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Background: Meta-analyses have demonstrated that indocyanine green (ICG) can effectively prevent anastomotic leakage (AL) after colorectal surgery. However, recent evidence from large randomized controlled trial (RCT) has suggested that ICG fluorescence angiography does not reduce the incidence of AL in colorectal surgery. This study was conducted to evaluate the value of ICG for the prevention of AL following colorectal surgery.

Methods: Up to September 16, 2021, PubMed, Embase, China National Knowledge Infrastructure, Web of Science, Scopus, Cochrane Library, and VIP databases were searched for RCTs and propensity-score matched (PSM) studies evaluating the use of ICG for prevention of AL after colorectal surgery. Mean differences (MDs) or odds ratios (ORs) and 95% confidence intervals (CI) were calculated.

Results: Twenty studies (5 RCTs and 15 PSM studies) with a total of 5,125 patients were included. ICG did not reduce the reoperation rate (OR, 0.71; 95% CI, 0.38, 1.30), conversion rates (OR, 1.34; 95% CI, 0.65, 2.78), or mortality (OR, 0.50; 95% CI, 0.13, 1.85), but ICG did reduce the incidence of AL (OR, 0.46; 95% CI, 0.36, 0.59) and symptomatic AL (OR, 0.48; 95% CI, 0.33, 0.71), and reduced the length of hospital stay (MD,−1.21; 95% CI,−2.06,−0.35) and intraoperative blood loss (MD,−9.13; 95% CI,−17.52,−0.74). In addition, ICG use did not increase the incidence of total postoperative complications (OR, 0.93; 95% CI, 0.64, 1.35), postoperative ileus (OR, 1.26; 95% CI, 0.53, 2.97), wound infection (OR, 0.76; 95% CI, 0.44, 1.32), urinary tract infection (OR, 0.87; 95% CI, 0.30, 2.59), pulmonary infection (OR, 0.23; 95% CI, 0.04, 1.45), urinary retention (OR, 1.08; 95% CI, 0.23, 5.04), anastomotic bleeding (OR, 1.53; 95% CI, 0.27, 8.60), anastomotic stricture (OR, 0.74; 95% CI, 0.24, 2.29), or operative time (MD,−9.64; 95% CI,−20.28, 1.01).

Conclusions: ICG can effectively reduce the incidence of AL, without prolonging the operation time or increasing postoperative complications in colorectal surgery.

Systematic Review Registration: www.crd.york.ac.uk/prospero/#recordDetails, identifier: CRD42021279064.
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INTRODUCTION

Anastomotic leakage (AL) is one of the most destructive complications of colorectal surgery, which is associated with increased length of hospital stay, hospitalization costs, postoperative morbidity and mortality (1, 2). More worryingly, studies have shown that AL can also harm patient's long-term outcomes (3, 4). The incidence of AL after colorectal surgery is as high as 3–20%, especially in rectal surgery (5, 6). The risk factors for AL include male, age, preoperative chemotherapy and radiotherapy, high ASA score, advanced tumor, malnutrition, smoking, alcoholism, obesity, complications, intraoperative sepsis, immunosuppression, blood loss, prolonged operation time, perioperative blood transfusion, diverticutis and inadequate anastomotic blood supply (6, 7). Adequate blood perfusion is the key to good anastomotic healing (1). Therefore, detection of intestinal segments with poor blood supply during surgery can effectively reduce the incidence of AL. Traditionally, surgeons have assessed the blood supply of the anastomotic site primarily by the color of the intestinal mucosa, marginal bleeding, and palpable arterial pulses in the mesentery (8). However, this assessment strategy is susceptible to the clinician's experience and has low accuracy (9). Therefore, it is urgent to find reliable strategies to evaluate anastomotic perfusion.

Indocyanine green (ICG) is a water-soluble tricarbine compound that rapidly binds to plasma proteins when administered intravenously. ICG can absorb near-infrared light, and fluorescence angiography of ICG enables real-time evaluation of blood perfusion during surgery (10, 11). ICG has been widely used in various surgical procedures (12–14). Several cohort studies have suggested that ICG fluorescein angiography may be a potential strategy for preventing AL after colorectal surgery (15–19). However, baseline data from most cohort studies (15–19) do not match, which has stimulated the interest of investigators in conducting high-quality randomized controlled trials (RCTs) to investigate the effect of ICG on AL prevention. Two large and highly anticipated RCTs (20, 21) published recently have shown that ICG fluorescein angiography does not reduce the incidence of postoperative AL, nor does it reduce postoperative complications or mortality. Existing meta-analyses include either low-quality evidence or a limited number of RCTs, so the results of these meta-analyses (4, 5, 8, 22, 23) are not convincing. Propensity-score matched (PSM) study was able to eliminate baseline differences between the experimental and control groups, there is plenty of evidence that PSM studies are almost equivalent to RCTs in evaluating the efficacy of interventions (24).

