, the time required for DS

2

and frozen pathology assessments is logged and subjected to
comparative analysis (Fig. 1).

During the dyeing process, we began by thoroughly mixing
0.5 mL of standard fluorescein sodium (3 mL: 0.6 g) with
49.5 mL of 0.9% sodium chloride, creating a solution of 0.2%
sodium fluorescein. Subsequently, we extracted 2 mL of the
mixture and placed it in a container. The sample was then
subjected to staining using the diluted sodium fluorescein sol-
ution for 30 seconds. After the staining, the sample underwent a
thorough rinse with 0.9% sodium chloride 3 times. After this,
the sample was infiltrated with a 1% methylene blue solution for
90 seconds, and then it was washed with 0.9% sodium chloride 3
times before being observed under the DiveScope.

Diagnosis of the Pathologic Images

The diagnostic process involving both DiveScope and frozen
sections histopathology is conducted under a double-blind
protocol. In addition, the interpreters are kept unaware of the
overall impression regarding the residual tumor status within
the cavity. The margin status was divided into negative and
positive by whether there are obvious atypical cells or not.
Atypic cells are typically characterized by increased density,
enhanced nuclear staining, irregular nuclear shapes, and/or en-
larged nuclei. The interpretation standard of DiveScope and
histopathology is the same. Routine pathology diagnosis was
used as the reference. Before the trial, 2 surgeons were trained
for an hour with 30 DiveScope images of glioma margins. The
images were provided by Max Act Precision Instruments. A
conclusive diagnosis was reached through collaborative con-
sultation. In addition, a dedicated neuropathologist was re-
sponsible for frozen section histopathology interpretation.
Meanwhile, we will measure the time span from the initiation of
staining to the issuance of the initial report for both diagnostic
methods.

Statistical Analysis

All statistical analyses were conducted by IBM SPSS Sta-
tistics Version 26.0 and the Medical statistical software package
V19.0.4. Postoperative routine pathology results of patients
were used as the benchmark reference. P <0.05 are considered
statistical differences. The data analysis in our work includes 3
parts. In first part, diagnostic accuracy was compared between
DiveScope and frozen modalities using 2-sample Z tests. In this
part, area under the curve (AUC), Sensitivity, specificity, pos-
itive likelihood ratio, and negative likelihood ratio were calcu-
lated with 95% CI. In the second part, kappa coefficients were
computed to assess the concordance of the DiveScope findings,
frozen section histopathology analysis, and results from the
permanent pathologic paraffin assessment. Moving on to the
third part, we evaluated the disparity in time consumption be-
tween DiveScope and intraoperative frozen section pathologic
examinations for the initial evaluation.

RESULTS

The Structure of the Final Product of the
DiveScope with a Superb Resolution to
Visualize Sub-Micron Organelles

In the final iteration of the DiveScope, the surgical micro-
scope assembly and processing system encompass the core
structure of an imaging platform, a camera readout mechanism,
a microscopy unit, a distal hood, an electrical conduit, a display
screen, and an LED illumination source (Fig. 2A).

Copyright © 2023 by Mutaz B. Habal, MD

Copyright © 2023 Mutaz B. Habal, MD. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/SCS/F573
http://links.lww.com/SCS/F573

SMIAGZIUMIPXZOBBAROATOAEIOVIASALLIAIPOOAEIEAHIDN/AD AUMY TXOMADYOIN X YOH

15673y +erNIOITWNOIZTARY HJOSIA QUG Aq A1abinsjeioejoluriol/woo’ mm| sfeulnoly/:dny wolj papeojumod

€¢0¢/¢0/1T uo

The Journal of Craniofacial Surgery * Volume 00, Number 00, l W 2023

Clinical Performance of DiveScope

[Collect fresh samples]|

| Cut the samples in two |
I

{ 1

Stain the samples with

fluorescein sodium and
methylene blue

Send the samples to the
department of pathology

H !
| DiveScope figures | I\Ill | Frozen sections |

! | |

Diagnosed by N Diagnosed by
two neurosurgeons G one pathologist

| Report initial diagnosis | | Report initial diagnosis |

!

| HE-staining for final diagnosis |

]

| Data analysis |

| Sensitivity, Specificity, AUC... |

FIGURE 1. Workflow chart. AUC indicates area under the curve.

With exceptional resolution, the DiveScope enabled visual-
ization of the resolution test chart and sub-micron cellular
structures, such as nuclei, nucleoli, and cytosol, during in vitro
imaging. This capability aligns with the current advancements
in microscopy techniques (Fig. 2B, C).

Performance of the Handheld Microscope in
Clinical Application

Patient demographic and clinical parameters were extracted
through chart reviews (Supplemental Table 1, Supplemental
Digital Content 1, http:/links.lww.com/SCS/F573). In every
case, DiveScope successfully detected and differentiated fluo-
rescent tissues at the resection cavity’s margins after completion
of the microscopic resection (Fig. 3).

