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MAGNETIC RESONANCE IMAGING
-MRI-
OF THE KIDNEY






Stellingen
behorende bij het proefschrift 'MRI of the Kidney’, L. te Strake

1. Het vaststellen van de MRI opnametechniek zal altijd een compromis zijn
tussen het bereiken van het gewenste contrast tussen weefsels, de beeld-
kwaliteit zoals het cosmetisch aspect van de opnamen (signaal-ruis ver-
houding en ruimtelijk oplossend vermogen) en de onderzoekstijd (dit
proefschrift).

2. Nieuwe ’fastimaging’ technieken geven een verbetering van de beeldkwa-
liteit van MRI niet alleen door verkorting van de opname tijd maar ook
door een beter contrast oplossend vermogen (dit proefschrift).

3. MRI biedt bij een veldsterkte van 0.5 T en toepassing van conventionele
spin echo puls sequenties weinig voordelen boven bestaande, goedkopere
methoden bij de diagnostiek van nierafwijkingen (dit proefschrift).

4. Het gebruik van combinatieversterkingsschermen bij mammografie moet
op grond van absorptie in het primaire scherm afgeraden worden.

5. Endo-ultrasonografie (EUS) is een belangrijke aanwinst voor de diagnos-
tiek en stagering van maligniteiten van distale oesophagus, maag en pan-
creas.

6. Bij een onverklaarde mono-arthritis van een vinger of polsgewricht dient
het osteoid osteoom uitgesloten te worden.

7. Isotopen cisternografie is het onderzoek van keuze voor de diagnostiek
van nasale liquorroe.
(Flynn B.M. et al. Med J Aust 1987;146:82-84)

8. Het gebruik van condooms bij safe sex schakelt het risico van AIDS be-
smetting niet uit.
(Goedert J.J. N Engl J Med 1987; 317: 1339-1341).

9. Een kaakgewrichtsafwijking komt voort uit een afwijkende belangstelling
voor het kaakgewricht.




10.

11.

12.

De endoscopie van de tractus digestivus dient, als onderdeel van medical
imaging en complementaire techniek aan het conventionele rontgenon-
derzoek, aan het takenpakket van de radiodiagnost te worden toege-
voegd.

Juist doceren is veelal een kwestie van juist doseren.

Alis de NMR nog zo snel, de waarheid achterhaalt hem wel.
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VOORWOORD

De evaluatie van een nieuwe techniek zoals MRI, vanaf het moment dat deze
de klinicus als premature boreling in de schoot geworpen wordt tot op het mo-
ment dat de techniek als adolescent zelfstandig rondstapt in het ziekenhuis, is
niet mogelijk zonder de actieve steun van meerdere geinteresseerden. Dit
geldt temeer voor het onderhavige onderzoek, dat op 4 verschillende locaties
(Academische Ziekenhuizen van Groningen, Leiden en Amsterdam (VU);
Philips MSD, Best) uitgevoerd werd.

Prof. Dr. J.R. Blickman. Zeer geachte promotor.

U was mijn opleider in de radiodiagnostiek. In die jaren en daarna was U de
kapitein op het schip die met wijsheid een duidelijke, veelal rechtlijnige koers
uitzette en voor zijn bemanning voldoende ruimte bood om, waar nodig, bin-
nen het vakgebied te passagieren. Daarnaast hebt U zich zowel ten tijde van de
geboorte van MRI als in de laatste fase van het promotieonderzoek een be-
kwaam verloskundige getoond, waarmede het proefschrift op een spontane en
weinig traumatiserende wijze het levenslicht heeft kunnen aanschouwen. Ik
dank U voor dit alles.

Prof.Dr. G.K. van der Hem. Zeer geachte tweede promotor.

U stond mede aan de wieg van dit onderzoek en was van oordeel dat het ge-
rechtvaardigd was de Groningse neonaat voor verdere evaluatie over te plaat-
sen naar het AZL. Uw loyale steun en belangstelling gedurende het onderzoek
en het tot stand komen van het proefschrift heb ik ten zeerste gewaardeerd.
Prof.Dr. A.E. van Voorthuisen. Zeer geachte derde promotor.

Uw afdeling heeft het Groninger stiefkind liefdevol opgenomen en in den be-
ginne gefungeerd als peuterspeelzaal. Later heeft het onderzoek met de verbe-
terde MR technologie kunnen gedijen dankzij de bijzondere, binnen de afde-
ling aanwezige, wetenschappelijke ambiance. Voor de geboden faciliteiten
voor het onderzoek, het hierin gestelde vertrouwen en de adviezen ben ik U
zeer erkentelijk.

Het is onmogelijk de vele personen, die op enigerlei wijze en tijdstip hun me-
dewerking aan het onderzoek hebben verleend persoonlijk in dit voorwoord te
bedanken. De volgende afdelingen en personen wil ik echter met name ver-
melden onder dankzegging voor de geinvesteerde tijd, de inzet en het geduld
en met de verzekering dat de geleverde inspanningen voor mij een leerzame
bron van inspiratie zijn geweest.



AZG - Afd. Nephrologie : A.M. Tegzess en collegae.
Afd. Urologie : Dr. J.A.P. Hooykaas en collegae.

RUG -Path. Anat. Laboratorium : Dr. S. Poppema en collegae.
Afd. Physische Chemie  : Dr. R.L. Kamman.

AZL -Afd. Nephrologie : Dr. L.C. Paul, S. Lobatto en collegae.
Afd. Urologie : J. Langeveld, Prof.Dr. U. Jonasen
collegae.

Afd. Radiodiagnostiek : L.J. Schultze Kool, Dr. J. Doornbos,
J.L. Bloem, T.H.M. Falke,
R.D. Bluemm en collegae.
Laboranten MRI Afdeling

Afd. Medische Statistiek : Dr. J. Hermans.

Path. Anat.Laboratorium : Dr. J.J. Weening,
Prof.Dr. D.J. Ruiter.

AZVU - Afd. Nephrologie : Dr. L.P. Oe, Prof.Dr. A.J. Donker,
H. van Bronswijk.
Afd. Radiodiagnostiek  : Prof.Dr. J. Valk, M. Sperber.

Philips - Afd. Applicatie : A.A. Brouwer- van Herwijnen en
MSD collegae.

Prof.Dr. A.J. Donker, Prof.Dr. C.J.P. Thijn, Prof.Dr. J. Valk, U ben ik dank
verschuldigd voor de wijze waarop U alsleden van de promotiecommissie hebt
willen fungeren.

De collegae van de afdeling Radiodiagnostiek AZG dank ik voor de geboden
gelegenheid om het promotieonderzoek vanuit Groningen af te ronden.
Zonder de onnavolgbare wijze waarop Mevr. G. Weltevrede het manuscript
heeft weten te hanteren, zou dit proefschrift zeker niet binnen de gestelde ter-
mijn gereed zijn geweest. De Heren C. Minnis en H. van der Zwaag ben ik
dank verschuldigd voor het bewerken van het fotografisch materiaal en laatst-
genoemde bovendien voor het verzorgen van de omslag en deel van de lay out.
Het verschijnen van dit proefschrift is mede mogelijk geworden door de finan-
ciéle steun van BY K Nederland, Cablon Medical, CGR Nederland, G. E. Me-
dical Systems, Nycomed, Schering Nederland en Agfa Gevaert.



Contents

Chapter I INTRODUCTION .....oocoihomaiss s sves soanass ovessismesess 11
I1 Historical perspective ...............cooeeiiinnin. 11
1.2 Purpose of thestudy ..............ccoeiiiiiiinit. 13
I3 References ...........cocovevviviiiiiiiiiiiniiininenne, 13
Chapter II PILOT STUDY: Imagerie RMN durein ................... 17
Il Summary .....ccooeviniiiiiiiiiiiiinne e 17
II.2  Introduction .............c.cooviiiiiiiiiiiiniina, 18
I1.3  Material d’étude et méthodologie .................. 18
IT.4  Résultats ..........ccoeiiiiiiiiiiiiiiiiiiiiienenennee, 19
II.5  DISCUSSION .....cooviiviiiininiiiiiiiiiieeieeeneenen, 20
I1.6  Bibliographie ...............ccocoiviiiiiiiiiininnn. 20
Chapter Il TECHNICAL CONSIDERATIONS AND NORMAL
ANATOMY ..o, 27
III.1  Introduction ...........ccocoeoviiiiiiniiiiniinennennnen, 27
III.2 Image quality ........ccoooiviiiiiiiiiiiiiiii, 27
II1.2.a Signal intensity ............ccocovvrieniiiiiniinenenenen. 27
ITL.2.b Contrast .........ccveuveiniiniininiiiiiiiiieneean, 27
III.2.c Signal-to-noise (S/N) ratio and
contrast-to-noise (C/N) ratio .............c..c..ce.... 28
III.3  Pulse sequence optimalization ....................... 28
III.4 Normal anatomy ...........c..ccooiviiiviniieeennnen. 30
IIILS  Artefacts ..........cocveviiiniiiiiiiii e 33
II1.6 Quantitative MR data ......................ooennn, 35
III.6.a T1 and T2 relaxation times ..............c..ceennenen. 35
IT1.6.b Calculated T1 and T2 values ......................... 36
ITII.7  Safety ...... emmt s s s n R Aot 37
ITI.8  References ..........cooeeveveviiiiiiiiniiniiiiiinieann. 38

ChapterIV  MAGNETIC RESONANCE IMAGING(MRI) IN THE

DIAGNOSIS OF DIFFUSE RENAL DISEASES ...... 43
) AV BN 71 § ¢- Vo] SR U 43
IV.2 Introduction .........ccccoeiiiiiiiiiiiiiiiiiiniineenne. 44
IV.3 Material and methods ..................ooeeeiiiiinil. 44
IV.4 Results ..o 46
IV.5 DIiSCUSSION ...ooviniiiiiiiieiniiie i eneaens 49

IV.6 References ........oooovveiiiiiiiiiiiiiiiiiiineiinananns 51



Chapter V

Chapter VI

Chapter VII

Chapter VIII

Chapter IX

MAGNETIC RESONANCE IMAGING(MRI) IN THE
DIAGNOSIS AND STAGING OF RENAL MASSES:

a critical appraisal and comparison withCT. ............... 53
V.1 ADSITACt .o 53
V.2  Introduction ..........coooiiiiiiiiiiiiiiiiiiiieeans 54
V.3 Materialand methods ......................ll 54
V.4  ResultS ..o e e, 55
V.5 DIiSCUSSION ...oiviiiiiiiiii i 64
V.6 References .......ooooviiiiiiiiiiiiiiiiiiiiiiiiiiiennn, 66

MAGNETIC RESONANCE IMAGING(MRI)

OF RENALTRANSPLANTS ..., 69
VI.1  ADBStract .....coooviiriiiiiiii e 69
VI.2 Introduction ...........cooiiiiiiiiiiiiiiiiiiiniininnnn, 70
VI.3 Materialand methods ................coeiiiiinal, 70
VI.4 Results ..o, 72
VIS DISCUSSION ..ottt i, 82
VI.6 References ........ccocovviiiiiiiniiiiiiiiiiiniininnnnn, 85
MRI: QUO VADIS? ..., 87
VII.1 Introduction ...........ccooiiiiiiiiiiiiiiiiiiiiininnn, 87
VIL.2 Contrast agents ............ccoeoeeveniereneeneneenenennns 87
VIL.3 Fastimaging .............c.coooiiiiiiii, 88
VII.4 FIOW oo 91
VIL.5 Chemical shiftimaging ..............cc.coccoiiini.. 91
VIL.6 Diffusionimaging .................cccooiiii. 92
VII.7 SPECtroSCOPY ..cueuvuirimiininiiiiiniiiiiiiinenenenenne. 92
VII.8 References ........cccooviiiiiiiiiiiiiiiiiiiaiininns, 94

SUMMARY OF RESULTS: MRI OF THE KIDNEY,
CURRENT STATUS AND FUTURE DIRECTIONS . 97

VIII.1 Introduction ...........ccooiiiiiiiiiiiiiiiiiiiinennannen. 97
VIII.2 Technical aspects ............c.cccocoviiiiiniinnann... 97
VIII.3 Diffuse renal diseases ............ccceevveviivinninn... 98
VIII.4 Renal transplants ...........c.ccccoeveiiiinininninn.e. 98
VIII.5 Renal masses .......cccoviviiiniiiiiniiniiiiianeannannn, 99
VIII.6 Conclusion .........cooiiiiiiiiiiiiiiiiiiiiiiieeanns 99
SUMMARY .. s 101

SAMENVATTING ..., 105






Chapter 1

INTRODUCTION

1.1 Historical Perspective

A very concise description of the principle of Nuclear Magnetic Resonance
(NMR) was first given in 1946 by Bloch et al (1). Even today it applies to NMR
in medical practice: By superimposing on the constant field (z direction) an os-
cillating magnetic fieldin the x direction, the polarization, originally parallel to
the constant field, will be forced to precess about that field with a latitude
which decreases as the frequency of the oscillating field approaches the Lar-
mor frequency. For frequencies near this magnetic resonance frequency one
can, therefore, expect an oscillating induced voltage in a pick-up coil with axis
parallel to the y direction’.

Independently and only a few weeks earlier Purcell et al. reported on reso-
nance absorption by nuclear magnetic movements in paraffin (2). Bloch and
Purcell were awarded the Nobelprize in 1952.

Many terms now familiar to anyone working in the medical field of NMR
were defined and used during the initial period of basic NMR research.

Paramagnetic properties of certain substances were mentioned by Bloch et
al. in their veryfirst paper (1). Now, the use of paramagnetic contrast agents in
Magnetic Resonance Imaging (MRI) is widely explored and accepted. T1 and
T2 relaxation times were studied and defined by Bloch in 1946 (3). The proper-
ties and underlying principles of spin echo signals were discussed by Hahn in
1950 (4). The MR studies presented in this thesis were performed using mainly
spin echo pulse sequences. Currently chemical shiftimaging is arelatively new
technique in MRI. The dependence of the nuclear magnetic resonance fre-
quency upon chemical compound is known since 1949 (5,6). Despite the fact
that the prerequisites for medical applications of NMR spectroscopy were pre-
sent during the initial stages of its development, it was not until more than 2 de-
cades later that Damadian first reported in 1971 on NMR properties of human
tissues (7). He mentioned that spin echo NMR measurements may be used as
amethod to discriminate between malignant tumors and normal tissues, based
on the differences in T1 and T2 relaxation times.

The first NMR studies in vivo, without any obvious harm to the live animal,
were reported by Weisman et al. in 1972 (8). A malignant transplanted mela-
noma located on the mouse tail showed a spin-lattice (T1) relaxation time of
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700 msec as opposed to the shorter T1 (300 msec) of normal tail tissue. In 1973
Lauterbur described a method of image formation ('zeugmatography’) by in-
duced local interactions employing NMR (9). In the following years the ability
of NMR to differentiate between normal and malignant tumors was further
studied as well as the factors influencing the differences in T1 and T2 between
benign and malignant tissues. Kiricuta et al. (1975) observed that the main
cause of these differences in T1 and T2 was a higher water content of neop-
lasms (10). T1 proved to be more sensitive than T2 to variations of tissue water
content. Atthe same time he concluded that if only water content would be the
principal cause, NMR would be much less promising for the detection of can-
cerous tissue than was originally thought.

Eggleston et al. (1975) furthermore stressed the nonspecific nature of pro-
longation of T1 in abnormal tissue (11). He found that T1 of abnormal non
neoplastic tissue was in many instances longer than T1 of malignant tumors.
Variable components of malignant tumors, e.g. vascularisation, amount of
supporting stroma, number of accompanying inflammatory cells, hemorrhage
and necrosis were considered to be important factors causing the lack of speci-
ficity of T1 measurements for cancer diagnosis. Bovée et al. (1978) also found,
contrary to previously published reports, an overlap of T1 values measured in
malignant, benign and normal breast tissues corrected for fat (12).

The first more detailed images obtained with NMR were presented in 1977.
Images of a finger were recorded by Mansfield et al. using a two cm small bore
magnet system (13). A thin-section image of the human wrist by Hinshaw et al.
allowed a clear differentiation between fat, bone marrow, cortical bone, ten-
dons and the motion of blood in the veins and arteries (14). Similar imaging ex-
periments were carried out with normal rats and rabbits (15,16). Bottomley in
1979 demonstrated the detection and development of a hepatoma in a live rat
17).

Discrimination of the tumor from surrounding tissue was possible by the dif-
ferencesin signal intensity. Hansen et al. in 1980 showed that selective contrast
enhancement for tissue discrimination was possible by manipulating data ac-
quisition parameters rather than by injection of contrast agents (18). Impor-
tant advantages of MRI over CT were reported by Cooks et al.: no ionizing ra-
diation, imaging along any plane in the subject, no artefacts introduced by
bone and air, superior soft tissue contrast and ability to perform flow studies
without the need for contrast agents (19).

The first human whole-body MR images, showing the normal anatomy of
the major blood vessels and organs, were published in early 1981 (20,21). Vi-
zualization of the renal collecting system in the normal abdomen was reported
later in 1981 (22). Pathological conditions in the human body were first demon-
strated by means of NMR tomography in the brainin 1980 (23). One year later
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in 1981 reports appeared in the literature on MRI in liver and kidney disease
(24,25). Smith et al. showed that the differentiation between a renal cyst and
tumor was possible as a result of the sensitivity of MRI for discriminating be-
tween different tissues by measuring the T1 relaxation time. Further studies by
Smith et al. in 1982 in 30 patients with various renal diseases indicated the pos-
sible applications of MRI not only in the diagnosis of kidney tumors but also in
the diagnosis of parenchymal disease and in renal transplants (26). It appeared
that MRI was as accurate as ultrasound in the differentiation of renal cysts
from tumors and that it would be superior to ultrasound and intravenous uro-
graphy (IVU) in the management of patients with either acute reversible kid-
ney failure or acute allograft rejection.

Inversion-recovery images of the kidney obtained by Y oung et al. in 1982
showed excellent intrarenal detail, allowing the distinction between cortex and
medulla (27). Crooks et al. in 1982 also demonstrated the cortico-medullary
junction and hilar structures in the normal kidney using spin echo technique
(28). At this stage our interest in the application of MRI in the diagnosis of kid-
ney disease was raised and a pilot study using a prototype resistive MR scanner
(0.15 T) was started in late 1982.

The results of this pilot study were promising and appeared to justify further
research in a clinical setting (29,30). These conclusions were supported by fur-
ther reports in the literature during 1983 (31,32,33).