In order to resolve the current conflicting findings and overcome the lack of high-quality evidence, we conducted a comprehensive literature search and analyzed data from RCTs and PSM studies to clarify the prophylactic effect of ICG on postoperative anastomotic leakage in colorectal surgery.



METHODS


Search Strategy

Our meta-analysis was conducted based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (25). We successfully registered this study protocol on PROSPERO (registration no. CRD42021279064). The Embase, China National Knowledge Infrastructure, Web of Science, Scopus, PubMed, Cochrane Library, and VIP databases were searched to identify RCTs and PSM studies evaluating the effect of ICG in colorectal surgery from inception to September 16, 2021. There are no language restrictions on retrieval. The search terms were: (stomal leak OR anastomotic leakage) AND (indocyanine green OR ICG). To identify potential relevant trials, the reference lists of all included articles were reviewed.



Study Selection

Literatures were screened by two independent authors according to the following inclusion criteria: (1) patients undergoing colorectal surgery; (2) intervention with ICG fluorescence angiography; (3) compare with surgeon's judgement visually; (4) the outcomes included any of the following: AL rate, symptomatic anastomotic leakage (SAL) rate, postoperative complications, conversion rates, length of postoperative hospital stay, reoperation rate, blood loss mortality and operative time. (5) the study design was RCT or PSM. Meeting abstract, letters, reviews, Studies involving non-human subjects, and case reports were excluded.



Data Extraction

The following data were extracted: first author, year, type of study, sample, age, gender, primary disease, type of surgery and outcomes. AL is defined as the communication between the intestinal lumen and the outside due to the defect of the integrity of the intestinal wall at the anastomosis (23). AL can be classified into three different grades: grade A, grade B and grade C. Grade A AL, also known as asymptomatic AL, referred to leakage detected only by imaging examination without clinical manifestations or abnormal laboratory examination. Grade B AL was defined as leakage that requires active intervention but does not require reoperation. Grade C AL was defined as leakage requiring reoperation. Grade B and C AL were referred to as SAL (26). If some necessary information could not be extracted from the article, we would contact the corresponding author to try to obtain the missing data.



Quality Assessment

The Cochrane Collaboration tool for risk of bias was used to assess the risk of bias in RCTs, including the following domains: (a) sequence generation; (b) allocation concealment; (c) blinding of participants and personnel; (d) blinding of outcome assessment; (e) incomplete outcome data; (f) selective outcome reporting; (g) other potential sources of bias. We used the Newcastle-Ottawa score (NOS) to assess the risk of bias in PSM. Three methodological aspects (selection of participants, groups comparability, and outcome) were assessed using a 9-point scale. During the process of literature retrieval, screening, information extraction and quality assessment, any differences between the two authors (Tang and Du) were discussed and resolved with the third author (Tao).



Statistical Analysis

For dichotomous data, the odds ratio (OR) and 95% confidence intervals (CIs) was calculated. The mean difference (MD) associated 95% confidence intervals (CI) was calculated for continuous outcome data (27). Heterogeneity was assessed using the chi-square test and I2. When I2 > 50%, heterogeneity was considered significant (28). We selected the random-effects model and carried out all statistical analyses taking into account heterogeneity within and between studies. Subgroup analysis was based on type of surgery (low anterior resection only) and type of study design (RCT only). To evaluate the impact of each study on the pooled effect size, sensitivity analysis was conducted using 1-study excluded approach. Analyses were conducted using Review Manager (RevMan) Version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration 2014; Copenhagen, Denmark). Funnel plots was performed to evaluate publication bias. P < 0.05 was considered statistically significant.




RESULTS


Selected Studies

A total of 1,617 relevant studies were identified by a preliminary search. After excluding 592 duplicate records, 1,025 articles were eliminated by reading titles and abstracts. Full-text evaluation was conducted in the remaining 33 studies, and finally, 20 studies (20, 21, 26, 29–45) that met the inclusion criteria were included (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart of literature search and screening.




