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Voorwoord
Het in dit proefschrift beschreven onderzoek werd voor een belangrijk deel verricht op de
Afdeling Radiotherapie van het Academisch Ziekenhuis te Utrecht in het kader van het
door het Koningin Wilhelmina Fonds gesubsidieerde onderzoeksproject 'Tissue
characterization and evaluation of tissue response to radiotherapy by NMR spectroscopy
and NMR imaging', projectleider dr.ir. J. Schipper.
Het onderzoek werd uitgevoerd in samenwerking met het Instituut voor Nucleaire
Geneeskunde van het Academisch Ziekenhuis te Utrecht, de Vakgroep Magnetische
Resonantie van het Laboratorium voor Technische Natuurkunde van de Technische
Hogeschool te Delft, het Organisch Chemisch Laboratorium van de Rijksuniversiteit te
Utrecht en Philips Medical Systems Division te Best.
Aan allen die aan de totstandkoming van dit proefschrift hebben bijgedragen zou ik
willen zeggen 'Accept my thoughts for thanks, I have no words' (Hannah More, Moses).
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Introduction
Prelude
The basic discovery of nuclear magnetic resonance was made in the United States in 1946
by two research groups working independently, one led by Bloch and the other by Purcell
(1, 2). For the discovery Bloch and Purcell were jointly awarded the Nobel Prize for
Physics in 1952, Since that time NMR has become a standard method of spectroscopie
investigation of matter in all its fc ms, with applications in a broad variety of disciplines,
including physical and organic chemistry, solid-state physics, and, more recently,
biophysics and biochemistry.
The first proposal for an NMR imaging device was provided by Damadian in 1972 (3).
In a patent application Damadian suggested the possibility of making spin density and
relaxation time images of an object, e.g. the human body, by a sequential point technique.
In this technique an image is built up from successive point positions in the object. A
different approach was proposed by Lauterbur in 1973 (4). In Lauterbur's approach a set
of projection profiles of an object is obtained by observing NMR signals in the presence of
a suitable set of gradient magnetic fields. Images can then be reconstructed using
techniques analogous to those used in conventional computed tomography.
From its inception in the early 1970's up to the present, NMR imaging has evolved
into a sophisticated technique which has aroused considerable interest in various
subfields of medicine and which gradually entered the stage of clinical evaluation in the
past few years. Its characteristics as a method of medical imaging may be summarized as
follows:
— NMR imaging does not use ionizing radiation and so far appears harmless, except
possibly for limited patient populations.
— Since there is no known hazard associated with NMR imaging, the technique lends
itself admirably to the purpose of prolonged time course studies.
— NMR imaging is a multi-parameter phenomenon: the images display the spatial
distribution of the NMR signal, which is partly determined by the nuclear spin density at
each point in the object, but is also a function of other parameters such as the relaxation
times T, and T2; these parameters represent gross chemical characteristics, such as state of
hydration, fat content and presence of paramagnetic compounds; through instrument
design and operator control, the influence of these parameters on the image may be
emphasized.
— In vitro studies by Damadian (5) and subsequent investigators have revealed the
potential of NMR in discriminating between healthy and diseased tissues and in
monitoring tissue response to therapy.
— Because it takes a finite time to register the signal emitted by hydrogen nuclei, the
technique is sensitive to flow.
— NMR images may be obtained from arbitrarily oriented object slices without
mechanical movement.
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— It may in the future be possible to image other elements than hydrogen, such as
phosphorus and sodium.
From the above it will be clear that interest in NMR imaging derives from both its research
applications and its potential as a diagnostic tool. Results published so far — for a
comprehensive bibliography the reader is referred to ref. 6—indicate the viability of both
approaches. Although early results are generally considered as encouraging, it should
become more apparent in the next few years how useful NMR imaging is to become in the
diagnosis and management of disease.
Background and scope of the present work
The work reported in this thesis emerges from an NMR project which was taken up at the
Department of Radiotherapy of the University Hospital in Utrecht in 1980. The purpose
of this project, which was supported in part by the Koningin Wilhelmina Fonds in
Amsterdam, was to assess the significance and potential of NMR imaging and
spectroscopy with respect to tissue characterization and evaluation of tissue response to
radiotherapy and hyperthermia, and to compare NMR with other imaging modalities, in
particular CT. The plan of investigation included both in vitro and in vivo experiments on
human subjects, experimental animals, and phantoms, and was carried out in close
co-operation with the Laboratory of Technical Physics of the University of Technology in
Delft, Philips Medical Systems Division in Best, the Laboratory of Organic Chemistry of
the University of Utrecht, and the Institute of Nuclear Medicine of the University
Hospital in Utrecht.
The articles represented here result from a series of investigations that were carried
out in the past few years with the aim of evaluating the potential of NMR imaging as a
quantitative research tool and of paving the way for the clinical part of the research
program. In the first article the possible use of proton spin-lattice relaxation time T, in
tissue characterization, tumor recognition and monitoring tissue response to
radiotherapy is explored. The next article addresses the question whether water proton
spin-lattice relaxation curves of biological tissues are adequately described by a single
time constant T,, and analyzes the implications of multi-exponentiality for quantitative
NMR imaging. In the third article the use of NMR imaging as a quantitative research tool
is discussed on the basis of phantom experiments. The fourth article describes a method
which enables unambiguous retrieval of sign information in a set of magnetic resonance
images of the inversion recovery type. The next article shows how this method can be
adapted to allow accurate calculation of T( pictures on a pixel-by-pixel basis. The sixth
article, finally, describes a simulation procedure which enables a straightforward
determination of NMR imaging pulse sequence parameters for optimal tissue contrast.
1. Bloch F, Hanson W W, Packard M E: Nuclear induction. Phys. Rev. 69: 127, 1946
2. Purcell E M, Torrey H C, Pound R V: Resonance absorption by nuclear magnetic moments in a solid.
Phys. Rev. 69: 37, 1946
3. Damadian R: Apparatus and method for detecting cancer in tissue. US patent 3,789,832, filed March 17,
1972
4. Lauterbur P C: Image formation by induced local interactions: Examples employing nuclear magnetic
resonance. Nature 242: 190, 1973
5. Damadian R: Tumor detection by nuclear magnetic resonance. Science 171: 1151, 1971
6. Jaklovsky J: NMR imaging: A comprehensive bibliography. Addison-Wesley Publ. Cie., Reading, 1983
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Abstract. Proton spin-lattice relaxation times were measured with pulsed NMR spectroscopy at 60 MHz for a range of tissues from healthy and tumour-bearing mice. 7"T appeared
to be significantly longer in the tumour than in any other tissue. Clearly distinct values
of T, were found for the vital and necrotic parts of the tumour. Non-involved tissues of
tumour-bearing mice, viz. spleen, muscle, and salivary gland tissue, showed an increase
in 7*! relative to normal values. Irradiation of healthy mice with 6 MeV y-rays to a
total-body dose of 15 Gy induced a shortening of T, in the spleen. Similar experiments
on tumour-bearing mice showed a decrease of 7"i in the tumour, the spleen, the kidneys,
and the liver. Attempts were made to interpret the results in terms of tissue hydration.

1. Introduction
Recent developments in NMR imaging have raised great expectations with respect to
the clinical applicability of this technique in various subfields of medicine, including
radiotherapy, NMR offers prospects with regard to identification and localisation of
healthy and diseased tissues and could be of value in monitoring and evaluating tissue
response to therapy.
A full exploitation of the potential of NMR imaging techniques requires knowledge
of the parameters that govern the imaging process, namely, proton density p, proton
spin-lattice relaxation time T\, and proton spin-spin relaxation time T2.
Images produced by different imaging methods show different dependencies on p,
T\ and T2. The images further depend on the applied pulse sequences and on the
choice of certain instrumental parameters. An optimal choice of pulse sequences and
instrumental parameters will depend on the applications one has in mind and on the
NMR properties of the tissues involved.
At the Department of Radiotherapy of the University Hospital in Utrecht a
research programme has been started to assess the significance and potential of NMR
imaging in radiotherapy. This program includes both spectroscopie and tomographic
investigations and is carried out in close cooperation with the Laboratory of Technical
Physics of the University of Technology in "Delft and Philips Medical Systems Division
in Eindhoven.
The present study was undertaken to explore the possible use of proton spin-lattice
relaxation time T\ in monitoring tissue response to radiotherapy. T\ was measured
on excised tissues from healthy and tumour-bearing mice, before and after radiotherapy. The results were compared with corresponding determinations of tissue
water content.
15
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2. Materials

Measurements were carried out on tissues from healthy and tumour-bearing mice.
The mice were of the C57B1 strain and approximately five months old. Tumour cells
of a transplantable fast-growing mammary adenocarcinoma, M8013, were injected
subcutaneously in one of the hindlegs. All mice were sacrificed by ether anaesthesia
and subsequent cervical dislocation. The tissues were removed from the carcase, cut
into pieces of about 0 1 g and inserted into 5 mm diameter NMR glass tubes. The
tubes were capped to minimise evaporation during NMR readings and stored at room
temperature. Measurements were performed on the viable and necrotic parts of the
tumour and on a wide range of normal tissues, including thigh muscle, liver, kidney,
spleen, salivary gland, eye-lens, and fatty tissues. Excision took place at any time up
to three weeks from inoculation by which time the tumour had reached a volume of
approximately 1.5 cm3.
In vivo irradiation was performed with photons from a 6 MV linear accelerator
to a total body dose of 15 Gy. The mice were irradiated in a cage with a height of
2 cm, covered with a lid of 2 cm Perspex to establish equilibrium conditions within
the cage and to dispense with the use of anaesthetics. The dose was calculated in the
centre of the cage, dose variations within the cage being less than 5%.
3. Methods
3.1. Measurement of Tt
The spin-lattice relaxation time T\ was measured by the usual 180-T-90 pulse program
(Farrar and Becker 1971). In this program a 180° pulse inverts the magnetisation
Mz along the z-axis from M o to -M o . Spin-lattice relaxation causes Mz to go from
-Mo through zero to its equilibrium value +M0.
After a time r the initial amplitude of the free induction decay following a 90°
observation pulse shows how far the magnetisation has returned to equilibrium. By
repetition of this experiment for different values of T, the full recovery curve M.(T)
can be determined.
The return to equilibrium occurs exponentially with time constant T\:
M z (T)=M ( ) [l-2exp(-T/r 1 )].

(1)

T\ is determined from a least-squares fit of this theoretical magnetisation recovery
function to the experimental data with 7\ and A/o as parameters. Equation (1) is
appropriate only when the relaxation is uni-exponential. The validity of this assumption
can be examined by comparing the variance of the fit S2 to the uncertainty in the
2
data points a . Equation (1) is appropriate for describing the data when S2 agrees
2
well with a (Bevington 1969). In the case of multi-exponentiality, fitting to equation
(1) is in fact inadequate and yields a relaxation time which is a weighted average of
fast and slow components (e.g., Bovée et al 1978, Ling et al 1980).
The T\ measurements reported here were performed with a spin-echo spectrometer
built at the Laboratory of Technical Physics of the University of Technology in Delft
and operating at a frequency of 60 MHz. The sample cavity was maintained at 27°C.
In the applied pulse sequence the width of the 180° and 90° pulses was of the order
of 150 and 75 us respectively. Non-uniformities in the size and water content of the
samples, affecting the quality factor of the transmitter coil, made it necessary to
readjust pulse durations for individual samples.

Proton spin-lattice relaxation studies of tissue

17

The initial amplitude of the FID signal was measured immediately after the 90°
pulse. Its magnitude is almost exclusively determined by the protons in the tissue
water. The rapidly decaying FID from protons on large molecules is not detected in
our experiments due to the limited bandwidth of the receiver.
The inversion recovery curve was determined from 20 to 30 pulse sequences, the
pulse separation r varying from 10 ms to 10 s. The sequence repetition time A of
15 s was long enough to guarantee that the spin system reached equilibrium between
sequences, even for samples with large T\ values like water (Tx ~ 3 s) and body fluids.
Ti measurements were carried out within 5 h from excision during which period T\
values were found to be reproducible within 1% <SD). This is in agreement with the
results published by Frey et al (1972) and subsequent investigators.
3.2. Determination of water content
The water content of tissues was determined by drying to constant weight at 105 °C.
The samples were pulverised to prevent crust-forming and placed on aluminium foil
to preclude adsorption problems. The accuracy of the water content determinations
was estimated by measurements on adjacent tissue specimens and was found to stay
within 1% (SD).
4. Results and discussion
In this section results are presented of T\ measurements and water content determinations on excised tissues from healthy and tumour-bearing mice, before and after
radiotherapy. All values given are absolute rather than relative values. This procedure
follows the literature on the subject and is in our case justified by the observation
that systematic variations between individual mice, due to differences in, for example,
nutrition and excretion, are very small. The Student Mest was applied to evaluate
the statistical significance of any observed differences in T\ or water content between
tissues. Whenever appropriate the level of significance P is stated in parentheses.
All reported T{ values were obtained by uni-exponential analysis of inversion
recovery curves. For most of the tissues studied, including muscle, liver, spleen,
kidney, salivary gland, and tumour tissue, this appeared to be an adequate description,
the systematic error resulting from fitting to equation (1) being less than 1%. Some
tissues, however, including eye-lens and fatty tissue, exhibit a clear multi-exponential
behaviour. For eye-lens this is presumably due to the different relaxation behaviour
of the nuclear and cortical zone, whereas in fatty tissues protons in hydrocarbons
cause the multi-exponentiality. The applied uni-exponential analysis is in fact not
correct for these tissues and yields an average relaxation time (Bovée et al 1978).
4.1. Tissue characterisation in healthy mice
Spin-lattice relaxation times T\ of hydrogen protons were measured for a range of
tissues in healthy mice. The results are shown in table 1 in descending order of
magnitude. The observed values which were obtained from measurements on 6 to
12 mice, range from about 200 to 800 ms. Variations between corresponding tissues
of different mice stay within 5% (standard error of the mean) and are smallest for
kidney, liver, salivary gland, and fatty tissue. Spleen and muscle show relatively large
variations.
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Table 1. Spin-lattice relaxation time T\ (ms) and water content (%) of tissues from healthy mice. N is
the number of determinations, am the standard error of the mean.
Parameter

Spleen

Muscle

Kidney

Liver

Salivary
gland

Eye
lens

Fat

Ti (ms)
am (ms)
N

762
35
6

740
24
11

577
6
11

531
6
11

384
8
8

329
18
8

245
6
3

%H 2 O
"'m

N

76.7
0.6
6

75.8
0.3
11

74.4
0.3
11

70.0
0.7
11

72.8
1.2
9

60.2
2.5
10

12.4
1.0
3

Tissue hydration seems to be partly responsible for the observed differences in
relaxation time. Table 1 indicates an approximately linear relationship between Tx
and water content when multiple valued tissues, such as eye-lens and fatty tissue, are
excluded. This linear relationship is further exemplified by figure 1, which is an overall
summary of measurements on healthy and tumour-bearing mice. The symbols in this
figure represent mean values per tissue for 6 to 12 animals. The open circles on the
lower left correspond with hair, eye-lens, and fatty tissue, the points on the upper
right with tumour tissue. Pure water, which has a T] value of about 3 s, is not included
in figure 1.
•OOT

J 60
c

f '•O
^ i n_

o;

o*.

36

Spt'i-lctt.ic

OB
time 7| I s l

Figure 1. Spin-lattice relaxation time 7", (s) versus water content (%) of tissues from healthy and tumourbearing mice. Each dot represents the mean value of between 6 and 12 determinations. The open circles
correspond to hair, fat and lens tissue respectively.

To explain qualitatively the differences in Tr between various tissues and to explain
the correlation between Tt and water content, the physical state of the tissue water
must be taken into account. The way water molecules interact with tissues involves
many mechanisms and is a very controversial topic. (For a review of NMR studies of
water in biological systems the reader is referred to Mathur-DeVré 1979). According
to a widely accepted theory part of the tissue water is restricted in its molecular
motions due to binding to membranes and macromolecules, e.g., proteins and nucleic
acids (Hazlewood and Nichols 1969). The observed relaxation rate can then be
explained as a weighted average of the quickly relaxing bound fraction and the slowly
relaxing bulk water, provided that a rapid exchange between water molecules in both
environments exists. In most biological tissues this fast exchange condition seems to
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be satisfied (Kuntz and Kauzman 1974). The effective relaxation time of the water
protons in these tissues is then calculated from equation (2) (see, for example,
Peemoeller et al 1979):
T\

w\Tlb

Tu )

where w = is the water content in g per 100 g of tissue, b is the bound water content
in g per 100 g of tissue, T\b is the spin-lattice relaxation time of bound water and Tu
is that of free water, and T\ is the effective spin-lattice relaxation time of tissue water.
However, not only the amount of bound water, but also the strength of its coupling
to biological molecules is important, as is cross-relaxation between water and protein
protons (Edzes and Samulski 1978). Due to cross-relaxation the shape of the relaxation
decay will depend upon the relaxation rates of the water and protein protons individually
plus the cross-relaxation rate.
Within the framework of the above theory, differences in T\ among tissues are
attributable to differences in the relative amount of bound water, the strength of its
coupling to macromolecules and the effectiveness of cross-relaxation.
4.2. Tissue characterisation in tumour-bearing mice
Spin-lattice relaxation times Ti of hydrogen protons were measured for a range of
tissues in mice with a subcutaneous adenocarcinoma on the hindleg. Table 2 shows
that the tumour has a significantly higher value of 7\ than any other tissue (P < 0.01).
This larger Ti is at least partly explained by its greater free water content. Experiments
on frozen tissues by Fung (1974) and others have shown, however, that in tumours
the increased T{ value is also due to fewer molecules in the hydration layer. The
above results are in agreement with the results of Damadian (1971) and subsequent
investigators and confirm an early postulate of Szent-Györgyi (1957) which states that
water in cancerous tissues has a lower degree of organisation than in normal tissues.
Table 2. Spin-lattice relaxation time Tj (ms) and water content (%) of tissues from tumour-bearing mice.
/V is the number of determinations, am the standard error of the mean.

