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Abstract

Background: Qualitative fluorescence angiography (FA) provides insights into intestinal tissue perfusion, but
today it is not yet accurate in predicting anastomotic leakage. To improve peroperative detection of impaired
perfusion, quantified parameters should be investigated using a standardized method. The aim of this study was
to develop a (semi)automated algorithm for comprehensive and convenient analysis of FA parameters.
Materials and Methods: An analysis tool was developed for the extraction of quantified FA parameters. The
start- and endpoint of intensity increase (T, and 7,,,,) were automatically detected in the intensity—time curves.
Algorithm performance was measured against manual assignment of T and T, by 9 independent observers in
18 in vivo generated test signals, using the intraclass correlation coefficient (ICC). Characteristics of parameter
T, (time to 50% of maximal intensity) were analyzed in normally perfused small intestine of 32 subjects who
underwent robotic laparoscopic surgery. Since ethical approval was not required under the Dutch law, the need
for informed consent was waived.

Results: Automated detection of T,y and T,,,, was successful in all subjects. Output of the algorithm had an
excellent agreement with the median of the human observations: ICC=0.95 (95% confidence interval: 0.86—
0.96). Overall, T/, had a median value of 5.1 (interquartile range =2.4) seconds and a minimal and maximal
value of 1.3 and 9.9 seconds, respectively.

Conclusions: The presented method provided convenient data analysis in the search for effective FA quanti-
fication. Future research should expand the data to find adequate threshold values for peroperatively identifying
insufficient perfusion and investigate the influence of physiological conditions.
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Introduction tion, since no recommendation can be made regarding their
applicability due to technical difficulties and low reproduc-
INADEQUATE LOCAL OR SYSTEMIC PERFUSION is regarded as  ibility.>'* There is a need for objective and reliable per-
a substantial factor in complications after gastrointestinal —operative detection of insufficient intestinal perfusion.
surgery. The most feared and frequent example is anastomotic In recent years, fluorescence angiography (FA) has emer-
leakage (AL), associated with strongly increased morbiditP/ and ged as a promising tool for yielding intraoperative insight
mortality and incidence rates varying from 3% to 19%."* In into local perfusion dynamics. FA involves the intrave-
current practice, blood supply is evaluated peroperatively by  nous injection of contrast agent indocyanine green (ICG) and
means of clinical observations such as mucosal color, palpable  subsequent monitoring of its fluorescent appearance in bowel
pulsations, and bleeding from the marginal artery. However, tissue. The role of FA in peroperative decision making durin
these methods lack accuracy and objectivity, irrespective of a  colorectal surgery has already been demonstrated.®''™!
surgeon’s experience.” Alternative approaches including the ~Furthermore, superiority of FA over judgment on clinical
use of Doppler, laser speckle contrast imaging, and hyper- signs alone in the detection of perfusion impairment has been
spectral imaging have yet failed to reach clinical implementa- shown in experimental models.'*'> However, the acquired
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images are evaluated in a qualitative manner, making them
sensitive to misinterpretation. In addition, multicenter ran-
domized controlled trials failed to show a significant reduc-
tion in AL after peroperative implementation of FA.'>!31¢ Tt
becomes apparent that the current qualitative interpretation
of FA is unreliable, creating the need for more objective
quantification.'®!”

Animal studies showed a great ability of quantified param-
eters to indicate blood flow and tissue ischemia.'*'® Quan-
tification should be based on reproducible signal properties,
meaning that circumstances other than tissue perfusion
should not be influential. For this reason, the use of intensity-
based parameters such as maximal intensity is not advised,
since these depend on factors such as ICG dosing and the
distance between tissue and camera. Time-based dynamics
of the signal are more consistent. Parameter 7' /,, defined as
the time between first intensity increase and the point of
reaching 50% of the maximal intensity, showed promising
predictive value for AL in colorectal surgery.”'® However, as
of yet there is no general consensus on the interpretation
of quantified FA.'®*" Additional data obtained using a stan-
dardized method is required to distinguish normal and path-
ological findings.