Study Characteristics

Twenty studies (20, 21, 26, 29–45), involving 5,125 participants from 9 countries (United States, Japan, Switzerland, Russia, Italy, France, China, Austria, and Germany), were included in our meta-analysis. Fifteen of the eligible studies (26, 29–32, 34–39, 41, 42, 44, 45) were PSM, while five were RCTs (20, 21, 33, 40, 43). The sample size varied from 54 to 740 subjects. Seven studies (21, 31, 32, 34, 37, 38, 45) performed low anterior resection and the remaining thirteen (20, 26, 29, 30, 33, 35, 36, 38–44) performed colorectal surgery. Follow-up ranged from 30 to 90 days. Most of the studies (21, 29, 31–36, 38, 39, 41–45) included patients only confined to malignant colorectal disease, whereas, five studies (20, 26, 30, 37, 40) included patients with both malignant and benign colorectal disease. Details of the 20 eligible studies (20, 21, 26, 29–45) are summarized in Table 1.


Table 1. Characteristics of 20 eligible studies.
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Quality Assessment

Fifteen trials were evaluated to be of good quality based on the NOS (Table 2) with scores of 6 and more. The risk of bias of RCTs is shown in Figure 2. The 5 RCTs were assessed to be of low risk.


Table 2. Outcome of assessment of the quality of non-randomized studies using the Newcastle-Ottawa scale.

[image: Table 2]


[image: Figure 2]
FIGURE 2. Risk of bias for each included study. (A) Risk of bias summary. (B) Risk of bias graph.




Meta-Analysis


AL Rate

AL rate was reported in all 20 studies (20, 21, 26, 29–45). Compared with the control group, the incidence of AL was significantly reduced in the ICG group (OR, 0.46; 95% CI, 0.36, 0.59; P < 0.00001). No significant heterogeneity was observed (P = 0.44; I2 = 1%) (Figure 3). The results of subgroup analysis showed that ICG could effectively reduce the incidence of AL in both RCTs (20, 21, 33, 40, 43) (OR, 0.55; 95% CI, 0.34, 0.88; P = 0.01; I2 = 17%) (Table 3) and PSM studies (26, 29–32, 34–39, 41, 42, 44, 45) (OR, 0.41; 95% CI, 0.30, 0.56; P < 0.00001; I2 = 0%) (Table 3). When subgroups were performed according to surgical methods, ICG could effectively reduce the incidence of AL regardless of colorectal surgery (20, 26, 29, 30, 33, 35, 36, 38–44) (OR, 0.45; 95% CI, 0.34, 0.61; P < 0.00001; I2 = 0%) (Table 3) or low anterior resection (21, 31, 32, 34, 37, 38, 45) (OR, 0.45; 95% CI, 0.26, 0.78; P = 0.004; I2 = 21%) (Table 3).


[image: Figure 3]
FIGURE 3. Effect of indocyanine green on anastomotic leakage rate.



Table 3. Summary of results from all subgroup analyses.

[image: Table 3]

Ten studies (20, 26, 31, 34, 36, 37, 39, 40, 44, 45) described the incidence of SAL. Data from RCTs and PSM studies showed that ICG was associated with a lower risk of SAL, with low heterogeneity between studies (OR, 0.48; 95% CI, 0.33, 0.71; P = 0.0002; I2 = 0%) (Figure 4).


[image: Figure 4]
FIGURE 4. Effect of indocyanine green on symptomatic anastomotic leakage rate.




Postoperative Complications

Postoperative complications were described in 11 studies (20, 21, 31, 32, 34, 36, 37, 40–42, 45). The total effect size indicated that intraoperative ICG fluorescence angiography did not reduce the incidence of total complications, with significant heterogeneity between studies (OR, 0.93; 95% CI, 0.64, 1.35; P = 0.70; I2 = 64%) (Figure 5). When subgroup analysis was performed by study type, the combined effect size of both RCTs (20, 21, 40) (OR, 0.74; 95% CI, 0.53, 1.02; P = 0.06) (Table 3) and PSM studies (31, 32, 34, 36, 37, 41, 42, 45) (OR, 1.10; 95% CI, 0.62, 1.95; P = 0.75) (Table 3) showed that ICG did not increase the incidence of total postoperative complications, and heterogeneity in the RCTs subgroup was significantly reduced (P = 0.50; I2 = 0%) (Table 3).


[image: Figure 5]
FIGURE 5. Effect of indocyanine green on total postoperative complications rate.




