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• Introduction 

Magnetic resonance imaging (MRI) is currently 
performed with scanners operating at field 
strengths ranging from 0.02 to 4.0 T [1-5]. Multi
ple manufacturers now supply open design MRI 
systems that operate predominately at field 
strengths below 0.5 T. Issues regarding field 
strength remain controversial and largely unre
solved. This includes diagnostic yield, imaging se
quences, manufacturer variation, diagnostic accu
racy, adequacy of image quality, cost effectiveness, 
and safety [6-16]. In spite of these unresolved is
sues clinical MR units operating at 0.5 T or below 
may make up as much as 80% of the systems in 

use in developed countries, and more than 2000 
of these lower field strength systems are opera
tional in the United States. At least six manufac
turers offer an array of clinical MR systems below 
0.6 T, with the sales of open design systems rapid
ly increasing. Brain imaging on high-field 
strength magnets in general provides higher reso
lution, but such systems are more costly to site, 
operate, and maintain. Open design low-field 
strength systems tend to demonstrate higher con
trast with slightly less resolution; however, costs 
for siting, operation, and maintenance are signifi
cantly lower. In addition, patient tolerance is of
ten superior to that seen in a high-field environ
ment. Technical factors can be critical at both 
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high and low field; however, lower field strength 
systems tend to be more heavily criticized [10]. 

• High-Contrast Versus High-Resolution MRI 

As field strength changes in MR, there is a di
rect effect on relaxation times [17-19]. A shorten
ing of Tl occurs as the field strength decreases, 

Fig. 1. T2-weighted open-design, low-field MRI demonstrat
ing marked abnormal signal intensity in the left medial 
temporal lobe. High-field MR interpreted as normal. (Im
age from a 0.64-T Toshiba open MR system) 

Fig. 2. FLAIR sequence (TR 5500, TE 104, II 1550) demon
strating "black CSF" and abnormal hyperintensity in the 
left temporal lobe on this heavily T2-weighted sequence. 
(Image from a GE 0.2-T open-design magnet) 

and there is thus an improvement in signal-to
noise per unit time at lower fields. This results in 
improved lesion contrast [19]. 

When interpreting brain images at lower field 
strengths it is important to remember that as the 
field strength decreases, contrast increases. In 
general, a high-field-strength scanner provides 
higher resolution. This implies that if there is a 
detectable difference in tissue contrast, the high
er-field-strength magnet demonstrates smaller re
gions of difference, and the images are clearer. 
However, when there is no difference in contrast, 
regardless of size, the lesion is not apparent. The 
use of MR contrast agents is based in part on this 
principle. When lesion contrast is not evident on 
routine MR and not enhanced by contrast, the le
sion goes undetected. Since lower field strength 
improves contrast on MR, there is the possibility 
of detecting lesions with low-field MR that go un
detected by either high-field MR or contrast-en
hanced high-field MR. An example is the report 
of the longitudinal relaxation rate, 1fT! values of 
mobile water protons at lower field strengths for 
distinguishing between pituitary tumor types 
[20]. Figure 1 also illustrates this point in a case 
of herpes simplex encephalitis detected by T2 
imaging at low field (0.06 T) but undetected by 
T2 at l.5 T. Imaging sequences such as fluid-at
tenuated inversion recovery (FLAIR) may elimi
nate this low-field advantage in many cases 
(Fig. 2). 

• Technical Factors 

In brain imaging at lower field strengths the 
more open designed magnet frequently allows 
imaging of patients who are unable to tolerate the 
older "long-bore" design. Although "short-bore" 
systems are becoming more widely available, in 
all probability the most open design will continue 
to be preferred by many patients. The availability 
of an open magnet often dictates that the patient 
being scanned is either younger or more difficult. 
However, as a direct result of this open design 
these more difficult patients frequently require 
less sedation. It is common practice in open MRI 
to reserve sedation for only those patients who 
are unable to follow instructions, regardless of 
age. Successful imaging of children as young as 3 
years of age has routinely been accomplished on 
open systems by having the parent or other fami
ly member accompany the patient in the scan 
room. This individual can stand or sit next to the 
patient, if necessary, and simply holding the pa
tient's hand in some instances is sufficient to al-
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Table 1. Brain protocols supplied by manufacturers for Tl sagittal slice orientation 

Fonar GE Hitachi Picker Siemens Toshiba Toshiba 

Field strength (T) 0.35 T 0.2 T 0.3 T 0.23 T 0.2 T 0.35 T 0.064 T 
Scan time 3:56 6:34 2:52 11:31 4:12 5:22 9:00 
Rel:etition time 600 483 550 30 588 500 68 
Ee 0 time TEI/TE2 30 26 25 10 15 20 24 
Number of averages 2 5 2 1 3 2 1 
Field of view 240 19x19 240 360 16x22 20x20 110 
Number of slices 11 7 11 120 19 8 32 
Slice thickness (mm) 5 3.0 5 1.5 5 3.0 4.5 

90 90 90 35 90 90 45 Flip ante (degrees) 
Matrix or/ver 192x256 256x160 192x192 180x256 134x256 160x256 256x256 

Table 2. Brain protocols supplied by manufacturers for T2 axial slice orientation 

FOllar GE Hitachi Picker Siemens Toshiba Toshiba 

Field strength (T) 
Scan time (min) 
Repetition lime 

0.35 T 
8:54 
2700 
115 
1 
240 
17 
5 

0.2 T 
12:28 
3700 
96 
4 
24x24 
22 
5 

0.3 T 
8:06 
4100 
130 
84 
240 
16 
5 

0.23 T 
9:48 
3630 
120 
1 
300 
23 
5 

0.2 T 
7:22 
4284 
106 
3 
19x22 
19 
5 

0.35 T 
9:41 
3000 
20 
J 
20x20 
12 
3 

0.064 T 
17:00 
2000 
105 
2 
110 
14 
10 

Echo time TEl/TE2 
Number of averages 
Field of view 
Number of slices 
SLice thickness (mm) 
Flip angle (degrees) 
Matrix hor/ver 

90 
1 92x256 

90 
256x192 

90 
224x224 

100 
162x256 

90 
170x256 

90 
192x256 

90 
256x256 

Table 3. Brain protocols supplied by manufacturers for FLAIR axial slice orientation 

. GE Hitachi Picker Siemens Toshiba 

Field strength (T) 0.2 T 0.3 T 
Scan time 10:06 6:24 
Repetition time 5500 8000 
Echo time TE I/TE2 112 117 
Inversion time 1550 1800 
Number of averages 2 87 
Field of view 24x24 240 
Number of slices 9 14 
Slice thickness (mm) 8 5 
Flip an~e (degrees) 90 90 
Matrix or/ver 256x128 192x192 

low for satisfactory completion of the scan. It is 
also possible to keep younger children quiet in 
the magnet for extended periods of time by hav
ing a parent or sibling actually lie next to the 
child in the scanner. This can also serve as an ef
fective adjunct to sedation for children who are 
reluctant to cooperate even when having received 
a full dose of sedative. 

In general, imaging of the brain involves the 
use of Tl-, T2-, and intermediate-weighted se
quences. Image quality can be significantly en
hanced for the Tl weighted sequences by using a 
gradient echo technique rather than a spin echo 
sequence. As with all gradient echo sequences, 
motion can be a significant degrading factor in 
image quality, and if patient motion is severe, a 
spin echo sequence can be substituted. At field 

0.23 T 0.2 T 0.35 T 
10:42 7:19 5:46 
3961 6000 8000 
120 93 120 
1600 1600 1900 
I 2 2 
300 19x22 22x22 
20 9 22 
7 5 6 
90 90 90 
162X256 I 68x256 224X256 

strengths in the range of 0.06 T a typical gradient 
echo sequence can be substituted. At field 
strengths in the range of 0.06 T a typical gradient 
echo sequence would include a TR of 68, TE of 
24, and FA of 60 or a similar configuration for 
adequate image quality. At 0.23 T excellent image 
quality can be obtained on an open MR system 
using TR of 30, TE of 10, and FA of 35. A detailed 
summary of manufacturer supplied brain proto
cols successfully used in open systems of varying 
field strengths is included in Tables 1-3. 

