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ABSTRACT
Background: The use of CT angiography (CTA) or venous couplers (VC) has led to shorter operative times in free flap breast reconstruction (FFBR). However, there are no reports on the effect of these two interventions relative to each other or combined. 
Methods: Abdominal based FFBRs performed by a single surgeon before introduction of either intervention were compared to those with venous couplers only (VC), and those after the addition of CTA to VCs (CT-VC). Operative time was defined as from “knife-to-skin” to insertion of the last stitch. 
Results: 120 patients; 40 without intervention (WI), 40 with VC, and 40 with CT-VC. Introduction of VCs did not significantly reduce operative time compared to WI (p=0.73). However, patients in the CT-VC group had significantly shorter operations versus WI (472vs586 mins, p<0.00001) and versus VC alone (472vs572 mins, p=0.0006). Similarly, introduction of each intervention showed a stepwise decrease in ischaemia time (WI vs VC: 100vs89 mins, p=0.0106; VC vs CT-VC: 89vs80 mins, p=0.0307; 100vs80 mins, p<0.00001).
Conclusions: Combination of CTA and venous couplers significantly reduced operative and ischaemic times for FFBR; this was predominantly due to use of CTA. CTA mitigates the surgical learning curve as demonstrated by shorter operating times via providing a vascular anatomy roadmap, thus facilitating flap harvest.

KEYWORDS: computed tomography angiography (CTA), DIEP flaps, microvascular breast reconstruction, operative time, venous coupler 
INTRODUCTION
The deep inferior epigastric perforator (DIEP) flap is now considered the gold standard in autologous breast reconstruction (1-2). However, well-executed harvesting and successful performance DIEP flap surgery requires considerable expertise (3), with careful preoperative and intraoperative decision-making being essential.  Preoperatively, study of the donor vessels and abdominal wall vascular anatomy has been shown to be helpful in reducing operative times and aiding successful free tissue transfer (4-6). The major abdominal wall vascular perforators and the courses of the main branches of the deep inferior epigastric vessels can be accurately identified with computed tomography angiography (CTA), magnetic resonance angiography (MRA) or Doppler ultrasonography (3,5,7-8). Studies have shown that use of such preoperative road maps can reduce operative times (6,9).
Microvascular anastomosis is one of the critical intraoperative steps of free flap surgery. Most consider the venous anastomosis paramount because of the increased propensity for venous thrombosis with venous insufficiency being the most common cause for return to theatre (10-12). The venous coupler has been shown to be a quick and reliable method for re-establishing venous drainage with reduced anastomotic failure when compared to hand sewn vessels (13-15).
However, despite the many reports of reduced operative times with the use of CTA (4,16-17) or venous couplers (VCs) (5,18) (Table 1), there are none that have compared the effect of these two interventions relative to each other. The principal aim of this study was therefore to review the effect of VCs alongside CTA on the operative times of free flap breast reconstruction (FFBR). 




METHODS
All free flap breast reconstructions performed by a single plastic surgeon (CMM) at a tertiary university hospital breast cancer referral centre between August 2008 and February 2014 were included in this retrospective cohort study, to ensure that all patients before and after the introduction of CTA (November 2011) were included. Bipedicled free flaps (n=26) were excluded as was the one patient with incomplete data. Patients with neither intervention were compared to those who received only venous couplers (introduced in June 2010) and those with both interventions. It was not possible to study the effect of CTA without venous couplers as all CTA patients had had venous couplers. Patients were identified from a prospectively collected free flap database and the senior author’s free flap logbook. Operations were performed by two teams (one consultant and two assistant surgeons) so recipient vessel exposure was performed at the same time as flap harvest. Details were collected on patient demographics, flap type, ischaemia time, total operative time, number of veins used and coupler size. Flap harvest time was not recorded.
The purpose of including only a single surgeon’s cases was three-fold, firstly to eliminate inter-operator variability, secondly to standardise the internal mammary vessel exposure technique (all total rib preservation) and thirdly to standardise the method of venous anastomoses (exclusive coupler use after June 2010). Operative time was defined as from “knife-to-skin” to insertion of the last stitch (as documented independently by the nursing staff). Only patients operated on after 10 years in practice were included to remove the effect of a surgical learning curve.
A literature search was conducted through PubMed and Web of Science with the terms, “computed tomography angiography”, “breast reconstruction”, “venous coupler”, “operative duration”, “anastomotic time” and “venous anastomoses”. All relevant reports were included (Table 1). Data analysis was completed with IBM SPSS Software Version 24.0 (IBM Corp, 2017. IBM SPSS Statistics for Windows, Armonk, NY: IBM Corp). Data were analysed with the Kolmogorov-Smirnov test and were not found to follow a normal distribution. Therefore, differences in operative and ischaemia times between the groups were evaluated with the nonparametric Mann-Whitney U test. Statistical significance was determined by a value of p≤0.05.




