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Abstract

:

Introduction: Endometriosis surgery is associated with a high risk of reoperation due to an insufficient recognition of endometriotic lesions. Our aim was to explore the role of near-infrared fluorescence (NIRF) imaging for the visualization and identification of endometriotic lesions next to conventional white light (WL) laparoscopy. Materials and methods: Fifteen women scheduled for diagnostic laparoscopy in whom peritoneal endometriosis was suspected were included. Peritoneal exploration was performed in WL, followed by NIRF imaging after ICG administration. Biopsies of all the suspected lesions were taken for histological examination. Subjective evaluations of the equipment and NIRF imaging were also performed. Results: Only 61% (44) of the biopsied lesions contained endometriosis. The positive predictive value (PPV) for the lesions found in WL was 64%. The PPV for the lesions found under NIRF was 69% and the PPV for the lesions found in both modes was 61%. The mean satisfaction of surgeons regarding the surgical procedure and equipment using both imaging modalities was 6.5 (p > 0.05) on a 10 item Likert scale and the mean satisfaction with the quality of the NIRF imaging was 7.4 (p > 0.05). Conclusion: In this study, the additional value of NIRF imaging, although feasible, was found to be limited for the intraoperative detection of endometriotic lesions.
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1. Introduction


Endometriosis, defined as the presence of endometrial tissue outside the uterine cavity, is a disease affecting 10 to 15% of women in their reproductive age and up to 90% of women presenting with pelvic pain [1,2,3,4]. The development of endometriosis is a process in which the endometrial stromal cells acquire and lose parts of their cellular function in order to gain the ability to proliferate, migrate, and invade outside the uterine cavity [5]. The presence of such cells in the peritoneal cavity and what leads to the development of endometriosis is a complex process with a large number of interconnected factors, potentially both inherited and acquired [6].



Endometriosis reduces both physical and mental quality of life. Consequently, an effective treatment for endometriosis reduces patient discomfort and social burden [1,7,8,9,10,11].



The current gold standard of endometriosis diagnosis is to perform a diagnostic (conventional white light (WL)) laparoscopy combined with histological confirmation, as visual detection using WL alone is subjective and prone to misdiagnosis [12]. Treatment can be either conservative or surgical [13]. The surgical treatment of peritoneal endometriosis includes a diagnostic laparoscopy with excision or ablation of lesions. Laparoscopic excision is associated with overall pain reduction after 6 and 12 months and with increased ongoing pregnancy and live birth, as compared to diagnostic laparoscopy without the excision of lesions [14,15]. In the long term, laparoscopic local excision of endometriotic lesions is known to feature a high recurrence rate, involving pain, as well as a high risk of reoperation, which is estimated to range from 20 to 40% and which increases over time [16,17,18]. Incomplete detection and resection due to the variation in appearance of endometriotic lesions and the lack of adequate visualization [19] may be a potential explanation for the high recurrence rate. Several intraoperative imaging techniques have been described for the detection of endometriosis [20]. Near-infrared fluorescence imaging (NIRF) [21] is a promising technique for the enhanced detection of endometriotic lesions. This technique is based on the use of a fluorescent dye, which is either taken up by the tissue or transported intraluminally. It was also extensively studied for bile duct and bowel perfusion imaging, among others [22,23]. We hypothesize that this technique is useful during laparoscopic surgery to facilitate the detection of endometriosis by visualizing the differences in vascularization compared to adjacent tissue or via the direct uptake of the dye into the endometriotic tissue [21,24,25,26].



The aim of this study was to explore the feasibility of NIRF laparoscopy after intravenous indocyanine green (ICG) to visualize and identify endometriotic lesions.




2. Materials and Methods


All the consecutive patients who visited the Department of Obstetrics and Gynecology of the Maastricht University Medical Centre (the Netherlands) and who were scheduled for an elective diagnostic laparoscopy due to a suspicion of peritoneal endometriosis were recruited for this study. The inclusion criteria were: women scheduled for elective laparoscopy for the evaluation of endometriosis, aged 18 years or older, premenopausal, and able to understand the nature and intent of the study. The exclusion criteria were the following: pregnancy or breast-feeding, known hypersensitivity/allergy to ICG or iodine, known hyperthyroidism or autonomic thyroid adenomas, a history of impaired liver or renal function, and an inability to provide written informed consent.