As with high-field imaging, standard T2 and 
proton density (intermediate) weighted sequences 
are usually obtained on lower field strength imag
ing systems. The value of these techniques in 
imaging of the brain is well established, and for a 
rapid screen T2-weighted sequences may be suffi-
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Fig. 3. Tl (TR 68, TE 24, FA 60) open-design, low-field 
MRI examination demonstrating acute SAH as markedly 
high signal intensity. (Image obtained on a 0 .64-T Toshiba 
open MR system) 

cient to exclude significant pathology. However, 
an additional advantage of lower field strength 
systems is the ability to detect changes that may 
go undetected at higher field (see Fig. 1, above). 
Another example is in the area of acute sub
arachnoid hemorrhage (SAH) where Tl-, T2-, and 
proton density weighted imaging may be negative 
at high field but obvious on Tl weighted low-field 
images (Fig. 3). Therefore in general it is advanta
geous to perform at least both Tl- and T2-
weighted sequences on all patients referred for a 
brain evaluation. 

a 

Fig. 4. a A 1.5-T FLAIR image (TR 8243, TE 112, Tl 1600) 
demonstrating a right posterior cerebral artery infarction. 
Note the artifact in the prepontine cistern identified as 
high signal. (Image from a 0.23-T Picker open MR system) 
b A 0.23-T FLAIR image (TR 4752, TE 120, II 1600) de-

Fluid-Attenuated Inversion Recovery 

The advent of fluid-attenuated inversion recov
ery (FLAIR) imaging has drastically altered the 
evaluation of the brain by MR, and has given the 
brain imager yet another advantage in the diagno
sis of cerebral pathology. FLAIR sequences pro
duce heavily T2-weighted and cerebrospinal fluid 
(CSF) nulled images of the brain on MR. This 
novel method of imaging was first described by 
the group from Hammersmith Hospital in the 
United Kingdom and demonstrates dramatic 
changes on MRI that may otherwise go unde
tected [1-3, 8, 21]. By reducing the signal from 
CSF and enhancing the T2 weighting FLAIR se
quences provide a unique opportunity to evaluate 
brain pathology (see Fig. 2). Clinical applications 
of FLAIR have been demonstrated in disease pro
cesses including SAH, cerebral infarction, brain 
trauma, cerebral neoplasms, inflammatory condi
tions, and most notably demyelinating diseases 
[1, 5-7, 21]. 

The routine use of FLAIR is recommended for 
all brain evaluations regardless of field strength, 
but, again, lower field strength scanners may 
prove to be advantageous in this regard. Higher 
field strength systems tend to demonstrate signifi
cant and often severe artifacts on FLAIR se
quences. The artifacts that result from CSF or vas
cular flow and pulsation on high-field FLAIR 
images are less of a problem at lower field, and in 
some cases at low field can be virtually elimi
nated (Fig. 4). 

One of the most significant limitations of 
FLAIR imaging has been the presence of signifi-

monstrating the right posterior artery infarction seen in a, 
but without the prepontine flow artifact that is prominent 
on high-field MR. (Image from a 0.23-T Picker open MR 
system) 

b 
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cant artifacts that are particularly related to CSF 
motion. These are often encountered in the region 
of the lateral ventricles, foramen of Monroe, third 
ventricle, cerebral aqueduct, and fourth ventricle. 
These artifacts at high-field can be particularly 
problematic when attempting to evaluate cerebral 
pathology adjacent to regions of the brain that are 
contiguous with or adjacent to pulsatile CSF. One 
of the advantages of open MRI scanning at lower 
field strengths is a notable absence of these arti
facts (see Figs. 4, 13). 

• Contrast Agents 

Contrast agents improve the diagnostic power of 
MR in several ways. Both the conspicuity of abnor
malities and better demarcation of their borders 
are achieved through the use of MR contrast 
agents. The viable areas of neoplasms may be dis
tinguished from surrounding edema in some cases 
and contrast also helps to date abnormalities, spe
cifically with regards to cerebral infarctions. 

The ideal contrast agent must be both effective 
and safe. The main objective of contrast agents in 
imaging is to enhance image contrast to render 
normal and pathological anatomy more conspicu
ous. Great advances have been made toward both 
of these ends, and while some drawbacks exist, 
research and development of new and improved 
contrast agents persists. Generally there is little 
difference between the use of contrast agents in 
children and in adults, the main difference being 
one of dose, based on weight and age. Children 
also tend to have a lower incidence of adverse re
action than adults, whether mild or severe, to all 
contrast agents [22]. 

Contrast agents are administered to patients in 
liquid form and function within the bloodstream 
or CSF. Accordingly the inherent properties of 
density, viscosity, and osmolality effect their 
safety and efficacy [23]. 

The United States Food and Drug Administra
tion has approved three MRI contrast agents for 
intravenous administration: Magnevist (gadopen
tetate dimeglumine injection, Berlex Laborato
ries), Omniscan (gadodiamide injection, Ny
corned), and ProHance (gadoteridol injection, 
Bracco Diagnostics). Since the element gadolini
um is the base of all of these contrast agents, they 
all have similar mechanisms of action, biodistri
bution, and half-lives [24-27]. While these agents 
appear to have remarkably similar effectiveness 
and safety profiles, some differences do exist. 

There are osmolality differences between Mag
nevist (1960 mmo1!kg of water) [28], Omniscan 

(789 mmollkg water), and ProHance (630 mmoll 
kg water). The significance of this osmolality dif
ference, however, is proportionally decreased by 
the administered volume of these agents being 
typically quite small. 

Gadolinium is not normally present in a mam
malian system except in trace amounts and has 
no known natural functions. It is highly toxic in 
its ionic form to humans, even at low doses. The 
contrast agents used for MR enhancement in the 
United States are gadolinium chelates that localize 
in the extracellular fluid compartment to be then 
rapidly excreted by the kidney. As the gadolinium 
ion is toxic, it must be complexed with ligands. 

For all of these agents, the adverse reaction 
rate seems to be less than 4% [25, 29-42]. The ad
verse reactions that are most commonly experi
enced seem to be nausea, emesis, hives, headache, 
and local injection site reactions, such as irrita
tion or a burning or cool sensation. The inci
dence of the anaphylactoid reactions that have 
been reported with all three of these FDA-ap
proved intravenous MR contrast agents is so ex
ceedingly rare that it is difficult to attempt to 
place any significance on these rates. At worst, the 
rate of this extreme sort of reaction from any of 
these agents is probably in the 1: 100,000 range, 
and this may be as high as 1:450,000. 

The use of Magnevist has been associated with 
transient elevations in serum bilirubin (3%-4% of 
patients) that seems to spontaneously reverse 
within 24-48 h [31, 43]. The use of Pro Hance has 
not resulted in reports of such alterations in 
blood chemistry. All MRI contrast agents have 
been associated with delayed reactions of hyper
tension, vasovagal responses, and syncope. There 
are no known contraindications for Magnevist, 
Omniscan, or ProHance. 

The administration of MRI contrast agents dur
ing pregnancy and lactation has not been deter
mined to be without risk. To date no clinical trials 
have been reported on pregnant women. The stud
ies performed on animals, however, using doses 
much higher than those employed clinically have 
produced a number of severe adverse effects on 
the fetus. Gadopentetate dimeglumine does cross 
the placenta and has been found in the fetal bladder 
[44]. The rate of clearance of MRI contrast agents 
from the amniotic fluid cycle has not been as
sessed. Until more data become available, routine 
administration of any of the MRI contrast agents 
in pregnant patients should not occur, unless the 
potential benefit justifies the risk to the fetus. It 
is also recommended that mothers refrain from 
breast feeding, while continuing to express milk, 
for 24 h following gadopentetate administration. 
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Fig. 5. Postcontrast MR (TR 480, TE 26) demonstrating en-

open-design magnets in this regard is the ease of 
access to the patient for contrast administration 
and management. It is possible to perform rapid 
scan sequences on most open design systems, and 
the role of dynamic sequences in addition to 
those described in the subsequent section on pi
tuitary imaging remains to be fully established. It 
is conceivable that dynamic perfusion studies 
with MR contrast will be an important part of the 
management of patients with cerebral vascular 
disease in the future. 

hancing right-sided acoustic neuroma from a Siemens 0.2- • Safety 
T open MR system. (Mark Leszczynski, RT, Memorial Open 
MRI, Houston, Texas, used with permission) 

Fig. 6. Postcontrast Tl image (TR 650, TE 25) of an extra
axial acoustic neuroma. (Image from a 0.3-T Hitachi open 
MR system) 

Our clinical experience with gadolinium imag
ing on low-field open-MRI has resulted in the use 
of a Tl-weighted gradient echo technique with a 
bolus of one half of a 0.1 mmollkg dose of gado
linium DTPA, with drip infusion of the remaining 
one-half dose diluted in 50 cc sterile water [45]. 
Due to the longer scan times required at lower 
fields, the drip infusion technique provides opti
mum levels of gadopentetate dimeglumine at the 
actual times of image acquisition. Some low-field 
centers report using approximately 0.15-
0.2 mmollkg single injections with similarly im
proved results. The use of open low-field or 1.5-T 
bore-type MR appears comparable, in our experi
ence, for cranial central nervous system disease 
with or without contrast (Figs. 5, 6, 9, 25). 

