]
A s
i
15|

Universiteit

*dlied) Leiden
'%‘Q,:y‘;\& The Netherlands

E
3
H oo
B
=
=)
@)
3

o

Quantifying the impact of signal-to-background ratios on surgical

discrimination of fluorescent lesions
Azargoshasb, S.; Boekestijn, I.; Roestenberg, M.; KleinJan, G.H.; Hage, J.A. van der; Poel,
H.G. van der; ... ; Leeuwen, F.W.B. van

Citation

Azargoshasb, S., Boekestijn, 1., Roestenberg, M., KleinJan, G. H., Hage, J. A. van der, Poel,
H. G. van der, ... Leeuwen, F. W. B. van. (2022). Quantifying the impact of signal-to-
background ratios on surgical discrimination of fluorescent lesions. Molecular Imaging And
Biology, 180-189. d0i:10.1007/s11307-022-01736-y

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license

Downloaded from: https://hdl.handle.net/1887/3491508

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3491508

Molecular Imaging and Biology (2023) 25:180-189 gW M |S eS m i

httpS://dOi.Org/1 0.1007/s11307-022-01 736'y World Molecular Imaging Society  /european society for molecular imaging
RESEARCH ARTICLE q
Check for
updates

Quantifying the Impact of Signal-to-background Ratios on Surgical
Discrimination of Fluorescent Lesions

Samaneh Azargoshasb'? . Imke Boekestijn'= - Meta Roestenberg*® - Gijs H. KleinJan® - Jos A. van der Hage’ -
Henk G. van der Poel? - Daphne D. D. Rietbergen' - Matthias N. van Oosterom'~ - Fijs W. B. van Leeuwen'2

Received: 14 February 2022 / Revised: 28 March 2022 / Accepted: 21 April 2022 / Published online: 16 June 2022
© The Author(s) 2022

Abstract

Purpose Surgical fluorescence guidance has gained popularity in various settings, e.g., minimally invasive robot-assisted
laparoscopic surgery. In pursuit of novel receptor-targeted tracers, the field of fluorescence-guided surgery is currently moving
toward increasingly lower signal intensities. This highlights the importance of understanding the impact of low fluorescence
intensities on clinical decision making. This study uses kinematics to investigate the impact of signal-to-background ratios
(SBR) on surgical performance.

Methods Using a custom grid exercise containing hidden fluorescent targets, a da Vinci Xi robot with Firefly fluorescence
endoscope and ProGrasp and Maryland forceps instruments, we studied how the participants’ (N=16) actions were influenced
by the fluorescent SBR. To monitor the surgeon’s actions, the surgical instrument tip was tracked using a custom video-based
tracking framework. The digitized instrument tracks were then subjected to multi-parametric kinematic analysis, allowing
for the isolation of various metrics (e.g., velocity, jerkiness, tortuosity). These were incorporated in scores for dexterity (Dx),
decision making (DM), overall performance (PS) and proficiency. All were related to the SBR values.

Results Multi-parametric analysis showed that task completion time, time spent in fluorescence-imaging mode and total
pathlength are metrics that are directly related to the SBR. Below SBR 1.5, these values substantially increased, and han-
dling errors became more frequent. The difference in Dx and DM between the targets that gave SBR < 1.50 and SBR > 1.50,
indicates that the latter group generally yields a 2.5-fold higher Dx value and a threefold higher DM value. As these values
provide the basis for the PS score, proficiency could only be achieved at SBR > 1.55.

Conclusion By tracking the surgical instruments we were able to, for the first time, quantitatively and objectively assess how
the instrument positioning is impacted by fluorescent SBR. Our findings suggest that in ideal situations a minimum SBR of
1.5 is required to discriminate fluorescent lesions, a substantially lower value than the SBR 2 often reported in literature.

