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Abstract
Living-donor liver transplantation has provided a solution to the severe lack of cadaver in grafts for the replacement of liver afflicted with end-stage cirrhosis, fulminant disease, or inborn errors of metabolism. Vascular complications remain the most serious complications and a common cause for graft failure after hepatic transplantation. Doppler ultrasound remains the primary radiological imaging modality for the diagnosis of such complications. This article presents a brief review of intra- and post-operative living donor liver transplantation anatomy and a synopsis of the role of ultrasonography and color Doppler in evaluating the graft vascular haemodynamics both during surgery and post-operatively in accurately defining the early vascular complications. Intra-operative ultrasonography of the liver graft provides the surgeon with useful real-time diagnostic and staging information that may result in an alteration in the planned surgical approach and corrections of surgical complications during the procedure of vascular anastomoses. The relevant intra-operative anatomy and the spectrum of normal and abnormal findings are described. Ultrasonography and color Doppler also provides the clinicians and surgeons early post-operative potential developmental complications that may occur during hospital stay. Early detection and thus early problem solving can make the difference between graft survival and failure.
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Core tip: In this article we focus on the role of intra- and post-operative Doppler ultrasonography in the early detection of potential vascular complications in living-donor liver transplantation, in addition to monitoring the surgical and interventional vascular therapeutic procedures.
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INTRODUCTION
Living donor liver transplantation (LDLT) is an established therapeutic modality for adults and paediatrics with end-stage liver diseases and congenital hepato-biliary diseases, especially in countries where deceased donors for liver transplantation (LT) are not available and where the waiting lists for orthotopic liver transplantation are too long for critically ill patients with end-stage liver disease.
Vascular complications (VCs) remain the most serious complications and a common cause for graft failure after LT[1]. The overall incidence of VCs is higher in LDLT than in deceased donor liver transplantation (DDLT) due to the complex nature of the vascular anastomoses. The reported incidence of vascular complications after LT in adults varies widely among transplant centres, ranging between 8-15%. However, this rate can be as high as 20%, especially in cases such as split liver transplantation or LDLT[2-5]. Higher incidence has been reported in paediatric patients because of their smaller vessels in addition to the short vascular pedicles that are available for reconstruction[6].
Intraoperative ultrasound (IOUS), a non-invasive test that allows real-time and quantitative evaluation of the graft vasculature, has been considered an integral component of the recipient surgery. Its use in early detection and, thus, in the immediate surgical correction of intra-operative (IO) VCs ensures adequate graft perfusion after revascularization. The sonographer should be able to provide the surgeon with sufficient data regarding the morphology and integrity of the different surgical anastomoses. Furthermore, with the aid of different Doppler flow measurements, the hemodynamic changes can be described and interpreted. The decision to perform vascular repair of the anastomoses is multidisciplinary and depends on a variety of factors rather than solely the Doppler ultrasound (DU) findings.
DU is the modality of choice for PO recipient surveillance as it is non-invasive portable and provides rapid, comprehensive and accurate evaluation of the entire hepatic vasculature. Knowledge of the immediate and early physiological graft hemodynamics after graft perfusion and early identification of VCs are essential for improving graft and patient survival[7].
In this article, we review the role of intra- and post-operative DU in the evaluation of the recipient surgery during LDLT, with descriptions of the surgical background, the IOUS technique, normal DU appearance in different vascular anastomoses, the spectrum of normal and abnormal graft haemodynamics and potential VCs.

SURGICAL BACKGROUND:
In an adult recipient, a right lobe graft that is drained by the right hepatic vein (RHV) is obtained by transecting the liver on the right side of the middle hepatic vein (MHV). The resection typically includes the entire right lobe, RHV, right portal vein (RPV), right hepatic artery (RHA) and right bile duct. The middle hepatic artery (segment IV artery) and MHV are preserved for survival of the medial segment of the donor liver and are critical for avoiding venous complications in the donor[8,9] (Figure 1A). 
Implantation of the graft starts with hepatic vein (HV) reconstruction, followed by portal vein (PV) and then hepatic artery (HA) reconstruction. The RHV is either reconstructed in an end-to-end fashion to the stump of the RHV in the recipient or anastomosed in an end-to-side fashion directly to the inferior vena cava (IVC). Reconstruction of large-calibre MHV tributaries, such as HV draining segment V (V5) and segment VIII (V8), is often essential to avoid congestion of the segment drained by this tributary[10]. Various reconstruction techniques have been reported using autologous vein grafts such as the greater saphenous vein, Left PV (LPV) or the para-umbilical vein. Moreover, some techniques have been reported using cryo-preserved veins or arteries[11]. Additionally, synthetic grafts are widely used in many centres for venous reconstruction. The large-calibre inferior RHV might also require reconstruction, usually in an end-to-side fashion to the IVC[12,13]. 
Modalities for PV reconstruction are chosen according to the diameter, size mismatch, wall status, and length of the recipient PV. Reconstruction is performed by end-to-end anastomosis between the graft right PV and recipient main PV. When PV reconstruction is impossible, for example, due to pre-operative PV thrombosis (PVT), a venous jump or interposition conduit must be obtained[14].
HA reconstruction carries its own challenges due to the small vessel diameter, the deeply seated vessels, the short stump, and the moving field. Furthermore, tachycardia and tachypnoea can add to the difficulties[15]. The selection of the recipient artery is critical for successful anastomosis. The artery is chosen according to the patency, size match, length, direction, and very importantly, the upfront blood flow[16]. One common problem is the discrepancy in size between the graft and recipient arteries. Different techniques have been described for an anastomosis in such cases, including oblique cut, fish mouth method, funnelization and end-to-side techniques[17]. In cases of grafts with double arteries, a single opening may be created or two separate arterial anastomoses may be performed[18,19]. A single anastomosis may also be also performed using the larger artery, provided the other artery presents good backflow[15].
For most paediatric recipients, the donor liver graft is the left lobe or lateral segment (Figure 1B). The graft left HA and left PV are anastomosed end-to-end to the appropriate HA and PV of the recipient. The left HV is anastomosed in an end-to-end fashion with the LHV stump of the recipient[16].

HEPATIC INTRA-OPERATIVE ULTRASONOGRAPHY OF RECIPIENTS IN LDLT
IOUS has become an integral part of LT surgery that provides the surgeon with real-time information regarding the integrity of vascular anastomoses and graft hemodynamics. Reconstructive procedures are monitored by DU guidance until optimum flow is established. This technique reduces post-transplant vascular complications that might necessitate re-transplantation[20].
Before performing IOUS, the sonographer should revise the pre-operative imaging, including the DU data and the multi-detector computed tomography angiography (MDCTA) of both the recipient and the donor to verify the normal and variant vascular branching anatomy and the liver haemodynamics prior to transplantation. The surgical technique is discussed with the surgeons regarding the type of anastomoses, size mismatch, usage of interposition grafts and the presence of any technical problems during the surgical reconstruction.