In general, the indications for the use of con
trast in the brain are similar for high- and low
field strength systems. The advantage of the 

Recent reports and at least one survey of MR 
facilities show potential areas of significant con
cern regarding safety, with a number of accidents 
and death associated with MR having been re
ported [46-50]. 

Numerous studies have been performed to in
vestigate the potential bioeffects of MRl. The ma
jority of these studies support the widely held 
view that no significant biological health risks are 
associated with the use of this modality. The ef
fects on humans and biological systems of strong 
static magnetic fields are not well understood. 

Some of the literature does include data that 
appear to be contradictory; however, no evidence 
has demonstrated conclusively any irreversible or 
hazardous biological effects related to humans 
being exposed to acute, short-term static mag
netic fields of strengths up to 2.0 T [22]. 

Certain devices must be precluded from enter
ing the magnet room, for reasons of them being 
mechanically attracted by the field of the magnet 
or having their function altered by the presence 
of the fields. The FDA requires labeling of MR 
systems to indicate that the device is contraindi
cated for patients who have implants such as in
ternal cardiac pacemakers, implantable cardiac 
defibrillators, cochlear implants, neurostimulators, 
bone-growth stimulators, implantable electronic 
drug infusion pumps, and similar devices, since 
electromagnetic fields produced by the MR sys
tem may seriously interfere with the operation of 
these devices [51]. 

Our three 1.5-T sites have had at least four 
documented incidences of ferromagnetic objects 
unintentionally entering the magnetic field and 
being drawn into the magnet. In one of these in
stances there was minimal injury when during 
equipment repair, a repairman and his equipment 
were drawn into the magnet. In a second in
stance, a significant injury could have occurred if 
a patient had been present in the magnet when a 
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metallic wntmg pen was pulled from a radiolo
gist's pocket as he entered the magnet room. 
There have been two instances of minor burns re
lated to metallic objects touching the patient dur
ing the scan. We have experienced none of these 
adverse effects in 10 years of open design magnet 
use at lower field strengths. 

Concern for injury from internal or external 
metallic objects is minimal or nonexistent at very 
low-field strengths. MR facilities report accidents 
primarily involving static ferromagnetic objects 
that became projectiles when subjected to the pull 
of the magnetic field. Additional injuries have 
been encountered from MR accessories causing 
burns [46-50]. A potential injury includes the ef
fect of high magnetic fields that are in general 
considered safe, but this is unproven. There is a 
more immediate danger of injury from damage to 
devices such as implanted pacemakers [47]. An 
additional problem is that MR accidents are prob
ably grossly underreported [46-50]. Measure
ments of magnetic forces and torques at 0.064 T 
support the added safety for patients from both 
internal and external metal objects when being 
scanned in open design low-field systems [52]. 

At higher field strengths several safety con
cerns exist for scanning patients who have certain 
ferromagnetic implants, materials, or foreign 
bodies. Primarily this is because of the possibility 
of movement or dislodgment of these objects [53-
55]. The possibility exists also of current induc
tion, excessive heating, and the misinterpretation 
as an abnormality of an artifact produced by such 
an object [53, 55-59]. Several considerations must 
be taken into account before allowing a patient 
who has a ferromagnetic object to be scanned, in
cluding (a) the strength of the magnetic field to 
which the patient is exposed, (b) the degree of 
ferromagnetism manifest by an object, (c) the 
mass and geometry of the object and its location 
and orientation in a patient, and (d) the length of 
time the object has been in place. 

For patients who present to the MRI with a his
tory of metallic foreign bodies such as shrapnel, 
bullets, slivers, or other types of metallic frag
ments the risk depends on several factors. A pa
tient encountering the static magnetic field of an 
MR system with an intraocular metallic foreign 
body, for example, is at significant risk for a ser
ious eye injury. One patient was blinded at the 
completion of his MR examination on the way 
out of the MR imager [60]. A patient undergoing 
an MR examination at one scanner has absolutely 
no assurance that it is necessarily safe to undergo 
another MR scan at the same or another location. 
It has been established that the use of plain film 

radiography may be an acceptable technique for 
identifying or excluding an intraocular metallic 
foreign body that represents a hazard [61]. 

The hazard of open-design 0.064-T MR regard
ing intraocular ferromagnetic metal fragments 
has been evaluated using both in vitro and in 
vivo animal experiments [62]. An important ob
servation during these experiments was the fact 
that all motion was increased by increasing the 
speed at which fragments entered or exited the 
magnetic field. Regardless of field strength, the 
forces acting on metallic fragments, and the sub
sequent risk to patients, can be effectively re
duced by decreasing the speed of entry into and 
the exit from a magnetic field. In other words, re
gardless of field strength, simply moving the pa
tient in and out of the scan field slowly signifi
cantly reduces patient risk. 

At least two dozen patients with cardiac pace
makers have been placed in MRI systems, either 
intentionally or inadvertently. The documentation 
is such that at least five of these individuals have 
died, although it should be stressed that the cause 
of death in these patients is unknown. A study de
monstrating total pacemaker inhibition [63] and 
pacemaker malfunction in another [64] has ser
ious safety implications for studying patients who 
have pacemakers being imaged. It is commonly 
understood that scanning any patient who has a 
cardiac pacemaker is contraindicated. 

No standardized testing criteria exist by which 
MR compatibility claims may be assessed [65,66]. 
Not even the term "MR compatible" is defined. 
No standardization exists that ensures that in 
such devices as implanted intracranial aneurysm 
clips, for example, that clips produced from one 
run are identical in ferromagnetic properties to 
those of another. This explains why some re
searchers find some clips "MR compatible" and 
others find the same clip types respond to the 
presence of a strong magnetic field. At this point 
several physicians have decided not to scan any 
patient with an intracranial aneurysm clip in 
place until firm guidelines are established [22]. If 
MR scanning is deemed imperative, the lower 
field open design magnet may offer less risk than 
the traditional 1.5-T bore-type systems. 

The sensations of claustrophobia and a variety 
of other unpleasant psychological reactions in
cluding anxiety and panic are encountered by as 
many as 5%-10% of patients during or precipitat
ing MRI. The originating factors include the nar
row dimensions of the interior of the bore-type of 
scanner; the length of the examination; the bang
ing, gradient-induced noises; the encompassing 
and dark conditions within the traditional bore of 
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the scanner, and other factors [67-75]. Offering 
an open design magnet is probably the most ef
fective solution to these problems. 

• Cranial Imaging 

MR in Brain Disorders 

Virtually every type of brain pathology is re
sponded to clinically through the utilization of 
MR. Since treatment may be dramatically altered, 
the value of a normal MR scan is not to be under
estimated [76]. The decrease in clinic visits, pa
tient concern, and physicians' and other health 
care professionals' time are relevant in terms of fi
nancial and psychological relief [77]. It could be 
said that the normal brain MR might be one of 
the most cost-effective studies in all medicine. 

Fig. 7. TZ-weighted image (TR 3900, TE 120) of a high
grade glioma. (Image from a 0.3-T Hitachi open MR sys
tem) 

Fig. 8. Tl (TR 68, TE 24, FA 60) open
design, low-field MRI demonstrating ring 
enhancing mass from metastatic disease 
following administration of gadolinium. 
(Image from a 0.64-T Toshiba open MR 
system) 

Considering this is one of the most expensive 
areas of the health care system, it is certainly war
ranted to try to exit the patient from this costly 
system, as well as relieve them of the high stakes 
that accompany brain disorders [76]. Neoplasms, 
infections, cerebrovascular disease, head trauma, 
intracranial hemorrhage, and white matter disease 
are several disease categories for which the use of 
MR has proved essential [77]. 

Neoplasms 

Obviously much more attention is given to the 
abnormal than the normal brain MRI. New pri
mary brain tumors are identified in approxi
mately 40,000 patients in the United States each 
year, which may result in paralysis, dementia, sei
zures, and death [77]. Mass effect, edema, hemor
rhage, and contrast enhancement are the recog
nizable characteristics of a neoplasm on MR. Be
cause of the nature of the brain, the classifica
tions of benign or malignant pathology may not 
apply, as the most "benign" of tumors can be de
vastating if located in a critical part of the brain 
[76]. Until recently the location of an intracranial 
neoplasm was more telling than the cell type of 
the neoplasm. Even if considered histologically 
"benign;' many intracranial neoplasms are 
thought to "behave" in a malignant manner. 

The availability of functional brain imaging 
[77] has changed the traditional approach to in
tracranial masses including neoplasms. Malignant 
neoplasms once thought to be unresectable be
cause of their close anatomic relationship to vital 
areas of brain function are now being successfully 
resected without resulting loss of function. This is 
due to the location not being as closely related to 
"vital" brain regions as would be anticipated from 
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traditional predictions. The number of neoplasms 
that can be effectively treated is increasing, even 
though many continue to be refractory to treat
ment. Although most functional magnetic reso
nance imaging (fMRI) is currently limited to 
high-field bore types of systems, fMRI has been 
performed successfully on lower field strength 
magnets. The role of fMRI on open design low
field systems remains to be defined. 