Key words Image-guided surgery - Surgical robotics - Fluorescence imaging - Indocyanine green (ICG) - Surgical
performance
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Introduction

In recent years, fluorescence-guided surgery has rapidly
gained popularity. While many different fluorescent dyes
have seen implementation in patients [1], surgical use of
fluorescence is most often related to use of the near-infrared
dye indocyanine green (ICG). This dye has been applied for
diagnostic purposes in, for example, cardiology and oph-
thalmology since the late 1950s [2]. During the last decade
surgeons have used ICG in applications such as lymph node
(LN) mapping [3, 4], angiography (e.g., anastomosis) [5-8]
and real-time identification of lesions (e.g., hepatobiliary
lesions) [9, 10]. ICG is most extensively used during plas-
tic surgery [11], urology [12] and gynecology [13, 14], but
applications are rapidly expanding into general oncologic
surgery [15], and head and neck surgery [16]. To facilitate
ICG-based fluorescence guidance, established minimally
invasive surgery platforms, such as laparoscopes and the da
Vinci surgical robot, now include a near-infrared ICG imag-
ing option [17, 18].

Generally, “free” or non-bound ICG is used for physi-
ological imaging in doses of 5-25 mg/patient [19], thus
providing relatively high local fluorescent concentra-
tions. Fueled by the constant flow of nuclear medicine-
based molecular imaging successes obtained with small
molecules, peptides and antibodies, the field has moved
toward the use of receptor-targeted fluorescent tracers.
There are, however, some fundamental differences in the
application of a receptor-targeted radiotracer at quanti-
ties below the micro-dosing level (< 100 pg/patient) [20]
and use of a fluorescent-based receptor-targeted tracer
at, e.g., 0.18 mg/kg [21]. For one nuclear medicine has a
superior sensitivity and is capable of accurately detect-
ing very low tracer quantities, hence the general com-
patibility with microdosing. The detection sensitivity
for fluorescence is a.o. limited by light scattering and
tissue attenuation. This means it not only is limited to
superficial targets but also its sensitivity is inferior to
that of nuclear medicine [21, 22]. Second, while the sig-
nal intensity at physiological imaging is directly related
to the amount of tracer administered (in relation to the
biological clearance half-life), the number of cell-sur-
face receptors that can be targeted in a tumor volume is
dictated by biology, at least in patients. Despite the posi-
tive effects that receptor internalization has on signal
intensity, this still means there is a limit to the degree
of tracer that can be accumulated in a tumor. One may
even suggest that the accumulation of tracer in a tumor
is fixed and can be calculated with, for example, positron
emission tomography (PET) standard uptake volume
(SUV) values. If that is the case it means that above cer-
tain doses the tracer uptake is no longer directly related

to the quantity of tracer administered, while the increase
in background signals in non-target tissues is. Combined
this means that key challenges are the prevention of false
negatives (e.g., lesions missed due to ‘underdosing’ or
low camera sensitivity [22]) or false positives (e.g., due
to mistaking the reflectance of excitation light as signal
or background signals in non-target tissue as the result
of ‘overdosing’ [23]). Knowing this, physics indicates
that, unless the brightness of fluorescent dyes and the
sensitivity of cameras improve radically, most receptor-
targeted fluorescence-guided surgery applications will
come with relatively low signal intensities and relatively
high background signals. This will ultimately reflect on
the signal-to-background ratio (SBR) and the ability of
fluorescence imaging to guide surgical decision making.

It has been posed that image-guided surgery relies upon
obtaining good SBRs [24]. As long-term outcome data and
randomized clinical studies are still rare, often visualization
of targets, with a SBR > 2, is considered a surrogate endpoint
for success [25, 26]. The significance of SBR values is fur-
ther underlined by the rigorous pursuit of ways to increase
the SBR. Approaches vary from using ‘therapeutic’ quanti-
ties of fluorescent tracers [21], to extended intervals between
tracer administration and surgical imaging [27], and tuning
of tracer pharmacokinetics to reduce local background [28].
More exotic approaches include the use of activatable dyes
[29] or fluorescence lifetime imaging [29]. Despite all these
efforts, as far as we know, there are no studies that describe
how SBR values, and with that, fluorescence imaging, reflect
on the surgical procedure itself. Meaning it is still unclear
how a specific SBR value alters the way surgeons approach
a target.

