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Abstract

Aims of the study

The aims of this study using Gadodiamide injec-
tion were to investigate:

• Whether Gadodiamide injection was compara-
ble to Gd-DTPA for the enhancement of CNS
lesions.

• The contrast effect at different field strengths.

• The effective time-window for the enhance-
ment of blood-brain barrier damage.

• The relations between the concentration of
contrast agent and enhancement in phantoms,
and to correlate the results to doses given to
patients.

• The use of a higher dose in two important
clinical problems; the detection of metastases
in the brain, and the evaluation of patients with
failed back surgery syndrome (patients with
recurrent pain after surgery for lumbar disc
herniation).

Results and conclusions

• Gadodiamide injection was comparable to Gd-
DTPA with regard to both safety and diagnostic
efficacy in the CNS.

• The contrast effect of Gadolinium contrast
agents is higher at 1.5 T than at 0.3 T both in
phantoms and patients with a maximum ratio
(signal lesion / signal grey matter) more than
50% higher at 1.5T.

• To achieve high contrast effect, heavily Tl-
weighted images are also important at both
field strengths, as prolonging the repetition

time from 400 ms to 600 ms reduced the ratio
by 15-45% depending on concentration.

The effective time-window for imaging of
blood-brain barrier damage is between 2-5 and
25-30 minutes after injection and several scans
can be performed without loss of enhancement.

To provide maximum detectability of blood-
brain-barrier-damage in patients with brain
lesions, higher doses of Gd contrast media
should be useful, as the doses used clinically
today do not utilize the maximum contrast ef-
fect, either at high or low field strength. How-
ever, higher doses are more important at low
field strengths because the contrast effect is
lower than at high field strengths,

High-dose (0.3 mmol/kg b.w.) contrast-
enhanced Tl-weighted spin-echo MRI (0.3 T)
with Gadodiamide injection allowed detection
of significantly (p«0.01) more and smaller
metastases than standard-dose (0.1 mmol/kg
b.w.) MRI at 0.3 T. High-dose contrast-
enhanced MRI with Gadodiamide injection is
an efficient way to improve the detection of
brain metastases. This should also be true for
blood-brain-barrier disruptions of other causes.

High-dose (0.3 mmol/kg b.w.) contrast-
enhanced Tl-weighted spin-echo MRI at 0.3T
did not increase the diagnostic information in
patients with recurrent pain after surgery for
lumbar disc herniation compared to standard-
dose (0.1 mmol/kg b.w.) MRI. The high dose
images were considered more informative than
the standard dose images when compared in
pairs but gave no additional or different diag-
nostic information when evaluated separately.
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Abbreviations

BBB

CNR

CNS

CT

FBSS

FLASH

Gd

MP-RAGE

MR

MRl

SNR

T

TE

TR

Blood-brain barrier

Contrast-to-noise ratio

Central nervous system

Computed tomography

Failed back surgery syndrome

Fast low angle shot

Gadolinium

Magnetization-prepared rapid
echo

Magnetic resonance

Magnetic resonance imaging

Signal-to-noise ratio

Tesla

Echo time

Repetition time

Contrast agents:

Gd-DTPA-BMA

Gd-DTPA

Gd-DOTA

Gd-HP-DO3A

Gadodiamide injection

Gadopentetate dimeglumine

Gadoterate meglumine

Gadoteridol injection

Omniscan®

Magnevist®

Dotarem®

Dotarem®



Sammanfattning på svenska - Summary in Swedish

Magnetresonanstomografi (MRT) är en metod för
framställning av bilder av kroppen och av sjukliga
förändringar i kroppen. När metoden introducera-
des ansågs den utomordentligt goda inbyggda
vävnadskontrasten vara tillräcklig för att särskilja
olika sjukliga förändringar, speciellt i hjärnan. Det
har emellertid visat sig att förmågan att upptäcka
sjukliga förändringar är otillräcklig. Därför har
olika kontrastmedel för MRT utvecklats. Kon-
trastmedlen i klinisk användning är gadolinium-
substanser som fördelar sig i extracellulära
rummet. I hjärnan passerar de inte en intakt blod-
hjärn barriär. Om en skada på denna barriär
emellertid föreligger, passerar de in i det extracel-
lulära rummet i hjärnan. Kontrastmedlen kan
därför användas för att påvisa en sådan skada.
Eftersom nedbrytandet av barriären är en viktig
egenskap hos hjärntumörer, infektioner och andra
sjukdomar i centrala nervsystemet (CNS), har
användandet av dessa kontrastmedel ökat snabbt,
och de betraktas nu som nödvändiga vid många
MRT-undersökningar av hjärnan. Fördelningen i
det extracellulära rummet har också gjort dem
mycket användbara för utvärdering av andra
tumörer i och kring CNS liksom av förändringar
utanför detta område.

Gadodiamide injection skiljer sig från andra
gadolinium-baserade MR-kontrastmedel genom
lägre osmolalitet och genom lägre toxicitet. Detta
ger en möjlighet att använda medlet i högre doser
än vad som vanligen används vad gäller denna typ
av kontrastmedel.

Gadolinium-baserade kontrastmedels effekt är i
teorin beroende av fältstyrkan i magnetkameran,
men studier av detta har visat motsägande resultat.
I teorin ger högre doser bättre kontrasteffekt upp
till en viss gräns men effekten i kliniska samman-
hang av olika doser och dessa dosers kliniska
användningsområde har varit föremål för debatt.

Modern MR-teknologi tillåter mycket snabba
sekvenser, vilket har gjort det viktigt att fastställa
hur snabbt kontrasteffekten uppstår för att inte
undersöka patienten för tidigt. Det är också viktigt

att veta hur länge kontrastförstärkningen kvarstår
för att undvika att undersöka patienten när kontras-
teffekten försvunnit.

Vid hjärnmetastaser är det viktigt all man lyckas
påvisa alla metastaser innan behandling påbörjas,
eftersom antalet metastaser är mycket betydelse-
fullt, både för valet av behandlingsmetod och för
resultatet av behandlingen. Detta gjorde det
angeläget att undersöka möjligheterna att öka
förmågan hos MRT att upptäcka dessa förändring-
ar genom att använda en förhöjd dos av kontrast-
medel.

Ett annat problem är patienter som opererats för
diskbråck i landryggen, men efter operationen
antingen har kvarstående symtom eller återfår
symtom. Att skilja återkommande diskbråck från
ärrvävnad efter operation är viktigt, eftersom
återkommande diskbråck opereras med goda
resultat, medan patienter med enbart ärrvävnad
inte bör opereras. Tolkningen av MRT-
undersökningen är hos dessa patienter ofta svår,
varför det var viktigt att försöka förbättra de
diagnostiska resultaten genom att använda en
förhöjd dos av kontrastmedel.

Mål för studien

Målen för den här studien med Gadodiamide
injection var att undersöka:

• om Gadodiamide injection var jämförbar med
Gd-DTPA för kontrastförstärkning av föränd-
ringar i centrala nervsystemet (Delarbete 1);

• kontrasteffekten vid olika fältstyrkor (Delarbete
II);

• det användbara tids-spannet för kontrastför-
stärkning av blod-hjärn barriärskada (Delarbete
ni);

• relationerna mellan koncentration av kontrast-
medel och kontrastförstärkning i fantom och att
korrelera dessa resultat till doser av kontrast-
medel vilka givits till patienter (Delarbete II);
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• användbarheten av en förhöjd dos kontrastme-
del vid två viktiga kliniska problem:

1 påvisande av hjärnmetastaser (dvs. blod-
hjärn barriärskada) (Delarbete IV),

2 undersökning av patienter med åter-
kommande eller kvarstående symtom
efter diskbråckskirurgi i landryggen
(Delarbete V).

Delarbete I

Gadodiamide injection jämfördes med Gd-DTPA i
dosen 0,1 mmol/kg kroppsvikt i en dubbelblind,
randomiserad undersökning av 60 patienter.

Ingen skillnad i biverkningar befanns föreligga
och inga förändringar vad gällde neurologiska
fynd, blodtryck, puls eller blodprov hittades. Båda
kontrastmedlen bedömdes vara effektiva och ingen
skillnad i effektivitet eller säkerhet observerades.

Delarbete II

Effekten av Gadodiamide injection på bildkontrast
jämfördes vid olika koncentration och vid fältstyr-
korna 0,3 T och 1,5 T i fantom. Resultaten relate-
rades också till bilder av patienter med hjärnmeta-
staser vilka fått kontrastmedlet.

Kontrasteffekten för gadolinium-baserade kon-
trastmedel är högre vid 1,5 än vid 0,3 T. Medlens
maximala kontrast effekt utnyttjas inte vid de
doser som idag ges till patienter varför högre doser
kan komma att visa sig användbara, speciellt vid
lägre fältstyrkor, där effekten av dessa kontrast-
medel är mindre. Kraftig Tl-viktning är också
väsentlig för att erhålla god kontrasteffekt.

Delarbete III

Det för bildtagning vid MRT-undersökning av
förändringar i användbara tids-spannet efter
injektion av gadolinium-kontrastmedel bestämdes.

Elva patienter med 15 förändringar i hjärnan
(dottersvulster, hjärntumörer, böld) undersöktes.

Det användbara tids-spannet bestämdes börja vid
2-5 minuter och vara till 25-30 minuter efter
injektionen av kontrastmedlet.

Delarbete IV

Förmågan att påvisa hjärnmetastaser (eller
egentligen blod-hjärn barriärskada) vid kontrast-
förstärkt datortomografi-undersökning, icke-
kontrastförstärkt MRT-undersökning och kontrast-
förstärkt MRT-undersökning med standardclos (0,1
mmol/kg kroppsvikt) och förhöjd dos (0,3
mmol/kg kroppsvikt) av Gadodiamide injection
jämfördes. Sexton patienter med åtminstone två
metastaser, upptäckta vid kontrastförstärkt
datortomografi-undersökning, undersöktes vidare
med MRT. Högdos MRT-undersökning visade
statistiskt signifikant fler och mindre metastaser än
någon annan undersökning och gav en högre
diagnostisk säkerhet.

