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Abstract
Recent advances in 4DFlow MRI (Phase Contrast MRA) acquisition and reconstruction enable high resolution exams to be obtained in practical imaging times. 4DFlow MRI provides images of vascular morphology and quantitative measurements of blood velocity throughout a 3D imaging volume. Hemodynamic parameters such as flow volume, relative wall shear stress, streamlines, vorticity and pressure gradients can be derived from the velocity data. The combination of anatomic vessel wall imaging, lumen visualization and physiologic data derived from accelerated 4DFlow MRI augments the characterization of intracranial arterial stenosis, aneurysms, vascular malformations and dural sinus pathology. This review provides an update for clinicians interested in 4DFlow MRI of the brain.

Background
Blood flow is altered in a variety of diseases; however, clinically viable methods for evaluating intracranial arterial and venous flow have been limited. With recent advances, blood velocities can be measured with transcranial Doppler ultrasound, magnetic resonance imaging (MRI) and potentially by digital subtraction angiography (DSA). Of these modalities, MRI is an appealing imaging option due to its non-invasive nature, ability to image vessels with complex geometry, high spatial resolution and ability to correlate well with other imaging features. The ability to measure velocities by flow encoded MRI was demonstrated by Moran [1] in 1983, shortly after MR was implemented for clinical imaging. Using this strategy flow encoding was implemented for 2D and 3D acquisition by Dumoulin [2, 3] and clinical applications for vascular flow imaging were expanded by Pelc et al [4] and Wigstrom et al [5]. However, general use of the flow imaging was limited by long acquisition times, complex implementation and motion artifacts. Consequently, for several decades flow measurements with MRI played only a minor role in neurovascular assessment.
Recently, substantial technology has been developed which has dramatically expanded the opportunities for flow assessment with MRI. These include faster, stronger and more stable imaging gradients, phased array receiver technology and orders of magnitude increases in reconstruction hardware. Together and as detailed in this article, these technologies have allowed for cardiac cycle time resolved, 3D flow imaging (4DFlow) to be obtained with clinically relevant resolution in relatively short imaging times. 4DFlow acquires a volumetric imaging acquisition which allows the retrospectively visualization and quantification of complex flow fields. Recent interest from the MRI and post-processing software vendors along with promising clinical studies suggest that 4DFlow MRI will likely become widely available in the near future.
Clinical applications of 4DFlow MRI are now expanding and 4DFlow is increasing used to supplement MRI and MRA exams. The ability to quantitatively measure velocity has many applications in neurovascular imaging [6]. However, clinical implementation of 4DFlow MRI requires an understanding of the strengths and limitations of the technique. This overview discusses the basic features of 4DFlow MRI from a clinical perspective. The review outlines the role of 4DFlow MRI in the detection and characterization of arterial stenosis, atherosclerotic disease, aneurysms, vascular malformations and dural sinus pathology.

Intracranial 4DFlow MRI acquisition
The principles for flow measurement remain similar to those initially proposed by Moran [1]. Briefly, when a spin is moving along the magnetic field gradient its resonance frequency changes whereas for a static spin the resonance frequency would remain constant. Thus, if a gradient is applied for some time and an equal and opposite gradient is applied for the same time (flow encoding gradients) static spins will rotate faster and then slower such that the net change in frequency (rotation speed) is zero. For moving spins, the faster and slow frequency will not cancel. For each spin, this results in a phase shift in the acquired signal which is directly proportional to velocity. If the flow encoding gradients are small enough and the motion is coherent (e.g. blood flow) the phase difference in the detected signal is directly proportional to the average velocity in the voxel of interest. This phase difference is only detectable up to a ±180° in each direction and the minimum velocity that causes a 180° rotation is the velocity encoding, Venc. Due to this fixed dynamic range, to avoid aliasing, the Venc must be selected to be only slightly higher than the maximum expected velocity. As demonstrated in Fig. 1, for angiograms generated from a 4D flow acquisition, there is a tradeoff between the sensitivity to slow flow and the range of detectable velocities. In some instances, such as in the case of imaging venous flow, the velocity encoding is selected to maximize the signal from slow flow and aliasing of higher velocities is identified and accepted in the images as signal loss.[image: A40809_2016_19_Fig1_HTML.gif]
Fig. 1Limited maximum intensity projections (MIPS) of angiograms generated from 4DFlow acquisitions with Venc’s of 80, 40, 20 and 10 cm/s. As the Venc is reduced to 10 cm/sec the visualization of large arterial vessels is reduced. In these vessels, the measured velocity values will be unreliable due to limited detectable velocity dynamic range. At the same time, the visualization of slow flowing venous structures is improved as the Venc is reduced