In robotic surgery most of the proficiency scoring is
still qualitative (i.e., expert (video) assessment). Recent
literature, however, suggests that objective and quantitative
performance scoring can be realized by tracking mechani-
cal movements of the robotic instruments (e.g., dVLog-
ger Intuitive). A concept has even allowed first steps to be
made to relate surgical performance to outcome [30-32].
Kinematic analysis has even become standard during vir-
tual simulation training [33-35]. Recently, we reported
that kinematics can also support the comparison between
image guidance modalities [36]. We argue such quantita-
tive assessments need to be inclusive for all laparoscopic
and robotic surgery. With that in mind video-based isola-
tion of kinematic metrics provides a universal and inter-
changeable solution that can easily be disseminated across
different platforms.

Given the theoretical impact that fluorescence SBR
has on surgical movement, we performed multi-dimen-
sional kinematic analysis during a fluorescence guided
surgery exercise. Following automated video assessments
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surgical instrument movements were digitized and ana-
lyzed in detail.

Methods
Phantom Design

To evaluate the sufficient fluorescent SBR needed for
robotic surgery, we created a custom silicone (4 X 7)
grid-phantom setup (Dragon Skin FXPro silicone,
mixed with coloring pigment, FormX, Amsterdam, the
Netherlands) that contained 28 possible target locations
that could be sealed off with silicone lids. As targets
we used 33.33 pL fluorescent beads [37], containing
different concentrations of ICG (1-0.0625 mg/mL dis-
solved in methanol) incorporated in epoxy resin (ratio:
1:6:1 for epoxy resin, epoxy hardener and ICG solution,
respectively).

Instrument Tracking Framework

The surgical system used during these experiments was
a da Vinci Xi robot with Firefly fluorescence chip-on-
a-tip endoscope and ProGrasp™ and Maryland forceps
instruments (Intuitive Surgical, Sunnyvale, CA; see
Fig. 1). During the exercise as explained below, the Pro-
Grasp served as the dominant instrument. To acquire
the coordinate data of the ProGrasp™ instrument tip
in 3-dimensional (3D) space, we made use of a previ-
ously described custom marker-based tracking frame-
work [36]. In this setup the marker-based tracking accu-
racy proved to be 1.10 +0.74 mm, 0.50 +0.53 mm and
0.88 +0.99 mm in the X, y and z directions, respectively

Tracking

Performance score

[36]. As marker a yellow-colored and rectangular-
shaped marker was placed on one side of the ProGrasp
(Fig. 2A). Matching computer-vision software was cre-
ated to segment the markers (based on shape and color)
in the endoscopic-video output. The obtained 3D instru-
ment paths were then digitized using custom algorithms
(constructed in MATLAB®, the MathWorks, Inc.). From
the data we extracted multi-dimensional kinematic
metrics such as spatial features (e.g., total pathlength,
straightness index) and temporal features (e.g., time of
completion, speed, acceleration, jerkiness). For better
interpretation of the movement data, the percentage of
time spent in each square centimeter of the Firefly image
plane (%s/cm?) was calculated and used to calculate a
color-coded density plot [36].

Fluorescence Intensity Determination

The SBR values of the individual targets in the grid phan-
tom were determined using a color-based image segmen-
tation algorithm created in MATLAB® on video mate-
rial recorded from the Firefly camera at around 20 cm
distance. In these algorithms, non-fluorescent but satu-
rated parts (i.e., presented as white reflections) of the
images were first removed using HSV (hue saturation
value) color segmentation. Afterward, green fluorescent
intensity was determined of each pixel in the image using
the green color channel of the filtered RGB (red green
blue) images. The target’s fluorescent intensity, and there-
fore signal value, is then determined as the mean pixel
intensity value within a manual defined rectangle-shaped
region of interest around the target’s location. For back-
ground calculation the average of three locations adjacent
to the targets was used.

