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4. Research Background

Recent advances in magnetic resonance imaging (MRI) software and hardware have

made specialized imaging methods possible for a variety of clinical objectives.

Advances in MR angiography (MRA) have been particularly noteworthy, and MRA is

now available at many institutions. Standard MRA techniques such as time-of-flight

MRA (TOF-MRA) and phase-contrast MRA (PC-MRA) yield superior spatial

resolution, but several problems remain (6, 13, 38, 41, 65, 76). Intravascular turbulence

and the accompanying spin dephasing that can occur in areas of vascular bifurcation,

stenosis, and dilation cause signals to decrease (76). Moreover, imaging times are

around 10 minutes, and the degree of temporal resolution is low; thus, almost no

information on hemodynamics can be obtained. The reasons for this are outlined

below.

TOF-MRA is a widely used form of MRA that makes use of the inflow effect, in

which blood flowing into the imaging plane exhibits high signal intensity. However,
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capturing the inflow effect requires a large number of adjustments to ensure that blood

flow is as nearly perpendicular to the cross section as possible. This, combined with

the requirement for thin cross sections, results in long imaging times.

PC-MRA detects the changes in the transverse magnetic phase of protons in the

imaging plane (phase shift) that accompany motion within the gradient magnetic field

to yield information on phases within the flow encode gradient. By varying the size of

this gradient, flows of different velocities can be depicted, allowing differentiation of

arteries and veins. However, to capture blood flow over a wide area, it is basically

necessary to gather phase shift values for 3 separate images, i.e., along the x, y, and z

axes, which is a drawback because this step inevitably lengthens the imaging times.

Moreover, the size of the flow encode gradient must be determined in advance based

on the predicted blood flow velocity. If this value is not appropriate, the exam will not

yield accurate information. For example, while it is known that children have a greater



cerebral blood flow velocity than adults, it can be difficult to accurately predict the

degree of this difference. In addition, PC-MRA offers poorer depiction than TOF-MRA

in areas of turbulence.

A major advantage of both TOF-MRA and PC-MRA is that these methods do not

require contrast agents and can thus depict the vascular lumen noninvasively. However,

there are 3D contrast MRA techniques that have been devised to utilize the

T1-shortening effect of gadolinium (Gd) chelate MRI contrast agents to obtain

angiograms (4, 27, 29, 36, 51, 52, 55, 57, 59, 60, 61, 77, 78, 79). In the past,

excessive artifacts and other issues made acquisition of good-quality images difficult,

but advances in MR hardware and software, including newer high-speed imaging

methods and high-quality coils, have rapidly expanded the clinical use of 3D contrast

MRA. Since this method does not use the inflow effect and obtains angiograms

through the T1-shortening effect of the contrast agent, the results are not easily



influenced by the speed and direction of blood flow, turbulence, or other such issues

encountered with MRA that relies on the inflow effect, including failure to detect areas

of vascular stenosis and difficulty distinguishing blockages. Moreover, the images

produced by 3D contrast MRA are similar to those obtained using conventional iodine

contrast X-ray angiography, making interpretation relatively easy (39). To date, these

advantages have mostly been applicable to MRA for the thoracic and abdominal aorta,

pelvis, and legs because it is currently not possible to maintain sufficient spatial

resolution with 3D contrast MRA when imaging at less than 3 seconds per phase, even

with the most technologically advanced MR equipment. Because of this, 3D contrast

MRA has been unsuitable for short intracranial circulation times (18, 26, 33).

Acquiring hemodynamic information on cranial lesions, particularly cerebrovascular

disorders involving arteriovenous malformations (AVM) and fistulas, requires a

temporal resolution of at least 1 second per phase (10, 30, 46). Moreover, as
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hemodynamics plays an extremely important role in diagnosing certain lesions such as

cerebrovascular occlusions, vascular malformation, etc. (28, 48), it is necessary to be

able to differentiate arterial and venous phases. Several authors have reported attempts

to use 2D or projective contrast MRA in the limbs and trunk (1, 14, 26, 35, 71), but

despite some increase in speed, there have been no reports on attempts to use 2D

contrast MRA in assessments of the head.

To address this, | have devised a contrast MR digital subtraction angiography

technique (MRDSA, Appendix 1) that uses 2D imaging and an MRI contrast agent

(Gd chelate) with the objective of greatly improving temporal resolution and allowing

visualization of blood vessels in a manner similar to that achieved with regular

conventional X-ray digital subtraction angiography (intraarterial DSA, IADSA). |

established and tested basic imaging parameters, examined clinical applications for

intracranial imaging, and investigated methods of increasing speed and providing
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3-dimensionalization.

Specifically, the steps in my investigation of the potential clinical application of

MRDSA were as follows:

In Part 1, basic experiments were performed using several parameters to optimize the

pulse sequence for MRDSA imaging.

In Part 2, MRDSA was tested clinically in cases of cranial AVM. The images

produced with MRDSA were compared to those obtained by conventional angiography

to determine whether MRDSA could be a useful alternative to repeated angiographies

during the post-gamma knife observation period.

In Part 3, | applied parallel imaging technology, which is a high-speed imaging

method, to MRDSA to investigate whether improved temporal resolution would assist

the clinical evaluation of intracranial blood vessels.

In Part 4, evaluations of cerebral AVMs by X-ray IADSA and contrast-enhanced
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MRDSA 3-dimensionalized with time-resolved imaging of contrast kinetics (TRICKS)

were compared, and the usefulness of each technique examined. | employed TRICKS

sequence instead of stereoscopic 2D-SPGR because of the abundance of 3D

information with TRICKS over SPGR. Thus, this part was not actually reflected the

results of the Partl. | fixed the optimum TRICKS imaging parameters according to the

previous studies (7, 8, 58).

In all studies, informed consent was obtained from each patient or the patient’s

guardian in the case of underage patients prior to MRDSA and conventional catheter

angiography. That is, | followed standard procedure at the time. Nevertheless, | did not

submit these studies to institutional review board and the subsequent permission for the

retroscopic imaging studies (IRB No0.2561) might scarcely cover these studies.
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5. Part 1: Investigation of Optimal Conditions

5-1. [Introduction]

Recent advances in technology have resulted in a wide range of clinical applications

for MRA. However, there are several problems with TOF-MRA and PC-MRA, which

are the forms of MRA that many institutions use regularly. These problems include the

following: (1) despite possessing superior spatial resolution, imaging ability declines

due to signal loss in areas of vascular bifurcation, stenosis, dilation, and flexion; and

(2) the techniques cannot yield information on hemodynamics due to their low

temporal resolution. Thus, in this study, | have devised a method of 2D Gd chelate

contrast-enhanced MRDSA, with the objective of greatly improving temporal

resolution and to depict blood vessels with an image quality that is similar to that

obtained using conventional X-ray DSA, and have performed basic investigations of

this method.
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5-2. [Materials and Methods]

Experiments with the parameters described below were conducted to optimize the

imaging pulse sequence for a 1.5 tesla (T) MRI device (Signa Horizon, General

Electric, Milwaukee, Wis.; gradient magnetic field intensity, 23 mT/m; slew rate, 120

mT/m/ms). The imaging pulse sequence used spoiled gradient recalled echo (SPGR),

which is a high-speed gradient echo imaging method. Echo planar imaging is an ultra

high-speed imaging method that is currently possible with high-performance MRI and

is being applied clinically, such as in perfusion images. And imaging with SPGR is

possible even with low magnetic field devices that lack high-performance gradient

magnetic fields. Although its signal-to-noise ratio (SNR) is inferior to imaging

performed using high magnetic field devices, SPGR allows MRDSA to be performed

on a larger number of devices.

MR images are generated using parameters such as echo time (TE), repetition time

(TR), and flip angle (FA). For regular imaging, rough values for these parameters are
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determined. The 2D-SPGR method used with MRDSA in the present study has mostly

been used for high-speed imaging of post-contrast T1-weighted images in the trunk

and limbs. The parameters for these post-contrast studies cannot be considered optimal

for contrast imaging with MRDSA.. Therefore, my first step was to perform basic

examinations of several parameters to optimize the pulse sequence for this imaging

method. Basic imaging sequence is as follows.

MRDSA : TR/TE= 6.9/1.9msec, flip angle= 90°, bandwidth= 62.5kHz, FOV= 24 X

24cm, slice thickness= 50mm, Matrix= 512 X192, NEX (number of excitation)= 1.

a. Echo time (TE)

Signal intensity (SI) in 2D-SPGR is expressed by formula [1], below (25).

SI=p * {1—exp(-TR/T1)}/{1 —cos(a) * exp (-TR/T1)} - sin(a) = exp
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(-TE / T2%) [1]

(p = proton density; o = flip angle; T1 and T2* are intrinsic values determined by the

substance being imaged)

From formula [1], it is expected that shorter TE (msec) will produce higher ratios of

background signal to contrast-filled blood vessels. In other words, shorter TE should

theoretically result in better background to blood vessel signal ratios with 2D-SPGR

MRDSA because the T1-shortening effect of the MRI contrast agent will create

contrast between blood vessels and the background (51). To test this theory, the

repetition time (TR) was fixed at 10 msec while TE was varied from 1.7 msec to 5.0

msec while keeping all other parameters fixed. The differences in SI were examined by

placing a diluted contrast agent around the heads of volunteers and comparing Sl

measurements from a region of interest (ROI) of brain tissue with an ROI from the
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contrast agent. The Sl difference was divided by the standard deviation of the brain

tissue to determine the brain signal to contrast agent signal ratio (SSR, so-called SNR).

The contrast agent was diluted to a 1:16 concentration, supposing that a maximum

dilution concentration of about 1:16 would occur with intravenous injection of the

contrast agent at 5 mL/sec and an average cardiac output of about 80 mL/sec.

b. Repetition time (TR)

As demonstrated by SI formula [1], as the TR (msec) is decreased, the S, which

reflects the T1 value, increases. Furthermore, reducing TR also shortens the imaging

time. However, reducing TR generally decreases the SNR of the overall image. Here,

TE was fixed at 1.7 msec while TR was varied from 6.5 msec to 20 msec and the ratios

of blood vessel SI to background SI were calculated by the same methods used in (a).
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c. Flip angle (FA)

The spin echo method uses a 90° radiofrequency pulse (RF pulse). However, with the

gradient echo method used here, imaging is normally performed at 90° or less, and this

is called the flip angle (FA). The FA (og; Ernst angle) at which the Sl is greatest at

given T1 and TR values is generally expressed in formulas such as formula [2].

cos (ag) =exp (-TR/T1) [2]

However, the optimal FA for one type of tissue is not necessarily best for other tissues.