TECHNICAL CONSIDERATIONS
IOUS is performed before starting the biliary anastomosis. Scanning may be delayed for few minutes after graft perfusion to allow the HA to recover from spasticity. Linear array, 7-8 MHz transducers are most frequently used[21]. T- or V-shaped transducers are preferred to facilitate scanning the liver surface and the vascular pedicle. Some machines are equipped with remote control units that facilitate the scanning technique. The upper abdominal cavity is filled with warm saline as an acoustic medium for the US beam (Figure 2). The operating table can be tilted to the left side to avoid fluid spillage. During examination of the extrahepatic vessels (PV and HA), the whole vessel should be well immersed in the fluid, at a certain distance from the transducer. Assistance may be required from the surgeon to unfold vascular kinks and to move vascular clamps away from the US field. During the examination of the intrahepatic vessels (post- anastomotic and segmental branches), the transducer can be applied directly to the surface or the cut surface of the graft, very gently to avoid injuring the potentially bleeding cut surface.

HV evaluation 
The probe can be tilted in the axial plane, cranially guided by the IVC, with gradual angulation towards the graft cut surface. In the b-mode, the vein is unfolded to be in line with the anastomosis. The anastomosis is usually elliptical in shape and in this axial oblique plane, only the antro-posterior diameter of the anastomosis can be visualized. The cranio-caudal diameter cannot be demonstrated using this technique; it is necessary to scan the anastomosis cranially and caudally until the widest point in the anastomosis is visualized (Figure 3). The anastomotic/intra-hepatic HV velocity ratio can then be calculated. Reconstructed segment V or segment VIII grafts and an accessory right hepatic vein anastomosed to the IVC can be scanned in the same manner (Figure 4). The use of synthetic grafts usually hinders the US beam; in such a condition, assessment of the intrahepatic flow is usually sufficient to ensure patency of the graft (Figure 5).

PV evaluation
The PV is examined at the graft hilum (Figure 6); the probe is angulated to demonstrate the entire length of the recipient PV down to the confluence of the splenic and superior mesenteric veins for detection of thrombi. The size mismatch between the recipient and donor veins and the diameter of the anastomosis are measured, after which the anastomotic/pre-anastomotic velocity ratio can be calculated. Finally, examination of the intrahepatic segmental branches is important to ensure adequate graft perfusion. 

HA evaluation 
The HA can be unfolded with the aid of the surgeon, and its patency and the presence of any thrombi, dissecting flaps or anastomotic strictures can be evaluated. The site of anastomosis can be visualized as two echogenic dots on the wall (Figure 7). Measurements of peak systolic velocity (PSV), end diastolic velocity (EDV) and resistivity index (RI) are taken after proper angle correction in the pre-anastomotic, anastomotic and post-anastomotic segments. The velocity ratio (anastomotic/pre-anastomotic) can then be calculated. Examination of the intrahepatic arterial waveform is of utmost importance as a proper intrahepatic arterial flow with a good arterial spectral waveform often signifies a proper anastomosis. 
In paediatric patients, the scanning technique is different; the PV and HA anastomoses lie beneath the left lobe graft in the neutral position. The oblique entry of the left PV and left HA into the graft (C-shaped) creates technical difficulties in unfolding the vessel to evaluate the anastomoses (Figure 8). The surgeon can retract the liver gently upwards to allow scanning however, this retraction places the vessel and anastomoses under tension that may alter the DU measurements. One option is to perform the scanning from the surface of the graft while in the neutral position. This technique may require low- frequency transducers, and probing should be performed gently to avoid injury to the graft surface during probe angulations. 

POST-OPERATIVE ULTRASONOGRAPHY OF RECIPIENTS IN LDLT
DU is often employed in the initial recipient work-up post-LDLT. DU is the imaging technique of choice to assess early and late surgical complications as it provides rapid, comprehensive and accurate evaluation of the entire hepatic vasculature and graft parenchymal abnormalities (Figure 9).
The timing and frequency of postoperative US screening ranges from a single examination on the postoperative day or every 12 h to daily or alternate-day examinations for 14 d, or daily until discharge[22], which is our practice. 
DU is performed at the patient’s bedside with the patient in the supine or semi-sitting position using low-frequency (4-5 MHz) curvilinear transducers. Sterilized gel is preferred to avoid wound contamination. In addition to DU evaluation of the graft perfusion, ultrasound of the abdomen is performed for the evaluation of the hepatic parenchyma, peri-hepatic fluid collection and ascites[7].
Scanning of the vascular anastomosis is usually performed in the anterior axillary intercostal window. The HA and PV are examined extrahepatically, the DU parameters across the anastomoses are recorded, and their segmental intrahepatic branches are then examined to evaluate the graft perfusion. The anterior segmental branches are usually chosen as they are nearer to the probe and are easily assessed. The main HV and accessory veins are evaluated intrahepatically. If definite diagnosis of a VC is established by DU, interventional radiological treatment or surgery can be performed. In equivocal cases, cross-sectional imaging by MDCT angiography is performed prior to intervention.

NORMAL DOPPLER ULTRASOUND OF A HEALTHY GRAFT
The HV in a healthy graft displays a similar spectral waveform as a healthy native liver, typically a triphasic, hepato-fugal waveform corresponding to the cardiac cycle, with two antegrade major peaks followed by a small retrograde component in the early ventricular systolic phase (Figures 3B, 9C). Changes in the HV spectrum can be noted with phases of respiration, fluid status, cardiac dysfunction or abnormal anastomosis[23]. Elevation of the HV velocity at the anastomotic site (< 3-fold) compared to the intrahepatic velocity can be accepted in case the phasic pattern is preserved and the flow velocities are satisfactory (Figure 10). 
The PV has a wavy venous spectral waveform with respiratory variant pattern changes and has been described in earlier reports as being non-pulsatile or continuous (parabolic). With the recent interest in analysis of the portal vein waveform, a more precise description has emerged concerning the undulant fluctuation of flow; hence, different authors have used the term pulsatility[24]. Average blood flow velocity in the main PV is approximately (12-30 cm/s) in healthy adults[25]. However, in LDLT the normal range of PV velocities has not been agreed upon but is usually more than 30 cm/s as the donor PV component calibre, the right main branch, is usually smaller than recipient’s main PV component in right lobe grafts. Additionally, the recipient large portal flow volume is directed to a partial (split liberal) instead of a whole native liver size. These 2 factors contribute to the higher velocity values measured immediately after portal anastomoses (Figure 11). In left lobe grafts the recipient PV is usually smaller than the graft PV and the elevation in the anastomotic and post anastomotic velocities are not usually expected (Figure 12).
In healthy individuals, the spectral Doppler of the HA presents a biphasic waveform pattern; both systolic and diastolic waves are observed above the baseline, and no waves are detected below it (Figures 7, 9B). The RI (PSV- EDV/ PSV), which allows a semi-quantitative estimation of the resistance to arterial flow into the liver, is the most commonly used Doppler parameter in hepatic artery evaluation. Under physiologic conditions, the HA flow shows low-resistance flow with antegrade flow throughout diastole because of the broad arterio-portal and arterio-sinus connections in the hepatic micro-vascular system. Its normal value in both healthy individuals and those with transplants, ranges from 0.55 to 0.8[26,27]. 
In cirrhotic patients with portal hypertension, the hyper-dynamic splanchnic circulation may results in hypertrophy of the HA with increased dimension[28-30]. This explains the frequent finding of HA size mismatch between the recipient and graft HA especially in right lobe transplants (Figure 13). Variations in the HA flow may occur normally due to anastomotic caliber discrepancies, central arterial pressure differences and the frequent occurrence of transient arterial spasm. 

