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Abstract

was 1.94° (STD=1.2°).

Neurosurgery microscopes that detect fluorescence associated with biological tissue are used to guide tumor
resection surgeries. However, they can’t estimate values for tissue optical absorption and scattering needed to quantify
fluorescence. An important first step to accurately assess absorption and scattering is the determination of the geometric
shape of the sample. Here we present a new imaging system that performs 3D reconstructions through a neurosurgical
microscope by projecting structured light. The profilometry system was evaluated using phantoms in the shape of stairs
with multiple steps allowing determining 3D reconstruction accuracy and precision. The average accuracy and precision
for all step heights (from 1.5 to 30 mm) was 0.3 mm and 0.6 mm, respectively. Profilometry measurements at different
angles were also acquired by rotating a platform by + 15°, 30° and 45°. The mean reconstruction error for all angles
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Introduction

Surgical excision of the tumour remains the first-line therapy
for most brain cancers, including gliomas [1]. For gliomas, the
completeness of tumour resection is an important factor because it can
have a dramatic impact on the subsequent evolution of the disease [2].
Magnetic Resonance Imaging (MRI) is used both for surgical planning
and for neuro-navigation during the procedure based on either pre-
operative or intra-operative imaging. However, MRI suffers from a lack
of sensitivity to normal brain invaded by cancer cells, often resulting in
residual cancer outside of contrast-enhancing boundaries following a
surgical procedure [3]. Further, intraoperative stereovision images have
shown that there is a measurement error of as much as 1 cm in target
location of brain structures during surgery when compared to pre-
operative MRI due in large part to brain shift [4]. These limitations are
detrimental to patient safety and survival because they are responsible
for a reduction in procedural accuracy and reliability.

As a result of the lack of precision and sensitivity of standard
care techniques, new complementary methods were developed to
assist surgeons in characterizing brain tumor margins in real time,
including fluorescence-guided surgery [5] using organic fluorescence
molecules like fluorescein sodium [6,7] and Indo-cyanine Green
(ICG) [8]. Especially in the case of molecular tracers targeting specific
cancer processes, clinical translation of these methods is enticing
because they can potentially offer high contrast between healthy and
cancerous tissue, as well as being safe since imaging is done using
non-ionizing radiation [9]. In the past, a multicenter phase III clinical
trial showed that the fluorescence from protoporphyrin IX (PpIX)
resulting from the administration of exogenous 5-aminolevulinic acid
(5-ALA) helped to improve the completeness of tumour resection
[10]. Commercial neurosurgical microscopes were developed with
an imaging mode allowing real time intraoperative PpIX fluorescence
detection by using this marker as a surrogate for tumour metabolism
[11]. These microscopes allow surgeons to employ a white light—for the
visualization of tissue structure—from which blue light in the 400-410 nm

wavelength band is filtered to excite PpIX. A filter in the detection path
typically eliminates light below 620 nm for fluorescence visualization
(emission at >635 nm) [12,13]. However, an important limitation
of those fluorescence microscopes is that they are providing only a
qualitative assessment of the fluorescence tissue levels. The intensity of
the detected signal is usually proportional to the concentration of the
fluorescent marker but it is non-linear in terms of the heterogeneous
tissue absorption (mainly due to hemoglobin) and elastic scattering
(tissue microstructure) properties. As a result, only upon correcting
for the underlying absorption and scattering properties can quantified
values of fluorescence be provided that are representative of the actual
concentrations of fluorophores.