The two most important criteria for evaluation 
of images of intracranial neoplasms are age of the 
patient and location of the mass [77, 78]. On MR 
brain tumors are often described as being intra
axial, within the brain substance, or extra-axial, 
outside the brain substance. Benign tumors are 
frequently extra-axial and easier to resect surgi
cally (Fig. 6). Most often intra-axial, malignant tu
mors frequently extend far into the brain beyond 
the appearance on MR (Fig. 7). Surgical cure is 
difficult, recurrence common, and these tumors 
include metastatic cancer from other organ sys
tems [76]. 

Most commonly arising from primary neo
plasms of the lung and breast, metastatic cancer 
represents approximately 25% of all brain tumors 
(Fig. 8). Metastatic brain tumors may also arise 
from the gastrointestinal tract, the genitourinary 
tract, and melanoma [76]. 

Infections 
Infection of the brain is becoming one of the 

more common indications for brain imaging and 
may be the result of extension of infectious condi
tions in the sinuses, ear, orbit, or superficial soft 
tissues. The bloodstream can carry the infection 
from various parts of the body. Many of these 
conditions respond rapidly to treatment which 
make these some of the most urgent and impor
tant scans performed. Early treatment of brain in
fection may mean the difference between the pa
tient recovering, being severely incapacitated, or 
dying [76] (Fig. 9). 

Often congenital central nervous system (CNS) 
infections are caused by what is referred to as the 
TORCH agents: toxoplasmosis, rubella, cytomegalo
virus, and herpes simplex virus. Other important 
causes of congenital CNS infections are human im
munodeficiency virus (HIV) and syphilis [79]. 

The most common form of CNS infection is 
meningitis [80]. This condition can be divided 
into three general categories: acute pyogenic men
ingitis (most often bacterial infections), lympho
cytic meningitis (usually viral), and chronic men
ingitis (examples are tuberculosis and coccidio
idomycosis). 

Fig. 9. Postcontrast enhanced MR (TR 500, TE 25) demon
strating a ring enhancing inflammatory lesion. (Image from 
a 0.3-T Hitachi open MR system) 

In the evaluation of patients with suspected 
meningitis, MRI is superior to computed tomo
graphy (CT) [22]. Precontrast Tl-weighted images 
may demonstrate obliterated cisterns that enhance 
strongly following contrast administration. In se
vere cases extension of enhancing subarachnoid 
exudate deep into the sulci can be seen. 

Meningitis is conspicuous on postcontrast Tl
weighted images; however, unenhanced MR 
images often do not detect active meningeal in
flammation [82, 83]. In chronic meningitis con
trast-enhanced Tl-weighted MR scans reveal the 
characteristic basal meningeal inflammatory pat
tern seen on contrast-enhanced CT studies [84]. 

The earliest stage of purulent brain infection is 
cerebritis [80]. This diffuse infection often leads 
to abscess formation with characteristic neuroim
aging features [85]. The organisms most fre
quently isolated from cerebral abscesses are strep
tococci, including both aerobic and anaerobic, 
and staphylococci. Gram-negative organisms, 
however, are an increasing cause of cerebral ab
scess [86]. 

In MR the findings in brain abscess vary with 
time. An ill-defined subcortical hyperintense zone 
can be noted on T2-weighted images during the 
initial, early cerebritis stage. In postcontrast Tl
weighted studies poorly delineated enhancing 
areas within the isointense to mildly hypointense 
edematous region may be disclosed. 

The central necrotic area is typically hyperin
tense to brain on proton-density and T2-weighted 
sequences during the late cerebritis stage. On Tl
weighted images the thick, somewhat irregularly 
marginated rim appears isointense to mildly hy
perintense and isointense to relatively hypo intense 
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Fig. lO. Tl (TR 68, TE 24, 
FA 60) open-design, low
field MRI demonstrating 
rim enhancement in a cere
bral abscess following gado
linium administration. 
(Image from a 0.64-T 
Toshiba open MR system) 

on proton density and T2-weighted scans. In 
nearly all cases peripheral edema is present. Fol
lowing contrast administration the rim enhances 
intensely (Fig. 10). Satellite lesions are commonly 
present [87]. The collagenous abscess capsule is 
visible on unenhanced scans, during the early and 
late capsule stages, as a comparatively thin
walled, well-delineated isointense to slightly hy
perintense ring that becomes hypo intense on T2-
weighted sequences. 

While encephalitis is usually viral, it may be 
caused by a broad spectrum of agents. In the 
United States and Europe this diffuse, nonfocal 
brain parenchymal inflammatory disease is most 
commonly caused by herpes simplex encephalitis. 

The typical early findings of MR include gyral 
edema on Tl-weighted images and high signal in
tensity in the temporal lobe or cingulate gyrus on 
T2-weighted scans. Often the signal abnormalities 
extend into the insular cortex and spare the puta
men. In the early stages enhancement following 
contrast administration is unusual [88]. While pe
techial hemorrhages occur, they are uncommonly 
identified early in the disease process. As pre
viously demonstrated, open low-field MR may be 
advantageous in the early diagnosis of this and 
other progressive brain disorders (see Fig. O. 

Fungi are single-celled organisms that are very 
different from bacteria in size, structural com
plexity, chemical composition, and their patholog
ical effects on the central nervous system [89]. 
Imaging findings vary depending on the specific 

fungus involved. Gelatinous-appearing pseudo
cysts are produced by cryptococcus, and these ex
tend along enlarged perivascular spaces, particu
larly in the basal ganglia. Imaging of aspergillosis 
usually shows that of multifocal hemorrhagic my
cetomas or penetrating or large vessel cerebral in
farcts, since this is an angioinvasive fungus. In 
CNS coccidioidomycosis, what is usually seen is 
meningeal inflammation with infectious purulent 
and caseous granulomas. Communicating hydro
cephalus is common, and the basal meninges may 
appear notably thickened [90]. 

CNS infections can be caused by several differ
ent parasites and include toxoplasmosis, cysticer
cosis, schistosomiasis, sparganosis, amebiases, 
and echinococcosis. Imaging findings are related 
to the stage of the infection at presentation [92]. 
On imaging studies obtained during the vesicular 
stage of parenchymal cysticercosis, the larva ap
pears as a round CSF-like cyst with a mural nod
ule that represents its scolex (head). Edema and 
cyst wall enhancement occur on imaging studies 
during the colloidal vesicular stage. In the granu
lar nodular stage, the residual cyst is typically 
isointense compared to brain on unenhanced Tl
weighted images and isointense to hypo intense on 
T2-weighted sequences. By the final, nodular cal
cified stage, the granulomatous lesion has con
tracted to a fraction of its initial size and is com
pletely mineralized [91]. 

Imaging findings of miscellaneous parasitic in
fections vary with the disease stage, although 
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multiple conglomerate, ring-enhancing lesions 
with striking peripheral edema are typical [92]. 
In sparganosis, imaging findings are not distin
guishable from other granulomas or neoplastic 
masses [93]. In echinococcosis, also known as hy
datid disease, the imaging findings are striking. 
What is typical is a single, thin-walled spherical 
CSF-density cyst in the parietal area [92]. Rarely 
multilocular or multiple lesions occur. 

Vascular Disease 

The third leading cause of death in the United 
States is cerebrovascular disease, most of which 
affects individuals over the age of 55, and is re
lated to atherosclerotic disease. Patients present
ing for MR with cerebrovascular disorders com
monly suffer from one of three conditions: (a) a 
transient ischemic attack (TIA), a neurological 
deficit that clears in less than 24 h, (b) a revers
ible ischemic neurological deficit (RIND), in 
which the neurological deficit lasts longer than 
24 h but clears, or (c) cerebrovascular accident 
(CVA), or completed stroke, in which the patient 
does not recover all lost neurological function. A 
"stroke in progress" is a fourth condition for 
which MR (and particularly MRA) may be used. 
This medical emergency is now often treated in a 
manner similar to a heart attack. Every second 
counts in this circumstance. It has been possible 
to entirely reverse strokes that would have other
wise left the patient paralyzed [76]. 

With standard spin-echo MRI arterial patency 
may be difficult to assess. Vessel occlusion with 
intraluminal thrombus is usually present when in
traluminal signal that is isointense with brain on 
long TRlshort TE or long TR/long TE is observed 
[94]. In-flow phenomena, however, as well as slow 
or in-plane flow in tortuous, ectatic vessels can 
mimic intraluminal thrombi. The presence of a 
normal "flow void" does not exclude significant 
extracranial carotid stenosis [94,95]. 

