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Abstract
A spectrum of vascular complications can be seen in pediatric liver transplant patients, including occlusion and hemodynamically
significant narrowing of the vessels that provide inflow to or outflow from the graft. Intraoperative Doppler ultrasound (US) has
the potential benefit of identifying vascular complications in pediatric liver transplant patients prior to abdominal closure.
Importantly, intraoperative Doppler US can be used as a problem-solving tool in situations such as position-dependent kinking
of the portal or hepatic veins, or in suspected vasospasm of the hepatic artery. Furthermore, this technique can be used for real-
time reassessment after surgical correction of vascular complications. This pictorial review of intraoperative Doppler US in
pediatric liver transplant patients illustrates normal findings and common vascular complications, including examples after
surgical correction, in the perioperative period.
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Introduction

Liver transplantation is a potentially life-saving proce-
dure for children with liver failure, liver cancer or met-
abolic liver disease. Pediatric liver transplant recipients
are at greater risk for vascular complications compared to
adults [1]. In addition, children more commonly receive
technical variant allografts, such as reduced left hepatic

lobe, reduced left lateral segment or split liver, which
alter normal liver anatomy. Intraoperative ultrasound
(US) of the liver transplant has the potential advantage
of identifying vascular complications that may be ad-
dressed prior to abdominal closure [2–5]. Intraoperative
US may be performed in the operating room at the time
of transplantation, as well as during surgical exploration
or vascular revision in the immediate post-transplant pe-
riod after a vascular complication has been identified by
bedside US. In this pictorial review, we illustrate the
normal sonographic intraoperative appearance of the liver
transplant vasculature as well as common intraoperative
and early postoperative complications. This review was
approved by our institutional review board.

Types of transplant allografts

In infants and small children, cadaveric whole allografts or
technical variants such as left lateral segments (Couinaud seg-
ments II and III) or reduced left lobes are used for transplan-
tation. Living donor left lateral segment (Couinaud segments
II and III) or left lobe (Couinaud segments II, III and IV)
grafts can also be used. After recipient hepatectomy, the
graft is positioned in situ with end-to-end hepatic arterial
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and portal vein anastomoses. Arterial or venous grafts for
the hepatic artery and portal vein, respectively, may be
employed, such as in cases of donor and recipient vessel
size mismatch. The hepatic vein anastomosis is made ei-
ther using the piggyback or bi-caval technique. At our
institution, a piggyback anastomosis is frequently
employed between the donor and native inferior vena
cavas. Anomalous hepatic veins, which may be encoun-
tered in technical variants along the cut edge, are typically
small in caliber and are usually tied off at the time of
surgery. The biliary anastomosis is performed end-to-end
to a recipient biliary duct when feasible, or to a jejunal
loop using a Roux-en-Y technique.

Doppler technique

At our institution, the routine use of intraoperative Doppler
sonography was implemented for pediatric liver transplant
patients in October 2006. In addition, routine postoperative
Doppler examinations are also performed on postoperative
days 1 and 4. Additional postoperative imaging is guided by
the patient’s clinical course.

For intraoperative imaging, an 8-5 MHz curvilinear
transducer is used. The sterile intraoperative probe cover
and gel are passed to the scrub nurse. The technologist
holds the probe while the scrub nurse applies the gel to
the inside of the probe cover. The technologist then places
the transducer head into the probe cover. The technologist
assists in covering an adequate length of the transducer’s
cord to maintain the sterile field. At our institution, saline
(as opposed to gel) is instilled into the operative field and,
using the liver as an acoustic window, the surgeon guides
the transducer while the US technologist optimizes the
machine settings. The radiologist interprets the images in
real time in the operating room. Every attempt is made to
optimize technical parameters such as angle correction
and to appropriately align the sample volume box with
the vessel, although this is at times difficult in the opera-
tive setting. While there are subtle variations in technique
among our three transplant surgeons, the hepatic artery,
portal vein and hepatic veins/outflow track are routinely
interrogated. If a vascular complication is identified, re-
peat intraoperative imaging is generally performed after
surgical correction.

