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Abstract

OBJECTIVE—Comprehensive assessment of abdominal hemodynamics is crucial for many 

clinical diagnoses but is challenged by a tremendous complexity of anatomy, normal physiology, 

and a wide variety of pathologic abnormalities. This article introduces 4D flow MRI as a powerful 

technique for noninvasive assessment of the hemodynamics of abdominal vascular territories.

CONCLUSION—Four-dimensional flow MRI provides clinicians with a more extensive and 

straightforward approach to evaluate disorders that affect blood flow in the abdomen. This review 

presents a series of clinical cases to illustrate the utility of 4D flow MRI in the comprehensive 

assessment of the abdominal circulation.
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Comprehensive assessment of abdominal hemodynamics is crucial for many clinical 

diagnoses but is challenged by a tremendous complexity of anatomy, normal physiology, and 

a wide variety of pathologic abnormalities. Doppler ultrasound is the most commonly used 

diagnostic tool for noninvasive assessment of the abdominal circulation [1]. This technique 

can measure blood flow in large abdominal vessels by measuring velocities with high 

temporal resolution and approximating the cross-sectional area of the vessel, thereby 

estimating the average flow. Collateral pathways, which are associated with different 

cardiovascular pathologic abnormalities (e.g., portal hypertension, anatomic variations, and 

tumors), are highly variable and extend throughout the abdomen. Ultrasound is often limited 

for visualizing collateral (variceal) blood flow because of overlying intestinal gas and a 

limited acoustic window, which can lead to incomplete or inaccurate characterization of the 

abdominal hemodynamics. The role of ultrasound for the rapid determination of patency in 
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large vessels (e.g., main portal vein [PV]) cannot be questioned; however, its limitations for 

flow quantification and accurate depiction of variceal pathways are well known [2, 3].

Conventional flow-sensitive MRI using 2D slice selection, cardiac gating, and phase-

contrast velocity encoding in one direction is an excellent quantitative alternative technique 

for measuring blood flow within the abdomen. This approach is frequently used for clinical 

applications that measure cardiac output and ejection fraction. It has also been validated for 

direct flow measurements in the azygos vein and main PV [4–6]. However, cardiac-gated 2D 

phase-contrast MRI requires operator expertise to select the vessel of interest and the use of 

double-oblique imaging planes that are challenging and time consuming to position and 

coordinate with patient breath-holding. Indeed, the acquisition of numerous 2D planes 

needed for comprehensive flow evaluation of the abdominal vasculature is not feasible in a 

clinical scenario. The need to represcribe 2D imaging planes on follow-up studies would 

also compromise the precision (repeatability) of 2D phase velocity MRI, limiting its utility 

as a quantitative biomarker of blood flow in the abdomen.

Time-resolved 3D phase-contrast MRI with three-directional flow encoding, also referred to 

as “4D flow MRI,” has become a valuable research tool to investigate not only vascular 

anatomy but also blood flow and velocity in different vascular territories [7–15]. Four-

dimensional flow MRI using cardiac-gated 3D spatial encoding throughout the cardiac cycle 

offers the unique combination of coregistered anatomic and hemodynamic visualization and 

quantification in a single examination. Velocity information acquired with 4D flow MRI can 

be used to derive various flow-related parameters, including pulse wave velocity, pressure 

gradients, and wall shear stress [16]. Several studies have been performed to validate 4D 

flow MRI by comparing it with 2D phase-contrast MRI [17], laser Doppler velocimetry 

[18], and ultrasound flow measurements in different vascular territories [7, 19].

Hemodynamic analysis of the portal venous system with 4D flow MRI using traditional 

Cartesian spatial encoding has shown promising results [15, 20, 21]. The need to perform 

velocity encoding in three directions quadruples the scanning time over a non-velocity-

encoded acquisition and consequently limits the achievable spatial resolution and coverage 

within a reasonable scanning time. Often, the imaging volume is chosen to assess the flow 

only in large vessels to reduce scanning time, precluding the comprehensive assessment of 

large organs, such as the liver, and the evaluation of collateral flow pathways that span large 

anatomic regions. Furthermore, a single velocity-encoding setting limits the evaluation of 

flow to the portal and splanchnic venous vasculature. Alternatively, 3D radial undersampling 

strategies have shown the feasibility of both qualitative and quantitative flow assessment of 

the mesenteric hemodynamics with high spatial resolution and large volumetric coverage in 

reasonable scanning times, on the order of 10–15 minutes [22–25]. More recently, a method 

combining spiral sampling with compressed sensing reconstruction introduced a major 

acceleration to the 4D flow MRI acquisition in a single breath-hold, although with limited 

spatial and temporal resolution [26].