MRT-undersökning med förhöjd dos Gadodiamide
injection är ett effektivt sätt att öka möjligheterna
att upptäcka hjärnmetastaser.

Delarbete V

Standard och förhöjd dos av gadolinium-
kontrastmedel vid MRT-undersökning av patienter
med återkommande eller kvarstående symtom
efter kirurgi för ländryggsdiskbråck jämfördes.
Först bedömdes bilderna från de två dosnivåerna
parvis men utan att man kände till dosen. Sex
månader senare bedömdes bilderna igen, utan att
man kände till vare sig dosen eller patientens
identitet. Vid den parvisa utvärderingen bedömdes
högdosundersökningarna som mest givande, med
statistisk signifikans. Emellertid kunde vid den
senare, helt blinda utvärderingen, inte någon
statistisk signifikant skillnad påvisas vad gällde
diagnos eller diagnostisk säkerhet mellan de olika
dosnivåerna.

MRT-undersökning med förhöjd dos gadolinium
kontrastmedel ökade sålunda inte den diagnostiska
informationen. Högdosbilderna bedömdes som
mer givande när utvärderingen skedde parvis, men
gav ingen ny eller annorlunda diagnostisk infor-
mation när utvärdering skedde separat.
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Background

When clinical MRI was introduced the outstanding
inherent tissue contrast of this modality was
thought to be adequate for the differentiation of
various kinds of pathologic tissues. In the brain,
however, even if the differentiation between gray
and white matter is excellent in spin-echo images
and the ability of the technique to detect edema on
T2-weighted images is very good, its ability to
detect pathology without edema and to
differentiate between various kinds of pathologic
conditions has been shown to be inadequate.
Therefore, in analogy with the situation for CT
examinations, different contrast agents have been
developed to increase the diagnostic usefulness of
MRI. The MR contrast agents in clinical use are
paramagnetic gadolinium (Gd) substances, which
distribute in the extra-cellular space, and do not
penetrate an intact blood-brain barrier (BBB) in
the brain. However, if a damaged BBB is present,
the contrast agent penetrates into the extracellular
space in the brain and can therefore be used to
detect BBB damage. As the breakdown of this
barrier is a characteristic effect of intra-axial
tumors, infections and other diseases in the CNS,
the use of intravenous Gd contrast agents makes
the delineation of such lesions, as well as the
detection of them, easier. Hence, their use has
increased quite rapidly over the years since the
introduction of the first contrast agent for MRI,
Gd-DTPA, and Gd contrast agents are now
considered mandatory in many CNS examinations.
The distribution in the extracellular space of these
agents has also made them very useful for
evaluating extra-axial tumors in the CNS and other
lesions outside the central nervous system. An
important factor facilitating the use of Gd contrast
agents is that the accumulated knowledge from the
use of contrast media for CT can be applied in the
evaluation of MR images as the distribution of the
extracellular MR contrast agents is identical with
the distribution of the X-ray contrast media.

Properties ofGd contrast agents

The mechanism for creating contrast using
paramagnetic MR contrast agents is not the same
as the mechanism of X-ray contrast media, which
produce their effect by changing the electron
density locally, thereby reducing the penetration of
the X-rays and thus creating a direct change of
contrast. The MR agents produce their effect by
changing the Tl and T2 relaxation times of the
surrounding protons. However, as the distribution
of the contrast media is the same, the diagnostic
information on the images will be identical.

The active substance in all clinically available
intravenous MR contrast agents for CNS imaging
is gadolinium, the 64th element in the periodic
table, named after Gadolin, a Finnish chemist. It
belongs to the lanthanide group and has seven
unpaired electrons, which gives the ion a very
large magnetic moment. This in combination with
a favorable electron-spin relaxation rate gives
excellent properties for proton relaxation
enhancement. This means that the substance has a
magnetic dipole that can interact with nearby
protons and thereby change the relaxation times of
these protons. However, like most heavy metal
salts, gadolinium is toxic, which is ascribed to its
interference in biochemical processes, especially
those involving intracellular enzyme and
membrane systems. To reduce its toxicity, the ion
is bound to a chelating ligand, which wraps around
the metal ion and binds to it at several sites. This
prevents the chemical and biological effects of the
free ion and makes it possible to use the substance
as a contrast agent in humans. Gadodiamide
injection (Fig. 1) is a chelate of gadolinium and
diethylenetriaminepentaacetic acid bis-

(methylamide), which at the beginning of this
study was under clinical testing. Pharmacokinetic
data for gadodiamide injection have shown a
mean serum distribution half-life of approximately
4 minutes and a mean serum clearance half-life of
just over one hour. Gadodiamide injection h
excreted unmetabolized (45,29).



14

.CH3

XH2O

Fig. 1. Schematic representation of gadodiamide.

Four gadolinium contrast agents are registered in
Sweden for clinical use, namely gadopentetate
dimeglumine (Gd-DTPA, Magnevist®), gado-
diamide injection (Gd-DTPA-BMA, Omniscan®),
gadoterate meglumine (Gd-DOTA, Dotarem®),
and gadoteridol injection (Gd-HP-DO3A, Pro-
Hance®). The relaxivities of the different agents
vary in the clinically used field strength range but
the differences are very small and hardly
significant for clinical use (Fig. 2)(35).

Relaxivity versus field strength
Data by courtesy of Prof R.N. Muller. University of Mons. Belgium

8 .
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Fig. 2. Relaxivities (relaxation rates=1/relaxation
times) for gadopentetate dimeglumirte, gado-
diamide injection and gadoteridol injection.

However, there are three possibly important
differences between the substances. The first
difference is that both gadodiamide injection and
gadoteridol injection are non-ionic (i.e. do not
generate charged ions) and consequently are
electrically neutral. The importance of this
difference for clinical use, however, is not clear.

The second difference is that both gadodiamide
injection and gadoteridol injection have a lower
osmolality than gadoterate meglumine and
gadopentetate dimeglumine (Table 1)
(19,36,47,52). The importance of the osmolality
towards the safety and the tolerance of a contrast
agent has been well shown for X-ray contrast
media (1). Whether the lower osmolality of non-
ionic gadolinium agents is of clinical importance
has been questioned, as the amounts injected are
smaller than those of X-ray contrast media.
However, for indications that require rapid
administration and/or higher doses, as well as for
injections to patients with impaired organ function,
especially of the lung circulation, a low osmolality
might be of importance as it reduces the osmotic
load.

Table 1

Osmolality (37°C, from ref 48)

Agent

Gadodiamide injection

Gadoteridol injection

Gadoterate meglumine

Gadop:;ntetate dimeglumine

Osmolality
(mmol/kg'lhO)

789

630

1170

1940

The third difference is that the LD50 (in mice) is
significantly higher for gadodiamide injection than
for the other gadolinium agents (Table 2)
(48,49,50,52). This might also be of importance
when you administer higher doses than commonly
used.

Table 2

LDS0 (i.v. mice, form ref 48)

Agent

Gadodiamide injection

Gadoteridol injection

Gadoterate meglumine

Gadopentetate
dimeglumine

LD5() (mmolGd/kg)

34

12

11

7
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Relaxivity of Gd contrast agents;
effects of field strength and dose

The relaxivity of Gd contrast media varies with
field strength in the concentration range used
clinically (17,35). However, in vivo studies in
patients to determine the effect on image contrast
are sparse, but one study (20) failed to show any
significant difference, whereas others have found
differences (9,27). Furthermore one phantom study
has failed to show any difference (33). These
contradictory results warranted further inve-
stigation.

The contrast effect of different doses has also been
debated. At low concentrations, the effect of Gd
agents is predominantly a signal increase caused
by a shortening of the Tl relaxation time of the
neighboring protons. With increasing
concentrations, however, the effect on Tl
relaxation time is counter-balanced by the
simultaneous shortening of the T2 relaxation time
which causes signal decrease. The dose at which
the signal increase caused by the effect on Tl
relaxation time is counter-balanced by signal
decrease caused by the effect on T2 relaxation
time, has not been established in patients.

However, it should be remembered that contrast
between lesion and normal tissue is only one of the
factors determining the detectability of a lesion.
Other factors of importance are spatial resolution
and signal-to-noise ratio. The diagnostic
importance of different doses of contrast agents in
relation to the detectability of lesions has therefore
also been debated. Both these questions gave
grounds for further investigation.

Time dependence of contrast
enhancement

The modern technology in MRI allows much faster
sequences than the ones used when contrast media
for MRI were introduced. This has made it
important to determine the effective time-window
for imaging to avoid examining the patient too
early when the enhancement has not yet reached
its maximum. It is also important to know how
long sufficient contrast enhancement will remain.
The early phase (before 5 minutes) has only been
studied in singular cases (12,18). Previous studies
of the later phase (20,40) have shown that there is
no major change in contrast enhancement in less

than 20 to 60 minutes. This, however, is not in
accordance with what has been reported regarding
the time-window for X-ray contrast media and CT
(22,42). In studies of lesions with BBB damage,
however, the time dependence ought to be the
same regardless of whether X-ray contrast media
and CT or MR contrast agents and MR1 are used,
as the compounds have the same biodistribution.
These contradictory results and the lack of
knowledge about the very early period made
further investigation of the time dependence curve
important.

Diagnostic usefulness of high dose
examinations

When gadodiamide injection in phase 3 studies
(43) was shown to be safe at doses of 0.3 mmo!/kg
b.w., it seemed interesting to investigate the
possibility of increasing the diagnostic sensitivity
to BBB damage in patients by using higher doses
than the standard 0.1 mmol/kg bw. To evaluate
this, patients with multiple brain metastases were
investigated. These patients are important since
surgical resection of a single brain metastasis has
been shown to increase the length of survival.
Furthermore, patients with between one and four
brain metastases are accepted for treatment with
stereotactic localized radiotherapy, because that
too, has also been shown to increase the length of
survival (13,14,34). However, in the case of
multiple brain metastases, the result of surgical
treatment, and, in the case of more than four
metastases, the result of stereotactic irradiation, is
much less encouraging and the patients should be
spared treatment. Therefore, it is crucial to reveal
all possible metastases before therapy is initiated.
This is an important problem, which faces the
clinician on a daily basis. However, it is also an
excellent model for the evaluation of different
methods to detect of BBB damage.

