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Abstract: Surgery for locally recurrent rectal cancer (LRRC) presents several challenges, which is
why the percentage of inadequate resections of these tumors is high. In this exploratory study, we
evaluate the use of image-guided surgical navigation during resection of LRRC. Patients who were
scheduled to undergo surgical resection of LRRC who were deemed by the multidisciplinary team to
be at a high risk of inadequate tumor resection were selected to undergo surgical navigation. The risk
of inadequate surgery was further determined by the proximity of the tumor to critical anatomical
structures. Workflow characteristics of the surgical navigation procedure were evaluated, while the
surgical outcome was determined by the status of the resection margin. In total, 20 patients were
analyzed. For all procedures, surgical navigation was completed successfully and demonstrated
to be accurate, while no complications related to the surgical navigation were discerned. Radical
resection was achieved in 14 cases (70%). In five cases (25%), a tumor-positive resection margin (R1)
was anticipated during surgery, as extensive radical resection was determined to be compromised.
These patients all received intraoperative brachytherapy. In one case (5%), an unexpected R1 resection
was performed. Surgical navigation during resection of LRRC is thus safe and feasible and enables
accurate surgical guidance.
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1. Introduction
According to the GLOBOAN cancer incidence database, rectal cancer ranks in eighth
position with a cumulative lifetime risk of almost 1% [1]. Surgery is the principal treatment option for rectal cancer, and is often accompanied by neoadjuvant treatment, which
consists of radiotherapy, chemotherapy, or a combination of both. Despite improvements
in multidisciplinary treatment, the proportion of tumor-positive resection margins after
surgical treatment of primary rectal cancer remains 10–15% [2,3]. This, in turn, leads to a
local recurrence rate of rectal cancer of 6–10% [4].
The treatment of locally recurrent rectal cancer (LRRC) remains a clinical challenge.
Similar to primary rectal cancer, complete resection of LRRC is essential for improving both
local control and long-term survival [5]. However, due to prior radiation and surgery, the
normal surgical planes are disrupted, thus making it challenging to differentiate between
fibrosis and recurrent malignancy. After surgical resection of LRRC, high tumor-positive
resection margin (R1) rates are reported of 38–62% [6,7]. In these R1 LRRC cases, the overall
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five-year survival varies from 10–18% [8–13] compared with 48–58% among patients for
whom a negative resection margin (R0) is achieved.
To achieve R0 resection in conditions in which someone’s default anatomy has been
changed due to prior treatment (radiotherapy or surgery), image-guided surgical navigation
might be beneficial. The main goal of surgical navigation is to provide surgeons with an
intuitive live-view of where their surgical instruments are positioned in relation to the
preoperative images. In addition to improving R0 rate, surgical navigation also has the
potential to allow for more precise surgery, insofar as it helps to spare healthy anatomical
structures [14]. For some time now, surgical navigation solutions have been commercially
available for cranio-maxillofacial, spinal, trauma, orthopedic, and neurosurgery [15–17].
However, there is currently no commercial system available for abdominal or pelvic surgery.
A surgical navigation setup for abdominal surgery was developed and evaluated
in-house at the Netherlands Cancer Institute (NKI) [18,19]. This setup has resulted in
numerous patient studies that demonstrate the added value of the technology [18–21].
Among patients operated on for LRRC, R0 resection rate using surgical navigation was 21%
compared with 51% in a case control group [20].
In the present study, we present how surgical navigation is embedded within our
surgical workflow; more specifically, we investigate its use in those cases of LRRC where
R0 resection is considered to be extremely challenging due to tumor localization. To this
end, we analyzed the use of surgical navigation in a high-risk subpopulation of LRRC. This
group consisted of patients in whom intraoperative brachytherapy (IOBT) was considered
by the multidisciplinary team (MDT), due to serious doubts over being able to achieve a
R0 resection.
2. Materials and Methods
2.1. Study Design
For this study, 21 patients with LRRC were selected who were operated on using surgical navigation and scheduled for IOBT in the NKI from March 2018 until December 2021. Up until February 2020, these patients were enrolled in a clinical study
(N13NAV/NL43553.031.13), for which patients provided written consent. After February
2020, the surgical navigation setup was available as a standard of care within the NKI. In
our hospital, all patients are asked for “permission for further use” of clinically collected
data for the purposes of scientific research [22]. Therefore, all the patients presented in
this paper provided prior consent. For each patient, after tumor resection, the radiationoncologist was consulted during surgery whether to apply IOBT or not as part of the
standard clinical workflow.
2.2. Surgical Navigation
The surgical navigation technique has been evaluated and described previously by
Nijkamp et al. [19]. An overview of both the hardware and different registration steps is
presented in Figure 1.
For each patient, the critical anatomical structures were semi-automatically delineated
based on standard preoperative clinical images like CT and MRI using in-house developed
software (WorldMatch, 8.17b) or 3D Slicer (4.10–4.11, www.slicer.org) [23]. These preoperative images comprised contrast-enhanced CT scans and axial, coronal, and sagittal T2w
MRIs, and were in some instances complemented by DWI MRI scans. These segmented
structures include the abdominal arteries, veins, bones, and—if visible and required by
the surgeon—nerves and ureters. The target tumor(s) were delineated manually based on
key images provided by the radiologist and in consultation with the surgeon. All these
delineations resulted in a patient-specific color-coded 3D model of the patient (Figure 1,
top left).