Diminished blood flow to all parts (global) or 
selected areas (regional or focal) of the brain is 
referred to as cerebral ischemia [96]. Stroke is a 
dynamic process that changes over time, involv
ing the location and degree of cerebral ischemia 
and resulting infarction. The parameters of flow 
decrement, location, duration, and tissue volume 
involved [96] are predicated by ischemic manifes
tations. Progressing in stages, a stroke moves 
from ischemia to actual infarction [97]. 

The lay term "stroke" encompasses a heteroge
neous group of widely differing cerebrovascular 
disorders. Four major types include cerebral in
farction, primary intracerebral hemorrhage 

(ICH), SAH, and venous occlusions. In cerebral 
ischemia the imaging findings vary significantly 
over time. More often acute infarcts are identified 
and localized on MR compared to CT scans (see 
Fig. 4) [98]. Open low-field imaging may prove 
particularly helpful in the management of these 
patients who often require extensive life support 
assistance. In addition, areas of ischemia can of
ten be detected within minutes of the acute event. 
On standard spin-echo MR scans obtained within 
24 h of the ictus, 80% of acute infarcts are visible 
[99]. On MR the earliest findings are vascular 
flow-related abnormalities, including absence of 
normal flow void and slow flow with intravascular 
arterial enhancement [100]. Within minutes of 
symptom onset, these signs are detectable [101, 
102]. In nearly three-quarters of acute cortical in
farcts, intravascular enhancement is seen [10 1]. 

Early on, Tl-weighted images also manifest 
morphological changes, particularly brain swel
ling. Such anatomic changes may precede the de
velopment of increased signal on proton density 
or T2-weighted sequences. While usually not ob
served before 8 h on high-field, T2 hyperintensity 
does occur (Fig. 11). These changes may be de
tected within the first hour on lower field 
strength open-design MR systems where tissue 
contrast is greater. In about one-third of cases ab
normal meningeal enhancement is seen adjacent 
to cortical infarcts that are aged 1-3 days [10 1]. 
In 10%-20% of patients standard high-field MRI 
sequences fail to detect acute stroke [103]. 

As mentioned above, because cerebral infarc
tion is a dynamic process, its imaging manifesta-

Fig. 11. T2 image (TR 4000, TE 48) in cerebral infarction. 
Note the cortical and subcortical increased signal intensity 
of the left hemisphere. (Images from a 0.2-T Siemens MR 
system. Margareta Arens, MD, St. Barbara Klinik, Hessen, 
Germany, used with permission) 
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Fig. 12. A Tl-weighted image (TR 540, TE 15) of encepha
lomalacia from a Siemens 0.2-T MR system. (Margareta 
Arens, MD, St. Barbara Klinik, Hessen, Germany, used with 
permission) 

tions continue to evolve with time. Within 2-4 
days after ictus the two earliest signs of acute in
farction of intravascular and meningeal enhance
ment begin to diminish [101]. The parenchymal 
contrast enhancement that ensues can persist for 
weeks. Becoming more prominent, edema appears 
hypointense to cortex on Tl-weighted images and 
hyperintense on T2-weighted images. Mass effect 
increases and then gradually diminishes. 

A noticeable decrease in signal intensity is 
sometimes observed on T2-weighted images dur
ing the second post-ictal week. The initially high
signal changes may largely regress or even disap
pear. It is likely that this "fogging" effect is due to 

a 

Fig. 13. a FLAIR image (TR 4750, TE 120, II 1600) demon
strating a right middle cerebral artery infarction. (Image 
from 0.23-T Picker open MR system.) b FLAIR image (TR 
4750, TE 120, II 1600) demonstrating wallerian degenera-

a reduction in edema and leakage of proteins 
from cell lysis [104, 105]. 

The end result of the destructive process of 
prolonged ischemia is chronic infarction. The 
pathological hallmarks of stroke residua are vol
ume loss and gliosis, both reflected in gross spec
imens of chronic infarcts. On MR focal well-delin
eated low-attenuation or encephalomalacic areas 
are seen in the affected vascular distribution. The 
loss of cerebral tissue volume is reflected in the 
prominence of the adjacent sulci and the enlarge
ment of the ipsilateral ventricle (Fig. 12). After 8-
10 weeks the enhancement disappears. Rarely dys
trophic calcification may occur in the infarcted 
brain [106]. 

Since relaxation times are prolonged in both, 
the MR differentiation of subacute from chronic 
(<2 weeks) infarction on standard spin-echo se
quences may be difficult because relaxation times 
are prolonged in both [107]. Mass effect and con
trast enhancement are absent in old infarcts (>8-
10 weeks). Ipsilateral brain stem atrophy and hy
perintensity on T2 or FLAIR imaging may result 
from waller ian degeneration ofaxons and their 
myelin sheaths [108] (Fig. 13). Gyriform signal 
changes can sometimes be identified on Tl
weighted images if cortical hemorrhage or sec
ondary calcification has occurred. These are 
either hypo- or hyperintense depending on the 
age of the hemorrhage. Old infarcts reveal ribbon
like very hypointense foci on T2-weighted images 
[109]. 

Lacunar infarcts, which account for 15%-25% 
of all strokes [11 0], are seen as rounded or slitlike 
lesions on MR that are hypointense to brain on 

tion associated with the right middle cerebral artery infarc
tion in a. Note the abnormal increased signal intensity in 
the right pons and the absence of artifacts (compare to 
Fig. 4a). (Image from a 0 .23 T Picker open MR system) 

b 
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Tl-weighted images. On T2-weighted sequences 
well-delineated hyperintense areas are identified. 
Following contrast administration, some late 
acute or early subacute lacunar infarcts may en
hance [110). 

Hypoxic-ischemic encephalopathy (HIE) results 
from global rather than focal brain injury (see 
Fig. 12). Common causes of HIE are severe pro
longed hypotension, cardiac arrest with successful 
resuscitation, profound neonatal asphyxia, and 
carbon monoxide inhalation. Most frequently the 
sites of brain involvement are the basal ganglia 
and parasagittal areas. Border zone area hyperin
tensities are revealed on T2-weighted images. 
Striking enhancement can occur after contrast ad
ministration. 

Differentiating between ischemia and a neo
plasm can at times be difficult. Often imaging 
findings that suggest stroke includes a full thick
ness lesion that affects gray and white matter and 
follows a typical vascular distribution. The cortex 
is affected and the underlying white matter 
spared in a stroke, while tumors tend to involve 
the white matter and spare the cortex. A stroke 
tends to be wedge-shaped or serpentine, whereas 
a tumor is usually round, lobulated, or infiltrat
ing. 

MR may also be of benefit in the evaluation of 
other vascular lesions such as arteriovenous mal
formations, aneurysms, vasculitis, and direct ves
sel injury (Fig. 14). 

Fig. 14. Gradient echo MR (TR 610, TE .35, FA 30) demon
strating a large arteriovenous malformatIOn. Note the prob
able area of focal hemorrhage seen as marked hyperinten
sity. (Imaged from a 0.3-T Hitachi open MR system) 

Head Trauma 

With two million cases in the United States 
each year, traumatic brain injury is one of the 
most common types of insult in the United States. 
MR and particularly open design MR is fre
quently becoming utilized for this injury [76). 
MR can better identify several types of lesions as
sociated with head trauma than CT, including 
contusions, shearing injury of the white matter, 
subdural hematomas, and anoxic injury [Ill) 
(Fig. 15). 

The reasons emergency patients with head in
jury were in the past evaluated by CT were both 
logistical and clinical. Siting requirements at one 
time dictated that MR scanners be located a con
siderable distance from emergency rooms. Also, it 
was difficult and sometimes impossible to manage 
these acutely injured patients effectively in most 
MR scanners. However, it is now possible to lo
cate an open-field magnet near an emergency de
partment providing the opportunity to compare 
patients who undergo examination by the respec
tive modalities [Ill). 

While previous studies of MRI indicated that 
this modality was more sensitive than CT in de
tecting many types of traumatic lesions [112-
124), blinded studies support the claim that a 
positive MR is more predictive of actual trauma 
than a positive CT for all forms of traumatic in
jury, excluding fracture [111). The appropriate 
acute surgical management in cases of head trau
ma continues for the most part to rely on CT as 
the diagnostic modality of choice [125-129). CT 
appears to be satisfactory as the initial diagnostic 
test in the comatose or dramatically neurologi-

Fig. 15. Tl-weighted MR (TR 650, TE 25) demonstrating a 
subdural hematoma. (Image from a 0.3-T Hitachi open MR 
system) 

161 



162 W. W. ORRISON Jr. 

Fig. 16. a CT demonstrating no significant abnormality. 
(Image from a 0.3-T Hitachi open MR system.). b T2-
weighted (TR 2000, TE 105) open-design MRI demonstrat-

cally impaired head-injured patient due to current 
widespread availability, speed, and accessibility. It 
must be recognized that the inability of CT to de
tect multiple types of cerebral injury has been 
substantiated by pathological confirmation [llS, 
130-132]. Acute brain injury can be more accu
rately assessed with MR, improving quantitative 
and qualitative analysis of the extent of acute 
brain injury. It is no longer adequate to use a 
normal CT scan as evidence that patients with 
head injury do not suffer severe neuropsychologi
calor delayed neurological impairments as a re
sult of undetected cerebral lesions (Fig. 16). 