P=wfpy Ppx+wfpy- Ppy

1

Time
300 1
E e Q\ \ Isolation
R —§ - kinem_atlc
PN s metrics
NN 0
y(mm) " x(mm)

._- +

== L
Feature weighting

Handling
errors

Fig.1 Schematic overview of the phantom-based study setup. Surgical instruments are tracked to be digitized for kinematic feature extraction.
These features are then used to determine performance scores in relation to fluorescence signal-to-background ratios
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Fig.2 A-D) Experiment process
consisting: A), start in white
light image, B) target identifi-
cation in Firefly fluorescence
mode, C) target resection, D)
confirm the right target location
in Firefly fluorescence mode. E)
X, Y, Z component of instru-
ment movement resulting from
customized tracking program,
F) digitized traveled path of the
ProGrasp instrument tip in 3D
with position density (%s/cm?)
plot on XY plane overlaid on
phantom image and G) cluster
analysis of Pearson correla-

tion applied on the kinemetric
metrics extracted from the
traveled paths by the ProGrasp
instrument tip, handling errors
occurring during the exercises
and SBR’s from all participants.
The color bar implies the cor-
relation strength between the
features (red positive and green
negative correlation).(SBR:
signal-to-background ratio, J
number of extreme peeks in
Jerkiness, HE: handling error,
Cr: curvature, AD: angular dis-
persion, ST: straightness index,
J =jerkiness, a=acceleration,
v=speed, tyq: task time, ty;.qy.
Firefly fluorescent time, S:

extt
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Target confirmation g2 T e TS
Exercise line with clinical practice removal of the fluorescent beads

Participants (n=16; MD’s (n=4), researchers (n=6), and
engineers (n=6) aged between 20 and 50) were asked to
perform the exercise in which they had to locate and remove
three randomly placed fluorescent targets from the grid
phantom using the da Vinci Xi surgical system. Each par-
ticipant was asked to perform one to five of such exercises,
and the exercises did not end until all targets (three per
exercise) were removed. This resulted in a total of three to
fifteen fluorescent targets. The Firefly fluorescent imaging
mode could be used to identify the target locations, but in

had to take place in ‘white light’ mode. Non-visualization
in fluorescent imaging mode meant the participant had to
randomly check potential target locations in the 4 X7 grid,
thus substantially altering his/her movement kinematics.
During the exercise, opening of locations not containing a
fluorescent target, was considered a handling error. Exer-
cises were timed, as was the use of fluorescence mode. To
limit occlusions in instrument tracking, the participants
were instructed to keep the instrument marker visible as
much as possible during the exercises.
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Surgical Performance Scoring

Surgical performance is a sum of dexterity (Dx) and deci-
sion making (DM) [38]. In the exercise, the overall dexterity
is represented by the normalized jerkiness (derivative of
acceleration) in 3D over the entire procedural time from
start (t;) to finish (t,) corrected for the pathlength (s). The
Dx index can be calculated using Eq. 1 wherein a low dex-
terity index indicates a more focused performance [39].

crex\t (8N, (82), AP

o=([(5) (@) - () 2) o

The DM index can be described by a correlation between
the intentional movements; sudden changes in dexterity
(ADx,,;,), handling errors (HE) and procedural fluency (F),
where a low DM index indicates a more certain participant.
The changes in dexterity are described by the number of
extreme peaks within the jerkiness (#],,,.; extreme peaks
are above 100,000 m/s3). Procedural fluency F is defined
as a combination of the time spent in Firefly fluorescence
mode (7;,p,) and straightness index (S7), as shown below.

DM = wf | - ADx,y, + wf, - HE + wf 5 - F @)

ADx, .. = #]

extr extr

F= wf3 -1 wf4 * Upirefly

The weight factors (i.e., wf |, wf,, wf; and wf ;) in which
each of the features contribute to the DM were determined
using a maximization on the linear fit between the fea-
tures and the total pathlength, based on the assumption that
lesser movements resemble a more proficient procedure
[40]. This was realized using a MATLAB® optimization
program. Here the sum of the weight factors equals to 1;
wf, +wf, + wf; +wf, = 1 and wf range between [0, 1]
with step size 0.02.