2.1. Study Equipment and Fluorescent Dye


A commercially available laparoscopic fluorescence imaging system (KARL STORZ GmbH & CO. KG, Tuttlingen, Germany) was used. The equipment included a plasma light guide and a 30°, 10 mm laparoscope applicable for NIRF imaging. Visual 2D recordings were made during the laparoscopic procedure. A 5 mg/mL ICG Verdye injection powder (Diagnostic Green GmbH, Aschheim, Germany) was prepared according to the manufacturer’s instructions.




2.2. Surgical Procedure


All the operative procedures were performed by two gynecologic surgeons (AL and NvH) with extensive experience in laparoscopic endometriosis surgery. After introducing the laparoscopic trocars, the abdominal cavity was systematically inspected for the presence of endometriotic lesions, first with WL, followed by NIRF imaging after intravenous ICG administration.



An intravenous bolus of 2.5 mg of ICG was administered through a peripheral catheter in the arm of the patient by the anesthesiologist and dosing was repeated up to three times when deemed necessary by the operating surgeons. This dose is well below the maximum IV dose for ICG, which is 5 mg/kg of body weight. Repeated administration aims at repeated imaging of tissue vascularization. Imaging for this purpose should be performed within two minutes of administration due to the fast appearance and wash-out in case of perfusion imaging [27]. For all visualized lesions, the location, size, light mode, and aspect were described on the intraoperative registration form. Concerning ICG administration, the following parameters were collected: time of first ICG injection, time of first visual detection of fluorescence, and time of additional injection(s). Biopsies were taken from all the suspected endometriotic areas seen in both WL and NIRF mode, and from areas that appeared only in one of the modes. To serve as a negative control, one biopsy from a randomly chosen area without any visible or fluorescent lesions was taken per patient. The biopsies were assessed by a pathologist with extensive experience in endometriotic conditions.



Postoperatively, the quality of imaging, satisfaction with the procedure and use of equipment were scored by the surgeons on a 10 point Likert scale. Likert scale responses are frequently used scoring schemes to attempt to quantify people’s opinions, interests or the perceived efficacy of an intervention [28]. In the current study, parameters including quality of WL and NIRF visualization, additional value of NIRF laparoscopy over WL imaging, and satisfaction with the procedure and use of the equipment in general were accorded scores from a minimum of 1 to a maximum of 10. One point corresponds to the lowest level of satisfaction and 10 points to the highest. Other registered parameters were additional remarks by the surgeon, other findings, and intraoperative complications, regardless of whether these were related to NIRF imaging. Postoperative care was performed in accordance with the usual care protocols.



Due to the study characteristics, there was no blinding of surgeons and patients. The pathologist responsible for analyzing the biopsies was blinded to the light mode by which the lesion was identified, and whether or not the biopsy was taken from a suspected lesion or as a control peritoneal sample. The biopsies were numbered and named after their location, since the location of the biopsy is mandatory in the histological report.




2.3. Statistical Analyses


Descriptive statistics were used for the patient and surgical procedure characteristics. They were also used to provide an insight into the surgeon’s satisfaction with the procedure and equipment. The number of endometriotic lesions found in total and per patient using WL and using WL combined with NIRF were reported. The positive predictive value (PPV) of both modalities used to detect the endometriotic lesions was calculated using histology as the gold standard. The PPV was defined as the number of correctly identified positive lesions for endometriosis divided by the total number of suspected lesions for endometriosis. The sensitivity could not be calculated as the total number of actual endometriotic lesions was unknown. Additionally, specificity could not be calculated since tissue that did not seem abnormal was not biopsied and could not be verified, except for a single control biopsy per patient. The only means to be correctly and surely informed of missed endometriotic lesions would involve a total peritonectomy to achieve a histological assessment. A p value of <0.05 was considered significant. SPSS software (IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY, USA) was used to analyze and present the data.