                     
4DFlow MRI is based on an RF and gradient spoiled 3D gradient echo sequence (i.e. SPGR/FLASH/TFE/Fast FE). Starting from a standard sequence, flow encoding gradients are inserted after excitation and before the imaging readout, as shown in Fig. 2. This increases the echo time (TE) and repetition time (TR) by ~1–3 ms depending on the Venc and scanner gradient performance. Further, in order to measure flow in 3 directions at least 4 images must be collected with different flow encoding gradient directions, 1 for background phase and 1 for each direction. Typical implementations interleave these encodings. Finally, cardiac gating is incorporated either though prospective or retrospective triggering. For intracranial applications typically 10–20 cardiac phases are acquired. This results in cardiac time resolved 3D volumes, which are subtracted to produce flow fields (Fig. 3). Considering the increase in TR, the need for at least 4 flow encodings, and a minimum 10 cardiac phases, the acquisition time for a 4D flow exam is ~50-100x longer than a traditional gradient echo scan, such as those used for contrast enhanced angiography.[image: A40809_2016_19_Fig2_HTML.gif]
Fig. 2Pulse sequence diagram for Cartesian 4DFlow showing the gradients for (a) single TR and the combination of these encodings for ECG gated sampling (b). For each phase encoding, four measurements are taken with separate velocity encodings. As shown, one image is acquired with flow compensation and subsequent velocity encodings are acquired on the x (red), y (blue) and z (green) axes. In order to tradeoff temporal resolution for scan time, it is common to acquire cardiac frames with view sharing. In this case 3 lines of k-space are collected per cardiac trigger resulting in a temporal resolution of 12 TRs




                        [image: A40809_2016_19_Fig3_HTML.gif]
Fig. 3Source magnitude and phase slice taken from a 4D flow acquisition with velocity encoding as in Fig. 2. The subtraction of these phases results in images which are proportional to velocity. Post-processing tools generate a 4D velocity field which allows the extraction of features of the flow field such as wall shear stress, and flow rates, relative pressures and also enables visualization of complex velocity patterns




                     
Fortunately, technologic advances have shorted imaging time and increased spatial and temporal resolution. Current implementation varies from site to site and vendor to vendor but follows similar trends. Nearly all implementation of 4DFlow utilize parallel imaging, most commonly direct techniques such as SENSE or GRAPPA [7–9] but also with indirect methods such as using localized coils. In the case of Cartesian imaging, this reduces the required scan time by a factor of 2–4; and is typically not sufficient to reduce scan times for clinically relevant coverage and spatial resolution (<1 mm) to feasible scan times. One potential method for reducing scan times is to use non-Cartesian sampling trajectories which either collect more data per excitation, as in spiral [10] or allow greater under sampling of the imaging volume without obscuring artifacts, as in radial trajectories. Non-Cartesian imaging additionally allows for a reduction of the echo time [11, 12], allowing improved imaging of complex flow and/or higher spatial resolution [13, 14]. Another method commonly used to reduce scan time is to utilize a reconstruction which harnesses correlation in space and time [9, 15–22]. These techniques make the observation that most signal is from non-moving tissues and thus the same in all the time frames. The amount of the acceleration possible with these techniques is extremely high but requires substantial computational power to fully achieve high levels of acceleration [23]. More modest accelerations can be achieved utilizing lower computational burden of k-t acceleration techniques [19]. With the combination of parallel imaging and k-t acceleration techniques, the major arterial circulation can be imaged with 1 mm isotropic spatial resolution within 5–10 min. The joint combination of parallel imaging, spatiotemporal acceleration and non-Cartesian sampling provides the opportunity to further increase spatial resolution (<0.7 isotropic) and provide whole brain coverage [14]. While vendors’ have not released specific 4D flow packages, it is most likely that products will be based on simple k-t acceleration, Cartesian sampling and parallel imaging; with computational hurdles existing for advanced constrained reconstructions and non-Cartesian approaches.