Diagnostic Accuracy of the DiveScope in

Resection Margins

As demonstrated in Supplemental Table 2, Supplemental
Digital Content 1, http:/links.lww.com/SCS/F573, the con-
cordance between DiveScope findings and hematoxylin and
eosin (HE)-staining pathology results is deemed satisfactory,
indicated by a Kappa value of 0.68. Simultaneously, the 2x2
contingency table comparing frozen section pathology to HE-
staining pathology is presented in Supplemental Table 3, Sup-
plemental Digital Content 1, http:/links.lww.com/SCS/F573,
yielding a Kappa value of 0.84.

Next, we directly compared the interpretations from the
DiveScope with those from the frozen sections. We calculated
diagnostic accuracy measures to evaluate the efficacy of the
DiveScope as a novel intraoperative miniaturized histopatho-
logic device (refer to Supplemental Table 4, Supplemental
Digital Content 1, http:/links.lww.com/SCS/F573). Con-
sequently, 32 samples collected from 18 patients were classified
as either tumor or normal tissue using the DiveScope. When
considering HE-stained sections as the benchmark reference,
the DiveScope exhibited a sensitivity of 88.29% (95% CI:

Copyright © 2023 by Mutaz B. Habal, MD

,,,,,,,,,,,,,,,,,,,,,, ‘ Handle (contains CMOS)
Cube
N

*lay mirror
Micro objective
N

Axon

Nucleus
Nucleolus
Dendrite

FIGURE 2. Brief introduction to the DiveScope. (A) The architecture of
DiveScope, an intraoperative histopathologic microscope, comprises several
integral components. The system diagram delineates the core elements,
including the imaging system’s mainframe, an LED light source, a handle
housing a Complementary Metal-Oxide-Semiconductor (CMOS) device, a
cube, a relay mirror, a micro-objective, and an associated power cord (omitted
from the figure). The optical constituents encompass a CMOS camera, a
C-Mount, a fluorescence cube, a relay lens, and a miniature objective. The
camera system is fundamentally composed of an image-processing host and
the camera apparatus. The operational principle of this camera system revolves
around connecting the lens assembly through an optical interface. This
facilitates the conversion of optical signals amassed by the lens assembly into
digital signals. Subsequently, these signals are fed into the image-processing
host for necessary manipulation before being presented on a display. The
image-processing host functions as the central control hub, orchestrating the
processing of surgical videos and images acquired through the camera.
Notably, our device uses a cold light bulb, which operates on akin principles to
those governing LEDs. The cold light source operates by channeling power
from the module to individual functional units. The program intricacies are
integrated into the control board module, which encompasses 3 primary
divisions: the Medium Attachment Unit module, the LED driver module, and
the dimming module. (B) DiveScope captures imagery of a film resolution
chart. (C) Neuron imaging under in vitro conditions is performed utilizing a
staining methodology explicated in the “Methods” section of this manuscript.

70.8%-97.6%) and a specificity of 100% (95% CI: 39.8%—-100%).
In contrast, the frozen sections pathology showed a sensitivity
and specificity of 100% (95% CI: 87.7%-100%) and 75% (95%
CI: 19.4%-99.4%), respectively.

In addition, the positive likelihood ratio of the DiveScope
revealed no false positive cases. Conversely, the negative like-
lihood ratio was 0.11 (95% CI: 0.037-0.31). Regarding the ROC
curve analysis, the AUC values for the DiveScope and the
frozen sections were 0.946 and 0.875, respectively (as shown in
Fig. 4A). These results demonstrate the diagnostic capabilities
of the DiveScope as a novel intraoperative miniaturized
histopathologic device in comparison to traditional frozen
sections.

Time Consumption

To objectively evaluate the efficiency of the DiveScope in
rapid intraoperative pathologic diagnosis, we categorized the
samples into 2 groups according to the median diameter of all the
tumor samples (0.8 cm) and analyzed the time consumption for
DiveScope or frozen sections, respectively (Fig. 4B, C). The
results showed that the time consumption for tissue identification
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FIGURE 3. Views of the resected human brain tissue through the DiveScope
(upper) or hematoxylin and eosin-stained section (lower). In normal tissue, all
the neurons are in a sparse and regular cell distribution, with only one large
and round nucleus plus a long axon and multiple dendrites. In reactive
hyperplasia, the density of the glial cells slightly increased but no atypical cells
were found. In positive margin, over 1/50 of the visual field are heterotypic
cells which are typically characterized by increased density, enhanced nuclear
staining, irregular nuclear shapes, and/or enlarged nuclei. In tumor samples,
heterotypic cells nearly filled the visual field. The staining method is stated in
the “Experimental Procedure” section of the text.

for the DiveScope is significantly much faster than the frozen
sections no matter what size the sample is.

DISCUSSION

Efficiently and precisely detecting the boundaries of infiltrative
gliomas poses a fundamental difficulty during glioma surgery.!
The perfect histopathology system for intraoperative use would
offer swift, consistent, and Erecise diagnostic images to aid in
making surgical decisions.!” Our work demonstrates the po-
tential feasibility of Divescope to distinguish glioma margins
from normal tissue with high accuracy and velocity.