Several groups have developed approaches for intraoperative
fluorescence quantification using hand-held reflectance/fluorescence
probes [14,15] or using wide-field spectroscopic systems [15-17].
Typically the attenuation correction leading to quantified fluorescence
values can be either model-based using diffuse reflectance signals
to retrieve tissue optical properties [18] or based on a ratio-metric
techniques using reflectance signals to normalize the fluorescence
spectra [18,19]. For model-based approaches using Monte Carlo
simulations or analytic solutions to the radiative transfer equation
(or the diffusion equation), accurate values for the absorption
coefficient must be retrieved in order to implement a correction that
is precise enough not to introduce errors reducing the utility of the
resulting quantified fluorescence values. Imaging techniques have
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been developed to provide a quantitative estimate of absorption and
scattering coefficients (u and ') to be able to afford quantification of
fluorophore concentrations during brain surgery [18]. In other work,
Spatial Frequency Domain Imaging (SFDI) was used to determine
and ', coefficients in wide-field imaging mode [20]. SFDI works under
the assumption that the optical properties set the degree of image
blurring at a specific spatial frequency; Monte-Carlo simulations of
image analysis and the standard diffusion theory can be then used to
extract the absorption and diffusion coefficients [21]. Next, these values
can be used in a wide-field quantitative fluorescence imaging model
reported in [18] to quantify the intensity of fluorescence images.

However, an important ingredient missing in the neurosurgery
quantified fluorescence imaging studies is the reconstruction of the
3D profile of the surgical cavity. It is essential for the quantification
of u and y' because surface curvature is one of the factors that affect
how light reflects off of biological tissue. Indeed, approaches to use
the 3D surface profile to correct the fluorescence intensity map of the
tissue surface have been developed elsewhere [22,14]. For instance,
Gioux et al. applied a geometric correction to estimate the precise values
of scattering and absorption coefficients that were used as surrogates for
tissue physiological status [22]. The range of errors in depth measurements
they obtained was at ~1 mm. This level of accuracy was demonstrated to
be sufficient to improve computation of tissue optical properties since
the geometric correction induced up to 10 fold changes in light signals.
However, this work was achieved on a stand-alone imaging system and
thus was not integrated with a surgical microscope.

In this work we present the development of a through-microscope
wide-field hyperspectral SFDI system. Although the eventual use
of the system is for PpIX or endogenous fluorescence and intrinsic
absorption/scattering imaging combined with 3D brain surface
profilometry, here we are presenting as proof-of-principle a validation
of the optical design for computing the 3D surface profile. As explained
below, the accuracy of the profilometry system was evaluated using
phantoms of known heights. All the heights were reconstructed with
an average relative error (the theoretical height minus the measured
height, divided by the theoretical height) less than 3%. Then, the
accuracy of depth measurements was determined based on an average
absolute error (the difference between the theoretical and measured
values) of 0.3 mm.

System Design

To ensure minimal disruption of the surgeon workflow during

a procedure, the system was integrated to free optical ports of a
neurosurgical microscope. As seen in Figures 1A and B, the 3D
profilometer functionality was added to a commercial Zeiss NC-4
neuromicroscope (Carl Zeiss, Oberkochen, Germany) by connecting
to different light channels of the same microscope eyepieces: a) A
custom optical adapter allowing to project any pattern of light a few
centimeters across the brain surface using a Digital Light Projector
(DLP, Digital Light Innovations, TX, USA), b) An adapter (TrueTex,
FL, USA) connecting (proximal end) a coherent fiber optics imaging
bundle (Schott, Mainz, Germany) allowing to image over a field-of-
view (FOV) consistent with that seen through the microscope. The
proximal end of the bundle was connected to a liquid crystal tunable
filter (LCTF, VariSpec, PerkinElmer, MA, USA) and an Electron
Multiplying Charge-Coupled Device (EMCCD, Hnu model, Nuvu
Cameras, Canada). The Visible wavelength (VIS) LCTF model used
in this study provided continuously tunable filtering within the
wavelength range from 400 to 720 nm with a bandwidth of 7 nm.
The projector system was connected to a fiber-coupled single-mode
laser (Oxxius, Lannion, France) with peak excitation wavelength at
638 nm. The laser was coupled to the microscope projector adaptor
using a single-mode optical fiber with core diameter of 3 um and a
numerical aperture (NA) of 0.12. The illumination wavelength was
chosen because light transmission of the LCTF (~ 80%) is higher at
longer wavelengths (e.g. transmission is ~ 40% at 400 nm). The digital
micromirror device (DMD) of the DLP was illuminated by a collimated
beam to ensure uniform surface illumination and maximum light
transmission across the remaining optical components in the projector
and in the microscope. Moreover, before the beam illuminates the
micromirrors array, it goes from the laser fiber output through
optical components within the projector (mirrors, lenses) impacting
differently light propagation at different wavelengths. For example, light
at wavelengths lower than 638 nm diverged more within the projector
due to the larger index of refraction of glass at those lower wavelengths.
This directly impacted the collimation of the beam that illuminated the
DMD and, in consequence, the uniformity of the image coming out of the
projector which then also limited the accuracy of the profilometry system.
In addition, the low numerical aperture of the microscope also constrained
the passage of a more divergent beam, which could cause a major loss of
optical power through the system. Finally, a single-mode laser coupled to
a single mode fiber was chosen over a multimode laser because the spatial
and temporal coherence of a multimode laser was creating speckles within
the illumination field. These speckles led to uneven illumination while
adding image noise causing inaccuracies in the 3D reconstructions.