4DFlow MRI display and flow analysis
4DFlow imaging acquisitions produce a large number of images which can be challenging to interrogate with standard imaging viewing and analysis platforms. In scenarios where advanced processing is unavailable, there are several components of the 4DFlow MRI data readily available for clinical assessment. The magnitude images display both stationary tissue and flow compensated vascular structures providing the opportunity to precisely related soft tissue abnormalities to the adjacent vessels. Following subtraction of the stationary background tissues, the flow (or speed) images are displayed without specifying the direction of flow. An important feature is that the signal intensity of the flow images is dependent on the velocity encoding selected at the time of the acquisition; flow velocities that closely approximate the velocity encoding will have the highest signal intensity.
Alternatively, each flow encoding direction can be independently displayed. In this instance, the velocity images are reconstructed with velocity displayed in the superior/inferior, anterior/posterior and right/left using a gray scale or color display. Velocity is a vector that has direction and magnitude, if a color display is used, direction is displayed by the chosen color scheme and magnitude is displayed as brightness. Velocity aliasing occurs when the velocities exceed the velocity encoding. In this scenario the pixel signal intensity will flip to display flow in the opposite direction. If a gray scale display is used the pixels change from bright to dark when aliasing occurs incorrectly indicating the direction of velocity and flow.
A more complete and quantitative interrogation of the 4DFlow data is possible with dedicated flow analysis software. This allows the simultaneous visualization of the direction and magnitude of the velocity field and can enable flow measurements of specific vessels. The initial step in flow analysis is the segmentation of the vascular structures from the imaging volume. The resulting vascular and flow data are subsequently analyzed using a 4DFlow package. To date, numerous packages have been adopted most frequently these have been tools developed for generalized visualization of flow fields (e.g. EnSight; CEI, Apex, NC, applications in the aerospace industry); however, FDA approved tools are now available (e.g. Arterys, San Francisco, CA USA). Such flow analysis packages provide software tools allowing for navigation throughout the 3D flow field. The flow field can be transected by 2D planes at the desired location and angle. Velocity and flow rate (flow rate = velocity x cross sectional area of the vessel) can be measured from a 2D plane orthogonal to the vessel of interest. The flow field can also be displayed as color coded velocity vectors representing the magnitude and direction of flow. Streamline displays are virtual instantaneous paths that are tangent to the velocity vectors at the specified point in time. Streamlines are relatively easy to interpret and provide an intuitive sense of the hemodynamics. Particle paths are another option and represent virtual particles that follow the velocity vectors from one time point to another simulating the flow of particles in the flow channels. Many important derivatives of velocity can be calculated. Estimations of wall shear stress can be generated by calculating the velocity gradient perpendicular to the vessel wall, WSS can be thought of as the drag of the flowing blood on the endothelial surface [24]. Measurements of pulsatility can be obtained and expressed as the pulsatility index (PI = (QmaxQmin)/Qmean; Q = flow mL/min) [25]. Vorticity is a curl in the velocity field and measures local rotation, vorticity can be quantified and has the potential to improve characterization of aneurysm flow [26]. Relative pressure variations within the velocity field can be calculated by using the Pressure Poisson Equation derived from the Navier-Stokes equations. For example, relative pressure drop across a stenosis can be determined from the velocity measurements using this approach [27] (Fig. 3). All of these measurements are limited by partial volume effect, phase errors, aliasing and motion. Fortunately, strategies are in development to speed analysis by using automated segmentation, quantification, aliasing corrections and methods to improve streamline, and particle path displays by reducing vector divergence [28–32].