EARLY GRAFT HAEMODYNAMICS AFTER LDLT
Early detection of haemodynamic abnormalities after LT requires knowledge of the normal or physiological changes that accompany the graft perfusion immediately and in the early PO period. The haemodynamics of the transplanted graft differ from those of a native liver as they depend on the inflow, represented by the PV and HA, and outflow through a single HV[15]. Analysis of DU findings may be confusing intra-operatively and in the early PO period due to complex vascular anastomoses, donor-recipient vascular size mismatch and reduced graft volume.
For patients with cirrhosis, immediately after LT, the mechanical component of portal hypertension is relieved by the healthy graft but without immediate restoration of the systemic or the splanchnic circulation to normal levels[31]. The splanchnic circulation shows rapid and potentially reversible changes in the portal and arterial perfusion that may not be clinically significant[32-34]. However, the changes in the portal and arterial parameters by DU are still under debate.
After orthotopic liver transplantation (OLT), a high perfusion state develops that is predominantly portal, with increases in the PV flow and velocities and the hepatic arterial resistance. In LDLT, the haemodynamic changes are much more pronounced than those occurring in DDLT, with a higher perfusion state and increases in the portal venous flow and velocities[35-37]. The increased PV velocity has been attributed to the persistence of the hyperkinetic haemodynamic splanchnic circulation in patients with cirrhosis and portal hypertension, reduction in the liver vasculature and small PV anastomotic stoma that could induce elevations in PV resistance and pressure, effects of the loss of sympathetic hepatic innervation or elevated cardiac output[31,33,34,36,38,39]. A wide range of PV velocities (15–400 cm/s) have been reported in the immediate post-OLT period in patients without vascular complications[40].
High-resistance arterial flow is frequently detected in patients with a normal hepatic artery. This flow returns to normal in few days and has not been associated with deterioration in the clinical course or decreased graft and patient survival[15,41,42]. The elevated RI has been attributed to the regulatory mechanisms and the hepatic arterial buffer response that induces HA vasoconstriction in response to portal hyper-perfusion and produces a high resistive index with poor arterial perfusion[43,44]; it has been demonstrated by temporary clamping of the portal vein that resulted in improvement of the hepatic arterial flow[15]. Other theories related the early and transient elevation of the HA RI after DDLT to the older donor graft, prolonged periods of cold ischaemia and preservation injury, graft steatosis and chronic cholestatic disease[43,45,46].

INTRA- AND POST-OPERATIVE VASCULAR COMPLICATIONS IN LDLT
Hepatic vein complications
Different techniques and innovations have been proposed for reconstruction of the main graft HV and large accessory veins and tributaries. Ensuring the integrity of those anastomoses by DU is crucial because there is no collateral route for blood to exit the liver; failure to establish proper venous drainage may result in congestion and life-threatening graft dysfunction[10,47,48]. HV complications after LT are relatively uncommon, with reported incidence ranging from 1%-6%; this incidence is 2 times higher in LDLT[4,49-52]. 
HV outflow obstruction is a general term referring to obstruction of the HV that may occur intra-operatively due to surgical error or graft torsion and post-operatively due to compression/twisting of the anastomosis resulting from graft regeneration or intimal hyperplasia and fibrosis at the anastomosis. Clinical signs are usually nonspecific and include congestion of the liver parenchyma with abnormal laboratory values, hepatomegaly, ascites, and pleural effusions[53].
Diagnostic criteria of HV stenosis (HVS) using DU include the morphological appearance of the anastomosis by b-mode US, alteration of the Doppler waveform, velocity measurements and secondary compromise in the portal flow (Figures 14, 15). HVS appears on b-mode US as an abrupt shouldering (waist) of the anastomosis or gradual tapering (beak-like)[54]. Loss of the triphasic pattern of the HV and absence of the retrograde flow are believed to reflect increased stiffness of the liver parenchyma around the HVs and had a 98.4% negative predicted value for venous obstruction[55]. In contrast, a persistent triphasic wave pattern on Doppler ultrasound images can exclude the possibility of substantial stenosis[53].
However, monophasic waveforms alone are not specific for HVS and associated dampening of the flow velocities usually accompany the loss of various components of the triphasic pattern[54,56]. Low peak HV velocity (as low as 10-11 cm/s) has been reported in previous studies[57,58]. In addition, dilatation of the hepatic vein and secondary compromise of the portal flow with extreme decrease in PV velocity < 14 cm/s have been reported[58]. We believe that measuring the velocity gradient (anastomotic/intrahepatic) is essential for grading the degree of venous outflow compromise and we consider anastomotic jets > 3-fold compared to the intrahepatic velocities to be significant (Figure 14B). In equivocal cases, measuring the pressure gradient intra-operatively or during PO radiological interventional procedures can help distinguish haemodynamically significant lesions from pseudo-stenosis. A pressure gradient between the HV and the IVC > 10 mmHg was considered substantial HVS[53]. In addition IO graft discoloration and increased stiffness and PO clinical signs would aid in establishing the diagnosis.
Because revision of the HV anastomosis carries its own challenges and might require clamping of the vascular pedicle, it is important to rule out torsion before rushing to the diagnosis of surgical anastomotic stricture based on the DU findings. Repositioning the graft in either direction and repeating the DU can be performed several times until a proper flow and waveform are established; hepatopexy can then be performed in the optimum position. 
For treatment of PO HVS, percutaneous trans-jugular or trans-hepatic balloon angioplasty and stent placement are the modalities of choice, with adequate clinical and technical success rates[51,52,59,60].
HV thrombosis is a rare complication in LT that has been reported in a few PO cases with clinical manifestations of HV outflow obstruction and is considered a sequel of untreated HVS[61-63]. Acute thrombosis within the segmental ligated HVs (V5 and V8) appears on DU as hypo-echoic with absent flow on color Doppler mapping and sometimes shows a very damped (to-and-fro flow) within the vein. On serial PO examination, the echogenicity of the thrombus gradually increases and is associated with echogenic geographically congested areas along the vein distribution, that usually resolve within 1-2 wk PO. If the ligated branch is large, large areas of congestion results that might cause graft dysfunction (Figure 16). Whereas thrombosis in the main HV is a very rare and dreadful complication that necessitates immediate intervention, we experienced one case of fatal IO massive thrombosis of the main RHV and one patient with a small adherent thrombus that was managed conservatively (Figures 17, 18).