Four-dimensional flow MRI has moved from being a research-only sequence to providing 

relevant hemodynamic and anatomic information for the clinical diagnosis of different 

cardiovascular abnormalities in the abdomen. The ability of 4D flow MRI to not only 
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visualize flow distributions in complex abdominal vascular beds but also to quantify 

hemodynamics makes it an ideal technique for comprehensive assessment of the abdominal 

circulation. In this way, 4D flow MRI is now providing clinicians with a more 

straightforward approach, in which they can quantify, a posteriori, blood flow at any location 

of the FOV and have information on the direction of the flow, which is ideal for the 

assessment of collateral pathways in the abdominal circulation and, in this sense, is superior 

to angiography. The purpose of this article is to present a series of clinical cases to illustrate 

the utility of 4D flow MRI in the assessment of the hemodynamics in the abdominal 

circulation.

Emerging Abdominal Applications

Over the past 2 decades, a number of groups have described the application of 4D flow MRI 

for the assessment of arterial and venous hemodynamics in various anatomic regions in the 

human body, including the chest, abdomen, and cranial vasculature [12]. In the following 

sections, we discuss representative clinical cases for the different vascular territories and 

clinically relevant challenges that are often present in the abdominal circulation. The 

intention of this article is to introduce 4D flow MRI as a powerful technique that can be used 

for noninvasive assessment of the hemodynamics of abdominal vascular territories.

MRI

For all cases presented in this article, 4D flow MRI was performed with a 5-point radially 

undersampled phase-contrast acquisition (i.e., phase contrast with vastly undersampled 

isotropic projection reconstruction) because of its increased velocity sensitivity performance 

[27, 28] and complete coverage of the upper abdomen [22–25]. Studies were conducted on a 

clinical 3-T scanner (Discovery MR750, GE Healthcare) with a 32-channel phased-array 

body coil (catalog number NC004000, NeoCoil). The 3D volume was centered over the 

celiac axis for the hepatic cases and in the renal arteries for the renal cases. Four-

dimensional flow MRI parameters were as follows: imaging volume, 32 × 32 × 24 cm 

spherical; 1.25-mm acquired isotropic spatial resolution; TR/TE, 6.4/2.2; free breathing; and 

scanning time, 12 minutes [29]. The acquisition was respiratory gated with a bellows signal 

and an adaptive acceptance window of 50%. Retrospective ECG gating was accomplished 

with recorded R wave locations from vector gating performed during the offline 

reconstruction.

For many of the clinical and research studies at our institution, patients receive an IV 

injection of 0.03–0.05 mmol/kg gadofosveset trisodium (Ablavar, Lantheus) or 0.1 mmol/kg 

gadobenate dimeglumine (Multihance, Bracco Diagnostics). Gadofosveset trisodium is an 

intravascular gadolinium-based contrast agent with weak protein binding, and gadobenate is 

well known to have protein association. In addition to increasing the relaxivity of these 

agents through reduced molecular tumbling, interaction with serum proteins also lengthens 

clearance from the blood, and these agents act as blood-pool agents for the duration of the 

4D flow MRI acquisition. As a result, we are able to improve the image signal-to-noise ratio 

and velocity-to-noise ratio performance [30, 31]. It should be noted, however, that all 4D 

flow MRI methods, like 2D phase-contrast MRI, are inherently unenhanced MRI methods 
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and do not require the use of gadolinium-based agents. When using gadolinium, the flip 

angle is increased to capitalize on the increased signal-to-noise ratio and velocity-to-noise 

ratio performance afforded by the T1 shortening associated with gadolinium.