Postoperative Ileus

Evidence from a combination of 7 studies (20, 21, 31, 32, 34, 35, 40) suggests that ICG does not reduce the incidence of postoperative ileus, and no significant heterogeneity was observed between studies (OR, 1.26; 95% CI, 0.53, 2.97; P = 0.60; I2 = 41%) (Figure 6A). When subgroup analysis was based on study type, both RCTs (20, 21, 40) (OR, 1.06; 95% CI, 0.32, 3.54; P = 0.93; I2 = 58%) (Table 3) and PSM studies (31, 32, 34, 35) (OR, 1.93; 95% CI, 0.57, 6.50; P = 0.29; I2 = 7%) (Table 3) showed that ICG did not reduce the incidence of postoperative intestinal obstruction. There was no significant heterogeneity between subgroups (P = 0.49; I2 = 0%) (Table 3).


[image: Figure 6]
FIGURE 6. Effect of indocyanine green on (A) Postoperative ileus rate. (B) Wound infection rate (C) Anastomotic stricture rate. (D) Pulmonary infection rate.




Wound Infection

Postoperative wound infection was reported in 8 studies (20, 31, 32, 34, 36, 40, 42, 45) (2 RCTs, 6 PSM studies), ICG did not reduce the risk of postoperative wound infection, and there was no significant heterogeneity between studies (OR, 0.76; 95% CI, 0.44, 1.32; P = 0.33; I2 = 0%) (Figure 6B). Both RCTs (20, 40) (OR, 0.52; 95% CI, 0.15, 1.89; P = 0.32; I2 = 16%) (Table 3) and PSM studies (31, 32, 34, 36, 42, 45) (OR, 0.84; 95% CI, 0.45, 1.57; P = 0.58; I2 = 0%) (Table 3) showed that ICG does not reduce the incidence of postoperative wound infection. Subgroup analysis showed that ICG did not reduce the incidence of postoperative wound infection during colorectal surgery (20, 36, 40, 42) (OR, 0.60; 95% CI, 0.32, 1.15; P = 0.13; I2 = 0%) (Table 3) or low anterior resection (31, 32, 34, 45) (OR, 1.38; 95% CI, 0.49, 3.89; P = 0.55; I2 = 0%) (Table 3).



Urinary Tract Infection

Three studies (20, 31, 34) reported the urinary tract infections of both groups, and the difference between the ICG group and control group was not statistically significant (OR, 0.87; 95% CI, 0.30, 2.59; P = 0.81) (Figure 6C). No significant heterogeneity was observed (P = 0.60; I2 = 0%) (Figure 6C).



Pulmonary Infection

Pulmonary infection was reported in two studies (20, 34). Results of the meta-analysis showed that ICG did not reduce the incidence of pulmonary infection (OR, 0.23; 95% CI, 0.04, 1.45; P = 0.12) (Figure 6D), and there was no significant heterogeneity between studies (P = 0.68; I2 = 0%) (Figure 6D).



Urinary Retention

A combined dataset of 517 participants from three studies (31, 32, 40) showed that ICG did not reduce the risk of postoperative urinary retention (OR, 1.08; 95% CI, 0.23, 5.04; P = 0.92) (Figure 7A). No significant heterogeneity was observed (P = 0.26; I2 = 25%) (Figure 7A).


[image: Figure 7]
FIGURE 7. Effect of indocyanine green on (A) Urinary retention rate. (B) Anastomotic bleeding rate (C) Urinary tract infection rate.




Anastomotic Bleeding

Four studies (20, 34, 42, 45) reported the rate of anastomotic bleeding. Intraoperative ICG fluorescence angiography did not reduce (OR, 1.53; 95% CI, 0.27, 8.60; P = 0.63) (Figure 7B) the incidence of anastomotic bleeding, and there was no significant heterogeneity (P = 0.15; I2 = 43%) (Figure 7B) between studies.



Anastomotic Stricture

Two trials (20, 26) reported the Incidence of anastomotic stricture. There was no significant difference in the Incidence of anastomotic stricture between the ICG and the control groups (OR, 0.74; 95% CI, 0.24, 2.29; P = 0.61) (Figure 7C). No significant heterogeneity (P = 0.61; I2 = 0%) (Figure 7C) was observed.



Reoperation Rates

Eight studies (20, 29–31, 37, 40, 42, 45) assessed the effect of ICG on postoperative reoperation rates. The combined effect size showed a lower reoperation rate in the ICG group than in the control group, but the difference was not statistically significant (OR, 0.71; 95% CI, 0.38, 1.30; P = 0.26; I2 = 39%) (Figure 8A). Subgroup analysis showed that ICG did not reduce reoperation rate in both RCTs (20, 40) (OR, 1.29; 95% CI, 0.59, 2.84; P = 0.52; I2 = 0%) (Table 3) and PSM studies (29–31, 37, 42, 45) (OR, 0.52; 95% CI, 0.26, 1.07; P = 0.08; I2 = 32%) (Table 3).