Another common and important clinical problem
is the patient operated for lumbar disc herniation
who experiences renewed or persistent symptoms
after the operation. In these patients, the problem
is the differentiation of recurrent herniations from
post-operative fibrosis as recurrent hernias are
operated with good results, whereas operating on a
patient with mainly scar tissue is less favorable
(11,25,26). Tl-weighted spin-echo MRI with
sequences before and after contrast enhancement is
the most commonly used method today (6,7). As
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the interpretation of these images still poses a
problem for the radiologist, a higher dose of a
gadolinium contrast agent might possibly improve
the results. This is supported by experimental
reports showing improved diagnostic results for
the differentiation of post-operative changes and
hernias in dogs (2,31).

Aims of the study
The aims of this study using gadodiamide
injection were to investigate:

• whether gadodiamide injection was comparable
to Gd-DTPA for the enhancement of CNS
lesions (paper I)

• the contrast effect at different field strengths
(paper II)

• the effective time-window for the enhancement
of blood-brain barrier damage (paper III)

• the relations between the concentration of
contrast agent and enhancement in phantoms,
and to correlate the results to doses of contrast
agent given to patients (paper II)

• the usefulness of a higher dose of contrast agent
in two important clinical problems:

1. the detection of metastases in the brain
(i.e. BBB damage) (paper IV), and

2. the evaluation of patients with recurrent
pain after surgery for lumbar herniations
(paper V).
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Materials, methods and results

The magnets

A Fonar U-3000M scanner with a vertical
magnetic field working at 0.3T was used for
studies 1 and 4 as well as for 16 of the patients in
study 5. Solenoidal coils were used for imaging.

A Hitachi MRP-7000 scanner with a vertical
magnetic field working at 0.3T was used for
studies 2 and 3 as well as for 4 of the patients in
study 5. Quadrature coils were used for imaging.

A Siemens Magnetom Vision scanner with a
horizontal magnetic field working at 1.5T was also
used for study 2. A quadrature coil was used for
imaging.

The contrast agents

Gadodiamide injection (Gd-DTPA-BMA,
Omniscan® (Nycomed Imaging AS, Oslo,
Norway)) was used in all studies (papers 1-V).

Gadopentetate meglumine (Gd-DTPA,
Magnevist® (Schering AG, Berlin, Germany)) was
used in papers I and V.

Ratio

For contrast calculation in the images the term
RATIO has been used throughout the papers. This
is defined as SignaIA / SignalB . Also other ratios
are used in the literature to define contrast, e.g.
(SignalA - Signaln )/( SignalA + SignalD) (35),
SignalA - SignalB (40) and (SignalA - SignalB)/
Signal^ (9). Our ratio was chosen as it was easy to
calculate and expressed the signal change in a
simple way while it still compensated for the noise
in the images. It is linearly related to the last of the
above mentioned expressions but not to the other
ones.

Contrast-Enhanced MRI of the
Central Nervous System: Comparison
between Gadodiamide Injection and
Gadolinium-DTPA

(Paper I)

Material and methods

Patients and MR examination

Sixty hospitalized patients (mainly from
neurosurgery and neurology wards) whose clinical
condition necessitated contrast-enhanced MRI of
the CNS (including the spine) were studied.
According to a computer-generated randomization
list, gadodiamide injection was given to 30
patients, and Gd-DTPA to the other 30. Patients
and investigators involved were unaware of which
contrast medium was used. The dose 0.1 mmol
(0.2 ml)/kg bw was injected intravenously.

All patients were investigated at 0.3T before and
after contrast medium injection. T1-weighted
imagesand, if considered diagnostically important,
T2-weighted images were obtained before
administration of the contrast agent. After
injection T1-weighted images identical to a pre-
injection Tl-weighted sequence were obtained.

Clinical and laboratory analyses, discomfort
and other adverse events

A complete neurological examination was
performed before the MRI examination and 20 -
36 h after injection. Any changes following
injection were noted. Each patient was observed
and questioned regarding any injection-associated
discomfort or adverse events occurring during and
after injection over the follow-up period.

Systolic and diastolic blood pressure and pulse rate
were recorded before and immediately after
injection, after imaging, and on the day after the
examination.

Venous blood samples were obtained immediately
before injection and 20 - 36 h after injection. The
parameters measured were hemoglobin,
haematocrit, red blood cell, white blood cell and
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platelet counts, sedimentation rate, and serum
albumin, iron, bilirubin, alkaline phosphatase,
glutamyl transferase, aspartate amino transferase,
alanine amino transferase, creatinine, and calcium.

Efficacy of contrast enhancement

The MR images before and after injection were
compared and the size, contrast-enhancement and
number of lesions were noted. The MRI diagnosis
based on the un-enhanced images only was
compared with that based on all the images.

The efficacy of the contrast enhancement was
analyzed with respect to improvement of lesion
border definition, lesion conspicuousness,
visualization of internal morphology, and
definition of probable tumor and edema.
Consideration was also given to whether contrast
enhancement provided the primary diagnostic
finding, changed, facilitated or gave increased
confidence in the diagnosis, or assisted in the
management of the patient.

Statistical analysis

The proportions of adverse events other than
discomfort in the two patient groups were
compared with Fischer's exact test for a 2 x 2
table. Paired two-sided t-tests were performed to
test for changes in chemical parameters within the
patient groups. To test for difference in change
between the two groups, a two-tailed two-sample
t-test was performed.

Results

Clinical and laboratory analyses

Neurological examination showed no change
following injection in any patient. The changes in
blood pressure and pulse rate were of no clinical
significance and not significantly different in the
two groups. No statistically significant changes in
laboratory parameters were found.

Discomfort and other adverse events

In the gadodiamide injection group, four patients
reported six adverse advents, three of which were
judged to be related to the contrast medium. In the
Gd-DTPA group, two patients each reported one
adverse event, both of which had an uncertain
relation to the contrast medium. All events were
mild and no medical treatment was needed. No

statistically significant
between the two groups.

difference was found

Efficacy of contrast enhancement

In the gadodiamide injection group, 27 patients
had abnormal findings on Tl-weighted images
before and after injection, while in two patients
abnormalities were only found after injection. One
patient showed abnormality only on T2-weighted
images.

In the Gd-DTPA group, 27 patients had abnormal
findings both before and after injection on the Tl-
weighted images; another showed abnormalities
only on post-contrast Tl images. Two patients had
no abnormal findings.

Contrast enhancement of the abnormal structure
was found in 26 of the 30 patients with abnormal
findings in the gadodiamide injection group and
in 23 of 28 patients in the Gd-DTPA group. No
lesion was obscured by contrast enhancement
(Table 3).

Table 3

Location of the five smallest individual lesions
in each patient in post-contrast Tl-scan.

Gadoclitwucle Gadopentelate
injection ditneglumine

Supratentorial

Infratentorial

Spinal

Meningeal

Skeletal

16

10

3

26

7

3

1

3

In 11 patients, 5 who had had gadodiamide
injection and 6 who had had Gd-DTPA, more
lesions were found on the contrast-enhanced Tl-
weighted images than before injection (Table 4).

An evaluation of the contribution of contrast
enhancement is shown in Table 5. There was no
difference between the groups.
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Table 4
Number of individual lesions identified on Tl-
images before and after injection in patients
with increased numbers of lesions on contrast-
enhanced images.

Patient no.

Gadodiamide
injection

9

20

34

39

Gadopentetate
dimeglwnine

Before After

0

2

Table 5

Image evaluation. Patients with lesions and
contrast enhancement.

Contrast agent

Did contrast enhancement assist by
improving

border definition?

conspicuousness?

visualisation of
internal structure?

tumor and oedema
discrimination?

Gadodiamide
injection
Gadopentetate
dimeglumine

Gadodiamide
injection
Gadopentetate
dimeglumine

Gadodiamide
injection
Gadopentetate
dimeglumine

Gadodiamide
injection
Gadopentetate
dimeglumine

Yes

23

20

21

19

22

21

15

11

No

3

3

5

4

4

2

6

4

19

36

38

50

53

54

2

5

1

10

5

2

2
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Brain Lesion Contrast in MRI;
Dependence of Field Strength and
Concentration of Gadodiamide
Injection in Patients and Phantoms.

(Paper II)

Material and method

Phantom study
Two series (8 tubes each) of gel phantoms
simulating Tl and T2 relaxation times of human
brain gray matter were prepared, one for each field
strength as the Tl relaxation time for gray matter
differs with field strength (3,5,24,35,39,51). The
first tube in each series contained only gel while
the other 7 tubes were doped with increasing
concentrations of gadodiamide injection (0.05 - 5
mmol/kg gel). The phantoms were examined at 0.3
T, and at 1.5 T, respectively.

T1-weighted spin echo (SE) sequences with the
same repetition time (TR) and echo time (TE) for
both scanners, namely TR /TE 400/25 and 600/30
ms, were used. At I.5T TR/TE 550/14 and 630/14
were also used.

To confirm that the phantoms mimicked gray
matter, the TI and T2 relaxation times in the
different tubes were measured at 0.3 T and at 1.5T.
The phantoms were also examined simultaneously
with a healthy volunteer, and Tl- and T2
relaxation times were measured both in the
phantoms and in brain gray matter in the same
experiment.

Signal values of each tube were measured, and a
quotient (RATIOphantorn) between signal values in
each tube with gadodiamide injection and in the
tube without the contrast agent was calculated.

Patient study

Patients with brain metastases were included for
the clinical part of the study. Quotients between
signal in lesions and signal in gray matter,
(RATIOpa,ient) were calculated after measuring the
signal intensity in contrast-enhanced metastases
and in gray matter. 16 patients were examined at
0.3T at two dose levels, 0.1 and 0.3 mmol
gadodiamide injection/kg b.w. (1), and 5 patients
were examined at 1.5T at one dose level (0.1
mmol/kg b.w).

Since the RATIOpiUjeilt is dependent not only upon
the effect of the contrast agent on the Tl relaxation
time but also upon the relative proton densities in
the tumor and the normal gray matter, an
additional proton density measurement was made
at 0.3T in 6 other patients with brain metastases.
Proton densities were calculated in the lesions as
well as in normal gray matter to compare the
proton density of the metastases with the proton
density of gray matter in the same patient.