Four-Dimensional Flow MRI Visualization and Quantification

During the retrospective offline reconstruction, the number of time frames is determined; 

that is, for analysis of portal venous flow, the cardiac cycle is divided into 14 time frames 

because pulsatility does not play a key role [23], and for arterial flow, it is divided into 20 

time frames. Phase offsets for Maxwell terms and eddy currents are corrected automatically 

[32, 33]. The eddy current correction is performed using second-order polynomial fitting of 

background tissue segmented on the basis of thresholding of an angiogram [33]. Velocity-

weighted angiograms are calculated from the final velocity and magnitude data for all time 

frames [34]. Manual placement of cut-planes in the vessel of interest is performed for 

subsequent flow quantification and visualization in EnSight (version 10.0, CEI). It is 

important to mention that other commercial software packages are currently being developed 

to visualize and quantify 4D flow MRI data.

Liver

Cirrhosis is the end-stage pathway of chronic liver disease leading to mortality of more than 

35,000 people in the United States each year [1]. Portal hypertension is the most common 

and most lethal complication in patients with cirrhosis [1]. Dramatic alterations in blood 

flow occur in patients with cirrhosis during the development of portal hypertension. Initially, 

there is a progressive increase in vascular resistance at the sinusoidal level due to passive 

resistance caused by architectural changes related to fibrosis and active resistance related to 

vasoconstriction of vascular smooth muscle cells in the liver [35]. Portal hypertension can 

lead to portosystemic collateral pathways (varices), ascites, hepatorenal syndrome, portal 

venous thrombosis, and splenomegaly [36]. The presence of gastroesophageal varices is an 

important predictor of mortality and decompensation of cirrhosis [37]. A comprehensive 

diagnostic approach that assesses detailed hemodynamic and morphologic information with 

complete upper abdominal vascular coverage in a single examination would be highly 

desirable to further our understanding and serve as a noninvasive biomarker of disease 

progression and therapeutic monitoring.

Comprehensive noninvasive quantification of blood flow in the hepatic vasculature is 

challenging. The vascular anatomy of the liver is complex and highly variable, and its 

morphologic features and flow may be severely altered in the presence of portal 

hypertension. The ability of radial 4D flow MRI to cover large imaging volumes makes it a 

suitable technique for assessing the complex hemodynamics of the liver both in physiologic 

and pathologic conditions.

Case 1: collateral flow and portal shunt fraction—Four-dimensional flow MRI is 

very useful in assessing the hemodynamic changes that occur in patients with cirrhosis 

(Figs. 1 and 2). Hepatofugal (away from the liver) blood flow in the large paraumbilical 

collateral as well as in the coronary vein draining from the PV can occur when portal venous 

pressures and resistance to portal venous flow increase. The main advantage of 4D flow 
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MRI in complex clinical applications is its ability to provide comprehensive qualitative 

(anatomy and flow patterns) and quantitative (flow measurements) assessment of the 

abdomen. In case 1, the blood flow in the PV, superior mesenteric vein (SMV), splenic vein 

(SV), and collateral vessels was quantified, and the shunt fraction in the liver (percentage of 

total portal blood flow bypassing the liver through collateral pathways) was calculated as 

QCol / (QSMV + QSV), where QCol is the total collateral flow (coronary vein plus 

paraumbilical collateral), QSMV is the blood flow in the SMV, and QSV is the blood flow in 

the SV. In this patient, 90% of the total blood flow to the liver through the PV (QSMV + 

QSV), bypassed the liver through the collateral vessels. This suggests elevated resistance in 

the liver, which translates into severe portal hypertension according to the Ohm law for fluid 

flow (ΔP = Q × R), where ΔP is the pressure gradient between the portal venous system and 

the systemic venous system, R is the resistance to blood flow in the portal circulation, and Q 
is the blood flow.