Thus, FA was varied from 10° to 90° and the same methods used in (a) and (b) were

employed to determine the ratios of blood vessel Sl to background Sl.

d. Contrast agent concentration
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MRI contrast agents have both a T1-shortening effect and a T2-shortening effect, and

therefore contrast agent concentration and SI do not have a linear relationship, and it is

necessary to investigate the optimal concentration for each parameter. Thus, a phantom

with the contrast agent diluted to several concentrations was created and then imaged

with the MRDSA pulse sequences so the SI could be compared.

e. Slice thickness

A characteristic of the proposed imaging method is its use of thick 2D slices. However,

it is known that thick slices lead to inaccurate slice profiles in MRI. Thus, to

investigate ideal thickness, another phantom (Fig. 1-1) was created and MRDSA

imaging was performed to compare the Sl at different thicknesses.
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5-3. [Results])

a. Echo time (TE)

The Sl of the diluted contrast media increased as TE was shortened, while the Sl of

brain matter remained constant. Thus, the SSR was inversely related to TE (Fig. 1-2).

b. Repetition time (TR)

The Sl of the diluted contrast media decreased slightly as TR was shortened, while the

Sl of brain matter decreased greatly. Thus, the SSR was inversely related to TR

(Fig. 1-3).

c. Flip angle (FA)

The SI of the diluted contrast media decreased markedly as FA declined, and the Sl of

brain matter increased. Thus, SSR was directly related to the FA (Fig. 1-4).
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d. Contrast agent concentration

The Sl of the contrast agent was highest at a dilution of around 1:8, and decreased with

both higher and lower concentrations (Fig. 1-5).

e. Slice thickness

The contrast agent SI and the contrast to noise ratio (CNR) decreased as slice thickness

increased. The signal decreased gradually even laterally along with slice thickness

(Fig. 1-6).
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5-4. [Discussion]

The TE and TR results were expected based on the principles of MRI. That is, a

contrast agent diluted in anticipation of smaller T1 values due to fat, which is a model

of blood vessels injected intravenously with a bolus, has a relatively small TE (3 to 10

ms), and as the TE decreases, the signal value increases. In contrast, the background

brain tissues exhibited relatively large T1 values, about 780 msec in white matter and

about 920 msec in gray matter, with 1.5 T imaging, and varying TE produced almost

no change in SI. Similar results were observed with TR, in that reducing TR was

important to shortening imaging times. The first conclusion that can be deduced from

the TE and TR results is that making TE as short as possible is tied to an increased

SSR.

The second conclusion is that the influence of FA should be considered so as to

maximize the Sl of the contrast media. This is because with a short TE, the contrast

agent has a larger effect on the SSR than does the brain matter.
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In the conditions of this experiment, the TE/T2* ratio was sufficiently small (TE <<

T2*) so as to make it negligible (TE/T2* = 0). Thus, the SI (formula [1]) can be

approximated as:

SI = p-{1-exp(-TR/T1)}/ {1 —cos(a) * exp(—-TR/T1)} - sin (a) [3].

Further, if exp (-TR / T1) is denoted as E, then formula [3] differentiated for a is:

dSD/da=p = (1-E) = [-2Ecos2(a)+cos(a)+E/2{1—cos (a)}][4].

Moreover, the T1 value for the contrast agent inside the blood vessels during MRDSA

imaging at 1.5 tesla can be expressed by the formula below (51) (Note: R is the T1

relaxivity of the Gd contrast agent).
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1/T1=1/1200+R - [Gd][5]

([Gd] = Gd contrast agent injection rate / cardiac output = concentration; R =

about 4.5 msec® + mmol™)

Thus, imaging with a 1.5 tesla device at TR = 6.5 msec and a Gd contrast agent

injection rate of 10 mL/sec would result in a T1 value of about 4 msec. E = exp (-TR /

T1) = 0.197 at this time, and withinthe 0 = o = 90° range, the differential

formula [4] always returns correct values. That is, the SI formula [3] is at its maximum

at oo = 90°. This is consistent with the results of the experiment.

The optimization of contrast agent concentration is unnecessary when intravenous

MRDSA imaging is performed, but | investigated the topic in anticipation of clinical

use of interventional MR (IVMR), which will require intra-arterial MRDSA. Generally,
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when undiluted MRI contrast materials are used, the T2-shortening effect will cause

the signal to decline. Thus, it is necessary to determine optimal concentrations for

intra-arterial administration. My finding that a 1:8 dilution is optimal applies to

intravenous imaging and indicated that contrast agents should be injected as quickly as

possible at the highest possible volume.

This leaves the discussion of slice thickness. Increasing slice thickness naturally

increases the number of protons within each pixel, which necessarily increases the SI.

In addition, since the signal is obtained in a state where the blood vessels and

background tissue are intermingled in the same pixel, the proportion of intermingled

background signals increases as slices become thicker. Accordingly, in my experiment,

the signal ratio of vessels filled with contrast to other background elements decreased

as slice thickness increased. Thus, slice thickness should be kept to a minimum based

on the nature of the lesion, although when capturing an overall image of the emissary

_26-



veins, the range ends up being large enough to cover the entire cerebral hemisphere.

Assessment of hemodynamics frequently plays an important role in the diagnosis of

intracranial lesions (28, 48). The short circulation time in the brain makes evaluating

hemodynamics with conventional CT angiography and MR angiography difficult, and

DSA using conventional X-ray examinations often remains the diagnostic tool of

choice for the head and neck region. The radiation hazard of X-ray DSA cannot be

ignored, particularly as lesions such as AVM or fistula are often seen in young people.

Moreover, although reports vary, other complications from repeated X-ray DSA exams

are observed in 0.5-1% of cases (24, 34), which means that the invasiveness of the

technique itself can be problematic. The advantages of the MRDSA technique

proposed here are its relatively low level of invasiveness and the ability to perform

repeated exams without risk of X-ray radiation exposure.

Regarding temporal resolution, it is thought that MRDSA could be an extremely
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useful supplement to conventional MRA, especially in diseases where temporal

resolution is helpful for diagnosis (i.e., AVM, moyamoya disease, etc.). Normally,

perfusion-weighted imaging, which utilizes the magnetic effect of the contrast agent, is

used in MRI evaluation of characteristics such as the development of collateral

circulation (56, 62, 72). Perfusion-weighted imaging can accurately evaluate local

hemodynamics and it has been even been reported to be useful for evaluating brain

tumors. While there is no need to doubt the utility of perfusion-weighted imaging, it

requires high magnetic field machines with high gradient performance, as well as

software for postprocessing. Although image processing has become simpler, it is still

complex, and interpretation of the resulting images is also challenging. As an

alternative, MRDSA offers both simple image creation and easy interpretation.

MRDSA images resemble conventional X-ray DSA images and can be said to depict

nearly the same information as X-ray DSA.
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5-5. [Conclusion]

The benefit of static imaging by MRA and CTA has been well documented, but in

many cases, additional information on hemodynamics is required. Moreover, temporal

resolution is particularly important in diagnosing cerebrovascular disorders, and

contrast MRA of the head and neck region is problematic because the short circulation

time causes depicted veins to overlap with arteries. Advances in MR technology have

shortened both TR and TE, which has reduced imaging times and made it relatively

easy to differentiate arteries and veins. However, it remains difficult to realize 1 slab

per second with 3D contrast MRA using existing technology. When temporal

resolution is a priority, 2D imaging is currently the more appropriate choice because of

the trade-off between temporal and spatial resolution in which prioritizing temporal

resolution means sacrificing spatial resolution. Thus, I have adjusted several different

conditions to optimize MRDSA imaging.
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1. Making TE and TR as short as possible.

2. FA should be 90°.

3. Making concentration of contrast agent as dense as possible (when 1V injection).

4. Slice thickness should be kept to a minimum based on the nature of the lesion.
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6. Part 2: Clinical Application of Magnetic Resonance Digital Subtraction
Angiography to Small- to Medium-Sized Intracranial Arteriovenous
Malformations

6-1. [Introduction]

Intracranial arteriovenous malformations (AVMs) are the underlying cause of a sizable

proportion of all strokes, and typically affect otherwise healthy young adults. In many

cases, early venous filling during conventional intraarterial digital subtraction

angiography (IADSA) may offer the only diagnostic clue in the detection of small

AVMs or postoperative, embolized, or irradiated AVMs with slow flow.

Flow-dependent magnetic resonance angiography (MRA) including three-dimensional

(3D) time-of-flight (TOF) or 3D phase-contrast (PC) MRA, which afford less

hemodynamic information, are useful for detection of AVMs involving abnormalities

by indicating feeding vessels, but high temporal resolution imaging is essential for

hemodynamic evaluation and may be an alternative to the more invasive IADSA

techniques in some cases. A clinical complication rate of 0.5 to 2% has been reported
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with IADSA (24), and IADSA has also been associated with a silent embolism rate of

up to 23% as confirmed on diffusion-weighted MR imaging (5). Efforts should be

undertaken to minimize the frequency of invasive procedures that are relevant to

associated diagnostic imaging.

MR angiographic images with display mimicking IADSA can be obtained by

combination of a bolus contrast injection, two-dimensional (2D) thick-slice acquisition,

and a subtraction technique. This 2D thick-slice magnetic resonance digital subtraction

angiography (2D MRDSA) may possess higher temporal resolution than 3D techniques,

and moreover, the protocol may provide sufficient hemodynamic data with which to

evaluate intracranial AVMs.