Results

Phantom study
The measurements of Tl and T2 relaxation times
in the non-Gd-doped phantoms showed values
comparable to the expected ones (Table 6) and
followed gray matter in the healthy volunteer.

Table 6

Relaxation times in ms; values for gray matter
from literature (3,5,24,35,39,51) vs. measured
values in our phantoms.

0.3 T

1.5 T

Tl

T2

Tl

T2

Literature

600

100

920-1000

91-109

Measured

613+14

112±9

989+29

116+1
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RATIOphanlom values for the whole range of separately for each of the two field strengths,
concentrations of gadodiamide injection are Using SETR/TE 600/30 instead of 400/25 reduced
shown in Fig. 3A and B at different TR/TE, the RATIO 15-45% depending on concentration.

RATIOphantom versus Gd-concentration
0.3 T

0 0,05 0,1 0,2 0,5 1,2 2 5

Concentration of Gd-DTPA-BMA in phantoms (mmol Gd/kg gel)

Fig. 3 A

RATIOphantom versus Gd-concentration
1.5 T

400/25
550/14
600/30
630/14

0 0,05 0,1 0,2 0,5 1,2 2 5

Concentration of Gd-DTPA-BMA in phantoms (mmol Gd/kg gel)

Fig. 3B
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Fig. 4A and B shows the RATIOphamom values for RATIOphantom is more than 50% higher at 1,5T
the two different field strengths at the same TR/TE than at 0.3T.
(400/25 and 600/30 respectively). Maximum

[Comparison of 0.3T and 1.5T

2,5 - -

1,5

1

0,5

Fig. 4A

1,5

1

0,5.

TR/TE 400/251

0 0,05 0,1 0,2 0,5 1,2 2 5

Concentration of Gd-DTPA-BMA in phantoms (mmol Gd/kg gel)

Comparison of 0.3T and 1.5T I

TR/TE 600/30

0 0,05 0,1 0,2 .0,5 1,2 2 5

Concentration of Gd-DTPA-BMA in phantoms (mmol Gd/kg gel)

Fig. 4B
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Patient study

Proton density measurements in patients showed
an intraindividual difference smaller than 10%,
and hence no correction was performed.

Mean RATIOpaticiU values were 1.23 ± 0.14 for
injection at a dose of 0.1 mmol/kg b.w. and 1.38 ±
0.18 for injection at a dose of 0.3 mmol/kg b.v\. at
0.3T. These values are incorporated into Fig. 5
which shows the RATIOphanlom values at 0.3T for
TR/TE 600/30.

The mean RATIOpatieilt value in the patients
examined was 1.62 ± 0.21 for the dose of 0.1
mmol/kg b.w. at 1.5T. This value is incorporated
into Fig. 6 which shows the RATIOp)nn,om values at
1.5T for TR/TE 630/14.

At a dose of 0.1 mmol Gd/kg b.w. approximately
38% of the theoretical maximum was achieved at
0.3 T compared to approximately 56% at 1.5 T. At
the dose of 0.3 mmol Gd/kg b.w. approximately
63% of the theoretical maximum at 0.3 T was
achieved.

O

3

Patients and phantoms
0.3 T

-•- Phantom
— Patients 0.1 mmol Gd/kg bw

Patients 0.3 mmol Gd/kg bw

2,5

1-5

0,5

0 0,05 0,1 0,2 0,5 1,2 2

Concentration of Gd-DTPA-BIMA in phantoms (mmol Gd/kg gel)

Fig. 5

2-

1.5-

1-

n t>
U,O-

0-

Patients and phantoms
1.5 T

-m- Phantom
Patients 0.1

m—

mmol Gd/kg bw

0 0,05 0,1 0,2 0,5 1,2 2
Conccntraiion of Gd-DTPA-BMA in phantoms (mmol Gd/kg gel)

Fig. 6
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Time dependence of Brain Lesion
Enhancement with Gadodiamide
Injection.

(Paper III)

Material and method

Patients

Eleven patients with 15 brain lesions were
included. Six patients had metastases (10 lesions),
four patients had astrocytomas grade III-IV and
one patient had remnants of an abscess capsule.
All diagnoses were surgically confirmed.

MR examination

The measurements were performed at 0.3 T using
a 1 min. 14 sec. long spin-echo sequence (TR/TE
400/20 ms). One scan was performed before
injection of the contrast agent. The sequence was
then repeated automatically up to 43 minutes. This

included one longer diagnostic SE sequence
interleaved between two measurement sequences
about fifteen minutes after start of the injection.

Gadodiamide injection was injected at the dose of
0.1 mmol/kg bw as rapidly as possible.

Analysis

The signal intensity in each lesion and in cortical
gray matter was measured, and a quotient
(RATIO) was calculated between the signal in the
lesion and the signal in gray matter. These values
(after normalization) were plotted against the time
after the start of the injection expressed as the
centertime (midpoint) of the scan (centertime =
starttime of the scan + half the scantime).

Results

The mean time dependence curves for metastases,
gliomas and the abscess separately are shown in
Fig. 7 A, and in Fig. 7 B the mean value for all
lesions is shown.

Contrast-enhancement versus time; averages

1,9 -*- Metastase»
-*- Gikxnas
-•- Absceu(one)

O

I

00.00 08.00 16.00 24.00 32.00 40.00 48.00
04.00 12.00 20.00 28.00 36.00 44.00

Time after contrast injection (min.sec)

Fig. 7A

Contrast-enhancement versus time; total average

o

I

00.00 08.00 16.00 24.00 32.00 40.00 48.00
04.00 12.00 20.00 28.00 36.00 44.00

Time after contrast injection (min.sec)

The peak contrast
enhancement (calculated
as the highest RATIO ±
15%) was achieved
within 3.5 min. in 8 out
of 15 lesions and within
5.5 min. in 10 out of 15
lesions. Within 7.5 min.
it was achieved in 12 out
of 15 lesions. However,
all lesions reached 70 %
of the maximum RATIO
within 3.5 min.

After 25 minutes 12 out
of 15 lesions showed
persistent enhancement
within 15 % of the
maximal RATIO.

Fig. 7B
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Contrast-Enhanced CT, Non-Contrast-
Enhanced MRI and Contrast-
Enhanced MRI Using a Standard and
High Dose of Gadodiamide Injection
in Patients with Brain Metastases. A
Comparative Study.

(Paper IV)

MATERIAL AND METHODS

Patients

Sixteen patients with at least two brain metastases
at contrast-enhanced CT were included.

CT examination

All patients were examined v>i:h CT within a week
before the MR examination. 100 ml of lohexol
(Omnipaque®, 300 mg iodine/ml) was given 5
minutes prior to the examination. The slice
thickness was 10 mm supratentorially and 5 mm
infratentorially.

MR examination

All examinations were performed at 0.3T. All
patients had a Tl- and a T2-weighted spin-echo
examination before contrast injection. Then a Tl-
weighted examination after administration of
gadodiamide injection at the dose of 0.1 mmol/kg
bw was performed. Immediately after this, another
0.2 mmol/kg bw of the contrast agent (cumulative
dose 0.3 mmol/kg bw) was given and a new Tl-
weighted examination was performed. The time
between the start of the injection and the start of
the scanning was five minutes at both dose levels.
The slice thickness was 12 mm.

Image analysis

First an open analysis was performed. All
metastases in each of the five different imaging
techniques (CT, T2-weighted, T1-weighted
without contrast, T1-weighted with standard-dose
contrast, Tl-weighted with high-dose contrast)
were counted, and each individual metastasis was
evaluated with the site (infra-/supratentorial), size
(<5, 5-10, > 10 mm), and delineation of the borders
noted. The delineation was graded as poor,
adequate or excellent.

Then two blind evaluations were performed, botli
by two independent investigators. In the first, each
investigator separately evaluated all CT images, all
T2-weighted images and all T1-weighted images
without contrast, but with the post-contrast MR
images mixed in one group. The investigators were
blinded to patient, to the result of the other
examinations and, in the post-contrast MR images,
to dose. The number of metastases, the diagnostic
certainty (graded 1 - 4), the size (<5, 5-10, >10
mm) and whether they were supra- or infratentorial
were noted.

Ii. the second blind evaluation the investigators
compared the standard-dose and high-dose images
by pairs, still blinded to dose, and were asked to
judge which of the images in the pair yielded most
diagnostic information.

Statistical analysis

Chi-squared tests were performed in the first blind
evaluation to compare the number of metastases
counted by the two independent investigators, and
to compare the different examination techniques
with regard to the size of the lesions, certainty of
diagnosis and lesion location. All tests were
performed with a significance level of 1%. A
binomial test was performed to ascertain whether
the standard or the high dose examination series
was superior to the other when analyzing the
rankings given to these series.

RESULTS

Image analysis

No statistically significant difference was found
between the two blinded investigators (p = 0.15) in
any respect.

The number of metastases counted on the images
obtained with the five different techniques are
shown in Table 7. The investigator in the open
evaluation and the two investigators in the blind
evaluation are shown separately. High-dose
contrast-enhanced MRI detected significantly
more metastases than any other technique
(investigator 1/investigator 2: p « 0.01/p « 0.01)
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Table 7

Total number of metastases by imaging
technique.

Tl

T2

CT

CMR

HCMR

Investi-
gator 1

16

48

86

79

185

Investi-
gator 2

23

43

132

110

204

Open
study

27

90

113

118

193

Abbreviations:
Tl: Tl weighted MRI without contrast. T2: T2 weighted
MR1 without contrast. CT: Computed tomography with
contrast. CMR: MRI with standard dose contrast.
HCMR: MR! with high dose contrast

The number of metastases divided into the three
different size categories are shown in Table 8.
High-dose contrast-enhanced MRI allowed
detection of significantly more small (<5 mm)
metastases than any other technique (p « 0.01/p

Table 8
Number of metastases by size (mm) and
imaging technique.