Case 2: hepatofugal flow—Varices, which are anatomic alterations in the portal venous 

system, appear in response to pathologically increased vascular resistance in patients with 

portal hypertension. In agreement with the anatomic changes in the mesenteric and portal 

vasculature, velocity color-coded streamlines and arrowheads reveal the presence of 

hepatofugal flow in the SV in Figure 2 (see also Video S1, which can be viewed in the AJR 
electronic supplement to this article available at www.ajronline.org). Blood flow 

quantification in the SMV (QSMV = 0.5 L/min), SV (QSV = −0.36 L/min), and PV (QPV = 

0.14 L/ min) revealed a shunt fraction of 72%. Note the negative flow in the SV indicating 

that the flow occurred in the hepatofugal direction. Velocity streamlines show that the blood 

flow in the SV drains into the splenorenal shunt, bypassing the liver to avoid the high 

resistance created by the cirrhosis.

Case 3: meal challenge—Ingestion of food is physiologically followed by vasodilatation 

and increased mesenteric blood flow, a phenomenon known as postprandial hyperemia [38]. 

Meal challenges are standard clinical procedures applied in imaging modalities such as 

ultrasound and MRI to induce physiologic hyperemia of the gut. A recent study combined 

4D flow MRI and a meal challenge to further deepen the understanding of hepatic 

physiology and to present a biomarker for a given pathologic abnormality— specifically, 

portal hypertension [25]. Increased flow can be easily visualized in the portal and splanchnic 

circulation before and after a meal in healthy volunteers (Fig. 3). This study concluded that 

portal venous regulation, as a response to increasing mesenteric venous flow after a meal 

challenge, may be impaired in patients with cirrhosis. At our institution, the meal challenge 

protocol includes an initial 4D flow MRI study after a period of fasting (prechallenge study) 

of at least 5 hours (no food, liquid, or chewing gum). After the first study, patients ingest 574 

mL of EnSure Plus (Abbott Laboratories; 700 calories, 28% from fat and 57% from 

carbohydrates) [39–41]. A second 4D flow MRI study (postchallenge scan) is then repeated 

20 minutes after the meal ingestion.

To illustrate the effect of a meal on portal venous flow in patients with portal hypertension, 

case 3 is presented in Figure 4 (see also Videos S2A and S2B, which can be viewed in the 

AJR electronic supplement to this article available at www.ajronline.org). A patient with 
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alcoholic cirrhosis and cystic fibrosis–related liver disease underwent a meal challenge 4D 

flow MRI test to evaluate the hemodynamic response of mesenteric and portal circulation to 

food ingestion. In this patient, the portal venous flow was hepatopetal (i.e., blood flows 

toward the liver) before and after the meal challenge; however, the coronary vein blood flow 

was hepatofugal both before and after the meal, draining from the SV into the esophageal 

varices, which is a clinical sign of portal hypertension. Interestingly, before the meal, blood 

flow in the SV changed direction and became hepatofugal, draining into the coronary vein as 

shown by the velocity streamlines in Figure 4.

Case 4: living donor liver transplantation surgical planning and follow-up—
Liver transplantation is a highly successful therapy for patients with end-stage liver failure. 

In the past 2 decades, the growing disparity between the number of liver transplant 

candidates and the supply of deceased donor organs has motivated the implementation of 

living donor liver transplantation [42]. More recently, improvements in this procedure have 

rendered results comparable to those from deceased donors. However, a low platelet count in 

donor blood samples could suggest an increase in portal venous pressure. This is expected 

when recognizing that a resection of hepatic tissue translates into an increase in vascular 

resistance, which is directly proportional to pressure as described by the Ohm law for fluid 

flow. The ability to quantify hemodynamic changes in the portal and mesenteric circulation 

noninvasively shows that 4D flow MRI may be a suitable tool for both surgical planning of 

living donor liver transplantation and improved understanding of the hemodynamic changes 

that occur in the liver remnant of the donor.

As part of the clinical protocol for surgical planning of living donor liver transplantation, 4D 

flow MRI is used to visualize and quantify the inflow and outflow to the liver. Figure 5 

shows the flow and anatomy visualization in an example case of right-lobe resection. Three-

dimensional volume-rendered images from a complex difference dataset of 4D flow MRI 

acquisitions obtained before and after surgery are shown in Figures 5A and 5B. Velocity 

streamlines representing the flow distribution in the portal venous system are shown in 

Figures 5C and 5D for pre- and postsurgery studies, respectively. The quantitative analysis 

revealed an increase in the portal venous flow (0.81 vs 1.3 L/min) 2 weeks after surgery. The 

blood flow in the remaining left PV increased sevenfold (0.061 vs 0.53 L/min). These 

changes agree with previously reported data [43] showing that one of the acute 

consequences of a partial hepatectomy is the increase in blood flow to the liver, which helps 

in the regeneration of the remaining tissue.