1.2 Purpose of the study

The objective of the study was to determine the value of MRI in 1. the diag-
nosis of diffuse parenchymal renal disease, 2. the diagnosis and staging of kid-
ney tumors and 3. the evaluation of transplanted kidneys. In order to attain
this goal three protocols were started in October 1984 and carried out until Fe-
bruary 1986 at the University Hospital Leiden in cooperation with the Depart-
ments of Radiology and Nephrology, Free University Hospital Amsterdam
(protocol on diffuse renal disease), and the Department of Nephrology, Uni-
versity Hospital Groningen (protocol on kidney transplantation).

1.3 References

1. Bloch F, Hansen WW, Packard M. Nuclear induction. Phys Rev 1946; 69:127.

2. Purcell EM, Torrey HC, Pound RV. Resonance absorption by nuclear magnetic momentsin
a solid. Phys Rev 1946; 69: 37-38.

3. Bloch F. Nuclear Induction. Phys Rev 1946; 70: 460-474.

. Hahn EL. Spin echoes. Phys Rev 1950; 80: 580-594.

5. Knight WD. Nuclear magnetic resonance shift in metals. Phys Rev 1949; 76: 1259-1260.

E=N
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Chapter I1
IMAGERIE RMN DU REIN

L. te Strake', J.R. Blickman', G.K. van der Hem?, J.A.P. Hooykaas3'
S. Poppema®, A.A. Brouwer-van Herwijnen®.

Departments of Radiology', Nephrology?, Urology?, and Pathology*,
University Hospital Groningen, The Netherlands.
Philips Medical Systems Division®, Best, The Netherlands.

I1.1 Résumé

Une imagerie a été obtenue chez 18 malades présentant différentes af-
fections rénales. On a utilisé€ deux scanners, un syst¢éme prototype résis-
tif de 0.14T et le Gyroscan S5 superconducteur. L’imagerie RMN s’est
avérée €tre une technique tréssensible.

On peut détecter des tumeurs ne dépassant pas 5-10 mm, et on peut faire
la distinction entre tumeurs solides et kystes.

Grice a une excellente résolution des contrastes et a la différenciation
des tissus, I'imagerie RMN semble étre tres précise pour établir le stade
d’un cancer rénal. Les vaisseaux au sein de la tumeur peuvent se voir
sous forme de petites taches noires.

Du fait de leur bref T1, les kystes hémorragiques peuvent étre différen-
ciés de simple kystes. D’autres études prospectives de surveillance se-
ront nécessaires pour se prononcer définitivement sur I'intérét de I'ima-
gerie RMN dans les affections diffuses du parenchyme rénal. On n’a pas
trouvé de calcifications. Il ne semble pas que I'imagerie RMN soit plus
spécifique pour la caractérisation des tissus que d’autres modalités
d’imagerie.

I1.1 Summary

NMR imaging was performed in 18 patients suffering from various renal
disorders. 2 scanners were used, a 0.14 T resistive prototype system and
the superconducting Gyroscan S5. NMR imaging proved to be a very
sensitive technique.

JRadiol 1984; 65: 631-635
(with permission of Masson SA, Paris)
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Tumours as small as 5-10 mm were detected. Solid tumours and cysts
could be distinguished. As a result of the excellent contrast resolution
and tissue differentiation, NMR imaging appears to be very accurate in
the staging of renal cell carcinoma.

Blood vessels within a tumour may be visible as little black dots.
Because of their T1 hemorrhagic cysts can be differentiated from simple
cysts. Further prospective follow-up studies are required before a defi-
nite statement can be made as to the value of NMR imaging in diffuse pa-
renchymal disease. Calcifications were not detected. NMR imaging does
not seem to be any more specific as to tissue characterisation than other
imaging modalities.

I1.2 Introduction

Bien que I'essentiel des traveaux réalisés jusqu’a présent en imagerie RMN
médicale se soient focalisés sur le cerveau (3,4,12), il est devenu évident que
cette technique pouvait étre en méme temps appliquée pour I’examen du tho-
rax et de I’abdomen (1). Gr*ace a leur caractéristique T1 (11), on peut faire le
diagnostic différentiel entre cancer du rein et kyste.

L’imagerie RMN des voies urinaires est apparue étre une technique promet-
teuse (9). Devant la rareté des données de la litté rature, on a mis en oeuvre un
essai visant a étudier I'intérét de I'imagerie RMN du rein. Dans ce travail,
I'imagerie RMN sera désignée par I’abréviation IRM (Imagerie par Réson-
nance Magnétique) (8).

I1.3 Matériel d’Etude et Méthodologie

L’imagerie par résonnance magnétique a été pratiquée avec deux scanners
et, au début, on a utilis in scanner prototype résistif 0.14T. On trouvera ail-
leurs la description de cet appareil. Audébut de I'été 1983, on a pu disposer du
Gyroscan S5 0.5T superconducteur en clinique. On a appliqué des s€ quences
pulsées ’Spin Echo’ (SE) et "Inversion Recovery’ (IR). Le TR poul I'imagerie
SE a été de 500 msec, le TE de 50 msec (matrice 128 x 128) ou de 75 msec (ma-
trice 256 x 256). Le TR enimagerie IR a été 1000 msec (scanner prototype) ou
de 500 msec (Gyroscan S5) et le TD de 400 msec. On a obtenu des coupes dis-
tinctes dans les plans transverse et vertical.

L’épaisseur des coupes a été de 5, 10 ou 15 mm. Ultérieurement,

au cours de cette étude, on a disposé de données de volume entier 3-D.
L’examen a porté sur 18 malades présentant différentes affections
rénales (tableau I).
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Tableau 1 Matériel d’étude: 18 malades
Table 1 Material: 18 patients

Tumeur Cancer du rein 6
Cancer du rein récidivant 1
Angiomyolipome 1
Adénome 1
Maladie polykystique 2
Maladie parenchymateuse diffuse 5
Reins transplantés 3

I1.4 Résultats

C’est I'image IR qui, normalement, permet de mieux de distinguer cortex et
médullaire (Fig. 1a). Du fait de son T1 plus long, la médullaire apparait en
noir. Le cortex qui contient moins d’eau a une densité supérieure du fait d’'un
T1 plus bref. On note trés peu de détails a 'intérieur du rein sur 'image SE
lorsqu’on utilise un TR longde 1000msec (Fig. 1b). Mais, avec un TR plusbref
(200 msec), on obtient plus d’information T1 sur I'image SE, et on peut ainsi
distinguer dans une certaine mesure cortex et médullaire (Fig. 1c). La graisse
périrénal et hilaire a une densité élevée. On peutidentifier certaines structures
du hile telles que le systéme collecteur et les vaisseaux.

Nos criteres d’appréciation pour les tumeurs rénales, ont été 1a taille, la con-
sistance, la vascularisation et I’extension locale. Il n’y a pas eu de difficulté a
détecter des tumeurs kystiques ou solides mesurant 5-10 mm (Fig. 2).

Du fait de son long T1, un kyste simple a une faible densité et apparait en
noir. L’intensité d’'un angiomyolipome est analogue a celle de la graisse péri-
rénale. Dans notre groupe de patients, les cancers rénaux ont été d’une inten-
sité relativement élevée sur 'image SE (Fig. 3a) et d’une faible densité, sil’on
utilisait la séquence pulsée IR. Du fait d’un T1 long, les portions nécrotiques
d’une tumeur ont une faible intensité sur I'image IR (Fig. 3c). En fonction des
constituantset du TR, une nécrose est éventuellement invisible sur I'image SE
ou se dessine sous la forme d’une zone de faible intensité.

Un courant sanguin rapide ne permet de recevoir que trés peu de signaux.
Les petites artéres au sein d’'une tumeur se distinguent ainsi visiblement sous
forme de petites taches noires (Fig. 3a,b). L’IRM s’est avérée exacte dans tous
les cas de cancer du rein, quant a I’extension périrénale de la tumeur.

Dans la maladie polykystique et multikystique du rein, I'intensité des kystes
varie en fonction de leur contenu (Fig. 4a). La corrélation avec le fragment de
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Fig. 1 a) IR 1000/400: Bonne différenciation de la médullaire en noir par rapport au cortex envi-
ronnant.
b) SE 1000/50: Peu de dfails dans I'intérieur du rein en dehors des structures hilaires.
c) SE 500/50: Ligne de démarcation cortico-médullaire esquissée, noter les vaisseaux
hilaires et le systéeme collecteur.

Fig. 1 a) IR 1000/400: good differentiation of dark medulla from surrounding cortex.
b) SE 1000/50: except of hilar structures little intrarenal detail.
c) SE 500/50: some cortex-medulla demarcation. Note the hilar vessels and collecting
system.
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Fig. 2 a) SE 1000/50: Glomérulosclérose. Minceur du cortex de faible intensité. Petit kyste de
faible intensité sur la face postérieure du rein gauche (fleche).
b) IR 1000/400: Angiomyolipome du péle supérieure durein gauche (fleche).

Fig. 2 a) SE 1000/50: glomerulosclerosis. Thincortex of low intensity. Small cyst of low intensity
on posterior aspect of left kidney (arrow).
b) IR 1000/400: angiomyolipoma in the upper pole left kidney (arrow).

néphrectomie obtenu dans un cas, a révél€ qu’une valeur bréve de T1 corres-
pond & un liquide hémorragique (Fig. 4b).

Dans les affections parenchymateuses diffuses, le cortex est apparu avoir
une intensité relativement faible, et on a noté la perte de la ligne de dé marca-
tion cortico-médullaire (Fig. 5). Un rejet aigu d’un rein transplanté fait dispa-
raitre également cette ligne de démarcation.

L’oedéme de ces reins augmentés de volume entraine une faible densité du
parenchyme. En cas de rejet chronique, nous avons observé des plages d’alté-
ration de faible intensité, du fait d’un infarctus antérieur et de la fibrose et né-
crose secondaires. Présentes dans un cas, des calcifications ont été détectées
par tomodensitométrie informatisé e, mais ne I’ont pas ét€ par IRM. On a com-
paré les aspects des altérations bénignes et des altérations malignes du rein,
mais on n’a pas pu mettre en évidence des caractéristiques nettes en faveur de
la malignité.
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Fig. 3 a) SE 1000/50: Cancer du rein gauche, une petite artére vascularisant la tumeur se pré-
sente sous la forme d’une petite tache noire (fleche).
b) Tomodensitométrie informatisée dynamique a ce niveau. Noter la déviation vers le
haut de la méme artére intra-rénale.
c) IR 1000/400: Récidive de cancer rénal dans la fosse rénale droite. Remarquer la né-
crose centrale noir.

Fig. 3 a) SE 1000/50: renal cellcarcinomaleftkidney. A smallartery feeding the tumor is repre-
sented as a little black dot (arrow).
b) Dynamic X-ray CT scan at the corresponding level. Note the enhancement of the
same intrarenal artery.
c) IR 1000/400: recurrent renal cell carcinoma right renal fossa. Note dark central necro-
sis.
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Fig. 4 a) SE 500/50: Reins multikystiques chez un malade en hémodialyse depuis 16 ans. Greffe
rénale augmentée de volume dans la fosse hilaire gauche. Perte de la démarcation en-
tre cortex et médullaire, du fait du rejet aigu.

b) IR 1000/400: Reins polydystiques de type adulte. Kystes hémorragiques bilatéraux
multiples (fleches).

Fig. 4 a) SE 500/50: multicystic kidneys in a patient who has had hemodialysis for 16 years.
Swollen transplant kidney in left iliac fossa. Loss of cortex-medulla differentiation due
to acute rejection.

b) IR 1000/400: polycystic kidneys (adult-type), Multiple bilateral hemorrhagic cysts
(arrows).

Fig. 5 Glomérulonéphrite membrano-proliférative.
a) SE 500/50: Reins de taille normale, aucun détail sur le parenchyme.
b) IR 1000/400: Disparition de la démarcation cortico-médullaire.

Fig.5 Membranoproliferative glomerulonephritis.
a) SE 500/50: normal sized kidneys, no parenchymal detail.
b) IR 1000/400: loss of cortex-medulla differentiation.



I1.5 Discussion

L’IRM présente plusieurs avantages sur les autres modalités d’imagerie. 1l
s’agit d’'une méthode non sanglante et ne nécessitant pas le recours a des radia-
tions ionisantes. La possibilité d’avoir une image anatomique dans le plan ver-
tical est utile pour établir les relations anatomiques des différentes structures
(7). Lorsque I'on compare IRM et tomodensitométrie informatisée, on se rend
compte que la résolution des contrastes est supérieure. La tomodensitométrie
informatisée ne peut donner qu’un parameétre, 3avoir I’absorption des rayons
X. Avec I'IRM, en revanche, plusieurs parametres concourent a la formation
de I'image, 1a densité des protons, T1, T2 et le débit. Ainsi peut-on avoir une
meilleure visualisation des parties molles (6).

Du fait de cette meilleure différenciation des tissus, 'IRM promet d’étre
une méthode tres précise pour établir le stade des cancers du rein. Nos résul-
tats concordent avec ce qui a été rapporté antérieurement (5,11), montrant
que I'IRM est vraisemblablement un outil intéressant dans le diagnostic des af-
fections parenchymateuses diffuses. Néanmoins, nous sommes d’avis qu’un
plus grand nombre d’études prospectives suivies seront nécessaires avant de
pouvoir se prononcer définitivement sur I’intérét de I'IRM dans les affections
parenchymateuses diffuses du rein.

L’inconvénient de 'IRM est qu’elle ne met pas en évidence les calcifica-
tions. Il semble, en outre, qu’elle ne soit pas plus spécifique pour la caractérisa-
tion des tissus que d’autres techniques d’imagerie.

Nous pouvons conclure, en résumé, que 'IRM est une exploration sensible
dont I'intérét, dans le diagnostic des affections rénales, demeure encore a pré-
ciser.
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Chapter III

TECHNICAL CONSIDERATIONS AND
NORMAL ANATOMY

II1.1 Introduction

The efficacy of any imaging technique depends on its ability to provide relia-
ble qualitative and quantitative diagnostic information. Unlike X-ray CT,
which displays the X-ray attenuation as the only tissue parameter, MR imaging
is a much more complicated modality (1). A basic understanding of the infor-
mation contained within an MR image and the way it is obtained, is necessary
for a clear apprehension of the technique. In MRI image quality is largely de-
termined by the signal intensity (SI) of individual tissues, the contrast between
different tissues and the noise which negatively affects the overall image qua-
lity (2). Quantitative information allows the description of pathology in a more
objective way. The ability to distinguish between benign and malignant tissues,
the specificity, will greatly influence the impact on cancer diagnosis. A diag-
nostic test should be safe and without side-effects. In this chapter an attempt is
made to discuss in a concise way the interactions between tissues, instrumental
parameters and the diagnosticinformation obtained with MRI. The basic prin-
ciples of NMR have been described extensively elsewhere and will not be dis-
cussed in detail (3,4,5,6,7).

II1.2 Image quality

I11.2.a Signal intensity.

Signal intensity (SI) is dependent on the nuclear spin density N [H], the spin-
lattice relaxation time T1 and the spin-spin relaxation time T2 of the tissue (8).
SI can be manipulated by changing the imaging technique, the pulse sequences
used to acquire an image (1). The signal strength varies with the main static
magnetic field and increases proportional to the square of the magnetic field
strength (9).

II1.2.b Contrast.

Since contrast between tissues is determined by differences in signal intensi-
ty, contrast accordingly depends on the intrinsic characteristics of tissues N
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[H], T1 and T2, magnetic field strength and pulse sequences (10). T1 will be
longer at higher magnetic field strength; T2 is relatively independent of the
NMR frequency (11). An increase of the field strength will decrease T1 con-
trast while T2 contrast remains nearly constant (12). Display electronics, pro-
cessing and noise will affect the observed contrast (13).

II1.2.c Signal-to-noise (S/N) ratio and contrast-to-noise (C/N)ratio.

Noise is generated in the body as randomly fluctuating currents and is picked
up by the receiver coil (14). The design of the radio-frequency (RF) coil and re-
ceiver chain furthermore determine the noise level. The image quality depends
on the proportion of SI, contrast and noise, and can be expressed as the signal-
to-noise (S/N) and contrast-to-noise (C/N) ratio. There are several options to
improve the S/N ratio.

One way is to choose a high magneticfield strength (14,15,16). A second op-
tion is the use of surface coils (15). The receiving antenna is positioned closely
to the area that is to be imaged. Thus, less noise from other parts of the body
will be picked up by the receiver coil. Otherwise improvement of S/N ratio,
using conventional Spin-Echo or Inversion-Recovery pulse sequences, will be
at the expense of the total examination time or spatial resolution. In MRI, S/N
ratio is proportional to the volume of the voxel (14). If spatial resolution is de-
creased by a factor 2, e.g. by choosing a matrix size of 128 x 128 instead of 256
x 256, the S/N ratio will be increased by a factor 4. A longer measurement time,
that can be obtained by increasing the number of excitations or the repetition
time (TR), will result in a higher signal strength and improved S/N ratio
(14,16). The C/N ratio is determined by the signal received from different tis-
sues, system noise and data acquisition time (17).

Ithas beenstressed by several authors that C/N ratio not onlydependsonT1
and T2 relaxation times of tissues, but also to a large extent on differences in
proton density (13,18). The MR imaging strategy will always be a compromise
between the achievement of appropriate contrast between tissues, image qua-
lity such as the cosmetic appearance of the image (S/N ratio and spatial resolu-
tion), and examination time. At a given magnetic field strength the appro-
priate contrast should be achieved by optimizing the pulse sequences for the in-
trinsic characteristics, N [H], T1 and T2, of the tissues (10).

II1.3 Pulse sequence optimalization

All examinations discussed in this thesis were performed with a 0.5 T super-
conducting MR scanner (Gyroscan S5, Philips). Initially in 1984 when the ima-
ging protocols were set up, two pulse sequences were available: Inversion-Re-
covery (IR) and Spin Echo (SE). During 1985 a new pulse sequence, Fast Field
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Echo (FFE), enabling fast imaging with an acquisition time of seconds was im-
plemented (Chapter VII). IR imaging produces T1 contrast, the images may
be referred to as T1 weighted images. The S/Nratio of IR is relatively low ac-
cording to Hricak et al., resulting in a suboptimal overall resolution (19). The-
refore, and because a T1 weighted SE sequence (TR = 400-900 msec) can be
performed in a much shorter time than an IR sequence (TR=1400 msec), in
this study only Spin Echo (SE) technique was used for imaging purposes. With
SE, the TR will largely determine the T1 contrast (15). T2 contrast is obtained
by increasing the echo time (TE). Generally a SE sequence with a short TR
and TE will be T1 weighted, a long TR and TE will result in a T2 weighted ima-
ge. The signal strength for SE is defined by the following equation (1,20): sig-
nal strength = K.N [H] exp (-TE/T2) 1 -2 exp -(TR- TE/2)/T1 + exp (-TR/T1)
(1). K is a specific constant for SE technique. The equation expresses the de-
pendence of the signal intensity on the intrinsic tissue characteristics, N [H], T1
and T2, and the instrumental parameters TR and TE. Equation 1 can be used
in several ways for pulse sequence optimization. As an example we will discuss
the sequence, which optimizes the contrast between renal cortex and medulla.