2.4. Ethical Approval


This single-center prospective feasibility study was approved (on 14 December 2016) by the Medical Ethics Committee of the Maastricht University Medical Centre (MUMC+) and was performed at this institute. The study protocol was registered with ClinicalTrials.gov (NCT03017989).





3. Results


3.1. Patient Characteristics


Fifteen women with suspected peritoneal endometriosis and a scheduled diagnostic laparoscopy were prospectively enrolled in this study between January 2017 and December 2018. All the included women had a revised American Society for Reproductive Medicine (rASRM) classification of endometriosis stage I or stage II endometriosis [29].



The patient characteristics are summarized in Table 1. Three women had an American Society of Anesthesiologists (ASA) physical status score of 2 and 13 women had a score of 1. Three women had a history of prior abdominal surgery.



The total time per procedure, defined as the time from the first incision until the removal of the laparoscope, varied from 26 to 110 (mean: 47) min. A total dose of 5.0 up to 7.5 mg of ICG dye was administered intraoperatively in boluses of 2.5 mg each. For all the procedures, NIRF imaging started within two minutes of dye administration (Table 2).



In total, 87 biopsies were taken. Sixty-six lesions were identified during inspection in WL mode. NIRF mode confirmed 30 of these lesions and identified an additional 6 suspected lesions, which were not seen in WL mode. Fifteen biopsies served as negative control biopsies (Table 3). The number of biopsies taken per patient varied from 1 to 14 (mean: 5.6). A selection of the endometriotic lesions seen in WL and NIRF mode are presented in Figure 1. No complications or adverse events due to NIRF imaging were observed.




3.2. Pathology Assessment of Biopsies


Of the 72 biopsies that were taken from suspicious lesions seen in either or a combination of imaging modes, 44 (61%) contained endometriosis. As a result, 28 biopsies (39%) that were macroscopically expected to contain endometriosis did not show endometriosis according to the pathologic assessment. All the random control biopsies were free from endometriosis (Table 4).



The PPV for all the lesions found in WL mode was 64%. The PPV for lesions found under NIRF mode was 69%, and the PPV for lesions found in either mode was 61%. This difference was not statistically significant (p > 0.05). The PPV for WL only and for NIRF only is not provided as in clinical practice both imaging modalities are used in the same procedure. The calculation of the PPV is presented in Table 5.




3.3. Surgeons’ Satisfaction


The surgeons’ satisfaction with the surgical procedure, equipment, and NIRF imaging is presented in Table 6. In this table, the overall general satisfaction of surgeons with the surgical procedure and equipment using both imaging modalities ranged from 2 to 9, with a mean of 6.5 (p > 0.05). Surgeons’ satisfaction with respect to the added value of NIRF over WL imaging only for the identification of endometriotic lesions ranged from 1 to 7, with a mean of 2.3 (p > 0.05). Satisfaction with the quality of WL laparoscopy ranged from 6 to 10, with a mean of 8.6 (p > 0.05), and satisfaction with the quality of NIRF imaging ranged from 5 to 9, with a mean of 7.4 (p > 0.05).





4. Discussion


The primary objective of this pilot study was to investigate the feasibility of intraoperative NIRF imaging using ICG administration for the enhanced detection of endometriotic lesions during laparoscopic surgery. In clinical practice, the use of NIRF imaging would be complementary to conventional WL imaging, and as a result, it should not be regarded as a stand-alone technique for this purpose [31]. In this study, despite the addition of this novel imaging technique, a total of 39% (28) of the biopsied lesions were not endometriotic and could have been spared. The PPV for lesions found in WL mode was 64%. With the addition of NIRF imaging, the PPV increased to 69% (p > 0.05). The PPV for lesions found in either one or a combination of the modes was 61%. NIRF imaging helped to find two extra endometriotic lesions, which would have been missed. On the other hand, the imaging in NIRF mode only resulted in four biopsies, which were unnecessary. Using the combination of both imaging techniques, the biopsies that were meant to be negative controls turned out to be negative for endometriosis at pathologic examination. For ethical reasons, a limited number of such biopsies was taken. However, in this sample, this resulted in a negative predictive value (NPV) of 100%.