This study presents a convenient and objective semi-
automated method for the acquisition of peroperative
quantitative parameters in FA. Moreover, as a first step to-
ward a differentiating threshold value, the characteristics of
the parameter T/, in normally perfused small intestine are
investigated.

Materials and Methods
Data acquisition

A total of 33 patients who underwent robotic laparoscopic
abdominal surgery were prospectively included in this study.
No ethical approval was needed under the Dutch law on
medical research on human subjects, and the need for infor-
med consent was, therefore, waived. All procedures were
performed by 1 surgeon in Medisch Spectrum Twente (MST)
Hospital (Enschede). No patient presented clinical signs sug-
gesting impaired intestinal perfusion. Patient characteristics
including laparoscopy indication are presented in Table 1. In
each patient, FA was performed on the small intestine as a
minor extension to standard peroperative FA application. No
clinical decisions were made based on the intestinal FA
analysis. All FA recordings were obtained using the Firefly
module in the Da Vinci X system (Intuitive Surgical, Sun-
nyvale, CA, USA) after manual intravenous injection of 5 mg
ICG (5 mg/mL) and subsequent saline flushing.

Parameter extraction

A software tool for the quantitative analysis of FA re-
cordings was developed in MATLAB R2019a (MathWorks,
Natick, MA, USA). The main purpose of this tool was
convenient quantification of FA with automated but user-
supervised parameter extraction. The algorithm employed
several steps. First, an intensity—time curve was determined
by calculating the mean value of the green channel in a
specific region of interest (ROI) for each timeframe. Signal
noise was subsequently removed using a lowpass Butter-
worth filter (second order, cutoff frequency =0.18 Hz). The
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TABLE 1. CHARACTERISTICS OF PATIENTS WHO
UNDERWENT FLUORESCENCE ANGIOGRAPHY DURING
RoBOTIC LAPAROSCOPIC SURGERY (N=232)

Characteristic Data
Age (years; meantSD) 66112
Gender (%)
Female 19 (59.4)
Male 13 (40.6)
BMI (kg/mz; mean £ SD) 25.7+5.3
ASA score (%)
I 4 (12.5)
I 20 (62.5)
11 8 (25.0)
Diagnosis (%)
Pancreatic malignancy® 10 (31.3)
Colorectal liver metastases 6 (18.8)
Cholangiocarcinoma 4 (12.5)
Duodenum carcinoma 3094
Cholecystolithiasis 3094
Colon cancer 2 (6.3)
Other 4 (12.5)
Vascular risk factors (%)
Smoking (> 5 cigarettes per day) 7 (24.1)
Hypertension 5 (16.1)
Coronary disease 4 (13.8)
Diabetes 3094
Vascular disease 2 (6.7)

“Includes intraductal papillary mucinous neoplasms.
ASA, American Society of Anaesthesia; BMI, body mass index;
SD, standard deviation.

following step was detection of the start- and endpoint of
the intensity increase (T and 7),,; see Fig. 1). For this pur-
pose, the algorithm searched the intensity curve for points
of change in linear trend. This comprised dividing the signal
into segments in such a way that the following cost function
is minimized:

J(m,n)= "i

(X sl x D)X= a(fmn=1])))
Yo li—u(m... n=1)))?

where J(m, n) is the residual error, x is the measured intensity
in the ROI, and m,n are index timeframes that divide the
segments. After minimization of this expression by varying
the segment division, the segment borders are considered
change points in linear trend.

It is expected that the start- and endpoint of intensity in-
crease are identified as one of these change points. Definitive
designation of T; and T, was performed using multiple
conditions based on the slope of the signal. A more detailed
description of the processing steps is provided in the Sup-
plementary Data. Ty, was derived directly from Ty and 7y,

The performance of the algorithm in the detection of T,
and T, was evaluated by measuring its agreement with
human observation. Nine independent observers appointed
Ty and T, in a test data set of 18 signals. The test data set
was generated by measuring the intensity in three random
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FIG. 1. Filtered intensity—time curve of FA. T}, is defined as the time between first intensity increase and the point
of reaching 50% of maximal intensity. FA, fluorescence angiography.