The main difference between these tissues is the higher water content of the
medulla as a result of the urine collected within the tubules and pyramids. The
optimal pulse sequence will be a T1 weighted sequence since T1 is more sensi-
tive to variations of tissue water than T2 (21). In order to obtain a T1 weighted
image, TE should be chosen as short as possible, e.g. TE=30 msec. T1 and T2
measurements at 20 mHz on freshly excised human renal cortex and medulla
yield the following results: T1(cortex)=540 msec, T1(medulla) =725msec,
T2(cortex)=78 msec, T2(medulla)=86 msec; N [H] (cortex)=82 wt%, N [H]
(medulla)=85 wt% (R.L. Kamman, unpublished data). By feeding the values
of TE, T1, T2 and N [H] into equation 1, the signal intensity (SI) of cortex and
medulla can be calculated for different values of TR (fig.1).

1o T T T
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Fig. 1. Signalintensity of cortex and medulla plotted as a function of TR for TE = 30 msec.
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From these curves it appears that the optimum TR to show maximum contrast
between cortex and medulla ranges from 500-700 msec. Hendrick et al. have
shown that the optimal TR for the highest S/N ratio for a single tissue can be
calculated according to the following formula (22):

TR opt=1.27T1en 1.9 TE(min). These TR values (TR opt, cortex="742 msec;
TR opt, medulla=977 msec) are slightly higher than the TR values calculated
for optimal contrast between cortex and medulla.

In a similar way using equation 1 and a computer model, isosignal curvescan
be obtained as a function of T1 and T2 for a particular pulse sequence (1).

Alternatively isocontrast contour curves can be calculated as a function of
TE and TR for different tissues (23,24). Advantages of these techniques are
that at a glance one can choose the optimum pulse sequence for maximum con-
trast between tissues. In spite of all these theoretical considerations several au-
thors have demonstrated that in clinical practice in most cases both T1 and T2
weighted pulse sequence are needed to show the full extent of disease(25, 26,
27). A nice demonstration of the need for both T1 and T2 contrast is a set of
syntheticimages calculated from images obtained in a patient with arenal cell
carcinoma in the right kidney (Fig.2). Optimum contrast between the tumor
and the high signal intensity of the perirenal fat is present on the short TR and
TE T1 weighted image. The T2 weighted image with a long TR and TE shows
the better differentiation between tumor and liver.

Synthetic images are generated by the computer via calculation from pre-
viously acquired calculated T1, T2 and proton density images (10, 24, 28). For
this purpose, we used a combination of SE (TR=1000 msec, TE=50 msec, 4
echoes) and IR (TR=1400 msec, TE=50 msec, TI=400 msec) pulse sequence.
After the patient examination contrast can be manipulated and optimized for
certain tissues without actually rescanning the patient. Despite its interesting
concept up to now syntheticimaging has not found general acceptance in clini-
cal practice, since basically all the contrast needed for an accurate diagnosis
can be obtained if merely a T1 and a T2 weighted pulse sequence are applied.

111.4 Normal anatomy

The excellent contrast resolution and multiplanar imaging capability of MRI
enable both the display of the intrarenal anatomy and of the relationship be-
tween the kidneys and surrounding structures in an exquisite way (19, 29, 30).
The kidneys are located in the retroperitoneal space and are surrounded by pe-
rirenal fat. Fat appears bright on both T1 and T2 weighted images because of
its short T1 and long T2. Fat is a valuable reference tissue for MR studies and
relatively uninfluenced by variations of age, sex or obesity (31). Only T2 was

30



Fig. 2. Large renal cell carcinoma right kidney. Synthetic SE images.

a
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. TR=100msec, TE=10msec.

. TR=450 msec, TE=30 msec.

. TR=2000 msec, TE=30 msec.
. TR=2000 msec, TE=100 msec.

b. TR=450 msec, TE=20 msec.
d. TR=900 msec, TE=30 msec.
f. TR=2000 msec, TE=50 msec.
h. TR=2000 msec, TE=200 msec
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found to be decreased in patients older than 65 years and in cachectic patients
(31). Within the perirenal space, the upper pole of each kidney is in close rela-
tion with the adrenal gland (Fig. 3a). The right liver lobe adjoins the right kid-
ney (Fig. 3a and 4b). The relation between the left kidney, splenic pedicle,
pancreas and spleen is particularly well outlined on a sagittal scan (Fig. 3a and
3b).

In the normal kidney the cortex and medulla are identified as separate struc-
tures on the T1 weighted image (Fig. 3b). No cortex-medulla demarcation

Fig. 3. Normal renal anatomy SE images.

a. TR=2000 msec, TE=100 msec. Transverse section showing the relation of kidneys
and adrenals, liver, spleen and pancreas. No CMD on this T2 weighted image.

b. TR=500 msec, TE=30 msec. Sagittal section showing the left kidney, spleen, splenic
pedicle and pancreas. Anterior to the pancreas is the fluid filled stomach and left liver
lobe. Excellent intrarenal anatomy with clear CMD, renal sinus fat and blood vessels.

c. TR=1500 msec, TE=50 msec. Note the chemical shift artefact and inhomogeneous
brightness artefact.
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(CMD) is noted on the T2 weighted images in the native kidney (Fig.3a). The
CMD varies with the state of hydration (19). In rats CMD was not affected by
overhydration, but a decrease of T1 in the inner medulla was observed after 24
hoursofdehydration (32). The renal cortex-to-medulla contrast (CMC)can be
calculated and a decrease or absence of CMC appears to be a sensitive but non-
specific sign of kidney disease (33). The renal sinus fat and both the intra- and
extrarenal blood vessels are well shown at MRI (Fig. 3b and 3c). In normal
subjects using a conventional SE pulse sequence, flowing blood appears dark.
The rapidly flowing protons have left the imaging plane before the SE se-
quence has been completed and therefore no echo is received (34, 35, 36). Ho-
wever, signal may be perceived due to paradoxical enhancement in case of
slowly flowing blood or if turbulent flow is present. The urine within the renal
pelvis will be of low or high signal intensity, depending on the pulse sequence
used (Fig. 3c).

II1.5 Artefacts

MR image quality is prone to degradation due to artefacts. Artefacts are ge-
nerated by the patient and related to technical factors. In fact up to now the
abundance of motion artefacts has significantly hampered the impact of MR
imaging in the upper abdomen. Motion artefacts result from respiratory and
intestinal movements as well as from pulsatile blood flow. Motion artefacts
cause a blurring of the moving structures and subsequently a loss of both spa-
tial and contrast resolution (Fig.4a). Furthermore ghost images may appear
(Fig. 3c and 4a). Ghost images are image harmonics which appear in the direc-
tion of the phase encoding gradient (37,38,39,40). Usually only the subcuta-
neous fat is visible in the ghost images(41).

Ghosting may occur locally close to an artery due to pulsatile flow and is seen
as a bright spot outside the vessels (38).

Several techniques have been developed to reduce motion artefacts due to
respiratory movements. Respiratory gating has not become a routine proce-
dure since it prolongs the acquisition time with a factor 2-4 (42). Respiratory
ordered phase encoding (ROPE) controls the respiratory movement artefacts
without prolongation of the examination time by using the respiratory signal to
determine the order in which the data are collected (43). An alternative is the
short TI inversion recovery sequence (STIR), which reduces the signal inten-
sity of the anterior abdominal wall fat to zero and therefore not only reduces
ghosting but also the chemical shift artefact (44). ROPE and STIR can be ap-
plied simultaneously in order to furtherreduce respiratory artefacts (45). The
chemical shift artefact occurs along the frequency encoding axis and is due to
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Fig. 1. Normal anatomy, SE images.
a. TR=500msec, TE=30msec. Coronalsection, blurring of the image due to respiratory
artefacts.

b. TR=500 msec, TE=30 msec. Respiratory gating improves both spatial and contrast
resolution.

c. and d. Two contiguous sections of multiple slice sequences (TR=700 msec, TE=50
msec), showing asymmetric brightness and inversed signal intensity of kidneys and
spleen on the two images.

the 4 ppm lower resonance frequency of lipid protons compared to water pro-
tons (29,40,46, 47). The images arising from the fat and water containing struc-
tures are shifted 1 pixel relative to each other. This results in a dark or bright
rim on either side of the kidney (Fig. 3a and 3c). The chemical shift artefact is
easily recognized and does not pose a diagnostic problem.

Erroneous interpretation of the MR findings, however, may occur if the
diagnosis is based solely on the signal intensity of a lesion or organ. The signal
intensity may be falsely low or high without relation to the real properties of
the tissue.
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Asymmetric brightness (Fig.3c) may be due to filtering problems or nonuni-
form slice thickness (40). Inhomogeneous brightness is caused by an incorrect
RF tip angle, RF inhomogeneity or asymmetric patient positioning (40,48).
Furthermore when images of contiguous slices are acquired with a multiple
slice sequence, that first excites the even slices (2,4,6 etc.) and after that the
uneven slices (1,3,5 etc), saturation effects due to imperfectsliceselection may
cause variations in signal intensity between adjacent slices within one organ
(Fig. 4c and 4d). Absolute signal intensity values cannot generally be compa-
red from section to section (48).

Magnetic field inhomogeneity may result in spatial distortion towards the
periphery of an image (49). Truncation artefacts, are not as apparent as motion
artefacts in the upper abdomen. These artefacts are observed as a property of
the Fourier transformation used in the image reconstruction as multiple dupli-
cations of interfaces between two structures with abrupt transition of signal in-
tensity (40, 50). One could compare the appearance of this artefact with the
well-known reverberation artefact in ultrasound. The aliasing artefact (Fig.
4a) will occurin the direction of the phase encodinggradient if the field of view
is smaller than the object diameter (40).

Metallic implants both with and without measurable ferromagnetic proper-
ties may cause local distortion of the magnetic field and subsequently lead to
artefacts (51). Artefacts may be produced by prosthetic heart valves and other
metallic implants such as surgical clips, central nervous shunting and orthope-
dic devices (52,53). The presentation of the artefact is dependent on composi-
tion, mass, orientation and position in the body. The ferromagnetic material
can be small, e.g. an iron splinter, and still cause considerable artefacts (54).
Even minute particles, that are left behind after a surgical procedure using
bone drills, may cause detectable distortion of the magnetic field, while they
remain undetected by X-ray CT (55).

I11.6 Quantitative MR data

Quantitative information is useful to describe pathology in a more objective
way and ideally should be specific enough to allow differentiation between dif-
ferent tissue types. In MRI the T1 and T2 relaxation times can be calculated
and interpreted as properties of a tissue.

111.6.a T1 and T2 relaxation times.

The time required for a spin to return to its equilibrium position parallel to the
static magnetic field after the RF pulse has been switched off, can be characte-
rized by two time constants, the spin-lattice (T1) and spin-spin (T2) relaxation
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time. T1 describes the loss of energy of protons to their environment (lattice),
whereas T2 is a parameter for the interchange of energy between spinning nu-
clei(8). T1 and T2 are determined by biological, physical and instrumental pa-
rameters (56). Temperature and pH of the tissue as well as the total water con-
tent, the distribution and state (bound or free) of water will affect T1 and T2
(56,57). Environmental factors, e.g. diet and age, have been found to change
T1 and T2 (58). Both T1 and T2 are dependent on tissue type (11).
AsopposedtoT2, Tlisstrongly dependent on the resonance frequency, which
in turn is determined by the main magnetic field strength (11,12). Unlike T1,
T2 will often show a complex multi-exponential behaviour, resulting in multi-
ple different T2 values arising from various components within a tissue (11).
For a multitude of reasons T'1and T2 have proven not tobe specific tissue para-
meters, due to both the overlap of T1 and T2 for various pathological condi-
tions and the limitations involved with in vivo calculations of T1 and T2.

II1.6.b Calculated T1 and T2 values.

T1 and T2 relaxation times can be calculated in various ways from conventio-
nal pulse sequences. The Gyroscan S5 (Philips) uses a combination of an IR
(TR=1400 msec; TE=50 msec; TI=400 msec) and SE (TR=1000 msec;
TE=50 msec) multi echo pulse sequence for in vivo T1 and T2 calculations.
In vitro T1 and T2 measurements on freshly excised tissue samples provide ac-
curate and reproducible values within the first 24-48 hours after excision of
most tissues (59,60).

Exceptions observed in the rat, are T1 of liver and spleen (stable for 6 hours),
T2 of muscle and T1 and T2 of intestine (unstable within 1 hour). The multiex-
ponential behaviour of particularly T2 is readily assessed in this way and the
NMR experiments are free of motion artefacts. Early results of in vitro relaxa-
tion time measurements already showed the nonspecific nature of the prolon-
gation of T1 (61). In vivo experiments in animals show that T1 and T2 are not
specific for individual pathologic conditions (62,63). A definite overlap of T1
and T2 for malignant tumors, abcesses and hematomas has been observed in
the rat (25). In vivo calculated T1 and T2 values of pathological conditions in
the human brain do not correlate with the histologic changes (64,65). Also in
the abdomen an overlap of T1 and T2 between different tumors hasbeennoted
(27).

T1 and T2 calculations are subject to errors both related to the object and in-
strumental imperfections (15,66,67,68,69,70). First there is the tissue hetero-
geneity and multi-exponential behaviour of tissues. The T1 and T2 values ob-
tained will be the average values over a certain volume. Partial volume effects
also play a role in the inaccuracies due to patient motion and flow. The pulse
sequences may be suboptimal and not suited to record the multiexponential
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behaviour of tissues. A poor S/N ratio will result in large standard errors of the
data obtained. Further instrumental parameters which may affect T1 and T2
are RF inhomogeneity and errors in the pulse flip angle.

For all these reasons in vivo calculated T1 and T2 values have been of little va-
lue in the diagnosis and characterization of pathological conditions.

IIL.7 Safety

Possible side-effects of MRI and danger to the patient may result on the one
hand from the imaging procedure itself and on the other hand from metallic
objects within the patient or examination room. MRI as it is used todayj, is a
safe procedure. In 1948 Purcell and Ramsey exposed their heads to a 2 T mag-
netic field and a powerful RF field. During the following decades these scien-
tists have not shown any signs of side-effects of this magnetic adventure (71).

Early reports on the follow-up of several hundreds of patients did not men-
tion any ill-effects (72,73). Long-term exposures that greatly exceed those
used in MRI, have failed to cause any detectable genetic or cytogenic damage
(74,75,76). No chromosomal aberrations or inhibition of DNA synthesis have
been demonstrated (77). Sixty six hours of continuous exposure of spermato-
genic cells to a 0.3 T magnetic field did not show any significant cytotoxicity
(78). There is no evidence of short or long term behavioral changes or effects
on spatial memory processes in rats (79,80). One hour of exposure to a 1.5T
static magnetic field does not cause any change of human body temperature
(81). When describing the effects of magnetic fields on the human body, dis-
tinction should be made between the effects of the static magnetic field, time-
varying magnetic field effects and the effects of the RF field (82,83).

Possible changes due to the static magnetic field include: macromolecular
orientation, resulting in changes in chemical shift kinetics and membrane per-
meability; enzyme kynetics; reduced nerve conduction; changesin the T wave
of the EKG as a result of superposition of low potentials (82). Time-varying
magnetic fields may induce visual light flashes, known as magnetic phosphe-
nes. Energy absorption from the RF field will result in a rise of body tempera-
ture. Furthermore disturbances of the blood-brain barrier and of nerve con-
duction have been observed in rats at GHz frequencies. In order to reduce or
obviate these possible side-effects, guidelines have been set by the British Na-
tional Radiological Protection Board and the American Food and Drug Admi-
nistration (84,85); the static magnetic field should not exceed 2.5 and 2T, res-
pectively.

Time-varying magnetic field (dB/dt) exposures should be limited to 3T/sec
(85). RF exposures should not resultin a rise of body temperature of more than
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1°C (the basic metabolic rate during sleep) by limiting the specific absorption
rate (SAR) as averaged over the whole body to 0.4W/kg or to 2W/kg as avera-
ged over any one gram of tissue (84,85). Danger from metallic objects within
the examination room needs no further elucidation. These objects can be at-
tracted by the magnet and become dangerous missiles for the patientin the MR
scanner. Definite contraindications for MR imaging are pacemakers and cer-
tain ferromagnetic clips, particularly in the head (51,86).

Otherwise metallic implants including prosthetic heart valves may cause se-
rious disturbances of the local magnetic field and therefore give rise to arte-
facts, but these are not a contra indication for MRI (52,53,87). It is wise to
check patients known to have metallic material within the body with either a
metal detector or a magnetometer (more sensitive) (88).
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IV.1 Abstract

The purpose of this study was to investigate correlations between MRI and
clinical- and histological findings in patients with diffuse renal parenchymal
diseases, and to determine the possible application of MRI as an adjunct to re-
nal biopsy. Ten healthy volunteers and 38 patients with acute or chronic renal
failure were studied at 2 different institutions with 2 different (0.5 T and 0.6 T)
MR scanners applying a T1 weighted spin echo pulse sequence. Patients were
classified into 3 categories according to MR findings of a normal cortex-me-
dulla demarcation (CMD)(group 1), decreased CMD (group 2) or absent
CMD (group 3). Patients with a nephrotic syndrome due to minimal change
disease were not found in group 3.

Although an abnormal CMD is highly indicative of the presence of diffuse
renal disease and impaired renal function, MRI can not replace renal biopsy
since the MR findings appear not to be conclusive for a particular renal disea-
se. However, MRI might be a useful technique to select those cases with neph-
rotic syndrome and selective proteinuria that can be treated with corticoste-
roids without previous biopsy, particularly children and adults with a contra in-
dication for percutaneous renal biopsy, e.g. the existence of a solitary kidney.
Further experience in a larger group of patients with minimal change disease is
needed before definite statements can be made.