Based on these results, the conclusion is that NIRF imaging, as applied in this study, may not be sufficient to identify endometriotic lesions intraoperatively, since 19 out of 44 histologically proven endometriotic lesions (48%) were missed with this imaging mode. However, if lesions were suspected in both imaging modes, the probability of these lesions really being endometriosis was increased compared to each of the imaging modes separately. In addition, through NIRF imaging, two additional endometriotic lesions were identified, which were missed under WL mode. This supports the potential additional value of NIRF imaging during laparoscopic surgery for endometriosis.



Van Lier et al. [32] found that 43 out of 66 (65%) endometriotic lesions were not identified with fluorescent imaging. In this study, a bolus of 0.25 mg of ICG in a solution of 1 mg/mL was administered at the start of NIRF imaging, and imaging was continued for 5 min. A second bolus of 0.25 mg of ICG was administered when deemed necessary. A significantly decreased sensitivity rate was found compared to WL imaging. Potential explanations for this decreased sensitivity are the low dose of ICG administered and the short period of time (maximum of 5 min after dye administration) of NIRF imaging.



In a prospective study by Cosentino et al. [26], the authors described 27 women in whom NIRF imaging using ICG showed a sensitivity of 82% and a specificity of 97.9%, confirming 75 of the 95 lesions (79%) identified as pathologic with WL imaging. This study shows a higher detection rate compared to our present study. As the authors state in their discussion, a possible explanation for these results is that their study included a higher percentage (~90%) of advanced-stage endometriosis (stages III and IV according to the revised American Society for Reproductive Medicine), which is typically not difficult to detect laparoscopically and may therefore have been easier to detect with NIRF imaging. Another difference between our study and that performed by Consentino et al. is that a significantly higher dose of ICG was administered (0.25 mg/kg) by this team and NIRF imaging started after an interval varying from a minimum of 5 to a maximum of 30 min. Consequently, the higher the stage of endometriosis, the higher the dose of ICG, and the longer time between ICG administration and NIRF imaging may have led to the more favorable results compared to our study.



In a single-center prospective study by Siegenthaler et al., PPVs were found to be 89.8%, 68.8%, and 86.7% for WL laparoscopy alone, NIRF visualization alone, and the combination of WL + NIRF, respectively. In this study, an ICG dose of 0.3 mg/kg of body weight was used, which is also significantly higher than the dose administered in our study [33]. The authors concluded that NIRF imaging with ICG offered minimal additional value. However, increasing the ICG exposure time over 20 min led to a significantly positive effect on the detection rate of endometriotic lesions [33].



Unlike the aforementioned studies, we did not provide the sensitivity and/or specificity of this novel technique as this would assume that all peritoneal endometriotic lesions could be detected laparoscopically. Experience shows that laparoscopic resection of endometriotic lesions carries a risk of reoperation of 20 to 40% over time [19]. This can be partly due to the incomplete detection and removal of endometriotic lesions during the first surgery. We therefore assume that we have inevitably missed endometriotic lesions in our surgeries, with the consequence that we are not fully informed of the false negative rate and the total amount of positive lesions.



In a prospective case series by Jayakumaran et al., NIRF imaging allowed to visualize a statistically significant higher number of lesions compared to that of robotic and laparoscopic WL [34]. In this study, an intraoperative single dose of 0.25 mg of ICG was administered intravenously prior to the systematic NIRF visualization of the abdominal cavity and search for lesions suspected for endometriosis. With robotic (da Vinci® Xi™ Surgical System) NIRF imaging, a significantly higher number of endometriotic lesions was found as compared to laparoscopic and robotic WL imaging.