Furthermore, an overall performance score (PS) can
be created using the Dx and DM indices. This PS, rang-
ing from O to 1, is depicted in Eq. 3, where a low score
resembles a poor performance and is constructed in the
following manner based on the method published by Ganni
et al. [41]. To establish this PS range [0—1], the Dx and DM
indices are linearly transformed into performance compo-
nents Pp, and Pp,,. This transformation was constructed
in such manner that the median Dx value of the exercises
with handling errors is resembled by a Pp, of 0.6 and the
median Dx value of the exercises without handling errors
is resembled by a Pp, of 0.9. The DM indices were trans-
formed in an equal manner. The weightings in which the

@ Springer

Pp, and Pp,, contribute to the PS were determined using
a principal component analysis (PCA) wherein the sum of
the weight factors equals to 1: wfp, + wfpy, = L

PS = wf p, - Ppy + wfpy - Ppu 3)

To determine what PS cutoff is considered to be pro-
ficient and therefore establish a proficiency level, the
Z-score method can be used [42]. To avoid an underesti-
mation of proficiency, only exercises showing no handling
errors have been included in the Z-score calculation. Here
the performance was rated proficient when the individual
PS values are within a Z-score interval of [-2, 2] as is most
common.

Statistics

Statistical significance between the performance was estab-
lished via a two sampled t-test with the SPSS statistical
software (IBM SPSS Statistics for Windows, Version 25.0),
using a confidence interval of 95%.

Results

Kinematic Metrics Extraction of the Traveled
Instrument Path and the Intra-feature Correlation

Figure 2A and B shows typical examples of white light and
fluorescence imaging visualizations of the grid phantom,
respectively. Figure 2C and D illustrates how opening of
a lid can reveal a fluorescent target. During the exercises,
SBRs of the targets as detected by the Firefly camera var-
ied between 1.0027 and 3.4638 (total 120 targets). Analysis
of the path traveled by the ProGrasp instrument helped to
objectively evaluate the effect of SBR on the surgical pro-
ficiency (Fig. 2E and F). The position density in 2D (%s/
cm?) could be visualized through color coding. To get an
indication in which location instrument time was largest,
this value could be overlaid onto the phantom, see Fig. 2F x-,
y- plane. Following the direct relation between SBR values
and kinematic metrics extracted from the digitized instru-
ment trajectories (Pearson correlation coefficient; Fig. 2G),
we observed that the SBR is negatively correlated with
pathlength, time to complete the task, time spent in Firefly
fluorescent mode and number of handling errors. Positive
correlations, in which the two variables move in tandem, are
found for SBR and straightness index. Also, pathlength, task
time, time spent in Firefly fluorescent mode are positively
correlated with the number of handling errors and extremes
in jerkiness.
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In general, minimizing handling errors is considered a criti-
cal aspect of refining surgical procedures [43, 44]. Hence, we
grouped the exercises into sub-classes with and without han-
dling errors. Relating these handling errors to the SBR values,
helped identify what SBR support selective target removal and
how it affects dexterity and decision making. Figure 3 shows
that handling errors, total procedural time, total pathlength, as
well as time spent in Firefly fluorescence mode were SBR
dependent. The cutoff SBRs were defined where sudden change
is observed in these features and results in SBR=1.52, SBR

1.42, SBR 1.52 and SBR 1.55, respectively. Averaging these
values indicates that the ‘sweet spot’ for target identification
means SBR > 1.50 is desirable. At lower SBR values partici-
pants increased the number of handling errors which also con-
verted to increased pathlength (Suesarerso = 1256 VS
Savg,SBR>1_50 = 568.3mm) and task time
(sl g, SBR<1.50 = 9957 VS l1ag,,  sBR>1.50 = 19.775). The
uncertainty of the target location also meant participants spent
more ‘search’ time in Firefly fluorescence mode

(tFireﬂng,SBR<1.50 = 10.23 VS tgireply,, . SBR>1.50 = 3.12s). In
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Fig.4 A)The dexterity index, B) decision-making index and C) the overall performance score plotted against the SBR. This clearly shows with
SBR > 1.55 the performance score is mostly above proficiency level with no handling errors (green)
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some cases, however, the increased time in fluorescence mode
did mean the targets could still be identified (see Fig. 3D).