Several authors have reported 2D acquisition of contrast-enhanced (CE) MRA (1, 3,

14, 21, 26, 35, 68, 71, 80). Here, | evaluated the clinical applicability of 2D MRDSA in

the assessment of intracranial AVM in a group of patients who had undergone AVM
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radiosurgery at my institution to determine the accuracy of 2D MRDSA in comparison

to IADSA as a method for the evaluation of AVMs following gamma-knife

radiosurgery.
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6-2. [Materials and Methods]

Patients

Sixty-seven consecutive patients presenting with treated or untreated intracranial

AVMs who were referred to my institution for 2D MRDSA between November 9, 1999,

and June 11, 2001 were prospectively evaluated. Informed consent was obtained from

all participants after the nature of the procedure had been thoroughly explained. Eleven

patients underwent two 2D MRDSA examinations, which were treated as separate

cases in the database. Thus, a total of 78 2D MRDSA examinations were included in

the analysis. Patent AVM was present in 55 cases, whereas the remaining 23 cases

involved AVMs that had been obliterated following gamma-knife radiosurgery, as

confirmed on the basis of gold standard IADSA diagnostics. The study population

included 41 male and 37 female patients with a mean age of 36.3 years (range, 10 to 67

years). The examinations included 33 pre- and 45 post-gamma-knife radiosurgery

cases. All pre-gamma-knife studies were obtained within 4 days prior to the therapy,
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while the post-gamma-knife examinations were performed at least 5 months after the

treatment (5 to 117 months; mean, 39.0 months). Routine pre- and post-contrast MR

imaging including T2-weighted imaging (T2WI) and 2D MRDSA was conducted with

a 1.5-T MR unit (Signa Horizon, General Electric, Milwaukee, Wis.). In 53 of 78 cases,

IADSA was performed within 2 days of 2D MRDSA, and 32 of these 53 IADSA

studies were performed within 5 days prior to gamma-knife radiosurgery. Informed

consent was obtained from each patient or the patient’s guardian prior to MRDSA and

IADSA.

Two-dimensional magnetic resonance digital subtraction angiography (MRDSA)

sequence

The 2D thick-slice, ultra-fast continuous scan with a bolus injection of contrast

material was performed by fast spoiled gradient-echo sequence (TR/TE, 5.4/1.5 ms;
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flip angle, 60-90°; FOV, 24 x 24 cm; matrix size, 512 x 192; bandwidth, 62.5 kHz;

slice thickness, 70-80 mm). Images were obtained every 1.05 second after initiation of

bolus injection of 20 mL gadolinium chelates (generally at 8 mL/sec, although a slower

rate was used when placement of a large needle was difficult), followed by 20 mL of

saline, for a duration of up to 60 seconds on primarily sagittal planes covering a

hemisphere. The final image prior to contrast arrival (mask image, predominantly

around the tenth frame) was selected on the display and subtracted from later images.

Subtraction images (simple subtraction) were generated with commercially available

software (Advantage Windows, General Electric, Milwaukee, Wis.). Approximately 30

subtracted images were reconstructed within 1 min. Twenty of 60 subtracted images

were inverted by intensity and filmed for evaluation.
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Image analysis

Qualitative image analysis was independently conducted by two observers who were

blinded to the IADSA results during the initial reading of the 2D MRDSA images.

Each observer evaluated anatomic depiction of key components of the AVM, including

nidus flow voids on T2WI, feeding vessels, draining vessels, nidi, and early venous

filling on 2D MRDSA. When applicable, the 2D MRDSA images were then compared

with corresponding IADSA studies performed within about two days. All items were

rated on a three-point scale, with 1 = absent, 2 = equivocal, and 3 = present. In cases of

inter-observer disagreement, final decisions were reached by consensus. Cohen's kappa

values were calculated to establish inter-observer variance at the initial evaluation.
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6-3. [Results])

No complications were reported during 2D MRDSA procedures. At the initial

assessment of nidus flow voids on T2W1 and feeding vessels, nidi, draining vessels,

and early venous filling on 2D MRDSA, the observer ratings were in agreement in 68

(87%), 69 (88%), 74 (95%), 75 (96%), and 75 (96%) cases, respectively; Cohen's

kappa values (k) were 0.77, 0.80, 0.90, 0.93, and 0.92, respectively. In the 55 studies

representing patent AVM, the mean visualization ratings for nidus flow voids, feeding

vessels, nidi, draining vessels, and early venous filling on MR imaging were 2.8 (k =

0.68), 2.4 (k= 0.69), 2.6 (k= 10.89), 2.8 (k = 0.80), and 2.8 (x = 0.76), respectively. On

occasion, when large feeding vessels were visible on 2D MRDSA, the feeding and

draining vessels could be distinguished in separate frames of the 2D MRDSA (Figs.

2-1, 2-2) examinations. In instances involving AVMs accompanied by abnormal

intensities of hemosiderin or some other substances due to hematoma, the subtraction

technique allowed easy recognition of nidi and draining vessels by suppression of the
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signal from the hematoma. The results of the 2D MRDSA and T2WI evaluations and

the comparison of T2WI and 2D MRDSA findings are shown in Table 2-1 to 2-3. The

sensitivity, specificity, positive predictive value, and negative predictive value for

detection of AVM by 2D MRDSA were 87%, 100%, 100%, and 78%, respectively

(Table 2-1), while the sensitivity, specificity, positive predictive value, and negative

predictive value for nidus flow voids on T2W1 were 80%, 91%, 96%, and 66%,

respectively (Table 2-2). Nidus flow voids were equivocal or absent on T2WI in 4 of

78 cases, but early venous filling was clearly depicted on 2D MRDSA (Tables 2-3).

In 22 of 45 post-obliteration follow-up studies, IADSA was performed within 2

days of the 2D MRDSA examination. Residual AVM was visible on IADSA in 13 of

these 22 cases; in 4 of these cases, 2D MRDSA could not clearly demonstrate early

venous filling, while in 9 instances, it correctly predicted incomplete obliteration.
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6-4. [Discussion]

Gamma-knife radiosurgery is an effective form of treatment for about 70% of patients

harboring AVMs (11). Residual AVM carries a risk of hemorrhage, and follow-up

studies are required to confirm complete obliteration following radiosurgery.

Conventional catheter angiography (IADSA), which is regarded as the gold standard

for diagnosis of AVM, also carries some risk (5, 24). MRI and MRA can be used to

estimate the size of the nidus and to detect radiation-induced changes after

radiosurgery (22). During the typical follow-up after gamma-knife radiosurgery (11),

in instances where an obvious AVM nidus is visible on conventional MRI performed at

4- to 6-month intervals for 2 years, IADSA is recommended. Where evidence of AVM

remains on IADSA at 2 years, a 3-year follow-up angiogram is recommended.

According to this schedule, a patient presenting with AVM will undergo IADSA about

3 times on average, including the initial diagnostic or planning study prior to

radiosurgery. Since the location of the AVM has been shown on the preoperative
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IADSA evaluations, it is likely that the lesion can be adequately chased by my 2D

MRDSA technique at the follow-up evaluation, and the availability of this new method

may allow for the number of more invasive IADSA procedures to be limited to 1 or 2

examinations.

Non-contrast TOF MRA is currently the established method for non-invasive

evaluation of cerebral arteries (41, 76), and the use of dynamic CE MRA techniques

for the assessment of the aorta and its branches (27, 51, 52) as well as in the

assessment of the neck, pelvis, and extremities (55, 59, 60, 77, 78, 79) has rapidly

increased. Non-contrast 3D TOF MRA is not suited for visualization of slow flow, as

flow-related enhancement (i.e., the inflow effect) may not persist in the venous system

or in the distal portion of the slow-flow vessels (31, 76). The use of MR contrast agents

may allow a greater sensitivity for the detection of slow flow in vessels because they

produce remarkable shortening of intravascular T1 relaxation times (52). Thus, in
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comparison with non-contrast flow-dependent MRA, 3D CE MRA is useful for the

assessment of slow flow, especially within the distal portion of severely stenotic or

occluded lesions (55, 60, 77). Abnormalities indicating feeding vessels are the main

finding indicative of AVMs by flow-dependent MRA, but for some small lesions, early

venous filling detected by IADSA may be the only clue, meaning that flow-dependent

MRA may be insufficient in terms of locating small AVMs with narrow feeding vessels.

To address this, several authors have proposed contrast-enhanced time-resolved MRA

or MRDSA (3, 18, 21, 26, 33, 52, 68, 80) for improved temporal resolution of MRA.

At present, the majority of CE MRA studies are performed with 3D acquisition.

Advances in MR technology have allowed 3D CE MRA with high temporal resolution,

and state-of-the-art 3D MRDSA techniques, such as 3D TRICKS (33), can provide

temporal resolution of 2 to 6 sec and enable the separation of arterial and venous

phases in most portions, although, because of the rapidity of the intracranial circulation,
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it has remained difficult to separate arterial and venous phases in the brain; the reduced

scan times (increased frame rates) associated with 2D acquisition techniques for CE

MRA may be useful in these cases, as has been reported (1, 3, 14, 21, 26, 35, 68, 71,

80). In fact, the 2D technique in lieu of a 3D method readily reduces the scan time to

less than 1 sec. In addition, the 2D procedure permits acquisition of intracranial

hemodynamic information similar to that obtained with IADSA, including the

separation of the arterial and venous phases. The technique of contrast-enhanced 2D

thick-slice MRDSA with high temporal resolution presented here was able to

demonstrate intracranial hemodynamics in a fashion similar to that shown by

conventional IADSA, and when sufficiently large feeding vessels were visible on 2D

MRDSA, feeding vessels, nidi, and draining vessels could also occasionally be

distinguished on different frames of 2D MRDSA (Fig. 2-1). The images produced by

2D MRDSA were very similar to those of conventional IADSA, and the cine mode

_43_



display on a workstation allowed ready visualization of intracranial hemodynamics

without the cumbersome process of comparison of pre- and numerous post-contrast

images. The method of image interpretation for 2D MRDSA is also similar to that of

conventional IADSA, and thus should be a very familiar method for neuroradiologists.

Because it is still the gold standard, IADSA is necessary at some point during

follow-up after radiosurgery, and an additional advantage of 2D MRDSA is that it is

easy compared with the conventional IADSA studies by a similar display.