A limitation of the current study is that at the time when it was initiated, very limited clinical experiences had been published that described the potential benefits of NIRF imaging in the visual detection of peritoneal endometriosis resection surgery. Based on these studies with NIRF imaging and based on our experience with NIRF imaging in other fields of laparoscopic surgery, we hypothesized that the main working mechanism of NIRF imaging for endometriosis would be the imaging of the level of vascularization. Lesions can be hypervascularized, but also hypovascularized due to fibrosis. Mixed vascularization within a lesion can also be present. This explains our focus on NIRF imaging shortly after ICG administration. When ICG is retained in endometriotic tissue, a longer time interval between administration and assessment is warranted. As a result, we chose to administer an intravenous bolus of 2.5 mg of ICG intraoperatively and to repeat this protocol several times when deemed necessary by the operating surgeons [23]. However, based on the aforementioned studies, increasing the time interval between ICG administration and NIRF imaging would likely result in improved NIRF imaging of the lesions in comparison to our study. A potential explanation is the dye wash-out from healthy tissue over time (leading to a reduction in background fluorescence) and the retained ICG in endometriotic lesions due to vessel leakage in these hypervascularized tissues, a phenomenon that has been described previously [35].



The 10 item Likert scale used in this study is a tool that can be used assess the satisfaction and attitude of surgeons towards this new technique [28]. Despite the safety of the procedure and the overall acceptable satisfaction with the quality of the equipment and NIRF imaging in this study, the surgeons did not consider NIRF imaging to offer any significant added value during their laparoscopic procedures. This may have been influenced by the operative regimen, in which the first evaluation in each patient was performed in WL followed by NIRF imaging. Consequently, in most cases, the surgeons were already informed of the locations of the suspected endometriotic lesions and may have been influenced by this at the time of the NIRF imaging. Modern NIRF imaging systems with a so-called overlay mode, in which NIRF imaging is superimposed in real time onto the WL image, are promising tools to enhance visibility for surgeons without interfering with the surgical procedure and may increase the surgeon’s satisfaction with the technique.



Another limitation of this study that needs to be addressed is the limited number of included patients, which prevents solid statistical conclusions from being drawn.



In our study, as well as in previously discussed studies, the feasibility of NIRF imaging for endometriosis was shown. However, the dye concentration administered and the timing and duration of NIRF imaging can probably be improved for the enhanced identification of endometriotic lesions. This should be the focus of future studies. A potential strategy could be to administer a fixed amount of dye per kg of body weight prior to surgery with a waiting time of at least 30 min to the first NIRF assessment, followed by an additional bolus of ICG during surgery after this first assessment in order to identify any additional missed lesions. With this approach, it might be possible to improve the identification of both hypovascularized and hypervascularized lesions. Future studies should also evaluate learning curves for NIRF imaging, long-term outcomes such as disease-free intervals, recurrence rates, and quality of life, as well as the cost-effectiveness of this new technique.




5. Conclusions


In this study, the additional value of NIRF imaging, although feasible, was found to be limited for the intraoperative detection of endometriotic lesions. Future research may investigate the ideal ICG timing and dosing, as well as the best operative regimen to maximize the enhancement of endometriosis detection using near-infrared fluorescence imaging during laparoscopy.
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Figure 1. Intraoperative visualization of lesions, in which conventional white light imaging is shown to the left and near-infrared fluorescence imaging to the right. 
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Table 1. Patient characteristics.
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	Patient No.
	Age
	ASA Score
	BMI
	Past Medical History





	1
	37
	1
	22.90
	



	2
	36
	1
	23.90
	



	3
	32
	1
	25.60
	



	4
	29
	1
	20.34
	



	5
	27
	1
	19.96
	



	6
	32
	1
	33.65
	Ileocecal resection for NET



	7
	19
	1
	19.35
	



	8
	20
	1
	21.72
	



	9
	39
	1
	27.68
	



	10
	27
	2
	25.91
	



	11
	35
	1
	28.08
	



	12
	37
	2
	20.68
	2× Rectopexy + Mesh



	13
	41
	1
	24.16
	



	14
	35
	2
	24.50
	2× Laparoscopy for endometriosis



	15
	32
	1
	21.00
	Hepatic focal nodular hyperplasia







ASA: American Society of Anesthesiologists; BMI: Body Mass Index; NET: neuroendocrine tumor.
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Table 2. Characteristics of the surgical procedure.
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	Patient No.
	Laparoscopy Time (min)
	Number of ICG Boluses (2.5 mg/bolus)
	Total Amount of ICG (mg)
	Time from ICG Administration to NIRF (min)