For postoperative imaging, the patient is imaged either
in the supine or decubitus positions, in a fasting state,
with breath-holding when possible. Patients are not rou-
tinely sedated for US examinations. A 5 or 9 MHz cur-
vilinear transducer is used, depending on the size of the
patient. Gray-scale imaging is usually performed first of
the graft in the transverse and longitudinal planes to
evaluate the parenchyma, biliary tree and vessels. The

hepatic artery, portal vein and hepatic veins are imaged
with color Doppler with spectral waveform analysis.
Static images as well as cine clips are typically saved
for interpretation and documentation.

Description of normal waveforms

A normal hepatic artery waveform is characterized by a sharp
arterial upstroke and continuous flow throughout diastole
(Fig. 1). A normal hepatic artery resistive index, as defined
by (peak systolic velocity-peak diastolic velocity)/peak systol-
ic velocity measures between 0.50 and 0.80. However, for up
to 72 h in the immediate postoperative period, the resistive
index may be higher than 0.80 due to the hepatic artery buffer
response, whereby hepatic artery flow diminishes in response
to hyperdynamic portal venous flow [6, 7]. Jamieson et al. [8]
determined that the incidence of complications was low for a
resistive index of less than 0.95 on postoperative day 1.
Conversely, a tardus parvus waveform can be seen in the im-
mediate postoperative period due to edema at the anastomosis
[9] or vasospasm [10], which should be considered when
interpreting this finding in the absence of an upstream throm-
bus. A slight blunting of the systolic peak and a systolic double
peak, found in 28% of pediatric patients on postoperative day
1, had no association with hepatic artery complications [8].

The portal vein normally demonstrates phasic and
antegrade (hepatopetal) flow (Fig. 2), with a velocity
greater than 10 cm/s [11]. As mentioned above, increased
portal venous flow is often seen immediately after trans-
plantation [7, 12]. In addition, turbulence may be normal-
ly seen near the anastomosis in the immediate postopera-
tive period [13].

Fig. 1 Normal arterial waveform. Intraoperative interrogation of the
anterior branch of the right hepatic artery (RHA ANT) in a 13-
year-old boy undergoing whole liver transplantation for Alagille
syndrome reveals normal sharp arterial upstroke and flow
throughout diastole. Resistive index is 0.56, which is within the
expected normal range of 0.50 to 0.80. EDV end diastolic velocity,
PSV peak systolic velocity, RI resistive index
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Intraoperative interrogation of the hepatic veins normally
shows a multiphasic waveform that reflects right heart pres-
sures throughout the cardiac cycle (Fig. 3).

Hepatic artery complications
and considerations

Hepatic artery thrombosis

Hepatic artery thrombosis is a serious complication that can
threaten the viability of the graft. Isolated hepatic artery
thrombosis is associated with acute hepatic necrosis and is-
chemic biliary complications such as biliary leaks or strictures
[1, 14]. Furthermore, when hepatic artery thrombosis is iden-
tified within the first week after transplantation, the patient

receives the highest priority for relisting if the thrombosis
cannot be corrected surgically. Therefore, timely diagnosis
of hepatic artery thrombosis is essential.

The incidence of early hepatic artery thrombosis in pediat-
ric liver transplants has been reported in recent series as being
between 4.9% and 8.3% [8, 15, 16]. Risk factors associated
with hepatic artery thrombosis include prolonged graft cold
ischemic time, use of split or segmental grafts, lower body
weight and higher graft to recipient weight ratio, use of
vascular grafts, and transplantation for malignancy such
as hepatoblastoma [9, 15, 17–19]. To some degree, the risk
of hepatic artery thrombosis may be mitigated by microvas-
cular surgical technique and a postoperative anticoagulation
protocol [20].

On Doppler sonography, hepatic artery thrombosis man-
ifests as the absence of color Doppler flow and loss of the
arterial signal (Fig. 4). A monophasic, high resistance
waveform may be seen proximal to the thrombus. If the
thrombus is nonocclusive, a low amplitude, tardus parvus
waveform may be seen distal to the thrombus. Hepatic
artery thrombosis may be addressed at the time of initial
surgery by thrombectomy.