Parameter

Tumour

Necrosis

Spleen

Muscle

Kidney

Liver

Salivary
gland

7", (ms)

1072
28
11

941
34
12

839
40
6

805
26
13

591
14
10

516
14
9

421
14
7

<rm ims)

N

"... H,O
N

84.1
0.4
9

83.3
0.7
9

76.4
0.7
6

76.0
0.8
10

76.0
0.4
8

73.1
0.7
8

70.9
1.2
7

Table 2 further shows a significant difference in 7'i between the vital and necrotic
parts of the tumour {P < 0.01). This distinction is of particular significance in evaluating
the results of radiotherapy, of which the primary aim is to sterilise the vital tumour cells.
A systemic effect of tumour growth is demonstrated in figure 2. The mere ;;;.sence
of a tumour evokes a whole body response of the animal which is reflected in changes
in T\ in distant organs and tissues. This systemic effect was first observed by
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Figure 2. Spin-lattice relaxation time Tx (upper graph) and water content (lower graph) of tissues from
healthy and tumour-bearing mice. Bars indicate the standard error of the mean. The number of determinations varied between 6 and 12.

Frey et al(1972) who showed that spleen, kidney, liver and heart tissue in mice with a
tumour on the hindleg had significantly longer relaxation times than the corresponding
tissues in healthy mice. Similar results were obtained by subsequent investigators
(McLachlan and Hamilton 1979, Peemoeller et al 1979). In our material elevated
7\ values are observed in spleen (P < 0.05). The increase in 7\ is not paralleled by
an increase in water content and is probably due to changes in the conformational
state of macromolecules in this tissue, which induce a redistribution of water over
the bound and free states. In liver and kidney tissue the systemic effect merely reveals
itself by a considerable change of water content (P < 0.01). In these tissues the change
in water coverage by large molecules presumably runs parallel with an increase of
total water content which effectively leaves the bound-to free-water ratio and T\
undisturbed.
The above results confirm the results of Peemoeller et al (1979) who showed the
Tx increase of the uninvolved spleen of mice with a large fast-growing tumour to be
related to a considerable change in the water coverage of large molecules, i.e., the
bound water fraction.
4.3. Tissue response to radiotherapy in healthy and tumour-bearing mice
Spin-lattice relaxation times T\ of hydrogen protons were measured for a range of
tissues from non-irradiated and total-body irradiated healthy and tumour-bearing
mice. Irradiation was performed with a 6 MV linear accelerator. The administered
total body dose was 15 Gy. Although this dose represents about twice the LD 50 dose
for the mice, it was considered a convenient first step in investigating the effects of
radiation therapy on tissue NMR signals. Excision took place 64 h after irradiation.
According to Hall (1978) this is an appropriate time interval to monitor short term
radiation effects in fast-growing experimental tumours. Despite radiation damage to
the bloodforming organs and the gastrointestinal system, the mice did not show visible

Proton spin-lattice relaxation studies of tissue

21

10
G
sp Gen

«08
QÏ

fc

-06

'

m

muscle

CÜ/B1

O

^
kidney

r
o

sal wary
gland

80
spleen
4, muscle
r*h kidney

salivary
gland

Figure 3. Spin-lattice relaxation time Tx (upper graph) and water content (lower graph) of tissues from
irradiated and non-irradiated healthy mice; total body dose lfi Gy. Bars indicate the standard error of the
mean. The number of determinations varied between 6 and 12.

signs of radiation sickness at the time of excision. Figure 3 shows the effect of
radiotherapy on T\ and water content in healthy mice. Spleen tissue, the lymphocytes
in which are known to be very radiosensitive (see, e.g., Hall 1978), shows a pronounced
decrease of T\ (7><0.01). The lymphocytes will undergo interphase death soon after
irradiation. Since lymphocytes tend to have a larger 7\ than solid tissue (Ekstrand
et al 1977) the effective T\ of the spleen decreases as it becomes depleted of
lymphocytes. In salivary gland tissue a slight increase of T\ is observed (P<0.10),
while T\ values for kidney, liver and muscle remain undisturbed upon irradiation. A
slightly different picture emerges from the corresponding measurements of tissue
water content (figure 3). Both spleen, muscle, and kidney show a small decrease
(P<0.10), while salivary gland and liver remain unaffected. In the case of spleen
the observed decrease in water content does not seem in proportion to the drastic
reduction of T\. The lengthening of T\ in the irradiated salivary gland suggests a
relation with the diminished secretion of saliva upon irradiation, which is a familiar
side-effect of radiotherapy.
The effect of radiotherapy on T\ and water content in tissues from tumour-bearing
mice is demonstrated in figure 4. A significant decrease of T\ is observed in the viable
part of the tumour, in the spleen and the kidney (P<0.01) and in the liver (P<O.IO).
The decrease of Tx in these tissues is paralleled by a small reduction in water content
The above findings are in agreement with the results published by several investigators. Kiviniitty and Koivula (1975) andKoivulaefa/ (1978), for instance, observed
a considerable shortening of relaxation times in biopsy specimens from patients with
cervical cancer who underwent radiation treatment, while Ekstrand et al (1979)
reported an initially elevated T} value relative to normal values in the white blood
cells of patients with acute leukaemia. In these patients T\ fell to normal levels after
the initiation of a combined radiotherapy-chemotherapy treatment. In our experiments T\ values of tissues from irradiated tumour-bearing mice even drop below
normal levels (compare figures 4 and 2). One should bear in mind, however, that in
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Figure4. Spin-lattice relaxation time T\ (upper graph) and water content (lower graph) of tissues from
irradiated and non-irradiated tumour-bearing mice: total body dose 15 Gy. Bars indicate the standard
error of the mean. The number of determinations varied between 6 and 12.

our experiments a fixed time interval between irradiation and 7\ measurements was
observed.
A comprehensive theoretical framework for the observed phenomena is still
lacking. Apparently tissue water content in itself does not provide a full explanation
and additional assumptions on radiation-induced changes in the system
macromolecule-hydration layer-bulk water have to be made. Up to now the exact
nature of these changes in tissues is not clear. Some insight has been gained, however,
from experiments on solutions of proteins. Irradiation of proteins is known to induce
damage to side chain groups and changes in secondary and tertiary structures.
Daszkiewicz et al (1963) were the first to show the spin-lattice relaxation time in
denaturated proteins to be shorter than in the native ones. Kuntz and Kauzmann
(1974) showed the shortening of Ti for several denatured proteins to be related to
an increase of the amount of bound water. It is not unlikely, however, that crossrelaxational effects also contribute to this shortening of T{ upon denaturation.
Viewing our iesults within the framework of various models of tissue hydration
(Mathur-DeVré 1979), it remains obscure why, in terms of relaxation behaviour and
water content, some tissues show a marked response to irradiation while other tissues
remain unaffected. Further research will be necessary to clarify these observations.
5. Conclusions
The results presented in the preceding sections underline the usefulness of spin.lattice
relaxation studies in tissue characterisation and tumour recognition. Relaxation studies
further show promise in differentiating between vital and necrotic parts of tumourous
tissues, and in evaluating the response of uninvolved and tumourous tissues to radiotherapy.
It should be realised that these results were obtained from in vitro experiments
on mice with large, fast-growing tumours and high doses of radiation. However,

Proton spin-lattice relaxation studies of tissue

23

preliminary results of experiments on human material and results published by
Ekstrand ct al (1977) and Koivula et al (1978) lead to similar conclusions.
The next step to be taken is the transition from the in vitro to the in vivo situation.
NMR imaging experiments on healthy and tumour-bearing mice are currently being
carried out in cooperation with the University of Technology in Delft. In the long
run these experiments will permit more definite statements regarding the value of
NMR in monitoring tissue response to radiotherapy.
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Resumé
Etudes des temps de relaxation spin-réseau du proton dans les tissus après radiotherapie, chez la souris.
Nous avons mesure avec un spectroscope pulsé RMN les temps de relaxation spin-réseau du proton a
60 MHz pour un ensemble de tissus allant du tissu sain au tissu porteur de \umeur chez la souris. T,
apparait significativement plus long dans les tumeurs que dans n"importe quel autre tissu. Des valeurs
nettement distinctes de Tr ont été obtenues dans les parties vivantes et nécrotiques des tumeurs. Dans
des tissus non tumoraux (rate, muscle et tissus des glandes salivaires) nous avons note une augmentation
de Ti par rapport aux valeurs normales. L'irradiation des souris saines par un faisceau de rayons x a
6 MeV et une dose au corps entier de 15 Gy ont entrainé un raccoursissement de 7*j de la rate. Des
experiences similaires chez les souris porteuses de tumeurs ont montré une diminution de Tx dans la
tumeur, la rate, les reins et le foie. Nous avons essayé d'interpréter ces résultats en terme d'hydration des
tissus.

Zusammenfassung
Protonen-Spin-Gitter-Relaxationsuntersuchungen von Gewebereaktionen bei der Strahlentherapie von
Mausen.
Protonen-Spin-Gitter-Relaxationszeiten wurden an Mausen gemessen mit gepulster NMR-Spektroskopie
bei 60 MHz für verschiedene Gewebearten, vom gesunden bis zum tumorösen Gewebe. Die 7VZeitenwaren im Tumorgewebe significant langer als in allen anderen Gewebearten. Deutlich verschiedene
7",-Werte fand man für vitale und nekrotische Tumorgebiete. Nicht beteiligtes Gewebe von tumorkranken
Mausen, wie z.B. Milz, Muskei- und Speicheldrüsengewebe, zeigte einen Anstieg im 7VWert relativ zu
anderen Werten. Die Bestrahlung von gesunden Mausen mit 6 MeV Röntgenstrahlen bis zu einer Ganzkörperdosis von 15Gy rief eine Verkürzung der r,-Zeit in der Milz hervor. Ahnliche Experimente an
tumorkranken Mausen zeigten ein Absinken von T\ im Tumor, in Milz, Nieren und Leber. Es wurde der
Versuch gemachr die Ergebnisse durch Gewebehydration zu interpi stieren.
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Abstract. This in vitro study was undertaken to examine whether water proton spin-lattice
relaxation in biological tissues is adequately described by a single time constant T,, to
define under what circumstances a multi-exponential approach is indicated, and to study
the implications of multi-exponentiality for quantitative NMR imaging. Water proton
relaxation curves were measured with the 180-T-90 method at 60 MHz. Uni- and biexponential curves were fitted to the empirical curves using x1 as a criterion for the
goodness of fit. An F-test was applied to test the validity of each exponential term as it
was added to the fitting function. Taking into account experimental accuracy, the uniexponential model appeared to be an adequate description of the relaxation data for
necrotic tissue. Eyelens and fat showed distinct bi-exponentiality, while liver, spleen,
salivarv gland, tumour, and muscle presented intermediate cases. The bi-exponential
analysis generally yields a minor component with a fast relaxation time. T,, < 20 ms, and
a slow relaxation major component with Tl2 > 300 ms. A simplified bi-exponential model
is proposed for implementation in quantitative NMR imaging. The results seem to be
consistent with current views about water proton spin-lattice relaxation in biological (issues.

1. Introduction
In 1971 Damadian observed a systematic difference between the relaxation properties
of normal and cancerous rat tissues (Damadian 1971). Since then numerous investigators have revealed the potential of NMR as a method for identification and characterisation of normal and diseased tissues in vitro. The recent development of NMR imaging
techniques has opened perspectives with regard to tissue characterisation in vivo. One
of the problems encountered in quantitative NMR imaging is the dependence of the
tissue 'signatures' obtained on the way data are acquired and analysed.
In spin-lattice relaxation measurements on tissues, for instance, it is usually assumed
that the relaxation is adequately described by a uni-exponential model. When measured
carefully over a wide range of magnetisation values, however, non-exponential decay
has been observed in T, measurements of many tissues. Barroilhet and Moran (1975,
1976) for instance, found a clear multicomponent behaviour of 7^ in murine liver
tissue, while Bovée et al (1978) and Goldsmith et al (1978) observed a clear twocomponent behaviour of T, in mammary tissues. Substantial deviations from the
uni-exponential relaxation model have also been reported for several other tissues
27
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including lens tissue (Rasz et al 1979, Lerman et al 1982), muscle tissue (Edzes and
Samulski 1978) and fat (Bakker and Vriend 1983).
The present in vitro study was undertaken to discover precisely to what extent
water proton spin-lattice relaxation in biological tissues satisfies a uni-exponential
model, to define under what circumstances a multi-exponential approach is indicated,
to examine the implications of multi-cxponentiality for quantitative NMK imaging, and
to interpret the results in view of current theories on spin-lattice relaxation in biological
tissues.
2. Materials
Spin-lattice relaxation curves were measured and analysed for a range of tissues from
tumour-bearing mice. The mice were of the C57B1 strain and had a subcutaneous,
transplantable, fast-growing mammary adenocarcinoma, M8O13. on one of the
hindlegs. The animals were sacrificed by ether anaesthesia and subsequent cervical
dislocation. The tissues were removed from the carcase, cut into pieces of about 0.1 g
and inserted into 5 mm diameter NMK glass tubes. The tubes were capped to minimise
evaporation of the sample during NMK readings, and stored at room temperature.
Excision took place when the tumour had reached a volume of approximately 1 cm\
Measurements were performed on the viable and necrotic parts of the tumour and on
a wide range of normal tissues, including thigh muscle, liver, kidney, spleen, salivary
gland, eyelens. subcutaneous fat. and hair, not including the roots. Measurements
took place between two and five hours from excision.
3. Methods
3.1. Measurement of water proton spin-lattice relaxation curve M~{T)
The most commonly employed procedure for studying spin-lattice relaxation in biological tissues is the 1 8 0 ° - T - 9 0 ° method (Farrar and Becker 1971). In this method a 180°
pulse is applied to invert the magnetisation M: along the z-axis from M,, to -Mlt.
Spin-lattice relaxation causes M: to go from — Mu through zero to its equilibrium
value M,|. After a time T the initial amplitude of the free induction decay (FID)
following a 90° observation pulse shows to what extent the magnetisation has returned
to equilibrium. By repetition of this experiment for different values of r. the full
recovery curve M:{T) can be determined. In the present experiment the 1 8 0 ° - T - 9 0 °
method was applied to study water proton spin-lattice relaxation in excised mouse
tissues. The measurements were performed with a spin-echo spectrometer built at the
Laboratory of Technical Physics of the University of Technology in Delft, operating
at a frequency of 60 MHz. The sample cavity was maintained at 27°C. In the applied
pulse sequence the width of the 180° pulse was of the order of 150 p.s. The height of
the free induction decay was measured on an oscilloscope immediately after the 90°
pulse. Relaxation curves were determined from 15 to 25 pulse experiments, the pulse
separation T varying from 10 ms to 10 s. The sequence repetition time was chosen
long enough to allow the spin system to reach equilibrium between sequences. The
measurements took place between two and five hours from excision during which
period T, values were found to be reproducible within 1 % (SD). The precision of the
T, measurements entirely depended on the precision of the oscilloscope readings of
Mz{r) which is estimated at ±0.05 oscilloscope units at a full scale deflection of 4.00
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units. The sensitivity, stability and accuracy of the spectrometer were checked regularly
by monitoring the T, value of a reference solution of Mn2+ ions in water. The
homogeneity of the RF field across the sample was checked by comparing the amplitudes
of the FIDS following the 90° pulse for two 1 8 0 ° - T - 9 0 ° experiments, one for which
T « T, and one for which T»T,. According to Farrar and Becker (1971) the amplitudes
of these signals should have the same magnitude but opposite sign. For the reference
solution of Mn2+ ions in water no significant differences between both amplitudes were
observed, indicating a sufficient homogeneity of the RF field.
The experimental arrangement described in this section is appropriate for studying
spin-lattice relaxation of water protons in biological systems. As shown by Edzes and
Samulski (1978), the relatively long 180° pulse results in complete inversion of the
water proton magnetisation (T2 typically > 1 ms) whereas the macromolecular magnetisation (T2 typically <50 u,s) is only partially inverted. The rapidly decaying signal of
the macromolecular protons is not detected in our experiments due to the limited
bandwidth of the receiver. This could be verified by comparing the relaxation curves
of tissues measured at t = 0 and t — 200 (xs after the 90° observation pulse. No significant
differences between such curves were observed. The signals in our experiments may
therefore be assumed to originate from the protons in the tissue water.
3.2. Multi-exponential analysis of spin-lattice relaxation curves
In a 1 8 0 ° - T - 9 0 ° inversion recovery experiment, T, is usually obtained by fitting
equation (1) to the empirical data with Mo and T, as parameters:
M,(r) = M 0 (l-2exp(-T/r I )).

(1)

This approach is appropriate only when the z component of the observable magnetisation is fully inverted by the 180° pulse and when the relaxation is uni-exponential.
As shown in section 3.1, the water proton magnetisation in biological tissues satisfies
the first condition, but not necessarily the second. A generalised approach may
therefore be indicated, starting from a multi-exponential recovery function (2):

Mz(r)=t Af„,(l-2exp(-T/TIi)).

(2)

In this formula n represents the number of exponentials required for an adequate
description of the data, taking into account experimental accuracy cr,. Optimum values
of the parameters M(U and Tu are obtained by minimising the weighted sum of squares
of deviations of the data from the fitting function with respect to each of the parameters
simultaneously. This sum x1 K characteristic of the variance of the fit:
X2- Z [(l/cr,)(Mz —Mz(Ti))]2.