Tl

T2

CT

CMR

HCMR

Investigator

<J

-

2

15

19

110

5-10 :

2

10

25

26

34

1

>10

14

36

46

34

41

Investigator

<5

-

1

58

35

84

5-10 :

3

4

31

35

59

2

>10

20

38

43

40

61

Abbreviations:
Tl: Tl weighted MRI without contrast. T2: T2 weighted
MRI without contrast. CT: Computed tomography with
contrast. CMR: MRI with standard dose contrast agent.
HCMR: MRI with high dose contrast agent.

High-dose contrast-enhanced MRI allowed
detection of significantly more "certain"
metastases than any other technique (p « 0.01/p
« 0.01) (Table 9).

Table 9

Number of metastases by certainty of detection
and imaging technique.

Tl

T2

CT

CMR

HCMR

Tl

T2

CT

CMR

HCMR

Certainly
present

1

9

54

56

174

Certainly
present

-

9

90

75

182

Investigator 1

Probably
present

2

9

20

15

8

Investigator 2

Probably
present

1

14

22

22

15

Possibly
present

13

30

12

8

3

Possibly
present

16

20

20

13

7

Abbreviations:
Tl: Tl weighted MRI without contrast. T2: T2 weighted
MRI without contrast. CT: Computed tomography with
contrast. CMR: MRI with standard dose contrast agent.
HCMR: MRI with high dose contrast agent.

Five sixths of all metastases detected by high-dose
contrast-enhanced MRI were classified as having
excellent delineation compared to about one half in
the other contrast-enhanced groups (Table 10).
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Table 10

Number of metastases by quality of delineation;
open evaluation.

Tl

T2

CT

CMR

HCMR

Excellent

1

10

62

43

160

Adequate

1

13

29

35

27

Poor

19

67

22

40

6

Abbreviations:
Tl: Tl weighted MR! without contrast. T2: T2 weighted
MRI without contrast. CT: Computed tomography with
contrast. CMR: MRI with standard dose contrast agent.
HCMR: MRI with high dose contrast agent.

In the second blind evaluation both investigators
deemed all high-dose contrast-enhanced MR
examinations superior to the standard-dose
examinations due to better delineation of
metastases and detection of more and smaller
metastases.

MRI in Recurrent Pain after Back
Surgery.

A Comparative Study Using Standard
and High Doses of Gadolinium Con-
trast Agents.

(Paper V)

Material and methods

Patients

Twenty patients with recurrent or sustained
symptoms after surgery for lumbar disc herniations
were examined. The time after operation varied
from 4 months to 16 years (6 patients <1 year, 3
patients 1-2 years, 6 patients 2-5 years, 3 patients
5-10 years, 2 patients > 10 years after operation).

MR examination

All examinations were performed in a vertical
field at 0.3T. The examinations consisted of a Tl-
weighted sagittal and axial spin-echo examination

before and after injection of Gd-DTPA at 0.1
mmol/kg bw (standard dose examination), and
another Tl-weighted sagittal and axial spin-echo
examination (with the same parameters and using
the same scanner as for the first examination)
before and after administration of gadodiamide
injection at the dose 0.3 mmol/kg bw (high dose
examination). This was performed within one
month after the standard dose examination in 17
patients and within 3 months in 3 patients.

Image evaluation

All examinations were evaluated by two
experienced neuroradiologists.

In the first evaluation the two investigators jointly
compared the standard and high dose examinations
in pairs blinded to dose and were asked which cf
the image series provided most information.

In the second evaluation performed six months
later, the same two neuroradiologists jointly
evaluated the examinations again, this time
blinded to both dose and patient as the images
were not presented in pairs. The investigators were
asked to judge whether the examinations were
conclusive or not, to state the diagnosis (not
possible to distinguish between hernia and scar,
scar only, hernia only, or both scar and hernia) for
each examination, and finally to grade the
diagnostic confidence of the diagnosis in a scale of
1-5.

Statistical analysis

In the comparison in pairs with the investigators
blinded to dose, the question, which of the image
series provided most information, was regarded as
a binomial situation. The null hypothesis claimed
that the proportion of patients where more
information was provided by the high dose
examination was at most 50 %. The alternative
hypothesis stated that this proportion was higher.
This was tested with a one-sided binomial test.

In the evaluation with the investigators blinded
also to patient the grading of diagnostic certainty
was tested with a Stuart-Maxwell's test.

A p-value <0.05 was considered statistically
. '"nificant for all tests.
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Results

Image evaluation

In the evaluation in pairs, the high-dose
examinations were judged as most informative in
15 patients and the standard dose examinations in
2 patients, whereas no difference was found in 3
patients (Fig. 8). This gave significantly (p<0.05)
better results for the high dose examinations.

Which examination provided most information?!

20

15

a 10

[ Comparison in pairs blinded to dose I

15

Standard dose
Equal

High dose

Fig. 8

The results for diagnostic confidence in the
evaluation blinded both to dose and patient showed
no statistically significant difference (Fig. 9)
between the doses.

| Diagnostic certainty!

Comparison of the diagnoses at standard and high
dose (Table 11) showed no differences related to
dose.

Table 11

Diagnoses at standard and high dose.

Pat. no.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Standard dose

Scar only

Scar only

Scar only

Both

Scar only

Both

Both

Scar only

Both

Scar only

Scar only

Both

NP

Scar only

Scar only

Both

Scar only

Scar only

Both

Scar only

High dose

Scar only

Scar only

Scar only

Both

Scar only

Both

Both

Scar only

Both

NP

Scar only

Both

Scar only

Scar only

Scar only

Both

Doth

Scar only

Both

Scar only

2 3 4

Diagnostic certainty

Note: The investigators were forced to give a diagnosis
(not possible to distinguish (NP), scar only, recurrent
herniation only, both scar and hernialion). Only 3
patients had their diagnosis from the standard dose
examination changed by the high dose examination.

Fig. 9
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Discussion

Contrast-Enhanced MRI of the Cen-
tral Nervous System: Comparison
between Gadodiamide Injection and
Gadolinium-DTPA

(Paper I)

As could be expected from our knowledge of
biodistribution data and the similarities of the two
compounds (48), gadodiamide injection was
shown to be as effective as Gd-DTPA for the
enhancement of CNS lesions in the present study.
The high percentage of positive findings is
explained by the selection of patients for the study.
Only hospitalized patients were included to make
it easier to obtain blood samples and to perform
the neurological examination. Contrast
enhancement provided the primary diagnosis in
only five patients, but led to an increased
confidence in the diagnosis in the majority of
patients and led to a change in diagnosis in eight
patients in the gadodiamide injection group and
nine in the Gd-DTPA group. The enhancement
pattern was considered to be of value for the
treatment of 18 patients, and in many patients
more and smaller lesions were discovered,
although this did not change the diagnosis or the
treatment.

Adverse events were all mild and did not require
treatment. No statistically significant difference
was found between the two groups. Gd-DTPA is
well tolerated at the dose of O.I mmol/kg bw, and
this was confirmed for gadodiamide injection in
the present study, as in the previous phase I, II and
III trials (18,44,46,47,48). A dose of 0.1 mmol/kg
bvv was considered useful, but higher doses might
be of value to increase sensitivity.

Increased serum bilirubin has been found
following injection of Gd-DTPA (16,30,44), but
was not found in the present study.

Brain Lesion Contrast in MRI; De-
pendence of Field Strength and Con-
centration of Gadodiamide Injection in
Patients and Phantoms.

(Paper II)

The phantoms were constructed to simulate the
relaxation behavior of normal human gray matter.
The Tl and T2 relaxation time values for both
phantoms corresponded well to the values given
for gray matter in the literature (Table
1),(3,5,24,35,39,51). Two sets of phantoms, one
for 0.3T and one for 1.5T, were necessary as
primarily the Tl relaxation time of human brain
gray matter varies with field strength. However,
the proton density of the human brain could not be
mimicked in the phantoms and therefore proton
density measurements were instead performed in
patients with metastases. The intraindividual
difference in proton density between tumor and
gray matter was less than 10 %, and differences
should therefore not influence the RATIOpiUjCni
values in any major way. Together this makes a
translation of RATIOpa,ii;nl to RATIOphanlom appear
reasonable.

The sequences used were the same for the
phantoms and the patients at both field strengths to
allow comparisons. As can be seen from Fig. 3B
the difference in TR/TE used in the patient
examinations at 0.3 T and 1.5 T should not in any
major way influence the comparability of the

values between field strengths.

As can be seen from the curves in Fig. 4A and B
the maximum RATIOphantom values, were higher at
1.5T than at 0.3T. The difference is quite large
with more than 50 % higher peak values at 1.5 T
for both TR/TE 400/25 and 600/30. The
explanation for the higher contrast enhancement at
high field strength lies in the field strength
dependence of the relaxivities of both the contrast
agent and the gray matter (10). As the Tl
relaxation time of both the gadodiamide injection
and the gray matter increases with field strength
but in a non-linear and non-parallel way the
resultant signal (to which both Tl relaxation times
contribute (55)) will change in a non-linear way
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and the change of the signal in percent from the
situation without contrast will be different at
different field strengths.

At 0.3 T the RATIO at patient doses of 0.1 and 0.3
mmol/kg b.w. corresponded to approximate Gd
concentration levels in phantoms of 0.03 and 0.08
mmol/kg gel, respectively. At 1.5T a patient dose
of 0.1 mmol/kg b.w. corresponded to an
approximate Gd concentration level in phantoms
of 0.1 mmol/kg gel. A comparison of these
findings with the fact that the contrast medium
reaches its highest RATIO in phantoms at
concentrations between 1.2 and 2.0 mmol/kg gel at
both field strengths, shows that the maximum
contrast efrect in vivo should be expected to occur
at doses higher than those currently used clinically
both at 0.3T and 1.5 T. At 0.3 T going from the
dose of 0.1 mmo! Gd/kg b.w. to 0.3 mmol Gd/kg
b.w., the RATIOpaticnt increases by 0.15 units
suggesting that approximately 0.5 mmol Gd/kg
b.w. ought to be a clinical dose that would take
advantage of the maximum Tl-contrast effect.

However, the use of higher doses is more
important at lower field strengths where the
contrast effect of gadolinium compounds is not as
pronounced as at higher field strengths.