Case 5: transjugular intrahepatic portosystemic shunt—When medical therapies 

are no longer effective, portal hypertension can be treated using a transjugular intrahepatic 

portosystemic shunt (TIPS). This shunt diverts blood flow from the portal system directly 

into the systemic circulation, reducing portal pressure and thereby helping to resolve ascites 

and reduce the risk of variceal hemorrhage [44, 45]. Unfortunately, excessive shunting of 

portal blood into the systemic circulation is associated with the risk of developing post-TIPS 

hepatic encephalopathy [46]. Another major complication is the recurrence of portal 

hypertension secondary to the development of in-stent stenosis, despite improved patency 

with the advent of covered stents [47, 48]. Two-dimensional Doppler ultrasound plays a 

Roldán-Alzate et al. Page 6

AJR Am J Roentgenol. Author manuscript; available in PMC 2016 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



central role in monitoring patients before and after TIPS placement; however, its limitations 

make it a suboptimal method to fully characterize the blood flow, not only in the portal 

system before TIPS but also in the shunt after TIPS to evaluate patency. Four-dimensional 

flow MRI has been used successfully for monitoring of hepatic blood flow in patients with 

portal hypertension [20, 24].

A patient with idiopathic liver cirrhosis and refractory ascites after TIPS implantation was 

studied. A 4D flow MRI study was performed before and 2 weeks after the TIPS 

implantation. Figure 6 (see also Videos S3A and S3B, which can be viewed in the AJR 
electronic supplement to this article available at www.ajronline.org) shows the velocity 

distribution in the portal system by means of color-coded streamlines, revealing slow flow in 

the main PV and right PV as well as high flow in the left PV. In this case, the flow pattern 

was caused by arterioportal-venous shunting draining from a peripheral branch of the left 

hepatic artery into a branch of the left PV. This arterioportal-venous shunt induced the 

highest measured portosystemic gradient of 28 mm Hg. TIPS further increased the flow in 

the LPV because of the shunt, resulting in the fastest observed flow in the TIPS with only a 

slight reduction of the portosystemic gradient to 18 mm Hg. As a result, this patient had 

refractory ascites even after implantation of TIPS.

Kidneys

Renal artery stenosis is a recognized cause of hypertension and progressive renal 

insufficiency, occurring in up to 45% of patients with peripheral vascular disease [49]. 

Prompt assessment of the hemodynamic significance of renal artery lesions is clinically 

important for treatment planning and monitoring for patients with vascular disease as well as 

for kidney transplant donors and recipients. A lesion that narrows the luminal diameter by 

75% or more is usually hemodynamically significant. In cases of a mild stenosis (< 50%), no 

intervention is typically required. However, the hemodynamic significance of a stenosis 

measured as 50–75% cannot be reliably derived from vessel diameter measurements alone; 

hence, intraarterial pressure measurements under x-ray angiography are often obtained. MRI 

of the renal vasculature is challenging because of the relatively small vessel diameter, 

especially of segmental branches and complex motion of the renal vessels throughout the 

cardiac and respiratory cycles.

Contrast-enhanced (CE) MR angiography (MRA) is commonly used for renal artery stenosis 

assessment. However, patients with compromised kidney function, including kidney 

transplant donors and recipients, should not receive gadolinium-based contrast agents 

because of the risk for nephrogenic systemic fibrosis [50]. Radial 4D flow MRI without the 

use of a contrast agent has been successfully applied to this vascular territory [8, 51]. Free-

breathing acquisitions of 10 minutes provide angiograms of both renal arteries and veins 

with good correlation of diameter measures across various vessel sizes [8] as an alternative 

to CE-MRA (Fig. 7). Furthermore, radial 4D flow MRI showed superior visualization of 

segmental renal arteries because of decreased kidney-vessel contrast in CE-MRA from 

parenchymal enhancement. In addition, the functional information can be used for the 

noninvasive assessment of hemodynamic significance of renal artery stenosis. As validated 
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in an animal study, transstenotic pressure gradients derived from the velocity fields 

correlated well with measurements obtained invasively with pressure wires [51].