Accepted for publication in Proceedings of the 2nd Int. Congress of noninva-
sive kidney disease. Vienna, 1986. Ed. G. Lubec, London.
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IV.2 Introduction

During the initial stage of its clinical evaluation Magnetic Resonance Ima-
ging (MRI) proved to be an excellent method to show normal renal anatomy
(1,2). Cortex and medulla can be imaged as separate structures. The normal
cortex-medulla demarcation (CMD) can be decreased or absent in the pre-
sence of renal parenchymal disease (3,4). It was expected that MRI could have
a major role in the diagnosis of diffuse renal parenchymal diseases and could
become an important adjunct to renal biopsy (5). Until now no specificstudies
have been reported on the correlation between MRI, renal function and histo-
logical changes in patients suffering from diffuse renal diseases. The purpose
of this study was to investigate this correlation and to determine the possible
role of MRI as an adjunct to renal biopsy.

I'V.3 Material and methods

MRI was performed at 2 institutions (University Hospital Leiden - UHL and
Free University Hospital Amsterdam - FUHA) using 2 different superconduc-
ting MR scanners (0.5 T Gyroscan S5, Philips, and 0.6 T Teslacon, Technicare,
respectively). A T1 weighted Spin Echo (SE) pulse sequence was applied,
TR=550 ms, TE=30 msec (Gyroscan) or TR=420-500 msec, TE=32 msec
(Teslacon).

Multiple slices of both kidneys were obtained in the transverse plane. Slice
thickness was 1 cm, matrix size 256x256 or 256x128. Scan time was approxima-
tely 4 minutes, total examination time including positioning of the patient was
less than 15 minutes.

Tennormal volunteers, 3 females and 7 males aged 22-35 (mean age 25), wi-
thout a history of renaldisease or hypertension were studied with the Gyroscan
SS. Furthermore, thirty eight patients suffering from acute or chronic renal fai-
lure, 20 females and 18 males aged 15-81 (mean age 47), were examined (Gy-
roscan n=13, Teslacon n=25). Twenty nine patients underwent renal biopsy,
whereas in 9 patients the diagnosis was established on clinical data without
biopsy. The histological examinations were performed according to standard
techniques, using light- and immunofluorescence microscopy. If necessary,
also electron microscopy was performed. The histological findings were classi-
fied according to the WHO iassification (6). Twenty six patients had their
biopsy taken at the UHL or FUHA. The histological findings in these 26 biop-
sies were reviewed and graded as normal, slightly abnormal or severely abnor-
mal. The interval between biopsy and MRI varied from 1 week (n=11) upto 7
years (n=18). A longer interval was accepted if it was not to be expected that
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histological findings would have changed and if renal function had not changed
during this period.

The following clinical and laboratory data were obtained at the time of MRI:
urine production, blood pressure, creatinine (umol/l), creatinine clearance
(ml/min), proteinuria (g/24h), erythrocyte sedimentation rate (ESR) and he-
moglobin (Hb) content of blood.

Volunteers and patients were classified according to the MRI findings into 3
groups: normal CMD (group 1, fig. 1 and 2), decreased CMD (group 2, fig. 3),
or absent CMD (group 3, fig 4).

Fig. 1 SE (Gyroscan TR=550 msec, Fig. 2 SE (Teslacon TR=420 msec,

TE=30 msec). TE=32 msec).
Normal cortex-medulla demarcation Normal CMD (group 1).
(CMD). Normal volunteer. Minimal change disease.

Fig. 3 SE (Gyroscan TR=550 msec, Fig. 4 SE (Teslacon TR=500 msec,
TE=30 msec). TE=32 msec).
Decreased CMD (group 2). Absent CMD (group 3). Membrano-
Proliferative lupus nephritis. proliferative glomerulonephritis.
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Signal intensities (SI) of cortex and medulla were measured in each kidney
and the corticomedullary contrast (CMC) was calculated as proposed by
Thickman et al (7):

SI (cortex) - SI (medulla)
CMC = x 100%
SI (cortex) + SI (medulla)

IV.4 Results

In all 10 volunteers the CMD was clearly visible (Fig. 1). The CMC in pa-
tients with a normal CMD (Gyroscan: mean 11.3% + 4.3%, Teslacon 11.7%
+ 4.5%) wasnot significantly different from the CMCin the normal volunteers
(mean 12.9% * 4.2%). CMC values obtained in group 3 were significantly dif-
ferent from those in group 1 and 2 (Kruskall-Wallis: p < 0.01). However, no

Table 1

Cortico-medullary contrast (CMC mean + SD) in MRI group 1, 2and 3

Group1 Group?2 Group3
CMD normal CMD decreased CMD absent
Right kidney 12.2% +3.7% 14.2% +9.5% 5.7% + 4.5%
Leftkidney 14.1% £ 5.3% 13.1% £ 7.5% 8.7% +8.9%
---------- n.§--------—
--------------- p <0.01---
p <0.01-----oemee--

difference in CMC was found between group 1 and 2 (table 1). The MR fin-
dings in the 38 patients and their diagnosis based on histological and/or clinical
findings are listed in table 2. Patients with minimal change disease were not
foundin group 3. Table 3 shows the histological findings in the 26 biopsies that
were reviewed. In case of minimal change disease all histological parameters
were normal. Severe histological changes were not found in patients with nor-
mal CMD. In this group, mild glomerular changes were found in one patient
with IgA nephritis and in one case of focal and segmental mesangioprolifera-
tive glomerulonephritis. The biopsy specimen of another patient with vasculi-
tis showed mild glomerular, vascular and fibrotic changes. The MR examina-
tion in this patient was suboptimal due to respiratory artefacts and could also
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have been classified under group 2. When a decreased or absent CMD was
found, one or more histological parameters were mildly or severely abnormal.
In the total group of 38 patients CMD was abnormal (decreased or absent) in
31 cases (81%).

Table 2

Histological and clinical diagnosis in MRI group 1, 2,3

Group1 Group2 Group3
CMDnormal CMD decreased = CMD absent
n=7 n=15 n=16

Minimal change disease 28 2*
Membranous glomerulonephritis 1*
Membranoproliferative glomerulo-

nephritis 5(*n=3)
Focaland segmental mesangioproli-

ferative glomerulonephritis 1*
Ig A nephritis 1*
Mesangial glomerulonephritis (pre-

eclamptic toxemia) 1*
Tubulo-interstitial nephritis 1*
Extracapillary nephritis 1* 2*
Nephrosclerosis 1* 1*
Proliferative lupus nephritis 3*
Vasculitis 1* 1*
Amyloidosis 1* 1*
Sarcoidosis 1*
Diabetic nephropathy
Renovascular hypertension 1
Essential hypertension 2 3(*n=1)
End-stage chronic renal failure 2

* = histology reviewed (26 biopsies)

47



Table 3

Histological findings in MRI Group 1, 2 and 3 (26 biopsies)

Group1 Group2 Group3
CMDnormal CMDdecreased = CMD absent
n=5 n=13 n=_8
Glomerular changes  -absent 2 5 1
-mild 3 3
-severe - 5 5
Vascular changes -absent 4 7 4
-mild 1 5 4
-severe - 1 -
Fibrosis -absent 4 6 3
-mild 1 7 2
-severe - - 3
Edema -absent 5 8 5
-mild - 3 -
-severe - 2 3
Inflammatory changes -absent 5 6 2
-mild - 4 3
-severe - 3 3
Medullary changes -absent 5 10 5
-mild - 3
-severe - - 1

Regarding the correlation between a normal or abnormal CMD and the pre-
sence or absence of histological changes in the 26 biopsies that were reviewed,
the following statistical values were found: sensitivity 86%, specificity 50%,
positive predictive value 90%, negative predictive value 40%.

The following clinical variables were not significantly different between the
3 groups: urine production, blood pressure, proteinuria, ESR and Hb. Serum
creatinine and creatinine clearance were not significantly different between
group 1 and 2, but the values obtained in group 3 were significantly different
from those in group 1 and group 2 (Kruskall-Wallis: p < 0.01, table 4).
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Table 4

Serum creatinine and creatinine clearance (mean + S.D.) in MRI group 1, 2,3
group 1 group 2 group 3
CMDnormal CMDdecreased CMD absent

Creatinine 90 + 28 133 +70 322 +192
(pemol/l)
Creatinine clearance 85+ 16 64 + 38 30+21
(ml/min)
-------- N.S ~=-m-mmme
------------------ p <0.01----
p <0.01----eemememv

IV.5 Discussion

MRI reliably shows normal renal anatomy. In our study all 10 normal volun-
teers had a normal CMD. LiPuma (8) observed in a series of 40 patients wi-
thout signs of renal disease a normal cortico-medullary junction in 96%. Poor
scan quality and respiratory artefacts were considered the main reasons for
nonvisualization. CMD is also influenced by the hydration state of the patient
(5). During forced diuresis following dehydration the medulla appears more
prominent and CMD is more apparent.

In this study CMC values in normal volunteers were not significantly diffe-
rent from those in the patients with a normal CMD. These values were slightly
lower than those reported by Terrieret al: i.e. 19% *+ 2% (9). Our results are
in agreement with the previous author in that a loss of CMC (5) or CMD is a
sensitive but nonspecific finding. In some cases of significant parenchymal dis-
ease and a relatively good nephrogram and contrast excretion at IVU or con-
trast-enhanced CT, a loss of CMD has been observed as a sign of parenchymal
disease (10).

When histological and MRI findings are compared it appears that a loss of
CMD is due to one or a combination of multiple histologic changes. Therefore
MRI cannot provide a specific histologic diagnosis and will not replace renal
biopsy.

In many institutions a surgical biopsy is performed in case of a solitary kid-
ney. In children a renal biopsy is a traumatic procedure that may require gene-
ral anaesthesia of the patient. In these cases the clinician may feel reluctant to
perform a renal biopsy. MRI in children appears to be superior to ultrasound
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in the diagnosis of chronic renal failure, since it better shows small fibrotic kid-
neys and associated cortical cysts (11).

Our study indicates that MRI may be a useful method toselect those patients
with nephrotic syndrome due to minimal change disease, who may be treated
initially with corticosteroids without previous biopsy. When CMD is found to
be absent in a patient with a nephrotic syndrome, it is unlikely that the patient
will have minimal change disease and therefore renal biopsy is strongly indica-
ted. In case of a normal CMD at MRI and the presence of selective proteinu-
ria, the patient is likely to suffer from minimal change disease and could be
treated with corticosteroids initially without previous biopsy. In this respect
MRI could be a useful diagnostic tool, providing relevant information to the
clinician who has to decide on performing a renal biopsy. The number of pa-
tients with minimal change disease in our study is limited and therefore, fur-
ther experience in a large group of patients is needed before definite state-
ments can be made.

At present images obtained with a 0.5 or 0.6 T MR scanner and standard
technique are subject to degradation due to instrumental imperfections. The
relatively long scanning time of several minutes induces respiratory artefacts.
Inhomogeneity of the static magnetic field and partial volume effects may lead
to inaccurate measurements or T1 and T2 relaxation times and spin density re-
sulting in incorrect display of tissues (12,13). A solution to reduce respiratory
artefacts and partial volume effects could be the imaging of thinner slices in a
shorter scanning time. This, however, at the same time will negatively affect
the signal-to-noise ratio of the images since less signal is received.

Imaging at higher field strength, e.g. 1.5 T, will improve both the signal-to-
noise ratio and the inhomogeneity of the static magnetic field. Furthermore,
the application of surface coils will improve the signal-to-noise ratio, allowing
the imaging of thinner slices with preservation of image quality. Recently, new
pulse sequences have been introduced resulting in a scanning time of seconds
rather than minutes (14).

Advantages of this technique are the freezing of respiratory and intestinal
motion and the ability to perform dynamic perfusion studies of the kidney fol-
lowing i.v. administration of paramagnetic contrast agents. These latest deve-
lopments in technology, currently under clinical evaluation, will certainly add
to the sensitivity of MRI.

This, and the results of our present study seem to warrant further research

as to the application of MRI as a diagnostic tool in the study of diffuse paren-
chymal renal diseases.
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Chapter V

MAGNETIC RESONANCE IMAGING
(MRI) IN THE DIAGNOSIS AND STAGING
OF RENAL MASSES: A CRITICAL
APPRAISAL AND

COMPARISON WITH CT.

L. te Strake!, J.L. Bloem,', T.H.M. Falke', J. Langeveldz, J. Hermans’,
J. Doornbos', D.J. Ruiter®, U. Jonas®.

Departments of Radiology', Urology?, Medical Statistics® and Pathology®,
University Hospital Leiden, Rijnsburgerweg 10, Leiden, The Netherlands

V.1 Abstract

The purpose of this prospective study was to compare the accuracy of MRI and
CT in the diagnosis and staging of renal masses. MRI was performed witha 0.5
T superconducting MR scanner using conventional T1 and T2 weighted spin
echo pulse sequences. The results of MRI and CT were compared in thirty one
patients with a renal mass. In the diagnosis of benign tumors similar informa-
tion was obtained by MRI and CT. Regarding malignant tumors one transitio-
nal cell carcinoma, imaged by CT, was not shown by MRI. CT appeared to be
slightly more accurate in the determination of perinephric extension of renal
cell carcinoma (Stage I v.s. Stage II). Comparable results were obtained in
Stage III and Stage I'V tumors. The main diagnosticlimitations which may lead
to inaccurate staging of renal cell carcinoma are encountered in MRI as well as
CT. They are: the assessment of tumor extension into the intrarenal vein, the
differentiation between lymphadenopathy due to reactive hyperplasia and me-
tastatic involvement, and the differentiation between tumor extension into ad-
jacent organs and adhesionswithout tumor spread outside the renal capsule. It
is concluded that CT remains the method of choice in the diagnosis and staging
of renal masses as long as no substantial improvements in MRI performance
have been achieved.

World Journal of Urology, accepted for publication.
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V.2 Introduction

In the past CT has largely replaced angiography in the preoperative staging
of renal masses. CT is particularly more accurate and sensitive than angiogra-
phy in the determination of peri- and pararenal extension and lymph node in-
volvement (1-6). Initial reports indicated that MRI could become a useful and
reliable modality in the staging of renal masses (7-9). A prospective study in 27
patients with renal cell carcinoma yielded an accuracy of 96% for MRI in the
anatomic staging of renal cell carcinoma (10). The purpose of this prospective
study was to compare the accuracy of MRI and CT in the diagnosis and staging
of renal masses.

V.3 Materials and Methods

During a 14 months period 40 patients were referred for MRI because of cli-

nically suspected renal mass.
After MRI and CT evaluation nine patients were excluded from this study for
various reasons: extrarenal disease (n=>5), normal MRI and CT scan (n=2;
one pseudotumor and one patient with hematuria of unknown origin), no CT
scan available for comparison (n=2; one angiomyolipoma and one Stage II re-
nal cell carcinoma). In the remaining 31 patients with a renal mass, 15 women
and 16 men (age 25-73 years), both MRI and CT scan were available for com-
parison. The diagnoses are listed in table 1. One patient had bilateral renal cell
carcinoma with two masses in one kidney.

The patients with angiomyolipoma and simple cyst were treated conservati-
vely. Twenty of the 23 patients with a renal cell carcinoma underwent nephrec-
tomy. Three were considered to be inoperable because of histologically proven
lung metastases (n=1), bone metastases (n=1) or advanced local spread de-

Table 1

Diagnosisin 31 patients referred for diagnosis and/or staging of renal masses

n

Renal cell carcinoma 23
Transitional cell carcinoma 1
Oncocytoma 1
Angiomyolipoma 3
Simple cyst 3
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monstrated by MRI and CT (n=1). The transitional carcinoma of the renal
pelvis was confirmed at surgery and histological proof of the oncocytoma was
available from a biopsy 18 years prior to MRI.

Tumor staging was performed to the classification described by Robson et al.

(11):

Stagel : confined to kidney

Stage II : extension into perirenal fat, not beyond Gerota’s fascia
Stage III A : extension into renal and/orinferior vena cava (IVC)
Stage IIIB : involvement of regional lymph nodes

Stage IIIC : combination of Stage III A and III B

Stage IV A : extension beyond Gerota’s fascia into adjacent organs
Stage IV B : distant metastases

CT and MRI were evaluated prospectively and independently without
knowledge of surgical and histological findings by two radiologists: observer 1
(01), (L.t.S.), and observer 2 (02), (J.L.B. or T.H.M.F.). The CT and MRI
findings were compared with the surgical and histological reports, if available
(n=21).

CT was performed using a Pfizer 0450 AS and A scanner with a scan-time of
4.8 seconds and 9 mm slice-thickness. Scans were obtained from the domes of
diaphragm to the iliac crests before intravenous (i.v.) administration of con-
trast material. Scans through the area of interest were repeated afteri.v. bolus
injection of 50-100 cc meglumine ioxitalamate (Telebrix 30, Laboratoire Guer-
bet) during rapid sequential scanning.

MRI was carried out with a 0.5T superconducting MR scanner (Gyroscan
S5, Philips). In all cases Spin Echo (SE) pulse sequences were applied. Slice
thickness was 10 mm, acquisition and display matrix size 256x256. As a stan-
dard, initially five T1 weighted images (TR=550 msec, TE=30 msec), 10 mm
apart, were acquired in the transverse plane at the level of both kidneys. Then
a sagital T1 weighted scan (TR=900 msec, TE=30 msec) was performed with
a 10 mm slice interval through the tumor and the IVC. The MR examination
was completed with a set of T2 weighted contiguous transverse sections
through the abdomen (TR=1800 msec or longer, TE=50 msec and 100 msec).

V.4 Results

Cysts: In 3 patients with a simple cyst a correct diagnosis was made by both
observers on MRI and CT. The cysts appeared on the T1 weighted images as a
well circumscribed mass of low signal intensity and as a bright mass on the T2
weighted images.
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Angiomyolipoma: Three patients with angiomyolipoma were studied; one pa-
tient had bilateral angiomyolipomas. The diagnosis of angiomyolipoma was
made correctly on MRI and CT by both observers in all patients. On MRI the
angiomyolipomas appeared bright on both T1 and T2 weighted images. Areas
of inhomogeneous signal intensity distribution were noted, which correspon-
ded to areas of decreased or mixed density on CT (Fig. 1a,b).

Angiomyolipoma. Transverse section (SE TR=450 msec, TE=30 msec).
Homogeneous bright fatty mass.

b. Angiomyolipoma. Coronal section (SE TR=350 msec, TE=30 msec).
Inhomogeneous signal intensity consistent with a higher content of smooth muscle
tissue and/or old hemorrhage.

c. Oncocytoma. Sagittal section (SE TR=250 msec, TE=30 msec).

Tumor has well circumscribed borders; MR appearance is identical to Stage I renal cell
carcinoma.

d. Same patient as 1c. Sagittal section (SE TR=1800 msec, TE=50 msec).

T2 weighted image showing high signal intensity similar to perirenal fat.
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Oncocytoma: The oncocytoma was diagnosed by both observers on MRI and
CT as a Stage I renal cell carcinoma. The tumor showed a homogeneous distri-
bution of signal intensities, which could not be differentiated from the signal
intensity characteristics of a renal cell carcinoma (Fig 1c,d).