As could be expected the contrast enhancement
also declined with less Tl-weighted sequences.
The effect was quite dramatic with about 50 %
lower peak RATIO values going from TR/TE
400/25 to 600/30 although this was less
pronounced at concentrations corresponding to
doses currently used clinically. However, this
effect has to be kept in mind when prolonging the
TR, which in a clinical setting is often done to
provide more slices.

Time Dependence of Brain Lesion
Enhancement with Gadodiamide
Injection.

(Paper III)

The effective time-window for the scanning of
brain lesions is between 2-5 and 25-30 minutes, as
the maximum enhancement of malignant gliomas
and metastases occur within the first 3.5 minutes
in the majority of lesions and that there is no
significant decline during the first 25-30 minutes
(Fig. 7B). Consequently scanning should not be

started directly after injection of the contrast agent.
On the other hand, waiting more than 5 minutes is
of no advantage in the majority of cases as no
major increase (or decline) of contrast can be
expected.

Theoretically tumors can be dominated by vessels,
in which case we would see a vascular
enhancement, i.e. rapid enhancement followed by
rapid decline, or by blood-brain barrier (BBB)
damage, in which case we would expect
accumulative passage over the BBB balanced by
reabsorption in a steady state, or by necrosis in
which case we would see a slower accumulation of
contrast in the necrotic area (after passage over the
BBB) with very slow reabsorption leading to a late
peak (18).

The patients in our study are few but as the time
dependence curves are alike in the patients and
follow the theoretical pattern for BBB damage, the
curves should reflect this damage. An interesting
point is that the form of the curve seems to be
independent of type of pathology (Fig. 7A),
although the absolute RATIO differs, which might
allow us to conclude that the time curve for the
passage over the BBB is independent of the cause
(tumor etc.) of the damage as well as of the
amount of damage.

In searching for malignant lesions, it is important
to achieve maximum enhancement of the lesion,
either from hypervascular structures, areas with
BBB damage or necrotic areas. However, necrotic
areas most often enhance less than areas with BBB
damage, so there is no reason to wait for this. On
the other hand, imaging the vascular phase leads to
problems in interpretation, as the most important
differential diagnosis to small lesions is small
enhancing vessels. This leads to the conclusion
that the search for tumors is most efficiently
performed by scanning the patient between 2-5 and
25 min. after injection of the contrast agent. This,
of course, also applies to all other lesions with
BBB damage.

As we evaluate the same phenomenon (BBB
damage) when using a contrast-enhanced method,
the time-window should be the same, regardless of
whether we are using CT or MRI. However, the
studies of so-called double-dose-delayed CT
(22,42) showed better enhancement when the
examination was done late. These patients were
given the first contrast medium dose as a bolus
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injection immediately before scanning and the
second close as an infusion during the first
scanning. The delayed scanning was then
performed after one hour or more. Our time
dependence study explains the results in these
studies as in fact, due to the relatively slow
increase in enhancement in the early time phase,
they compared single dose (or less than single
dose) with double dose, not early scanning with
delayed scanning at the same dose level.

The time dependence curve is not dependent on
field strength, so the same results would be
expected at 1.5 T. However, the low field strength
used in this study will give a lower effect of the
contrast agent than if a 1.5 T scanner had been
used (9,10,27,11) but the time relations are
dependent on BBB damage only, not on absolute
signal values.

The time dependence curve also allows dose
dependence studies in the same patient using
cumulative doses during a time period of at least
20 minutes after the primary injection. Thus the
results of such dose dependence (IV,37) studies
should be valid.

Contrast-Enhanced CT, Non-Contrast-
Enhanced MRI and Contrast-
Enhanced MRI Using a Standard and
High Dose of Gadodiamide Injection
in Patients with Brain Metastases. A
Comparative Study.

(Paper IV)

Our study shows that sensitivity in detecting brain
metastases is significantly increased by using high-
dose (0.3 mmol/kg bw) contrast-enhanced MRI at
0.3T compared to standard-dose contrast-enhanced
MRI and CT. This is of importance since
unnecessary surgery or stereotactic irradiation can
be avoided in patients who might be regarded as
having a single metastasis or a limited number of
metastases on the basis of standard-dose contrast-
enhanced MRI or CT, but who in fact have more.
Furthermore, high-dose contrast-enhanced MRI
not only detected more metastases but also
increased diagnostic confidence.

The diagnosis of brain metastases is mainly based
on detection of blood-brain barrier disruption
when using a contrast-enhanced technique. This is

especially so in this study, as few of the metastases
could be detected on un-enhanccd T1-weighted
images, and the delay between contrast injection
and examination makes it improbable that high
vascularisation was the cause of increased signal
(18). This means that our study of metastases of
different sizes reflects the detectability of blood-
brain barrier disruption using different techniques.
The results and the difference between the
techniques should therefore be applicable also on
other types of BBB damage.

Dose-related efficacy has been shown in previous
studies with Gd-DTPA (20,21,41) and Gd-
HPDO3A (37,53,54) when used in doses from
0.025 mmol/kg bw to 0.3 mmol/kg bw. The
standard dose of ionic gadolinium-based contrast
media, Gd-DTPA and Gd-DOTA (0.1 mmol/kg
bw) has proven valuable in the evaluation of
tumors of the central nervous system (4,23,32,38).
However, the optimal dose of gadolinium-based
contrast media has not been established.

The time between the start of injection of the
contrast agent and the start of the MR examination
was planned to be 5 min. (and was in reality
between 4 and 8 min.) at both dose levels, which in
combination with the fact that all high-dose
images were completed within 32 minutes after the
first injection means that a true cumulative dose of
0.3 mmol/kg bw was achieved, as all examinations
were performed during the phase of stable contrast
enhancement (III).

The number of lesions obscured by partial volume
effect can be minimized either by acquiring thin
slices or by high contrast. The relatively large slice
thickness in these MR examinations (12 mm) was
chosen because we wanted slices comparable to
the CT slices while still covering the whole brain
in one MR sequence. Thus, the technique used
actually favored CT with regard to partial volume
effects. With the chosen slice thickness, contrast-
enhanced MRI showed results equal to those with
CT when the standard dose was used and
significantly improved results at high dose.
However, in the comparison between standard and
high dose MR the thick slices may have prevented
us from detecting small metastases in the standard
dose examination which would have been detected
with thinner slices. This is, of course, only correct
under the presumption that the signal-to-noise-
ratio (SNR) could be kept the same, since
otherwise the lower contrast-to-noise-ratio (CNR)
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would reduce the effect of the reduced slice
thickness.

Most of the additional metastases detected by
high-dose contrast-enhanced MRI were smaller
than 5 mm, and by using a higher dose of contrast,
but still using thick slices, we acquired a 40-60%
increase in the number of metastases seen,
compared to contrast-enhanced CT and standard-
dose contrast-enhanced MRI. A combination of
high-dose contrast and thin slices (with preserved
high SNR) would probably increase the efficacy
even more.

MRI in Recurrent Pain after Back
Surgery.

A Comparative Study Using Standard
and High Doses of Gadolinium Con-
trast Agents.

(Paper V)

Recurrent pain after surgery for lumbar disc
herniation is a common clinical problem. The
differentiation between scar and recurrent hernia is
important, as hernias .ore often reoperated with
good results while the results of reoperations in
patients with mainly scar tissue are less favorable
(11,25,26).

In our study, a high dose of gadolinium contrast
seemed to give significantly better results when
directly compared to a standard dose even with the
investigators blinded to dose. However, if the
investigators were blinded both to dose and patient
the high dose did not give a higher diagnostic
confidence and did not change the diagnosis.

In the evaluation in pairs blinded to dose but not to
patient, the investigators were asked which of the
examinations provided most information. In the
later evaluation, with investigators blinded to both
dose and patient, this, of course, could not be done.
To obtain comparable information, the in-
vestigators were instead asked to grade the
diagnostic certainty for the single examination on
a scale of 1-5. The questions are different, but as
both relate to the amount of diagnostic information
in the examinations they provide similar
information about the quality of the examinations
and the results should be similar. This, however,

was not the case. The difference was probably
caused by the fact that the high dose images were
easily identified in the comparison in pairs which
produced a bias. On the other hand, the high dose
images were visually better, although they did not
give additional or different information. In other
words the standard dose images were good
enough.

Comparative studies in blinded pairs is a
commonly used method. However, results
achieved with this method should be interpreted
with caution as, at least in the present study, this
method did not really answer the question of
whether a high dose of contrast was useful.

The difficulties in the radiological differentiation
of scar and recurrent hernia is probably due to the
variation in appearance of botli scar and hernias
with scar tissue with varying enhancement
(2,7,31), and hernias both with and without
enhancement (7). Another factor which increases
the difficulties is the change in enhancement with
aging of the scar tissue (15).

The limited number of patients in our study, and
the high incidence of scarring may have influenced
our results. The fact that quite a long time elapsed
between operation and examination in a large
proportion of the patients may also have had some
effect. Although this may have prevented us from
finding a small difference which could have been
found in a larger patient material it could be
questioned if, with such a small difference in
diagnostic utility between the methods, the higher
cost of a triple dose of gadolinium contrast agent
would be motivated.

One important objection to our results is that they
were obtained at 0.3 T, and although they are valid
at that field strength, they might not be valid at a
higher field strength. However, our study of the
enhancement of blood-brain barrier damage at
different field strengths (II) has shown that the
enhancement of lesions is lower at low field
strengths, and high doses are therefore more
important at these field strengths. In analogue, this
ought to be true also with regard to the
enhancement of scars, which supports the
conclusion that the results of this study should
have been similar if performed at a high field
strength.
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General summary and discussion
Evaluation of contrast enhancement with Gd
agents in the CNS as well as in other locations is
complicated and the contrast effect depends on
several factors. It varies with the field strength
with a higher contrast effect at higher field
strengths. However, this variation is also
dependent on the concentration in the lesion. The
higher the concentration in the lesion, the higher
the difference in contrast effect between field
strengths is (up to the point were the effect on the
T2 relaxation time starts to reduce the contrast
enhancement).