Hemodynamically significant hepatic artery
narrowing

Hepatic artery stenosis, which most commonly occurs at
the anastomosis, is considered a later postoperative com-
plication. Several other entities, including partial thrombo-
sis, recipient to donor vessel size mismatch, vessel kinking
and vasospasm may occur in the intraoperative periods
with resultant hemodynamically significant hepatic artery
narrowing, mimicking hepatic artery stenosis. On Doppler
sonography, luminal narrowing of 50% or greater and tur-
bulent, high-velocity flow suggest a hemodynamically signif-
icant narrowing. Distal to the narrowed segment, a tardus
parvus waveform may be demonstrated. Importantly, he-
modynamically significant hepatic artery narrowing may
be clinically occult at the time of surgery, without changes
in blood pressure or the surface color of the liver transplant
[21]; therefore, intraoperative sonographic diagnosis plays
a potentially important role in early diagnosis. The treat-
ment for hemodynamically significant narrowing of the
hepatic artery depends on the underlying cause. For exam-
ple, in the case of partial thrombosis, treatment consists of
thrombectomy. In the setting of recipient to donor vessel
size mismatch or vessel kinking, revision of the anastomo-
sis (Fig. 5) or placement of a graft (Fig. 6) may be neces-
sary. In cadaveric grafts, a portion of the donor iliac artery
and vein are typically included with the procured liver graft
in case they are needed for construction of an interposition
graft for the hepatic artery and portal vein, respectively.

Fig. 3 Normal hepatic vein waveform. Intraoperative interrogation of the
middle hepatic vein (MHV) near the hepatic vein confluence in an 8-
month-old girl undergoing liver transplantation for biliary atresia shows
a normal, multiphasic waveform

Fig. 2 Normal portal vein waveform. Intraoperative interrogation of the
extrahepatic portion of the main portal vein (MPV EXTRA) in an 8-
month-old girl undergoing liver transplantation for biliary atresia shows
normal phasic antegrade (hepatopetal) flow. Intrahepatic portal vein
velocities are normally greater than 10 cm/s. Vel velocity
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The use of papaverine intraoperatively can assist in the
differentiation between vasospasm and other potential causes
of hepatic artery narrowing (Fig. 7). Papavarine decreases
vasospasm of the hepatic artery and improves inflow. Lack
of an appropriate response to papaverine in patients with di-
minished hepatic artery inflow at the time of transplantation
may indicate a need to either revise the hepatic artery anasto-
mosis or create a hepatic artery graft.

In the perioperative period, external compression of the he-
patic artery from fluid collections or a tight intra-abdominal
cavity can also result in hemodynamically significant hepatic
artery narrowing (Figs. 8 and 9). In the case of a tight abdomen,
intraoperative Doppler can assist in the critical decision-making
of whether abdominal closure is feasible at the time of trans-
plantation by dynamic assessment of the hepatic artery before
and after attempted abdominal closure.

Fig. 4 Hepatic artery thrombosis. Color Doppler evaluation (a) of the
extrahepatic artery in a 3-year-old boy who underwent liver
transplantation for metabolic liver disease shows absence of color flow
(arrow) on postoperative day 4. An abnormal tardus parvus waveform is
interrogated in the left hepatic artery (b), with blunting of the systolic
peak and abnormally high diastolic flow. Subsequent intraoperative
Doppler interrogation (c) of the left hepatic artery after thrombectomy
on postoperative day 4 after liver transplantation shows abnormal low

amplitude, monophasic arterial waveform. Follow-up sonogram at the
bedside on postoperative day 5 after transplantation (d) shows
heterogeneity of the liver transplant consistent with infarcts. Doppler
evaluation of the left hepatic artery (not shown) showed absence of
color Doppler flow, consistent with recurrent hepatic artery thrombosis.
The patient was emergently relisted and had retransplantation. Ao aorta,
HA hepatic artery

Fig. 5 Hepatic artery revision for hemodynamically significant
narrowing. Intraoperative Doppler interrogation of the extrahepatic
portion of the hepatic artery in a 17-year-old girl undergoing liver
transplant for portal hypertension related to treatment for Wilms
tumor as an infant (a) shows abnormally turbulent, high velocity
flow. Intraoperative interrogation of the left hepatic artery (b)

shows an abnormal tardus parvus, low amplitude waveform. While
no kink or thrombus was identified, after revision of the hepatic
artery anastomosis, there is improvement in the left hepatic artery
waveform (c), with a sharper peak and normal resistive index of
0.64. EDV end diastolic velocity, PSV peak systolic velocity, RI
resistive index
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Splenic artery steal