(3)

o-j represents the uncertainty in the data points M'z, N is the number of data points
and M 2 (T,) is the theoretical value of Mz at pulse interval T,.
In the present study a comprehensive computer program was written to perform
the multi-exponential analysis.
To find the minimum of * 2 , Marquardt's gradient-expansion algorithm was applied
(Marquardt 1963), preceded by a course grid mapping of the parameter space to locate
the main minima and to identify the desired range of parameters over which to refine
the search. The uncertainties in the final values of the parameters were calculated
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using an algorithm described by Bevington (1969). The goodness of the fit was
evaluated through the calculation of the reduced chi-square:
X'v =

1
N-2n

(4)

where N is the number of data points, In the number of parameters and v = N-2n
the number of degrees of freedom left after fitting the N data points to the 2«
parameters {Moi, Tu; i = 1 , . . . , n}. As discussed by Bevington (1969) the fitting
function is an adequate approximation to the empirical curve, at the 5% significance
level and for the number of data points used in this study, if 0.3 s %l ^ 2 . 0 .
To decide on the validity of adding exponential terms to the fitting function, an
F\ test was applied. According to Bevington (1969) the statistic F%, defined by
equation (5), follows the F-distribution and is a measure of how much additional terms
have improved the goodness of the fit:
(5)
By comparing the observed value of Fx with test values of F = F{p, vu v2) at critical
values of the probability p, the significance of this improvement can be evaluated. If,
at a given level of significance, Fx> F inclusion of higher order terms in the fitting
function is justified; if Fx<F higher order terms should not be included.
4. Results
Water proton spin-lattice relaxation curves were measured for a range of tissues from
tumour-bearing mice. The curves were analysed according to the fitting procedure
outlined in section 3.2. The parameters obtained by uni- and bi-exponential fitting of
relaxation curves for one of the mice are shown in table 1.
Adopting 0.3 s xl, =£ 2.0 as a criterion for the goodness of the fit, the uni-exponential
model appears to be an adequate description of the empirical data for tumour, necrosis.
Table 1. The parameters M 0 ±AM 0 and r , ± A r , obtained by uni- and bi-exponential analysis of water
proton spin-lattice relaxation curves for a range of tissues from a tumour-bearing mouse. N is the number
of data points and xl, and x\ represent the goodness of the uni- and bi-exponential fits respectively.
Model 1

Model 2
7-n

Tissue

N

Eyelens
Fat
Hair
Kidney
Liver
Muscle
Necrosis
Salivary gland
Spleen
Splenic fat
Testes
Tumour

14
16
10
13

352 ±5
252 ±2
26±1
565 ±5

13

521 ±5
786 ±6
995 ±9
365 ±4
764 ±8
360 ±3
914±10
1204±13

19
31
15
12
14
15
24

(ms)

xl,
13.5
4.4

121.9
4.9
0.6
7.0
0.6
2.1
3.6
6.8

(%)

(ms)

14±1
77±5
57±2

13±3
191 ±9

5±1

—± —

8±1

10±2

5±1
7±1

66.9

18±1

0.8

- ± -

(ms)

86±1

23±5
7±1
43 ±1
2±11 95 ±1

- ± - ± — ±—

Af02
(%)

- ± —± —

6±3

16±4
2±2
- ± -

- ± -

92±1

xl_

0.7
472±13
708 ±130 0.6
0.7
158±10
621 ±11
0.6
—
- ± 0.9
924 ±16

—± —

—± —

- ±

- ±

-

-

95 ±1
93 ±1
82±1

839±16
410±7
1376 ±26

- ± -

- ± -

—
—
0.5
0.9
0.8
—

Multi-exponential spin-lattice relaxation in tissues

31

salivary gland, and liver tissue, whereas the bi-exponential model produces satisfactory
results for the remaining tissues. The applied F-test shows the improvement of the
fit to be significant at the p = 0.01 level of significance for these tissues. In neither
case was a third exponential resolved in our experiments. This does not necessarily
imply its non-existence. The analysis simply and solely shows the bi-exponential
model to be a convenient parametrisation of the experimental data, given the experimental accuracy. According to table 1, the bi-exponential analysis yields a fast relaxation minor component with Tu<20 ms and a slow relaxation major component with
r, 2 > 300 ms, except for fat which presents a separate case. A marked bi-exponentiality
is observed for eyelens, hair, fat, and testicle tissue.
The results presented in table 1 refer to relaxation data obtained from one specific
mouse. Mean values of the parameters Mo and Tt obtained by uni- and bi-exponential
analysis of relaxation data for a series of mice are shown in table 2. Again eyelens
Table 2. Mean values and standard errors of the mean of the parameters Moi and 7",, obtained
by uni- and bi-exponential analysis of proton spin-lattice relaxation curves for a range of tissues
from tumour-bearing mice. M represents the number of mice.
Model 1

Model 2

Tissue

M

T, (ms)

Mo,(%)

T,, (ms) M02(%)

r, 2 (ms)

Eye lens
Fat
Kidney
Liver
Muscle
Necrosis
Salivary gland
Spleen
Tumour

10
2
9
8
6
5
8
8
6

351 ±20
251±2
573±15
526 ± 9
816± 11
1029±41
416±13
811±25
1096 ±37

14.7±0.8
81.1±4.5
5.7±0.9
1.5±0.7
7.1 ±0.4
—
5.3±1.0
3.6 ±0.9
3.4±1.7

15±2
197±6
3±1
10±5
17±2
—
12±5
9±2
11±6

466 ±20
910±202
637±16
540 ±4
933±15
—
454 ±14
870 ±35
1163 ±29

85.3 ±0.8
18.9±4.5
94.3 ±0.9
98.5 ±0.7
92.9 ±0.4
—
94.7±1.0
96.4 ±0.9
96.6 ±1.7

and fat show a distinct bi-exponentiality while liver, spleen, and active tumour tissue
show a weak bi-exponentiality. Muscle, kidney, and salivary gland tissue present
intermediate cases. Necrotic tumour tissue is adequately described by a single T,. The
above results show the bi-exponential model to be a convenient parametrisation of
the empirical data, when the experimental accuracy and the number of data points
are taken into account. Inclusion of higher order terms in the fitting function is not
justified by our analysis, as this would not yield a significantly better description of
the data. As discussed before, the above analysis does not rule out the existence of
higher order terms, whereas the present experiment might not be appropriate to resolve
them.
5. Implications for quantitative NMR imaging

The results presented in section 4 indicate the inadequacy of the uni-exponential model
in describing proton spin-lattice relaxation in various tissues, including eyelens, hair,
testicle tissue, and subcutaneous fat. The results also show a relatively large uncertainty
in the parameter T{, of the minor fraction, except in the case of fat. The uncertainty
in Ti i is due to the experimental set-up which did not include recording of data points
with T less than 10 ms, a set-up usually encountered in NMR imaging. At 10 ms after
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the origin the contribution from the short-lived component is at noise level for several
tissues, including kidney, spleen, and testes. Consequently, nonsensical relaxation
times such as 2 ± 11 and 2 ± 2 are found for the short-lived component. Obviously, a
more precise determination of T,, would require data points with T < 10 ms. Filling
this gap between 0 and 10 ms was not considered necessary here whereas T values less
than 10 ms are rarely if ever applied in NMR imaging. For the range of T values
commonly used in NMR imaging, table 1 and 2 show the relative intensity M o , of the
minor fraction to be rather insensitive to the precise value of Tu. It therefore seems
appropriate to assume e x p ( - r / T,,) - 0 and to fit the data to the simplified bi-exponential function given below:
= M(ll + M ( ) 2 ( l - 2 e x p ( - T / r l 2 ) ) .

(6)

The results of such a simplified bi-exponential analysis for one of the mice are
shown in table 3. From the table it appears that the bi-exponential and the simplified

Table 3. The parameters M() and 7, obtained by uni-, bi-, and simplified bi-exponential analysis (model
1, 2 and 3 respectively) of water proton spin-lattice relaxation curves for a range of tissues from tumourbearing mice. N represents the number of data points and xl,- xl,- and xl, designate the goodne&s of the
respective fits.
Model 2

Model 1

Tissue

N

7",
(ms)

Eye lens
Fat
Hair
Kidney
Liver
Muscle
Necrosis
Salivary gland
Spleen
Splenic fat
Testes
Turnout

14
16
10
13
13
19
31
15
12
14
15
24

352
252
26
565
521
786
995
365
764
360
914
1204

13.5
4.4
121.9
4.9
0.6
7.0
0.6
2.1
3.6
6.8
66.9
0.8

Model 3

r12

{% )

7n
(ms)

M02
(%)

(ms)

xl

(%)

(°/c>)

(ms)

14
77
57

13
191
7

5
—

2
—

8
—
—
5
7
18
—

10
—
—
6
16
2
—

86
23
43
95
—
92
—
—
95
93
85
—

472
708
158
621
—
924
—
—
839
410
1376
—

0.7
0.6
0.7
0.6
—
0.9
—
_
0.5
0.9
0.8
—

14
1
55
5
3
7
—
—
5
5
18
—

86
99
45
95
97
93
—
—
95
95
82
—

475
250
152
621
543
905
—
—
833
394
1375
—

,2

T l 2

-i

x:,<
0.7
4.7
1.8
0.5
1.3
1.6
—
—
0.6
2.3
0.7
—

bi-exponential model are equally effective in describing the data, except in the case
of fat where the bi-exponential model gives a significantly better fit. Both models
yield similar values of the parameters M (H , Ml)2 and Tl2. The resulting Ti2 values
strongly diverge from the 7^ values obtained by uni-exponential analysis, especially
in the case of eyelens, hair and testes.
In NMR imaging T| images are usually obtained by generating at least two different
inversion-recovery images of the same slice and solving the corresponding equations
pixel by pixel, assuming the adequacy of the uni-exponential relaxation model.
From our analysis of mouse tissues it follows that for some tissues this approach
may produce very inaccurate T, values and should preferably be replaced by a simplified
bi-exponential analysis. It should be noted, however, that the proposed method
requires at least three independent images of the same slice for a complete solution.
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6. Interpretation of the results
To explain qualitatively the shape of the water proton relaxation curves obtained in
our experiments various theories must be taken into consideration (for a review the
reader is referred to Berendsen (1975), Packer (1977) and Mathur-De Vré (1979).
According to a widely accepted view, part of the tissue water is restricted in its molecular
motion due to binding to membranes and macromolecules (Hazlewood et al 1969).
The mean time a water molecule resides in the free or bound state is short compared
with the relaxation times associated with these states (see, for instance, Kuntz and
Kauzman (1974), Packer (1977) and Peemoeller et al 1979)). As shown by Zimmerman and Brittin (1957) relaxation in this case is described by a single relaxation time
TL.ff, whose reciprocal value is a weighted average of the relaxation times of the bound
and free states respectively:

elf

H

Jf

In this equation fh and 1 - ƒ,, are the equilibrium fractions of the bound and free state.
The fast-exchange-two-state (FETS) model is effective in explaining differences in Tt
among tissues (see, e.g., Fung (1974) and Peemoeller et al (1979)) but does not
account for the observed bi-exponentiality of the relaxation curves. An obvious
amendment to the FETS model would therefore be to assume the bi-exponentiality of
the relaxation curves to be due to slowly exchanging separate water compartments
within the tissues, viz., intra- and extra-cellular water. This explanation is not very
likely in our case, however, since no correlation is found between data on intra- and
extra-cellular water content of tissues obtained from the literature and the results of
our relaxation analysis. Besides, according to various authors (e.g., Edzes and Samulski
1978) both intra- and extra-cellular water may be expected to have T, values in the
order of hundreds of milliseconds. Our inability to discriminate between separate
anatomical water compartments is presumably due to the in vitro character of the
experiments. When tissues are removed from their natural environment membrane
damage and other necrotic processes are known to occur which cause loss of compartmentalisation.
Another theory to explain water proton relaxation in biological tissues has been
proposed by Edzes and Samulski (1978). According to their theory cross-relaxation
between the bulk of water protons and the bulk of macromolecular protons significantly
perturbs water proton spin relaxation in biological tissues. Solution of the Bloch
equations within the cross-relaxation model reveals that—even in the limit of rapid
cross-relaxation—spin-lattice relaxation in either phase is described by a sum of two
exponential decays, characterised by two apparent relaxation times 77 and 77, which
are the same in either phase.
The results of our measurements are consistent with the cross-relaxation model
when r M and Ti2 are interpretedas 77 and T] respectively. A rough correspondence
is observed between the Tf and 77 values for rat muscle found by Edzes and Samulski
at 40 MHz and the results of our measurements of mouse muscle at 60 MHz: 77 —
16 ms, 77 = 625 ms versus 7,1 — 17 ms and Tt 2 — 933 ms. The cross-relaxation model
may be considered effective in explaining bi-exponentiality in biological tissues, except
in the case of fat. As discussed in the literature (Bovée et al 1978) and illustrated by
figure 1, fat constitutes an exception in that the NMR signal in this case originates both
from the protons in the lipids and from the water protons. The proton NMR spectrum
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Figure 1. Proton NMR spectrum of murine fat tissue at 60 MHz. The spectrum shows a major peak arising
from the protons of the lipid droplets in the fat cells and a minor peak arising from the protons in the tissue
water. The chemical shift 5 is expressed in parts per million with tetramethylsilane (TMS) as a reference.

of subcutaneous mouse fat (figure 1) clearly demonstrates these separate water and
fat peaks which represent about 15% and 85% of the signal, respectively. The observed
chemical shift of ~ 4 PPM at 60 MHz indicates the prevalance of slow exchange conditions for the protons in both environments. This allows a straightforward explanation
of the bi-exponentiality of the relaxation curve of fat by interpreting the relatively
short relaxation time of about 200 ms as belonging to the fat protons and the relatively
long relaxation time of about 900 ms as belonging to the water protons.
It should be stressed that the findings of this in vitro study—measurements were
performed between two and five hours from excision—do not necessarily apply to the
in vivo situation. As has been pointed out by Barriolhet and Moran (1975,1976), for
instance, liver tissue removed from its normal physiological environment shows a
change in its relaxation behaviour from bi-exponentiality to uni-exponentiality on a
time scale much shorter than the times involved in our experiments. From the above
analysis it may be inferred that in general three or even more exponentials will be
necessary to characterise fully the spin-relaxation curve of a tissue in vivo, particularly
when the tissue has a high extra-cellular water or fat content. In our experiments
generally no fat contributions could be resolved, which is presumably due to the low
fat content of the tissues under investigation and the limited precision of the measurements. More subtle experiments and additional information on the chemical composition of tissues will be necessary further to elucidate relaxation processes in biological
tissues.
7. Conclusions
Taking into account experimental accuracy, the uni-exponential model constitutes an
adequate description of the water proton spin-lattice relaxation curves of necrotic
tissue. The bi-exponential model produces significantly better results for all other
tissues. The bi-exponentiality is particularly clear for eyelens, hair, testes, and fat,
while tumour, liver, kidney, spleen, muscle, and salivary gland tissues show a weak
bi-exponentiality. The bi-exponential analysis generally yields a fast relaxation minor
component with T n < 20 ms and a slow relaxation major component with Tl2 > 300 ms,
except for fat which presents a separate case. The analysis produces very inaccurate
values of r n due to the experimental set-up which is similar to the set-up usually
encountered in NMR imaging. For quantitative NMR imaging a simplified bi-exponential

Multi-exponential spin-lattice relaxation in tissues
model is proposed which produces the same values of M ol , M02 and Ti2 as the
bi-exponential model, except in the case of fat. The resulting T]2 values strongly
diverge from the Tl values obtained by a uni-exponential analysis, especially in the
case of eyelens, hair, and testes.
The results seem to be consistent with current views about water proton spin-lattice
relaxation in biological tissues and support the cross-relaxation model of Edzes and
Samulski (1978). In the case of fat the bi-exponentiality is due to the different relaxation
behaviour of water and fat protons. More refined experiments and additional information concerning the chemical composition and molecular dynamics of tissues will be
necessary to further elucidate relaxation processes in biological tissues.
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Resume
Relaxation spin-réseau multi-exponentielle des protons de l'eau dans des tissus biologiques et ses implications pour Timagerie RMN quantitative.
Cette étude in vitro a été entreprise pour determiner si la relaxation spin-réseau des protons de l'eau dans
les tissus biologiques était correctement décrite par une seule constante de temps T,, pour définir dans
quelles circonstances une approche multi-exponentielle est indiquee et pour étudier les implications de la
multi-exponentialité sur Pimagerie RMN quantitative. Les courbes de relaxation du proton de l'eau ont
été mesurées par la methode 180-T-90 a 60 MHz. Des courbes mono et bi-exponentielles ont été ajustées
sur les courbes empiriques en utilisant Ie x1 comme critère d'ajustement correct. Un test de F a été utilise
pour tester la validité de chaque terme exponentiel ajouté a la fonction d'ajustement. En tenant compte
de Ia précision expérimentale. Ie modèle monoexponentiel semble décrire de fac,on correcte les données
concernant la relaxation pour des tissus nécrotiques. Le cristallin et la graisse montrent une bi-exponentialité
nette, tandis que foie, rate, glandes endocrines, tumeur, et muscles présentent des cas intermédiaires.
L'analyse bi-exponentielle conduit en general a une composante mineure avec un temps de relaxation court,
T n < 20 ms, et une composante principale de relaxation lente avec T12 > 300 ms. Un modèle bi-exponentiel
simplifié est propose pour l'application a l'imagerie RMN quantitative. Les résultats semblent être en accord
avec les idees admises pour ce qui concerne la relaxation spin-réseau des proto -s de l'eau dans les tissus
biolcgiques.