The Relation Between SBR and Surgical
Performance Scoring

From the kinematic metrics and handling errors we were
able to determine the Dx and DM indices, which are posi-
tively correlated with the total pathlength. Note: Path-
length and completion time are the most common meas-
ure for performance indicated in the literature [45-47].
Figure 4A and B suggests that lowering of the SBR con-
verts to a decreased performance as indicated by a higher
Dx and DM. A comparison between SBR < 1.50 and
SBR > 1.50 groups suggests that the latter group generally
yields a 2.5-fold higher Dx value and a threefold higher
DM value (Dx gy spr>1.50 = 3-75 V8 DXy spr<1.50 = 9-20
and DMavg,SBR>1450 =234 vs DMavg,SBR<1.50 = 8.09). To
score the performance (PS), these indices were weighted
according to the PCA results, yielding wf, = 0.49 and
wf py = 0.51 (see Fig. 4C). Participants were considered
proficient at PS > 0.816. Relating proficiency to the SBR,
shows a SBR cutoff at 1.55 (Fig. 4C, pink line) above which
all participants performed proficient. Note fully, some
individuals still performed proficient even when showing
handling errors. However, none of the participants show-
ing multiple handling errors reached the proficiency level.
There is a difference between the average PS of the exercises
showing no handling errors (Fig. 4C; green) and the exer-
cises with handling errors (Fig. 4C; red) (PSgyq = 0.888 vs.
PS,,, = 0.509;p = 0.06). Furthermore, no handling errors
occurred above a SBR of 1.53.

In the current study it was not possible to relate the
backgrounds of the individuals to the performance, MD’s
(PS,edian = 0.7920), researchers (PS,,,, 4., = 0.8245) and
engineers (PS,, 4., = 0.8641; p = 0.27). If anything, the
trend suggests the technical expertise/insight of the partici-
pant reflects positively on the score.

Discussion

By analyzing the kinematics of surgical instrument move-
ment, it has become possible to objectively and quantita-
tively define below which SBR the value of fluorescence
guidance starts to deteriorate. Our findings indicate that the
cutoff lies around SBR > 1.5 (average value calculated from
cutoffs indicated in Fig. 3 and 4). This value is markedly
lower than the artificial SBR cutoff value of 2 that is often
used in the literature [48, 49]. We argue that studies such
as the one presented here help gain fundamental insight in
the fluorescence signal intensities that are needed to guide
surgeons in their actions.

@ Springer

We observed that lower concentration of fluorescent
contrast showed impact on a variety of kinematic metrics,
namely, time in Firefly fluorescence mode, time of task com-
pletion and total pathlength of the movement of the partici-
pant. Not only do these metrics relate to each other, feature
correlation analysis also indicates they relate to: SBR, han-
dling errors, extremes in jerkiness and straightness index
(Fig. 2G). Below the SBR 1.5 cutoff value the decision-mak-
ing process is negatively impacted by the operators inabil-
ity to discriminate between the reflection of excitation light
and low-intensity fluorescent emissions. Interestingly, this
means that at low signal intensities also more non-targets
are pursued (so-called false positives) and handling errors
become more frequent. In actual surgery, false positives can
of course also be caused by accumulation of a fluorescent
tracer in non-target tissue.