Clinical applications
4DFlow MRI of intracranial atherosclerosis
The current standard of care for treatment of symptomatic intracranial atherosclerotic disease is medical therapy rather than percutaneous endovascular therapy due in large part to the SAMMPRIS trial in 2011 [33]. However, the only imaging parameter utilized in this trial was percent vessel stenosis. Furthermore, about 12 % of the medical therapy group reached the primary endpoint of stroke or death within 1 year of a symptomatic stroke related to an atherosclerotic plaque raising the likelihood that a certain subset of patients could benefit from more advanced risk stratification and treatment options.
Certain hemodynamic conditions predispose patients to the development and progression of atherosclerotic plaques. The most clearly identified relationship of this nature is the development of atherosclerotic disease in regions of low wall shear stress. Wall shear stress (WSS) is detected by the endothelial cell surface mechanoreceptors which signal the cell regarding the presence of elevated, normal or low wall shear stress. Normal or high wall shear stress promotes reorganization of the cell cytoskeleton, tightens endothelial cell junctions and reduced the endothelial cell permeability to lipids. Whereas, low wall shear stress promotes endothelial cell disorganization, reduces tight junctions and increases permeability to lipids [34]. For example, atherosclerotic disease is most often encountered in the bulb of the carotid bifurcation where there is recirculating flow and low wall shear stress demonstrated by 4Dflow MRI [35–37].
Studies of intracranial stenosis hemodynamics using computational fluid dynamic models (CFD) based on 3D CTA data have been performed in patients with stenosis of the proximal middle cerebral artery greater than 70 %. In a study of 32 patients, the risk of recurrent stroke increased as the spatial gradient of the flow velocity increased within the stenosis. Interestingly, the risk of recurrent stroke did not correlate with the degree of stenosis measured by DSA in this group of patients [38].
Intracranial arterial WSS has also been studied with 4Dflow MRI. Large vessel arterial wall shear stress decreases with age, drops significantly during the 5th decade of life, is lower in males than females, and is lowest in the anterior cerebral arteries [39]. These relationships are likely influenced by multiple factors as humans age including increased vessel diameter, decreased blood flow [39], and other contributions such as cardiac output, blood pressure and hormone effects. Other 4DFlow MRI studies have been used to assess vertebrobasilar insufficiency [40], endovascular stenting [41], subclavian steal [42], extracranial-intracranial (EC-IC) bypass [43], and cerebrovascular blood flow reactivity to carbon dioxide inhalation [44].
Recent reports using contrast enhanced 3D T1 weighted black blood arterial wall imaging have demonstrated that intracranial atherosclerotic plaque wall enhancement is associated with an increased likelihood that the plaque is the culprit plaque responsible for the ischemic event [45, 46]. The wall enhancement has been shown to decrease with time after the event [47]. Intracranial plaque morphology including intra-plaque hemorrhage [48, 49] and increased lipid rich necrotic core volume [50] have also been established as stroke risk factors. In addition, carotid artery studies have demonstrated that complex plaque morphology including intra-plaque hemorrhage, thrombus or fibrous cap rupture is located predominantly on the ipsilateral side of stroke [51–53].
4DFlow MRI provides an opportunity to explore wall-flow-lesion interactions utilizing the combination of vessel wall imaging, 4Dflow and vessel lumen morphology. Unfortunately, achieving the high spatial resolution required to quantitatively depict the intracranial vasculature is challenging due to competing factors including SNR, scan time and artifacts. This is especially true for 4Dflow and CE-MRA. Current investigations of ultra-short echo (UTE) imaging suggest that UTE increases acquisition efficiency while offering improved flow compensation, increased spatial resolution and robustness to artifacts [14] (Fig. 4).[image: A40809_2016_19_Fig4_HTML.gif]
Fig. 4Left middle cerebral artery stenosis in a patient with diffuse atherosclerotic disease. Images a–c are displayed as curved vessel reformations. a The ultra short echo time CE MRA demonstrates a stenosis of the proximal left middle cerebral artery (arrow). b Arterial wall enhancement is seen on post contrast T1BB at the location of the stenosis (arrow) and distal to the stenosis. c Elevated 4Dflow MRI velocities derived from the ultra short echo time acquisition are identified within the stenosis suggesting that the lesion is hemodynamically significant. d Streamlines generated through the stenosis demonstrate a helical flow pattern (arrows)




                        