PORTAL VEIN COMPLICATIONS
PV complications following LT are relatively uncommon, occurring in 1%-3% in most reports (with an incidence reaching 13%), and are associated with high morbidity and graft loss[1,64-69]. They are more common with split liver and LDLT[65,70]. Risk factors include significant size mismatch between the recipient and donor PV, graft position causing venous redundancy and kinking, prior surgery on the portal or splanchnic venous system, pre-transplant PV thrombosis (PVT) requiring thrombectomy, small diameter of the PV, use of venous conduits for reconstruction, and decreased PV flow due to the presence of porto-systemic (P-S) shunts[2,69,71-73]. In paediatric LT and as a result of previous Kasai surgery and recurrent cholangitis, the PV becomes narrow and hypoplastic. The impaired quality of PV flow increases the risk of complications, with an incidence ranging between 3.6% and 14%[74]. PV complications include high or low portal flow, PV stenosis (PVS) and PVT.

High portal flow
As previously described, IO and early PO benign elevation of the portal flow velocities and flow volume are expected after LT; however, there are no cut-off DU parameters that would define the need for surgical intervention. Therefore, it is important to correlate the Doppler measurements with the graft volume and the portal venous pressure (PVP) in such situation. When a high portal flow is accompanied by a suboptimal graft recipient weight ratio, hyper-perfusion injury and small for size syndrome may result where the portal flow should be modulated in such cases[75,76]. In addition, a PVP > 20 mm Hg in the early period showed close associations with morbidity and poor graft function[77]. Splenic artery ligation and portocaval shunts have been described to reduce the portal flow[35,75].

Low portal flow
Reduced portal flow after graft perfusion may predispose to graft dysfunction and PVT. Low portal flow may occur due to the presence of P-S shunts that could be large enough to cause steal phenomena or the creation of porto-caval shunts for portal flow diversion in small for size grafts; the condition may also occur secondary to HV outflow obstruction. A PV flow velocity of less than 10 cm/s has been considered unacceptable and requires intervention. Repositioning the graft to relieve graft torsion and kinking of the PV may allow adequate blood flow to the graft, as can collateral shunt ligation, anastomosis revision, inferior mesenteric vein cannulation and endovascular stent placement[74,78,79]. Doppler US can provide accurate guidance when monitoring portal flow during these manipulations[79]. Post-operatively, heparinized saline infused via the IMV catheter to increase the PV flow and to lower the risk of thrombosis have been described[80].

Portal vein stenosis
With advancements in surgical innovation, PVS in LDLT is relatively uncommon, with an incidence of < 3%[66]. IO and early PO PVS usually result from technical errors or early PO anastomotic edema, whereas late PO PVS is usually secondary to fibrosis or intimal hyperplasia[81]. The majority of patients with PVS are asymptomatic and the diagnosis of PO stenosis is an incidental finding detected on routine DU screening and can be referred to as pseudo-stenosis (Figure 19). PVS usually develops slowly after transplantation and is suspected on the basis of the presence of manifestations of portal hypertension, such as gastrointestinal varices, ascites and splenomegaly[78,82-86]. Liver function tests and graft failure are not consistently reliable signs for PVS diagnosis[66]. 
It is necessary to differentiate between PVS and PV size mismatch by DU. PV calibre differences appear on b-mode US as tapering of the anastomosis without encroachment of the suture line on the lumen. By pulsed Doppler, elevations of the anastomotic velocities (usually < 3-fold) compared to the pre-anastomotic velocities are apparent (Fig. 11). In PVS, encroachment of the suture line on the lumen can cause focal color aliasing with > 3-fold elevation of the anastomotic velocities by Color Doppler flow (Figures 20-22). Haemodynamically significant stenosis may produce post-stenotic aneurysmal dilation as well[78] (Figure 23). A PV stenotic ratio has been proposed to define the degree of stenosis using the formula: PV stenotic ratio (%) = pre-stenotic calibre-anastomotic calibre/pre-stenotic calibre. Anastomotic calibre < 5 mm and stenotic ratio>50% have been defined as the critical points for PVS cases that require interventional management for good long-term graft survival[87]. In equivocal cases, MDCT can confirm the morphological degree of the stricture and other signs of portal hypertension but will not provide quantitative information about the degree of stricture. A PVP gradient across the anastomosis can be performed in the recipient surgery or during the PO interventional angioplasty procedures, pressure gradients > 3-5 mmHg are considered significant and necessitate intervention[81,88] (Figure 21).
In patients with clinical manifestations and radiological confirmation of significant stenosis, therapeutic intervention is mandatory. Interventional angioplasty and stent placement have become widely recognized as the first choice for treatment[80,81,89] (Figures 21, 22).

Portal vein thrombosis
PVT is a severe complication that may occur during either the recipient surgery or PO. Early identification by DU allows early intervention to avoid prolonged warm ischaemia, which may result in graft failure. The incidence of PVT in OLT ranges from 0.3%-2.6%[1,4,69], and a higher incidence up to 4% has been reported in LDLT due to technical difficulties in PV reconstructions, mainly related to shorter vessel pedicles and limited vessel grafts. The condition occurs more frequently in the early PO period, defined as within 3 mo after transplantation[71]. The clinical presentation depends on the timing of thrombosis. If the condition occurs early, severe acute liver insufficiency or graft failure predominates; if the condition occurs late, portocaval collateral circulation usually exists and the patient may present with manifestations of portal hypertension[69,73,90].
IO total PV thrombosis is rare whereas, detection of residual adherent thrombi in the recipient PV after thrombectomy is common for pre-existing PVT. Old thrombi appear as echogenic filling defects that adhere to the wall (Figure 24). Thrombi that are small in size and do not cause flow obstruction may be conserved; large thrombi that impede the flow necessitate further thrombectomy. On b-mode US, acute PVT appears as a hypo-echoic or slightly echogenic shadow within the PV with absent flow by color Doppler (Figures 25, 26). Proper color Doppler evaluation of portal flow is crucial so that a slow portal flow is not mistaken as thrombosis[7,78]. Secondary hepatic infarction may be observed as on US as an irregular, wedge-shaped low attenuation areas of heterogeneous echo pattern and devoid of vascular activity that are mainly in the periphery of the liver. Those areas appear as perfusion defects on CT examination (Figure 26B). In late onset or gradual PVT, portal cavernoma may be observed at the graft hilum with attenuated or non-visualized main graft PV (Figure 27).
In early PVT, within the first 3 d, surgical revision of the anastomosis is mandatory, together with systemic anticoagulation[2]. In more delayed cases, non-surgical treatment, such as percutaneous thrombolysis and stent placement, has shown good results and acceptable safety[2,91-94].