In the United States over half of the significant 
head injuries occur as a result of automobile acci
dents [133]. A sensitive and objective tool is ne
cessary not only to sort out the relevance of per
sistent complaints when litigation is in process or 
pending; more importantly, alteration in medical 
treatment of these patients may be indicated by 
lesions that are undetected by CT. Patients with 
significant cerebral lesions may warrant closer ob
servation, more aggressive and earlier rehabilita
tion efforts, and a more gradual or prolonged 
convalescent period, possibly even fluid restric
tion [1l1]. 

In determining the value of an open-field scan
ner in the emergency setting, what becomes ap
parent is a need for a systematic approach. These 
patients should receive initial CT scans as soon as 
possible, followed by MR within the first 24 h. 
When MR is performed and CT scans are not 
available, our protocol calls for an axial Tl
weighted scan. This significantly improves the de
tection of SAH and ICH at lower field strengths 

ing extensive cerebral contusions performed on the same 
day as a. (Image from a Toshiba 0.64-T open design MR 
system) 

[134-136] (see Fig. 3). To accommodate the large 
number of cranial MR referrals from this protocol 
it has been necessary to establish a limited MR 
examination. This limited examination consists of 
axial proton density and T2-weighted images and 
is performed only when a CT scan is available 
from the preceding 24 h. This is charged as a 
combination study, and represents a 50% reduc
tion in cost of the two examinations performed 
separately. 

Provided a CT scan has been performed, our 
study indicates that MRI performed within 24 h 
of the initial head trauma should be adequate. It 
has also been demonstrated conclusively that a 
negative CT scan is not sufficient to exclude large 
contusions, shearing injury, and extra-axial fluid 
collection [Ill]. These disorders may require less 
acute neurosurgical or medical intervention. 

The additional information provided by an MR 
scanner in the emergency room may alter patient 
care significantly. The open design system allows 
the management of acutely injured patients. 
While CT and MR are complementary in the eval
uation of head trauma, MR has been demon
strated to be significantly more sensitive for a 
broad range of common posttraumatic brain in
sults [Ill]. 

Hemorrhage 

The appearance of hemorrhage may be the 
most difficult area to understand in all of MR 
brain imaging. The several published studies on 
the appearance of blood on MR attest that there 
is as much disagreement as there is agreement on 

b 
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this topic. To a large extent this is due to the fact 
that field strength has been ignored when hemor
rhage on MR is considered. A common pattern in 
the appearance of intraparenchymal hemorrhage 
is identifiable when the field strength of the scan
ner is included [136]. 

Tl- and T2-weighted images show hyperinten
sity in the hyperacute stage of hemorrhage 
(bleeding that is less than 24 h in age). As the 
field strength decreases, Tl is much more hyper
intense, with T2 rapidly losing intensity as the 
field strength increases. Hyperacute blood is 
therefore white on Tl at low-field strength and 
white on T2 at both high and low-field strengths, 
but not for long at higher field strengths (see 
Fig. 3) [76]. 

Aging blood becomes acute (1 day to 1 week) 
and loses intensity on both Tl and T2 sequences 
at all field strengths. At higher field strengths it 
becomes darker more rapidly on Tl- and particu
larly on T2-weighted sequences. This is attributed 
to a combination of clot retraction and deoxyhe
moglobin formation as well as red blood cell set
tling and packing (Fig. 17) [76]. 

Blood continues to age and becomes subacute 
(2 weeks-l month) as it goes through several 
phases. Intracellular methemoglobin begins to 
form, and Tl-weighted sequences show the blood 
as white (increased signal intensity or hyperinten
sity), while the T2 sequences show decreased sig
nal continually (Fig. 18). Then the methemoglo
bin becomes extracellular as the red blood cells 
lyse, and blood becomes hyperintense (white) on 
T2 sequences also [76]. 

Blood is generally referred to as chronic when 
it becomes more than 1 month old. When it is 
chronic, it remains hyperintense on both Tl- and 
T2- weighted sequences until replaced by CSF. 
Then it is usually hyperintense (white) on T2 and 
hypointense (black) on Tl. Figure 19 summarizes 
the changes that blood goes through on MR, and 
illustrates the effect of field strength on the ap
pearance of blood over time. For the most part, 
blood exhibits the exact same changes at all field 
strengths, with a more rapid time course at lower 
field strengths. This can be summarized on Tl 
and T2 sequences in the following manner and vi
sualized in Fig. 19. 

On Tl, blood begins as hyperintense (espe
cially on low field) where this increased signal 
persists much longer than at high field) and de
creases rapidly to hypointensity. During this same 
time T2 sequences show acute blood also going 
from hyper- to hypointense but decreasing to a 
much lower intensity on T2 (black blood) as com
pared to the signal decrease on T1. This process 

Fig. 17. T2 MRI (TR 2000, TE 105) demonstrating de
creased signal intensity in a hemorrhagic focus. (Image 
from a Toshiba 0.64-T open-design MR system) 

Fig. 18. High signal intensity of methemoglobin on T2 se
quence (TR 3900, TE 117) resulting from an aneurysm. 
(Image from a 0.3 T Hitachi open MR system) 

of signal loss represents well oxygenated intact 
red blood cells (hyperintense on Tl and T2) 
going through a process of oxygen loss, red cell 
dehydration, and clot formation with clot retrac
tion (hypointense on Tl and T2). At this stage the 
deoxyhemoglobin in the retracted clot filled with 
dehydrated cells appears of low signal on Tl and 
black on T2. As methemoglobin begins to form in 
the intact red blood cells, Tl signal increases un
til the lesion begins to appear hyperintense 
(white) while on T2 the lesion remains hypoin
tense (black). With lysis of the red blood cells, 
free methemoglobin forms, and this is hyperin
tense on both Tl and T2. The lesion is now there-
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Fig. 19. a Graph indicating the temporal pattern of hemorrhage at high field (R, rim of lesion). b Graph indicating the 
temporal pattern of hemorrhage as seen on low-field open-design systems (R, rim of lesion) 

fore white on both Tl and T2. A hemosiderin 
ring forms around both Tl and T2 but is far 
more evident on T2 as the blood ages. Finally, if 
replaced by CSF, the lesion is hypo intense on T 1 
but remains hyperintense on T2. 

In conclusion, definite temporal patterns for 
the evolution of hemorrhage exist. The variability 
that is so marked and observed in hemorrhages 
can be explained by several factors including 
time, biochemical change, and structural altera
tions in the evolving hematoma [136]. The pat
terns identified above can aid in the approach, 
identification, and final diagnosis of an intracra
nial hemorrhage [136]. In time the heterogeneity 
in the appearance of hemorrhage may provide in
sight into the pathophysiological changes occur
ring in the brain. 

White Matter Disease 

MR is the most effective imaging technique 
with regards to white matter disease. White mat
ter disease may be classified as either demyelinat
ing or dysmyelinating. The term dysmyelinating 
disease is used to describe a group of conditions 
in which there is a lack of normal myelin (white 
matter) formulation in the brain. Conditions such 
as metachromatic leukodystrophy, Krabbe's dis
ease (globoid cell leukodystrophy), Canavan's dis-

ease (spongiform leukodystrophy), Alexander's 
disease (fibrinoid leukodystrophy), and adrenal 
leukodystrophy are examples of dysmyelinating 
disease. All of these disorders have in common a 
lack or delay in the formation of normal white 
matter that results in severe neurological abnor
malities and/or early death [138]. 

In contrast to the dysmyelinating diseases, 
where no normal myelin forms, demyelinating 
conditions are diseases in which there is a loss of 
normally formed myelin. These are commonly re
ferred to as primary or secondary. Primary de
myelinating diseases are those that destroy the 
myelin sheath, tend to spare other parts of the 
nervous system such as nerve cells and support
ing structures, and demonstrate a relative lack of 
wallerian degeneration [139-141]. Secondary re
fers to conditions that may result in a loss of 
myelin, and this category includes ischemia, an
oxia, infection, toxic agents, and diseases of un
known etiology (Fig. 20). The term "white matter 
disease" could include most diseases of the cen
tral nervous system, when it is used in reference 
to secondary demyelinating processes [139-145]. 