[image: Figure 8]
FIGURE 8. Effect of indocyanine green on (A) Reoperation rate rate. (B) Conversion rate (C) Mortality.




Conversion Rates

Six studies (21, 32, 36, 37, 41, 44) mentioned conversion rates. ICG did not increase conversion rates during surgery compared with the control group (OR, 1.34; 95% CI, 0.65, 2.78; P = 0.42) (Figure 8B), with no significant heterogeneity between studies (P = 0.69; I2 = 0%) (Figure 8B).



Mortality

Postoperative mortality was reported in 11 studies (20, 21, 31–34, 36, 38, 42, 43, 45). There was no significant difference in perioperative mortality (OR, 0.50; 95% CI, 0.13, 1.85; P = 0.30) (Figure 8C) between the ICG group and the control group, and no significant heterogeneity (P = 0.91; I2 = 0%) (Figure 8C) was observed between studies.



Operative Time

Twelve studies (20, 26, 31, 32, 37–43, 45) compared the operative time between the ICG group and the control group. The total effect size showed that intraoperative ICG fluorescein angiography did not increase the operative time (MD,−9.64; 95% CI,−20.28, 1.01; P = 0.08) (Figure 9A), and significant heterogeneity was observed between studies (P < 0.00001; I2 = 90%) (Figure 9A). Subgroup analysis based on study type found that heterogeneity significantly decreased between RCTs (20, 40, 43) (P = 0.27; I2 = 23%) (Table 3), and heterogeneity was significant (P = 0.09; I2 = 65.2%) (Table 3) between subgroups.


[image: Figure 9]
FIGURE 9. Effect of indocyanine green on (A) Operative time. (B) Blood loss during surgery. (C) Length of postoperative hospital stay.




Blood Loss

Six studies (26, 38, 40, 42, 43, 45) reported the blood loss during surgery. ICG can effectively reduce the blood loss during surgery (MD,−9.13; 95% CI,−17.52,−0.74; P = 0.03) (Figure 9B). Significant heterogeneity (P < 0.00001; I2 = 81%) (Figure 9B) was observed between these studies. When subgroup analysis was performed by type of surgery, intraoperative ICG fluorescein angiography did not reduce the amount of blood loss during low anterior resection (38, 45) (MD,−18.60; 95% CI,−89.49, 52.29; P = 0.61; I2 = 86%) (Table 3), but it did reduce the blood loss during colorectal surgery (26, 40, 42, 43) (MD,−3.87; 95% CI,−7.54,−0.21; P = 0.04; I2 = 54%) (Table 3).



Length of Postoperative Hospital Stay

Nine studies (20, 31, 36, 37, 40–43, 45) reported length of postoperative hospital stay. Meta-analysis showed that intraoperative ICG fluorescence angiography could effectively shorten postoperative hospital stay (MD,−1.21; 95% CI,−2.06,−0.35; P = 0.06) (Figure 9C), with significant heterogeneity among 9 studies (P < 0.00001; I2 = 82%) (Figure 9C). When subgroup analysis was performed based on study type, benefits of ICG for shorter length of hospital stay were observed only in the PSM studies (31, 36, 37, 41, 42, 45) (MD,−1.67; 95% CI,−2.90,−0.43; P = 0.008; I2 = 65%) (Table 3).




Sensitivity Analysis

The results of the sensitivity analysis showed that no single trial could affect the total effect size of AL rate, SAL rate, postoperative complications, postoperative ileus, wound infection, urinary tract infection, pulmonary infection, urinary retention, anastomotic bleeding, anastomotic stricture, conversion rates, reoperation rate, length of postoperative hospital stay, mortality and operative time. The study of Watanabe et al. (42) (MD,−4.90; 95% CI,−33.76, 23.97; P = 0.74; I2 = 88%) and the study of Zhang et al. (8) (MD,−6.55; 95% CI,−33.83, 20.72; P = 0.64; I2 = 87%) significantly affected the effect size of blood loss during surgery.



Publication Bias

The funnel plot of AL rate, SAL rate, postoperative complications and blood loss during surgery reveals a roughly symmetrical distribution of studies (Figure 10).


[image: Figure 10]
FIGURE 10. The funnel plot of (A) AL rate. (B) SAL rate. (C) Postoperative complications. (D) Blood loss during surgery.