HEPATIC ARTERY COMPLICATIONS
Arterial complications are the most common VCs after LT that can lead to ischaemia graft loss with high mortality and morbidity rates[3,95,96]. Anatomical variations of the HA, diameter and length, kinking, quality of the recipient artery and mismatch between donor and recipient arteries should be carefully considered during DU interpretation and can be managed accordingly[78,97]. HA complications include vasospasm, HA thrombosis (HAT), HA stenosis (HAS), HA dissection, arterial steal phenomena and pseudo-aneurysm formation.

Hepatic artery vasospasm
Vasospasm is a state of arterial constriction; the affected segment or entire vessel becomes rigid and its lumen narrows or even becomes occluded[98,99]. It is a common complication during the recipient surgery secondary to excessive manipulations and suturing. The results of animal and clinical studies suggested that the plasma norepinephrine level is elevated because of surgical stress, occlusion of hepatic inflow and removal of the donor liver, which might have an appreciable effect on donor arterial spasm[100-102]. The potential impact of vasospasm in transplants is still undetermined, it is possible that vasospasm may cause reduction of HA flow and may induce the formation of thrombosis[99,103]. Richards et al. pointed out that vasospasm in re-vascularized tissue could impair tissue perfusion even though the microsurgical anastomoses remain patent[104].
There is lack of standard diagnostic criteria of HA vasospasm by Doppler US; it may appear as a short attenuated segment of the artery without focal anastomotic narrowing and usually results in increased RI, sometimes with absent or reversed diastolic flow, and can be differentiated from other causes of increased RI, previously described, that it responds to IO local application or PO administration of vasodilators (Figure 28). The increased RI can be explained according to Poiseuille’s equation, R = 8lη/πr4, the resistance (R) depends on the viscous properties of the blood (η) and on the dimensions of the vessels. Whenever the hepatic artery is contracted, its diameter will correspondingly reduce, and, as a result, the resistance of the hepatic arterial flow will increase[103,105]. The diagnosis of HA vasospasm can be also supported by the follow-up PO DU results, and can be used to monitor the dynamic changes of the involved arteries before and after vasodilatation [103] (Figure 29).

Hepatic artery thrombosis
HAT is the most frequent VC following LT occurring with an incidence of 1%-12%, and is a graft-threatening condition that necessitates rapid revascularization to avoid graft loss[1,65,95,106]. Potential mechanical risk factors include vasospasm, dissection, kinks, significant mismatch, anastomotic stricture, arterial steal, bench reconstruction, arterial conduit use and multiple anastomoses[106]. Nonsurgical risk factors include hyper-coagulable disorders, cytomegalovirus, ABO incompatibility, arterial reperfusion time, prolonged operation times and acute rejection[107,108]. Early HAT within the first few weeks PO usually presents with fulminant graft failure and sepsis whereas delayed thrombosis occurring after the first month has a more insidious clinical course with delayed biliary complications[106].
Acute HAT can be diagnosed by b-mode US as a hypo-echoic or an-echoic shadow inside the artery and complete absence of color flow and arterial wave by pulsed Doppler (Figures 30, 31). However, some earlier haemodynamic changes may occur and can anticipate total occlusion; these changes are referred to as signs of impending thrombosis[41]. Some authors have observed that absent or reversed diastolic flow appeared just before the HA flow vanished in patients with HAT[41,42,103] (Figure 32), indicating that under certain circumstances, HAT may share a common DUS appearance with vasospasm[103]. However, other authors found this sign to be poorly associated with HAT because the incidence of HAT was low among patients who had this highly resistant arterial flow[109]. In our experience, dampening of the PSV can differentiate between impending thrombosis and vasospasm; in vasospasm, the PSV is usually high, with good systolic upstroke, whereas in impending thrombosis, the systolic upstroke is usually damped and irregular (Figure 32). Chen W. et al. differentiated between impending thrombosis and vasospasm by the absence of diastolic flow in the main HA and in its parenchymal branches in vasospasm, whereas in impending thrombosis, the absent diastolic flow occurs around the anastomotic site only[103]. HAT requires re‑transplantation in a majority of cases, whereas surgical revision and endovascular intervention are the primary options if DDLT is not available[2,3,95,110].

Hepatic artery dissection
Arterial dissection involves the separation of the intimal lining of an artery from the media and, less frequently, the separation of the media from the adventitia. Dissection is usually accompanied by haemorrhage into the arterial wall, which creates a blind pouch or a parallel sub-intimal second channel or false lumen[111]. HA dissection is a predisposing factor to arterial stenosis and occlusion and usually occurs secondary to surgical trauma and clamp injury. It can occur in either the recipient or the donor side of the artery.
IO dissection of the recipient artery is not uncommon, especially in hypertrophied, diseased arteries in elderly patients. The dissection is usually self-limiting because the direction of blood flow seals the tear and can be managed either by anastomotic revision or using another recipient artery[112]. However, dissection of the graft artery is more dramatic as the direction of flow increases the dissection and can extend to the intrahepatic branches, eventually occluding the artery and requiring repair (Figure 33).
The most common US finding of HA dissection is a double lumen that is separated by an echogenic intimal flap or two parallel intraluminal flaps in cases of circumferential intimal dissection (Figure 34A). An intramural haematoma can also be demonstrated as an eccentric echogenicity that surrounds a relatively narrowed arterial lumen. Color Doppler may demonstrate the true and false lumina. Surgical anastomotic revision of a dissected HA is mandatory in the absence of arterial flow, in the presence of low flow velocity or if the flow is seen in both the true and false lumina with double systolic peaks, signifying ongoing dissection (Figure 34B). 
When DU shows a single stream from the main lumen with a sealed or thrombosed false lumen, the anastomosis may not be revised[95] (Figure 35).

Arterial steal phenomena
Arterial steal syndromes have been described as a cause of arterial hypo-perfusion after LT. These syndromes are characterized by low arterial flow towards the graft, caused by shift of flow into either the splenic artery or the gastro-duodenal artery, and are usually diagnosed angiographically[95,113]. The PO DU findings describing these phenomena are nonspecific, such as loss of HA flow signal, decreased HA PSV, elevated or reduced RI, and total absence of diastolic flow[114-116]. Data regarding IO arterial steal are lacking, though in our experience, a low arterial flow coming from the HA proper may be due to coeliac artery stenosis, arcuate ligament syndrome or arterial steal. Experimental clamping of the gastoduodenal artery and the splenic artery may be performed to diagnose arterial steal (Figure 36).