Multiple sclerosis (MS) is the most common 
condition that results in the loss of normally 
formed myelin [138, 146) (Fig. 21). While the 
cause of MS remains unknown, it is believed to 
involve autoimmune-mediated demyelination in 
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Fig. 20. FLAIR image (TR 5500, TE 112, II 1550) demon
strating periventricular and subcortical white matter dis
ease on a GE 0.2-T open MRI system 

Fig. 21. Axial T2-weighted MR (TR 5605, TE 117) of MS 
plaques from a 0.2-T Siemens open MR system. (Donald 
Schnapf, DO, York Imaging Center, Pennsylvania, used with 
permission) 

genetically susceptible individuals [146-150]. The 
role of inheritance is not understood, even 
though an increased incidence of subclinical de
myelination has been demonstrated in asympto
matic first -order relatives of MS patients [148]. 
Patients with this disease present with highly vari
able forms of clinical presentation; indeed, it is 
the broad variety of neurological symptoms that 
occur at different times that often lead to a suspi
cion of MS. 

A prospective 2-year study demonstrated the 
sensitivity of MRI in detecting MS to be nearly 
85% and exceeding all other tests, including CT 

Fig. 22. A FLAIR image (TR 6000, TE 93) demonstrating 
"Dawson's fingers" from a 0.2-T Siemens scanner. (Donald 
Schnapf, DO, York Imaging Center, Pennsylvania, used with 
permission) 

[151]. On standard MR scans most foci that are 
identified are clinically silent [152, 153]. Most of
ten MS "plaques" are iso- to hypo intense on Tl
weighted scans and hyperintense compared to 
brain on T2-weighted scans (Fig. 4). In order to 
establish the MR diagnosis of MS most require 
the presence of three or more discrete lesions that 
are 5 mm or greater in size, as well as lesions that 
occur in a characteristic location and have a com
patible clinical history [154, 155]. It is typical to 
find oblong lesions at the callososeptal interface. 
Also characteristic is pervenular extension into 
the deep white matter, the so-called Dawson's fin
ger [155] (Fig. 22). 

The MS lesions often appear as round or ovoid 
areas with a "beveled" (lesion within a lesion) ap
pearance on Tl- and proton density weighted 
studies. In severe cases confluent periventricular 
lesions are common (Fig. 23). In about 10% of 
long-standing severe MS cases, abnormal basal 
ganglia hypointensity is seen. Following contrast 
administration enhancement represents blood
brain barrier disruption. Enhancement is seen 
during the active dysmyelinating stage as highly 
variable and typically transient [138]. Solid as 
well as ringlike enhancement patterns are evident 
[156]. While most MS plaques do not enhance fol
lowing contrast administration [154], enhanced 
Tl-weighted scans can detect additional lesions 
that are not apparent on T2 weighted imaging 
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Fig. 23. A T2 MR (TR 2880, TE 90) demonstrating all fea
tures of MS including confluent periventricular lesions. 
(Image obtained from a O.3-T Hitachi open MR system) 

[152]. Certain solitary or very atypical MS lesions 
may be indistinguishable from abscess or neo
plasm [157, 158]. 

Optic neuritis particularly and other cranial 
neuropathies are common in patients with MS. 
On T2-weighted imaging lesions in the brainstem 
tracts and nuclei are seen, whereas contrast-en
hanced Tl-weighted studies may delineate en
hancement in the nerves themselves. What proves 
useful in separating optic nerve enhancement 
from high-signal orbital fat are fat-saturation and 
short-inversion recovery scans [159]. The use of 
black CSF techniques or FLAIR results in white 
lesions against a black CSF signal that makes 
missing the lesions nearly impossible (see Figs. 2, 
13, 20, 22). 

Imaging of internal auditory canal and pitui
tary structures were in the past limited to high
field systems. However, imaging of these regions 
is now readily accomplished using open-design 
low-field scanners (see Figs. 5, 6, 24). 

• Pituitary Imaging 

Improved tissue contrast and multiplanar cap
ability make MR the preferred imaging method 
for evaluating patients with suspected sellar and 
parasellar abnormalities. In patients with symp
toms or signs of pituitary dysfunction or visual 
field deficits MR is the primary imaging modali-

Fig. 24. Fast spin echo sequence demonstrating seventh and 
eighth nerves on a 0.2 T Siemens open MR system. (Mi
chael Deimling, PhD, Siemens, Erlangen, Germany, used 
with permission) 

ty, while coronal CT remains the diagnostic imag
ing method of choice in patients in whom an MR 
study is contraindicated. The following protocols 
have been successfully employed at field strengths 
from 0.6 to 1.5 T for the evaluation of the pitui
tary. Routine dynamic scanning has been per
formed regardless of field strength with scans 
being initiated after IV injection of a bolus of 
0.1 mmollkg gadolinium DTPA. A CT dynamic 
protocol has also been included here for the rare 
patient in whom MR is contraindicated. 

Protocol: Pituitary High-Field MR (Siemens) 
1. Sagittal localizer. 
2. Tl coronal dynamic (begin when Gd bolus is 

started): TR 1200 TE 1 matrix 128x256, FOV 
300, thickness 3 mm, ACQ 1, slices 5 (x8), time 
29 s x8. 

3. Tl coronal routine: TR 300 TE 15 matrix 
192x256, FOV 300, thickness 3 mm, ACQ 4, 
slices 10 (4 min). 

4. Routine Tl sagittal: TR 700, TE 15, matrix 
256x256, FOV 240, thickness 5 mm, ACQ 2, 
slices 23 (6 min). 

5. Proton density and T2 axial: TR 2500, TE 22/90 
matrix 192x256, FOV 240, thickness 5 mm, 
ACQ 1, slices 20 (8 min). 

Protocol: Pituitary High-Field MR (GE) 
1. Sagittal localizer. 
2. Tl coronal dynamic (begin when Gd bolus is 

started): TR 32, TE 6, FA 20 (SPGR), matrix 
256x128, FOV 240, thickness 3 mm, ACQ 2 (2 
slice locations), single-slice technique, time-
25 s (per slice) x8 (sequence time 1 min; scan 
time 5 min). 

3. Tl-coronal routine: TR 600, TE 12, matrix 
256x128, FOV 160, thickness 3 mm, ACQ 4, 
slices 14 (5 min). 

4. Routine Tl sagittal: TR 600, TE 12 matrix 
256x128, FOV 160, thickness 3 mm, ACQ 4, 
slices 14 (5 min). 
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5. Proton density and T2 axial: TR 2800, TE 30/ 
100, matrix 256xl92, FOV 200, thickness 
5 mm, ACQ 0.075, slices 20 (7 min). 

Protocol: Pituitary Open Low-Field MR 
(Toshiba) 
1. Center the pituitary gland by scout view or 

fluoro-mode. 
2. Three-axis locator (scout view). 
3. TR 150, TE 30, matrix 256x256, FOV 125, 

thickness 10 mm, ACQ 1, slices-l (x8) time 
38 s (x8). 

4. T1 coronal routine: TR 110, TE 15, FA 60, ma
trix 256x256, FOV 110, thickness 2.5 mm, ACQ 
2, slices 16 (9 min, 56 s). 

5. Reconstruct coronal, sagittal, and axial planes 
at 1.25 mm, film at 4x magnification. 

Protocol: Pituitary Open Low-field MR (Picker) 
1. Center the pituitary gland by scout view or 

fluoro-mode. 
2. T1 coronal dynamic TR 250, TE 15, FA 35, ma

trix 25/256, FOV 300, thickness 3 mm, ACQ 1, 
slices lx5, time 1:04 (X5). 

3. Reconstruct sagittal and axial planes. 

Protocol: Coronal Sellar CT 
1. Position patient supine with head at maxi

mum extension with shoulder elevation. 
2. Scout view. 
3. Gantry tilt 140 0 posterior or true coronal 

plane. 
4. Program dynamic technique (8-13 slices as 

required for pituitary fossa). 
5. Bolus with 40 g iodinated contrast. 
6. Begin scanning with thinnest slices as rapidly 

as possible through the pituitary fossa. 
7. Following dynamic scan, repeat high-resolu

tion coronal CT. 
8. Photograph at 2x magnification. 
9. Reconstruct sagittal and axial images. 

10. Measure gland height at stalk and at maxi
mum size. 

A wide variety of pathological processes have 
been described in the sellar and parasellar region 
[160-163]. 