Zusammenfassung
Multi-exponentiale Spin-Gitter-Relaxation bei Wasserprotonen in biologischem Gewebe und ihre Bedeutung
für die quantitative NMR-Bilderzeugung.
Diese in vitro Untersuchung wurde durchgeführt um herauszufinden, ob die Protonen-Spin-Gitter-Relaxation in biologischem Gewebe ausreichend beschrieben wird durch eine einzige Zeitkonstante T,, um
festzulegen unter welchen Umstanden eine multi-exponentiale Naherung angezeigt ist und um die Bedeutung
der multi-exponentialen Relaxation für die quantitative NMR-Bilderzeugung zu untersuchen. Die
Relaxationskurven von Wasserprotonen wurden gemessen mit der 180-T-90-Methode bei 60 MHz. Uniund bi-exponentielle kurven wurden an die empirischen Kurven angepasst und mit Hilfe des * 2 -Tests die
Genauigkeit der Naherung bestimmt. Der F-Test wurde verwendet um die Gültigkeit eines jeden Exponentialterms, der zu der Naherungsfunktion addiert wurde zu überprüfen. Unter Berücksichtigung der
experimentellen Genauigkeit liefert das uni-exponentiale Modell eine ausreichende Beschreibung der
Relaxationswerte für nekrotisches Gewebe. Augenlinse und Fettgewebe zeigten eindeutig bi-exponentielle
Relaxation wahrend Leber, Milz, Speicheldrüse, Tumor- und Muskelgewebe Zwischenformen darstellen.
Die bi-exponentielle Analyse führt allgemein zu einer kleineren Komponente mit einer schnellen Relaxationszeit von T,, < 20 ms und einer langsamen Hauptkomponente mit T, 2 > 300 ms. Ein vereinfachtes biexponentiales Modell wird vorgeschlagen zur Erganzung bei der quantitativen NMR-Bilderzeugung. Die
Ergebnisse scheinen übereinzustimmen mit der gegenwartigen Auffassung über die Spin-Gitter-Relaxation
von Wasserprotonen in biologischem Gewebe.
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Abstract. The use of NMR imaging as a quantitative research tool requires insight into the
relationship between various imaging techniques and their resultant images. Work was
undertaken to elucidate this relationship by using the following procedure. First, a theoretical model of NMR imaging under various pulse sequences was elaborated. Subsequently,
a series of inversion recovery and saturation reeo\er\ images of a particular object slice
was generated by varying the sequence parameters. Finalh. pure i>, Tx and T, images of
that slice were obtained by solving the corresponding model equations. This procedure
was applied to a test phantom containing tubes with suitable reference substances, including
aqueous solutions of agar, manganese chloride and deuterium, and water-fat mixtures.
The concentration of various samples was chosen such as to yield p, 7", and T2 values
usually encountered in clinical NMR imaging. Fxperiments were carried out with a
prototype resistive NMR imager with a static magnetic field of 0.14T, corresponding to a
hydrogen proton resonance frequency of 5.9 MHz. For most samples a weighted non-linear
regression analysis showed the theoretical model to produce an adequate parametrisation
of the data at the 5''» significance level, gi\ en the number of data points and the experimental
accuracy. The quantitative information extracted from the NMR imaging experiments, i.e.
p, T, and 7~:, appeared to be in good agreement with the results of conventional methods,
including NMR spectroscopy. The clinical efficacy of the proposed methods is currently
being investigated.

1. Introduction
NMR imaging is a multiparameter phenomenon. At least three parameters need to be
considered in understanding the images: hydrogen proton density p, spin-lattice
relaxation time T, and spin-spin relaxation time T2. The images further depend on
the type of RF pulse sequence used in generating them, i.e. the timing and amplitude
of the RF pulses determine the extent to which p, 7, and 7\ find expression in the
images (Young et al 1982).
The multiparameter character of NMR imaging makes it possible to display the
spatial distribution of the NMR properties of an object, e.g. the human body, in many
different ways by varying the parameters of the applied pulse sequence. Systematic
variation of the sequence parameters thus allows different images of a particular slice
to be generated, from which the p, T, and T2 distributions within the slice can be
calculated.
It should be realised, however, that in a practical situation there are not such things
as pure p, T\ or T2 images. The NMR signal recorded is effectively a measure of the
nuclei having relaxations within windows that are dependent upon a combination of
39
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equipment limitations and the operational conditions. Changing the 7, and T2 windows
would change the NMR signal.
A full utilisation of the potential of NMR imaging as a quantitative method requires
insight into the relationship between various imaging techniques and their resultant
images. The present study was undertaken to elucidate this relationship by employing
the following procedure. First, a theoretical model of NMR imaging under various
pulse sequences was elaborated. Subsequently, a series of images of a particular object
slice was generated by varying the parameters of the applied pulse sequences. Finally,
pure p, T, and T2 images of that slice were obtained by solving the corresponding
equations.
In this study the procedure outlined above was applied to a test phantom containing
tubes with suitable reference substances. The clinical efficacy of the proposed methods
is currently being investigated.
2. Theoretical analysis
The response of the magnetisation of a spin system to a sequence of Rh pulses is
described by the Bloch equations (Farrar and Becker 1971). If the system is placed
in a static magnetic field B() in the z direction and if RH excitation pulses are applied
along the x axis with frequency w,, the motion of the magnetisation vector M is
conveniently described in a frame rotating with frequency o>, around the r axis.
According to Ernst and Anderson (1966), the motion of M consists of two phases: (i)
during an RF pulse, there is a precession around the effective field Belf, and (ii) between
pulses there is a free induction decay. If strong, short pulses are used, the effective
field in the rotating frame lies along the .v axis and relaxation during pulses may be
neglected. The motion of the magnetisation due to a 0 pulse can then be described
by the following transformation
M2 = P(6)M,

(1)

Here M, and M 2 represent the magnetisation vectors at the beginning and at the end
of the 6 pulse respectively, and P denotes a rotation operator defined by
(2)

Between pulses, the motion of M can be written
M2{t) = R{t)Mx + M0[l - e x p ( - f / T,)]fc

(3)

Here M, and M2(t) represent the magnetisation vectors at the beginning and during
the pulse interval respectively, k denotes a unit vector in the r direction, M(, denotes
the equilibrium magnetisation and R represents a relaxation operator defined by

exp(-// 7\)

0

0
0

exp(-// T2)
0

0
0

(4)

exp(-r/

The effect on the magnetisation of any pulse sequence may be obtained by successively combining equations (I) and (3). We will illustrate this by calculating the response
of the magnetisation to a repetitive sequence of 90° pulses (figure 1). The motion of
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Figure 1. Schematic representation and steady state signal formulae for a number of pulse sequences
commonly employed in NMR imaging, i.e. the saturation recovery sequence <SR> and the inversion recovery
sequence IIRI, data being acquired by free induction decays (FiDi, single (SE-,i or multiple echoes <SEA).
RF pulses are assumed along the positive x axis. E, and F, are defined by E, =exp(-r,/ T,) and F, =
exp(-fj/T 2 ) respectively. The signal amplitudes correspond to the y component of the magnetisation at a
time indicated by vertical arrows. In the calculations the uni-exponentiality of the relaxations and the
ideality of the applied pulses have been assumed.

the magnetisation vector during this sequence is given by equations (5), (6) and (7),
with 0,, r,, £, and e, as defined in figure I and M,, M 2 and M-, denoting the
magnetisation vectors at the beginning of the cycle, immediately after the 90° pulse
and at the end of the cycle respectively.
(5)

M 2 =P(90)M, = (Mx, M_-, -Mr)

(6)

As pointed out by Ernst and Anderson (1966), the system eventually reaches a
stationary state if the train of pulses is maintained for a time long compared to T,, a
condition which can be written
(8)

y = M,

The steady state solution of M, is easily obtained by combining equations (5), (6), (7)
and (8)

+F l £,)](0,F,M„,M o )

(9)

The amplitude S of the recorded free induction decay signal, which is proportional
to the v component of the magnetisation immediately after the 90° pulse, is thus given
by

The procedure outlined above may be applied to evaluate the signal functions for
arbitrary pulse sequences. The steady state solutions for a number of pulse sequences
commonly employed in NMR imaging are summarised in figure 1. In the calculations
the uni-exponentiality of the T] and 7\ relaxation, operation under resonance conditions and the ideality of the 90° and 180° pulse have been assumed, while the NMR
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properties of the object have been assumed to remain unaffected by the imaging process
itself.
3. Phantoms and subjects
The imaging experiments reported in this study were performed with a carefully
designed test phantom shown in figure 2. The phantom consists of a 20 cm diameter
cylindrical holder of synthetic material which affords space to 26 airtight sample tubes of
2 cm diameter each. The tubes contain aqueous solutions of manganese chloride, agar,
deuterium oxide and fat. According to the literature (see e.g. Landolt-Bömstein 1962,
Redpath 1982, Pykett et al 1983, Schneiders el al 1983) these substances are adequately
characterised by single T, and T : values, except for the fat and agar solutions which
require a bi-exponential approach (Bakker and Vriend I984).
(26)

0 0 (^ ® ©
'S ® ® ® ® 0
®J3) 0 0 0
®0@0
0
Figuic2. Cross-sectional diagram and description of a test phantom containing aqueous solutions of
manganese chloride (no. 1-10), agar (no. 11-16). deuterium oxide (no. 17-21) and fat (no. 22-261: details
in table I.

The concentration of the various samples was chosen such as to yield p, T, and
T2 values which span the entire range of values usually encountered in NMR imaging
(see e.g. Kaufman et al 1981, Ling et al 1982).
4. Instrumentation and techniques
4.1. Apparatus
The Philips NMR imager used in this study has been described elsewhere (Luiten et al
1981, Locher 1983). It is a prototype four coil resistive system which produces a static
magnetic field of 0.14 T corresponding to a hydrogen proton resonance frequency of
5.9 MHz. Images are obtained by Fourier analysis of spin echoes produced under a
series of time varying magnetic field gradients as described by Kumar et al (1975) and
Edelstein et al (1980).
4.2. Imaging techniques
Two imaging sequences were employed in the present work: the saturation recovery
(SR) sequence and the inversion recovery HR) sequence, data being acquired by the
spin echo technique (figure 1). The sequence parameters, including the echo delay (?,
in the SR sequence and t2 in the IR sequence), recovery time (/, in the IR sequence) and the
sequence repetition time 11, could be varied over a wide range.
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Most images were taken with an echo delay of 26 ms, a variable number of
equidistant echoes, and recovery and repetition times varying between 0.03 and 10.0 s.
The effective length of the 90° and 180° pulses was of the order of a few ms. Sequences
were applied continuously to establish steady state conditions during the imaging
experiments. Images were reconstructed by using a standard minicomputer equipped
with a vector processor in a 128 x 128 matrix and displayed in the same format, using
a grey scale such that the brightness of a pixel increased as the pixel value increased.
Negative signals thus appeared at the dark side of the scale, positive signals at the
bright side, while the grey level of the background indicates the zero of the scale. The
display had windowing controls similar to those o n e r scanners. The processing-display
system allowed for any quantitative manipulation of the images, for instance, computation of mean values and standard deviations in areas of interest.
The reported experiments were conducted with a 30 cm diameter head coil. The
effective slice thickness was approximately 15 mm and scan times varied between I
and 20 min/slice, depending on the number of signal averages (usually 2) and the
parameters of the applied RI- sequence.
4.3. Calculation of p, 7, and T-, images
As shown in § 2, the pulse sequences used in NMR imaging produce images whose pixel
values have different dependencies on the physical parameters p, 7, and 7 : and the pulse
sequence parameters 0,, tu B2, t2,.. . .
For the saturation recovery sequence with multiple equidistant echoes indicated in
figure 1, the recorded echo amplitudes are given by
1-2EA.,(1-EJI-E,

, { . . . [ l - £ 2 ( l - £ , / 2 ) ] . ..M) ,,

Here ; is the echo number, k is the number of echoes, / , , . . . , tk., are the successive
pulse intervals (/ : = /, = . . . = tk = 2t]), c is a calibration constant reflecting the sensitivity of the receiver system, and E, and F, are defined by E, = exp<-/,/ 7,) and F, =
exp(-/,/7 2 ) respectively. Substituting R for the echo independent part of the signal
formula, equation (II) takes the form
S, = c/?exp(-2/7,/7 2 )

(12)

From equations ( I I ) and (12) it follows that R equals p times a saturation factor. R
and p become identical when saturation is negligible, i.e. when the repetition time of
the SR sequence is chosen at least four times the maximum value of 7, within the slice.
For the invers ion recovery sequence with one echo indicated in figure I, the recorded
signal amplitude is given by
S = cp

I-2E,+2E,E,-E,E2E, ,
—
——— e~2
1 + Fif2F)tlb2b?,

(13)

From equation (12) it follows that pure R and 7. pictures may be obtained from a SR
experiment with at least two echoes by fitting a uni-exponential function to the observed
echo amplitudes. In the present experiment, R and T2 images were derived from an
.SR experiment with eight echoes, an echo delay ?, of 26 ms and a sequence repetition
time of 5 s. The number of echoes was chosen such as to allow a reasonably accurate
determination of the T2 relaxation curves for most samples.
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Once R and 7\ are known, it follows from equation (13) that pure p and 7, images
may be obtained by generating at least two independent images of an object slice and
fitting equation (13) to the observed echo amplitudes, taking p — R and T, ~ 7 : as
starting values. In the present experiment 16 i R images of a particular slice were generated
by stepwise variation of recovery time /, between 0.03 and 3.0 s, keeping t2 at 26 ms and /, at
1 s. The number of images was chosen such as to yield an accurate description of the 7,
relaxation curves for most substances. Besides, a relatively large number of experiments
was considered appropriate for a statistical evaluation of the adequacy of the applied
theoretical model.
The choice of R as a starting value for p in the p - 7 , analysis is readily appreciated
when it is realised that R equals p in equation (12) when the repetition time of the
SR sequence is chosen at least four times the maximum value of 7, within the slice
and saturation becomes negligible (Farrar and Becker 1971).
In principle the above analysis allows calculation of pure p, 7, and T2 images on
a pixel by pixel basis. In our study such a pixel by pixel analysis was abandoned in
favour of a region-of-interest approach for practical reasons. The most important one
was that, due to instrumental factors, pictures appeared to be shifted with respect to
each other which made it difficult to precisely determine the corresponding elements
in a series of images. In the present experiment signals were therefore averaged for
each sample tube, the standard deviations of these signals being used as weighting
factors in the R-T2 and p - 7, regression analysis.
The uncertainties Ap, A 7, and A7 2 in the calculated values of the sample parameters
p, 7, and 7\ were determined as described in a previous paper (Bakker and Vriend
1984). A chi-squared test was applied to establish whether equations (12) and (13)
can be considered adequate parametrisations of the SR and IR experiments respectively.
In this analysis the reduced chi-squared, xl, was taken as a measure for the goodness
of the fit.
As discussed by Bevington (1969) the fitting function may be considered an adequate
approximation to the empirical data, at the 5% significance level and for the number
of data points used in this study, if 0.27^ ^ ^2.10 and 0.47^ xi =s 1.69 for the SR and
IR experiments respectively.

5. Results
In this section results are presented of the methods outlined in the previous section
when applied to the test phantom of figure 2. The results relate to a representative
axial slice through the object with a thickness of 15 mm.
The first step in the analysis involves a saturation recovery experiment with eight
equidistant echoes and a sequence repetition time of 5 s. This SR experiment yields a
number ot echo images at regular intervals of 52 ms, a few of which are shown in
figure 3. As figure 3 shows, samples with short 7\ values are lost in the background
within a few echoes, whereas samples with longer T2 values become weaker more
gradually. For a quantitative characterisation of this spin-spin relaxation effect, the
images are subjected to a non-linear regression analysis with R and T2 as parameters
(equation 12). Typical results for one of the samples are shown in figure 4. The
indicated regression curve obviously constitutes an adequate description of the data
in this case. The results of the R-T2 analysis for the complete phantom are summarised
in the left part of table I. Taking into account experimental accuracv and number of
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Figured. Series of spin-echo images with dillerent echo times, based on u saturation recovery experiment
with multiple echoes.

52

10*.

156 208 260
Echo time (ms)

312

36^ 416

Figure4. Mean echo amplitude versus echo time for a sample of M n " doped water (10 |7 ions/cm'),
obtained from a saturation recovery experiment with multiple echoes. The indicated curve and the values
of R and T: were obtained by a weighted least-squares regression analysis with \', as a measure for the
goodness of fit. R =92.6±3.8 (arbitrary units); 7\ = I33±4ms: xl = 0.34.
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Table 1. The parameters R (arbitrary units), 7\(ms),/> (arbitrary units) and 7, (ms) for a phantom containing
reference solutions of manganese, agar, manganese doped deuterium and fat, obtained by a weighted
least-squares regression analysis of a saturation recovery experiment with multiple echoes and an inversion
recovery experiment with variable 180°-90° pulse intervals, xl, ar>d xï. designate the goodness of the
respective fits.
Inversion recovery

Saturation recovery

No.
Mn'
1

Sample

3

AK

(arb.
units)

T2
(ms)

A7\

1.1

1045

1.2

567
404
264
205

141
30
17
7
7
4

units)

P

\f>

(arb.
units)

(arb.
units)

104.8
103.8
102.4
93.3
85.2
90.4
92.9
89.7
90.2
88.3

4.6

3
3
3

0.31
0.53
0.15
0.17
0.45
0.34
0.13
0.02
0.1 1
0.01

0.9
0.6
0.7
0.8
0.8
1.0
0.9
0.9

X
6
4
4
5
3

0.15
1.53
0.30
0.04
0.18
0.15

74.5
108.1
107.9
102.1
92.7
102.4

3.4
4.1
3.3
3.4
2.1
2.6

3
->

95.0

1.1

77.()

0.8

3
4
7

0.20
0.49
0.37
0.04
0.14

60.4
38.6
18.8

O.X

5
8
43
80
6

0.73
6.26
1.78
1.10
1.64

45.0
30.5
3 1.0
83.1
40.7

0.8
0.7
0.5
3.5
0.7

(ms)

7-,

AT;

(ms)

(msl

2526
1471
1013

114
44
16'
6
4

7H 2 O (10"'ions/cm')i
0.0

1.2
4
5
6
7
8
9
10

R

(arb.