Although nidus flow void has been regarded as a relatively reliable lead to AVM, its

sensitivity is not high in comparison to its nearly perfect specificity (50). When the

continuity of an absence of signal intensity can be confirmed, it is a definitive sign of

the presence of flow void. However, because AVMs are often accompanied by

hemorrhage, consequent hemosiderin depositions around nidi lead to confused

interpretation. Moreover, thrombosed vessels may show hypointensity that mimics
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flow void. Furthermore, the appearance of the flow void often varies due to

distinctions associated with machine type, slice thickness, echo trains, and other setup

factors. Indeed, in the present results, agreement of two observers in terms of rating of

nidus flow voids was also low; however, on 2D MRDSA, despite the presence of

hematoma, the nidi and draining vessels were readily recognized because of the

suppression of signal from the hematoma resulting from the subtraction technique.

Theoretically, demonstration of early venous filling on 2D MRDSA is thought to be

superior to the finding of nidus flow void on T2WI in the assessment of AVM. |

encountered several cases in which residual AVMs were clearly recognized with early

venous filling on 2D MRDSA while the nidus flow voids were equivocal or absent on

T2WI (Table 2-3), although it was also true that within the same patient population,

there were several instances involving the detection of nidus flow voids in the absence

of early venous filling. In the case of especially small AVMs, it may be difficult to
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discern early venous filling on 2D MRDSA as a consequence of poor spatial

resolution.

Among various MR and CT angiographic (CTA) techniques, contrast-enhanced 2D

MRA is considered the most appropriate method with respect to visualization of

cerebral hemodynamics with high temporal resolution (3, 21, 26, 68, 80). Other

techniques such as TOF MRA, PC MRA, first-pass CE MRA, and 3D CTA exhibit

high spatial resolution and can provide 3D information as well and although temporal

resolution is usually low with these techniques and the detection of early venous filling

is relatively poor, the delineation of anatomic structures is excellent. Source images of

CE MRA or 3D CTA, or contrast-enhanced spoiled gradient-echo images, can depict

the nidus of the AVM itself (2, 22), and these images are useful for the planning of

stereotactic radiosurgery (2, 22). A drawback of the high spatial resolution of these

images is the potential for over-detection of enhanced structures such as post-surgical
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changes, radiation-induced changes, and enhanced resolving hematomas, which may

be misinterpreted as nidi of AVMs and may make judgment as to whether complete

removal or obliteration has been attained after surgical, interventional, or radiation

treatments difficult. The presence of residual AVM must ultimately be confirmed by its

patency in the end, and for this, my 2D MRDSA technique can furnish additional

information regarding hemodynamics with relatively little cost and risk. Furthermore,

as opposed to the substantially increased evaluation times resulting from the large

number of high spatial resolution images, 2D MRDSA results are displayed in similar

fashion to IADSA images and are readily interpreted. Obtaining 2D MRDSA images

with contrast requires only a short period of time with minimal post-processing.

IADSA provides more precise hemodynamic information, but, as noted, it is invasive

and is also accompanied by greater expense, and increased time and labor requirement,

again stressing the potential advantage of 2D MRDSA in terms of the reduced need for
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repeated IADSA examinations.

There are several limitations to 2D MRDSA. First, in cases of exceptionally small

AVMs, location of lesions may be vague if site information is not disclosed beforehand.

In follow-up studies, this disadvantage can be avoided by referring to previous IADSA

images, ensuring that imaging with 2D MRDSA when only traces of AVM remain

following obliteration treatment is not necessarily useless. Secondly, small vessels may

be obscure, probably due to the partial volume effect. The mean ratings for

visualization feeding vessels were low, as this vasculature is generally smaller than

nidi and draining vessels. Early venous filling may be the sole diagnostic indicator in

cases of small AVMs or post-operative, embolized, or irradiated AVMs with slow flow.

Thus, visualization of feeding vessels is not necessarily required for follow-up studies.

Third, overlap of vessels cannot be eliminated by alteration of view angles, as may be

possible with 3D imaging; this is one of the results of the trade-off between high
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temporal resolution of 2D imaging and high spatial resolution of 3D imaging. The

temporal resolution of 2D MRDSA does not surpass that of IADSA, but it is adequate

for identification of the flow of contrast material through each component of the AVM

(Figure 2-1, 2-2), and 2D MRDSA can, therefore predict the existence of residual

AVM and demonstrate hemodynamic changes following treatments such as

gamma-knife radiosurgery. Since frequent or periodic post-treatment examinations are

required for patients with AVM, it is useful to have reliable imaging techniques, such

as 2D MRDSA, that are less invasive and carry a lower known risk of radiation

exposure, than the conventional IADSA techniques.
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6-5. [Conclusion]

Two-dimensional thick-slice contrast-enhanced MR digital subtraction angiography

(2D MRDSA) exhibits sufficient temporal resolution to evaluate intracranial

hemodynamics in patients presenting with small- to medium-sized AVMs. The

temporal resolution is similar to that of conventional catheter angiography (IADSA).

My results indicate that 2D MRDSA has the potential to serve as a less invasive

dynamic angiographic method for follow-up evaluations in patients who have been

treated for intracranial AVMs diagnosed by IADSA.
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7. Part 3: Magnetic Resonance Digital Subtraction Angiography Using
Array Spatial Sensitivity Encoding Techniques in Assessment of
Intracranial Hemodynamics

7-1. [Introduction]

Two-dimensional (2D) thick-slice contrast-enhanced magnetic resonance digital

subtraction angiography (MRDSA) has been shown to be a suitable approach for

assessment of cerebral hemodynamics; in specific clinical situations, it may be an

alternative to conventional catheter angiography (3, 21, 68, 80). In combination with a

T1-shortening contrast agent and a digital subtraction technique, 2D thick-slice fast

spoiled gradient-echo sequence provides 2D angiograms characterized by high

temporal and spatial resolution.

High temporal resolution imaging is essential in the diagnosis of some intracranial

lesions, such as arteriovenous malformations and fistulas (AVM/F). Early venous

filling on conventional catheter angiography may be the only diagnostic clue with

respect to detection of small hemorrhagic AVMs and postoperative, embolized, or
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irradiated AVMSs. Due to marked shortening of intravascular T1 relaxation times,

contrast-enhanced MRA is more sensitive to slow flow than is non-contrast imaging

(31, 51, 76). The acquisition time (increase frame rate) of contrast-enhanced MRA

images is readily reduced by use of the 2D technique, and hemodynamic information

similar to that obtained with conventional catheter angiography (IADSA) can be

acquired, including separation of arterial and venous phases (3, 21, 68, 80).

Parallel image-encoding techniques (Appendix 2) such as array spatial sensitivity

encoding (ASSET, General Electric, Milwaukee, Wis.) and sensitivity encoding

(SENSE, Philips Medical Systems, Best, Netherlands), facilitate reduced acquisition

times in most MRI sequences via exploitation of information related to the distinct

spatial sensitivities of coil array elements (54, 71, 74, 75). This process is affected

when coil sensitivities are used as a means of signal encoding complementary to

gradient switching, resulting in scan time reductions secondary to reduction in the
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number of required phase encoding steps. Few studies on the use of the parallel

Imaging approach to reduce the acquisition time of contrast-enhanced MRA are

available (75), and to my knowledge, this technique has not been applied to the

evaluation of intracranial hemodynamics.

In this investigation, | propose combination of a 2D fast spoiled gradient-echo

(FSPGR) sequence with ASSET to generate 2D MRDSA images characterized by

improved temporal resolution. A two-fold ASSET reduction factor was utilized and

images produced by 2D MRDSA using ASSET were compared with those generated

conventional 2D MRDSA performed during the same examination, when available.
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7-2. [Materials and Methods]

Patients

A total of 28 patients who were referred to my institution for brain hemodynamic MR

examinations from March 16 to May 28, 2001 underwent prospective examination by

2D MRDSA with ASSET. The study group included 15 men and 13 women with a

mean age of 43.1 years (range, 19 to 84 years). There were 12 patients with AVM (8

with AVM proven by conventional IADSA, and 4 who had undergone gamma-knife

radiosurgery), 11 with brain tumors, 2 cases of infarction, a single case of AVF, and

one patient with angiitis. Among the brain tumors, there were 4 meningiomas, 3

metastatic lesions, 1 glioma, 1 hemangioblastoma, 1 hemangioma, and a single

hamartoma.

Routine pre- and post-contrast MRI and 2D MRDSA were conducted with a 1.5-T

MR unit (Signa Horizon Echo Speed, General Electric, Milwaukee, Wis.).

Conventional 2D MRDSA (in the absence of ASSET) was also performed in the same
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examination in 10 of 28 patients for purposes of comparison. Informed consent was

obtained from each patient or the patient’s guardian prior to MRDSA and IADSA.

Array spatial sensitivity encoding techniques (ASSET)

Array spatial sensitivity encoding is a fast parallel-encoding imaging technique

employing multiple receiver coils that exploits information related to the distinct

spatial sensitivities of the coils (54, 71, 74, 75), which allows for reduction of the

number of gradient phase encoding steps in order to speed image acquisition. The

reduction of the number of phase-encoding steps with respect to full Fourier encoding

is denoted by the ASSET reduction factor R. This reduction in phase encoding steps

results in immediate, significant reduction of acquisition time.

A flexible wraparound coil array (torso coil) consisting of four elliptical elements

(20 x 30 cm) was employed to achieve a two-fold ASSET reduction (R = 2) along the
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left-right phase encoding direction. Sensitivity-based image reconstruction has

important implications for the signal-to-noise ratio (SNR) of the resulting data, and

ASSET theory predicts that, unlike standard Fourier MRI, the noise level of volume

data in ASSET images is not homogeneous. Rather, the noise level undergoes

enhancement in regions where sensitivity relations are not optimal, and this effect is

described by the local geometrical SNR factor g, which depends on the imaging setup.

In the present implementation, the fast Fourier transform step was performed on the

MR scanner and ASSET reconstruction was executed off-line using MATLAB 6

(Release 12, Cybernet Systems Co., Ltd, Tokyo, Japan) on a Sun Ultra 5 workstation

(Sun Microsystems, Palo Alto, USA).