DISCUSSION

AL has increased the medical burden of patients and caused destructive results (4), so it is necessary to find effective strategies to reduce the risk of AL after colorectal surgery. In 2010, Kudszus et al. (29) first reported that ICG reduced the occurrence of AL after colorectal surgery by 4%. Skrovina et al. (18) also confirmed that ICG fluorescence angiography may be a potential strategy for preventing AL. Impellizzeri et al. (16) found that ICG fuorescence angiography is associated with a lower risk of AL after colorectal cancer surgery. The evidence from the above clinical studies well supports our conclusions. However, in Dinallo et al. study (46), the incidence of AL after colorectal surgery was 1.3% in both the ICG group and the non-ICG group. The low incidence of AL in the study may mask the true effect of ICG. In addition, almost all recent meta-analyses (4, 8, 22, 23) on this topic showed that intraoperative ICG fluorescence angiography could reduce the incidence of postoperative AL.

Our meta-analysis showed that ICG can effectively reduce the AL rate, SAL rate, blood loss, and hospital stays, without prolonging the operation time or increasing postoperative complications in colorectal surgery. The results of subgroup analysis indicated that both evidence from RCTs and PSM studies evidence indicated that ICG fluorescence angiography was an effective strategy for reducing postoperative AL. Although the incidence of asymptomatic AL is as high as 14%, the use of contrast agents to detect asymptomatic AL in post-colorectal surgery patients is not a routine strategy in clinical practice (4). Asymptomatic AL has little damage to the prognosis of patients, and almost all asymptomatic AL do not need intervention. In contrast, SAL was associated with poor short-and long-term outcomes of colorectal surgery (4). Therefore, we evaluated the preventive effect of ICG on SAL separately. We found that ICG use was associated with a reduced incidence of SAL. Previous studies have shown that the incidence of AL is related to the position of the anastomotic, and the lower the position, the higher the risk of AL (23, 47). Therefore, the trial of low anterior resection was used as a subgroup in this study, and the results of subgroup analysis showed that ICG could effectively reduce the incidence of AL in this high-risk population. Similarly, a retrospective study by Jafari et al. (15) found that the risk of AL in robot-assisted rectal surgery was reduced to 6% in the ICG group, compared with 18% in the control group. In a meta-analysis that included 27 studies, Emile et al. (48) found that ICG was associated with a significant reduction in the incidence of AL, whether in a subgroup analysis based on RCTs or in a subgroup analysis based on studies that included rectal cancer only. AL could lead to prolonged hospital stay (49). The results of this study showed that ICG could shorten the hospital stay of patients, which may be related to the reduction of the occurrence of AL. Grade C AL often requires surgical intervention, and the study of Liu et al. (22) showed that ICG could reduce the reoperation rate. However, no benefit of ICG in reducing reoperation rates was observed in this study. This may be related to the fact that few studies reported relevant outcome measures, with only eight of the included studies describing reoperation rates. In addition, our results suggest that ICG does not reduce postoperative mortality, which may be related to the low incidence of perioperative mortality and the small sample size of some of the included studies. Future prospective studies with a larger sample size should be conducted to investigate whether ICG fluorescein reduces the risk of perioperative mortality in colorectal surgery.

ICG is a safe dye, and its adverse reactions are rarely reported (50, 51). In a study of 1,226 participants, adverse events were observed in only eight subjects after intravenous ICG administration of 1 to 5 mg/kg, with only one severe adverse event and no deaths reported (52). Su et al. (50) found that no adverse reactions or allergic reactions associated with ICG were observed in colon cancer patients injected with 15 mg ICG. The doses used in the trials included in this study ranged from 0.1 to 0.5 mg/kg, and no adverse reactions were reported. In colorectal cancer surgery, Manen et al. (53) recommended intravenous injection of low-dose (2.5 mg) ICG to prevent AL, because 2.5 mg ICG can clearly observe the situation of colorectal anastomosis. Three studies (30, 34, 37) included in this study using 5mg of ICG showed that 5mg of ICG was effective in reducing the incidence of AL associated with perfusion. Although low-dose ICG may be an effective strategy to reduce AL, it is not clear whether low-dose ICG and high-dose ICG are equally effective in preventing AL. Our study showed that intraoperative ICG fluorescence angiography did not increase the incidence of total postoperative complications. Compared with the control group, ICG did not increase the risk of postoperative intestinal obstruction, wound infection, pulmonary infection, urinary retention, anastomotic bleeding, and anastomotic stenosis. A recent meta-analysis by Zhang et al. (8) showed that ICG fluorography did not increase wound infection, pneumonia, urinary retention, mortality, or postoperative bleeding. In addition, the results of this study showed that intraoperative ICG angiography did not prolong the operative time, but rather reduced intraoperative blood loss compared with the control group. This may be due to the increased frequency with which ICG fluorescein angiography was used, resulting in surgeons becoming more proficient with the system (23). A meta-analysis of 23 studies also showed that ICG did not increase intraoperative blood loss or operative time (9).