2.5
5.0
7.5

10.0
15.0
20.0
30.0
40.0

32.0
. 52.8
62.7
75.7
80.1
92.6
98.0
94.1
92.9
92.6

1.5
1.9
2.5
3.8
3.6
6.1
7.0

11.5

133
98
79
S3
40

3

2.1

1
1

2.14
2.08
2.33
1.82
0.69
0.83
0.62
0.43
0.47
0.47

1533
1994
1772
1757
1297
1516

83
109
79
88
50
59

5.18
5.12
3.55
3.87
6.57
3.68

187
186
176
177
178

T

0.32
0.25
0.58
0.57
0.20

602
444
341
239
iX5
121
92

•>

Agar/H : O (weight " < > )
2.8
106
32.9
40.2
1.9
156
97
44.0
2.4
41.4
2.1
102
3
61
47.3
5.0
3
54
45.3
3.8
M n ' ' doped D : O / H : O (volume ",. O -Ol
17
0
101.8
6.2
78
IK
20
84.2
81
4.0
19
40
65.2
3.S
75
41.1
81
20
60
2.4
21
80
20.1
2.0
84
1!
12
13
14
15
16

1
1

0.6

0.4

1
-}

3

Fat/water (weight '% fat)
->i

23
24
25

100
SO
40
0

26

100

49.0
31.3
32.4
32.8
44.6

4.3
1.7
1.5
I.I
3.4

71
166
454
607
82

77
169
505

2 108
86

4
9
112

4.50
4.32
13.62
0.21
4.73

data points, the chi-squared analysis shows equation (12) to be an adequate description
of the sample data at the 5% significance level.
The next step in the analysis involves a number of inversion recovery experiments
with recovery time t{ varying from 0.03 to 3 s, keeping t: at 26 ms and /, at 1 s (figure
I). This IR experiment yields a number of IR images with different /, values, a few of
which are represented in figure 5. As figure 5 shows, samples with short 7, values
rapidly recover from the 180° inversion pulse, whereas samples with longer T, values
return to equilibrium more slowly. For a quantitative characterisation of this spinlattice relaxation process, the IR images are subjected to a non-linear regression analysis
(equation 13) with p and T, as parameters and 7\ as calculated from the SR
experiment. Typical results for one of the samples are shown in figure 6. The indicated
regression curve evidently constitutes an adequate description of the data in this case.
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Figure 5. Series of inversion recovery images, based on a series of inversion recovery experiments with
different intervals between the 180° inversion pulse and the 90° observation pulse. The images were normalised
with respect to grey scale.
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Figure6. Mean echo amplitude versus duration of 180°-90° pulse interval for a sample of Mn + t doped
water (1017 ions/cm 3 ), obtained from a series of inversion recovery experiments. The indicated curve and
the values of p and X, were obtained by a weighted least-squares regression analysis with ^7. as a measure
for the goodness of fit. p = 90.4 ±0.8 (arbitrary units); 7", =341 ± 2 ms; ^-f. = 0.83.
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The results of the p- T, analysis for the complete phantom are summarised in the
right part of table I. Adopting 0.47 =£ <*;« 1.69 as a criterion for the goodness of the
fit, the chi-squared test shows equation (13) to be an adequate parametrisation of the
sample data, except for the agar solutions and the water-fat mixtures which require
a ditïerent approach.
Figure 7 finally summarises the results of the R-T2 and p-T] analysis in the form
of pure R, 7\, p and 7", images.

Figure 7. Calculated R, 7\, /; and T, images of the test phantom described in figure 2.

6. Discussion
In this section we will consider the validity of the results presented in the previous
section. Firstly, we will examine the validity of the assumptions underlying the
theoretical analysis of NMR imaging presented in § 2. Subsequently, we will view the
quantitative information extracted from NMR imaging experiments against the results
of conventional methods.
The first assumption pertinent to the theoretical model presented in S 2 relates
to the existence of steady state conditions. As pointed out by Ernst and Anderson
(1966), the appropriateness of this assumption will depend on the repetition rate of
the applied pulse sequences and the relaxation parameters involved. For the sequences
and relaxation parameters encountered in the present study, the validity of the steady
state assumption was examined by calculating the response of the magnetisation to a
repetitively applied pulse cycle. The number of cycles necessary for a steady state to
establish appeared to be in the order of 5 to 10 cycles for most samples, when a less
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than 0.1% difference between the magnetisation at the beginning and at the end of a
cycle was adopted as a criterion for steady state conditions.
In the present experimental set-up, steady state conditions, once established, were
maintained by continuous application of RF excitation pulses during the experiments.
The second assumption underlying the theoretical model of § 2 relates to the
uni-exponentiality of the spin-echo and inversion recovery curves. The results of the
chi-squared analysis given in table 1 show the uni-exponential model to constitute an
adequate description of the data for most of the samples except for the agar solutions
and the water-fat mixtures. As discussed in a previous paper (Bakker and Vriend
1984), fat requires a bi-exponential approach since the NMR signal in this case originates
both from the protons in the lipids and from the water protons. The implications of
bi-exponentiality for quantitative NMR characterisation of substances are currently
being investigated.
The third assumption pertinent to the theoretical model presented in § 2
relates to the alleged ideality of the applied 90° and 180° pulses. The validity of this
assumption is primarily determined by the uniformity of the applied RF field. A first
estimate of the influence of any non-uniformities on the recorded and calculated images
is provided by figure 8, which shows calculated R, T2, p and 7, pictures for a phantom
of identical manganese samples. A substantial shortening of T2 is observed at the
outer edges of the phantom, indicating faulty 180° pulses (Farrar and Becker 1971).
The observed non-uniformity of the calculated R and p pictures is presumably due to
the inexactness of the 90° pulse across the object slice and to the spatial non-uniformity

Figures. Calculated R, 7\, p and T, images of a homogeneous test phantom containing identical samples
of Mn' ' doped water (IO r ions/cm').
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Figure9. l / r , versus Mn + * concentration, obtained from a saturation recovery experiment with multiple
echoes. Data points represented by open circles were determined by using the imaging apparatus in the
spectroscopy mode.

of the receiver response. The calculated mean values of p, /?, 7, and T2 for the
homogeneous phantom ( R = 501 ±36; p = 485±36; 7, = 341 ±12; 7 : = I 4 8 ± 9 ) show
the systematic errors arising from the non-ideality of the 90° and 180° degree pulse to
be within 7%.
In addition to the validation of the theoretical model attempted so far, the validity
of NMR imaging as a quantitative method was investigated by comparing its results to
the results obtained by conventional methods.
A first attempt at experimental verification of the imaging results was made by
subjecting individual samples to a spectroscopie analysis, using the NMR imager as a
conventional spectrometer. The conversion from the imaging to the spectroscopy mode
was achieved by switching off the gradient system of the imaging apparatus. In the
spectroscopy mode the sample was placed in the centre of the receiver-transmitter
coil. Accurate 7, and T2 measurements were then performed by applying exactly the
same inversion recovery and spin-echo sequences as discussed in § 3.2. The results
of these measurements for a number of manganese samples are shown as 1/7, and
\/T2 versus manganese concentration plots in figures 9 and 10. The results of the
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Figure 10. I/7", versus Mn** concentration, obtained from a series of inversion recovery experiments with
different 180°-90° pulse intervals. Data points represented by open circles were determined by using the
imaging apparatus in the spectroscopy mode.
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imaging experiments appear in good agreement with the spectroscopie determinations
of 7, and T2. Evidently the imaging process as such does not significantly affect the
NMR properties of the substances involved. This finding is in seeming contradiction
with the findings of Wesbey et al (1983) who observed a marked reduction of T2 in
an imaging experiment as compared to a spectroscopie determination. The discrepancy
with our results is probably due Jo their use of much stronger gradient fields: any
mis-settings of the 180° pulses or fi, inhomogeneities lead to reductions in the observed
7\ values, which are larger the larger the magnitude of the field gradient.
In addition to the experimental verification of the calculated T\ and 7"; images
discussed above, the validity of the calculated p images was examined by comparing
the calculated p values of individual samples with their known H>O-D : O concentrations. As shown by figure 11, the calculated values closely correspond to the expected
values for the H : O-D 2 O samples.
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Figure 11. Calculated versus expected \> \alues for H.O'D-O solutions, normalised to the i> \alue of pure
water. The calculated values are represented b\ the black dots, bars indicating the uncertainty The expected
/'/Pu O values are represented bv the dashed line.

The findings reported in this section clearly demonstrate the potential of NMR
imaging as a quantitative research tool. The efficacy of the proposed methods in clinical
imaging is under current investigation. Additional investigations will be necessary,
e.g. to study the effects of flow and patient movement during and between successive
scans. Further it should be examined whether a reduction of the imaging time may
be achieved without significant loss of information.
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Resumé
Extraction de ('information quantitative en imagerie R M N : étude sur fantöme.
L'utilisation de I'imagerie R M N comrpe outil de recherche quantitative nécissite l'exploration des relations
entre les diverses techniques d'imagerie et leurs images résultantes. l ' n travail a été entrepris afin d'evpliciter
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la mise au point d"un modèle théorique d'imagerie RMN pour diverses sequences d'impulsions. Puis, en
variant les paramètres des sequences, on a généré des séries d'images de la coupe d'un objet particulier,
selon les techniques d'inversion-récupération et de saturation-récupération. Enfin, des images pures de cette
coupe en p, T, et 7\ ont été obtenues en résolvant les equations du modèle correspondant. Les auteurs ont
appliqué cette methode a un objet test contenant des tubes remplis de diverses substances de reference,
telles que des solutions aqueuses d'agar, dé chlorure de manganese et de deuterium, ainsi que des mélanges
eau-graisse. La concentration des différents échantillons a été choisie de facon a recouvrir la gamrx' des
valeurs de p, 7", et T2 habituellement rencontrées en imagerie clinique RMN. Des études expérimentales ont
été réalisées avec un prototype d'appareil d'imagerie RMN a aimant résistif dont Ie champ magnétique
statique a une valeur de 0,14 T, ce qui correspond a une frequence de resonance pour Ie noyau d'hydrogène
de 5,9 MHz. Compte tenu des conditions expérimentales (nombre de points de mesure et précision), pour
la plupart des échantillons, une analyse par regression non lineaire pondérée a montré que Ie motièle
théorique était capable de fournir une paramétrisation adequate des données pour un intervalle de confiance
de 5%. L'information quantitative extraite des experiences d'imagerie RMN, c'est-a-dire p, 7", et 7\ est en
bon accord avec les résultats des methodes conventionnelles, y compris la spectroscopie RMN. L'efficacité
clinique de la methode proposée est en cours d'investigation.

Zusammenfassung
Ableitung quantitativer Informationen bei der NMR-Bildgebung: eine Phantomstudie.
Für die Verwendung der NMR-Bildgebung als quantitatives Forschungsinstrument ist der Einblick in die
Beziehung zwischen den verschiedenen bildgebenden Verfahren und ihre resultierenden Bilder erforderlich.
Zur Aufklarung dieser Beziehungen wurden die folgenden Verfahren \erwendet: als erstes wurde ein
theoretisches Modell der NMR-Bildgebung bei verschiedenen Pulssequenzen erarbeitet; danach wurde eine
Serie von Bildern einer speziellen Objektscheibe nach der "Inversion-" und "Saturation-Recovery"-Methode
erzeugt durch Variation der'Sequenzparameter. Reine p-, Tt- und 7\-Bilder dieser Scheibe wurden durch
Lösung der entsprechenden Modellgleichungen erhalten. Dieses Verfahren wurde angewendet bei einem
Testphantom.das Röhren mit geeigneten Testsubstanzen enthielt, auch wassrige Agar-Lösungen, Manganchlorid und Deuterium, sowie Wasser-Pett-Mischungen. Die Konzentrationen der verschiedenen Proben
wurden so gewahli, da(3 sich p-, Tr and 7\-Werte ergaben wie man sie üblicherweise bei klinischen
NMR-Abbildungen erhalt. Es wurden Experimente durehgefü'hrt mit dem Prototvp eines NMR-Bildgebers
mit resistivem Magnet bei einem statischen Magnetfeld von 0.14T, was einer Wasserstorl-Protonenresonanzfrequenz von 5.9 MHz entspricht. Bei den meisten Proben zeigte eine gewichtete nicht-lineare
Regressionsanalyse, dafi das theoretische Modell eine adaquate Parametrisierung der Daten auf dem
5%-Signifikanzniveau erzeugt bei vorgegebener Anzahl von Datenpunkten und experimentelier Genauigkeit.
Die quantitativen Informationen, die aus den NMR-Abbildungsexperimenten gewonnen werden, d.h. p, T,
und 7\, befinden sich in guter Übereinstimmung mit den Ergebnissen konventioneller Methoden, die
NMR-Spektroskopie mit eingeschlossen. Die klinische Leistungsfahigkeit der vorgeschlagenen Methode
wird zur Zeil gerade untersucht.
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Restoration of signal polarity in a set of inversion recovery
NMR images
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Abstract. A method is described which enables unambiguous retrieval of sign information
in a set of magnetic resonance magnitude images of the inversion recovery type. The
proposed method starts from the observation that the inversion recovery curve, S, is a
monotonically increasing function of the inversion time, TI, and comes down to finding the
zero-crossing time, TI,,, of this curve for each pixel within the image, i S ! and S arc then
relatcdby:S(TI) = - i S ( T I ) | forTKTI,,andS(TI) = + |S(TI)| for TI >TI(1. The method,
which docs not require additional knowledge with respect to any of the NMR parameters
involved, is shown to be effective when at least four inversion recovery images with different
inversion times of a particular object slice are available. The efficacy of sign retrieval is
demonstrated by imaging experiments on phantoms and human subjects. The validity of the
polarity restoration method is established by viewing its results against the results of
conventional methods, i.e., NMR spectroscopy.

1. Introduction
In the past few years NMR imaging has developed into a quantitative research tool,
offering perspectives with regard to localization and characterization of tissues and tissue
abnormalities and evaluation of tissue response to therapy. The parameter most widely
utilized for this purpose so far is spin-lattice relaxation time T,, and several strategies have
been proposed for measuring T, values in vivo. If it is one's objective to find out what in
v/voTj's really are, without worrying too much about clinical efficacy, at least two pulse
techniques should be taken into consideration: progressive saturation (PS) and inversion
recovery (IR) (Farrar and Becker, 1971). Of these, the inversion recovery technique has
been shown the most efficient in terms of the total experimental time required to reach a
specified precision of T, (Becker et al 1980) and is generally considered the method of
choice for obtaining accurate T, values.
When implemented in imaging experiments, however, there is one possible
disadvantage to the IR technique, originating from the fact that in NMR imaging pixel
intensities are often related to the magnitude of the recorded signals (see, e.g., Edelstein et
al 1983 and Crooks et al 1984). If this is the case — in some imaging methods the loss of
sign information may in principle be avoided by adjusting the phase during
reconstruction; judging from the literature, however, this phase correction is no trivial
task and has been left undone by many research groups — signals of the same magnitude
57
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but with opposite sign cannot be distinguished in an IR image, unless additional
information is available.
The inability to discriminate between positive and negative signals obviously
interferes with a straightforward interpretation of the IR images and may invoke serious
errors when quantitative information, in this case T,, is extracted. We therefore thought it
appropriate to devise a method which enables unambiguous retrieval of sign information
within a set of magnetic resonance magnitude images of the inversion recovery type. The
proposed method starts from the observation that the inversion recovery curve is a
monotonically increasing function of the inversion time TI and comes down to finding the
zero-crossing TI,, of this curve for each point within the image.
The indicated method, which is effective when at least four IR images with different
inversion times of a particular object slice are available, will be demonstrated and
experimentally verified by imaging experiments on phantoms and human subjects.
2. Method
2.1. The inversion recovery experiment
In an inversion recovery (IR) experiment (fig. 1) the magnetization along the z-axis is

Figure 1. Schematic representation of the inversion recovery pulse sequence with signals generated by the
spin-echo technique. The successive pulse intervals arc denoted by t,, t2, and t v TI and TE indicate the
inversion time and the echo time of the sequence respectively.