Life 2022, 12, x FOR PEER REVIEW
Life 2022, 12, 645

3 of 13

3 of 14

Figure 1. Surgical navigation workflow showing live patient and pointer tracking by an electromag-
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side of the lower back at the level of L5 and one at the iliac crest on the front. Depending
on the type of surgery and surgical table being used, different combinations of radiolucent
bed inserts, EM field generators, and CBCT systems were used in this study (Figure 1, top
right).
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dose, radiolucent bed inserts were used, while the field generator was removed during
acquisition if possible (Figure 1, top right).
The in-house developed software SurgNav (v4.20; NKI, Amsterdam, The Netherlands)
was used for the surgical navigation procedures. This software package allowed for
loading the preoperative images and the 3D models. Subsequently, the CBCT scans were
individually registered to the preoperative CT scan using a rigid intensity-based boneto-bone algorithm, with correlation ratio serving as the similarity measure. Since the
positioning of the legs is inherently different from preoperative imaging, a clip-box was
used to exclude the femur heads to avoid misalignment. Visual inspection of the registration
was performed and, if needed, the registration process was repeated with an altered
clip-box. After registration, the position of the patient trackers in the CBCT scan were
marked manually on the scan, which, in turn, allowed for real-time registration of the EM
coordinates of the patient trackers and the preoperative images (Figure 1, bottom).
The surgeon was provided with a sterile EM tracked 6-degree of freedom (6DOF)
Probe (Northern Digital Inc., Waterloo, ON, Canada), whose location was visualized within
the registered preoperative images and 3D model. The accuracy of the surgical navigation
was determined by placing the probe at anatomical landmarks, such as bifurcations, ureters,
sacral promontory, and by visual inspection of the location within the 3D model. If needed,
small spatial corrections were made in left–right, cranial–caudal, and anterior–posterior
directions with a maximum of 20 mm.
During surgery, the surgeon was free to use the surgical navigation. Depending on the
specific surgery, it could be used to, among other things, identify/verify vessels, nerves,
and the location/extension of the tumor.
2.3. Analysis
SurgNav allows for the constant recording of the EM sensors throughout the surgery,
which allows for offline analysis via the use of custom Matlab scripts (R2016a; The MathWorks Inc., Natick, MA, USA). From these data, the duration of the surgical navigation,
defined as the length of time that the pointer was used inside the patient, could be extracted.
To quantify the difficulty of the location of the tumors, the shortest distance between
the delineated tumor surface and the anatomical structures was determined. In this analysis,
only those structures closer than 3 cm were considered relevant and thus taken into account.
A “risk” score was calculated based on the inverse shortest distance and normalized to 1.
This means that a shortest distance of 3 cm had a low risk (0), while a shortest distance of
0 cm had a high risk (1).
The additional time needed to set up the surgical navigation, that is, attaching the
patient sensors and CBCT acquisition, was recorded during the surgery. At the end of
each surgery, the surgeon was briefly interviewed and asked to complete a questionnaire
pertaining to the use and application of the surgical navigation. The first part of the
questionnaire included 10 general questions about the navigation during surgery. The
second part included 10 questions (with five answers ranging from “strongly disagree” to
“strongly agree”) to determine the system usability score (SUS, range 0–100). In order to