Surgical training literature relies heavily on handling
errors for performance scoring [50]. Our findings indi-
cate that participants could show a high proficiency
(PS > 0.816), despite having a single handling error
(Fig. 4C). Since lower fluorescence intensities in targets
automatically convert to a drop in SBR, there will be a direct
link between our phantom data and clinical findings that
indicate that the accuracy of fluorescence guidance deterio-
rates with decreasing fluorescence concentrations (for ICG
in SN surgery, the concentration threshold has been defined
as < 0.003 nmol/cm?) [21]. It should however be noted
that the exercises that we used present a quite ideal situa-
tion viz. no bleeding. Therefore in vivo SBR values could
be slightly different. Hence, implementing the SBR analysis
and kinematic scoring in clinical trials is required to vali-
date if the current SBR threshold directly translates to the
in vivo situation. This is something that is currently under
investigation. Hereby we should realize that the kinematic
scoring of instrument movements only relates to the SBR
values encountered in situ. Values that in general are much
lower than values determined during back table analysis. For
example, in their study Moore et al. indicated in situ fluo-
rescent SBR values in the range 1.5-2.5 converted to much
higher SBR values ex vivo (range 3.0-4.0) [51]. Recently, de
Barros et al. reported a similar trend for radioguidance [52].

We based our current study on the commonly used fluo-
rescent dye ICG and the da Vinci platform equipped with
a Firefly fluorescence camera that is optimized to identify
this particular dye. As such our findings reflect on a situation
wherein all parameters are fully optimized. As mentioned
before in the clinic multiple fluorescent dyes have been used
[1], and there have been reports on using the Firefly camera
for other dyes such as fluorescein [53] and IRDye800CW
[54]. In these situations, the fluorescent emission may not
be optimally matched to the camera. As such the SBR val-
ues may be structurally lower. However, assuming the fluo-
rescence is displayed to the surgeon in the same (artificial)
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green coloration with black and white background, the inter-
pretation of the images and this SBR values will remain
identical. That said, representation of the fluorescent emis-
sion in another coloration, e.g., white [55] or blue [56] or
heatmap [48, 57], may change the interpretation of the surgi-
cal field, as will the display of white light images in conjunc-
tion with fluorescence [58].

Almost half the study participants could identify targets
and show a proficient performance below the SBR 1.5 cutoff
(Fig. 4C), but their accuracy dropped from 100% to 78.95%.
This underscores that individual vision can play an impor-
tant role in overall performance. A difference that did not
relate to the background of the individuals. It still needs to
be defined if training in fluorescence imaging could help
enhance a surgeon’s ability to identify low-intensity fluo-
rescent hotspots. This requirement may, however, become
obsolete in the future when neural networks take over such
tasks and automatically analyze fluorescence signal intensi-
ties at a per pixel-level basis and a video-rate speed [59-61].
A similar effect has been reported for the surgeon’s ability
to perceive objects in 3D [62-65]. For the latter training and
selection programs have already been proposed [62].

Our findings show some limitations. For one, we per-
formed our initial evaluations in a phantom setup, rather than
in clinical trials. The reason for this is the ease of instru-
ment tracking [36, 66] and the ability to have controlled SBR
values. Here it should be noted that the setup used (epoxy
fluorescent beads in a silicon phantom) does not allow us to
translate the SBR values detected by the camera to fluores-
cence concentrations in the targets or the attenuating effect
of ‘tissues’ covering a target, for that we refer to previous
studies [21, 53]. Furthermore, in this study, the efficiency
of the task is based on the movements of the dominant hand
only. Future studies should determine whether the same
trends extend to both hands. Obviously, handling errors in
phantom exercises do not per se translate to a potential sur-
gical complication and thus may appear somewhat artifi-
cial. During actual surgery on patients, however, resecting
healthy tissue may lead to complications. In these instances,
the anatomical location of the target will strongly influence
the impact that handling errors yield. Hence the number of
potential handling errors should be expanded with a score of
severity, meaning the DM and PS scores should be tailored
specifically to these applications.

Conclusion

Through multi-parametric kinematic analysis and perfor-
mance scoring we have gained practical insight in how fluo-
rescence SBRs impact on the ability to surgically resect a
target, indicating that a SBR > 1.5 is required. Given that the

quest for receptor-targeted fluorescent agents approaches the
use of signal intensities at the boundaries of what is techni-
cally feasible, such insights may help refine the implemen-
tation of fluorescence guidance in clinical trials and during
routine care. Ultimately, they may also help guide the further
development of fluorescent tracers and fluorescence imaging
modalities.
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