4DFlow MRI of intracranial aneurysms
There is intense investigation into aneurysm hemodynamics and how flow contributes to aneurysm formation, growth and rupture. Although the major of investigations have been based on computation fluid dynamics modeling (CFD) [54–58], it is clear that 4DFlow MRI provides information similar to CFD and can contribute to the hemodynamic assessment of intracranial aneurysms [24, 59–62].
Aneurysm hemodynamic patterns can be grouped into three categories: 1) entry events, 2) intrasaccular flow characteristics and 3) wall/flow interactions. Entry events are comprised of measured inflow concentration indices related to the inflow jet. Intrasaccular flow characteristics consider features such as vorticity, vortex core line length as well as ratios of kinetic energy, shear strain rate and viscous dissipation. Finally, wall/flow interactions include maximum and minimum WSS measurements, shear concentration index, area of aneurysm exposed to low WSS, and oscillatory shear index [63].
Sforza et al [63] also found that the hemodynamic environment predisposing to aneurysm growth was composed of a concentrated inflow stream leading to complex intrasaccular flow patterns; specifically, patterns characterized by areas of concentrated high WSS accompanied by larger areas of low WSS. They concluded that the concentrated inflow stream disperses into complex intravascular flow streams that produce non-uniform WSS distributions with concentrated areas of high WSS and large areas of low WSS. They propose that these hemodynamic conditions represent the features which promote aneurysm growth. They also noted that the same trends were observed in rupture versus non ruptured aneurysms. As 4DFlow MRI methods evolve, similar measurements of in vivo hemodynamics will be possible and will be able to provide objective criteria to aid in aneurysm risk stratification.
Meng et al. [64] tried to unify conflicting CFD data by proposing that in large aneurysms low WSS promotes wall inflammation through an inflammatory cell mediated pathway leading growth. Whereas, in small aneurysms or blebs high WSS and a positive WSS gradient promotes a different mural cell mediated inflammation pathway leading to growth and rupture.
Using contrast enhanced 3D T1 black blood wall imaging, several reports have demonstrated an association of aneurysm wall enhancement with aneurysm growth or rupture [65–67]. Additional approaches are being developed that combine 4DFlow MRI and 3D T1 black blood imaging of the aneurysm wall to link aneurysm wall thickness and wall enhancement to specific flow dynamics [68] (Fig. 5).[image: A40809_2016_19_Fig5_HTML.gif]
Fig. 5Aneurysm of the supraclinoid carotid artery. a and b The CE MRA and 3D TOF MRA demonstrate that the aneurysm has a more spherical proximal component and a distal outpouching (arrow). c The distal outpouching and apex of the aneurysm enhance on the 3D T1 weighted contrast enhanced black blood image (arrow). d and e The streamline displays reveals vortex flow (arrow) and a central vortex core (line) in the proximal spherical component of the aneurysm. The distal outpouching has low flow velocity and presumed low wall shear stress




                        
To provide risk stratification, the flow and wall imaging features will need to be correlated with other known vascular health factors (smoking, hypertension, family history, collagen vascular disease) and individual patient details (size, location, age, gender) to allow further predictability for risk of aneurysm growth and rupture [69].

4DFlow vascular malformations
Imaging cerebrovascular arteriovenous malformations (AVMs) with high flow and rapid arteriovenous shunting presents several challenges. The malformations are often supplied by multiple arterial pedicles and have complex anomalous venous drainage necessitating a large field of view that encompasses the majority of the cerebrovascular system. High spatial resolution for imaging small vessels and high temporal resolution for detecting rapid arteriovenous shunting is needed to adequately characterize AVMs. The classification of AVMs requires description of size, location, arterial supply and venous drainage. This information enables Spetzler-Martin grading [70] which predicts operative morbidity and mortality. DSA has long been considered the gold standard for full characterization of AVMs due to exceptional temporal and spatial resolution. However 4DFlow MRI has emerged as a tool capable of characterizing size, location, arterial supply and drainage noninvasively. A major advantage of 4DFlow MRI is the ability to provide additional physiologic information including velocity, flow volume, wall shear stress, pressure gradients, streamlines and flow path lines [71]. The hemodynamic features combined with the morphological image provide an expanded perspective on the impact of the AVM on global cerebrovascular blood flow (Fig. 6). Selective vessel imaging can be accomplished by vessel segmentation and seeding of streamlines at the origin of the vessels of interest [31, 72] (Fig. 7).[image: A40809_2016_19_Fig6_HTML.gif]
Fig. 6Left frontal lobe Arteriovenous Malformation. a 4D Flow Coronal MIP demonstrates an enlarged Left MCA opercular branch (red arrow) supplying a small frontal lobe AVM (circle) and a cortical draining vein (white arrow). b Streamline flow displayed in the coronal plane reveals preferential flow in the feeding artery (red arrow) and draining cortical vein (white arrow). c 4DFlow Axial MIP displaying the main arterial feeder (red arrow) and largest draining cortical vein (white arrow). d Quantitative 4D flow analysis (axial projection) reveals moderately elevated flow volume in the arterial feeder of 55 mL/min (measured at the red lined) and nearly matching venous outflow of 52 mL/min (measured at the blue line)