Two-dimensional magnetic resonance digital subtraction angiography (MRDSA)

sequence
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Two-dimensional thick-slice, ultra-fast continuous scan with a bolus injection of

contrast material was performed by FSPGR sequence and an array of receiver coils

was used for ASSET. The imaging parameters of 2D MRDSA with ASSET were as

follows: TR/TE, 5.4/1.5-1.6 ms; flip angle, 60°; FOV, 24 x 24 cm; matrix size, 256 x

256; (single) slice thickness, 50 mm (25 patients), or TR/TE 5.6-7.6 /1.3-1.6 ms and

slice thickness, 70 mm (3 patients: one with glioma, one with hemangioma, and one

with infarction). The imaging parameters for conventional 2D MRDSA using head

coils (10 patients) were as follows: TR/TE, 5.4-5.5 /1.5 ms; flip angle, 60°; FOV, 24 x

24 cm; matrix size, 256 x 256; slice thickness, 50 mm. Images were obtained after the

initiation of a bolus injection of 20 mL gadolinium chelates at 8 mL/sec, followed by

25 mL of saline flush, for a duration of up to 40 sec on a sagittal plane covering the

disordered hemisphere determined by conventional MRI. ASSET reconstruction was

performed off-line on the aforementioned workstation. The last image prior to contrast
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arrival was selected on the display as a mask image and subtracted from later images.

Subtraction images (simple subtraction) were generated with commercially available

software (Advantage Windows, General Electric, Milwaukee, Wis.). Twelve to twenty

of all subtracted images were inverted by intensity and filmed for evaluation.

Image analysis

Two observers independently performed qualitative image analysis. In cases of

interobserver disagreement, final decisions were reached by consensus. Visualization

of normal cranial vessels observed on 2D MRDSA using ASSET and on conventional

2D MRDSA was rated independently in blind fashion as follows: 1 = not seen

(including outside of FOV); 2 = seen but deteriorated; 3 = clearly seen. Observers

evaluated the anatomic depictions of the distal internal carotid artery (ICA), the

ophthalmic artery, the A1 and A2 segments of the anterior cerebral artery (ACA), the
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A3 and A4 segments of the ACA, the M1 and M2 segments of the middle cerebral

artery (MCA), the M3 and M4 segments of the MCA, the distal vertebral artery (VA),

the basilar artery (BA), the posterior cerebral artery (PCA), the superior sagittal sinus

(SSS), the straight sinus, the deep cerebral veins, the transverse/sigmoid sinus, and the

jugular vein. In instances where the A1 or M1 segment overlapped with the distal ICA,

the A2 or M2 segment was estimated exclusively. In 10 of 28 cases, 2D MRDSA using

ASSET was paired and compared with the corresponding sites on conventional 2D

MRDSA that had been performed in the same examination.

In patients with AVMs, the draining vessels of the AVMs and early venous filling

were evaluated on the 3-point scale described. In patients with brain tumors, tumor

stains on 2D MRDSA using ASSET were compared with those on conventional 2D

MRDSA.

Cohen's kappa values were calculated in order to ascertain interobserver variance of
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evaluation at the initial review and Spearman rank correlation was utilized to examine

the associations between the visualization ratings for 2D MRDSA with ASSET and

those for conventional 2D MRDSA.
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7-3. [Results])

ASSET acquisition and reconstruction were performed successfully in all but one

examination during which sufficient data could not be obtained due to the patient's

head movement during dynamic scanning.

An ASSET reduction factor of two was demonstrated. ASSET facilitated

improvement of the temporal resolution (frame rate) of a 256 x 256 matrix, from 1.45

second to 0.77 second per image, without loss of spatial resolution, The reconstruction

time of 2D MRDSA images using ASSET with 5-cm slice thickness was

approximately 40 minutes and was higher with a 7-cm slice thickness.

Table 3-1 summarizes the mean ratings for visualization of normal cranial vessels

in 24 patients (data of one patient were excluded as noted above) who underwent 2D

MRDSA using ASSET with 5-cm slice thickness on a sagittal plane. The data of 3

studies using 7-cm slice thickness were substantially poorer and were omitted from the

table.
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Table 3-2 summarizes the correlation between vascular visualization by 2D

MRDSA using ASSET and that of conventional 2D MRDSA. The 2D MRDSA with

ASSET provided somewhat poorer visualization in comparison with conventional 2D

MRDSA because of lower ratings for visibility of small vascular structures.

Figures 3-1 and 3-2 show a comparison of image quality obtained with the two

techniques. In all 10 patients who underwent comparison studies, the 2D MRDSA

images with and without ASSET were nearly identical in terms of contrast. However,

on the 2D MRDSA images with ASSET, the vascular edges were less distinct and the

visibility of small vessel branches was slightly diminished.

Nearly all draining veins in patients with patent AVM (8/8) were clearly detected by

2D MRDSA imaging with ASSET, while some draining vessels were overlooked on

conventional 2D MRDSA. Decreased temporal resolution creates ambiguities with

respect to discrimination between early venous filling and normal venous return

_62-



because these events appear on the same image, and Figure 3-1 demonstrates that

draining vessels were more readily perceptible on 2D MRDSA using ASSET than on

conventional 2D MRDSA. In 4 patients who had undergone gamma-knife radiosurgery

of AVM, 2D MRDSA using ASSET correctly predicted that there was no residual

lesion, and this finding was confirmed by conventional IADSA performed at a later

date.

Tumor stains were present in all 4 cases of meningioma, and both imaging methods

detected a first-pass stain in the patient with hemangioblastoma. A stain was also

evident in one hemangioma involving the right cavernous sinus. Stains were not

obvious in the remaining 5 brain tumors (11 cases total) with either method.
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7-4. [Discussion]

Conventional catheter angiography (IADSA) has been the gold standard for assessment

of intracranial hemodynamics, but it is associated with a number of risks (5, 24).

Non-contrast TOF-MRA and PC-MRA are established methods for non-invasive

evaluation of cerebral blood vessels (41, 76) but these methods provide only static

images of vascular structure and cannot provide hemodynamic information. Dynamic

contrast enhanced (CE) MRA is available for vessels of the trunk and extremities (27,

51,52, 55, 59, 60, 77, 78, 79), but the techniques are not generally applicable to the

rapid intracranial circulation because separation of arterial and venous phases cannot

be readily accomplished.

A number of attempts to accelerate CE MRA acquisition using conventional methods

have been reported, but most are associated with unacceptable losses in spatial

resolution. However, the usefulness of 2D acquisition techniques for reduced

acquisition times (increase frame rate) of CE MRA in comparison to the 3D modality
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has been reported (3, 80), and in these reports, it is shown that 2D MRDSA is able to

differentiate the arterial and venous phases of the rapid cerebral circulation. ASSET is

a promising new technique that also shortens acquisition time by reducing the number

of gradient phase encoding steps by substituting the information acquired by arrays of

receiver coils with known sensitivities. Theoretically, the ASSET technique can be

applied to all sequences. Thus, the combination of 2D MRDSA and ASSET should

provide further improvement in temporal resolution without compromising spatial

resolution.

In the present study, large cerebral arteries including ICA, proximal ACA, VA, and

BA were clearly depicted. Smaller arterial branches tended to be less visible in

comparison with large arteries. Middle portions of MCA (M2 and M3) tended to be out

of FOV due to narrow slice thickness (5 cm); consequently, ratings for visualization of

distal MCA were lower than those for visualization of proximal MCA. Visualization of
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venous sinuses and tributaries tended to be better than that of most other arterial

structures. These tendencies were compatible with previous reports as to conventional

2D MRDSA (3, 80). However, 2D MRDSA using ASSET displayed slightly reduced

vascular visualization in comparison with conventional 2D MRDSA due to poorer

ratings for small vascular structures (Table 3-2). When conventional 2D MRDSA

scans were acquired for comparison with ASSET studies, there was residual contrast

agent from the preceding ASSET scan visible in the wide blood vessels and

subcutaneous tissues of pre-subtraction images that became less conspicuous following

the digital subtraction procedure. Generally, the SNR decreases due to the ASSET

reduction factor R and the geometrical SNR factor g. However, as a consequence of the

high baseline SNR of CE MRA, this SNR reduction did not have a perceptible impact

on the diagnostic value of the resulting subtraction images obtained in this study. The

most noticeable difference between the two methods was the existence of residual
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fold-over artifacts on the images acquired with ASSET.

On the other hand, despite these disadvantages, the higher temporal resolution of the

ASSET images resulted in superior and more precise depiction of intracranial

hemodynamics on the first pass of the contrast agent, including visibility of a pure

capillary phase between the arterial and venous phases and of a pure venous phase

prior to arterial recirculation. Although the temporal resolution did not surpass that of

traditional IADSA, it was adequate with respect to identification of the flow of contrast

material through each portion of the intracranial vasculature.

It is particularly desirable to avoid multiple invasive arterial catheterization

procedures in children, and 2D MRDSA may allow this. Moreover, as children possess

faster circulation times in comparison with adults, the improved temporal resolution

associated with 2D MRDSA using ASSET may be extremely useful, as it provides

even more precise hemodynamic information than does conventional 2D MRDSA. The

_67-



availability of cine mode displays on workstations facilitates examination of

intracranial hemodynamics without troublesome comparisons involving numerous pre-

and post-contrast images, and the similarity of images produced by 2D MRDSA to

those produced by conventional IADSA is helpful to the examining neuroradiologists.

A basic requirement for obtaining artifact-free ASSET reconstruction is an identical

coil configuration for the reference and the contrast-enhanced scans. Since the head

can be adequately fixed during the examination, the ASSET technique is suited for the

head scan. At present, only torso coil is available for ASSET processing. Nevertheless,

a rigid frame for the head scan might be convenient for better examination efficiency.

In theory, the ASSET technique, in addition to reducing scan time in 2D MRDSA,

can be used to improve spatial resolution or SNR. For example, doubling the repetition

time under ASSET, i.e., substantially maintaining an acquisition time identical to that

of conventional 2D MRDSA, may result in improved SNR and sharpened image
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quality due to T1 relaxation. On the other hand, 2D MRDSA offers the possibility of

controlling the signal level via dosage and injection rate of the contrast agent. For

instance, at a constant scan time, a higher SNR can be attained by injection of elevated

total doses of contrast agent at a higher rate. However, the signal gain achievable with

high concentrations of contrast agent concentrations is limited by the concurrent loss

due to increased T2* decay (64).