ROIs in the footage of 6 included patients. As measurement
of agreement, the intraclass correlation coefficient (ICC) of
the median human input and the algorithm output was com-
puted using SPSS 26.0 (IBM Corp, Armonk, NY, USA). The
intra- and interobserver variability was evaluated using the
ICC as well.

Patient analysis

The characteristics of T}/, in patients without impaired
perfusion were analyzed in a semiautomated manner. In each
recording, the small intestine was manually segmented. The
segmentation was subsequently divided into smaller poly-
gons according to a 10x 10 grid (creating multiple ROIs),
whereupon T/, was calculated automatically for each poly-
gon. A manifold of measurements in each recording allowed
for the assessment of patient-specific variations in 7' ,. The
characteristics of Ty, were investigated using the five-
number summary (i.e., median, minimum, maximum, and
upper/lower quarters) of all measurements in each patient.
Data points were considered outliers when they exceeded the
75th percentile plus 1.5 times the interquartile range (IQR)
or were inferior to the 25th percentile minus 1.5 times the
IQR. In addition, by assigning a color to each polygon based
on the value of T}, a cartogram was developed for each
patient.

Results

FA was performed on a total of 33 patients, who all had a
prosperous postoperative recovery. The recording of 1 pati-
ent was excluded from the analysis of T}/, characteristics,
due to faulty ICG admission.

Algorithm performance

Among the 9 observers, ICC varied between 0.93 and 0.99
(95% confidence interval [CI]: 0.89-0.99) for T,. For T,,.,,
intraobserver ICC varied between 0.96 and 1.00 (95% CI:
0.91-1.00). The ICC across all observers was 0.95 (95% CI.:

0.92-0.98) for T, and 0.98 (95% CI: 0.96-0.99) for Ty-
Comparison of the algorithm with the median of the human
observations provided an ICC of 0.95 (95% CI: 0.86-0.96).

Patient analysis

A total of 32 patients were analyzed using the developed
algorithm. In Figure 2, box plots are displayed that indicate
the characteristics of T;/, in the small intestine for all in-
cluded patients. The median value of T , varied between 2.1
and 9.1 seconds and the IQR varied between 0.3 and 2.9
seconds. Overall, T/, had a median value of 5.1 (IQR=2.4)
seconds and a minimal and maximal value of 1.3 and 9.9
seconds, respectively. The mean T/, was found to be 5.2
(6=1.9) seconds, with 95% CI: 1.5-9.0.

Figure 3 shows two examples of a cartogram automatically
generated based on the value of T 5, as well as the grid-based
division of an intestinal segmentation.

Discussion

This pilot study demonstrated that an automated approach
in the quantification of FA for peroperative intestinal perfu-
sion assessment including the characteristics of FA parameter
T, is feasible.

The ability of the change point detection algorithm was
examined. Since there is no common consensus on the exact
definition of Tj and T, an inquiry on the input of 9 inde-
pendent human observers was performed. With intraobserver
ICCs varying between 0.93 and 1.000, it was found that these
observers allocated T, and T,,,, with excellent consistency.
Moreover, the interobserver ICC of 0.95 showed a great
agreement between observers. This substantiated the deci-
sion to consider the input of multiple human observers as
“golden standard” in the evaluation of algorithm perfor-
mance. The time-efficient change point detection algorithm
showed excellent agreement with the observers (ICC=0.95).
This was considered as proper validation, advocating the
use of an unsupervised method (applying the grid) in the
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FIG. 2. Box plots representing the measurements of 7', in the small intestine for all included patients. The total number
of ROIs measured in each patient is displayed inside the box plots. Small dots represent measurements in ROIs that were
considered outliers. Dotted lines represent 95% CI for T /2- CI, confidence interval; ROI, region of interest.