Recently, 4D flow MRI was used in a kidney transplant recipient for evaluation of the 

patency of the right renal artery. Figure 8 (case 6) (see also Video S4, which can be viewed 

in the AJR electronic supplement to this article available at www.ajronline.org) shows the 

qualitative and quantitative information about the blood flow through the left renal artery. In 

the proximal section of the artery, a decrease in velocity signal shows the location of the 

stent; however, excellent agreement in the conservation of mass analysis shows that 4D flow 

MRI is a feasible technique to quantify blood flow downstream of a stent, not only in renal 

arteries but also in any other vascular territory.

Mesenteric Ischemia

A variety of diseases can lead to chronic mesenteric ischemia, which is characterized by 

abdominal pain that appears about 15–60 minutes after a meal as a result of inadequate 

blood flow. The most common cause is atherosclerosis, in which a narrowing of the celiac 

and superior mesenteric arteries limits blood flow to the intestines. However, other causes 

exist, such as median arcuate ligament syndrome, superior mesenteric syndrome, clots, and 

venous thrombus. Evaluation of mesenteric ischemia is complicated by the rich network of 

mesenteric collateral pathways available from the superior and inferior mesenteric arteries, 

which, in some patients, may compensate for decreases in flow through the celiac axis.

We routinely use 4D flow MRI in our clinical practice to improve diagnosis by providing 

simultaneous anatomic depiction and functional assessment of the hemodynamics in the 

entire upper abdomen before and after a meal challenge. To illustrate the range of conditions 

observed, two patients will be discussed in more detail.

For case 7, a patient with celiac trunk stenosis and poststenotic aneurysm underwent 4D 

flow MRI before and after a meal challenge. Figure 9 shows the volume-rendered phase 

contrast angiogram and streamline visualization with peak systolic flow before and after a 

meal challenge. In this patient, flow in the gastroduodenal artery was reversed and increased 

by 28% after the meal, while wall shear stress within the aneurysm increased 4.5-fold after 

the meal. The second patient (case 8) had collateral circulation through the arc of Riolan 

when scanned for mesenteric ischemia (Fig. 10). In this patient, the mesenteric flow did not 

change drastically in response to the meal; however, the collateral blood flow through the arc 

of Riolan increased fourfold.

Discussion

Four-dimensional flow MRI is an evolving technology that has recently gained increased 

importance because of its potential to provide a comprehensive evaluation of vascular 

hemodynamics with full volumetric coverage, not only in the abdominal circulation but also 

in other vascular territories [12]. Although pulse sequences for 4D flow MRI continue to be 

developed, its accuracy and test-retest reliability have been and are constantly seen in 

various phantom and in vivo studies [17, 24, 52–54]. Even though our institution is actively 

using 4D flow MRI clinically for different complex hemodynamic pathologic abnormalities, 
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the 4D flow MRI techniques used on the clinical cases described in this article are not 

commonly available on routine clinical MRI systems. Most research groups active in the 

area of 4D flow MRI rely on MRI sequences that are not commercially available. Increased 

efforts by the MRI research community and the MRI system vendors are needed to afford a 

more widespread availability of optimized 4D flow MRI techniques.

In summary, 4D flow MRI, an emerging tool for the comprehensive evaluation of 

cardiovascular hemodynamics with full volumetric coverage, is a continuously developing 

field of research. Current implementations permit its integration into clinical protocols on 

the premises that scan times need to be further reduced and subsequent data analysis is 

successfully integrated into the clinical workflow. Overall, the increasing amount of 

available studies and applications of 4D flow MRI to comprehensive analysis of the 

abdominal circulation reveal its potential for an improved understanding of the 

hemodynamics involved in different diseases involving the abdominal circulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Segmentation of 4D flow MRI angiogram in left anterior oblique view shows arterial (red), 

venous (blue), and portal (yellow) circulations. Note collateral vessels in portal circulations. 