My novel method of 2D MRDSA using ASSET had several limitations. First,

visualization of vascular structures was relatively vague in comparison to conventional

2D MRDSA. Blurring at vascular edges may be attributable to insufficient sensitivity

compensation or decreased sampling data of high frequency components divided by

each receiver coil, impaired SNR, or other factors. Additionally, smaller vessels tend to

be further obscured as a consequence of the partial volume effect. Increased slice

thickness itself may adversely influence the ASSET procedure, e.g., via deterioration

_69-



of the geometrical factor g.

In contrast to conventional image reconstruction, ASSET processing includes

intensity correction, i.e., compensation for non-homogeneous coil sensitivity. While

this does not affect SNR, it does result in non-homogeneous noise scaling. The two

methods differ in the behavior of image SNR and as a result, direct comparison cannot

be achieved due to the use of different coils in the two methods. Generally,

geometry-related noise enhancement, as specific for ASSET reconstruction, is

described by the geometrical SNR factor g; moreover, at two-fold reduction in the

left-right direction, the applied coil arrangement warrants geometrical factors

approaching the optimum value of 1.0. This phenomenon occurs for each pair of

aliased pixels because the sensitivity relations between the four coils are clearly

distinct.

Secondly, at the present time, the aliasing artifact remains slight, which may be due
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to inadequate sensitivity compensation. Generally, this artifact can be distinguished

easily from intracranial structures when it exhibits a typical shape at typical locations.

However, it is occasionally difficult to observe the site overlapped by this artifact; this

was demonstrated in the present study when we encountered a single patient displaying

a wrap-around stain of nasal mucosa that mimicked the nidus of a parietal AVM.

Third, approximately 40 minutes were required to generate one series of 256 x 256

matrix images, and additional time was necessary to generate 512 x 192 matrix images,

which was attributable to off-line reconstruction. Nevertheless, provisions for on-line

reconstruction are available, which can result in completion of post-processing within

several minutes.
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7-5. [Conclusion]

The usefulness of ASSET for improving the temporal resolution of 2D MRDSA was

examined. ASSET is able to evaluate each slice of a 2D MRDSA sequence in

sub-second order, permitting satisfactory evaluation of patients with AVM, and | have

concluded that 2D MRDSA with ASSET possesses an important advantage in terms of

its potential to serve as an alternative to more invasive conventional IADSA

procedures.
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8. Part 4: Clinical Application of 3-Tesla Time-Resolved,
Contrast-Enhanced, Three-Dimensional Magnetic Resonance
Angiography to Arteriovenous Malformations

8-1. [Introduction]

The diagnosis of cerebral AVM requires delineation of its components: location, size,

nidus morphology, feeding arteries, and draining veins. In the pretreatment evaluation,

conventional catheter angiography (IADSA) is regarded as the most suitable tool

because of its high spatial and temporal resolution. Its clinical complication rate of

<1% (12) is considered acceptable against its benefit of proving key information on

small feeding arteries and draining veins that is required by clinicians for determining

the best management options for the affected patients (i.e., neurosurgical intervention,

endovascular embolization, or stereotactic irradiation).

In screening and follow-up examinations, however, less invasive diagnostic tools

with less or no radiation exposure are desirable. Thus, the use of contrast-enhanced

MR angiography (MRA) with high spatial resolution has become an accepted
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alternative to conventional IADSA for the screening and post-treatment assessment of

AVM (16, 32).

Time-resolved imaging of contrast kinetics (TRICKS, Appendix 3) is a new

method of time-resolved 3D MR digital subtraction angiography (DSA) (33) that can

achieve adequate temporal and spatial resolution for evaluation of AVMs (10, 17, 19,

42, 75), especially with 3-T imaging (7, 8, 58). In this study, I investigated the

accuracy of 3-T TRICKS vs. conventional IADSA in the assessment of AVM.
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8-2. [Materials and Methods]

Patients

| searched my hospital’s imaging records from the period between November 2006 and

November 2007, and recruited 31 patients (14 men and 17 women; mean age, 38.3

years; range, 16—74 years) who were known to have or to have had AVMs (Table 4-1).

All patients underwent conventional catheter angiography and TRICKS with the 3-T

system with an interval of <1 month between modalities. All patients had an adequate

glomerular filtration rate (>30 mL/min/1.73 m?) and were referred for MR imaging

according to the accepted protocol for the clinical evaluation of AVM at my institution.

Informed consent was obtained from each patient or the patient’s guardian prior to

MRDSA and IADSA.

Twenty-three AVMs were located in the supratentorial circulation (2 frontal, 7

parietal, 6 temporal, 5 occipital, 1 basal ganglia/thalamus, and 2 in the corpus

callosum) and 4 were in the infratentorial circulation (1 pons, 1 cerebellum, and 2 in
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the cerebellopontine angle). In the remaining 4 cases, the AVMs were angiographically

obliterated after radiosurgery.

Magnetic resonance imaging

The MRI examinations were performed with a 3-T superconducting system (Signa 3.0

T HDx System, GE Healthcare). Time-resolved imaging of contrast kinetics (TRICKS)

was performed in combination with conventional MRI sequences. The images were

obtained in the sagittal plane, including imaging of the internal carotid artery on the

lesion side in all cases. The imaging parameters for TRICKS were as follows: TR, 4.3

msec; TE, 1.5 msec; flip angle, 20°; FOV, 240 x 190 mm; acquisition matrix, 384 x

256; section thickness, 4.0 mm (resolution doubled using zero-fill interpolation

processing) to obtain 6.4-cm volume coverage, 83.3-kHz bandwidth, and an excitation

value of 0.5. Parallel imaging with a reduction factor of 2 was applied. The TRICKS
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reconstruction generated 48 time-resolved phases with a frame rate of 0.8 seconds per

volume. About 15 mL of gadoteridol (Prohance, Bracco) or gadodiamide (Omniscan,

Nycomed) was injected at 4 to 10 mL/second with a power injector (Spectris Solaris

EP). The first volume was subtracted from subsequent volumes to eliminate

background nonvascular signal intensity and then the MIP was reconstructed.

Conventional catheter angiography (IADSA)

IADSA was performed with a 4 or 5 Fr catheter via the femoral artery and a filming

rate of 2 to 3 images/second, a 1024 x 1024 matrix size, and a 20-cm FOV.

Angiography included selective injection of the internal carotid, common carotid, or

vertebral arteries in the frontal and sagittal views and additional views as necessary.

For each projection, a 6 to 18 mL bolus of iodinated contrast material, iopamidol

(lopamiron, Japan Schering) or ioversol (Optiray, Yamanoushi Pharmaceutical), was
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injected at 2 to 6 mL/second using a power injector.

Image interpretation

Two neuroradiologists, both blinded to the results of either study, independently

reviewed the TRICKS results using source and maximum intensity projection (MIP)

images. For the initial evaluation, observers checked for a patent nidus. Next, in cases

of patent nidi, the characteristics were evaluated according to the Spetzler-Martin

classification (63). Nidi were classified into 1 of 3 groups according to size: small (<3

cm), medium (3 to 6 cm), and large (>6 cm). Venous drainage was categorized as

superficial only or including the deep venous system, and the location was categorized

as being in an eloquent or noneloquent area. The venous drainage was defined as

superficial if the veins drained into the cortical venous system and as deep if the veins

drained into the great vein of Galen, the straight sinus, or the cavernous sinus. After
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evaluation of each factor, the grade was calculated according to the scoring system (63).

Early venous filling was evaluated in addition to the Spetzler-Martin classification in

cases of patent nidi.

The IADSA examination results were reviewed by 2 other neuroradiologists as

reference images. Each AVM shown on the conventional catheter angiography films

was analyzed in a same manner as the TRICKS images.

Statistical analysis

All statistical studies were performed with commercially available software (JMP 6,

SAS Institute). Kappa values were calculated for Spetzler-Martin grade agreement of

TRICKS between both observers, and correlation with the results of the IADSA

evaluations. The Wilcoxon signed-rank test was used to analyze interobserver

variability on nidus and early venous filling detection. Sensitivity and specificity were
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calculated to assess the diagnostic accuracy of TRICKS compared with that of IADSA

in terms of detection of nidi and early venous filling. Kappa values of up to 0.4

indicated a positive agreement but poor correlation, 0.41 to 0.6 reflected moderate

agreements, 0.61 to 0.8 indicated good agreement, and values of 0.81 to 1 indicated an

excellent agreement or correlation. For Wilcoxon signed-rank tests, probability values

(p) <0.05 were regarded as significant.
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8-3. [Results]

No complications were reported during the MR or IADSA procedures. We successfully

obtained continuous serial hemodynamic images in all 31 cases. Of the 31 patients, 4

had AVMs that were angiographically obliterated after treatment. Embolization had

previously been performed for 2 AVMs and radiosurgery for 4; there were 2 cases with

residual hematomas detected by TRICKS.

Interobserver agreement

There was complete agreement between 2 observers in nidus detection (p > 0.05). With

regard to the detection of early venous filling, there was disagreement in only 1 case (p

> 0.05). Interobserver agreement was good for Spetzler-Martin grade (k = 0.61): there

were discrepancies between the 2 observers regarding nidus size in 3 cases, location in

3, and visualization of venous drainage in 3 cases. In the cases with interobserver

disagreement, an additional reading by both examiners was performed to reach a
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consensus.

Nidi and detection of early venous filling

All 4 cases of occluded AVM were correctly diagnosed on TRICKS (specificity of

nidus detection, 100%). In addition, one very small nidus (<10 mm) in the right

occipital lobe without early venous filling was also correctly evaluated on TRICKS

(specificity of early venous filling detection, 100%). Sensitivity was 96% for both

nidus detection (26/27) and detection of early venous filling (25/26) (Figs. 4-1, 4-2). In

one case, the nidus was not obvious, but a small dilated draining vein in the left

cerebellopontine angle with early venous filling was seen on IADSA (but not on

TRICKS), and | regarded this as a finding consistent with a very small patent AVM,

which was not detected on TRICKS.
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Spetzler-Martin classification

Two cases were excluded from assessment with the Spetzler-Martin classification. In

the first case, mentioned in the previous section, the nidus could not be visualized

clearly on IADSA. In the other case, the nidus was seen at the temporal tip, and in the

FOV to focus on the location of the nidus, the great vein of Galen was excluded.