Splenic artery steal is a rare complication in which there is
diminished hepatic arterial inflow (Fig. 10). Splenic artery
steal is typically seen in liver transplant patients with con-
comitant hypersplenism. The sonographic diagnostic
criteria for splenic artery steal are not firmly established
[22]. Uslu et al. [23] found that hepatic artery resistive

indices were statistically lower at the time of diagnosis
of splenic artery steal, although a wide range was noted.
A systematic review by Li et al. [24] found that 84.1% of
patients from eight studies had elevated hepatic artery
resistive indices. If splenic artery steal is suspected at
the time of transplantation, intraoperative evaluation of
the hepatic artery inflow before and after clamping the
splenic artery can be performed, so that either the splenic

Fig. 6 Hepatic artery graft. Doppler interrogation at the bedside of the
extrahepatic portion of the hepatic artery in a 14-year-old girl who
received a liver transplant for Crigler-Najjar disease (a) on
postoperative day 1 after transplantation shows abnormal low amplitude
and tardus parvus waveform suggesting a proximal narrowing.
Intraoperative Doppler evaluation (b) later that day confirmed abnormal

low flow. Donor-recipient vessel size mismatch was suggested by
intraoperative visual inspection and difficulty passing a dilator. After
placement of an interposition donor iliac artery graft, repeat
intraoperative Doppler sonogram (c) demonstrated improved arterial
flow with a normal waveform. EDV end diastolic velocity, HEP ART
hepatic artery, PSV peak systolic velocity, RI resistive index

Fig. 7 Papaverine effect. Intraoperative Doppler interrogation of the
left hepatic artery before (a) and after (b) the administration of
papaverine in a 10-year-old boy who received a liver transplant for
Crigler-Najjar type 1 shows improvement in the hepatic artery

waveform with a sharper upstroke and normalization of the
resistive index suggesting vasospasm, although the systolic peak
remains blunted. EDV end diastolic velocity, LHA left hepatic
artery, PSV peak systolic velocity, RI resistive index

Fig. 8 Hepatic artery compression, case 1. Initial intraoperative Doppler
interrogation of the left hepatic artery in a 10-year-old girl who received a
liver transplant for progressive familial intrahepatic cholestasis type 1 (a)
shows a normal arterial waveform. Subsequent interrogation at the
bedside on postoperative day 1 (b) shows minimal flow, suggesting
either thrombosis or external compression of the hepatic artery. The

patient underwent surgical exploration. Intraoperative Doppler
sonogram (c) at the time of exploration shows restoration of a normal
arterial waveform with the abdomen open. No thrombus was found,
suggesting that the prior findings were related to external compression.
EDV end diastolic velocity, LHA left hepatic artery, PSV peak systolic
velocity, RI resistive index
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artery may be ligated or the hepatic artery anastomosis can be
made to the enlarged splenic artery [25].

Portal vein complications

Portal vein thrombosis

Portal vein thrombosis is associated with high mortality,
particularly in the early postoperative period [26]. Portal
vein thrombosis is more common in living donor liver
transplants and technical variant grafts due to the smaller
size of vessels and shorter vascular pedicles [26]. The re-
ported incidence of early portal vein thrombosis in pediat-
ric patients is between 5.5% and 7.3% [8, 16]. Ueda et al.
[26] found that a body weight of less than 6 kg and the use
of left-side grafts in pediatric living donor liver transplants
were significant risk factors for portal vein thrombosis by
multivariate analysis.

On Doppler US, portal vein thrombosis manifests as a fill-
ing defect within the portal vein that can be partially or
completely occlusive (Figs. 11, 12 and 13). With a completely

occlusive thrombus, there is absent color Doppler flow
with absent waveform. Of note, acute thrombus can be
anechoic; therefore, careful analysis of color Doppler im-
aging and spectral waveforms is imperative [27]. In the
case of a partially occlusive thrombus, Doppler interrogation
demonstrates diminished flow, which may be hepatopetal or
to-and-fro.