Hepatic artery stenosis
HAS can cause complications similar to HAT, but the condition is less grave with a more insidious course, occurring in 2% to 13% of transplants[2,50,117]. IO recognition of HAS is extremely important, especially in significant cases, because by itself, it causes graft ischaemia. Untreated stenosis can progress to the even more devastating HAT, early graft failure or acute bile duct necrosis and biliary sepsis[118,119]. Post-operatively, patients’ with mild HAS may be asymptomatic or may present with abnormal liver enzymes or biliary strictures.
On DU, HAS can be diagnosed by direct visualization of the anastomotic narrowing by b-mode, anastomotic velocity jet with turbulence and aliasing and distal dampening of the flow (Figures 37, 38). The PSV at the stenotic segment is usually elevated to greater than 200 cm/s[57,120,121]. Vascular kinks due to vessel redundancy can lead to marked elevation of the PSV, where correction of the angle of interrogation can help differentiate from true stenosis. Anastomotic edema may also cause temporarily increased HA velocity mimicking HAS in the immediate PO scans[40]. 
Secondary changes seen downstream of the stenosis are very useful in establishing the diagnosis, they are very reliable if there is technical difficulty in direct visualization of the anastomosis due to kinks or small arteries. Distal to the stenosis, the resistance of the arterial tree decreases, resulting in increased diastolic flow and a corresponding decrease in RI to less than 0.55. The rapid hepatic arterial systolic upstroke gets delayed with an increased systolic acceleration time ≥ 0.08 second (tardus parvas waveform), and the sensitivity and specificity of the secondary changes range from 73%-83% and 60%-73%, respectively[121-124]. In the PO period, the tardus parvas waveform has a false-positive diagnosis due to conditions other than HAS, including severe aorto-coeliac atherosclerotic disease, arterio-venous or arterial-biliary fistula formation, and hepatic venous or portal venous thrombosis[125,126].
In our practice we do not rely on the absolute value of the PSV at the anastomosis as it is influenced by many factors, including the systemic pressure, source of the recipient artery, size mismatch, kinks, and spasm. A high- anastomotic jet (> 3-fold) compared with the pre-anastomotic segment with high pitched sound and an intrahepatic tardus parvas waveform are considered signs of HAS (Figure 38B). Management of HAS includes either surgical revision or percutaneous endovascular balloon dilatation and stent placement[127,128].

HA pseudo aneurysms and peripheral arterioportal fistula
HA pseudo aneurysm is rare complication after LT with a reported incidence of 0.27%-3%. It results in leakage of the blood outside the arterial wall into surrounding tissue. Risk factors include technical problem in the arterial anastomosis, peritoneal infections and biliary leak[129-131]. Patients may be asymptomatic or present with abdominal pain, fever, gastrointestinal bleeding or bleeding through the abdominal drain. On sonography HAP appears as a peri-portal or cystic structure with a disorganized arterial flow pattern or a characteristic bidirectional flow[132]. Management is either by surgical repair or interventional radiology[129,133].
Intra-hepatic arterio-portal fistula usually occurs following surgical biopsy or percutaneous liver biopsy or local infection and is often detected incidentally. They appear on DU as an intra-hepatic cystic structure with pulsatile portal vein branch communicating with a fistula to the arterial tree at the biopsy site[78] (Figure 39). 