Transitional cell carcinoma: The transitional cell carcinoma was accurately
diagnosed and staged with CT. However, this tumor was not detected at MRI
(Fig. 2a,b).

Fig. 2 a. Transitional cell carcinoma. Transverse CT section. Note small filling defect of transi-
tional cell carcinoma in the renal pelvis.
b. Transitional cell carcinoma. Transverse section (SE TR= 1850 msec, TE=50 msec).
Transitional cell carcinoma was not detected at MRI.

Staging of renal cell carcinoma.

All twenty five renal cell carcinomas in 23 patients were shown on MRI and
CT. The smallest tumor in this series measured 3 cm in diameter. The results
obtained in the preoperative MRI and CT staging of twenty patients with renal
cell carcinoma who underwent nephrectomy are first reported according to the
accuracy for each stage separately (tables 2-5). Next isreported the agreement
between observers with each technique as well as the agreement between MRI
and CT for each observer (table 6).

a. Extension into the perinephric space (Stage I v.s.Stage I1, table 2).
Extension into the perinephric fat was shown by the irregular contour of the
tumor and in more advanced cases also by thickening of Gerota’s fascia
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Fig. 3. a. Renal cell carcinoma. Stage III A. Transverse section (SE TR=550 msec, TE=30
msec.). Note irregular anterior contour and thickened Gerota’s fascia due to perine-
phric extension. Intrarenal vein involvement was not detected.

b. Renal cell carcinoma. Stage I. Transverse section (SE TR=550 msec, TE=30 msec).
Irregular margin of the tumor was interpreted as perinephric extension.

c. Same patient as 3b. Sagittal section (SE TR=800 msec, TE=30 msec).
Note irregular tumor margin and blurring of the image due to respiratory motion.

(Fig. 3a). The number of false positive and false negative interpretations
were slightly higher for MRI (25-30%) than for CT (15-25% ). Unsharp and
irregular borders accounted for a false positive diagnosis at MRI and could
be partly explained in retrospect by the blurring of the MR image due to res-
piratory motion (Fig.3b,c).
b. Extension into the renal vein and/or IVC (Stage III A, table 3 and 4).

On MRI, extension into the intrarenal vein was not detected by both obser-
vers in the same two patients (Fig.3a). In a third patient, extension into the
main renal vein was observed by O1 but missed by O2 (Fig.4a). At CT, O2
accurately established the presence of tumor thrombus in the intrarenal
vein in one case which was not noted by O1.

58



Table 2

Stage II: extension into perinephric space (n= 20 nephrectomized patients)

O] 02

MRI CT MRI CT

n n n n
True positive 3 4 1 3
True negative 11 11 14 14
False positive 5 5 2
False negative 1 0 3 1
Accuracy 70% 75% 75% 85%

Fig. 4. a. Renal cell carcinoma, Stage III A. Transverse section (SE TR=2100 msec, TE=50

msec). Tumorextension into main renal vein.

b. Renal cell carcinoma, Stage III A. Transverse section (SE TR=2400 msec, TE=50
msec). Large tumor thrombus in IVC. Integrity of IVC wall difficult to assess.

c. Renal cell carcinoma. Stage IV A. Transverse section (SE TR=550 msec, TE=30
msec). Enlarged lymph node of low signal intensity in between IVC and aorta.

d. Same patient and section as 4c. (SE TR=2250 msec, TE=50 msec).
Lymph node of high signal intensity on T2 weighted image.
Histology revealed hyperplasia.

59



In one patient even in retrospect it was not possible to show tumor exten-
sion into the IVC on MRI or CT. Invasion of the IVC was found at nephrec-
tomy two weeks following the MRI and CT examination. Prediction of in-
vasion of the wall of the IVC was not possible in any of the 4 cases (Fig.4b).

Table 3

Stage IIIA: extension into renal vein (n=20 nephrectomized patients)

0, 0,

n n n n
True positive 4 3 3 4
True negative 14 14 14 13
False positive 0 0 0 1
False negative 2 3 3 2
Accuracy 90% 85% 85% 85%

Table 4

Stage IIIA: extension into inferior vena cava (n= 20 nephrectomized patients)

O| Oz

n n n n
True positive 3 3 3 3
True negative 16 16 16 16
False positive 0

False negative 1 1 1 1
Accuracy 95% 95% 95% 95%

c. Lymph node involvement (Stage III B, table 5).
The accuracy for the detection of metastatic lymph nodes is rather low. Du-
ring laparotomy in 5 cases enlarged lymph nodes up to 3 cm in diameter
were found. Histology revealed hyperplasia without metastatic disease in
all 5 cases. Enlarged lymph nodes were of relatively low signal intensity on
the T1 weighted image and high signal intensity on the T2 weighted MR
image (Fig.4c,d).
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The accuracy for anatomical staging regarding the presence of enlarged
lymph nodes is considerably better than the accuracy for the detection of
metastatic lymph nodes.

Table 5

Stage IIIB: Lymph node involvement (n= 20 nephrectomized patients).

O, 0,

MRI cr MRI CT

n n n n
True positive 0 0 0 0
True negative 13 11 16 17
False positive 7(4*) 9(5%) 4(2%) 3(2%)
False negative 0 0 0 0
Accuracy 65%(85%**) 55%(80%**) 80%(90%**) 85%(95%"°*)

* enlarged lymph nodes at surgery, showing hyperplasia at histology
** accuracy for anatomic staging

d. Extension into adjacent organs (Stage IV A).
True extension into the liver was present in only one case and correctly
diagnosed by O1 and O2 at MRI and CT (Fig. 5a). On MRI in one case and
on CT in another case, O2 suspected invasion of the liver which was not
confirmed at surgery. In one case O1 suspected extension of tumor on both
MRI and CT scans. At surgery the tumor was found to be adherent to the
liver but confined to the renal capsule (Fig. 5b). During nephrectomy in
three other cases the tumor proved to be adherent to the liver (n=1), colon
(n=2) or posterior abdominal wall (n=1; Fig.5c,d). None of these adhe-
sions were suspected preoperatively on MRI and CT.

e. Distant metastases (Stage IV B).
One patient had bilateral renal cell carcinoma. All three tumorsin this case,
4-8 cm in diameter, proved to be Stage I renal cell carcinomas at pathologi-
cal examination. Clinically, there were no signs of distant spread and there-
fore all three turmors were considered to be most likely primary tumors. In
one case on MRI only, O1 suspected a 2 cm metastaticlesioninthe contra-
lateral kidney, which was visible on CT in retrospect (Fig.6a,b). Preopera-
tive fine needle biopsy was negative. No biopsy was performed during
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Fig. 5. a. Renal cell carcinoma. Stage III A. Transverse section (SE TR=2100 msec,
TE=50msec). Indistinct border between liver and tumor. Adhesions were found at

surgery.

b. Renal cell carcinoma, Stage IV A. Transverse section (SE TR=2250 msec, TE=50
msec). Indentation of indistinct tumor margin due to tumor extension into the liver.

c. Renal cell carcinoma, Stage III A. Transverse section (SE TR=2100 msec, TE=50
msec). Extension of tumor into IVC and perinephric fat with thickened Gerota’s
fascia.

d. Same patientandsection as 5c. Sagittal section (SE TR =800 msec, TE=30msec). At
surgery the tumor was adherent to posterior abdominal wall which was not suspected
at MRIL

nephrectomy and the patient died from metastatic disease 7 months later.
Autopsy was not performed. Intwo of the three patients who were inopera-
ble, bone- and lung metastases were diagnosed at MRI and CT (Fig. 6¢,d).
A metastatic lesionin the rib was more apparent on the MR image than on
CT because of higher contrast between the lesion and adjacent structures.
f. Agreement between observers and between techniques (Table 6a and 6b).

Considerable disagreement between Ol and O2 for each technique and be-
tween MRI and CT for each observer was found for the assessment of peri-
nephric extension and metastatic lymphnode involvement. Little variations
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were noted for the determination of tumor extension into the renal vein and
inferior vena cava. The percentage of variations were in the same range as
the percentage of accuracy for staging of renal cell carcinoma (Table 2-5).

Fig. 6. a. Renal cell carcinoma, Stage III A. Transverse section (SE TR=2400 msec, TE=100
msec). Large tumor right kidney and small lesion of identical signal intensity, possibly

metastasis, in contra-lateral kidney.

b. Identical section as 6a. CT scan in retrospect showed the same lesion.
c. Renal cell carcinoma, Stage IV B. Transverse section (SE TR=2100 msec, TE=100

msec). Note very bright metastasis to the rib.

d. Renal cell carcinoma, Stage IV B. Transverse section (SE TR=2250 msec, TE=50

msec). Metastasis to the right lung.

Table 6a

Staging of renal cell carcinoma: agreement between Observer 1 and Observer 2

Stage MRI CT

II: perinephric extension 65 % 70 %
IIIA: extensionintorenal vein 95 % 85 %
IIIA: extensionintoinferior venacava 100 % 95 %
IIIB: metastaticlymph node involvement 85% 70 %
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Tabel 6b

Staging of renal cell carcinoma: agreement between MRI and CT

Stage Observer 1 Observer 2
II: perinephric extension 75 % 80 %
IIIA: extensionintorenal vein 90 % 90 %
IIIA: extensionintoinferiorvenacava 95 % 100 %
IIIB: metastatic lymph node involvement 80 % 80 %
V.5 Discussion

In this study MRI and CT provided similar diagnostic information concer-

ning benign renal masses. All simple cysts were accurately diagnosed as such.
The angiomyolipomas were characterized by their typical appearance on MRI
and CT. The MR appearances varied from a homogeneous bright mass on the
T1 and T2 weighted images to a more inhomogeneous mass of mixed signal in-
tensity consistent with areas of a higher smooth muscle content or old hemorr-
hage within the tumor. These observations are in agreement with previous
anecdotal reports (7,8, 12-15).
One patient underwent an excision biopsy in 1967 of a small tumor with the size
of an hazelnut, which proved to be an oncocytoma. The mass recurred and was
followed over a period of 18 years. At the time of MRI and CT, the mass was
approximately 6 cmin diameter, well demarcated and could not be differentia-
ted from a Stage I renal cell carcinoma.

Differentiation between oncocytoma and renal cell carcinoma is only possi-
ble histologically (16). Oncocytomas have shown a benign behaviour during a
long period of follow up (17). Our patient was a 72 year old female without any
signs of metastatic disease and no surgery was performed.

Contrast-enhanced CT appears to be more sensitive than MRI in the detec-
tion of a small transitional cell carcinoma within the renal pelvis. The transitio-
nal cell carcinoma in our series was not shown at MRI and an early report men-
tioned similar problems in differentiating the tumor from the urine within the
renal pelvis (18).

The reported accuracy of CT in the staging of renal tumors ranges from 62-
91% (table 7). In previous reports a number of causes for inaccurate staging
have been described. Microscopic invasion of the perinephric fat may result in
understaging of Stage II tumors (20). The lack of perirenal fat and/or the pre-
sence of edematous connective septa within the perirenal fat may cause over-
staging of Stage I tumors at CT (2). For the same reasons inaccurate staging by
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Table7

Accuracy of CT for staging of malignant renal tumors

Author Year Number of cases studied Accuracy %
Love(19) 1979 17 89
Karp(20) 1981 27 70
Cronan(5) 1982 23 91
Plainfosse(21) 1983 12 75
Elder(22) 1984 3 62

MRI of Stage I and Stage II tumors can be expected. Furthermore, respiratory
movement artefacts, e.g. blurring of the MR image with subsequent loss of
spatial resolution, appears to negatively affect the accuracy of MRI.

Respiratory artefacts at MRI may explain the slightly better accuracy of CT

in the assessment of perinephric extension in our series.
Renal vein involvement cannot be diagnosed on CT in 9-13% of all renal cell
carcinomas (2,19,23). Intrarenal vein involvement and the presence of tumor
thrombus within the main right renal vein, which has an oblique course, may
be difficult to assess. In our limited series MRI was not more sensitive than CT
in detecting particularly intrarenal vein involvement.

Lymphadenopathy can be a further source of overstaging on MRI and CT.
Not all lymphadenopathy noted at CT is due to metastatic involvement.
Lymph node enlargement at surgery due to hyperplasia has been reported to
be presentin 3-17% of all patients (2,20,23). A prospective study in27 patients
yielded an accuracy of 96% for MRI in the anatomical staging of renal cell car-
cinoma (10). However, no comment was made on the histologicfindingsin the
10 cases of confirmed lymphadenopathy. In our own study 5 patients had lym-
phadenopathy, all due to hyperplasia. Similar to CT, MRI cannot differentiate
between hyperplasia and lymphadenopathy due to metastatic involvement
(24-26). Furthermore microscopic metastatic foci in lymph nodes of normal
size will remain undetected by both MRI and CT.

Accurate determination of tumor extension into adjacent organs (Stage IV
A) may be difficult with both MRI and CT. Previous studies have shown adhe-
sions of tumor to adjacent organs without extension beyond the renal capsule
(2,27). Adhesions in our series were found at surgery in 4 cases, causingin one
case a false positive interpretation of Stage IV A at MRIL.

We studied one patient with bilateral renal cell carcinoma. Based on the tu-
mor Stage I of each carcinoma and the absence of distant metastases, all 3 tu-
morswere probably primary tumors. Differentiation between concurrent bila-
teral StageI renal cell carcinoma and a Stage IV B tumor was not possible with
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MRI and is also clinically and histologically difficult (28). In one patient MRI
demonstrated a lesion in the contralateral kidney which could not be verified
by aspiration biopsy. Although not histologically proven, it seems not unlikely
that this small lesion, which was only visible on the heavily T2 weighted MR
image and primarily not noted on CT, did represent a metastasis.

Considerable inter- and intraobserver variations were found for the assess-
ment of perinephric extension and metastatic lymph node involvement, being
the principal causes of inaccurate staging.

The results in our study indicate that MRI at 0.5 T using conventional Spin
Echo pulse sequencesis not more accurate than CTin the characterization and
staging of renal masses. Therefore, CT should be considered as the method of
choice for staging renal cell carcinoma as long as no substantial improvements
in MRI performance have been achieved.
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Chapter VI

MAGNETIC RESONANCE IMAGING
(MRI) OF RENAL TRANSPLANTS
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University Hospital Groningen, The Netherlands.

V1.1 Abstract

Purpose of this study was to determine the value of MRI in the differentiation
of acute rejection and cyclosporin-A (CsA) nephrotoxicity in renal transplant
kidneys. Fifty six MR examinations in 46 patients were prospectively and inde-
pendently evaluated by 2 radiologists (O1 and O2). MRI was performed with
a 0.5T superconducting MR scanner (Gyroscan S5, Philips) applying both T1
and T2 weighted pulse sequences. Biopsies were performed in 22 cases and
histology was reviewed. Fifteen normally functioning transplant kidneys and
41 kidneys with graft dysfunction due to CsA nephrotoxicity, acute rejection,
chronic rejection or acute tubular necrosis (ATN) were studied. Cortex-me-
dulla demarcation (CMD) proved to be a sensitive, but non specific indicator
of parenchymal disease.

In cases of CsA nephrotoxicity the allograft was diagnosed as being normal in
90% (0O1) and 100% (O2). The MR appearance of acute rejection may be very
similar to that of the combination of acute rejection and CsA nephrotoxicity,
chronic rejection or ATN. However, differentiation between acute rejection
and CsA nephrotoxicity was possible according to the following statistical data
(01-02): sensitivity 97%-93 %, specificity 80%-95%, positive predictive value
88-96% , negative predictive value 94%-90%, accuracy 90%-94%.

Clinical Radiology, accepted for publication; revised version submitted.
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V1.2 Introduction

The differentiation between acute rejection and functional cyclosporin
nephrotoxicity in renal transplant patients treated with CsA is both clinically
and histologically a problem (1). Magnetic Resonance Imaging (MRI) is capa-
ble to show the normal anatomy of the transplant kidney and displays the cor-
tex and medulla in a noninvasive way without the use of ionizing radiation (2).
Previous studies have shown that MRI in acute rejection shows a swollen allo-
graft with a prolonged T1 which is attributable to tissue edema (3). These early
findings were confirmed by later investigations and it was shown, that the nor-
mal cortex-medulla demarcation (CMD) may be decreased or absent in case of
acute or chronic rejection (4,5,6). The objective of the present study was to de-
termine the value of MRI in the differentiation of acute rejection and CsA
nephrotoxicity.

V1.3 Material and Methods

Fifty six MR examinations were performed in 46 adult renal transplant pa-

tients. The patients were selected by the nephrologists and referred for MRI
without clinical information. The interval between transplantation and MRI
varied from 6 days to 8 years. Eight patientswere examined twice, and one pa-
tient had three MR examinations. Three patients received a kidney from a li-
ving related donor and 43 allografts came from a cadaveric donor. Twenty se-
ven patients were treated with cylosporin-A (CsA).
CsA blood and serum levels were determined using a Radio Immuno Assay
(RIA) method; CsA blood levels below 1000 ng/ml or serum levels below 400
ng/ml were considered normal. Since there is a linear relationship between
CsA levels and degree of nephrotoxicity, the clinical diagnosis of CsA nephro-
toxicity was based on the effect of lowering the CsA dose on graft function (7).
The CsA blood levels in cases of CsA nephrotoxicity in this study varied from
1069-1670 ng/ml (mean 1401 ng/ml; n=6) or from 170-510 ng/ml (mean 391 ng/
ml) in serum (n=4).

A graft biopsy was performed in conjunction with MRI in 22 patients with
the following diagnoses: acute rejection (n=12), CsA nephrotoxicity (n=2),
acute rejection with simultaneous CsA nephrotoxicity (n=2), and chronic re-
jection (n=6). In one patient MRI was performed while the graft function was
normal; a biopsy was performed in this patient 2 days later and showed acute
rejection. The 22 biopsies were reviewed and the histologic changes graded as
normal, moderately abnormal or severely abnormal. Histologically, CsA
nephrotoxicity was suspected if only few cellular infiltrates were present in as-
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sociation with arteriolar constriction and degenerative changes of the tubular
epithelium.

The final diagnosis at the time of MRI was based on histological and/or clini-
cal findings, and included: normally functioning allograft (n=15), acute rejec-
tion (n=12), CsA nephrotoxicity (n=10) and acute rejection with simulta-
neous CsA nephrotoxicity (n=4). The latter diagnosis was based on the pre-
sence of histological and clinical signs of rejection together with a low filtration
fraction, while the renal function improved after lowering of the CsA dosage
only. Furthermore, 9 cases of chronic rejection and 1 case of acute tubular ne-
crosis (ATN) were included in the study. Another 5 patients were examined
with MRI while the renal function was still abnormal but improving during
treatment for acute rejection (n=4) or ATN (n=1).