                           [image: A40809_2016_19_Fig7_HTML.gif]
Fig. 74DFlow MRI Cartography of a right parietal brain AVM. Top row: Sagittal, axial and coronal 4DFlow MRI MIP images of the AVM. Bottom row: Selective streamline display demonstrates a large MCA branch feeding artery and the dominant draining cortical vein. Images courtesy of Michael Loecher, PhD




                        
Wu et al [73] demonstrated that there was a relationship between the macrovascular hemodynamics of AVMs and the microvascular effects on tissue perfusion. In this study, higher grade Spetzler-Martin AVMs were associated with higher peak velocity and blood flow in feeding arterial vessels and higher blood flow in draining veins. As postulated previously, these macrovascular parameters lead to a steal phenomenon affecting microvascular tissue perfusion with an inverse relationship between perinidal perfusion measures including cerebral blood flow (CBF) and cerebral blood volume (CBV) with macrovascular arterial and venous blood flow. However, these parameters did not predict symptomatic presentation and were not associated with other previously described AVM risk factors (deep AVM location, deep venous drainage, associated aneurysm or venous stenosis). Time integrated 3D path lines of the entire cerebrovasculature can be color coded to provide a pre surgical roadmap of large feeding arteries and draining vessels. This approach has been successfully used to select target vessels for staged embolization and to follow the results of embolization [74]. Recent work by Wu et al [75] also demonstrates the value of 4DFlow MRI to precisely define the hemodynamics of a particularly complex AVM guiding surgical intervention.
4DFlow MR Imaging has also proved useful to assess dural arteriovenous fistulas (DAVFs). Delineation of the arterial anatomy and venous drainage is essential for the Cognard classification [76] of DAVFs. Similar to AVMs the 4DFlow data can be used to isolate flow in individual vessels providing selective display of streamline flow. Using this technique it may be possible to classify DAVFs using the Cognard system and provide a vascular roadmap for surgical planning [29, 72].
In contrast to AVMs, DAVFs often present less aggressively with symptoms of pulsatile tinnitus rather than intracranial hemorrhage. Often times the only imaging clue to the presence of a DAVF is asymmetric early venous filling on time resolved contrast enhanced MRA. A new approach called HYPRFlow combines a dynamic time resolved contrast enhanced MRA during the passage of a contrast bolus with a 4DFlow acquisition which is used to improve the image quality of the time series using an innovative reconstruction method (constrained reconstruction) [77]. Initial experience using HYPRFlow MRI with DAVFs demonstrated excellent arteriovenous separation, high resolution vascular images and concordant Cognard classification with DSA [78].