have a high chance of acceptance, a SUS of 70 or higher is vital [24]. The third part included
six questions (with five answers ranging from “more negative” to “more positive”) drawing
comparisons between the conventional setting, that is, surgery without navigation. The
answers were used to quantify the effectiveness, efficiency, and decisiveness of the surgical
navigation on a 5-point Likert scale. Three points or higher indicates an additional value
of surgical navigation technique compared with the conventional surgical technique. To
account for an unbalanced evaluation stemming from the number of surgeries carried out
by each surgeon, the average scores of each surgeon were used to calculate the overall
averaged SUS and Likert score.
Patient information was extracted from the digital patient records, including the final
pathology report. A radical resection (R0) was defined as tumor margin > 0 mm. Length
of hospital stay was calculated from the day of surgery until the moment of discharge.
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The total surgery time was calculated from the moment of the first incision up until the
closure of the patient, which may include other surgical interventions like the IOBT, urology
and/or reconstructive plastic surgery. Postoperative complications were graded according
to the Clavien–Dindo classification 30 days after surgery [25].
No statistical tests were performed on the data. If the data were normally distributed,
then the mean and standard deviation were reported; otherwise, the median with range
(min–max) or interquartile range (IQR) were reported.
3. Results
3.1. Patient Characteristics
In total, 21 patients were operated on via surgical navigation and scheduled IOBT for
LRRC between March 2018 and December 2021. From this group, 15 patients participated
in the N13NAV and six were scheduled for navigation as standard clinical care. From
the N13NAV group, 10 patients were reported previously in the clinical evaluation of the
resection rate compared with a historical cohort [20]. One patient was excluded for further
analysis since unexpected severe blood loss and hemodynamic instability changed the
course of their surgery substantially, which meant that the navigation was no longer used
for tumor resection.
As such, 20 patients were analyzed, 10 male and 10 female, with a median age of
60 (41–78) years at surgery (see Table 1). All but two patients had previously undergone
abdominal surgery. Initially, these two patients had a clinical complete response after neoadjuvant chemoradiotherapy. These patients were closely monitored every 3 to 6 months
according to the “watch and wait” policy [26–28]; however, during follow-up, a local
recurrence was observed. All patients received neoadjuvant treatment prior to surgery
with navigation, via either chemotherapy (1), chemoradiation (12), or a combination of
both (7). The main tumor location (15) was in the pelvic wall, presacral, or perineal region.
Three patients had a staple line recurrence, while two had local recurrence intra- and
extra-luminal after the “watch and wait” policy. The type of open surgery ranged from low
anterior resection (4), abdominoperineal resection (5), and extensive local resection (5) to a
pelvic exenteration (6).
Table 1. Characteristics of patients operated on for LRRC and scheduled for IOBT.
Value(s)
Total
Sex
Age (years) at the surgery, median (min–max)
Previous surgery
No (complete response after “watch and wait”) *
Yes
Neoadjuvant treatment for the recurrent
Chemotherapy
Chemoradiation
Chemoradiation + chemotherapy
Tumor location
Pelvic wall/presacral/perineal
Staple line recurrence
Recurrence after “watch and wait” #
Type of surgical resection
Open low anterior resection (LAR)
Open abdominoperineal resection (APR)
Extensive local resection
Pelvic exenteration