Diminished portal venous flow

We define diminished portal venous flow on sonography as
hepatopetal flow less than 10 cm/s, although some authors
have used 12 cm/s as a threshold [28]. The differential
diagnosis for diminished portal vein flow includes partially
occlusive thrombus as described above, external compres-
sion, graft rotation, excessive portosystemic collaterals,
portal vein stenosis and postoperative edema. External
compression is uncommon but can occur in the immediate
postoperative period due to large perioperative fluid col-
lections. Graft rotation (Fig. 14) is of particular concern in
living donor transplantation, due to the smaller graft size
and free movement of the graft, which places the vascular

Fig. 9 Hepatic artery compression, case 2. Doppler interrogation of
the extrahepatic portion of the hepatic artery on postoperative day 3
in a 3-year-old boy who received a liver transplant for metabolic liver
disease (a) shows high velocity and turbulent flow suggesting
hemodynamically significant narrowing. Complex fluid collection was
noted near the porta hepatis along the cut edge of the split transplant

graft (b). After exploration and evacuation of a hematoma on
postoperative day 4, there is improvement in left hepatic artery
waveform noted on intraoperative evaluation from a tardus parvus
waveform (c) to a normal waveform (not shown). EDV end diastolic
velocity, MDV mean diastolic velocity, PSV peak systolic velocity, RI
resistive index

Fig. 10 Splenic artery steal. Intraoperative Doppler interrogation of the
left hepatic artery in a 12-year-old girl who received a liver transplant for
biliary atresia with marked splenomegaly is shown before (a) and after (b)
splenic artery ligation. There is pronounced improvement in the hepatic

artery waveformwith brisker upstroke and sharper peak after splenic artery
ligation. A high diastolic component persists, which resolved by
postoperative day 4 (not shown). EDV end diastolic velocity, LHA left
hepatic artery, PSV peak systolic velocity, RI resistive index
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structures at risk for kinking or twisting [11]. Graft rotation
may be addressed by various surgical techniques to stabi-
lize the graft. Excessive portosystemic collaterals can be
apparent on preoperative imaging and addressed at the time
of transplantation [11].

Portal vein stenosis has a reported incidence of 5.6%
in pediatric liver transplant patients and is of greater
concern later in the postoperative period [28]. Portal vein
stenosis typically occurs at the anastomosis, which can
be difficult to visualize sonographically depending on the

Fig. 12 Portal vein thrombosis and graft placement. Color Doppler
evaluation of the main portal vein (a) at the bedside on
postoperative day 1 in a 9-month-old boy who received a liver
transplant for biliary atresia shows an absence of color Doppler
flow (arrow). Subsequent intraoperative color Doppler evaluation

(b) after thrombectomy and placement of an interposition graft
using donor iliac vein between the recipient superior mesenteric
vein and donor portal vein shows restoration of robust portal
venous flow. Intraoperative Doppler interrogation of the graft (not
shown) confirmed normal directional flow and velocity of the graft

Fig. 13 Portal vein thrombosis and revision. Doppler evaluation of the
main portal vein at the bedside (a) on postoperative day 1 in an 11-month-
old boy who received a liver transplant for familial intrahepatic
cholestasis type 2 and hepatoma shows intermittent, low amplitude

flow. Intraoperative Doppler interrogation of the intrahepatic main
portal vein after thrombectomy and portal vein revision (b) shows
improved velocity and waveform. MPV & M Port V main portal vein,
PSV peak systolic velocity, PV portal vein, Vel velocity

Fig. 11 Portal vein thrombosis. Initial intraoperative Doppler
evaluation of the left portal vein (not shown) in a 1-month-old boy
who received a liver transplant for fulminant liver failure showed a
normal waveform and velocity. On postoperative day 1, Doppler
interrogation of the left portal vein shows diminished, intermittent

hepatopetal flow within the left portal vein (a). Intraoperative
Doppler sonogram on postoperative day 1 after thrombectomy of
the main portal vein shows improvement in left portal vein flow
(b), although turbulence is now seen. MPV main portal vein, Vel
velocity
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available acoustic windows. Various US criteria have been
studied, including a three- to fourfold increase in velocity
at the stenotic site compared to the segment proximal to the
stenosis [27, 29]. While portal vein diameters of less than
3.5 mm [29] and 4 mm [28] have been used in the diagno-
sis of portal vein stenosis, it is important to note that portal

vein diameters vary with age. The portal vein diameter
measures approximately 3 mm in neonates, 4–8 mm in
healthy 1-year-old patients [29] and up to 11 mm in 12-
year-olds [30]. Finally, postoperative edema at the anasto-
motic site can mimic stenosis in the first ten postoperative
days [29].