MRI-methods.

MRI was performed with a 0.5 T superconducting MR scanner (Gyroscan
S5, Philips) applying both T1 and T2 weighted pulse sequences. Slice thickness
was 1 cm, matrix size 256x256. Initially, S slices, 1 cm apart, were obtained in
the transverse plane (TR=550 msec, TE=30 msec). From these images sagit-
tal planes were selected and imaged twice (TR=550 msec, TE=30 msec and
TR=900 msec, TE=30 msec) with contiguousslices. Then a T2 weighted pulse
sequence (TR=2000 msec, TE=50 msec and 100 msec, multiecho technique)
was applied in the transverse plane. In 36 MR examinations also a combined
Spin Echo (TR=1000 msec, TE=50 msec, 4 echo’s) and Inversion Recovery
(TR=1400 msec, TI=400 msec, TE=50 msec) sequence were performed in
the sagittal plane for T1 and T2 calculation. The signal intensities (SI) of cortex
and medulla were measured on the sagital scans (TR =550 msec, TE=30msec)
and the cortico-medullary contrast (CMC) was calculated (8):

SI (cortex) - SI (medulla)
CMC = x 100%
SI (cortex) + SI (medulla)

The MR examinations were evaluated by 2 radiologists, L.t.S (O1) and
L.J.S.K. (02), independently and without knowledge of the clinicaldata. The
cortex-medulla demarcation (CMD) on the T1 weighted images was graded as
normal, decreased or absent. CMD on the T2 weighted images was graded as
absent or increased, if visible.

Measurements of renal size or volume were not considered to be usefulsince
baseline studiesforcomparison were not available. However, the shape of the
kidney, normal or globular in appearance, was taken into account when esta-
blishing the MRI diagnosis.

The size of the pyramids was graded as normal, increased or not visible in ca-
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ses of absent CMD. The signal intensity of the renal sinus fat was graded as
normal or decreased. The size of the collecting system and the presence of fo-
cal parenchymal changes were assessed. MRI was considered to be normal, ab-
normal or slightly abnormal. In the latter case only a slightly decreased CMD
was noted in an otherwise normal allograft and no specific diagnosis was possi-
ble since a decreased CMD can be found in a normally functioning kidney (5)
or could also be expected during the initial stage of e.g. acute rejection and du-
ring or after treatment for acute rejection or ATN.

In this study the diagnosis of CsA nephrotoxicity was not made at MRI be-
cause no specific MR appearances are known or expected based on the histolo-
gic findings in CsA nephrotoxicity. The diagnosis of acute rejection was made
if CMD was decreased or absent and if one or more of the following signs of re-
jection were noted: globular shape of the kidney due to swelling, enlarged py-
ramids and decreased SI of the renal sinus fat.

V1.4 Results

1. Cortex-medulla demarcation (CMD), (Table 1).

a. Normally functioning transplant kidney.
The CMD was considered to be normal in 47% (O1) and 60% (O2) of all 15
normally functioning allografts (Fig. 1a,1b). In four examinations on 3 pa-

Fig. 1. Normally functioning allograft. Identical sections.
a. SE (TR=450 msec, TE=30 msec).
b. SE (TR=900 msec, TE=30 msec). Normal CMD. Bright renal sinus fat and patent hi-
lar vessels.
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tients with a normally functioning allograft both Ol and O2 graded CMD
as decreased.

Table 1

Correlation between final clinical diagnosis and CMD (56 examinations).

CMD CMD CMD
normal decreased absent

both both both
n O] 02 01/02 O] Oz 01/02 01 02 01/02

Normally functioning

allograft 15 7 9 6 8 6 5) 0 0 0
CsA nephrotoxicity 10 6 7 6 4 3 3 0 0 0
Acute rejection 12 1 1 0 10 9 8 1 2 1

Acute rejection and
CsA nephrotoxicity 4 0 0 0 4 4 4 0 0 0

Chronic rejection 9 0 0 0 5 4 4 4 5) 4

Improving dysfunction
of allograft during treat-
ment for acute

rejection or ATN 5 0 1 0 3 2 2 2 2 2

ATN 1 0 0 0 1 1 1 0 0 0

The first patient was examined twice, 11 and 16 months after transplanta-
tion, and both O1 and O2 found twice a decreased CMD (Fig. 2). The diag-
nosis based on MRI findings was considered to be chronic rejection. The
patient had on both occasions a normally functioning allograft, but was suf-
fering from hypertension.

The second patient was examined on two occasions, the first time eleven
days after transplantation with graft dysfunction due to ATN. MRI showed
a decreased CMD and this case was our only example of ATN mimicking
acute rejection. Eleven days later the same patient was re-examined after
the renal function became normal. CMD was still decreased and both O1
and O2 found the allograft to be slightly abnormal. The MRI diagnosis sug-
gested early or treated rejection.

The third patient was examined 9 days following transplantation. After an
initial period of slowly improving renal function due to ATN, at the time of
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Fig. 2. Normally functioning allograft. SE (TR=450 msec, TE=30 msec).

CMD decreased, probably due to hypertensive parenchymal changes.

Fig. 3. Normally functioning allograft. SE (TR=450 msec, TE=30 msec).

C.
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Decreased CMD. Globular appearance of the transplant kidney.
Residual changes after ATN.

MRI the allograft was functioning normally. CMD in this patient was howe-
ver, decreased (Fig. 3). Thus all 3 patients had a normally functioning graft
at the time of MRI and would not have been sent for this investigation un-
der routine circumstances.

. Cs A nephrotoxicity.

CMD was considered to be normal by O1 in 6 and by O2 in 7 of the 10 exa-
minations in CsA nephrotoxicity (Fig. 4). One patient was treated for a
combination of acute rejection and CsA nephrotoxicity 19 days after trans-
plantation. Three weeks later, while the patient was still on anti-rejection
treatment, again impairment of renal function occurred, this time due to
CsA nephrotoxicity. CMD was decreased and the diagnosis at MRI was
acute (O1) and chronic rejection (O2). This patient definitely suffered from
CsA nephrotoxicity but residual histologic changes due to previous acute
rejection could very well have attributed to the abnormal appearance of the
allograft at MRI. The statistical data will be presented both including this
examination and the four examinations described under a, and after a cor-
rection which excluded the data of these 5 examinations.

Acute rejection.

CMD was considered to be decreased or absent in 92 % (O1 and O2) in
acute rejection (Fig. S, 6). When acute rejection and CsA nephrotoxicity



were present simultaneously, a decreased CMD was always noted (Fig. 7).
The MRI diagnosis in these cases was acute rejection.

Fig. 4. Cyclosporin A nephrotoxicity. SE (TR=450 msec, TE=30 msec).
Normalshape of the transplant kidney. Preservation of CMD.

Fig. 5. Acute rejection. SE (TR=450 msec, TE=30 msec). CMD is decreased. The allograft is
globular in appearance.
Fig. 6. Acute rejection. SE (TR=450 msec, TE=30 msec). CMD is absent.

Fig. 7. Combination of acute rejection and CsA nephrotoxicity.
SE (TR=450 msec, TE=30 msec). CMD decreased. MR appearance of allograft similar
to that of acute rejection. Note perirenal fluid collection.
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d. Chronic rejection.
In all 9 cases of chronic rejection a decreased or absent CMD was observed,
while the shape of the kidney was relatively normal and renal sinus fat ap-
peared bright on both T1 and T2 weighted pulse sequences (Fig. 8). In one
case of chronic rejection a segmental area of low signal intensity was noted
on the T2 weighted image and probably related to fibrotic changes secon-
dary to previous acute rejection (Fig. 9).

Fig. 8. Chronic rejection. SE (TR=%)0 msec, TE=30 msec). Complete loss of CMD. Normal
shape of transplant kidney, Bright renal sinus fat.

Fig. 9. Chronic rejection. SE (TR=2100 msec, TE=100 msec). Note segmental area of low sig-
nal intensity and irregular contour of transplant kidney, most likely due to fibrotic chan-
ges following previous episodes of acute rejection.

e. ATN.
In the only one case of ATN the CMD was decreased and the MR appea-
rance could not be differentiated from acute rejection (Fig. 10). Since only
one patient with ATN was included in this study, this case will be excluded
from further statistical analysis.
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Fig. 10. ATN. SE (TR=550 msec, TE=30 msec). CMD decreased. MR appearance similar to
that of acute rejection.

2. Correlation between CMD and histology (T'able 2).

In order to determine the histologic changes that accounted for a loss of CMD,
the histologic findings in 22 biopsies were correlated with the CMD. A loss of
CMD appeared to be the result of predominantly tubulo-interstitial edema and
mononuclear cell infiltration, and to a lesser extent vascular changes. Tubulo-
interstitial fibrosis as a cause of decreased or absent CMD, was found only in
chronic rejection.

3. Statistical analysis (Table 3).

When the MRI diagnosis was compared with the clinical and histological diag-
nosis it appeared that 53 (O1) and 67 % (O2) of all normally functioning trans-
plant kidneys, and 80 (O1) and 90 % (O2) of all cases of CsA nephrotoxicity
were diagnosed as being normal allografts at MRI. If the 4 patients (5 examina-
tions) described under 1a and 1b are excluded, 73 (O1) and 91 % (O2) of nor-
mally functioning allografts, and 89 (O1) and 100 % (O2) of cases of CsA
nephrotoxicity are diagnosed as being normal. Only 3 (O1) and 7 % (O2) of all
cases with acute rejection only, with the combination of acute rejection and
CsA nephrotoxicity or with chronic rejection were diagnosed as being normal
at MRI.
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Table 2

Correlation between histologic findings and CMD (22 examinations).

CMD CMD CMD
normal decreased absent
both both both
n O. 02 01/01 O| 01 01/01 O| 02 01/03
Glomerularchanges -absent 18 3 4 2 13 11 10 2 3 2
-mild 4 1 0 0 2 2 1 1 2 1
-severe 0 0 0 0 0 0 0 0 0 0
Vascular changes -absent 15 3 3 1 9 8 6 3 4 3
-mild 7 1 1 1 6 5 S 0 1 0
-severe 0 0 0 0 0 0 0 0 0 0
Tubulo-interstitial -absent 17 5 5 2 11 10 8 1 2 1
fibrosis -mild 2 0 0 0 1 0 0 1 2 1
-severe 3 0 0 0 2 2 2 1 1 1
Tubulo-interstitial - absent 4 2 2 2 2 2 2 0 0 0
edema -mild 13 1 2 0 10 7 6 2 4 2
-severe 5 1 0 0 3 4 3 1 1 1
Tubulo-interstitial -absent 4 2 2 2 2 1 1 0 1 0
cellular infiltrates -mild 12 0 2 0 10 7 7 2 3 2
-severe 6 2 0 0 3 5 3 1 1 1
Medullary changes  -absent 11 3 2 2 7 6 5 1 3 1
- mild 11 1 2 0 8 7 6 2 2 2
-severe 0 0 0 0 0 0 0 0 0 0
Parenchymal bleeding -absent 20 | 3 4 2 4 11 10 3 5 3
- mild 2 1 0 0 1 2 1 0 0 0
- severe 0 0 0 0 0 0 0 0 0
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Table 3

Correlation between final clinical diagnosis and MRI diagnosis

MRI MRI1 MRI1 MRI
Normal Acute Chronic Slightly abnor-
allograft rejection rejection mal allograft, no
specific diagnosis
both both both both
n| O O; 0/O0;|0 O, 0/O, [0 O: 0/0,|0, O, OllO2
Normally functioning
allograft 15 8 10 7 0 1 0 2 2 2 5 2 1
CsA nephrotoxicity 10| 8 9 8 1 0 0 0 1 0 1 0 0
Acuterejection 12 1 1 0 4 4 3 2 4 1 5 3 1
Acute rejection and
CsA nephrotoxicity 4 0 0 0 3 2 2 0 1 0 1 1 1
Chronic rejection 9 0 0 0 0 3 0 7 5 4 2 1 0
Improvingdysfunction
of allograft during
treatment for acute
rejectionor ATN 5 0 1 0 3 2 2 0 0 0 2 2 1
ATN 1 0 0 0 1 1 1 0 0 0 0 0 0
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For statistical analysis the examinations were classified accordingly into two
groups:

Group 1 included the normally functioning allografts and kidneys with CsA
nephrotoxicity. Group 2 included acute rejection, the combination of acute re-
jection and CsA nephrotoxicity and chronic rejection. The MR findings regar-
ding the size of the pyramids, renal sinus fat and the CMD on a T2 weighted
image, are listed in table 4. When a CMD was noted on a T2 weighted image,
the cortex was always of higher signal intensity than the medulla (Fig. 11).
Concerning the interobserver variations, the following results for the agree-
ment between Ol and O2 were obtained on the 55 examinations:

CMD (T1 weighted pulse sequence) 82% , CMD (T2 weighted pulse sequence)
77%, size of renal pyramids 80%, SI renal sinus fat 62%.

The MRI diagnoses of O1 and O2 were in agreement with each other in 58%
of cases if the clinical conditions and diagnoses were considered separately,
and in 85% of cases if group 1 and group 2 were considered separately. The
MRI diagnosis of both O1 and O2 was in agreement with the final clinical diag-
nosis in 38% of cases. However, if again group 1 and group 2 are considered as
separate groups, the agreement improves considerably: 82% (O1) and 87%
(02). If a further correction is made for the 5examinations described under 1a
and 1b, the agreement between final clinical diagnosis and MRI becomes 90%
(01) and 96% (02). MRI was found to differentiate between group 1 and

Table 4

MRI findings in Group 1* and Group 2**

Group 1 Group?2
0, 0, 0, 0,

Pyramids: normalsize 76% 92% 60% 66%

enlarged 24% 8% 20% 13%

not visible 0% 0% 20% 21%
Renal sinus fat:
decreased signal intensity 4% 4% 7% 10%
Presence of CMD ( T:weighted image) 50% 60% 26% 8%

Groupl* : normalallograft CsA nephrotoxicity
Group2** : acute rejection, acute rejection and CsA nephrotoxicity, chronic rejection, allograft dysfunction
during treatment acute rejection or ATN.
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Fig. 11. Normally functioning allograft. SE (TR=2100 msec, TE=50 msec). Preservation of
CMD on this T2 weighted image.

group 2 according to the following statistical data (O1-O2), (table 5, derived
from table 3): sensitivity 97%-93%, specificity 64%-76%, positive predictive
value 76%-82% , negative predictive value 94%-90% , accuracy 82%-85% . Af-
ter correction, i.e. excluding five cases, the sensitivity became 97%-93%, spe-
cificity 80%-95%, positive predictive value 88%-96%, negative predictive va-
lue 94%-90%, accuracy 90%-94%.

Table 5

Correlation between final clinical diagnosis and MRI diagnosis

MRI
Normal Allograft Abnormal Allograft
n Group1 Group2
0, 0, both 01/02 0, 0, both Ol/OZ
Group 1* 25 16 19 15 9 6 3
Group2** 30 1 2 0 29 28 15

Group1* : normalallograft, CsA nephrotoxicity.
Group2** : acute rejection, acute rejection and CsA nephrotoxicity, chronic rejection, allograft dysfunction
during treatment for acute rejection or ATN.
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CMC was calculated from the signal intensity values of cortex and medulla. No
statistically significant difference was found between the different groups of
patients. Furthermore, the calculated T1 and T2 values of cortex and medulla
obtained in the different groups were not significantly different.

The histologic diagnosis was in agreement with the final clinical diagnosisin 21
of the 22 patients who underwent renal biopsy (95%).

In one case of a combination of acute rejection and CsA nephrotoxicity, histo-
logy revealed only acute rejection.

V1.5 Discussion

An intact cortex medulla demarcation (CMD) on a T1 weighted MR image
can be regarded as a hallmark for the integrity of the intrarenal anatomy.

Therefore, preservation of CMD should be expected in a normally functio-
ning renal allograft. A normal CMD has also been described by Hricak et al.
as a consistent finding in five cases of CsA nephrotoxicity (9). In our study
CMD was decreased in 53% (O1) and 40% (O2) of all normally functioningal-
lografts, and in 40% (O1) and 60% (O2) of CsA nephrotoxicity. Several fac-
tors may influence the cortico-medullary junction at MRI. Firstly, the CMD
may vary with the hydration state. Increased hydration following a period of
dehydration, shows a swelling of the medulla and therefore, a more prominent
CMD at MRI (10). Furthermore Geisinger et al. have observed that CMD in
certain cases of living related allografts is well preserved in the first 15 days fol-
lowing transplantation but may become less distinct as the polyuric phase sub-
sides (5). The same authors described a normally functioning cadaveric trans-
plant that had no detectable CMD (5). Hricak et al. did not observe any diffe-
rence in CMD between the cadaveric and living related kidneys (9). The limi-
ted number of living related transplants in our study does not allow any conclu-
sions as to possible differences in CMD between cadaveric and living related
kidneys. In the present study four normally functioning allografts showed a de-
creased CMD as observed by both observers. The abnormal CMD may have
been attributable to hypertensive changes of the renal parenchyma in two ca-
ses, and to residual histologic changes after previous ATN in two other cases.
In one further case of CsA nephrotoxicity, the abnormal CMD may have been
the result of residual parenchymal changes after previous acute rejection.

Leung et al. described a similar case of a normally functioning allograft and
a decreased CMD due to previous episodes of rejection (11). It, therefore, ap-
pears that an abnormal CMD is a sensitive finding that may be attributable to
residual histologic changes of previous ATN or acute rejection episodes even
after the renal function has returned to normal. In 92% (O1 and O2) of pa-
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tients suffering from acute rejection, an abnormal CMD was found. These fin-
dings are in agreement with the observations of Lipuma, who noted a decrea-
sed CMD in 92% of cases with transplant rejection (12). Also Baumgartner et
al. observed a normal CMD in only 8% of the cases of acute and/or chronic re-
jection (13). Changes in CMD are, however, nonspecific and do not allow fur-
ther differentiation between ATN, acute rejection, the combination of acute
rejection and CsA nephrotoxicity, and chronic rejection. The appearance of
CMD in ATN is variable. Leung at al. found a normal CMD in case of ATN
(11). Geisinger et al. described a decreased CMD in ATN similar to acute re-
jection (5). Hricak et al. found a normal CMD in three out of four cases of
ATN and adecreased CMD in one case (9). An experimental study in the mon-
grel dog also showed that MRI could not differentiate between ATN and acute
rejection in all cases (14). The MR appearance of the allograft in the only case
of ATN that we examined was similar to that of acute rejection.