This study has several strengths. First, in order to reduce potential bias, this study conducted a comprehensive literature search of several electronic databases (Embase, China National Knowledge Infrastructure, Web of Science, Scopus, PubMed, Cochrane Library, and VIP databases) without any language or time restrictions. Second, several recent important studies were included, which made our evidence more convincing. Third, different from previous meta-analyses, we only included PSM studies and RCTs, which made the experimental group and the control group more comparable and strengthened the reliability of our conclusions. Finally, advanced statistical methods (sensitivity analysis and subgroup analysis) were used to further confirm the robustness of our results.

There are several limitations in our meta-analysis. First, there was significant heterogeneity in some outcome measures of this study. This may be related to inconsistent follow-up times (from 30 to 90 days) and inconsistent definitions of AL used in the included studies. Moreover, five studies included patients with both malignant and benign colorectal disease. Inconsistent disease types may be one of the sources of heterogeneity. Second, a total of nine fluorescence imaging systems were used. It is not clear whether the effects of different fluorescence imaging systems are consistent, which may need to be clarified in future studies. In the included studies, there were also differences in the dose of ICG injected intravenously. The influence of different doses on the study needs to be further explored, and finding the optimal dose may be the focus of future studies. These may also be sources of heterogeneity. Third, although this study showed that ICG may have potential benefits in reducing the incidence of AL after colorectal surgery, the fluorescence intensity in all the studies included in this meta-analysis was based on the subjective judgment of surgeons, lacking objective evaluation indicators (54). In addition, even if ICG fluorescence is displayed in the colorectal, intestinal ischemia may occur if blood flow is not meeting physiological demands (55). Therefore, the use of software to quantify the fluorescence parameters and find reliable parameters for predicting AL (54) may further confirm the benefits of ICG on AL in colorectal surgery. Cahill et al. (56) combined ICG fluorescence angiography and artificial intelligence to identify tumors by recognizing different perfusion modes. This technology can also be developed into real-time monitoring of anastomotic blood perfusion (57), so as to identify ischemic anastomotic sites. Finally, some of the outcome indicators (reoperation rate, conversion rate, postoperative ileus rate, wound infection rate, urinary tract infection rate, pulmonary infection rate, urinary retention rate, anastomotic bleeding rate and anastomotic stricture rate) in the included studies were based on evidence from a small number of studies, so it is not possible to determine whether ICG will bring more benefits, and more high-quality studies are needed to explore the impact of ICG on these outcomes.



CONCLUSION

In conclusion, this meta-analysis demonstrated the value of ICG in patients undergoing colorectal surgery, as evidenced by the reduced AL rate, SAL rate, and blood loss. Further, hospital stays were shorter. ICG may be a potential strategy to prevent AL in colorectal surgery, and more high-quality large sample size RCTs are necessary to confirm the benefits of ICG in colorectal surgery.
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LR

Laparoscopic
LAR

Colorectal
resection

Laparoscopic
AR

Laparoscopic
colorectal
resection
Laparoscopic
left-sided
colorectal
resection

LAR

Laparoscopic
LAR

Rectal and left
colon cancer
surgery

Sigmoid and
rectal
resection

Laparoscopic
left-sided
colon and
rectal
resection

Left-sided
colorectal
resections
Laparoscopic
UR

Left
colectomy or
anterior
resection

Colon cancer
surgery

Laparoscopic
colorectal
resection

Left-sided
colon or rectal
cancer
surgery

Fluorescence imaging
system

IC-View®, Pulsion Medical
Systems AG, Munich,
Germany

SPY Imaging System
(Novadaq Technologies Inc,
Bonita Springs, FL)

The Karl Storz image'!
fluorescence system (Karl
Storz, Tuttlingen, Germany)

The PINPOINT™
Endoscopic Fluorescence

Imaging System (Novada,
Toronto, Ontario, Canada)

Fluorescent laparoscopic
system (Japan,Olympus
Corporation)

NIR camera system
(PDE-neo System;
Hamamatsu Photonics K K.,
Hamamatsu, Japan)

NA

The LSCl instrument
(moorFLPI-2; Moor
Instruments, Axminster, UK)