RESULTS
Patients were divided into three groups (40 patients in each) namely the last 40 patients without intervention (WI), the 40 patients that had received venous coupler only (VC), and the first 40 patients who received CTA with venous coupler (CT-VC). The mean ages were comparable; Table 2 shows characteristics of all three patient groups.
A total of 143 flaps in 120 patients (mean age = 50.5 years, range 28-68) were included in this study. 97 patients received unilateral flaps whilst 23 patients had bilateral flaps.  Two thirds (65%) of the flaps were performed in the immediate setting at the time of mastectomy. The mean total operative time for all patients was 542.6 minutes (range: 270 - 840) with a mean ischaemic time of 89.1 minutes (range: 38 – 137).

 Duration of surgery
The mean operative times in minutes were 586 (r = 470 - 840), 572 (r = 364 - 780) and 472 (r = 270 - 700) for WI, VC and CT-VC, respectively (Figure 1, Table 3). Introduction of couplers did not significantly reduce the operative time compared to no intervention (572 vs 586 mins, p=0.5306). However, patients with both interventions (CT-VC) had significantly shorter operative times versus WI by 114 minutes (472 vs 586 mins, p<0.00001). This pattern remained the same when the group was divided in unilateral, bilateral, immediate and delayed flaps (Table 3, Table 4). 
Interestingly, the CT-VC group had a significantly reduced operative time compared to the VC group by 100 minutes (472 vs 572 mins, p=0.0002), implying that the main factor in the reduction of surgical duration was the introduction of CT angiography (Figure 1, Table 3). Although this trend was mirrored in unilateral and delayed flaps (p<0.00001 and p=0.0139, respectively), no significance was noted when comparing the VC group with CT-VC in bilateral or immediate flaps (p<0.1141 and p=0.9920, respectively).  Figure 2A shows a coronal computed tomography angiography (CTA) image of the anterior abdominal wall vessels. Figure 2B shows the corresponding transverse CTA image of the same.

Ischaemia time
The introduction of each intervention showed a stepwise decrease in ischaemia time (WI vs VC: 100 vs 89 mins, p=0.0106; VC vs CT-VC: 89 vs 80 mins, p=0.0307) and significance when both modalities were used compared to WI (p<0.00001). The use of both modalities significantly reduced the ischaemia time from 100 to 80 minutes (CT-VC vs WI, p<0.00001). Similarly, CT-VC decreased ischaemia time compared to VC alone (80 vs 89 minutes, p=0.0307) (Table 2, Figure 3). There was also a significant difference between the ischaemic times of venous coupler patients versus those with no intervention (89 vs 100 minutes, p=0.0106, Table 4). 

Chronological analysis
The flaps were analysed within each category of WI, VC and CT-VC, to assess differences in unilateral flap operative and ischaemia times due to chronology. There was insufficient sample size to perform this analysis on bilateral flaps. Each category was equally divided into two, dependent on their timeline, resulting in “early” and “late” groups for each of the three categories. Results are shown in Table 5. 

Flap survival
All flap transfers were successful and there was no significant difference in the numbers of flaps requiring re-exploration (p=0.2356) or redo of venous anastomoses (p=0.3868). 
Figure 4 and Table 6 show the distribution of coupler sizes in the VC and CT-VC groups. A greater majority of venous couplers were size 3.0mm or larger in the CT-VC group (68%) than VC group (53%) (p=0.1317). The median size in VC was 3.0mm and was 3.0mm in CT-VC. Figure 5 shows an intraoperative image of a venous coupler.




DISCUSSION
Although there are numerous reports of the independent benefits of computed tomography angiography (CTA) and venous coupler (VC) on operative times (4,9,15-17), there have been no studies of effects of VCs alone versus combined with CTA. Our study has demonstrated that CTA is associated with significantly reduced operative time in combination with venous couplers. The combination shortened the total operating time by almost two hours (114 minutes) compared to no intervention. However, detailed analysis revealed that this decrease was largely due to CTA effect (100 out of the 114-minute reduction in operative time). 
Our findings in this study are similar to other reports regarding CTA which have shown reduced operative times ranging from 10 to 140 minutes (4,15-17). This undoubtedly is because it facilitates surgery by providing a preoperative surgical road-map. CTA allows preoperative identification of the most suitable perforators, elaboration on perforator anatomy (location described with reference to the umbilicus, and delineation of the vessel paths including tortuosity and intramuscular course) (29). Thus, an operative “game plan” can be made before surgery. Additionally, it does not involve learning a new surgical technique unlike the use of the coupler and so there is no intraoperative surgical learning curve.  
The changes in the ischaemia times mirrored those in the total operative times although CTA appeared to have a greater impact. This was a surprising finding as CT angiography (unlike the venous coupler) does not have a direct impact on the technical aspects of the microanastomoses. One explanation for this could be reduced fatigue and increased confidence in the surgeon due to quicker flap harvest afforded by the CTA allowing a more predictable harvest and an earlier start to the microsurgery when the surgeon is “fresher”. Another explanation is that surgical experience has a positive influence on surgery duration. All operations were conducted by a single operator with 10 years in practice, who conducts over 30 free flap breast reconstructions each year. However, there may be still be a learning curve in effect, resulting in a reduction in ischaemia times with time regardless of the intervention. This is however, highly unlikely after 10 years. 