Theclinical and histologicfindings may become even more complicated if al-
lograft dysfunction is due to a combination of acute rejection and CsA nephro-
toxicity (1,15). In the four cases that we examined, the MRI appearance of the
allograft was similar to that of acute rejection. In chronic rejection, all cases
showed a decreased or absent CMD.

The objective of our study was to determine the ability of MRI to differen-
tiate between CsA nephrotoxicity and acute rejection. The normally functio-
ning transplant kidney and the kidney with functional CsA nephrotoxicity tend
to show a normal CMD. In acute rejection, in the combination of acute rejec-
tion and CsA nephrotoxicity, and in chronic rejection, CMD tends to be ab-
normal. Therefore, the patients were classified accordingly for statistical ana-
lysis into 2 different groups. In group 1 the pyramids were considered to be en-
larged in 28% (O1) and 8% (0O2) of the cases, and in group 2 enlarged or not
visible in 40% (O1) and 34% (0O2). It appears that apart from nonvisualisation
of the pyramids, an increase in size of the pyramids may be helpfull as a para-
meter for the diagnosis of acute rejection. The signal intensity of the renal sinus
fat on the other hand, was of little value as an indicator of rejection.

An unexpected finding was the presence of CMD on a T2 weighted image
(TR=2000 msec, TE=50 msec), observed in 50% (O1) and 60% (O2) in group_
1, and in 26% (O1) and 8% (O2) of cases in group 2. Lipuma noted a strong
CMD on a relatively T2 weighted image with a long TE (TR=1000 msec,
TE=60msec) in fourcases of ATN (12). We do not have a definite explanation
for this observation although T1 effects cannot be excluded since the CMD
tended to decrease or disappear on the more T2 weighted sequence (TR=2000
msec, TE=100 msec). Hricak et al. did not find any CMD on the T2 weighted
images (9). Calculated T1 and T2 values, and CMC were notsignificantly diffe-
rent between the various groups. Geisinger et al. using a two-point method,

83



considered calculated T1 and T2 values unreliable and of no real benefit, possi-
bly due to field inhomogeneities, partial-volume averaging, sampling errors
and patient motion (5).

Hricak et al. only found statistically different values for CMC and T1of the
cortex in case of acute rejection.

The agreement between the various observations by O1 and O2 was rather
good: CMD 82%, size of pyramids 80% , MRI diagnosis (group 1 v.s. group 2)
85%.

The agreement between the final clinical diagnosis and the MRI diagnosis
concerning the differentiation between group 1 and group 2 was 82% (O1) and
87% (02). Our statistical results were in the same range as those of Hricak et
al., who found a sensitivity of 93% and a specificity of 94% in the differentia-
tion of allografts with acute rejection from normally functioning allografts and
those with ATN and CSA nephrotoxicity (9).

MRI in our study certainly compares favorably with other diagnostic techni-
ques for the differentiation of acute rejection and CsA nephrotoxicity. The re-
sults of serial radionuclide studies using both Tc-99m DTPA (filtration) and I-
131 hippuran (tubular function) suggest a sensitivity of 80% (16). Individual
CsA blood levels are of no value for the differentiation between acute rejection
and CsA nephrotoxicity; normal CsA blood levels may be foundin case of CsA
nephrotoxicity (1). One of our patients with CsA nephrotoxicity also had nor-
mal CsA serum levels (170 ng/ml).

Although in our study there was a good correlation between the final clinical
diagnosis and the diagnosis based on histologic examination of graft dysfunc-
tion (95%), the place of renal biopsy is still subject to discussion. The histologic
findingsin CsA nephrotoxicity and acute rejection are often aspecific and show
considerable overlap (1,16). In conclusion it appears from the results of our
prospective study that MRI is a useful technique for the differentiation be-
tween acute rejection and CsA nephrotoxicity.

However, at the same time we also believe, taking into account the high cost
and availability of MRI, that this modality at this moment cannot be conside-
red as the primary imaging modality in renal transplantation and should be re-
served for those cases only in which conventional examinations are insufficient
or inconclusive (9,17).
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Chapter VII

MRI: QUO VADIS?

VIL.1 Introduction

When in 1984 the imaging protocols for this thesis were set up, spin echo
(SE) pulse sequences were considered most suited for MR imaging of the kid-
ney.

Conventional SE technique has some limitations as outlined in chapter III.
The main problems are the long acquisition times with subsequent movement
artefacts, and inaccurate T1 and T2 measurements.

The lack of specificity regarding tissue characterization is at present a major
drawback of any imaging modality. MRI is still in a state of development. A
number of current and new developments aiming at improved MR perfor-
mance are discussed in this chapter.

VII.2 Contrast agents

The administration of contrast agents in MRI may be useful for the differen-
tiation between iso-intense tissues, the evaluation of tissue function and perfu-
sion, as well as for the study of metabolic pathways (1). A number of different
contrast agents have been studied. Paramagnetic substances are the most com-
monly evaluated.

Paramagnetic contrast agents alter their local magnetic environment and
shorten the relaxation times of tissues (1,2). After intravenous injection of the
contrast material, the signal intensity of tissue on a T1 weighted image may be-
come very bright as opposed to the low signal intensity on the nonenhanced
image. Excellent delineation of poorly vascularized tissue from well perfused
tissue is possible within a short acquisition time. Several nitroxide stable free
radicals (TES and TCA) have shown to be effective in the study of ischaemic
conditions in animal kidneys (3,4). For human studies, Gadolinium-DTPA
(Gd-DTPA) has proven to be a safe and effective contrast agent. Gd-DTPA is
administered at a dose of 0.1-0.5 mmol/kg and is excreted mainly, 90% within
24 hours afterinjection, through the kidneys (5,6, 7). The toxicity of Gd-DTPA
appears lower than that of iodinated contrast agents, e.g. the neural tolerance
isseveral times better than for diatrizoate. The first report on the clinical appli-
cation of Gd-DTPA, was in a patient with a renal cyst (8). Animal experiments
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showed a good correlation between changes of T1 and T2 following the injec-
tion of Gd-DTPA and renal function (9). Gd-DTPA is also an effective oral
contrast agent for the enhancement of the gastro-intestinal tract (11).

Recently we have studied some of the results of the clinical applications of a
new paramagnetic contrast agent, Gd-DOTA (personal communications with
B. Bonnemain, Laboratoire Guerbet). Like Gd-DTPA, Gd-DOTA is admi-
nistered intravenously at a dose of 0.1 mmol/kg. Gd-DOTA appears to be at
least as affective as Gd-DTPA. However, detailed comparative studies are
needed before a statement can be made as to the differences between both con-
trast agents. A most exciting development is the use of immunospecific super-
paramagnetic contrast agents. Superparamagnetic contrast agents (e.g. mag-
netite Fe,O,) can be coupled to monoclonal antibodies and have shown in the
mice a specific binding to a neuroblastoma specific cell surface antigen (12).
This technique offers great potential for increased specificity of MRI in cancer
diagnosis.

VIL.3 Fast Imaging

An important improvement, which may in the short term drastically alter
the impact of MRI in the evaluation of the upper abdomen, is the implementa-
tion of fast imaging techniques. The hybrid fast-scan technique reduces the
imaging time by a factor 4 (13). More revolutionary is the Fast-Field-Echo
(FFE) or Flash (fast low-angle shot) technique (14,15). This pulse sequence
uses a short TR, e.g. 25 msec, and the RF excitation is done with a pulse angle
much smaller than 90°. The RF energy absorption in the body is low.

An acquisition time of 2 seconds for a single slice is possible (14). Using 3-D
technique extremely thin contiguous slices can be obtained with high S/N ratio
and spatial resolution (15,16). The advantages are obvious: the acquisition
time is shortened, resulting in a reduction or absence of motion artefacts, and
patient throughput is increased considerably. Fast imaging techniques can be
used in combination with i.v. administration of Gd-DTPA allowing the assess-
ment of renal perfusion and qualitative evaluation of glomerular filtration rate
(17,18). Since the acquisition time of FFE is short, the S/N ratio will be relati-
vely poor. The initial results with FFE at 0.5 T at the University Hospital of
Leiden, indeed indicated that a high field magnet (1.5 T or higher) is needed in
order to achieve proper S/N ratio and image quality (Fig. 1,2).

Noteworthy is furthermore that the contrast obtained with FFE is comple-
tely different from the contrast using conventional pulse sequences. Extensive
investigations considering the relation between SI, TR, pulse angle and tissue
parameters are needed in order to determine proper pulse sequence optimiza-
tion for fast MR imaging.
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Fig. 1 Renalcell carcinoma right kidney.
a. FFE(flipangle 35° scantime 3.2 sec.). Tumor of low signal intensity.
b. FFE (flip angle 35°, scantime 3.2 sec., scan interval 4 sec.). Twentyseconds following
i.v. bolus injection of 0.1 Gd-DTPA. Note enhancement of tumor and normal cortex
of right and left kidney.
c. Subtraction image.
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Fig. 2 Retroperitoneal metastasis of ovarium carcinoma.

a. FFE (flip angle 35°, scantime 3.2 sec., scan interval 4 sec.). Note indistinct border be-
tween isointense tumor and left kidney.

b. FFE (flip angle 35°, scantime 3.2 sec.). Forty eight seconds following i.v. bolus injec-
tion of 0.1 Gd-DTPA.
Note enhancement of renal parenchyma as opposed to low intensity partly necrotic
metastasis.

c. Subtraction image.
(Fig. 1 and 2: Courtesyof Dr. R.G. Bluemm)
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VII1.4 Flow

The complex relation between the appearance of blood flow on a MR image,
different flow patterns, flow velocities and different ways to acquire the data
has been studied and described extensively (19,20,21,22,23). Blood flow velo-
city (cm/sec) can be measured in vivo and flow rates (ml/sec) calculated (24).
Quantitative data on blood flow can be obtained in several ways. Phase-sensi-
tive imaging allows the measurement of flow velocity by determining phase
shifts in the MR image (25,26). Using this technique good general agreement
has been observed between flow measurements of the carotid arteries obtai-
ned with MRI and Doppler ultrasound (25). The time-of-flight method repre-
sents a more direct means of imaging profiles of velocity distribution (27). Al-
though it has been demonstrated that qualitative and quantitative blood flow
measurements are possible, much more research and experience is needed be-
fore reliable and reproducible data in a clinical setting on a routine basis will be
feasible.

VILS Chemical shift imaging

The first chemical shift images in vivo in a normal volunteer were published
in 1983 and it was stated that chemical shiftimaging would be potentially useful
for tissue characterization (28). The technique is based on the difference in re-
sonance frequency (3.5 ppm) for hydrogen and lipid protons. This difference
in resonance frequency can be detected by conventional whole body MR scan-
ners and can be used to display specifically the water or lipid protons instead of
the composite image. The first chemical shift imagesin a patientshowingbone
marrow involvement of chronic myeloid leucaemia were obtained at 0.17 T
and published in 1984 (29). Dixon has described the phase contrast technique
which uses 2 acquisitions displaying water only, fat only or the difference be-
tween water and fat intensity (30). This method proved to be useful for the in-
vestigation of red and white bone marrow disease and is capable of detecting
liver metastases as small as 1 cm, which are not visible on conventional MRI or
CT (31,32).

Joseph described a selective spin echo technique which uses one acquisition
to obtain a water or lipid image (33). Chemical shift selective (CHESS) MRI is
another way to selectively display water or fat (34). The water, fat and the com-
posite image can be recorded simultaneously by using multi-CHESS imaging
in combination with STEAM (stimulated-echo acquisition mode)(35). Re-
cently a fast chemical shift imaging technique has been presented allowing the
acquisition of 16 images in 3.5 minutes (36). Chemical shift imaging has not
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only shown to be useful for the study of bone marrow and liver disease but ap-
pears to be also useful for better delineation of water containing tumors in re-
gions of high lipid content, e.g. the breast (37,38).

It is to be expected that a more accurate assessment can be made in selected
cases of perirenal extension of renal cell carcinomas.

Interesting is the superior display of synovial structures in the hip joint com-
pared to the conventional composite image (34).

VIL.6 MR diffusion imaging

A shortened T2 relaxation time of simple fluids, at least tenfold shorter than
T1, has been observed and attributed to molecular self-diffusion (39). The ef-
fect and calculation of self-diffusion on the attenuation of NMR signals was
first described by Hahn in 1950 (40).

Therandom Brownian motion of moleculesin amagneticfield gradient cau-
ses random phase shifts, resulting in a decreased echo amplitude (41). By ap-
plying two SE sequences which eliminate the effects of T1, T2 and protonden-
sity, the diffusion coefficient can be calculated and shown on a calculated
image (41). Early experiments on phantoms with the stimulated-echo acquisi-
tion mode(STEAM) already demonstrated the feasibility of producing ima-
ges, which display the self-diffusion coefficient (42). In patients with brain tu-
mors the diffusion coefficient of tumor tissue is lower than that of the surroun-
ding edema because of the restricted diffusion in the tumor tissue (41). Using
this method, self-diffusion and perfusion (the microcirculation of blood in the
capillary network) can be imaged and calculated separately extending the po-
tential of tissue characterization and functional studies (41,43). In the trans-
plant kidney the demonstration of edema and reduced perfusion may be useful
in the diagnosis of acute rejection.

VIL.7 Spectroscopy

Spectroscopy is commonly used as a general term for NMR experiments
other than simple proton imaging, including proton chemical shift imaging
(30), *'P spectroscopic imaging (44) and the investigation of spectra of ele-
ments including 'H (45). Spectroscopy deals with chemical shifts, which may
be different for a single nucleus depending on its magnetic environment(45).
An example is the different resonance frequency and chemical shift for protons
in water, lipids and lactate. Elements other than 'H are less abundant in the hu-
man body than 'H and produce a very much weaker signal than protons. The-
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refore S/N ratio in experiments involving these nuclei will be relatively poor
and need to be maximized by using a high static magnetic field, surface coils
and forimaging often long acquisition times. Differences in chemical shift may
be very small, requiring a highly homogeneous magnetic field for detection.
The homogeneity of the magnetic field can be increased over a larger volume
by selecting a strong static magnetic field of at least 1.5 T.

The relaxation times of other elements may be either shorter or longer than
those of 'H. Sodium(**Na) has ashort T1, phosphorus (*'P) has a long T1 com-
pared to protons. Therefore sodium images with a spatial resolution of 4 mm
can be acquired within the same time as and even simultaneously with proton
images (46,47 ,48). The clinical potential and use of sodium MRI has to be de-
termined yet.

Phosphorus (*'P) imaging at 1.5 T on the other hand requires much longer
acquisition times of at least one hour at a much lower spatial resolution of 1-2
cm, indicating the need for an even higher magnetic field strength (44,45). A
more practical application of *'P spectroscopy at the moment is the investiga-
tion of >'P-spectra, which can be acquired within 5 minutes in combination with
proton MRI for localization (50). > P-spectroscopy combined with proton ima-
ging has been succesfully used to monitor in vivo the effects of radiotherapy in
brain tumors (51). In vitro experiments on renal cell carcinomas already indi-
cated earlier the possible application of P NMR imaging to assess the thera-
peutic response during regional perfusion of malignant tumors in man (52). *'P
spectroscopy is a promising tool for the study of in vivo metabolism. It has been
applied for in vivo studies not only of the brain but also of other areas in the
body including the transplant kidney (53,54). The determination of the
monophosphate to inorganic phosphate(MP/Pi) ratio appears to be a useful
parameter for the determination of allograft viability (52). Furthermore 3'P
spectroscopy could possibly be applied to study renal function and metabolism
in patients with renal failure (55).

Carbon (**C) spectroscopy so far has shown to be effective for the evaluation
of fat, glycogen and hepatic ethanol metabolism (56,57). In vivo spectroscopy
is still in its infancy, but indeed is a promising tool to improve the specificity of
NMR.
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Chapter VIII

SUMMARY OF RESULTS: MRI OF THE
KIDNEY, CURRENT STATUS AND
FUTURE DIRECTIONS

VIII.1 Introduction

The results of our pilot study (chapter II) were in agreement with early re-
portsin literature concerning the application of MRI in renal disease. MRI ap-
peared to be a very sensitive modality with excellent contrast resolution and
tissue differentiation. However, at the same time it also appeared that MRI
was not any more specific as to tissue characterization than the existing ima-
ging modalities. In the summary of the results of our pilot study we made a po-
sitive statement concerning the value of MRI in the staging of renal cell carci-
noma. On the other hand no prediction was made in 1984 regarding the value
of MRI in the diagnosis of diffuse renal parenchymal disease.

VIII.2 Technical aspects

In chapter III and VII of this thesis a review of the literature up to December
1986 and a description of our own observations concerning the technical as-
pects of MRI are presented. The aspects of MR technology withregard to con-
ventional spin echo (SE) pulse sequences are discussed.

On the one hand SE technique is very sensitive and can be optimized in or-
der to show the relevant details of renal anatomy. On the other hand acquisi-
tion times are long resulting in motion artefacts. Respiratory movementsof the
diaphragm and organs in the upper abdomen, bowel peristalsis and pulsatile
blood flow not only generate visible artefacts such as blurring and ghosting, but
also lead to inaccurate measurements of T1 and T2 values. In addition, instru-
mental and biological factors not related to the pulse sequence used account
for the erroneous and nonspecific quantitative data obtained with MRI. One
has to be very cautious with the interpretation of qualitative information since
the observed signal intensities may not relate to the actual tissue properties but
can be falsely low or high as a result of technical imperfections and artefacts.

The main goal of current MR research is to improve the image quality and
specificity of MRI. Image quality can be improved by the development of fast
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imaging techniques, which allow a shortening of the acquisition time and bet-
ter soft tissue contrast resolution. Up to now the use of paramagnetic contrast
agents in MRI seems limited and comparable to that of iodinated contrast ma-
terial in CT. At this stage spectroscopy appears to be one promising tool to in-
crease the specificity of MRI regarding tissue characterization and could also
provide significant insight in in-vivo metabolism. Monoclonal antibodies cou-
pled to superparamagnetic contrast agents may become another important
tool to improve specificity. Both qualitative and quantitative MRI of flow
could eventually replace some of the current applications of X-ray angiogra-
phy and provide relevant functional information on tissue perfusion.

VIII.3 Diffuse renal parenchymal disease

MRI showed to be very sensitive in detecting renal parenchymal changes. A
number of histological changes such as fibrosis, vascular abnormalities and
glomerular changes may account for a loss of cortex medulla demarcation
(CMD). A decreased CMD may also be found in the absence of histological
changes at light microscopy in case of nephrotic syndrome due to minimal
change disease as a result of generalized edema. The MR findings proved not
to be conclusive for a particular renal disease. Therefore, MRI can not replace
renal biopsy. It is not to be expected that in the near future any of the new de-
velopments will change the impact of MRI in the diagnosis of diffuse renal dis-
ease.