Nidus size and location

Eleven nidi were classified as small, 12 as medium, and 2 as large on IADSA. The

results of TRICKS were matched to those of conventional catheter angiography in 24

cases (Table 4-2). It was difficult to measure the exact size of the nidus in the sagittal

plane on source images in 1 case because a dilated draining vein lay over the nidus. In

1 case, the nidus was 32 mm in diameter with a dilated draining vein overlaid in the

sagittal view, which made it difficult to measure the exact size of the nidus in the
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sagittal plane even on source images. Both observers regarded this nidus as small (<3

cm).

IADSA showed 12 nidi located in eloquent areas and 13 in noneloquent areas, and

there was complete agreement between IADSA and TRICKS for determination of

nidus location.

Venous drainage

Of the 25 AVMs, 14 had deep venous drainage demonstrated by IADSA, and 11

showed exclusively superficial drainage. TRICKS diagnosed the drainage route

correctly in 24/25 cases (Table 4-2). In 1 case, TRICKS incorrectly showed superficial

venous drainage only, whereas IADSA demonstrated deep venous drainage. The deep

draining vein was too small to demonstrate the great vein of Galen in the arterial phase

and this small deep draining vein could not be detected on TRICKS.
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Arteriovenous malformation grade

AVM detection was graded (range 1 to 5) according to the nidus size, location, and

venous drainage route. There was an excellent correlation between IADSA and

TRICKS, with discrepancies observed in only 2 cases (x = 0.89, Table 4-3)
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8-4. [Discussion]

In this study, 3-T TRICKS achieved 96% sensitivity and 100% specificity in both

nidus detection and detection of early venous filling (Note that 100% specificity of

early venous filling was based on the only one case, so that the perfect value did not

necessarily explain or mean the superiority of 3-T TRICKS). Characteristics of AVMs,

assessed with the Spetzler-Martin classification according to the TRICKS findings

corresponded highly with those obtained with conventional IADSA.

Unenhanced MRA or T2-weighted MRI are very valuable in the assessment of the

angioarchitecture of AVMs (25). These techniques are characterized by high spatial

resolution; however, they lack the temporal resolution required to evaluate the

hemodynamic aspect of AVMs.

Two-dimensional MR DSA has proven effective in the evaluation of AVMs (3, 45,

66, 73) and it offers sufficient temporal resolution for assessment of AVM

hemodynamics. However, the spatial resolution of this modality is restricted when
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subsecond temporal resolution is obtained. In a previous report of 2D MR DSA with a

temporal resolution of 1.05 seconds per dynamic image (45), sensitivity for detection

of AVM was 87%, which was lower than my results because of inferior spatial and

temporal resolution.

Contrast-enhanced 3D MR DSA generally achieves better spatial resolution at the

cost of temporal resolution (16, 20, 32, 37, 43, 53, 68, 70). When the TRICKS

technique was first introduced by Korosec and colleagues in 1996 (33), it offered better

temporal resolution, but this resolution remained limited at 1.5 T with 1 frame per 1.5

to 1.8 seconds, vs. the 1 frame per 0.3 to 0.5 seconds that is possible with conventional

IADSA (19, 43, 69). This resolution was not sufficient for assessment of the short

mean transit times of feeding arteries and draining veins in cerebral AVMs (67).

The new generation of 3-T scanners that has been introduced in recent years can

offer several significant advantages, especially for MRA (7, 8, 58). First, the increased
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signal-to-noise ratio (SNR) improves spatial resolution with a shorter scan time.

Second, these machines can give better background suppression of stationary tissues

and greater flow enhancement, resulting in vessel-tissue contrast improvement.

My 3-T TRICKS sequence provided a 0.8-second time resolution while preserving

high spatial resolution (0.63 x 0.74 mm?). TRICKS with this level of in-plane spatial

resolution and subsecond temporal resolution has not been reported previously, and |

achieved 96% sensitivity and 100% specificity of nidus detection and early venous

filling detection with excellent correlation of the Spetzler-Martin grade between

TRICKS and IADSA. The 3D acquisition provided other benefits in addition to the

high temporal and spatial resolution. In some cases, it was difficult to detect the deep

draining vein on TRICKS MIP images because many vessels were overlaid in the

sagittal view; however, the deep veins were distinguished from superficial veins on

TRICKS source images (Fig. 4-3). This contrasts the limited ability to detect vessel
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location in 2D MR DSA even with high in-plane spatial resolution.

It must be acknowledged, however, that both the temporal and spatial resolution of

TRICKS are inferior to those of conventional IADSA (0.2 x 0.2 mm?, 1 frame per 0.3

to 0.5 seconds). TRICKS missed very small draining veins in some cases, which again

emphasized that conventional IADSA is generally more suitable for pretreatment study

of AVMs because the assessment of small vessel branches is essential in choosing the

appropriate clinical management (15). However, there are appropriate indications for

the noninvasive, radiation-free, and iodinated contrast agent-free MR DSA,

particularly for screening and follow-up. For screening, such as in the case of young

patients with intracranial hemorrhage, early venous filling is often the key diagnostic

finding indicating the presence of an AVM (3), and for follow up, which requires

repeated evaluations (44, 47), assessment of patency and nidus character is necessary

(40). In these cases, early venous filling assessment and the Spetzler-Martin
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classification take precedence, and the assessment of small vessels and the number of

vessels may not be as important as in the pretreatment evaluation. Although larger

trials are still needed for prospective evaluation of the diagnostic accuracy of TRICKS

at 3-T, my results indicate a high correlation of TRICKS with IADSA in terms of

Spetzler-Martin grade as well as 96% sensitivity and 100% specificity of nidus and

early venous filling detection. This finding indicates that the TRICKS sequence may be

a suitable alternative to conventional IADSA in selected cases of screening and

follow-up in patients with AVMs.

There are limitations to the implementation of TRICKS. First, artifacts may occur at

the edge of enhancing vessels due to the technical character of TRICKS (17). Although

this factor did not have a great influence on early venous filling assessment and

Spetzler-Martin classification in the present study, artifacts may hinder the assessment

of small vessels. Second, the total slice thickness of 6.4 cm sometimes fails to include
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some of the main components, such as the superior sagittal sinus or sigmoid sinus,

depending on the nidus location. Appropriate FOV setting can prevent

misinterpretation until faster imaging techniques are developed that enable obtaining a

greater slice thickness. Third, in MR DSA, basically only 1 plane of projected images

can be obtained in a single contrast-injection sequence. The 3D acquisition technique

TRICKS enables image reconstructions in any direction desired, but a 4.0-mm slice

thickness (with zero fill interpolation processing) is so inferior to the in-plane spatial

resolution (0.63 x 0.74 mm) that the reconstructed images are rather rough compared

with the original projected images. Although it is actually possible to assess depth

information from TRICKS source images or stereoscopic visualization of the MIP

images, if the images are not acquired in the proper orientation, the observer might find

the evaluation of detailed hemodynamic information more difficult. In the present

study, | used the sagittal plane for image acquisition in all patients because previously
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obtained unenhanced MR images led us to judge that to be appropriate, and | was able

to assess all AVMs well. It might be necessary to check the size and location of AVM

nidi on unenhanced MRI sequences, such as T2WI, before starting TRICKS to prevent

an inappropriate plane setting. Fourth, items such as hematomas that have short signals

on T1WI are depicted as high intensity on nonsubtracted images in TRICKS, as on a

T1WI. This sometimes makes the assessment of the vessel route difficult. On

subtracted TRICKS images, however, the high signal of the hematoma (or other

confounder) is subtracted together with the other background signals, and so should

not affect the assessment of AVM.

A limitation to my study is that I did not conduct examinations in a control group of

patients without AVMs to rule out observer bias. However, | believe this bias was

reduced by including the patients with occluded AVMs.
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8-5. [Conclusion]

Time-resolved contrast-enhanced 3D MRA at 3-T can provide important information

about AVM such as early venous filling and Spetzler-Martin classification, which

corresponds strongly with the findings of IADSA. Although this is a preliminary study,

the results indicate that time-resolved contrast-enhanced 3D MR A at 3-T has the

potential to replace conventional IADSA at screening or follow-up for patients with

AVMs.
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9. Discussion of this Study

The results of the basic experiments presented here were as expected based on the

principles of MRI. By adjusting imaging parameters based on these results, | was able

to obtain image quality appropriate for imaging diagnostics, and preliminary results of

clinical application of these methods indicated that they were able to evaluate

intracranial hemodynamics and that they have the potential to contribute to a

meaningful reduction in the number of conventional X-ray IADSA procedures that are

required for safe and effective evaluation and follow up of patients with AVM and

other potentially life-threatening intracranial vascular lesions. In the future, MR-guided

intravascular procedures that do not expose patients to X-rays may also be made

possible by expanding these applications to intra-arterial techniques.

My novel method of MRDSA had an unexpected limitation, the recently-recognized

complication of the gadolinium contrast agent. Over the past several years, researchers

have correlated the development of nephrogenic systemic fibrosis (NSF) with the
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increasing use of gadolinium-based MRI contrast agents in patients with kidney

disease. Therefore, we cannot easily adopt MRDSA alternating X-ray IADSA.
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10. Conclusion

MRDSA can produce vascular images with adequate spatial resolution and temporal

resolution that are easy to interpret without the use of special technology or software.

MRDSA provides information on hemodynamics that cannot be obtainable with

conventional MRI methods, and it is a useful diagnostic tool, particularly in the

screening and follow-up of patients with AVM or other intracranial vascular disorders.