Figure 1A: Optical system to perform 3D reconstruction through a neurosurgical microscope: a DLP and a fiber optic bundle are coupled to the microscope
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Spatial resolution

Figure 1B: Spatial Resolution.

The Zeiss NC-4 neuro-microscope used for this study had variable
magnification (1-6X) and variable focal length (200-400 mm). However,
here in order to test the hypothesis that 3D images of the surgical cavity
can be produced through a commercial neurosurgical microscope, a
focal length of 300 mm (commonly used during neurosurgery) and a
magnification factor of 1X were used at a working distance of 30 cm
from the microscope head lens to the image plane. A projected image
then occupied an area of 4 x 3 cm in the microscope FOV. The axial
resolution of the imaging system (with those imaging parameters)
was evaluated based on the Rayleigh criterion using a standard 1951
USAF resolution target. That criterion was met for group 1-3 as
shown in Figure 2; thus, the 2D resolution of the system is ~ 2.5 Ip/
mm or approximately 200 pum, which is usually considered adequate
for observation of tumors at macroscopic scales [15]. The light power
at 638 nm out of the fiber-coupled laser was >100 mW. However, the
illumination at zero spatial frequency (uniform illumination) amounted
to a fluence of 85 uyW/cm? due to multiple sources of losses with the
DMD and the microscope. Indeed, the most important limitation of
the profilometry setup is that there is a 98% light loss in the system,
mostly due to the very small aperture size of the microscope lenses that
receive light from the DMD. This can yield images with low Signal-to-
noise Ratio (SNR) which can influence significantly the performance of
the phase-shifting profilometry algorithm.

The projection covers 308 by 232 pixels on the camera sensor,
which corresponds to 78 pixels/cm. As explained below, although the
DMD was capable of producing light patterns with a different spatial
amplitude and phase modulation, the system presented here was
optimized to project sine patterns at four different phase shifts: 0, n/2,
7, -11/2, and spatial frequencies between 1 and 1.75 cm™.

Phase-shifting profilometry algorithm

The structured light projection setup was built ensuring it can
be used in the future for intraoperative measurement of tissue
optical properties corrected for the effect of surface curvature [22].
Here, to reconstruct 3D surface profiles, the four step phase-shifting
profilometry algorithm [23] was implemented based on the projection
of four sinusoidal-intensity fringe patterns with relative n/2 phase
shifts. Depending on the profilometry method of choice, either three
or four fringe patterns are projected with different phases to obtain
a 3D representation of an object. However, for methods based on
three phases, three reference images associated with a flat surface
have to be acquired. In contrast, using a method based on four phase
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Figure 2: The finest details that the imaging system can resolve correspond to
group 1-3 of an USAF 1951 resolution target.

shifts avoids having to acquire reference images. Because of the
difficulties associated with acquiring reference images during surgical
procedures, this technique was adopted here. When a sine-shaped
light pattern was projected, deformations ensued that can be used as
a surrogate to reconstruct surface geometrical changes. Specifically,
those deformations induced a change in the phase of the sine wave
intensity profile (compared to a flat surface) and for any given position
on the surface the resulting phase could be computed based on the
intensity of the 4 deformed patterns. It is the fact that this phase value
is proportional to the surface height for each individual pixel that was
used to reconstruct the profile [24]. Briefly, the resulting deformed
patterns were modeled with the following equations:

I(x,y)=1,(x,y)+1,(x,y)cos(4(x,)) (1)
L(x.y)=1,(x.y) =1, (x.y)sin(@(x.»)) )
L (x,3) =1, (x.9) =1, (x.y)cos(@(x. »)) 3)
L (%y) =1, (%) + 1, (x.y)sin(¢(x.»)) @

where I, I, I, and I, are the light intensities for pixel locations x and
y assoc1ated w1th the four relative phase shifts: 0, /2, m, -n/2. 1 is a
constant term associated with the mean intensity for all four frmge
patterns and I, is half of the peak-to-peak amplitude of the sinusoidal
component of the signals. The phase for each pixel is given by:

tan(g(x.y)) - 22 =L (0)
1, (x,y) -1 (x,y)
Because the phase should physically be limited to a 27 interval,
a phase unwrapping algorithm was applied to ensure the range was
between -m and +m [23]. For this study, the phase information was
recovered after running a 2D phase unwrapping function in Matlab
(The Mathworks, Inc.) [25]. Then, in order to associate a height value
(in proper units of length) to each camera pixel, the size of the projected
sine patterns was measured with a ruler along the x-axis to obtain an
individual conversion factor (k ). Then, knowing the total length of the
illuminated region along the x-axis (L ), it was possible to determine
the length of each projected oscillation in centimeters (p):

where o is an integer representing the number of fringes. The height
(h) was determined by multiplying the phase (¢) by the variable p and
by the scaling factor (c) found with a calibration phantom of known
heights (here a stair phantom was used as described below):

h=¢(x,y)pc[em] (7)

(5)
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In order to achieve an effective 3D reconstruction with minimized
errors, the 3D profile can be created with the average of individual
reconstructions. An individual reconstruction is obtained from
pattern projections with a single spatial frequency; then, all the
reconstructions carried out from projections with different spatial
frequencies are averaged. As explained below, in this study, the average
of reconstructions with spatial frequencies from 1 to 1.75 cm™ proved
to reconstruct effectively small and large height changes.

A C++ code was written to synchronize the projection of patterns
by the DLP and the image acquisition with the LCTF/EMCCD system.
An acquisition to project and acquire spatial frequency domain images
in a span of frequencies of 1to 1.75 cm™ took <1 min and the processing
was performed after image acquisition in <2 min.

Evaluation of depth reconstruction measurements

Experimental protocols were planned and implemented to test
the ability of the instrument to create 3D surface profiles through a
neurosurgical microscope as well as to evaluate the reconstruction
accuracy of the method. Initially, several stair phantoms were
3D-printed with step heights varying from 1.5 mm to 30 mm (Figure
3). The height of all stair phantoms was kept to <40 mm to ensure they
could all be imaged within the 40 mm depth of field of the microscope
[26]. Each stair phantom was placed within the microscope FOV and
structured light patterns of 4x3 cm were projected at zoom=1X and focal
length=300 mm. A 3D reconstruction was obtained for each phantom