In our study, venous couplers reduced total operative time by 14 minutes, Fitzgerald et al had similar findings in their study with 12 minute reduction in anastomotic time which was significant (15,17). However, we acknowledge that the venous coupler use requires adoption of a new surgical technique by the surgeon and thus any reductions in the operative time may well have been ‘averaged out’ by the learning curve (30,31). This is supported by the chronological analysis which demonstrated a significant reduction in operative time for unilateral flaps in the VC early versus VC late. Thus, implying that as the surgeon became more experienced in this new technique, operations became shorter and this extended into the CTA introduction period. The lack of statistical significance in the observed reduction of operative time with venous couplers versus the no intervention group could also be attributed to the small sample size and the “relatively short” time that the VC intervention was employed before CTA was introduced (17 months). Interestingly, the superior effect of CTA compared to venous couplers appears to be absent in bilateral and immediate flaps. This may reflect the impact of facilitation by CTA which allows the flap to be raised before the mastectomy is completed so flap harvest is no longer the rate-limiting step in immediate flaps. Bilateral reconstruction, which includes an immediate flap, is similarly affected. 
Small reductions in operative time in isolation may not be significant but, as this study has shown, when combined with other interventions may amount to significant effects.  Perhaps the true benefit of the coupler is not in decreasing ischaemic times but reducing adverse venous events, which lead to potential flap failure or fat necrosis (15,18). In fact, our study showed with the introduction of CTA the average venous coupler size increased.  This may well be because the senior surgeon became more experienced with the technique, the advantage of this being that for each 0.5mm increment in coupler diameter there is a four-fold increase in venous flow.  
Unlike previous reports (15), our study was confined to a single operator in order to eliminate inter-operator variability and also to standardise the recipient vessel exposure to the total rib preservation technique which has already been shown to reduce operative times with or without coupler use (32,33). Although, trainee surgeons were also involved in the operations the observations above relating to coupler use, CTA effect and combination still hold true. 
In free flap breast reconstruction (FFBR), the ultimate goal is successful flap transfer with minimal complications to the patient, in order to shorten post-operative recovery and improve patient outcomes. Shorter anaesthetic and operative times have been shown to reduce post-operative recovery and improve the overall patient experience (16,34).  In addition, the cost saving implications are considerable.  Some studies report costs utility savings as high as $3179, a gain in quality adjusted life-years of 0.25 (9), compared to the $650 cost of CTA (9), and £169.50 cost for a venous coupler (15). The cost of use of an operating theatre is estimated at £14/minute (15) so potential savings are £1109.60 and £25.10 for CTA and venous coupler, respectively. Hence, the expense of CTA and venous couplers is compensated by a reduction in total operating times, theatre utilisation, staffing and surgical waiting lists. Therefore, use of CTA and venous couplers has clear positive resource implications.
Although, there are multiple human and operational factors that may influence operative duration, the plastic surgery team used in all operations are experienced and complete on average two flaps per week. Thus, the results are unlikely to be affected by efficiency factors.


CONCLUSION
This is the first study which demonstrates the combined effect of both CTA and venous couplers in significantly reducing operative and ischaemic times for FFBR; the decrease being predominantly associated with use of CTA. We believe the reduction in operative time (by almost 2 hours) is because the CTA, unlike venous coupler use, facilitates surgery without a surgical learning curve and assists in surgical planning by providing a useful roadmap of the perforator vessels. Strong proponents of these two modalities would advocate their combined use for microvascular breast reconstruction as shorter operative times have clinical benefits for the patient. Surgical experience may also play a role in reducing surgery duration. 
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FIGURES LEGENDS
Figure 1. Operative times for the three groups. WI = without intervention, VC = venous coupler only, CT-VC = CTA and venous coupler. * denotes p=0.0002. ** denotes p<0.00001. There was no significant difference with the use of venous couplers only versus no intervention.

Figure 2A. A coronal computed tomography angiography (CTA) image of lower abdominal wall vessels showing a Moon and Taylor type II DIEA anatomy on the right and a type I on the left. Figure 2B. A corresponding transverse CTA image of the same showing a major/ predominant perforator on the right with extensive arborisation within the adipose tissue.

Figure 3. Ischaemic times for the three patient groups. There is a stepwise decrease with the addition of each new intervention. WI = without intervention, VC = venous coupler only, CT-VC = CTA and venous coupler. * denotes p=0.0106. ** denotes p=0.0307. *** denotes p<0.00001. 

Figure 4. Distribution of coupler sizes in VC (venous coupler only), and CT-VC (CTA and venous couplers). There is a similar distribution of size of coupler in each group.  * denotes median size. Some patients had more than one venous anastomosis hence the difference in the numbers of patients (40 in each group) and numbers of couplers used (shown above).

Figure 5. An intraoperative view of a venous coupler sizer. A 2.5mm venous coupler following completion of a retrograde venous anastomosis between the IMV and the DIEV with the green visibility background used to improve the contrast. The artery is just about to be anastomosed. Both anastomoses were performed in the third interspace following our total rib preservation technique of internal mammary vessel exposure (32).