The contrast effect also depends on the
concentration in the lesion and thereby also on the
dose given to the patient. This correlation is more
straightforward with a better effect of the contrast
agent when a higher dose is given at least at the
dose ranges currently used in clinical routine.
There is, however, a possibility of achieving a
higher effect from the contrast agent by increasing
the dose above this range provided that the drug is
safe at such dose levels. Due to field strength
dependence, high doses are also more important at
low field strengths.

The parameters of the spin-echo sequence are also
important which can be seen from our study (II) in
which an increase of the TR, still within what is
meant to be T1-weighted images, reduced the
contrast effect quite dramatically. However, this
effect is concentration-dependent with higher
differences at higher concentrations. The type of
sequence is also of importance. Using a 3D-
FLASH or 3D-MP-RAGE sequence reduces the
contrast effect (28). As this difference between
sequences is also concentration-dependent with
higher differences at low concentrations, this
finding is especially relevant at the relatively low
concentrations which we achieve in brain lesions
with the doses of contrast agents currently used
(II).

The sensitivity of MRI for detection of a lesion is
not only dependent on contrast but is also
influenced by other factors. It is influenced by the
spatial resolution in a complicated way, since, on
the one hand increasing spatial resolution gives us
less partial volume effects and therefore
diminishes the need for large contrast differences,
whereas, on the other hand, increasing the spatial
planned to provide valid information.

resolution in MRI leads to decreased signal-to-
noise ratio (SNR) and thereby decreased contrast-
to-noise ratio (CNR) with less contrast in the
image and, hence, less "visibility" of the lesion.

The three-dimensional spatial resolution (the size
of the voxel) can be changed either by changing
the in-plane resolution or by changing the slice
thickness. The in-plane resolution is increased by a
smaller field of view or by a denser matrix. Due to
restrictions of SNR, a higher in-plane resolution
than 0.5-1 mm is seldom used. Furthermore, using
a denser matrix is time-consuming. Therefore,
most often the problem with partial volume effects
is instead met with a reduction of the slice
thickness. This has also the largest effect on spatial
resolution as this is the dimension with the largest
magnitude. To increase the detectability of lesions,
the use of 3D gradient-echo sequences with very
thin slices has therefore been proposed. However,
the reduction of CNR due to the thinner slices as
well as the reduction due to the lower contrast
sensitivity of 3D gradient-echo sequences makes
this technique to increase the detectability of
lesions questionable.

The detectability of a lesion is not only dependent
on the contrast or spatial resolution but also on
additional factors, some of which are linked to the
individual radiologist. Some radiologists are very
sensitive to contrast differences and need high
contrast to detect a lesion, while those radiologists
more sensitive to differences in shape and borders
prefer high spatial resolution with less contrast.
This makes the question of "visibility" and
detection of lesions even more complicated.

It is also important to notice that better contrast,
better spatial resolution, or better "visibility" are
not goals in themselves. What we need are images
which allow us to detect the lesions and are good
diagnostic aids even if they are not pleasant to look
at.

All these different factors taken together makes it
very important to use clinical trials for the
evaluation of the effects of a new or different
method, as the interference of the different factors
makes it impossible to draw general conclusions.
However, clinical trials must be very thoroughly
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Conclusions
Gadodiamide injection was comparable to Gd-
DTPA with regard to both safety and diagnostic
efficacy in the CNS.

The contrast effect of Gadolinium contrast agents
is higher at 1.5 T than at 0.3 T both in phantoms
and patients.

Heavily Tl-weighted images are important for the
achievement of a high contrast effect of
Gadolinium contrast agents.

The effective time-window for the imaging of
blood-brain barrier damage is between 2-5 and 25-
30 minutes after injection, and several scans can be
performed without loss of enhancement.

To provide maximum detectability of blood-brain
barrier damage in patients with brain lesions,
higher doses of Gd contrast media should be useful
as the doses used clinically today do not utilize the
maximum contrast effect, either at high or low
field strength. However, higher doses are more
important at low field strengths where the contrast

effect is lower than at high field strengths.

High-dose (0.3 mmol/kg b.w.) contrast-enhanced
Tl-weighted spin-echo Mill with gadodiamide
injection allowed the detection of significantly
more and smaller metastases than standard-dose
(0.1 mmol/kg b.w.) MR! at 0.3 T. High-dose
contrast-enhanced MRI using gadodiamide
injection is an efficient way of improving the
detection of brain metastases, which should also be
true for blood-brain barrier disruptions from other
causes.

High-dose (0.3 mmol/kg b.w.) contrast-enhanced
Tl-weighted spin-echo MRI at 0.3T did not
increase the diagnostic information in patients with
recurrent pain after surgery for lumbar disc
herniation compared to standard-dose (0.1
mmol/kg b.w.) MRI. The high dose images were
considered more informative than the standard
dose images when compared in pairs, but gave no
additional or different diagnostic information
when the images were evaluated separately.



35

Acknowledgments

I wish to express my sincere gratitude to:

Professor Stig Holtås, my supervisor, for his
contagious enthusiasm and curiosity, for excellent
clinical and scientific training and guidance, for
his excellent ability to make difficult problems
manageable by dissecting them into smaller
problems, and for his ability to correct my stylistic
short-cuts;

Professor Holger Pettersson, the head of our
institution, for his encouragement and support
throughout the study, and, especially, his speedy
solutions to all problems;

Associate Professor Sven Laurin, the head of our
department, for his interest, encouragement and
support throughout the study;

Associate Professor Kjell Jonsson, the head of our
section, for his friendship, enthusiasm, and
encouragement throughout the study, and,
especially, his consideration in planning the weeks
at our section;

Associate Professor Freddy Ståhlberg and Ph.Sc.
Barbro Vikhoff at the Department of Radiation
Physics, for their collaboration, support and for
many fruitful discussions on all my pondering
about MRI;

Associate Professor Elna-Marie Larsson for her
excellent assistance in evaluating images, and her
way of getting things down to earth;

Associate Professor Mårten Annertz for his
excellent assistance in evaluating images, and for
his ability to turn things, and thoughts, upside
down;

Associate Professor Carl-Henric Nordström of the
Department of Neurosurgery for his enthusiasm
and help in recruiting patients;

M.Sc. Eva Jonsson, Nycomed AB, for her
assistance in conducting the clinical trials and for
everlasting enthusiasm and exactitude;

M.Sc. Doris Tove Kristoffersen, Nycomed
Imaging AS, for fruitful discussions on the
mysteries of statistics and for very long facsimiles;

Associate Professor Kristian Herrlin, Drs. Maja
Sloth, Olof Rudling, Åsbjörn Jönsson, Björn

Lundin and Associate Professor Kjell Jonsson
(mentioned before) for doing all the clinical work
when I walked around in my thoughts;

Mr. Roger Hansson, Medexa Diagnostisk Service
AB, for providing me with time to think and to
write this thesis;

All technicians, as well as other friends at Medexa,
at the section of neuroradiology and the section of
MRI for enthusiasm, effectiveness and for doing a
lot of the practical work;

Mrs. Anita Sundström and
irreplacable secreterial help;

Eva Jönsson for

Göran Eliasson for photographic illustrations;

All technicians and other helpful friends at the
section of skeletal radiology;

Associate Professor Ingegerd Johansson at the
Department of Radiology at the University
Hospital of Linköping for teaching me the basis of
neuroradiology and giving me a "common
neuroradiology sense";

Associate Professor Claes Rådberg at the
University Hospital of Linköping for teaching me
the basis of neuroradiology and giving me a lesson
on the qualities of different cognacs;

Associate Professor Thomas Högberg at the
Department of Oncology at the University
Hospital of Lund for his friendship, for late, long,
and fruitful discussions on sailing, science and life,
and for long-standing help with adjusting to the
different irregular behaviors of a PC;

And finally Kerstin, my wife, without whom this
thesis would not have been possible.

This study was supported by the Lund University
Medical Faculty , the Swedish Society for Medical
Research, Nycomed AB, Stockholm, Sweden and
Nycomed Imaging AS, Oslo, Norway.

Papers I and IV have been reprinted by permission
from Springer-Verlag (I) and Acta Radiologica
(IV).



36

References

1. Almén T.: Relations between chemical
structure, animal toxicity and clinical adverse
effects of contrast media. In: Enge I, Edgren J
(eds) Patient safety and adverse events in
contrast medium examinations, p 25. Elsevier,
Amsterdam, 1989.

2. An H., Nguyen C, Haughton V.M., Ho K.C.,
Hasegawa T,: Gadolinium-enhancement
characteristics of magnetic-resonance-imaging
in distinguishing intervertebral disc versus scar
in dogs. Spine 19 (1994), 2089.

3. Bottom ley P. A., Foster T. H., Argesinger R. E.,
Pfeifer L. M.: A review of normal tissue
hydrogen NMR relaxation times from 1-100
MHz. Dependence on tissue type, NMR
frequency, temperature, species, excision, and
age. Med. Physics 11 (1984), 425.

4. Bräsch R.C., Bennett H.F.: Considerations in
the choice of contrast media for MR imaging.
Radiology 166(1988), 897.

5. Breger R. K.., Rimm A. A., Fischer M. E.,
Papke R. A., Haughton V. M.: TI and T2
measurements on a 1.5-T Commercial MR
Imager. Radiology 171 (1989), 273.

6. Bundschuh C.V., Modic M.T., Ross J.S.,
Masaryk T.J., Bohlman H.: Epidural fibrosis
and recurrent disk herniation in the lumbar
spine: MR imaging assessment. AJNR 9
(1988), 169.

7. Bundschuh C.V., Stein L., Slusser J.H., Schinco
F.P., Ladaga L.E., Dillon J.D.: Distinguishing
between scar and recurrent herniated disc in
postoperative patients, value of contrast-
enhanced CT and MR imaging. AJR 11 (1990),
949.

8. Cacheris W.P., Quay S.C., Rocklage S.M.: The
relationship between thermodynamics and the
toxicity of gadolinium complexes. Magn.
Reson. Imaging 8 (1990), 467.