The abnormal finding that is most striking on 
both dynamic and routine neuroimaging of the 
pituitary gland is a focal defect in the gland fol
lowing contrast administration. The diagnosis is 
frequently that of a pituitary adenoma, when this 
finding is combined with other abnormalities of 
the gland (Fig. 25) [164]. A pituitary adenoma, 
clinically categorized as functioning or nonfunc
tioning, may be defined as a benign neoplasm of 

Fig. 25. A Tl postcontrast MR (TR 472, TE 26) demonstrat
ing a pituitary microadenoma identified as a focal area of 
decreased signal within the enhancing pituitary gland. 
(Image from a 0.2-T Siemens open MR system. Mark Leszc
zynski, RT, Memorial Open MRI, Houston, Texas, used with 
permission) 

the anterior pituitary gland (adenohypophysis). 
Radiologically an adenoma is described as a mi
croadenoma or macro adenoma based on size. A 
micro adenoma is less than 10 mm in diameter 
and a macro adenoma is greater than 10 mm in 
diameter. More often the micro adenomas are 
functioning and typically secrete prolactin, 
growth hormone, or ACTH. Macroadenomas, less 
often functioning, are more likely to present with 
neurological signs and symptoms from mass ef
fect on the optic chiasm or cranial nerves 
(Fig. 26) [164-166]. Prior to contrast enhance
ment macroadenomas can be expected to demon
strate isointensity or hyperintensity relative to ce
rebral gray matter. Signal inhomogeneity may 
present as a result of tumor necrosis, cyst forma
tion, or hemorrhage. Minimal to moderate en
hancement is typical following the administration 
of gadolinium on MR. The objective of an MR ex
amination is primarily to evaluate possible supra
sellar or parasellar extension, even though these 
lesions are readily identifiable without contrast in 
many instances. It is possible to best evaluate 
compression of the optic chiasm, invasion of the 
cavernous sinuses, or extension into the sphenoid 
sinus following administration of intravenous 
contrast by MR. The possibility of an aneurysm 
should be indicated by the presence of a large 
flow void on MR, and MR angiography can be 
performed at the same setting. 

Findings most commonly encountered in the 
evaluation of microadenomas, which may be com
mon to both micro adenomas and macroadeno
mas, include: (a) focal defect in the gland follow-
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Fig. 26. Tl-weighted MR (TR 68, TE 24, FA 30) postgadoli
nium contrast enhancement demonstrating a pituitary 
macro adenoma. (Image from on a 0.64-T Toshiba open de
sign MR system) 

Fig. 27. Tl-weighted MR (TR 600, TE 30) demonstrating a 
large suprasellar cystic mass. (Image from a 0.35-T Fonar 
MR system) 

ing contrast enhancement (particularly evident on 
dynamic images), (b) upward convexity of the su
perior margin of the pituitary gland, (c) asym
metric gland enlargement, (d) increased gland 
height, (e) stalk deviation, and (f) focal erosion of 
the floor of the sella (often difficult to appreciate 
on MR). When more of the findings are present, 
there is a greater likelihood of pituitary adenoma. 
However, as stated above, the strongest indicator 
of pituitary micro adenoma is a focal region of hy-

pointensity following contrast administration 
[164, 165, 167-169]. 

A precursor of pituitary adenoma may be re
presented by pituitary hyperplasia. Pituitary hy
perplasia or hypertrophy may be the result of 
normal hormonal influences occurring during 
early development, puberty, and pregnancy [170, 
171]. Abnormal extrapituitary influences may also 
result in pituitary hyperplasia, occurring as a re
sult of bronchial carcinomas, islet cell tumors, 
and carcinoid tumors, for example [172]. Follow
ing contrast enhancement pituitary hyperplasia 
demonstrates a uniformly enlarged and enhancing 
gland without evidence of a focal defect. In a uni
formly enlarged pituitary gland, dynamic images 
are particularly valuable in excluding a focal defect. 

The location of craniopharyngiomas may be 
both intrasellar and suprasellar [161, 167, 173]. 
Craniopharyngiomas arise from squamous epithe
lial clefts of Rathke's pouch and are slowly grow
ing benign neoplasms. These tumors present pri
marily in children or young adults, but may also 
be seen in middle or later age groups. These neo
plasms contain both cystic and solid components 
with the cystic areas containing cholesterol or 
blood. The signal intensity of the cystic compo
nent is variable on MR but may also be hyperin
tense as a result of cholesterol or blood. Cystic re
gions are typically hypodense on CT. Craniophar
yngiomas are most often heterogeneous, and this 
is not related to location [161, 167, 173] (Fig. 27). 

In addition to adenomas and craniopharyngio
mas, tumors such as meningiomas, metastatic dis
ease, gliomas, lymphomas, pinealomas, choristo
mas, dermoids, epidermoids, teratomas, and lipo
mas also occur in this location. 

A sella that is partially or completely filled 
with cerebrospinal fluid is referred to as an 
"empty sella." Frequently the gland is small and 
positioned posteriorly and inferiorly against the 
sellar floor. An empty sella is rarely accompanied 
by endocrine dysfunction or an associated pitui
tary adenoma. 

• Diagnostic Yield and Reader Experience 

Diagnostic efficacy is considered of primary 
importance in the evaluation of any imaging mo
dality. This remains a concern regardless of other 
issues that may be involved, including risk and 
cost. Therefore imaging systems that may offer a 
significant reduction in cost and risk would gen
erally be considered of little value unless at least 
an acceptable level of diagnostic efficacy had been 
demonstrated. Well-controlled and blinded studies 



1 Open-Field Magnetic Resonance Imaging: Diagnostic Procedures and Protocols in the Brain 169 

have shown similar diagnostic accuracy for low, 
middle-, and high-field MR systems [174]. 

The development of MRI has been paralleled 
with controversy regarding optimum field 
strength since the first clinical applications of MR 
in 1982 [175, 176]. After more than 15 years of 
continued research and clinical use this issue re
mains unresolved [175-178]. In a study compar
ing the diagnostic efficacy of MRI at 0.064 T with 
CT and with MRI at 1.5 T in cranial central ner
vous system disease, statistical measurements of 
sensitivity, specificity, and reader confidence were 
addressed [179]. 

The results from this study indicate that the 
difference in diagnostic capability of MR imagers 
at field strengths of 0.064 and 1.5 T is small for 
most central nervous system diseases and be
tween 0% and 10% in most cases. Many addi
tional factors must be considered when evaluating 
diagnostic accuracy for clinical care, including 
the radiologist'S experience, the patient popula
tion, availability of the clinical history, and effec
tive use of the MR imager, which includes thor
oughness of the examination, appropriate use of 
pulse sequences, and use of MRI contrast materi
al. Instead of establishing the superiority of one 
imaging system, technique, or field strength, re
search generally demonstrates that each system 
provides diagnostically valuable images, and that 
it is critical to know how to use each system to 
its best advantage [175, 176, 180-188]. 

It is important to include consideration not 
only of the quality of the images but the clinical 
history of the patient and the capability of the 
radiologist when assessing diagnostic accuracy. In 
the above study an incomplete or inadequate his
tory accounted for as much as 100% loss in sensi
tivity in the category of abscess or infection. We 
found as much as 15% loss of diagnostic sensitiv
ity as a result of variations in reader capability, 
diligence, and attention. Therefore issues such as 
history and reader variability accounted for far 
more than scanner type in missed diagnoses. 
Radiologists and physicians in a competitive envi
ronment are aware that quality of interpretation, 
availability of comparative studies, direct and 
complete clinical history, and radiological training 
have measureless influence on individual patient 
care. Issues of quality assurance have been partly 
deflected by the predominant focus on type of 
imager and field strength with those issues that 
actually make the most clinical difference 
avoided. In other words, both the literature and 
common experience confirm that no amount of 
scanner improvements can account for inherent 
deficiencies in the physician reading the scan. 

While inherent scanner limitations do exist, 
there appear to be little in the way of diagnostic 
differences between high- and low-field MR 
images. The specificity of low-field MRI and even 
CT may be substantially superior to that with 
high-field MRI in some cases [179]. 

The literature indicates that bore-type high
field and open-design low-field MR imagers are 
diagnostically equivalent for detection of central 
nervous system disease [189]. Many additional 
factors must be considered when evaluating this 
conclusion, such as the experience of the radiolo
gist, the type of patient being evaluated, the avail
ability of appropriate history, maximum utiliza
tion of the MR scanner, length of the study, and 
patient safety. Literature studies have generally 
found that most imaging systems provide diag
nostically valuable information at varying field 
strengths and for a broad range of diseases [1-5, 
12, 136, 189-195]. 

It is not surprising that differences in reader 
interpretation and the effect of information such 
as appropriate clinical history are more signifi
cant than the diagnostic imaging modality uti
lized. However, time, cost-effectiveness, and safety 
are additional factors that should be considered 
in MR applications. 

Even the most technologically advanced and 
sophisticated imaging technology has serious lim
itations. We must continue to recognize a patient's 
uniqueness and the distinctiveness of each indi
vidual's condition. Each person's brain is capable 
of markedly different physiological and functional 
responses to the presence of pathology; this may 
significantly influence treatment outcomes and 
options. Open design MR systems provide yet an
other tool to assist in the care of our wonderfully 
complex patients. 
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