	1
	68
	3
	7.5
	2



	2
	62
	2
	5
	0.5



	3
	41
	2
	5
	1



	4
	38
	2
	5
	1



	5
	47
	2
	5
	1



	6
	79
	2
	5
	1



	7
	35
	2
	5
	1



	8
	26
	2
	5
	1



	9
	110
	3
	7.5
	1



	10
	58
	2
	5
	1



	11
	38
	2
	5
	1.5



	12
	103
	2
	5
	1



	13
	31
	3
	7.5
	1



	14
	48
	3
	7.5
	1



	15
	78
	3
	7.5
	1







ICG: Indocyanine green; NIRF: near-infrared fluorescence.
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Table 3. Biopsies taken under the two imaging modes.
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	Patient No.
	Biopsies Taken (Total)
	Biopsies of

Suspected Lesions (WL Only)
	Biopsies of

Suspected Lesions (NIRF Only)
	Biopsies of

Suspected Lesions (Both Modes)
	Control Biopsies





	1
	6
	3
	0
	2
	1



	2
	8
	5
	0
	2
	1



	3
	6
	4
	1
	0
	1



	4
	2
	1
	0
	0
	1



	5
	8
	4
	1
	2
	1



	6
	5
	2
	1
	1
	1



	7
	3
	2
	0
	0
	1



	8
	2
	0
	0
	1
	1



	9
	9
	6
	0
	2
	1



	10
	5
	0
	0
	4
	1



	11
	3
	0
	1
	1
	1



	12
	9
	1
	1
	6
	1



	13
	1
	0
	0
	0
	1



	14
	6
	4
	1
	0
	1



	15
	14
	4
	0
	9
	1



	Total
	87
	36
	6
	30
	15







WL: white light; NIRF: near-infrared fluorescence.
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Table 4. Biopsy results per mode of visualization.
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Variable

	
WL Mode

	
NIRF Only

	
Total




	
WL Only

	
NIRF Mode




	

	
WL + NIRF

	






	
Endometriosis

	
42

	
2

	
44




	
19

	
25




	

	
23

	

	




	
Non-endometriosis

	
24

	
4

	
28




	
17

	
11




	

	
7

	

	




	
Total

	
66

	
6

	
72




	
36

	
36




	

	
30

	

	








WL: white light; NIRF: near-infrared fluorescence.
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Table 5. Calculation of the PPV for the (combination of) imaging modalities.
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	WL and WL + NIRF
	WL + NIRF and NIRF





	Endometriosis
	19 + 23 = 42
	2 + 23 = 25



	Non-endometriosis
	17 + 7 = 24
	4 + 7 = 11



	Total number of lesions
	36 + 30 = 66
	6 + 30 = 36



	PPV
	42/66 = 64%
	25/36 = 69%







PPV: positive predictive value; WL: white light; NIRF: near-infrared fluorescence.
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Table 6. Subjective assessment of procedures by surgeons.
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Patient No.

	
Equipment

Satisfaction

	
Added Value of NIRF

	
Quality of NIRF

	
Quality of WL






	
1

	
5

	
1

	
6

	
9

	




	
2

	
8

	
1

	
8

	
10

	




	
3

	
7

	
2

	
8

	
10

	




	
4

	
7

	
1

	
8

	
10

	




	
5

	
7

	
2

	
8

	
8

	




	
6

	
8

	
2

	
8

	
9

	




	
7

	
3

	
1

	
9

	
9

	




	
8

	
8

	
1

	
8

	
9

	




	
9

	
2

	
1

	
5

	
6

	




	
10

	
9

	
1

	
7

	
9

	




	
11

	
5

	
5

	
7

	
9

	




	
12

	
7

	
6

	
8

	
7

	




	
13

	
8

	
1

	
5

	
9

	




	
14

	
7

	
7

	
8

	
7

	




	
15

	
6

	
3

	
8

	
8

	








WL: white light; NIRF: near-infrared fluorescence [30]. On this scale, a ‘’1’’ equals the lowest level of satisfaction and a ‘’10’’ equals the highest level of satisfaction.
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