MRDSA is more routinely performed in flagship hospitals than when it was studied. |

hope that MRDSA as a means of easily obtaining hemodynamic information will

become further widespread especially in community hospitals.
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11. Tables and Figures

Table 2-1. Detection of AVMs as early venous filling on 2D MRDSA

Early venous Absent or

filling present equivocal
Yes 48 7 55
No 0 23 23
Total 48 30 78

Table 2-2. Detection of AVMs as nidus flow void on T2-weighted images

Flow void Absent or

present equivocal
Yes 44 11 55
No 2 21 23
Total 46 32 78
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Table 2-3. Comparison of T2-weighted images and 2D MRDSA

Nidus flow void on T2-weighted images

Early venous

filling on
equivocal
Present 44 4 48
Absent or
equivocal 2 28 30
Total 46 32 78
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Table 3-1. Mean rank of visualization of normal cranial vessels (n=24, 5-cm
slice thickness)

Larger vascular structures tended to be depicted more clearly than smaller structures

Vessel Mean rank Cohen’s kappa value
ICA 3.00 1.00
Opthalmic artery 1.67 0.93
ACA (A1, A2) 2.71 0.66
ACA (A3, A4) 2.33 0.71
MCA (M1, M2) 2.63 0.73
MCA (M2, M4) 2.20 0.70
VA 2.96 1.00
BA 2.88 1.00
PCA 2.25 0.66
SSS 3.00 1.00
Straight sinus 2.92 0.66
Deep cerebral veins 2.83 0.83
Transverse/sigmoid 2.79 0.71
Jugular vein 2.79 0.64
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Table 3-2. Correlation between vascular visualizations demonstrated on 2D
MRDSA with ASSET and those on 2D MRDSA without ASSET (n=10)

Rank on 2D MRDSA without ASSET

Total
Rank on 1 5 1 6 12
2D 2 0 13 22 35
MRDSA
with 3 0 1 92 93
ASSET Total 5 15 120 140

Correlation was performed by Spearman rank test. Correlation value was 0.55
(P<0.0001). Rank for vascular visualization defined as follows: 1 = not seen, 2 = seen

but deteriorated and 3 = clearly seen.
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Table 4-1. Summary of characteristics in 31 patients with AVMs

Charasteristic No. of Pathients (%0)
AVM location

supratentorial 23 (74)
frontal lobe 2 (6)
temporal lobe 6 (19)
parietal lobe 7 (23)
occipital lobe 5 (16)
corpus callosum 2 (6)
thalamus/basal ganglia 1(3)

infratentorial 4 (13)
pons/medulla 1 (3)
cerebellum 1(3)
cerebellopontine angle 2 (6)

angiographically occluded 4 (13)

*There were 14 men and 17 women with a mean age of 38.212.5 years (range 16-74

years).
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Table 4-2. Summary of conventional catheter angiography and TRICKS
findings for the Spetzler-Martin classification of 25 patients*

No. of AVMs
Parameter Catheter Angiography TRICKS
size (cm)
<3 11 12
3-6 12 11
> 6 2 2
location
eloguent 12 12
noneloquent 13 13
\Venous drainage
superficial 11 12
deep 14 13

*The case with small dilated draining vein only and the case in which TRICKS failed to
include the great vein of Galen in the FOV were excluded from Spetzler-Martin

classification assessment.
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Table 4-3. Comparison of Spetzler-Martin grades as assessed with TRICKS
and conventional catheter angiography in 25 patients*

Catheter Angiography Grade

TRICKS
Grade
I 3 1 0 0 0
I 0 8 1 0 0
m 0 0 7 0 0
1\Y 0 0 0 3 0
\% 0 0 0 0 2
* k =0.89
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Fig. 1-1. Phantom used to examine slice thickness.

Tubes filled with diluted contrast agent were placed at 5-mm intervals on both sides of a
cylindrical object. Imaging was performed with the MRDSA pulse sequence at slice
thicknesses that varied from 1 cm to 10 cm. The signal intensities of the tube images

were measured on the slice profiles that were obtained.

cylindrical object imaging target area

tubes filled with
1:16 concentration of contrast agent

(blood vessel model)

90°| | °

slice thickness (cm)
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Fig. 1-2. Changes in SSR when echo time (TE) is varied.

The vertical axis is SSR and the horizontal axis is TE (msec). The signal intensity of the
contrast agent increased as TE was shortened, while the signal intensity of the brain

matter did not change. Thus, the SSR was inversely related to TE.
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Fig. 1-3. Changes in SSR when repetition time (TR) is varied.

The vertical axis is SSR and the horizontal axis is TR (msec). The signal intensity of the
contrast agent decreased slightly as TR was shortened, while the signal intensity of the

brain matter decreased greatly. Thus, the SSR was inversely related to TR.

SSR
80 -

40

20

O ] 1 1

5 10 15 20
TR (msec)

- 106 -



Fig. 1-4. Changes in SSR when flip angle is varied.

The vertical axis is the SSR and the horizontal axis is the flip angle (degrees). The
signal intensity of the contrast agent decreased markedly as the flip angle declined and

the signal intensity of the brain matter increased. Thus, the SSR was directly related to

flip angle.
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Fig. 1-5. Changes in signal intensity (SI) when concentration of contrast
agent is varied.
The SI of the contrast agent was highest at a dilution of around 1:8, and decreased with

both higher and lower concentrations.

signal intensity (SI)

1/1 1/2 1/4 1/8 1/16 1/32
concentration of contrast agent

—TE3 —TE3.5 TE4 TE4.5 —TES —TE5.5 —TE6 —TE6.5
—TET TE7.5  TE8 TE8.5 —TE9 TE9.5 —TE10
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Fig. 1-6. Slice profile investigation

The blue lines show the slice profiles obtained from actual imaging at certain thickness
settings. The yellow shading indicates the theoretical slice profile for an RF pulse
obtained in an ideal state. In practice, signals greater than the established thickness were
obtained. The left-right differences were thought to be due to variations in the position

from the center of the static magnetic field.
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Fig. 1-6-2
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Fig. 1-6-10
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Fig. 2-1.
A 33-year-old man with left frontal AVM. Pre-gamma-knife study.

a) The conventional catheter angiogram shows an AVM fed by frontal branches of the
left middle cerebral artery and draining into the superior sagittal sinus via a dilated vein
of Trolard with large varix and other draining veins. b) T2-weighted MR image displays
nidus flow voids in the left frontal lobe. c—e) Gray-scale-reversed 2D MRDSA images
in the sagittal plane separately describe each component of the AVM, feeding vessels,

nidus stains, draining vessels, and Trolard varix in order with time.
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Fig. 2-2.
A 41-year-old man with left frontal AVM. Pre-gamma-knife study.

a) The conventional catheter angiogram reveals an AVM fed by the left posterior
internal frontal artery draining to the superior sagittal sinus. b) T2-weighted MRI
exhibits nidus flow voids in the left frontal lobe. c—e) 2D MRDSA images clearly

describe each component of the AVM in order with time.
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Fig. 2-3.
A 47-year-old woman with right occipital AVM. Post-gamma knife study.

a) Pre-gamma knife conventional catheter angiogram shows an AVM fed by the angular
artery of the right middle cerebral artery and the parieto-occipital artery of the right
posterior cerebral artery (not shown). It drains into the superior sagittal sinus. b)
T2-weighted MRI performed 32 months after gamma-knife radiosurgery cannot discern
an obvious nidus flow void; however, a slightly heterogeneous hypointense dot lacking
continuity is displayed (arrow). c—e) The 2D MRDSA images obtained simultaneously
demonstrated the nidus and draining vessels (arrows). In this case, 2D MRDSA proved

superior to T2-weighted MRI.
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Fig. 3-1.
A 29 year-old man with a frontal AVM.

a—C) Sequential 2D MRDSA images with ASSET reveal an AVM fed by branches of the
middle cerebral artery draining into the superior sagittal sinus via superior cerebral
veins and into the sphenoparietal sinus via the superficial middle cerebral vein. The
direction of early venous filling can be perceived more readily on these images than on
(d) and (e) due to improved temporal resolution. d, ) Sequential images of conventional
2D MRDSA. (d) and (e) correspond in time to (a) and (c), respectively. f) Catheter

angiogram obtained at the corresponding arterial phase.
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Fig. 3-2.
A 42 year-old man with temporal AVM.

a) The 2D MRDSA with ASSET image shows an AVM in the temporal area posteriorly
overlapped by an aliased spot of nasal mucosa (arrows). b) No such aliased spot is

visible on the conventional 2D MRDSA image.
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Fig. 4-1.

a, b) Conventional catheter angiograms of the right common carotid artery showing a
nidus in the right corpus callosum fed by the branches of the right anterior cerebral
artery. The dilated draining vein (arrow) is demonstrated in the arterial phase. c, d)
Maximum intensity projection images obtained with TRICKS. The small nidus (arrows)

and the early filling of the draining vein (arrowhead) are clearly demonstrated.
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Fig. 4-2.

a, b) Conventional catheter angiograms of the right common carotid artery showing a
nidus in the right temporooccipital lobe with early filling of the right transverse sinus.
c—e) Maximum intensity projection images obtained with TRICKS. The nidus is easily
detected, and the right transverse sinus and sigmoid sinus are demonstrated in the early

phase.
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Fig. 4-3.

a, b) Conventional catheter angiograms of the left internal carotid artery showing a large
nidus in the left occipital lobe fed by the left middle temporal artery. On the oblique
view, a vein draining into the great vein of Galen is seen (arrow); note that this is
difficult to evaluate on the lateral view. c—e) Maximum intensity projection images of
TRICKS showing that the deep drainage route is difficult to detect. f, g) The source

images of TRICKS. The deep draining vein is clearly shown (arrows).
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12. Appendices
Appendix 1

Basic concepts of MRDSA

MRDSA images are acquired by administering a contrast agent during continuous
imaging measured in seconds. From these, a raw image in which the contrast agent has
not yet arrived is used as the mask image, and the background is erased by subtracting
the mask image from several dozen subsequent images, which produces a difference

image similar to X-ray DSA imaging.

post-contrast images

nega-posi reverse

£

subtraction

MRDSA image

pre-contrast image

imaging area
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Appendix 2
Basic concepts of parallel imaging (ASSET)

Prarallel imaging is a fast imaging technique. In this technique, parallel data sampling is
performed by multiple small phased-array coils that have different sensitivity
distributions. The parallel data (i.e. aliasing artifact) is expanded by the sensitivity

difference of each coil and changed into proper images.

O

Coil 1 ASSET reconstruction
Coil 2

ASSET accquisition

Array Coil
References

ASSET accquisition

ASSET reconstruction

Array Coil
References
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Appendix 3
Basic concepts of TRICKS

TRICKS imaging is performed by intensive data gathering from the low-frequency
components that contribute to image contrast while selectively eliminating the
high-frequency components that contribute to resolution. Use of these principles
produces images with high temporal resolution that maintain high spatial resolution, and

is applied to high-speed contrast 3D time resolved MRA.

TRICKS accquisition:

ABCD AB AC AD AB AC AB..
1 2 3 4 5 6 7.
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