- • r e c o r d e d (I SI
-Orestored ( S )

TI

Figure 2. Graphical representation of the NMR signal as a function of the inversion time TI in an inversion
recovery experiment, demonstrating the relationship between the recorded and the polarity restored IR
curve. TI() indicates the zero-crossing of the IR curve.
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inverted by a 180° pulse. The inverted magnetization is then allowed to recover for a time
interval t,. After this time interval — commonly referred to as the inversion time TI— a
spin echo is generated the amplitude of which shows how far the magnetization has
returned to its initial value. By repetition of this experiment for different values oft,, the
full recovery curve S, shown as a dashed line in figure 2, can be determined (Farrar and
Becker, 1971).
Assuming uni-exponential relaxation, ideal 90° and 180° pulses and operation under
steady state conditions, the echo amplitude S in an IR experiment can be shown to satisfy
the following equation (Bakker, De Graaf and Van Dijk 1984):

l-2E,+2E,E,-ElEiE,

Here c denotes a proportionality constant incorporating the sensitivity of the detection
system, M(, is the equilibrium magnetisation, and E; and ^ are defined by E, = exp (-t/T,)
and t"j = exp (-tj/T2) where t,, t2 and t3 denote the successive intervals in the IR pulse
sequence (fig. 1).
2.2. Retrieving signal polarity in a set of IR images
In NMR imaging the experimental set-up is often such that the magnitude, | S |, of the
evoked resonance signals is displayed rather than S itself. Since S is a monotonically
increasing function of the inversion time TI (fig. 2), S and | S | for each pixel (x,y) are
related by:
Sxy (TI) = - | SJTI) | for 77 < TI0(x,y)

(2a)

Sxy (TI) = + | Sxy(TI) | for TI> TI0(x,y)

(2b)

where TI0(x,y) denotes the pixel-dependent zero-crossing of Sxy.
Retrieval of sign information — i.e., recovering S from | S | — thus comes down to
finding TI() for each point in the image.
In order to be feasible, the calculation of TI() requires a description of the inversion
recovery curve S for each point in the image. Since S is a multiparameter function (eq. 1),
a full description of S requires a number of independent 1R images of a particular slice at
least equal to the number of parameters involved. Given this set of IR images, | S | and S
can easily shown to be related by:
Sxy (TI(i)) = -1 Sxy (TI(i)) | for TI(i) < Tl(imm(x,y))

(3a)

= +1 Sxy (TI(i)) | for TI(i) > TI(imin(x,y))

(3b)

Here TI(i), i = 1,..., N, refers to the specific values of TI for which magnitude IR images
are available (N = 5 in figure 2), and TI(imjn(x,y)) denotes the pixel dependent value of TI
for which the observed signal | Sxy is minimal.
The only polarity left undetermined by equations 3a and 3b is the polarity of
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Svv (TI(imin(x,y))). In order to retrieve the sign of this signal, several procedures may be
taken into consideration.
An obvious method would be to fit equation (1) to the empirical data with M,„ T,, and
T2 as parameters, and to determine the zero-crossing TI(1 of the resulting IR curve for each
point in the image. However, convergence of this fitting procedure requires reasonable
starting values of Mo, T, and T-, for each pixel, which will generally not be available.
Moreover the indicated method, when implemented on a pixel-by-pixel basis, turns out
to be laborious and time-consuming, which is not very attractive for a routine method.
To dispose of the indicated problems an alternative method was adopted here. In this
method it is assumed that, for the purpose of finding TI0, the inversion recovery curve S is
adequately described by a weighted second order polynomial (eq. 4) with TI as the
independent variable and a weighting function w, = 1/S,2:
S(TI)~aTI-+bTI

+c

(4)

The validity of this approach was checked by simulation experiments. For the range of
Parameter values and pulse settings usually encountered in N MR imaging, a less than 5 %
difference was observed between the TI(1 values calculated from equation 1 and 4
respectively.
Assuming the adequacy of the 2nd order polynomial model, the parameters a, b, and c
are now obtained by fitting equation (4) to the N-1 data points of the inversion recovery
curve already determined by equations 3a and 3b (fig. 2). This is done by minimizing the
weighted sum of squares of deviations, x2, of the data from the fitting function:
X2=ZMS(Tl(i))-S,)f

(5)

where w, = 1/S2. It is then checked whether this least-squares fitting procedure actually
produces an IR type curve, i.e. a concave up parabola with positive roots. If so, TI(I is
obtained by calculating the zero-crossing of the monotonically increasing left branch of
this parabola; if not so, the sign of Sxv (TI(imir(x,y))) is determined ad hoc, depending on
the type of parabola produced, and encoded as such in a status image. A flow chart of the
algorithm to restore signal polarity within a series of IR images and to produce a
status-image of the polynomial approximation is presented in fig. 3. In addition to the
status-image the algorithm produces a TI0 image, i.e. an image indicating the
zero-crossing of the IR curve for each point in the image. In a forthcoming paper we will
show this TI(I image to be straightforwardly convertible to a T, image.
3. Experimental detail
The NMR imager used in this study has been described elsewhere (Locher, 1983). It is a
prototype four coil resistive system with a static magnetic field of 0.14 tesla,
corresponding to a hydrogen proton resonance frequency of 5.9 MHz. Images are
obtained by two dimensional Fourier zeugmatography as described by Kumar, Welti and
Ernst (1975) and modified by Edelstein et al (1980).
The images analysed in this study were produced with the inversion recovery (IR)
pulse sequence with signals generated by the spin echo technique. At least 4 independent
images of a particular object slice were generated by varying the inversion time TI
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image of zero-crossing times, and to produce a status-image of polynomial approximation.
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between 0.033 and 3.0 seconds, keeping the echo time TE and the recovery time t3 at
0.052 and 1.0 seconds respectively (fig. 1). In this, no attempt was made to optimize the
experiment with respect to the number and distribution of TI values, as proposed by
Becker et al( 1980) and Hanssum and Ruterjans (1980). This resulted in rather long scan
times in the order of 30 minutes per object slice.
Magnitude images were reconstructed in a 128 x 128 matrix and displayed in the same
format, using a gray scale such that the brightness of a pixel increased as the pixel value
increased. The effective slice thickness was approximately 15 mm and scan times varied
between 1 and 20 minutes per slice, depending on the parameters of the applied IR
sequence and the number of signal averages (usually 2). All images were obtained under
steady state conditions and were normalized with respect to the sensitivity of the receiver
system.
Imaging experiments were carried out on phantoms and human subjects. One of the
phantoms, drawn schematically in figure 4, consisted of a 20 cm diameter cylindrical
holder of synthetic material affording space to 26 airtight sample tubes of 2 cm diameter
each. The tubes contained reference solutions of manganese chloride (nrs. 1-10), agar
(nrs. 11-16), deuterium oxide (nrs. 17-21) and fat (nrs. 22-26), the concentrations
chosen such as to yield o, T,, and T2 values spanning the entire range of values
encountered in NMR imaging.
Accurate TI(, values for each sample were obtained by subjecting individual samples to
an inversion recovery experiment, using the NMR imager as a conventional spectrometer
as described in a previous paper (Bakker, De Graaf and Van Dijk 1984).
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Figure 4. Cross-sectional diagram of a test phantom containing aqueous solutions of manganese chloride
(1-10), agar (11-16), deuteriumoxide (17-21) and fat (22-26).
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4. Results and discussion
In this section the efficacy of the polarity restoration method will be demonstrated by
imaging experiments on a phantom and a human subject.

Figure 5. Recorded (left) and polarity restored (right) inversion recovery images for different values of
inversion time TI (sec) of a phantom containing reference solutions of manganese, agar, deuterium, and fat.

For the phantom, schematically represented in figure 4, sixteen independent inversion
recovery images of a particular slice were generated by varying the inversion time TI
between 33 msec and 3 sec, keeping TE at 52 msec and t, at 1 sec. Five of these images,
whose pixel values are proportional to the magnitude of the recorded signals, are shown in
figure 5, left row. The right row represents the results of polarity restoration, based on a
series of 16 inversion recovery images. For a correct interpretation it should be kept in
mind that all pictures were normalized to equal gray scale and that the gray level of the
background defines the zero of the scale.
The results of the polynomial approximation of the inversion recovery curve for each
pixel, based on 16 IR images, are summarized in the form of a status picture in figure 6a.
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Figure 6. Status pictures indicating the status of a * cond order polynomial approximation of the inversion
recovery curve for each point in the image, obtained from 16 (fig. 6a) and 4 (fig. 6b) independent IR images of
the phantom described in fig. 4. Black pixels indicate an IR-type polynomial, i.e., a concave up parabola with
positive roots, white pixels refer to non-IR-type polynomials.

White spots in this picture refer to pixels for which no proper parabola could be fit to the
observed data points. As might have been expected, this is almost exclusively the case for
background and interface pixels. Virtually the same results are obtained when the
analysis is restricted to a subset of the available 16 IR images. This is demonstrated by
figure 6b which shows a status picture based on the required minimum number of 4 IR
images.
For the human subject, six independent inversion recovery images of a particular slice
were generated by arbitrarily varying TI between 33 msec and 1 sec, keeping TE at 52
msec and t, at 1 sec. Figure 7 shows a set of IR images of the female abdomen at the level of
the cervix, prior to and after polarity restoration. The results of the polynomial
approximation of the IR curve for each pixel are summarized in the form of a status
picture in figure 8. According to the status picture, no proper parabola could be fit to be
observed data points for the bladder, the rectum and the lateral parts of the body. For the
bladder this is presumably due to its excessively long T, value, producing a flat parabola
with a negative discriminant; for the rectum and the lateral parts of the body the poor
signal due to incorrect flip angles may be taken responsible.
Having demonstrated the efficacy of the polarity restoration method in experiments
on phantoms and human subjects, we finally should consider its validity. Since polarity
restoration comes down to a determination of the zero-crossing time TI(, of the inversion
recovery curve for each point in the image, experimental verification may be attained by
comparing the calculated TI 0 values to the TI{, values obtained by a reference method.
In the present study experimental verification of zero-crossing times was attempted by
subjecting individual manganese samples (fig. 4, samples 1-10) to a spectroscopie
analysis, using the NMR imager as a conventional spectrometer. The conversion from the
imaging to the spectroscopy mode was achieved by switching off the gradient system of
the imaging apparatus. In the spectroscopy mode the sample was placed in the center of
the transmitter/receiver coil. Accurate measurements of T,, TI,, and T2 were then
performed for each sample by employing the usual inversion recovery and spin-echo
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Figure 7. Recorded (left) and polarity restored (right) inversion recovery images for different values of
inversion time TI (sec) of a transversal slice through the female abdomen at the level of the cervix.
Figure 8. Status picture indicating the status of a second order polynomial approximation of the inversion
recovery curve for each point in the image, obtained from 6 independent IR images of the female abdomen.
Black pixels indicate an IR-type polynomial, i.e. a concave up parabola with positive roots, white pixels refer
to non-lR-type polynomials.
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techniques (Farrar and Becker, 1971; Bakker, De Graaf, and Van Dijk, 1984).
The results of the TI„ measurements for the manganese samples are shown in table 1.
According to this table, the results of the polarity restoration algorithm are in good
agreement with the spectroscopie determinations of TI0. Deviations occur, however, for
extremely high and low T, values where the shape of the IR curve is too much unlike a
parabola to yield accurate results. Table 1 further shows the polarity restoration method
equally effective when the analysis is based on 4 or 8 IR images instead of the available 16.
From the above experimental results we may conclude the polarity restoration
method to be valid for samples whose relaxation behaviour is adequately described by a
uni-exponential model. When used in clinical studies, however, it should be realised that
substantial deviations from uni-exponentiality have been reported in the literature (e.g.
Bakker and Vriend, 1984). The implications of multi-exponentiality for the proposed
methods are currently being investigated.
Table 1. Zero-crossing time Tl,, of the IR curve of aqueous manganese solutions in various concentrations,
as determined by NMR imaging and NMR spectroscopy. In the imaging experiments it was assumed that, for
the purpose of finding TIM, the IR curve is adequately described by a second order polynomial. N denotes the
number of IR images used in the analysis.

spectroscopy

imaging (polynomial approximation)

M n + + cone

TI„

TI„ (N = 4)

Tl„ (N = 8)

Tl„ (N = 16)

nr

(l()"'ions/cc)

(msec)

(msec)

(msec)

(msec)

1
2
3
4
5
6
7
8
9
10

0.00
1.25
2.50
5.00
7.50
10.0
15.0
20.0
30.0
40.0

700
581
488
355
282
227
163
128
84
64

769
585
493
357
285
224
164
132
75
33

738
586
500
369
281
225
172
132
104
44

757
588
500
363
306
230
174
133
86
52
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Abstract. A method is described which permits accurate pixel by pixel estimation of
zero-crossing time ti and spin-lattice relaxation time, T,, images from a set of inversion
recovery images with different inversion times. The method is effective when at least three
inversion recovery images of a particular object slice are available and does not require
starting values or additional knowledge with respect to any of the NMR parameters
involved. In the proposed method T, is calculated from the zero-crossing time, t°, of the
inversion recovery curve for each point in the image in a way analogous to the nullpoint
determination of T, in a conventional NMR experiment. The zero-crossing time t° is found
by fitting a second order polynomial to the data with the inversion time, t h as the
independent variable. The described method is demonstrated and experimentally verified
by imaging experiments on phantoms and human subjects. The T, values extracted from the
imaging experiments appear in good agreement with the T, values obtained by
spectroscopie analysis. The method, although completely self-contained, is shown effective
when incorporated into a more general scheme for calculating o,T,, and T 2 images.

1. Introduction

In conventional NMR, spin-lattice relaxation times are usually measured by the inversion
recovery method (Farrar and Becker, 1971). Implementation of this method in NMR
imaging is obstructed by two factors. First, the magnetization is generally not allowed to
recover toward equilibrium between successive measurements, and, second, data are
generally collected by a spin-echo technique rather than by free induction dt. 'ay. As a
consequence, the recorded signal intensity is not only dependent on spin density Q and
spin-lattice relaxation time T,, but is also affected by spin-spin relaxation time T2.
In a previous paper (Bakker, De Graaf, Van Dijk, 1984") we have shown the necessity
of performing additional spin-echo experiments to disentangle the Q, T, and T2
information contained in a series of inversion recovery images. Convergence of the
applied fitting procedures, besides, appeared to require reasonable starting values of the
parameters involved, which are generally not available. A special image analysis
technique to overcome this problem (De Graaf, Toet, Koenderink, Zuidema, Van Rijk,
1984) is currently being investigated.
In this study we have tried to dispose of the indicated problems by developing a
method which enables straightforward calculation of a T, image from a set of inversion
recovery images and which does not require additional information with respect to Q and
71
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T2. In this method T, is calculated from the zero-crossing time, t°, of the inversion
recovery curve, which in its turn is found by fitting a second order polynomial to the data
points. The proposed method will be demonstrated and experimentally verified by
imaging experiments on phantoms and human subjects, and will be shown to be effective
when incorporated into a more general scheme for obtaining o, T,, and T2 images.
2. Method
2.1. The inversion recovery experiment
In a conventional inversion recovery experiment (Farrar and Becker, 1971), the
magnetization along the z-axis is inverted by a 180° pulse. The magnetization is then
allowed to recover toward equilibrium for a time interval t,, commonly referred to as the
inversion time. After this time interval the initial amplitude of the free induction decay
following a 90° observation pulse shows how far the magnetization has returned to
equilibrium. By repetition of this experiment for different values of t,, the full recovery
curve S can be determined. If the waiting time between successive pulse cycles is chosen
long enough for the system to restore equilibrium between measurements, the inversion
recovery curve can be expressed as follows (Farrar and Becker, 1971):
S (t,) = CQ (1-2 exp(-t,/T,))

(1)

Here c denotes a calibration constant, o is the hydrogen proton density, and T, is the
spin-lattice relaxation time. T, and Q are now obtained by fitting equation (1) to the
empirical data with T, and Q as parameters. Since S (t,) = 0 for exp (-t, /T,) = 1/2, T, can,
in principle, also be found from the pulse spacing t°, that results in no free induction decay
signal following the 90° pulse:
Tl=f,/log2

(2)

This is often referred to as the null-point method. While useful for a rough measurement,
this procedure is usually considered inadequate for accurate determination of T,.
In inversion recovery NMR imaging, extraction of T, information is complicated by
two factors. First, the system is generally not allowed to recover toward equilibrium
between successive cycles, and, second, data are collected by the spin-echo technique
rather than by free induction decay (fig. 1). As a consequence both o, T, and T2 and the
sequence parameters t,, t2, and t3 (fig. 1) affect the recorded signal.
Assuming resonance conditions, uni-exponential relaxation, ideal pulses and
operation under steady state conditions, while ignoring flow effects, the echo amplitude S
in an IR experiment can be shown to be given by (Bakker, De Graaf and Van Dijk,
1984"):

l-2exp(-tl/Tl)+2exp(-(tl+t,)/T,)-exp(-(tl+i:+t.!)/Tl)
S(t,)=cQ

exp(-2tJT,)(3)
I +exp(-(t, +t_,+t,)/Tl)exp(-(t, +t,+i,) IT2)
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Figure 1. Graphical representation of the recorded signal in a multi-delay inversion recovery experiment for
two situations: a. the magnetization is allowed to return to equilibrium between measurements by observing a
waiting time t3 > 4T, (solid line), and b. the magnetization is not allowed to restore equilibrium between
measurements (dashed line). A diagram of the applied pulse sequence in an IR experiment is shown on top of
this figure.

Here c denotes a calibration constant, and t„ t2, and t3 refer to the successive pulse
intervals in the inversion recovery sequence (fig. 1).
Assuming at least three independent IR images of a particular object slice available,
the o, T„ and T2 distribution within that slice may, in principle, be calculated by fitting
equation (3) to the empirical data with Q, T, and T2 as parameters. Convergence of this
fitting procedure, however, requires reasonable starting values of Q, T, and T2 for each
pixel, which will generally not be available. Besides, differences between IR images are
predominantly determined by T, and only marginally affected by T2 (eq. 3). In a previous
paper (Bakker, De Graaf and Van Dijk, 1984a) we have shown the necessity of
performing additional spin-echo experiments to disentangle the information contained in
a series of inversion recovery experiments.
In this study we have tried to dispose of the indicated problems by developing a
method which enables straightforward calculation of a T, image from a set of IR images
and which does not require any information on Q and T2. As described in sections 2.2 and
2.3 the method starts from the observation that the zero-crossing of the IR curve
(equation (3)) may be found by approximating this curve by a second order polynomial
with inversion time t, as the independent variable. This observation allows a T, image to
be calculated from the pixel-dependent zero values of the polynomial in a way analogous
to the null-point determination of T, in a conventional IR experiment (equation 2).
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2.2. Polynomial approximation of the inversion recovery curve
As observed in a previous study and verified by simulation experiments (Bakker, De
Graaf, and Van Dijk, 1984b), the zero-crossing time t] of the IR curve S in an IR imaging
experiment may be obtained from a weighted second order polynomial analysis of this
curve, with t, as the independent variable and a weighting factor Wj = 1/Sj2:

S (t,) = a tj + b t, + c

(4)

Assuming the validity of this approach, the parameters a, b, and c are obtained by
minimizing the weighted sum of squares of deviations of the data from the fitting function
with respect to each of the parameters simultaneously (Bevington, 1969)
N
(5)

Here N represents the number of independent IR images available (N > 3).
Subsequently it is checked whether the fitting procedure actually produces an IR type
curve, i.e. a concave up parabola with positive roots. If so, t] is found by calculating the
zero-crossing of the monotonically increasing left branch of this parabola; if not so, the
value of t°, is set equal to the time of the minimum absolute signal. Carrying out this
procedure pixel-by-pixel finally yields a t\ image of the studied slice.
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Figure 2. T^ as a function of zero-crossing time t° in an inversion recovery experiment with variable waiting
time t,, 0.2 < t3 < °°sec, and a fixed echo delay t : , t 2 =26 msec.
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2.3. Calculation of T, from the zero-crossing time of the IR curve
The method described in the previous section permits an efficient determination of the
zero-crossing time t° of the IR curve for each point in the image when at least three IR
images with different inversion times t, are available. According to equation (3),
however, this zero-crossing time must also obey the following equation:
/ - 2 exp(-t,/T,)+ 2exp(-(t!Hl)/Tl)-

exp(-(t,+t2+t,)/T,) = 0

(6)

This equation is independent of o and T 2 and defines a relationship between t'j and Tj,
which is a generalisation of the null-point relation in a conventional IR experiment (eq.
2). The interdependence of t] and Tj is readily established by numerically solving
equation (6) for any given pulse sequence. Figure 2 shows Tj as a function of t'j for a
number of IR sequences with varying waiting times, t3, 0.2 < t_, <°° sec, and a fixed echo
delay, t2, of 26 msec. The straight line for t3=°° indicates the absence of saturation. In
practice this situation occurs if the waiting time t3 is chosen at least four times the
maximum value of T, within the imaged slice. In that case equation (6) reduces to 1—2 exp
( - t | / T , ) = 0, yielding the familar relationship Tj = fj/log 2.
Equation (6) allows a straightforward conversion of a t° image into a Tj image, either
by direct calculation or by the use of a look-up table. When saturation is negligible, the t°
and the Tj image become identical, apart from a multiplication factor I/log 2. The
divergence between botltfypes of images increases when the waiting time t_, is shortened
and saturation becomes more prominent.