VII1.4 Renal transplants

The statistical analysis of our study revealed that MRI is an acceptable inves-
tigation test for the differentiation between acute rejection and cyclosporin A
nephrotoxicity. Distinction between acute rejection and other causes of allo-
graft failure such as ATN or chronic rejection, appeared to be not possible.
Theoretically, there are three options to improve the MR performance in the
examination of transplant kidneys: improved and detailed qualitative and
quantitative analysis of blood flow, water content and metabolism of the allo-
graft. Flow-sensitive fast imaging pulse sequences and diffusion-perfusion
imaging could provide useful information about vascular changes even at capil-
lary level. Chemical shift imaging, diffusion imaging and Na* imaging are all
suitable to image water changes within the kidney. These techniques could be
useful to study edema and intra- and extracellular Na* shift. Spectroscopy and
the use of monoclonal antibodies coupled with superparamagnetic contrast
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agents are potential possibilities to directly study the rejection process and sub-
sequent changes in cell metabolism. At present there is little or no place for
MRI in the diagnosis of rejection or cyclosporin A nephrotoxicity on a routine
basis. This is because of the high cost of MRI and the similar results that are
currently obtained with much cheaper Doppler ultrasound.

VIIL.S Renal masses

The protocol on the diagnosis and staging of renal masses was not designed
in such a way that a statistical conclusion could be made as to the sensitivity of
MRI in the detection of renal masses. Nevertheless in our series of 40 patients
with suspected renal masses, a small transitional cell carcinoma of the right re-
nal pelvis was diagnosed with CT and remained undetected by MRI. Our study
has shown that MRI is definitely not more specific as to tissue characterization
than CT. In the staging of renal cell carcinoma CT was slightly superior to MRI
because of better delineation of perinephric extension of a tumor. This is
mainly caused by blurring of the MR image and subsequently unsharp tumor
boundaries due to respiratory movement artefacts. The ability of MRI to de-
tect enlarged lymph nodes and its inability to differentiate metastatic lymph
node involvement from benign hyperplasia are comparable to CT. Fast ima-
ging pulse sequences will reduce movement artefacts and may also increase the
accuracy of MRI in the staging of renal cell carcinoma because of different soft
tissue contrast resolution. It cannot be excluded that spectroscopy in the future
will improve tissue characterization and allow further differentiation of pri-
mary and secondary renal masses.

VIII.6 Conclusion

MRI at 0.5 T using conventional pulse sequences has little to offer over exis-
ting, cheaper imaging modalities in the diagnosis of kidney disease. However,
a number of new developments are on the horizon or already available. In the
short term fast imaging techniques will drastically increase patient throughput
and improve image quality. The currently available fast imaging techniques
are only effective at high magnetic field strength. The need for higher magnetic
field strength also applies to spectroscopy. Spectroscopy is still in its infancy,
and a large number of technical problems will have to be solved. The develop-
ment and application of superparamagnetic contrast agents coupled to mono-
clonal antibodies has just started. Much more investments and researchon im-
proved methods of tissue characterization and functional studies are needed

9



before a definite statement can be made as to the eventual role of MRI in the
diagnosis of diseases of the kidney and the upper abdomen in general. It will
take many more years, possibly more than a decade, before the full potential
of NMR will have been exploited.
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Chapter IX

SUMMARY

This thesis reflects our experience with Magnetic Resonance Imaging (MRI)
in the diagnosis of kidney disease. Initial results were obtained on a 0.15 T re-
sistive and a 0.5 T superconducting prototype MR scanner (Philips, Best, the

Netherlands).

Further clinical trials on the application of MRI in the diagnosis of kidney
disease were performed at the University Hospital Leiden, The Netherlands,
with a 0.5 T superconducting MR scanner (Philips, Gyroscan S5). A protocol
on MRI of diffuse parenchymal disease was carried out in cooperation with the
Departments of Radiology and Nephrology, Free University Hospital Am-
sterdam, The Netherlands (Technicare, 0.6 T Teslacon).

CHAPTERI

CHAPTERII

CHAPTERIII

The historical aspects of NMR are reviewed. The objective
of this study is defined as:

’to determine the value of MRI in:

1. the diagnosis of diffuse parenchymal renal disease;

2. the diagnosis and staging of kidney tumors;

3. the evaluation of transplanted kidneys’.

This pilot study describes our initial experience with MRI of
the kidney. Compared to CT a superior contrast resolution
of MRI was noted. However, MRI did not appear to be
more specific as to tissue characterization. The need for
prospective studies in order to assess the value of MRI in the
diagnosis of renal disease was stressed.

The objective of this chapter is to put into perspective the
interactions between tissues, instrumental MR parameters
and the diagnostic information obtained with MRI. Image
quality and pulse sequence optimization are discussed in ge-
neral and in relation to MR imaging of the kidney. The
abundance of artefacts in MRI studies of the upper abdomen
as well as the limited value of quantitative T1 and T2 infor-
mation obtained from in vivo MRI studies are stressed. It is
demonstrated that artefacts may cause severe degradation
of image quality and might occasionally lead to erroneous in-
terpretation of parenchymal disease.

101



CHAPTERIV The purpose of this study was to investigate the correlations

CHAPTERYV
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between MRI, and clinical and histologic findings in patients
with diffuse renal parenchymal diseases, and to determine
the possible application of MRI as an adjunct to renal biop-
sy. Ten healthy volunteers and 38 patients with acute or
chronic renal failure were studied at 2 different institutions
with 2 different (0.5T and 0.6T) MR scanners applying a T1
weighted spin echo pulse sequence. Patients were classified
into 3 categories according to MRI findings of a normal cor-
tex-medulla demarcation (CMD); group 1), decreased CMD
(group 2) or absent CMD (group 3). Patients with nephrotic
syndrome due to minimal change disease were not found in
group 3. Although an abnormal CMD is highly indicative of
the presence of diffuse renal disease, MRI will not replace
renal biopsy since the MR findings are not conclusive for a
particular renal disease.

However, MRI appears to be a useful technique to select
those cases with nephrotic syndrome and selective proteinu-
ria due to minimal change disease that can be treated with
corticosteroids without previous biopsy, particularly child-
ren and adults with a contraindication for percutaneous re-
nal biopsy, e.g. the existence of a solitary kidney. Further
experience in a larger group of patients with nephrotic syn-
drome and selective proteinuria is needed before definite
statements can be made. Generalized edema, also present in
the kidneys of patients with minimal change disease, is at
present difficult to assess and may disturb the correlation be-
tween a normal CMD and the absence of mild or severe
histological changes.

Purpose of this prospective study was to compare the accu-
racy of MRI and CT in the diagnosis and staging of renal
masses. MRI was performed with a 0.5T superconducting
MR scanner using conventional T1 and T2 weighted spin
echo pulse sequences. The results of MRI and CT were com-
pared in thirty one patients with a renal mass. Comparable
informatioun was obtained by MRI and CT in the diagnosis of
benign tumors. One transitional carcinoma was not shown
by MRI. CT appeared to be slightly more accurate in the de-
termination of perinephric extension (Stage I v.s. Stage II).
Similar results were obtained in Stage III and Stage IV tu-



CHAPTERVI

CHAPTER VII

mors. MRI and CT showed the same limitations which may
result in inaccurate staging or renal cell carcinoma: the as-
sessment of tumor extension into the intrarenal vein, the dif -
ferentiation between lymphadenopathy due to reactive hy-
perplasia and metastatic involvement and the differentiation
between tumor extension into adjacent organs and adhe-
sions without tumor spread beyond the renal capsule. It is
concluded that CT remains the method of choice in the diag-
nosis and staging of renal masses as long as no substantial im-
provements in MRI performance have been achieved.

Purpose of this study was to determine the use of MRI in the
differentiation between acute rejection and cyclosporin-A
(CsA) nephrotoxicity in renal transplant kidneys. Fifty six
MR examinations in 45 patients were prospectively and in-
dependently evaluated by 2 radiologists (O1 and O2). MRI
was performed with a 0.5T superconducting MR scanner
(Gyroscan S5, Philips) applying both T1 and T2 weighted
pulse sequences. Biopsies were performed in 22 cases and
histology was reviewed. Fifteen normal grafts and 41 cases
of allograft dysfunction due to CsA nephrotoxicity, acute re-
jection, chronic rejection or ATN were studied. Cortex-me-
dulla demarcation (CMD) proved to be a sensitive, but non
specific indicator of parenchymal disease. The MR appea-
rance of acute rejection may be very similar to that of the
combination of acute rejection and CsA nephrotoxicity,
chronic rejection or ATN. However, differentiation be-
tween acute rejection and CsA nephrotoxicity was possible
according to the following statistical data(O1-O2): sensiti-
vity 97%-93%, specificity 80%-95%, positive predictive va-
lue 88-96%, negative predictive value 94%-90%, accuracy
90%-94%.

In terms of providing clinically relevant additional or unique
information in the diagnosis of kidney disease, MRI at0.5 T
using conventional spin echo pulse sequences has little to of-
fer over existing, less expensive modalities. Given the cur-
rent limitations of conventional MRI in the diagnosis of re-
nal disease, new and future developments are discussed
which most likely will improve MRI performance. In the
short term fast imaging techniques might dramatically
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change the impact of MRI in the study of the upper abdomen
in general. In the longer term, spectroscopy appears to be a
promising technique to improve the specificity of MRI. Ho-
wever, it may take more than a decade from now before the
full potential of NMR will have been exploited.



Chapter IX

SAMENVATTING

In dit proefschrift worden onze ervaringen met Magnetic Resonance Ima-
ging (MRI) bij de diagnostiek van nierziekten beschreven. De eerste resulta-
ten werden verkregen met behulp van een prototype 0.14 Ten 0.5 T MR scan-
ner, uitgerust met respectievelijk een weerstands en supergeleidende magneet
(Philips, Best).

Verder klinische toepassingen van MRI bij de diagnostiek van nierziekten
werden onderzocht in het Academisch Ziekenhuis Leiden met behulp van een
0.5 T supergeleidende MR scanner (Philips, Gyroscan S5). Het protocol voor
MRI van diffuse nierafwijkingen werd uitgevoerd in samenwerking met de af-
delingen Radiodiagnostiek en Nierziekten, Academisch Ziekenhuis Vrije
Universiteit, Amsterdam (Technicare, 0.6 T Teslacon).

HoofdstukI  Historisch overzicht van NMR.
Het doel van het onderzoek wordt als volgt gedefinieerd:
’het bepalen van de waarde van MRI bij:
1. de diagnostiek van diffuse parenchymateuze nierafwijkin-
gen;
2. de diagnostiek en stagering van niertumoren,;
3. hetonderzoek van de getransplanteerde nier’.

HoofdstukIl  Deze pilot studie beschrijft onze eerste ervaringen met MRI
van de nier. Het contrast oplossend vermogen van MRIbleek
aanmerkelijk beter dan dat van CT. Echter de specificiteit van
MRI, het vermogen om onderscheid te maken tussen weefsels
op basis van histologische samenstelling, scheen niet wezen-
lijk te verschillen van die van CT. Dit onderzoek leidde tot het
opstellen van een aantal protocollen voor prospectief onder-
zoek om de waarde van MRI bij de diagnostiek van nierafwij-
kingen te kunnen bepalen.

Hoofdstuk III Doel van dit overzicht is de interactie tussen MR eigenschap-

pen van weefsels en opnametechniek met behulp van MRI,
alsmede de hieruit voortkomende diagnostische informatie
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met elkaar in verband te brengen. De factoren welke van in-
vloed zijn op de beeldkwaliteit en het optimaliseren van puls
sequenties worden in het algemeen, en in relatie tot het MR
onderzoek van de nier in het bijzonder, beschreven. Gewezen
wordt op de veelvuldige artefacten die kunnen optreden bij
het MRI onderzoek van de bovenbuik, alsmede op de betrek-
kelijke waarde van gekwantificeerde in vivo T1 en T2 bepalin-
gen. Aangetoond wordt dat artefacten de beeldkwaliteit in
ernstige mate nadelig kunnen beinvloeden en zelfs tot fou-
tieve beoordeling van diffuse parenchymateuze orgaanafwij-
kingen kunnen leiden.

Dit onderzoek beschrijft de relatie tussen MRI en de klinische
en histologische bevindingen bij patiénten met diffuse paren-
chymateuze nieraandoeningen en de mogelijke toepassingen
van MRI als methode naast de nierbiopsie. Tien gezonde vrij-
willigers en 38 patiénten met acute of chronische nierinsuffi-
ciéntie werden onderzocht met behulp van 2 verschillende
MR scanners (0.5 T en 0.6 T) en T1 gedomineerde puls se-
quenties. De patiénten werden onderverdeeld in 3 groepen
overeenkomstig de MR bevindingen van een normaal schors-
merg onderscheid (CMD; groep 1), afgenomen CMD (groep
2) of afwezig CMD (groep 3). Patiénten met nefrotisch syn-
droom op basis van 'minimal change disease’ werden niet aan-
getroffen in groep 3. Hoewel een abnormale CMD een sterke
aanwijzing blijkt te vormen voor de aanwezigheid van diffuse
nierafwijkingen, kan MRI de nierbiopsie niet vervangen aan-
gezien de MR bevindingen niet specifiek zijn voor een be-
paalde nieraandoening. Echter, MRI zou van nut kunnen zijn
om die patiénten met nefrotisch syndroom en selectieve pro-
teinurie op basis van minimal change disease te selecteren, die
in aanmerking komen voor een behandeling met corticoste-
roiden zonder voorafgaande nierbiopsie. Met name kan ge-
dacht worden aan kinderen en volwassen pati€nten bij wie een
contraindicatie bestaat voor percutane nierbiopsie zoals het
(congenitaal) ontbreken van een nier. Deze laatste voorzich-
tige conclusie dient echter in verdere studies getoetst te wor-
den aan de resultaten van MR onderzoek bij een grotere
groep pati€nten met 'nefrotisch syndroom en selectieve pro-
teinurie’.



Hoofdstuk V

Hoofdstuk V1

Gegeneraliseerd oedeem, ook aanwezig in de nieren bij pa-
tiénten met minimal change disease, is een op dit moment
moeilijk te objectiveren parameter, welke de correlatie tussen
een normaal CMD en afwezigheid van matige of ernstige
histologische veranderingen kan verstoren.

De betrouwbaarheid van MRI en CT bij de diagnostiek en sta-
gering van niertumoren werd in een vergelijkende prospec-
tieve studie onderzocht. MRI werd uitgevoerd met behulp
van T1 en T2 gedomineerde spin echo puls sequenties. De re-
sultaten van MRI en CT werden vergeleken bij 31 patiénten
met een niertumor. Vergelijkbare informatie werd verkregen
bij MRI en CT ten aanzien van de diagnostiek van goedaar-
dige tumoren. Een overgangsepitheel carcinoom werd niet
gediagnostiseerd met behulp van MRI. CT bleek in geringe
mate betrouwbaarder te zijn dan MRI bij het vaststellen van
tumoruitbreiding buiten het nierkapsel (stadium I v.s. sta-
dium II). Vergelijkbare resultaten werden verkregen bij sta-
dium III en IV tumoren.

Dezelfde beperkingen bleken te gelden voor MRI en CT
t.a.v. een juiste stagering van het niercelcarcinoom: het vast-
stellen van tumoruitbreiding in de vena renalis, het onder-
scheid tussen lymphkliervergroting als gevolg van reactieve
hyperplasie en metastatische activiteit en het onderscheid tus-
sen tumordoorgroei in omliggende structuren en verkleving
zonder tumordoorgroei buiten het nierkapsel. De conclusie
van het onderzoek is dat CT beschouwd dient te blijven als het
onderzoek van keuze bij de diagnostiek en stagering van nier-
tumoren zolang er geen aanzienlijke verbeteringen in MRI
techniek en resultaten zijn gerealiseerd.

De waarde van MRI bij de differentiatie van acute rejectie en
cyclosporine-A (CsA) nefrotoxiciteit in de transplantatie nier
wordt beschreven aan de hand van 56 MR onderzoeken bij 45
patiénten welke prospectief en onafhankelijk van elkaar wer-
den beoordeeld door 2 radiologen (O1 en O2). MRI werd uit-
gevoerd met behulp van zowel T1 als T2 gedomineerde puls
sequenties. Bij 22 patiénten werd een biopsie verricht en de
histologische bevindingen werden opnieuw beoordeeld en ge-
correleerd aan MRI. Vijftien normale getransplanteerde nie-
ren en 41 gevallen van verminderde nierfunctie op basis van
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CsA nefrotoxiciteit, acute rejectie, chronische rejectie of
acute tubulus necrose (ATN) werden onderzocht.
Schors-merg onderscheid (CMD) bleek een gevoelige, maar
niet specifieke graadmeter te zijn voor parenchymateuze ver-
anderingen. Het MR beeld van de acute rejectie kon niet on-
derscheiden worden van dat van de combinatie van acute re-
jectie en CsA nefrotoxiciteit, chronische rejectie of ATN.
Differentiatie tussen acute rejectie en CsA nefrotoxiciteit was
echter mogelijk overeenkomstig de volgende statische gege-
vens (01-02): sensitiviteit (97%-93%), specificiteit (80%-
95%), positief voorspellende waarde (88%-96%), negatief
voorspellende waarde (94%-90%), betrouwbaarheid (accu-
racy)(90%-94%).

MRI biedt bij een veldsterkte van0.5 T en toepassing van con-
ventionele spin echo puls sequenties weinig voordelen boven
bestaande, goedkopere methoden wat betreft het verschaffen
van klinisch relevante, aanvullende of nieuwe informatie bij
de diagnostiek van nierafwijkingen. Gegeven de huidige be-
perkingen van conventionele MRI worden nieuwe en toe-
komstige ontwikkelingen belicht welke naar alle waarschijn-
lijkheid uiteindelijk zullen leiden tot aanzienlijke verbeterin-
gen in de informatie die met behulp van NMR in algemene zin
verkregen kan worden. Op korte termijn zullen nieuwe,
snelle opnametechnieken de toepassingsmogelijkheden van
MRI in de bovenbuik kunnen verbeteren. Op langere termijn
is spectroscopie een interessante mogelijkheid om de specifi-
citeit van MRI te verhogen. Het zal echter nog vele jaren, mo-
gelijk een decennium, van intensief onderzoek vergen voor
alle mogelijkheden van NMR ten volle onderzocht en bekend
zijn.



	strake kaft
	strake 1-30
	strake 30-70
	strake 70-eeind