9. Chang K.H.. Ra D.G., Han M.H., Cha S.H.,
Han M.C., Kim H.D., Han M.C.: Contrast
enhancement of Brain Tumors at Different MR
Field Strengths; Comparison of 0.5 T and 2.0 T.
AJNR 15(1994), 1413.

lO.Elster A.D.: Field-Strength Dependence of

Gadolinium Enhancement : Theory
Implications. AJNR 15 (1994), 1420.

and

ll.Finnegan W.J., Fenlin J.M., Marvel J.P.,
Nardini R.J., Rothman R.H.: Results of surgical
intervention in the symptomatic multiply
operated back patient. J. Bone. Jt. Surg. 61
(1979), 1077.

12.Freeman A., Gowland P., Jellinek D. et al.:
Dynamic Tl studies of gadolinium uptake in
brain tumors using LL-EPI. MAGMA 2(1994),
409.

13.Galicich J.H., Sundaresan N., Thaler H.T.:
Surgical treatment of single brain metastasis:
evaluation of results by computerized
tomography scanning. J. Neurosurg. 53 (1980),
63.

14.Galicich J.H., Sundaresan N.: Metastatic brain
tumors. In: Neurosurgery, p. 604. Edited by
R.H. Wilkins & S.S. Rengachary. McGraw-
Hill, New York, 1985.

15,Glickstein M.F., Sussman S.K.: Time-
dependent scar enhancement in magnetic
resonance imaging of the postoperative lumbar
spine. Skeletal. Radiol. 20 (1991), 333.

16.Goldstein H.A., Kashanian F.K., Blumetti R.F.,
Holyoak W.L., Hugo F.P., Blumenfield D.M.:
Safety assessment of gadopentetate
dimeglumine in U.S. clinical trials. Radiology
174(1990)17.

17.Gore J. C: Contrast agents and Relaxation
effects. In: MRI of the Brain and Spine, p. 69.
Edited by S.W. Atlas. Raven Press, New York
1991.

18.Gowland P., Mansfield P., Bullock P. et al.:
Dynamic studies of gadolinium uptake in brain
tumors using inversion-recovery echo-planar
imaging. Magn. Reson. Med. 26 (2) (1992),
241.

19.Greco A., McNamara M.T., Lanthiex P., Quay
S.C., Michelozzi G.: Gadodiamide injection:
Nonionic gadolinium chelate for MR imaging
of the brain and spine - phase 11—111 clinical
trial. Radiology 176 (1990), 451.

2O.Haustein J., Laniado M., Niendorf H.-P. et al.:



37

Administration of gadopentetate dimeglumine
in MR imaging of intracranial tumors: Dosage
and field strength. AJNR 13 (1992), 1199.

21.Haustein J., Laniado M., Niendorf H.-P. et al.:
Triple-dose versus standard-dose gadopentetate
dimeglumine: A randomized study in 199
patients. Radiology 186 (1993), 855.

22.Hayman L.A., Evans R.A., Hinck V.C.:
Delayed high iodine dose contrast computed
tomography. Radiology 136 (1980), 677.

23.Healy M.E., Hesselink J.R., Press G.A.,
Middleton M.S.: Increased detection of
intracranial metastases with intravenous Gd-
DTPA. Radiology 165 (1987), 619.

24.Henriksen O., De Certaines J.D., Spisni A.,
Cortsen M., Muller R.N., Ring P.B.: In Vivo
Field Dependence of Proton Relaxation Times
in Human Brain, Liver and Skeletal Muscle: A
Multicenter Study. Magn. Reson. Imaging 11
(1993), 851.

25.Jönsson B., Strömqvist B.: Repeat
decompression of lumbar nerve roots: A
prospective two-year evaluation. J. Bone. Jt.
Surg. 75(1993), 894.

26.Law JD., Lehman RAW., Kirsch WM.:
Reoperation after lumbar intervertebral disc
surgery. J. Neurosurg. 48 (1978), 259.

27.Lindsey R.O., Yetkin F.Z., Prost R., Haughton
V.M.: Effect of Dose and Field Strength on
Enhancement with Paramagnetic Contrast
Media. AJNR 15 (1994), 1849.

28.Mugier III J.P., Brookeman J.R.: Theoretical
analysis of gadopentetate dimeglumine
Enhancement in T1-weighted imaging of the
brain: Comparison of two-dimensional spin-
echo and three-dimensional Gradient-echo
sequences. JMRI 3 (1993); 761.

29.Miihler A., Saeed M., Bräsch R.C., Higgins
C.B.: Hemodynainic effects of bolus injection
of gadodiamide injection and gadopentetate
dimeglumine as contrast media at MR imaging
in rats. Radiology 183 (1992), 525.

30.Niendorf H.P., Dinger J.C., Haustein J.,
Cornelius I., Alhassan A., Clauss W.: Tolerance
data of Gd-DTPA: a review. Europ. J. Radiol.

31 .Nguyen C, An H., Ho K.C., Haughton V.M.,
Hasegawa T.: Utility of high-dose contrast
enhancement for detecting recurrent herniated
intervertebral discs. AJNR 15 (1994), 1291.

32.Parizel P.M., Degryse H.R., Gheuens J. et al.:
Gadolinium-DOTA enhanced MR imaging of
intracranial lesions. J. Comput. Assist. Tomogr.
13(1989),378.

33.Parizel P. M., Van Hasselt B. A. A. M , Van
den Hauwe L., Van Goethem J. W. M., De
Schepper A. M. A.: Effect of field strength on
gadolinium enhancement in MR imaging. Eur.
Radiol. 4 (1994), 557.

34.Patchell R.A., Tibbs P.A., Walsh J.W. et al.: A
randomized trial of surgery in the treatment of
single metastases to the brain. N. Engl. J. Med.
322 (1990), 494.

35.Rinck P. A., Fischer H. W., Van der Elst L.,
Van Haverbeke Y., Muller R.N.: Field-cycling
relaxometry: medical applications. Radiology
168(1988), 843.

36.Rocklage SM, Worah D, Kim S-H. Metal ion
release from paramagnetic chelates: What is
tolerable? Magn. Reson. Med. 22 (1991); 216.

37.Runge V.M., Kirsch J.E., Burke V.J. et al.:
High-dose gadoteridol in MR imaging of
intracranial neoplasms. JMRI 2 (1992), 9.

38.Russell E.J., Geremia G.K., Johnson C.E. et al.:
Multiple cerebral metastases: Detectability with
Gd-DTPA-enhanced MR imaging. Radiology
165 (1987), 609.

39.Schad L. R., Brix G., Zuna I., Härle W., Lorenz
W. J., Semmler W.: Multiexponential Proton
Spin-Spin Relaxation in MR Imaging of Human
Brain Tumors. J. Comput. Assist. Tomogr. 13
(1989), 577.

4O.Schömer W, Laniado M, Schubert C, Felix R.:
Time-dependent changes in image contrast in
brain tumors after Gadolinium-DTPA. AJNR
7(1986), 1013.

41.Schubeus P., Schörner W., Haustein J. et al.:
Optimization of gadolinium-DTPA dose: an
inter-individual study of patients with
intracranial tumors. RöFO 153 (1990), 29.

42.Shalen P.R., Hayman L.A., Wallace S., Handel
S.F.: Protocol for Delayed Contrast



38

Enhancement in Computed Tomography of
Cerebral Neoplasia. Radiology 139(1980), 397.

43.Svaland M., Borseth A., Haugen I. et al.: Safety
aspects of gadodiamide injection in MRI of
the CNS. A comparison of 0.1 versus 0.3
mmol/kg body weight in six double-blind trials.
Abstract Eur. Soc. Magn. Reson. Med. Biol.
10th Annual Scientific Meeting, 1993.

44.Sze G., Brant-Zawadzki M., Haughton V.M.et
al.: Multicenter study of gadodiamide
injection as a contrast agent in MR imaging of
the brain and spine. Radiology 181(1991), 693.

45.Tvveedle M.F., Eaton S.M., Eckelman W.C. et
al.: Comparative chemical structure and
pharmacokinetics of MRI contrast agents.
Invest. Radiol. 23 (1988), Suppl 1, p 236.

46.Van Wagoner M., O'Toole M., Quay S.C.:
Nonionic magnetic resonance imaging contrast
agents: clinical trial experience of safety,
tolerance and efficacy of gadodiamide
injection. Invest. Radiol. 25 (1990), Suppl 1, p
39.

47. Van Wagoner M, O'Toole M, Worah D, Leese
PT, Quay SC: A phase I clinical trial with
gadodiamide injection, a nonionic magnetic
resonance imaging enhancement agent. Invest.
Radiol. 26(1991), 980.

48.Van Wagoner M., Rocklage S.M.:
Gadodiamide iirection, a nonionic MRI
enhancement agent: overview of development.
In: Rinck PA, Muller RN (eds) New
development in contrast agent research, p 49.
European Magnetic Resonance Forum, Blonay,
1991.

49.Watson A.D., Rocklage S.M., Carvlin M.J.:
Contrast media. In: Stark DD, Bradley WG Jr
eds. Magnetic resonance imaging, 2nd Ed. St
Louis, MO: CV Mosby; 1991.

5O.Wedeking P., Kumar K., Tvveedle M.F.:
Dissociation of gadolinium chelatis in mice:
Relationship to chemical characteristics. Magn.
Reson. Imaging 10 (1992), 641.

51.Wehrli F. W.: The Basis of MR Contrast. In:
MRI of the Brain and Spine, p. 23. Edited by S.
W. Atlas. Raven Press, New York 1991.

Radiichel B.: Tolerance of new contrast agents
for MRI. Invest. Radiol. 25 (1990), Suppl. 1, p.
49.

53.Yuh W.T.C., Fisher D.J., Engelken J.D. et al.:
MR evaluation of CNS tumors: Dose
comparison study with gadopentetate
dimerglumine and gadoteridol. Radiology 180
(1991), 485.

54.Yuh W.T.C., Engelken J.D., Muhonen M.G.
Mayr N.A., Fisher D.J., Ehrhardt J.C.:
Experience with high-dose gadolinium MR
imaging in the evaluation of brain metastases.
AJNR13(1992),335.

55.Zimmerman JR, Brittin WE.: Nuclear magnetic
resonance studies in multiple phase systems;
lifetimes of a water molecule in an absorbing
silica gel. Phys. Chem. 6 (1957) 1328-1333.

52.Weinmann H.J., Press W.R., Platzek J.,