3. Experimental detail
The NMR imager used in this study has been described elsewhere (Locher, 1983). It is a
prototype four coil resistive system with a static magnetic field of 0.14 tesla,
corresponding to a hydrogen proton resonance frequency of 5.9 MHz.
The images analysed in this study were produced with the inversion recovery pulse
sequence with signals generated by the spin echo technique. Independent images of a
particular object slice were generated by varying the inversion time t, between 0.033 and
3.0 seconds, keeping the echo delay t2 and the waiting time t_-, at 0.026 and 1.0 seconds
respectively (fig. 1). The effective slice thickness was approximately 15 mm and scan
times varied between 1 and 20 minutes per slice, depending on the parameters of the
applied IR sequence and the number of signal averages (usually 2). Images were
reconstructed in a 128x128 matrix by inverse Fourier transformation. This, and all
further processing was carried out with a standard minicomputer (HP-1000), equipped
with a vector processor (VIS-1000). The images were displayed using a gray scale such
that the brightness of a pixel increased as the pixel value increased. All images were
obtained under steady state conditions and were normalized with respect to the sensitivity
of the receiver system.
Imaging experiments were carried out on a phantom and on human subjects. The
phantom (fig. 3) consisted of a 20 cm diameter cilindrical holder of synthetic material
affording space to 26 airtight sample tubes of 2 cm diameter each. The tubes contained
reference solutions of manganese chloride (nrs. 1-10), agar (nrs. 11-16), deuterium oxide
(nrs. 17-21) and fat (nrs. 22-26), the concentrations chosen such as to yield o, T,, and T,
values spanning the entire range of values encountered in NMR imaging.
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Figure 3. Cross-sectional diagram of a test phantom containing aqueous solutions of manganese chloride
(1-10), agar (11-16), deuterium oxide (17-21) and fat (22-26).

The IR images obtained from a particular object slice were first subjected to a t}
analysis as described in section 2.2. Subsequently the resultingt" image was converted to a
T| image as described in section 2.3. The conversion was done by means of a
precomputed look-up table appropriate to the employed pulse sequence. This look-up
table was produced by specifying a Tj window, calculating the corresponding t\ window,
and subdividing this window in 300 equal segments, defining the entries of the table.
Adjustment of the TJ window allowed a particular range of T, values to be studied in
greater detail.
In order to improve the appearance of the calculated TJ images, a thresholding
method was optionally applied. In this method each pixel value below a certain level is
considered background and set to zero. The threshold level was determined from a mean
absolute IR signal image defined by:

I
'N

N
SxJt,(i))\

(7)

Here N denotes the number of IR images with different inversion times t, available.
Clearly, background pixels may be expected to yield the smallest pixel values in this
image.
In order to limit the statistical fluctuations in the calculated T, image, a statistical
bounding method was applied. In this method each pixel is compared to the weighted
mean of its neighbours. If the pixel is outside the desired interval — in this study ± l\ times
the standard deviation — then it is replaced by the calculated mean. The method truncates
the statistical distribution to a bounded interval.
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4. Results and discussion
In this section the calculation of T| images by the null method will be demonstrated by a
phantom study and a clinical imaging experiment.
For the phantom sixteen independent IR images of a particular slice were obtained by
varying the inversion time t, between 33 msec and 3 sec, keeping t2 at 26 msec and t, at 1
sec.
In order to find the zero-crossing t^ for each point in the image a weighted 2nd order
polynomial analysis of the IR curves was performed as described in section 2.2. The
resulting t° picture is displayed in figure 4a. As might have been expected, artifacts
predominantly arise at tube edges and in the background.

Figure 4. Zero-crossing time, t°, (a) and spin-lattice relaxation time. T°, images (b) of the phantom
described in figure 3. The images were normalized to equal gray scale.

Subsequently the t° image was converted to a TJ image by applying a look-up table,
based on a T, window extending from 15 msec to 1500 msec. The resulting TJ image is
depicted in figure 4b. For regions where saturation is negligible, the t° and TJ image
become identical, apart from a multiplication factor I/log 2 which reflects itself as an
overall difference in brightness between figures 4a and b. The divergence between both
types of images increases when saturation becomes more prominent.
To remove noisy background pixels from the calculated Tj image (fig. 5a), a 12%
threshold was applied, the level being determined from the mean absolute signal image
defined by equation (7) and displayed in figure 5d. The resulting T\ image is displayed in
figure 5b. Finally the TJ image was smoothed for presentation (fig. 5c).
The same general results were obtained when the described method was applied in
imaging experiments on human subjects. An illustrative example, related to a woman
with a tumour in the left breast, is shown in figure 6. In this particular case, 8 independent
1R images of a transversal slice through the tumour were generated by varying t, between
33 msec and 1 sec, keeping the echo delay t2 at 26 msec and the waiting time t3 at 1 sec. A ti
image (fig. 6a) was again obtained by a weighted 2nd order polynomial analysis of the IR
curve for each pixel. The t°, image was converted to a Tj image (fig. 6b) by means of a
look-up table, based on a T, window from 15 msec to 1500 msec. To remove the noisy
background from the calculated TJ image (fig. 7a) a 7% threshold was applied (fig. 7b),
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Figure 5. Set of pictures illustrating the effect of thresholding and smoothing on the calculated TJ image of
the phantom described in figure 3; (a) represents the unprocessed'^ image, (b)and (c) designate thresholded
(7%) and smoothed images respectively. The threshold was determind from the mean absolute signal image
represented by (d). Pictures (a), (b), and (c) were normalized to equal gray scale.

Figure 6. Zero-crossing time, t°, (a) and spin-lattice relaxation time, TJ. images (b) of a transversal slice at
the level of the mammae of a 67 year old woman with a tumour in the left breasi. The images were normalized
to equal gray scale.
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Figure 7. Set of pictures illustrating the effect of thresholding and statistical bounding on the calculated 'I"|
image of a slice through the human body at the level of the mammae as described in the legend to fig. 6; (a)
represents the unprocessed 'l"j image, (b) and (c) designate thresholded (11%) and statistically bounded
(+ 1 .'(7) images respectively. The threshold was determined from the mean absolute signal image represented
by (d).

the level being determined from the mean absolute signal image (fig. 7d). Finally the T\
image was smoothed for presentation (fig. 7c).
The results presented so far, although trustworthy from a theoretical and cosmetic
viewpoint, still are in need of experimental verification. Such a verification may be
achieved by comparing the T*j values calculated within the polynomial model (equation 4)
to the T, values obtained from equation 3, using o and T2 values as calculated from an
additional spin-echo experiment with multiple echoes (Bakker, de Graaf and Van Dijk,
1984a).
According to table 1 the results of both methods are in good agreement except for
extremely high and low T, values, where the shape of the IR curve is too much unlike a
concave up parabola to produce a useful estimate.
From the above results we may conclude the proposed method for calculating T, from
a series of IR images to be valid on the assumption of ideal pulses, uni-exponential
relaxation, and absence of flow and movement. The efficacy of the proposed method in
clinical imaging is under current investigation. Additional investigations are carried out
to study the implications of non-ideal RF pulses and multi-exponential relaxation and the

CJG Bakker, C N de Graaf, P van Dijk

80

Table I. Spin-lattice relaxation time T,(sec) as a function of manganese concentration (10"' ions/cm1) for
aqueous solutions of manganese chloride as calculated by a conventional n, T(, T, analysis of the inversion
recovery curve modelled by equation (3) and by a 2ml order polynomial analysis of this curve (eq. 4). Sample
numbers refer to the corresponding phantom locations in figure 3. Reported values indicate averages and
standard deviations per sample tube.

conventional method

sample

Nr.

»* j-4++

.n16ions.
Mn conc(, 10
—^

T,(sec)

CTT|

polynomial
approximation
(sec)

T;(sec)
' i

1
2
3
4

5
6
7
8
9
10

0.00
1.25
2.50
5.00
7.50
10.0
15.0
20.0
30.0
40.0

2.526
1.471
1.013
0.602
0.444
0.341
0.239
0.185
0.121
0.092

0.114
0.044
0.016
0.006
0.004
0.002
0.002
0.002
0.001
0.001

3.316
1.496
1.068
0.624
0.441
0.346
0.253
0.190
0.123
0.075

0.340
0.055
0.024
0.008
0.006
0.004
0.007
0.011
0.003
0.005

effects of flow and patient movement during and between successive scans. Further it is
examined whether a reduction of imaging time may be achieved without significant loss of
information.
Finally we will show the discussed method, although primarily intended as a method
for extracting T, information from a series of IR images and entirely self-contained, to be
nicely insertable into a more general scheme for gathering pure o, T,, and T2 images. As
shown in a previous paper (Bakker, De Graaf, and Van Dijk, 1984a), pure T2 images are
readily derived from a saturation recovery (SR) experiment with multiple equidistant
echoes. The recorded echo amplitudes in such an experiment are given by:

t,

k+1

n
Here i is the echo number, k is the number of echoes, t,,..., tk+] are the successive pulse
intervals (t2=t3:=...=tk=2t1), c is a calibration constant, and Ej and ^ are defined by
Ej= exp(-ti/T,) and z = exp(-t/T 2 ) respectively.
Substituting R for the echo independent part of the signal formula, equation (8) can be
rewritten:
c R exp(- 2it,/T2)

(9)

From equations (8) and (9) it follows that R equals Q times a saturation factor which solely
depends on T,, T2 and the pulse intervals t,,..., tk+,. Consequently, a pure o image may be
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Figure 8. Calculated o and T, pictures of a transversal slice through the human body at the level of the
mammae. The corresponding t° and Tj images arc displayed in figures 6 and 7.

calculated from this saturation factor once T, and T2 images have been derived from the
IR and SR experiments respectively. The feasibility of this approach in clinical practice is
demonstrated by figure 8 which shows calculated o and T : images of a slice through a
human subject, the corresponding T, images of which are depicted in figures 6 and 7.
The results presented in this section demonstrate the efficacy of the proposed methods
in calculating zero-crossing and spin-lattice relaxation time images in inversion recovery
NMR imaging. The method is effective when at least three IR images of a particular object
slice are available and does not require starling values or additional information with
respect to any of the NMR parameters involved. The method, although completely
self-contained, is equally effective when incorporated into a more general scheme for
calculating o, T,, and T2 images.
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Abstract. In nowadays NMR imaging practice the acquisition parameters
(saturation/inversion recovery mode, echo times, repetition times, inversion times) are set,
prior to the measurement, in a more or less arbitrary way. Usually the pulse sequences
applied are the result of the investigator's experience, or of literature studies concerning the
particular clinical indication. Often a series of experiments is carried out, each with
different acquisition parameter settings. A simulation procedure is proposed to obtain
pulse sequences for optimal tissue contrast in a range of clinical indications. In selected
patient studies the measurements are extended with some extra images, so that images of all
imaginable pulse sequences can be computed, and investigated upon tissue contrast in
regions of interest. Data concerning promising sequences for specific clinical indications
can then be filed, so as to aid the investigator's experience in setting up NMR acquisitions.
The proposed simulation procedure is described, and illustrated by some clinical examples.

Introduction

In nowadays NMR imaging practice the acquisition parameters (saturation/inversion
recovery mode, echo times, repetition times, inversion times) are set, prior to the
measurement, in a more or less arbitrary way. Usually the pulse sequences applied are the
result of the investigator's experience, or of literature studies concerning the particular
clinical indication. Often a series of experiments is carried out, each with different
acquisition parameter settings.
In order to reduce the number of acquisitions necessary, and to improve the target to
non-target contrast associated with the tissue that is suspected, or is otherwise being of
interest, we propose a procedure by which the knowledge on optimal acquisition
parameters for a range of clinical indications can be improved. The method is based on the
fact that once the proton density (NH), spin-lattice (T,) and spin-spin relaxation time (T2)
images of a tomographic slice are known, this information is sufficient to be able to
accurately compute ('simulate') the images associated with any acquisition pulse
sequences imaginable (Orthendal et al 1984). NM, T, and T2 images can be computed
from a combined multidelay inversion recovery (IR) and multiecho saturation recovery
(SR) acquisition (Davis et al 1984, Bakker et al 1985).
In the proposed procedure the above described acquisition i s applied for any case with
a clinical indication for which the knowledge on optimal acquisition parameters is
thought to bt not yet adequate. Images, acquired by simulation of a range of pulse
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sequences, can then — automatically of by visual inspection — be investigated to select
pulse sequences resulting in high target to non-target tissue contrast, to be added to the set
of promising acquisitions for the clinical indication under study.
This paper is meant to describe the proposed simulation procedure, illustrated by two
examples of clinical studies.

Method
In our set-up, T,, T, and N,, images were computed from data produced with IR and SR
pulse sequences on mainly oncological patients. Typically eight images of each particular
object slice were generated, four from IR with inversion times ranging from 33 to 3000
msec, and four echo images from a single SR with a echo time of 52 msec.

IR

Figure 1. Computed T,, T : and NM images of a patient suffering from a tumour in the left breast, and a
(measured) IR image in which ROI r„ is drawn over the tumour, surrounded by four background ROI's r,—r4.
The flat object over the right breast is a calibration wedge used for purposes beyond Ihe scope of this paper.
Notice that in the computed images pixel values have been set to zero, that originated from SR and IR signals
below a certain threshold (Bakker et al 1985).
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These images consist of 1282 pixels, which are 32-bit real numbers, which is also the
format of all following computations. Pixel-by-pixel computation of T,, T2 and N,, values
was carried out by evaluation of the Bloch equations corresponding to the pulse
sequences applied (Bakker et al 1984,1985). Usually the tissue structure of interest could
already be observed in one or more of the measured or computed images. A region of
interest (ROI) r„ was drawn manually to indicate its location, as well as ROI's (ri; i= 1 ..n)
for the surrounding tissue, one for each observed region of approximately uniform values,
that is adjacent to r(1 (fig. 1). On the basis of the N,„ T, and T2 values of all pixels within
these regions, for each individual pixel SR and IR signal-values were computed for
approximately 250,000 simulated pulse sequences, of which the acquisition time
parameters were permutations of ranges of inversion (TI), echo (TE), and repetition
times (TR) within appropriate limits for actual patient imaging.
For each of these simulated experiments a contrast to noise ratio (CNR) for r„ with
respect to its surroundings ri( i=l..n was computed as the smallest of the CN Revalues for
all r,,-r, pairs. CNR; is computed by a scheme (Edelstein etal 1983) that takes signal value,
signal noise, sequence repetition time and total scan time into account (see discussion).
For each of the different inversion times applied in the simulation study a 'contrast
map' was created as a picture of which the X-coordinates are echo times, the
Y-coordinates are repetition times, and each pixel value is the CNR that was computed
for its corresponding TI/TE/TR combination (fig. 2). These contrast maps were

Figure 2. Some of the contrast maps computed from the data in figure I: a. for SR. b. for IR with
Tl=2()msec, c. for IR with TI= 160 msec, d. for IR with TI=400 msec. In each of the four maps the horizontal
coordinates (from left to right) are TE values ranging from 2 to 128 msec, the vertical coordinates (from
bottom to top) are TR values ranging from 50 to 3200 msec. The TI=160 msec map (c) contains the very
highest CNR value, at TE=18 msec and TR=1800 msec.
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Figure 3. Image, computed from the N„, T,, and T, images in figure I, simulating the optimal pulse
sequence for the paticular patient study: an IR measurement with TI=160 msec, TE=18 msec and
TR= 1800 msec.