20
10 male, 10 female
60 (41–78)
2
18
1
12
7
15
3
2
4
5
5
6

* These patients developed an intra- and extra-luminal recurrence after initial complete response after chemoradiation therapy and follow-up in the “watch and wait” policy. # Intra- and extra-luminal local recurrence.
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3.2. Surgical Navigation
There were no technical failures and the surgical navigation was accurate in all the
procedures (see Table 2). The total setup time for the navigation was 16 (9–20) min. Manual
fine-tuning of the surgical navigation during surgery based on anatomical structures
was required in 17/20 cases, mainly in the caudal–cranial direction with a median of
7 (0–20) mm. In 3/20 cases, the accuracy was checked but no corrections were required.
Navigation was available throughout the surgeries, with a median time of 4.2 h (254 min,
range 104–553 min). The pointer was used for a median time of 13.7 (3.1–44.7) min, which
constitutes 5.6% (1.1–12.5%) of the total time the navigation was available.
Table 2. Surgical navigation results; values are presented as either the total number or the median
(range min–max).
Value(s)
Successful surgical navigations
Setup time surgical navigation (min)
CBCT scanner
Allura (hybrid operation room)
Ziehm (mobile 3D C-arm)
Manual fine-tuning registration during
surgery
Fine-tune required
Left–Right (mm)
Caudal–Cranial (mm)
Posterior–Anterior (mm)
Surgical position related to fine-tune
Straight
Supine split-leg position
Supine split-leg position, later leg holders
Leg holders
Prone
Navigation usage
Available (min)
Pointer used (min)
Relative pointer used (%)

20 (100%)
16 (9–20)
15
5
Yes

No

17
3.0 (0–14)
7.0 (0–20)
3.0 (0–13)

3
0
0
0

4
7
1
4
1

2
1
254 (104–553)
13.7 (3.1–44.7)
5.6% (1.1–12.5%)

Overall, 27 tumors were delineated with 1 (1–3) tumor per patient (see Table 3), with a
median maximum size of 4.8 (1.5–12.1) cm and a median volume of 10.0 (0.05–125.8) mL.
The minimal median (IQR) distances from the tumor surface to the delineated structures
were: bones 0.1 (0.5) cm, arteries 0.4 (0.7) cm, veins 0.5 (1.1) cm, ureters 0.2 (1.5) cm, and
nerves 0.3 (0.5) cm; see Figure 2a.
Table 3. Tumor characteristics; values are presented as either the total number or the median (range
min–max).
Value(s)
Total
Tumors per patient
Maximum size (cm)
Volume (mL)
Total risk (0–5)

27
1 (1–3)
4.8 (1.5–12.1)
10.0 (0.5–125.8)
3.4 (0.8–5.0)
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imal distance—and the total accumulated risk for each tumor is shown in Figure 2b. The
median of the total risk for each tumor was 3.4 (0.8–5.0), see Table 3. Figure 2b shows that
all tumors were closely related to one or more critical anatomical structures. For example,
the border of tumor 27 was closely related to all the critical anatomical structures analyzed, thus resulting in a high total risk score. Conversely, the border for tumor 1 is only
7 of 13
in close relation to bone, thus resulting in a low total risk score. These tumors are visualized in 3D in Figure 3.
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3.3. Surgical Outcome
The median total duration of the procedures was 7.5 (2.7–14.8) h, with a median blood
loss of 2350 (460–9300) mL (see Table 4). IOBT was not used in six surgical procedures,
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3.3. Surgical Outcome
The median total duration of the procedures was 7.5 (2.7–14.8) h, with a median blood
loss of 2350 (460–9300) mL (see Table 4). IOBT was not used in six surgical procedures, after
consultation with the radiation-oncologist during surgery. One relevant intraoperative
event—unrelated to the surgical navigation procedure—was observed (bladder damage).
Thirteen patients (13/20) showed postoperative complications, none of which were related
to the navigation procedure. The median postoperative stay was 8 (3–27) days.
Table 4. Surgical outcome; values are presented as either the total number or the median (range
min–max).
Value(s)
Surgical time (h)
Blood loss (mL)
Intraoperative brachytherapy (IOBT)
Not used
Used
Unexpected intraoperative events
None
Bladder damage
Postoperative complications
Navigation related
Non-navigation related
Clavien–Dindo
I
II
III
IIIa
IIIb
IV
IVa
IVb
V
Hospitalization (days)
Pathological evaluation
Radical (R0)
Not radical (R1)