4DFLOW MRI dural sinuses
4DFlow MRI is the only imaging modality that can assess global intracranial venous blood flow and hemodynamics in adults. 4DFlow MRI has been shown to be accurate and reproducible for measuring dural sinus flow velocity, flow rate and demonstrating streamline flow in normal subjects [79]. In the sagittal sinus, blood flow velocity and blood flow rate increases from anterior to posterior as the sagittal sinus increases in size. The transvers sinus velocities and flow rates are dependent on the anatomic configuration of the transverse sinus and torcular herophili. Small venous structures are less reliably assessed due to limitations in spatial resolution and low signal due to very slow flow. Reference values for dural sinus velocity and blood flow rates in normal subjects are available for comparison across age groups and provide a foundation for developing clinical applications [79].
The role of 4DFlow MRI in the diagnosis and follow up of dural sinus thrombosis continues to evolve. Recent comparisons of 4DFlow MRI to contrast enhanced 3D GE T1 weighted imaging demonstrated false positive results for 4DFlow MRI ranging from 4.7 to 8.2 %. This was due to signal loss in regions of complex/turbulent flow, susceptibility artifacts and very slow flow. 4DFlow MRI also missed 10.4 % of thrombosed segments detected by 3D GE T1 weighted imaging [80, 81]. One limitation of this comparison is that the authors did not include the magnitude images in the review. In the setting of possible dural sinus thrombosis, the 4DFlow MRI exam should be obtained following the administration of a gadolinium contrast agent. In this instance, the magnitude images from the 4DFlow MRI acquisition are the equivalent of contrast enhanced 3D GE T1 weighted images. The contrast enhanced magnitude images are not flow encoded and thus do not suffer from velocity dependent signal loss. Including these images would likely have reduced the number of false positives. In addition to the magnitude images, 4DFlow provides objective blood flow data that allows for qualitative and quantitative assessment of treatment related improvements in dural sinus blood flow [79].
Another important application of 4DFlow MRI is the assessment of dural sinus flow in patients with intracranial hypertension due to venous outflow obstruction. In this population flow velocity and relative pressure measurement can assist in the monitoring of therapy and assess the results in interventions such as dural sinus stenting. Esfahani et al. assessed five patients with intracranial venous hypertension and dural sinus stenosis [81]. The mean pre-stenotic intravenous pressure measured by endovascular catheter placement was 45.2 mm Hg and decreased to 27.4 mm Hg following stenting. In these patients, the total jugular flow measured by 4D Flow MRI increased by 260.2 mL/min. Analysis of changes in intravenous pressure and 4D flow were highly correlated (Pearson correlation r = 0.926, Wilcoxon signed rank test p = 0.4) and all patients displayed clinical improvement at 6 weeks. The role of 4DFlow MRI may significantly expand in this patient population as post processing methods become more generally available to non-invasively calculate pressure gradients within the dural sinus from the velocity data (Fig. 8).[image: A40809_2016_19_Fig8_HTML.gif]
Fig. 8Idiopathic intracranial hypertension. a The axial 4DFlow MRI image demonstrates a stenosis of the right transverse sinus (arrow). b The CE MRA confirms a stenosis at the junction of the transvers and sigmoid sinus (arrow). c The 4DFlow MRI velocities are elevated in the stenotic segment (arrow). d The relative pressure map reveals higher pressure in the transvers sinus (white arrow) compared to the stenotic segment and distal sigmoid sinus




                        

Alterations in 4DFlow and pulsatility related to dementia
There is increasing evidence that cerebral arteries are often morphologically altered and dysfunctional in Alzheimer’s disease (AD) [82]. Cerebral blood flow, arterial pulsation and vasomotion are reduced in AD patients, and thus the normal perivascular transmission of metabolites out of the brain is diminished. The decrease in perivascular drainage may allow beta-amyloid protein to accumulate within the vessel wall. Vessel rigidity due to arteriosclerosis, atherosclerosis and amyloid deposition will ultimately translate into the inability to dissipate the systolic pressure created by the heart. Consequently, there is interest in non-invasive methods to assess cerebrovascular hemodynamics such as mean blood flow rate and pulsatility index (PI = (QmaxQmin)/Qmean; Q = flow) as potential systemic indicators of AD. The PI is a parameter dependent on the cerebrovascular resistance, the pulse amplitude of arterial pressure, and compliance of the cerebral arterial bed, and thus serves to characterize the cerebrovascular health. Due to temporal averaging, 4Dflow MRI mean velocities are approximately 30 % lower compared with transcranial Doppler ultrasound accounting for the differences between the techniques [83].
4Dflow MRI has demonstrated significant differences in the cerebral hemodynamics of an AD group when compared to cognitively healthy age matched controls [84]. There is a significant decrease in arterial mean blood flow in the AD population and a significant increase in PI, particularly the middle cerebral arteries and the cavernous internal carotids. An increased in intracranial PI is an indicator of increased distal resistance to blood flow within the microvasculature which is often related to small vessel disease [85]. These results are in agreement with other studies that have used TCD to determine the effect of AD on blood flow to the brain [82].


Conclusion
The barriers to the routine use of 4DFlow MRI to study cerebrovascular hemodynamics are gradually being overcome. The combination of parallel imaging, spatiotemporal acceleration and non-Cartesian sampling provides increase spatial resolution (<0.7 isotropic) and whole brain coverage in practical imaging times. Commercial packages are in development which will enable the clinical implementation of 4Flow and hemodynamic analysis. The physiological parameters derived from 4DFlow MRI will augment anatomical imaging and has the potential to improve characterization of the entire spectrum of cerebrovascular diseases.
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