Fig. 15 Hepatic vein thrombosis. Intraoperative gray-scale evaluation of
the hepatic vein confluence in a 9-year-old boy who received a liver
transplant for metabolic liver disease (a) shows an intraluminal
echogenic focus (arrow) near the confluence of the right and middle
veins. On intraoperative color Doppler evaluation, this area showed

trace amounts of flow surrounding the filling defect (not shown),
consistent with a nonocclusive thrombus. Intraoperative Doppler
evaluation of the right hepatic vein (b) shows abnormal low amplitude,
intermittent flow with loss of phasicity, corroborating the findings of a
nonocclusive thrombus near the venous confluence

Fig. 14 Portal vein compression from graft rotation. Intraoperative
Doppler interrogation of the intrahepatic portion of the portal vein (a)
prior to delayed abdominal closure on postoperative day 4 in an 11-
month-old boy who received a liver transplant for familial intrahepatic
cholestasis type 2 and hepatoma shows low amplitude (7 cm/s) antegrade

flow. After repositioning the left lateral segment liver transplant, repeat
intraoperative Doppler interrogation (b) of the portal vein shows
improved velocity (26 cm/s) although mild turbulence is now seen. PV
portal vein, Vel velocity

Fig. 16 Transplant position-
dependent alterations in hepatic
venous flow. Intraoperative
Doppler evaluation of the hepatic
veins in a 9-month-old boy who
received a liver transplant for
biliary atresia (a) demonstrates a
monophasic waveform. After
repositioning of the left lateral
segment graft (b), a normal,
multiphasic waveform is now
interrogated
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Hepatic vein complications

Hepatic vein outflow obstruction

Hepatic vein outflow obstruction is an uncommon compli-
cation with an incidence of between 1% and 6% in pediat-
ric living donor transplantation [31]. Two entities that can
cause hepatic vein outflow obstruction are partial or com-
plete hepatic vein thrombosis (Fig. 15) and rotation of the
graft causing twisting or compression of the hepatic vein
outflow tract (Fig. 16), which is of particular concern in
living donor transplantation [31]. Hepatic abscess and
biliary-venous fistula may predispose liver transplant pa-
tients to hepatic vein thrombosis [32]. With respect to he-
patic vein outflow obstruction in the setting of rotation of
the graft, left lobe grafts tend to be more susceptible than
right lobe grafts, which Shirouzu et al. [33] hypothesized is
due to the greater distortion of the middle and left hepatic
veins during graft regeneration. In a study of 60 liver trans-
plants, Huang et al. [34] described a pattern of left liver grafts
rotating to the right, causing hepatic vein outflow obstruction,
in 4 patients.

A monophasic waveform can be seen with hepatic
vein outflow obstruction, although this finding is not
sufficiently specific for hepatic vein outflow obstruction
[35]. The Doppler finding of a fourfold increase in the
ratio of the velocity at the anastomosis to the velocity at
the hepatic vein trunk 1–2 cm proximal to the anastomo-
sis was 83% sensitive and 76% specific for hepatic vein
outflow obstruction [36]. In the absence of positive
Doppler findings for hepatic vein outflow obstruction,
venography may be necessary to establish a diagnosis,
particularly when strongly suspected, such as in patients
with otherwise unexplained prolonged ascites [37].
Importantly, the demonstration of a normal, triphasic ve-
nous waveform is helpful to exclude hepatic vein outflow
obstruction [35].

Conclusion

We have illustrated the normal Doppler findings, common
pitfalls, and a spectrum of intraoperative and early postop-
erative vascular complications in pediatric liver transplant
patients. Familiarity with the normal findings, potential
complications and their expected time frame of occurrence
may facilitate prompt, accurate diagnosis. The use of in-
traoperative Doppler assessment is particularly useful in
identifying vascular complications prior to abdominal clo-
sure and, importantly, can be used as a problem-solving
tool in situations such as position-dependent kinking of the
portal or hepatic veins or in suspected vasospasm of the
hepatic artery.
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