7.5 (2.7–14.8)
2350 (460–9300)
6
14
19
1
13
2
2
1
7
1
8 (3–27)
14
6

3.4. Pathological Outcome
Pathological evaluation of the excised specimens showed an R0 resection rate of 70%
(14/20) (Figure 4). Of the 70% radical (R0) resections, 45% (nine patients) received IOBT,
while 25% (five patients) did not receive IOBT. Among these five patients, both the surgeon
and radiation-oncologist were confident that resection was adequate, and scheduled IOBT
was no longer indicated. In the group of six patients (30%) with the non-radical resection
(R1), five patients (25%) received IOBT. Among these patients, a more extensive resection
was not possible and non-radical resection margins were anticipated by the surgeon and
radiation-oncologist, which, in turn, led to the decision to use IOBT. In one of these patients
(5%), a positive resection margin was not expected during surgery and thus IOBT was
unjustly omitted.
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Figure 6 shows the results of the system usability score and preference score for the
navigation technique to be used in the future. The preference to use the navigation technique during surgery was 3.9 ± 0.5 and the average SUS score was 71 ± 12. A score of 70
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Figure 5. Results of the questionnaire regarding the use and application of surgical navigation. Ten
questionnaires completed by seven different surgeons. * yes, but more difficult or lower chance for
10 of 13
radical resection (6 cases). # low accuracy (1 case); accuracy decreased over time (1 case).

Figure 6 shows the results of the system usability score and preference score for the
Figuretechnique
6 shows the
results
of the
the future.
systemThe
usability
scoretoand
scoretechfor
navigation
to be
used in
preference
use preference
the navigation
the
navigation
technique
in the future.
nique
during surgery
wasto
3.9be± used
0.5 and
averageThe
SUSpreference
score was to
71 use
± 12.the
A navigation
score of 70
technique
duringthat
surgery
was 3.9 ± has
0.5 and
thechange
average
score was
71 ± 12.surgeons
A score
or higher means
the technology
a high
ofSUS
acceptance.
Although
of
70
or
higher
means
that
the
technology
has
a
high
change
of
acceptance.
Although
were positive about the ease of clinical use, they gave low scores to the potential selfsurgeons
about
themeaning
ease of clinical
use, they
gave lowisscores
to the potential
support ofwere
the positive
technology,
thus
that technical
assistance
still required
for the
self-support
of
the
technology,
thus
meaning
that
technical
assistance
is
still
required for
current setup.
the current setup.