PV = portal vein, SV = splenic vein, SMV = superior mesenteric vein. (Illustration by 

Roldán-Alzate A)
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Fig. 2. 
26-year-old woman (67 kg) with hepatic cirrhosis secondary to biliary atresia who 

underwent repair for biliary atresia as infant (Kasai procedure) (case 1). Segmentation of 

phase-contrast MR angiogram reveals presence of portosystemic shunts by means of 

splenorenal shunt (SRS). Hepatofugal flow in splenic vein (SV) can be observed (arrows). 

AO = abdominal aorta, HA = hepatic artery, IVC = inferior vena cava, PV = portal vein, 

SMV = superior mesenteric vein.
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Fig. 3. 
32-year-old man (79.5 kg) with no history of liver disease (case 2). Velocity distribution 

shown by velocity color-coded streamlines on 4D flow MR images obtained before (left) 
and after (right) meal challenge reveals blood flow increase in superior mesenteric vein 

(SMV), left portal vein (LPV), right portal vein (RPV), and main portal vein (MPV) in 

response to meal challenge. Arrowheads show direction of blood flow. Reduction in splenic 

vein (SV) flow can also be observed.
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Fig. 4. 
34-year-old man (61.2 kg) with alcoholic cirrhosis and cystic fibrosis–related liver disease 

(case 3). Hepatopetal flow in portal vein (PV) was seen before (left) and after (right) meal 

challenge; however, hepatofugal blood flow was also seen both before (left) and after (right), 
meal through coronary vein (CV). Arrows show blood flow direction. As response to meal 

challenge (right) slow splenic blood flow becomes hepatofugal and drains into CV. SMV = 

superior mesenteric vein, SV = splenic vein.
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Fig. 5. 
33-year-old woman (case 4). Images show flow and anatomy visualization in right lobe.

A–D, Three-dimensional volume-rendered images were created from complex difference 

dataset of phase-contrast vastly undersampled isotropic projection imaging acquisition 

before (A and C) and after (B and D) surgery. White lines (A and B) show locations of 

measurement planes. Color-coded streamlines show velocity distribution (arrows, C and D) 

in portal venous system. LPV = left portal vein, RPV = right portal vein, PV = portal vein, 

SMV = superior mesenteric vein, SV = splenic vein, HA = hepatic artery, IMV = inferior 

mesenteric vein, SA = splenic artery.
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Fig. 6. 
46-year-old man with idiopathic liver cirrhosis and refractory ascites before (left) and after 

(right) transjugular intrahepatic portosystemic shunt (TIPS) procedure (case 5). Velocity 

distribution in portal system shown by velocity color-coded streamlines reveals slow flow in 

main portal vein (PV) and right PV (RPV), and high flow in left PV (LPV). This flow 

pattern was caused by arterioportal-venous (AV) shunting draining from peripheral branch of 

left hepatic artery into branch of LPV. TIPS further increased flow in LPV due to shunt, 

which resulted in refractory ascites even after TIPS. IVC = inferior vena cava.
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Fig. 7. 
61-year-old woman with renal artery stenosis (arrows). Contrast-enhanced MR angiography 

(left), unenhanced 4D flow MRI angiography (middle), and digital subtraction angiography 

(right) images are shown for comparison.
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Fig. 8. 
51-year-old man who underwent evaluation of renal artery flow after kidney transplant (case 

6). Red arrow shows location of stent. Ao = abdominal aorta, RCIA = right common iliac 

artery, RTxA = right transplant artery, REIA= right external iliac artery.
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Fig. 9. 
65-year-old man with celiac trunk stenosis and poststenotic aneurysm (case 7).

A–C, Volume-rendered phase-contrast angiogram (A) and streamline visualizations (left 

anterior oblique view) with peak systolic flow before (B) and after (C) meal challenge are 

shown. ASS = aneurysm shear stress, Q = flow.
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Fig. 10. 
46-year-old man with irregular blood flow due to aortic repair (case 8). MR angiograms 

were obtained before (left) and after (right) meal challenge. Note collateral circulation 

through arc of Riolan, which dramatically increased in response to meal challenge. SA = 

splenic artery.
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