after averaging reconstructions obtained for different spatial frequency
projections in the 1to 1.75 cm™ range. This method was found to afford
a sufficient level of sensitivity to detect all height changes associated
with the phantoms. The average absolute accuracy of the profilometry
system (theoretical height minus measured height) was found to be 0.3
mm. Figure 3A shows the measured heights for the different pyramid
steps. The standard deviation was calculated amongst the heights
estimated pixel-by-pixel across the surface of every step. The average
standard deviation for all the step areas was less than 0.6 mm and this
is considered to be the precision of the profilometry system. Another
experiment was performed where a flat adjustable angle platform
(AP180, Thorlabs) was positioned at 0° (perpendicular) with respect to
the head of the surgical microscope. Then, the platform was moved at
+15° + 30° and + 45° along the x- and y-axis, creating side- and front-
tilt maps, respectively, as seen in Figures 4A and 4B. The tilt accuracy
is shown in Figures 4C and 4D; the mean reconstruction error for all
angles was 1.9 degrees with a standard deviation of 1.2 degrees. In
addition, while the 3D reconstruction accuracy and precision might
stay at values close to 0.3 mm and 0.6 mm, respectively, for different
microscope magnifications, changes should be expected since zoom
settings in the neuromicroscope impact the size of the pattern and
therefore the actual length of each projected oscillation. For that
reason, in order to further validate the findings of this research, the
accuracy and precision of reconstructions for other pairs of zoom and
focal length should be determined by repeating the same experiments
presented in this manuscript.
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Figure 3: Height measurements made on stair phantoms: (A) Graph showing computed steps height and standard deviation (evaluated across the image
for each step) as a function of expected values. (B) Reflectance image of a stair phantom with the cross-section of the first step (height: 4 mm) outlined. (C)
Transverse cross-section of the step selected in (B) showing reconstructed height variability. (D) 3D surface map of the stair phantom in (B).
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Finally, a brain-shaped phantom was made of intralipid, water,
blue food coloring dye and agarose [27] to mimic absorption and
reduced scattering coefficients of 2 mm™ and 2.5 mm, respectively,
at 638 nm. The reconstructed brain profile is presented in Figure 5.
However, in order to reconstruct surfaces, the sine wave patterns
deformed by the shape of a sample must be perceived with enough
contrast, i.e., the difference between the maximum and minimum
intensities in the fringe pattern should be sufficiently high as to have
easily distinguishable patterns. However, the object surface reflectance
properties can vary greatly depending on geometric differences and
textural features [28]. Thus, the contrast of the fringes can be low when
there is irregular reflection from a non-uniform reflecting surface,
hindering the 3D reconstruction of an object [29]. In consequence,
despite the fact that the brain-shaped phantom was 3D reconstructed
correctly, it could be the case that the patient brain surface presents
large variations in reflectance, producing low contrast fringes, and
making 3D reconstruction difficult. Thus, further validation of the
system in a large cohort of patients shall be necessary.

Discussion

A technique was implemented to perform 3D-reconstructions
without making any modification to the surgical microscope. Since
each channel of the microscope oculars (eyepieces) operates as an
independent optical path, the 3D profilometry functionality was
developed by connecting custom optical adapters to project and detect
images separately through each eyepiece.

In the presented results, spatially-modulated patterns of 4 by 3 cm
were projected in the microscope FOV to carry out 3D reconstructions
of calibration objects of known dimensions. Height changes were set
from 1.5 to 30 mm to keep the heights within the depth of field of the
neuromicroscope (40 mm) [26].

In addition, it was convenient to implement a profilometry
algorithm with four phase shifts instead of three to avoid having to
acquire extra sets of flat reference images during neurosurgery. The
choice of spatial frequencies to perform profilometry (1to 1.75
cm™) demonstrated enough sensitivity to detect large and small height
changes. The accuracy of 3D surface reconstructions with the system
was estimated to be 0.3 mm and the precision was 0.6 mm.

Finally, with the existing configuration of the through-microscope
phase-shifting profilometry system presented here, sinusoidal patterns
of variable spatial frequency and phase could be projected to determine
u, and ' coefficients through the SFDI technique [20]. Indeed, it has
been published that the projection of structured light with a single
instrument serves two purposes: 3D reconstruction of tissue structures
and retrieval of its optical properties [22]. 3D profilometry information
recovered with our system will be used later as prior information in
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Figure 5: (A) Solid phantom with shape of brain tissue. (B) 3D reconstruction
of the region-of-interest in (A).

a tissue light transport model for computing tissue optical properties,
including scattering and absorption, during neurosurgical procedures.

Conclusion

A proof-of-concept study was presented suggesting that a
hyperspectral imaging system that is integrated to a commercial
surgical microscope can do 3D reconstructions of the brain cavity.
The same setup has the potential to extract and geometrically correct
the brain optical properties to quantitatively estimate fluorophore
concentrations in the future which could improve cancer detection
during brain surgeries.
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