CONCLUSION
Doppler ultrasonography is the primary imaging modality and the most important diagnostic tool for the evaluation of the graft vascular perfusion in LDLT, both during surgery and post-operatively. It is sensitive to blood flow dynamics and can provide the clinicians and surgeons intra-operative and post-operative potential complications that may occur. A multidisciplinary approach, early detection and thus early problem solving can make the difference between graft survival and failure.
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[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Figure 1 Diagram of the surgical technique of graft implantation in living donor liver transplantation. A: Right lobe graft in an adult patient; B: Left lobe lateral segment in a child. HA: Hepatic artery; PV: Portal vein; IVC: Inferior vena cava; BD: Bile duct; SMV: Superior mesenteric vein; RHV: Right hepatic vein; LHV: Left hepatic vein.
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Figure 2 Photography showing the technique of intraoperative ultrasound. The upper abdominal cavity is filled with warm saline and a T-shaped 7-9 MHz linear transducer is applied at the graft hilum and graft surface.
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Figure 3 Intra-operative ultrasound evaluation of right hepatic vein anastomosis. A: B-mode US image showing RHV with end-to-side anastomosis with the IVC; B: Color Doppler image showing normal triphasic waveform of the RHV. RHV: Right hepatic vein; IVC: Inferior vena cava.
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Figure 4 Intra-operative ultrasound evaluation of right inferior hepatic vein anastomosis. B-mode and color US image showing the anastomosis of accessory right inferior HV, end-to-side with the IVC. Rt inf HV: Right inferior hepatic vein; IVC: Inferior vena cava.
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Figure 5 Intra-operative ultrasound evaluation of segment VIII synthetic graft. A: Photography showing the synthetic graft (arrow head) between V8 and IVC; B: Color image showing patent segment VIII vein and absence of color flow in the synthetic graft; C: Color Doppler image showing normal triphasic waveform in segment VIII vein, confirming synthetic graft patency. V8: Segment VIII hepatic vein; IVC: Inferior vena cava. 
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Figure 6 Intra-operative ultrasound evaluation of portal vein anastomosis. A: B-mode ultrasound image showing the extrahepatic portal vein and intrahepatic bifurcation. The suture line appears as echogenic shadows at the site of anastomosis (arrow heads); B: Color image showing homogeneous color saturation in the PV with mild aliasing at site of anastomosis and at the PV bifurcation; C: Color Doppler image showing antegrade normal pulsatile flow in the PV. PV: Portal vein; HA: Hepatic artery.
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Figure 7 Intra-operative ultrasound evaluation of hepatic artery anastomosis. A: B-mode ultrasound image showing the HA anastomosis, appearing as an echogenic shadows at the site of anastomosis (arrows); B: Color image showing homogeneous color saturation in the HA; C: Color Doppler image showing normal biphasic waveform of the HA. PV: Portal vein; HA: Hepatic artery.
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Figure 8 Intra-operative ultrasound evaluation of the PV and HA in left lobe transplants. Color Doppler images showing the PV and HA anastomoses. Note the C-shaped entry of the vessels at the graft hilum. PV: Portal vein; HA: Hepatic artery.
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Figure 9 Post-operative Doppler ultrasound evaluation of the graft vasculature. A: Color Doppler image demonstrating normal petal, slightly turbulent, high flow in the PV (83 cm/s); B: Color Doppler image showing normal biphasic flow in the HA with normal RI = 0.63; C: Color Doppler image showing normal triphasic flow in the RHV; D: Color US image showing patent autologous V8 graft. PV: Portal vein; HA: Hepatic artery; IVC: Inferior vena cava; RHV: Right hepatic vein; V8: Segment VIII vein.
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Figure 10 Normal right hepatic vein anastomosis. Intra-operative color Doppler image demonstrating normal augmentation of the RHV flow at the site of anastomosis (2-fold) compared to the intrahepatic flow, with preserved phasic flow pattern. IVC: Inferior vena cava; RHV: Right hepatic vein.
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Figure 11 Portal vein size mismatch in right lobe grafts. A: Post-operative color ultrasound image showing size mismatch between the recipient and donor PVs, a frequent finding in right lobe living donor liver transplantation; B: Color Doppler image showing anastomotic augmentation of the PV velocity (2-fold) compared to the pre-anastomotic velocity (accepted finding in the presence of size mismatch). PV: Portal vein.
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Figure 12 Portal vein size mismatch in left lobe grafts. Color ultrasound image showing significant size mismatch between the small recipient PV and the graft left PV in pediatric living donor liver transplantation. PV: Portal vein; LPV: Left portal vein.
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Figure 13 Hepatic artery size mismatch. A: Photograph showing size mismatch between the recipient and donor HAs during right lobe living donor liver transplantation; B: B-mode US image showing hypertrophied recipient HA and small graft HA with good anastomosis (arrow heads). HA: Hepatic artery. 
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Figure 14 Intra-operative hepatic vein stenosis. A: Intra-operative B-mode US image showing tight stricture along the RHV anastomosis with the IVC (arrows); B: Pulsed Doppler image showing dampened intra-hepatic venous spectral flow, loss of the normal venous phasicity and anastomotic jet (> 3-fold) compared to the intrahepatic flow; C: Pulsed Doppler image after surgical revision of the RHV anastomosis demonstrating improvement of the flow with regaining the triphasic pattern respecting the cardiac cycle. RHV: Right hepatic vein; IVC: Inferior vena cava.
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Figure 15 Post-operative hepatic vein stenosis in a patient with persistent ascites and graft dysfunction, 2 mo post-living donor liver transplantation. A: Post-operative B-mode US image showing tight stricture along the RHV anastomosis with the IVC (arrows); B: Pulsed Doppler image showing dampened hepatic venous spectral flow, loss of normal hepatic venous phasicity and anastomotic jet (5-fold) compared to the intrahepatic flow; C: MDCT angiography, coronal reconstructed image showing RHV anastomotic stricture (arrows); D: Digital subtraction trans-hepatic venography showing significant RHV anastomotic stricture (arrows), The pressure gradient was > 10 mmHg across the anastomosis. Balloon angioplasty and stent placement were performed. RHV: Right hepatic vein; IVC: Inferior vena cava.
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Figure 16 Graft congestion secondary to segment VIII vein ligation. A: Intra-operative color Doppler image showing stagnant (to-and fro flow) within a ligated V8 (normal intraoperative finding); B: Photography showing geographical areas of discoloration (congestion) along the anterior segments of the graft (arrows); C: Postoperative US image of the same patient 2 d post-operative demonstrating large, echogenic, geographical areas of congestion along the anterior segments of the graft (arrows). Associated graft dysfunction was present. V8: Segment VIII vein. 
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Figure 17 Intra-operative right hepatic vein thrombosis. B-mode, IOUS image showing echogenic shadows and total thrombosis of the RHV. Surgical correction was futile.  RHV: Right hepatic vein.
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Figure 18 Intra-operative right hepatic vein partial thrombosis. B-mode, IOUS image showing small adherent thrombus near the RHV anastomosis without impeding the blood flow, and was managed conservatively. RHV: Right hepatic vein.
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Figure 19 Portal vein pseudo-stenosis in a clinically silent patient. A: Post- operative color Doppler image, 2 mo post living donor liver transplantation demonstrating anastomotic stenosis 50%-60%, with elevation of the anastomotic velocity (4-fold) compared to the pre-anastomotic velocity; B: Percutaneous trans-hepatic digital subtraction portography image, showing anastomotic stricture (arrows) however, the pressure gradient across the anastomosis was 3 mmHg and angioplasty and stent placement were not performed. PV: Portal vein; HA: Hepatic artery.
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Figure 20 Intra-operative portal vein stenosis. A: B-mode US image showing PV anastomotic stricture; the suture line is seen encroaching on the lumen (arrows) with high level echoes seen at the site of anastomosis, representing turbulence of flow; B: Pulsed Doppler image demonstrating anastomotic elevation of the PV velocity (6-fold) compared to the pre-anastomotic velocity. The pressure gradient across the anastomosis was 8 mmHg, indicating the need for surgical anastomotic revision. PV: Portal vein.
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Figure 21 Post-operative developmental portal vein stenosis in a patient with attack of variceal bleeding, 1-year post-living donor liver transplantation. A: B-mode and pulsed Doppler image showing tight PV anastomotic stricture (arrows) and anastomotic jet (> 10-fold) compared to the pre-anastomotic velocity; B: MSCT angiography image demonstrating tight PV anastomotic stricture with aneurysmal dilatation of the left gastric vein; C: Percutaneous trans-hepatic portography demonstrating tight PV stricture and dilated left gastric vein, stealing the portal flow. The pressure gradient was 10 mmHg; D: Control portography after balloon dilatation and stent placement demonstrating wide anastomosis, normalization of the pressure gradient, improvement of the flow steal and disappearance of the left gastric vein filling; E: Color Doppler image after PV stent placement confirming improved portal flow with increased pre-anastomotic velocity and mild elevation of the anastomotic velocity. PV: Portal vein; LGV: Left gastric vein.
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Figure 22 Post-operative developmental portal vein stenosis in a 16-year-old boy with progressive splenomegaly and pancytopenia, 1-year post-left lobe living donor liver transplantation. A: Color US image showing PV anastomotic stricture and post-stenotic dilatation. The anastomotic velocity elevation was borderline (3-4-fold) compared to the pre-anastomotic velocity (not shown); B: Multi-slice CT angiography, reconstructed image, demonstrating moderate PV anastomotic stricture with post stenotic dilatation of the graft PV; C: Percutaneous trans-hepatic digital subtraction portography image, demonstrating moderate PV anastomotic stricture (> 50 %) with post-stenotic dilatation. The pressure gradient was 7 mmHg; D: X-ray image during balloon dilatation of the stricture. The pressure gradient was normalized and stent placement was not performed. PV: Portal vein; LPV: Left portal vein.
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Figure 23 Post-operative developmental portal vein stenosis 2-years post- living donor liver transplantation. B-mode and color US image demonstrating tight PV anastomotic stricture with color aliasing (arrows) and aneurysmal dilatation of the PV anterior segmental branch. PV: Portal vein.
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Figure 24 Intra-operative portal vein thrombosis: A: Intra-operative color US image showing a small adherent thrombus to the PV wall, persisting after thrombectomy for old subtotal PV thrombosis. There was good portal flow and was managed conservatively; B; Intra-operative B-mode and color US image of another patient showing acute thrombus adherent to the PV posterior segmental branch inside the graft. Thrombectomy failed to extract the thrombus and was managed conservatively. PV: Portal vein.