Figure 4. A. IR image, measured witha pulse sequence of TI=500 msec, TE=52 msec and TR= 1526 msec.
B. Computed image for the same pulse sequence.

inspected visually, and were scanned to find the (optimal) pulse sequence Tl/TE/TR
that corresponds with the highest CNR. For several pulse sequences, both SR and IR,
simulated images were computed on the basis of N,„ T, and T2 images, by applying the
appropriate Bloch equations, amongst which the image corresponding to the optimal
pulse sequence (fig. 3) and, as a check, images (fig. 4) corresponding to pulse sequences
that had actually been applied in the measurements of the same patient study. Measured
and computed images, as well as related contrast maps, were filed for future consultation.
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Discussion
We computed the N„, T, and T2-images from four IR and four SR images. Strictly
speaking, one may compute these from minimum three independent images (e.g. one IR
and two SR), by which the duration of the acquisition is shortened, but the quality of the
computed images is degraded, and hence the uncertainty of the final optimum pulse
sequence is increased. A trade-off can be established only on the basis of a larger number
of studies than we have performed. Approximated NH, T, and T2 images which are
produced by several commercial packages from even simpler pulse sequences are
composite images with one of the three parameters dominating, thus leading to very
complicated computations when being used in a simulation procedure like the one
described.
In our experiments, we restricted ourselves to the simulation of images, corresponding
to simple SR and IR pulse sequences. However, the simulation procedure can also be
applied to study set-ups in which a (usually simple) calculation step follows the
measuremens, for example in studies that result in pseudo-T,-images. In such cases, the
simulation procedure should include this particular extra calculation step in the
computation of CNR values. Also pulse sequences that are promising but hard to carry
out with the current hardware, or pulse sequences that are physically impossible can be
investigated.
Drawing ROI's may lead to typical problems commonly encountered in quantitative
in vivo nuclear medicine studies. For example whether variations within a ROI are
systematical or due to statistical noise. The central and leftmost (to the observer) ROI's in
figure 5 A may together cover a uniform area of carcinogeneous tissue or not. In fact figure
5B demonstrates that a simulation experiment to optimize the contrast of the central ROI

Figure 5. A. Measured IR image of a patient suffering from a cervix uterus carcinoma. The big black
structure in the upper part is the bladder. The circular dark object in the middle is the vagina, containing an
applicator with a reference substance. The tumour is the dark grey kidney-shaped area (see also figure 6)
adjacent to the vagina, over which two of the four ROI's are drawn. B. Computed optimal contrast image with
respect to the central ROI in A. simulating an IR measurement with TI=71 msec, TE=4 msec and TR=206
msec. Notice the difference of the areas left and right of the applicator, adjacent to the bladder.
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Figure 6. A. IR image of the patient of figure 5, measured with a TI=500, TE=52, TR=1526 msec pulse
sequence. B. Simulated image, computed with the same pulse sequence. Notice the different appearance of
the rectum (the split dark area dorsal to the vagina in A.).

alone against its surroundings yields indeed a significant difference. It should be
mentioned here, however, that in such cases it may be advisable to perform an actual
measurement with the optimal pulse sequence computed.
Another problem concerns physical phenomena that can not (or hardly) be
incorporated in the equations used to model the NMR measurement, such as flow. Figure
6 shows that the simulated image fails to match the corresponding measured image in
areas where tissues or substances actually have moved during the course of the
measurement. Extreme care should be taken to leave these structures out of tissue and
background ROI's, and a checking procedure (such as creating the images of fig. 6 for the
study of fig. 5) should always be performed.
The scheme that is applied for computing CNR, as a contrast measure for a ROI r„
against a ROI rs deserves special attention. We used Edelstein's differential signal to noise
ratio (Edelstein et al 1983) to compute
/TC\'A

A v /TSA'A-

DSNR; =.
\TR)

a

\TR/

0)

in which S is the average signal in a ROI, o is the noise in the bandwidth locally in the
image, and TS is the total imaging time. We did not, however, set c=l, since we did not
want to exclude noise from other than pure instrumental sources, such as variations in
tissue characteristics within a ROI, and since we suspected that, given a fixed TI/TE/TR,
the signal noise is not invariant to the biochemical variations throughout the image.
TS
TS
We set ™ to an arbitrary constant (™~ = 1) since we assumed multi-slice data
collections where the desire to keep TR short in order to increase the number of
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repetitions is offset by the need for long TR values in order to collect multiple slices.
Hence, our CNR formula becomes:
CNR:=—
' o
in which o is computed as the standard deviation of AS:
o-fb0-+ory-

(2)
v ;

(3)

in which o() and a, are the standard deviations of So and S,. Notice that the expression in
Eq. (2) also describes the visual discemability of two adjacent image regions.
Interestingly, indeed CNR, as a measure for contrast, performed significantly better
than DSNR, when the images computed for optimal contrast were visually compared.
This is illustrated in figures 3 and 4B, where the pulse sequence applied in the latter is
almost identical to the optimal sequence of TI=480, TE=58, TR=1600, which resulted
from a simulation study by using DSNR as a contrast measure.
As has been pointed out before with respect to simulated images obtained from SR
studies alone (Davis et al 1984), the optimal acquisition parameters found by a
simulation study may be inattractive in a practical sense, due to the duration of the
acquisition involved, or to machine limitations. Although the chance of inattractive
schemes is reduced when also IR sequences are produced, in the selection of optimal
acquisition schemes produced by the simulation procedure one has to compromise
carefully between high contrast and practical considerations in patient measurement.
As compared to simulation studies based on phantoms or NMR parameters obtained
otherwise, the above described method deals with biological tissue in its in vivo
environment, and with actual clinical indications. The simulation procedure proposed
here is meant to create, in the course of performing routine patient studies, a learning file
to assist the investigator in setting up NMR acquisitions, and comprehensively add
knowledge to his experience in doing so.
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Summary
The work reported in this thesis results from an NMR research project which was taken up
at the Department of Radiotherapy of the University Hospital in Utrecht in 1980. The
purpose of this project, which was supported in part by the Koningin Wilhelmina Fonds in
Amsterdam, was to assess the significance and potential of NMR imaging and
spectroscopy with respect to tissue characterization and evaluation of tissue response to
radiotherapy and hyperthermia, and to compare NMR with other imaging modalities, in
particular CT. The plan of investigation included both in vitro and in vivo experiments on
human subjects, experimental animals, and phantoms, and was carried out in close
co-operation with the Laboratory of Technical Physics of the University of Technology in
Delft, Philips Medical Systems Division in Best, the Laboratory of Organic Chemistry of
the University of Utrecht, and the Institute of Nuclear Medicine of the University
Hospital in Utrecht.
The articles represented here result from a series of investigations which were carried
out in the past few years with the aim of evaluating the potential of NMR imaging as a
quantitative research tool and of paving the way for the clinical part of the research
program. In the first article the possible use of proton spin-lattice relaxation time T, in
tissue characterization, tumor recognition and monitoring tissue response to
radiotherapy is explored. The next article addresses the question whether water proton
spin-lattice relaxation curves of biological tissues are adequately described by a single
time constant T,, and analyzes the implications of multi-exponentiality for quantitative
NMR imaging. In ihe third article the use of NMR imaging as a quantitative research tool
is discussed on the basis of phantom experiments. The fourth article describes a method
which enables unambiguous retrieval of sign information in a set of magnetic resonance
images of the inversion recovery type. The next article shows how this method can be
adapted to allow accurate calculation of T, pictures on a pixel-by-pixel basis. The sixth
article, finally, describes a simulation procedure which enables a straightforward
determination of NMR imaging pulse sequence parameters for optimal tissue contrast.
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Samenvatting/Summary in Dutch
Het in dit proefschrift beschreven onderzoek werd verricht in het kader van een door het
Koningin Wilhelmina Fonds gesubsidieerd onderzoeksproject, dat medio 1980 op de
Afdeling Radiotherapie van het Academisch Ziekenhuis te Utrecht van start ging. Doel
van dit project was (en is) te komen tot een afweging van de mogelijkheden die NMR
imaging en NMR spectroscopie bieden m.b.t. a) weefseltypering, b) het localiseren en
onderscheiden van tumoren en andere weefsel-abnormaliteiten (ontsteking, oedeem,
necrose enz.) en c) het bestuderen van effecten van therapie (radiotherapie en/of
hyperthermie). Het onderzoek werd uitgevoerd in samenwerking met het Instituut voor
Nucleaire Geneeskunde van het Academisch Ziekenhuis te Utrecht, het Organisch
Chemisch Laboratorium van de Rijksuniversiteit te Utrecht, het Laboratorium voor
Technische Natuurkunde van de Technische Hogeschool te Delft en Philips Medical
Systems Division in Best.
De hier gebundelde studies hebben betrekking op de meer fundamentele aspecten van
het onderzoeksproject. Ze vormen een samenhangend geheel in die zin, dat het erin
beschreven werk erop gericht was de mogelijkheden van NMR imaging als kwantitatieve
techniek te onderzoeken en een solide basis te verschaffen aan het klinische deel van het
onderzoeksprogramma.
In hoofdstuk 1 wordt een onderzoek beschreven naar de invloed van bestraling op de
NMR eigenschappen van weefsels. Spin-rooster relaxatietijden (T,) werden gemeten aan
weefsels van gezonde en tumoreuze muizen, voor en na totale lichaamsbestraling met 6
MeV fotonen, dosis 15 gray. In vitro metingen vonden plaats 64 uur na bestraling en
werden uitgevoerd met de 60 MHz spectrometer van het Laboratorium voor Technische
Natuurkunde van de Technische Hogeschool te Deift. T, werd verkregen door
enkelvoudige exponentiele analyse van experimenteel bepaalde inversion-recovery (IR)
curven. Naast T, werd het watergehalte van de weefsels bepaald. Tumoren blijken zich
van de overige weefsels te onderscheiden door een langere T, en een hoger watergehalte.
Bovendien blijkt er sprake van een verschil in relaxatietijd tussen het vitale en necrotische
deel van tumoren. Bestraling resulteert bij de meeste weefsels in een verkorting van T,.
Dit geldt vooral voor miltweefsel, maar ook voor tumor- en nierweefsel. In de meeste
gevallen gaat de verkorting van T, gepaard met een verlaging van het watergehalte.
In hoofdstuk 2 wordt, a.h.v. hetzelfde proefdiermodel en met dezelfde
meetopstelling, nagegaan of het spin-rooster relaxatieproces in weefsels adequaat
beschreven kan worden met een uni-exponentieel model. Voorts wordt bestudeerd wat
de implicaties zijn van het niet voldoen aan dit model voor kwantitatieve
weefselkarakterisering m.b.v. NMR afbeeldingsexperimenten. Voor de meeste weefsels
blijkt het uni-exponentiele model een ontoereikende beschrijving van het relaxatiegedrag
op te leveren. Dit is bijvoorbeeld het geval voor tumor-, lever-, nier-, spier-,
speekselklier-, lens- en testiculair weefsel, waarin, naast een grote, relatief langzame
component met een tijdconstante T, in de orde van enkele honderden milliseconden, een
kleine, relatief snelle component met een T, in de orde van 20 milliseconden wordt
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aangetroffen. Op grond van deze door het cross-relaxatie model van Edzes en Samulski
onders .eunde resultaten wordt een vereenvoudigd bi-exponentieel model voor de
analyse van inversion-recovery afbeeldingsexperimenten voorgesteld.
In houidstuk 3 worden a.h.v. fantoomexperimenten de mogelijkheden van NMR
imaging als kwantitatieve methode onderzocht. Hierbij wordt er vanuitgegaan dat het
contrast in een NMR afbeelding wordt bepaald door enerzijds de locale NMR
eigenschappen van het object, i.e. kernspindichtheid o, spin-rooster relaxatietijd T, en
spin-spin relaxatietijd T2, en anderzijds de toegepaste RF pulssequentie. Een hierop
gebaseerde theoretische beschrijving van het afbeeldingsproces maakt het in principe
mogelijk zuivere o, T, en T2 beelden van een objectsnede te verkrijgen uit tenminste drie
onafhankelijke afbeeldingen van die snede. In hoofdstuk 3 wordt de bovenbeschreven
procedure geverifieerd aan de hand van fantoomexperimenten. Getoond wordt hoe men
door gebruikmaking van spin-echo en inversion-recovery pulssequenties tot een
kwantitatieve karakterisering van het objekt kan komen. Tevens wordt aangetoond dat
de langs deze weg verkregen resultaten in goede overeenstemming zijn met langs
spectroscopische weg verkregen gegevens. De gerapporteerde experimenten werden
uitgevoerd met de inmiddels ontmantelde experimentele 6 MHz whole-body tomograaf
van Philips Medical Systems in Best. De samenstelling van het fantoom was zodanig dat
de NMR eigenschappen van de erin opgenomen samples een goede afspiegeling vormden
van de o, T, en T\ waarden die in het menselijk lichaam worden aangetroffen.
In hoofdstuk 4 wordt een methode beschreven die het mogelijk maakt, achteraf, van
oorsprong positieve en negatieve NMR signalen te onderscheiden in modulus-beelden
van het inversion recovery type. Het opheffen van tekenonzekerheid in modulus-beelden
kan fouten bij het extraheren van kwantitatieve informatie uit NMR beelden voorkomen
en de interpretatie van waargenomen beeldcontrasten vergemakkelijken. De
voorgestelde methode maakt gebruik van het monotoon stijgende karakter van de
inversion-recovery curve en komt neer op het bepalen van de nuldoorgang van deze
curve voor ieder beeldelement. De methode is effectief wanneer tenminste vier
onafhankelijke inversion recovery opnamen van een bepaalde objectsnede beschikbaar
zijn.
In hoofdstuk 5 wordt een methode beschreven die een pixelgewijze berekening van T,
mogelijk maakt uit een serie inversion-recovery opnamen. De methode is effectief
wanneer tenminste drie onafhankelijke inversion-recovery opnamen van een bepaalde
objectsnede beschikbaar zijn en vereist geen voorkennis omtrent andere NMR
parameters, i.e. o en T2. In de voorgestelde methode wordt een T, beeld van een snede
berekend uit de nuldoorgang van de inversion recovery curve voor ieder pixel, analoog
aan de nulpuntsbepaling van T, in een conventioneel IR experiment. De nuldoorgang
wordt gevonden door de IR curve op te vatten als een 2° orde polynoom met de
inversietijd als de onafhankelijke variabele. De beschreven methode wordt toegelicht en
geverifieerd aan de hand van de resultaten van afbeeldingsexperimenten aan fantomen
en proefpersonen.
In het laatste hoofdstuk wordt aangetoond dat, zodra men eenmaal over het o, T, en
T2 beeld van een objectsnede beschikt, NMR beelden behorende bij willekeurige
pulssequenties kunnen worden gesimuleerd. In principe biedt dit de mogelijkheid om
verschillende acquisitiemethoden, ook nieuwe, systematisch met elkaar te vergelijken
zonder de bijbehorende afbeeldingsexperimenten ook werkelijk uit te voeren. In
hoofdstuk 6 wordt nagegaan hoe de simulatie-methode gebruikt kan worden om,
gegeven een bepaalde klinische indicatie, uit de verzameling van mogelijke
pulssequenties die sequentie te selekteren, die de aandoening met optimaal contrast
afbeeldt. Een en ander wordt toegelicht aan de hand van klinische voorbeelden.
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STELLINGEN

1
De nuldoorgang van de herstelcurve in een inversion recovery experiment met spin-echodetectie wordt bepaald door de spin-rooster relaxatietijd van het onderzochte materiaal
en de echo- en repetitietijd van de toegepaste pulssequentie.
(Dit proefschrift, hoofdstuk 5)

Door in een inversion recovery afbeeldingsexperiment de inversietijd gunstig te kiezen
kan men de bijdrage van de vetprotonen tot het resulterende NMR-beeld in sterke mate
reduceren.
(LVO, 1982)

In principe is het in een 1.5 tesla NMR tomograaf mogelijk de verdeling van de water- en
de vetprotonen in een objectsnede afzonderlijk te bepalen uit twee NMR opnamen van
die snede met gespiegelde uitleesgradient.

Het grote aantal openbare tennisbanen in Wales heeft een positieve invloed op de visstand in dit deel van het Verenigd Koninkrijk.

De door verschillende auteurs gehanteerde maat voor de contrast/ruis-verhouding tussen weefsels in een NMR-beeld houdt geen rekening met de biologische ruis binnen deze
weefsels en is geen goede maat voor het gepercipieerde contrast.
(Edelstein et al, J Comput Ass Tomogr 7( 1983)391401; Wehrli et aJ, J Comp Ass. Tomogr 8(1983)369380)

Bij de kwantitatieve analyse van NMR-afbeeldingen dient men rekening te houden met
de beperkte geldigheid van het mono-exponentiele relaxatiemodel voor biologische
weefsels.
(Dit proefschrift, hoofdstuk 2)

Bij de evaluatie van technisch-fysische research kan een citatenanalyse van octrooischriften een wezenlijke bijdrage leveren.
(Elektronenmicroscopie in Nederland: Overzicht en
evaluatie van 40 jaar speur- en ontwikkelingswerk in
een technisch-fysisch specialisme; FOM-rapport nr
43105, Utrecht, 1977)

8
Hiërarchische beeldsegmentatie, zoals voorgesteld door Buit, Hong en Rosenfeld, kan,
toegepast op NMR-beelden, een belangrijke bijdrage leveren aan de interpretatie en de
kwantitatieve analyse van deze beelden.
(Burt, Hong & Rosenfeld, IEEE Trans SMC
11(1981)802-809; De Graaf et al, in: F. Deconinck
(ed.), Information Processing in Medical Imaging,
Martinus Nijhoff Publishers, Boston, 1984,343-370)

Om een zinvolle vergelijking van de resultaten van zowel in vitro als in vivo NMR onderzoek tussen verschillende instituten mogelijk te maken, is standaardisering van meetmethoden noodzakelijk.
(EEC Concerted Research Project on Identification
and Characterization of Biological Tissues by NMR,
Rome, 1983)

10
De oren van de bespeler van een klassieke gitaar bevinden zich, t.o.v. zijn instrument, in
den regel niet in de juiste positie om de klankrijkdom van dit instrument ten volle te genieten.
11
In een team voor MRI wetenschappelijk onderzoek behoort naast de disciplines geneeskunde, fysica en biochemie ook de discipline informatica vertegenwoordigd te zijn.
12
Fosfor NMR spectroscopie is de aangewezen methode voor het op niet-invasieve wijze
bestuderen van metabole veranderingen in tumoren onder invloed van radiotherapie.
(Sijens et al, Cancer Research, submitted)

13
Het verdient aanbeveling onderscheid te maken tussen de begrippen synthetisch en gesimuleerd NMR-beeld.
14

Bij radiatieve deep-body hyperthermie is een adequate beschrijving van de absorptieverdeling van elektromagnetische straling in inhomogene weefselstnikturen slechts mogelijk
op basis van een drie-dimensionaal model.
(Lagendijk, De Leeuw & Mooibroek, Workshop on
Loco-regional High Frequency Hyperthermia and
Temperature Measurement, Freiburg, October 5-6,
1984)

15
De kans op een Elfstedentocht zou in de toekomst aanzienlijk kunnen worden vergroot
door Friesland gedurende de winter sneeuwvrij te houden m.b.v. de in Moskou reeds met
succes toegepaste kooldioxide-methode.
(Izvestia, 28/1/85)

Stellingen bij het proefschrift "Some exercises in quantitative NMR imaging'
CJ.G. Bakker
5 maart 1985