PINPOINT endoscopic
fluorescence imaging
system (Stryker, Kalamazoo,
Michigan, USA),

Karl Storz (D-Light P;
Tuttingen, Germany) and
the Stryker Corporation
(1588 AIM Platform;
Michigan, USA)

A full HD camera system
(Karl Storz Image
1-Professional Image
Enhancement
System-SPIESTHm, Karl
Storz Germany)
Laparoscopic system (KARL
STORZ GmbH &Co. KG,
Tuttingen, Germany) with
light source (D-LIGHT P
SCB, KARL STORZ)

Camera equipped with a
xenon light source providing
both NIR wavelength and
standard light was
employed (KARL STORZ
GmbH & Co. KG, Tuttiin
gen, Germany)

The SPY Eiite System
(Stryker, USA), Pinpoint
System (Stryker, USA)

The IMAGE1 S™ system
(Karl Storz SE & Co. KG,
Tuttingen, Germany), 1588
Advanced Imaging
Modaities (AIM) Platform
and SPY Fluorescence
technology (Stryker,
Kalamazoo, MI, USA), or
HyperEye Medical System
Handy (Mizuho Medical Co.
Ltd., Tokyo, Japan)

NIR light images
(FLUOBEAM; Fluoptics,
Grenoble, France) or on
fusion images merging NIR
and standard white light
images (PINPOINT; Stryker,
Kalamazoo, Michigan, USA)
PINPOINT and/or SPY Elite
near infrared range
fluorescence imaging
(Stryker, Kalamazoo, M)
The Stryker Corporation
(1588 AIM Platform; MI,
USA), Olympus Medical
Systems Corporation
(VISERA ELITE Il Tokyo,
Japan) and Karl Storz
(D-Light P; Tuttingen,
Germany).

Fluoroscopy
(optomedic-2100)

near-infrared excitation light
(we used mainly Hyper Eye
Medical Systems: Mizuho
Medical Co., Ltd, Nagoya,
Japan and/or IMAGE 1
SPIES™, KARL STORZ SE
& Co. KG, Tuttingen,
Germany)

ICG dose

0.2-05
mg/kg

3ml

0.2 mg/kg

0.1-0.3
mg/kg

NA

5mg

5mg

NA

0.1-0.2
mo/kg

0.25 mg/kg

0.2 mg/kg

0.2 mg/kg

0.3 mg/kg

5-7.5mg

5mg

0.1 mgrkg

7.5mg

025 mg/kg

NA

0.1 mg/kg

Outcomes

AL rate

AL rate; Reoperation

AL rate; Reoperation;
Postoperative morbidity;
Mortalty; Operative time;
Postoperative hospital
stay; No side effects or
allergic reaction related to
the injection of ICG.

AL rate; Postoperative
morbidity; Mortality
Operative time;
Conversion rates; No side
effects or alergic reaction
related to the injection of
1cG

AL rate; Mortality; No side
effects or allergic reaction
related to the injection of
1cG

AL rate; Postoperative
morbicity; Mortality; No
adverse events related to
ICG were observe.

AL rate; No adverse
events related to ICG were
observe.

AL rate; Postoperative
morbidity; Mortality;
Conversion rates;
Postoperative hospital
stay

AL rate; Postoperative
morbidity; Conversion
rates; Operative time;
Postoperative hospital
stay; Reoperation

AL rate; Postoperative
morbidity; Mortality;
Operative time;
Postoperative hospital
stay; Reoperation; Blood
loss.

AL rate; Operative time

AL rate; Postoperative
morbicity; Mortality;
Operative time;
Postoperative hospital
stay; Reoperation; Blood
loss

AL rate; Postoperative
morbidity; Mortality;
Reoperation; Operative
time; Postoperative
hospital stay; No adverse
events related to ICG were
observe

AL rate; Operative time;
Blood loss

AL rate; Operative time;
Blood loss; Mortality

AL rate; Postoperative
morbicity; Mortality;
Operative time;
Postoperative hospital
stay; Conversion rates

AL rate; Postoperative
morbicity; Mortality;
Conversion rates

AL rate; Postoperative
morbicity; Mortality;
Operative time;
Reoperation;
Postoperative hospital
stay; Blood loss

AL rate; Mortality;
Operative time;
Postoperative hospital
stay; Blood loss

AL rate; Operative time;
Blood loss; Conversion
rates

AL, anastomotic leakege; C, control group; F; Femele; I, intervention group; M, Male; LAR, low anterior resection; PSM, propensity-score matched study; N, not aveilble; RCT, randomized controlled trial; USA, the United States

of America.
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