The main advantage of DiveScope is OIS anti-shaking de-
sign, avoiding image artifacts caused by pulsating blood vessels
and artificial shaking. In addition, ensuring its real-time histo-
morphology feedback with video output of 60 frames/s. It al-
lows tissue and cell structure with subtle nucleoli and nuclei to
be obtained at an ultra-high resolution up to 50 pm. Gliomas
are characterized by increased cell density, irregular edges, in-
creased bulk, and deep staining nuclear. Reactive gliosis showed
increased glial cell density but no atypical cells. Nevertheless,
normal brain tissue cells are sparse and evenly distributed.!®
Therefore, it is crucial for surgeons to use devices such as Di-
veScope to interpret glioma margin intraoperatively.

In human ex vivo experiments, we further verify the diag-
nostic efficiency of the DiveScope by neurosurgeons. The results
indicate that the interpretation accuracy of DiveScope was su-
perior to that of intraoperative frozen sections, although there
was no statistical significance. The rationale for this discrepancy
is that intraoperative frozen sections are easily disrupted by ice
crystals and tissue extrusion during sampling,'® which
significantly impacts frozen section interpretation value. In
contrast, DiveScope can circumvent these limitations with a
non-invasive probe in real time. In the consistency test, frozen
section was found to correlate moderately with DiveScope, with
a Kappa value of 0.54 (P =0.578), suggesting that DiveScope’s
images could be provided to pathologists as an important ref-
erence for issuing intraoperative frozen reports in the future,
which may substantially improve the accuracy of intraoperative
diagnosis. Concerning time effectiveness, the time of DiveScope
consumption is much less than frozen reports which may avoid

the adverse effects of extending operation time.

To date, there are several kinds of intraoperative marginal
exploration have been reported. These techniques are mainly
divided into radiography technique, fluorescein-guided surgical
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FIGURE 4. The diagnostic accuracy and time consumption of the DiveScope in
resection margins. (A) The ROC curve of DiveScope and frozen sections for
evaluating tissue edge on brain tumors. (B) In tumor samples with > 0.8 cm in
diameter, DiveScope took 10.7 minutes on average whereas frozen pathology
took 41.9 minutes (P<0.0001). (C) In tumor samples with <0.8 cm in
diameter, DiveScope took 10.7 minutes on average whereas frozen pathology
took 50.1 minutes (P<0.01). AUC indicates area under the curve; ROC,
receiver operating characteristic.

technique, and optical technique.® The radiography technique
only offers macroscopic visibility which is not suitable for
principle of maximal resection.!! Five-aminolevulinic acid flu-
orescein-guided surgical has become an indispensable surgical
technique at many neurosurgical departments. Whereas its
negative predictive value is limited in regions with low-density
tumor cell infiltration with value widely varied from 22% to
91%.20 Confocal laser microscopes and Raman spectrometers
are the 2 major branches of optics. The former that is, CLE is
represented by ZEISS CONVIVO System that identify tumor
by histomorphology. However, the probe needs to be affixed on
the retractor arm for better quality images even though the
handheld use was easier, but the images were of lower quality.?!
This was not the case with Divescope and handheld use pro-
duced high quality images (Fig. 4). Martirosyan et al reported
that the average usage time of CLE device usage was
15.7 minutes, and 17 seconds and 8 seconds were required to
get a diagnostic image in vivo and ex vivo, respectively.2! In
contrast to these findings our usage of Divescope
Endomicroscope required average time of 10.7 minutes

Copyright © 2023 by Mutaz B. Habal, MD
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(Fig.4). This time efficiency accompanied by sensitivity and
specificity benefits and producing higher quality images during
handheld application of DiveScope is promising. Raman
spectroscopy on the other hand has shown promising
application in the accurate diagnosis of cancerous tissues by
detecting the molecular space configuration,!’?2 due to the
infrequency of Raman scattering events, pixel-by-pixel
measurement of a surgical field of view is unfeasible as this
quickly leads to ima%ing times of multiple hours for specimens
as small as 1 mm?>.232% Even if they improved the protocol, such
approaches still require 12 to 24 min for imaging2>20
Considering the intraoperative jitter, it is also limited to
applications in vivo.

Limitations

There are some shortcomings in our study. First, the small
sample size may result in insufficient results interpretation power. In
the forthcoming work, we will continue collecting glioma patients’
samples to enhance our evidence. Second, the interpretation of Di-
veScope images without the involvement of pathologists. We will
check for image judgments through a collaborative effort of sur-
geons and pathologists both in next stage. Furthermore, the pseudo-
colored images of DiveScope are highly similar to H&E, but not
identical. Thus, successfully interpreting DiveScope images neces-
sitates a learning curve. Additional research on the role of surgeon
experience could be considered to optimize training.

CONCLUSION

The handheld microscope DiveScope is an emerging technique
with significant potential to detect glioma margin status in vivo
and ex vivo with high accuracy and speed. This facilitates real-
time decision-making by guiding surgeons to potential positive
margins within minutes and allowing operators to adjust the
surgical plan in real time.
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