[image: ]      [image: ]
Figure 25 Post-operative portal vein thrombosis, 1 wk post-living donor liver transplantation. A: B-mode US image showing faintly echogenic thrombus in the recipient PV (arrow) and PV anastomotic stricture (arrow heads); B: Multi-slice CT angiography, coronal reconstructed image after 2 h, demonstrating total PV thrombosis (arrow). The patient underwent thrombectomy and anastomotic revision. PV: Portal vein; T: Thrombus.
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Figure 26 Post-operative portal vein segmental branch thrombosis and subsequent graft infarction, 2 wk post-living donor liver transplantation. A: B- mode US image showing multiple acute thrombi in the posterior segmental branch of the PV; B: Triphasic portal venous CT contrast study, demonstrating attenuated posterior branch of the PV with filling thrombus defect (arrow). Segmental portal infarction appears as wedge-shaped area of hypo-perfusion. PV: Portal vein; T: Thrombus.
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Figure 27 Chronic post-operative portal vein thrombosis, 2-years post-living donor liver transplantation. Color US image showing numerous dilated collateral venous channels at the graft hilum (arrows) and non-visualized main graft portal vein.
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Figure 28 Intra-operative hepatic artery vasospasm. A: Intra-operative Doppler US image showing high resistance flow in the HA with low diastolic flow and normal systolic upstroke; B: Doppler US image of the HA after intra-operative papaverine installation showing relief of spasm, regaining the normal biphasic Doppler waveform, and a continuous diastolic flow throughout the cardiac cycle. HA: Hepatic artery.
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Figure 29 Intra- and post-operative hepatic artery vasospasm. A: Intraoperative Doppler US image showing high resistance of the HA with damped diastolic flow and normal systolic upstroke; B and C: Doppler US images of the HA, 2 d and 3 d post-operative after systemic administration of vasodilators, showing improvement of the diastolic flow and correction of the normal biphasic Doppler waveform. HA: Hepatic artery, IO: Intra-operative.
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Figure 30 Intra-operative hepatic artery dissection and thrombosis. A: IOUS B- mode image, showing HA anastomotic stricture (arrow heads) and a dissecting flap at the recipient side of the artery (arrow); B: Color image showing abrupt occlusion of the HA proximal to the anastomosis and acute thrombosis at the site of anastomosis; C: Color image after revision of the anastomosis, showing patent artery with color aliasing at the region of the anastomosis (arrow); D: Color Doppler image, showing normal biphasic arterial flow distal to the anastomosis. HA: Hepatic artery; PV:Portal vein.
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Figure 31 Post-operative hepatic artery thrombosis 4 d post-living donor liver transplantation in a patient with shooting liver enzymes. A: Color US image, showing abrupt occlusion of the HA at the graft hilum (arrow) and absence of intra-hepatic flow; B: MDCT angiography, volume rendering image, showing complete occlusion of the HA proximal to the anastomosis and non-filling of the intra-hepatic branches (arrow); C: Digital subtraction angiography image, confirming complete thrombosis of the HA proper (arrow); D: Control angiography after thrombolysis with tissue plasminogen activator, showing resolution of the thrombus and filling of the intrahepatic branches. There was mild size mismatch noted at the anastomotic site (arrow) with no underlying stricture; E: Color Doppler image performed during the procedure after HA recanalization, showing normal biphasic flow inside the graft confirming absence of significant stenosis, therefore stent placement was not necessary. HA: Hepatic artery; GDA: Gastroduodenal artery.
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Figure 32 Post-operative hepatic artery impending thrombosis in a patient with stable liver enzymes, 3 d post-living donor liver transplantation. A: Doppler US image, showing abnormal arterial waveform with damped irregular systole, absent and reversed diastolic flow (suspicious of impending thrombosis); B: Arterial angiography performed after 2 h showing acute thrombosis and dilatation of the recipient HA proper. Intra-arterial thrombolysis was performed successfully. HA: Hepatic artery.
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Figure 33 Intra-operative dissection of the graft hepatic artery. A: IOUS B-mode image, showing dissecting intimal flap within the graft artery (arrow heads), the false lumen is seen echogenic and filled with blood and the flap totally occludes the true lumen. Surgical correction failed to repair the dissection; B: Hepatic arteriography image after successful hybrid endovascular stent placement, showing patent HA and good intrahepatic flow. A metallic marker was applied to mark the anastomotic site before stent placement (arrow); C: Doppler US image 4 mo later, confirmed patency of the stent with normal arterial waveform. HA: Hepatic artery.
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Figure 34 Intra-operative dissection of the recipient hepatic artery. A: IOUS B-mode image in axial and longitudinal scans, showing circumferential dissection of the recipient HA with 2 parallel echogenic intimal flaps seen within; B: Color Doppler image, showing a characteristic double-hump early presystolic pulse waveform, signifying ongoing dissection, that necessitates revision of the anastomosis. HA: Hepatic artery.
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Figure 35 Intra-operative dissection of the recipient hepatic artery. IOUS color image showing recipient HA dissection (proximal to the anastomosis). The dissection was self-limiting; a single stream flow in the true lumen and thrombosed false lumen (sealed). Therefore, revision of the anastomosis was not necessary. HA: Hepatic artery.
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Figure 36 Gastroduodenal arterial steal. A: Intra-operative Doppler US image showing weak flow in the recipient HA (pre-anastomotic), with damped irregular systolic peak; B: Doppler US image after experimental clamping of the gastroduodenal artery, demonstrating improvement of the arterial waveform and regaining of the sharp systolic upstroke. Ligation of the gastroduodenal artery was then performed. HA: Hepatic artery.





[image: ] [image: ]
 
[image: ]
Figure 37 Intra-operative hepatic artery stenosis. A: IOUS B-mode image revealing significant stricture at the anastomotic site (arrows); B: Color Doppler image showing anastomotic jet of the systolic and diastolic arterial flow compared to the pre-stenotic segment and dampening of the distal flow (tardus parvas waveform); C: Doppler US image distal to the anastomosis after surgical revision, revealing improvement of the distal arterial flow with normal waveform. HA: Hepatic artery.
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Figure 38 Post-operative hepatic artery stenosis in a patient with persistent graft dysfunction, 2 mo post-living donor liver transplantation. A: Doppler US image showing arterial velocity jet at the graft hilum; B: Doppler US image showing damped intra-hepatic arterial flow (tardus parvas waveform; C: MDCT angiography, volume rendering image, showing significant anastomotic stricture; D: Conventional angiography showing tight anastomotic stricture (arrow); E: Conventional angiography after stent placement (arrow); F: Doppler US image performed during the procedure showing normal intrahepatic arterial waveform after stent placement. HA: Hepatic artery.
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Figure 39 Post-biopsy arterio-venous fistula. Color Doppler image demonstrating a pulsatile portal vein branch in segment 6 subsequent to a post-biopsy arterio-venous fistula.
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