analysis of Ty,. The benefits of the semiautomated algo-  time-to-intensity threshold becomes severely inaccurate be-
rithm are best illustrated with the presented cartograms. cause the signal-to-noise ratio decreases. In this case, a lot
Immediate perfusion quantification can be achieved in large of information about the signal increase is lost, weakening the
sections of the intestine with one injection of ICG. capability of time-based parameters. However, in the de-
Automated analysis of T/, was performed in FA record-  scribed situation of severely impaired transmural perfusion,
ings of 32 normally perfused small intestines. The found the regular clinical judgment improves its informative value:
mean value of 5.2 (6=1.9) seconds is considered to be fast, black discolored bowel tissue is not suitable for anastomo-
compared with results reported by Wada et al.” and Son sis, and it is insensible to perform FA in this situation. The
et al.'” In these studies, colonic perfusion in patients who value of quantified FA lies in marginal perfusion.' Tt is,
underwent surgery for colorectal cancer was quantitatively however, unclear where the strength of clinical judgment
analyzed using FA. Their presented mean values of 77/, stops and the benefit of FA begins.
were, respectively, 12.5 (6=7.6) and 11.7 (¢=0.8) seconds To clarify the correct interpretation of quantified FA and
for patients who did not develop AL. Based on the results of  be able to identify inadequate perfusion, this study has to be
this pilot study, it is expected that T, values are generally ~expanded with more data. The presented approach is a sub-
lower in the small intestine than in the large intestine. Son stantial step toward an objective standardized method of
et al. showed a significant increase of T/, in patients who  analysis. When this is established, large scale data acquisi-
presented AL, reporting a mean of 40.37 (6=7.8) seconds. tion should be relatively straightforward. Naturally, the suc-
Despite the number of patients with AL (n=6) being rela- ceeding step would be to include patients with a known form
tively small, these results are promising for the establishment of perfusion impairment. For instance, patients suffering
of a useful threshold value. This study reveals a spread of from acute mesenteric ischemia (AMI) or chronic mesenteric
parameter Ty, between 1.5 and 9.0 seconds in normally ischemia (CMI) are certainly relevant. Indeed, one of the
perfused small intestine. When in future research patients most important applications of FA is in the advanced stages
with impaired intestinal perfusion show values relatable to  of AMI or CML**** In case of transmural ischemia, bowel
the AL cases presented by Son et al., a great predictive value tissue is often surgically removed. It is very likely that the
could be achieved. surrounding non-necrotic tissue is not properly perfused in
It should be considered that the single parameter 7'/, is  this situation, increasing the risk of AL. A predictive thresh-
unlikely to portray the complete perfusion situationin a tissue  old value in combination with the presented cartograms could
area. Several circumstances can be imagined where impaired  be of great assistance in these circumstances.
perfusion is not indicated by T ;. As described by Barberio A limitation in the current method is the lack of stan-
et al., bowel tissue with extreme perfusion impairment might dardized admission of ICG. The rate and anatomical site at
show a ‘“‘normal’’ value of a time-based parameter such as which the agent is injected influence the dilution in blood.
T, /2.21 When the intensity levels substantially decrease, a This consequently affects intensity levels and fluorescence
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FIG. 3. (a) Manual segmentation and partitioning of small
intestine in FA recording. (b) Example of cartography based
on T, displayed over the view of the FA camera before
ICG injection. The color range is based on the range of T},
in each patient. (¢) Example of a cartogram merged into the
regular white light image. FA, fluorescence angiography;
ICG, indocyanine green. Color images are available online.

dynamics. It is, therefore, advised to investigate the use of an
automated contrast injection system. Another presumably
influential factor in the dynamics of ICG is cardiac output. In
case of high cardiac output, it can be expected that time-based
perfusion parameters improve. Future study should investi-
gate the effect of cardiac output on quantified FA parameters

and consider a possible correction. Finally, it is advised to
examine the effects of temperature on FA parameters. Owing
to consistent carbon dioxide insufflation, the temperatures
during laparoscopy are expected to be similar. However, these
conditions change when FA is applied in open procedures.

Conclusion

In conclusion, the presented semiautomated approach
allows convenient analysis of FA recordings and can be
of great assistance in the pursuit of threshold values to
distinguish peroperative sufficient and impaired bowel
wall perfusion. Clinical validation studies should be un-
dertaken to underline that semiautomated FA analysis
could reliably identify nonviable bowel tissue in gastro-
intestinal surgery.
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