preference for
for the
the innovative
innovativesurgical
surgicalnavigation
navigationexpressed
expressedininaaLikert
Likertscore
score(1–5,
(1–
Figure 6. (Top) The preference
5,
where
>3
is
in
favor
of
the
new
technique).
The
average
value
is
indicated
by
the
arrow,
while
the
where >3 is in favor of the new technique). The average value is indicated by the arrow,
standard deviation
deviation is
indicated by
bar. Values
are based
based on
on 10
10 completed
completed questionnaires
questionnaires
standard
is indicated
by the
the grey
grey bar.
Values are
by
seven
surgeons.
(Bottom)
Level
of
surgeon
satisfaction
expressed
in
system
usability
by seven surgeons. (Bottom) Level of surgeon satisfaction expressed in system usability score
score (SUS,
(SUS,
0–100, where values >70 are considered to be useful).
0–100, where values >70 are considered to be useful).
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In an exploratory study it remains challenging to determine
determine a homogenous
homogenous patient
population with regard to the complexity of the procedure. We tried to address this issue
by selecting only those patients whom the MDT decided that a R0 resection might be
difficult to achieve and therefore were considered for IOBT. Despite the expertise of the
MDT, it nevertheless still proved to be extremely challenging to correctly predict the actual
surgical outcome. Alongside this, we determined the distance of the tumor border to
critical anatomical structures. A short distance indicates a high risk for R1 resection, while
the more anatomical structures that are close to the tumor border, the higher the total
risk. The majority of the tumors were located at a short distance to at least three different
critical anatomical structures. This was reflected by a median total risk score of 3.4. This
finding is in line with the observation that the surgeons rated the surgeries as complex
in their questionnaires. In addition to tumor location and relation to critical anatomical
structures, other factors may also have contributed to this judgement, such as, for example,
prior surgeries or the effect of preoperative radiotherapy, which adds another level of
surgical complexity.
Correct registration of intraoperative images to preoperative images is needed to
facilitate adequate surgical navigation. Overall, the registration accuracy was adequate,
although depending on surgical position, minor adjustments were required during the
procedure in most cases. Small manual registration corrections based on the anatomy were
more prominent if the leg position of the patient in the OR (i.e., supine split-leg position
and leg holders) differed from the straight position during the preoperative CT or MR
imaging. During the surgical procedure, registration adjustment had to be made when
patient sensors moved in relation to the bones, which generally occurred because of a
change in the Trendelenburg position. Our results on registration accuracy are comparable
to previous results published by our group, showing a registration accuracy of 4 mm for
straight setup and 6.3 mm for supine split-leg position [19].
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The whole navigation procedure turned out to be safe and no complications were
noted due to the navigation procedure. Surgeons considered the procedure to be very
useful, especially during the decision-making process on determining the resection margins.
Unfortunately, only 50% of the postoperative questionnaires were filled out by the surgeons.
This was mainly due to the specific time at which these questionnaires were handed to the
surgeons; namely after a long day of a complex surgical procedure, which had a detrimental
impact upon their level of compliance.
In this study, we evaluated the technology among a patient population of LRRC, where
surgical resection is extremely challenging and results in a notoriously high percentage
of inadequate surgical resections (R1). All patients were preoperatively discussed in a
multidisciplinary team in which it was decided to schedule the patients for IOBT, as radical
resection was expected to be either unlikely or difficult. Despite these challenges, we
achieved an R0 resection rate of 70%. In five (25%) patients, a R1 resection was predicted
during surgery due to the fact that wider tumor resection was not feasible, and so these
patients all underwent IOBT. We observed an unexpected R1 resection in only one patient
(5%). Although comparison with extant literature is extremely difficult due to the low
number of patients, wide variation between LRRC patients, and selection bias, the results
in this study do seem favorable compared with reported R1 resection rates up to 50% in
comparable patient populations [6,7]. The outcome of the current study is in line with an
earlier report from our group in which surgical navigation for LRRC cancer was compared
with a historical control group [20]. Using surgical navigation, an R0 resection rate of 75%
was reported, although patient selection might have been more favorable as patients with
and without scheduled IOBT were included.
In our institution, we have thus far used surgical navigation for pelvic surgical procedures in more than 50 patients, in a relatively standardized way. Although improvements
in registration procedures and accuracy can still be made, we consider the technology to
have reached stage 2b of the IDEAL classification [29,30]. The logical way to proceed and
establish clinical value would be to conduct a randomized clinical trial. Unfortunately, the
number of procedures for LRRC in a single center are generally too small to run such a trial.
In addition, further standardization of the setup is needed. In particular, surgeons should
be more self-supporting in using the surgical navigation software, as this would eliminate
the current need for technical support.
5. Conclusions
Image-guided surgical navigation is feasible during surgery for locally recurrent rectal
cancer. The technology adequately guides surgeons through the surgical procedure by
identifying critical structures and the most optimal resection plane. Results on tumor-free
resection margins (R0) appear to be favorable in relation to the standard surgical procedure.
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