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ABSTRACT 

COLETTA, LA COGNATA, A N D  TREGNAGHI 

Water 1H relaxation times, Ti and T2, have been measured at 

different magnetic fields for a total of 22 samples of normal and 

tumoral lung tissues taken away just after surgery. 

Results indicate that the average Ti values increase continuously 

with the inverse of the square root of the resonance frequency. 

The opposite trend is manifested for the average T2 values, which 

decrease continuously with the square of the frequency. 

We interpret the anomalous frequency dependence of T: by 

introducing in the relationship a field dependent term. 

This term is indicative of the presence of a minimum of two kinds of 

water molecular surroundings in both normal and neoplastic lung 

tissues. The upper limits of the exchange rates are derived in this 

way. The values of these exchange rates are different for normal and 

neoplastic tissue. 

INTRODUCTION 

Since from the early applications of Nuclear Magnetic Resonance to 

living tissues, the determination of the water protons relaxation tlmes 

TI, Tz and TI* in normal and pathologic samples has been the Object 

of a widespread interest (1 -4) 

Particularly important is the determination of the dependence of the 

relaxation rates from the intensity of the applied main magnetic field, 
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WATER 'H RELAXATION TIMES 663 

to give insight to the details of the dynamic properties of the tissutal 

water. 

Using this technique French authors have shown how the principal 

contribution to the T1 relaxation times in mouse tissues was due to 

dipolar interactions between the water protons and the hydrogens of 

protein at the tissue interface, thus explaining the continuous 

increase of Ti between 6.5 and 90 MHz. 

In this work we have measured the TI and Tz relaxation times at 

frequencies ranging from 20 to 90 MHz for 22 samples of freshly 

removed lung tissue at frequencies ranging from 20 to 90 MHz. Then 

we have combined our results with those already in the literature 

(1,5,6) deriving the functional dependance of the relaxation rates 

from the frequency. Further analysis of this functional dependence 

gives more details on the dynamic properties of the water molecules 

in normal and neoplastic lung tissues, which can be used in the 

medical application of N.M.R. to the lung tumoral pathology in 

relation to pulmonar Magnetic Resonance Imaging. 

MATERIAL AND METHODS 

22 samples of lung tissue affected from different types of tumours 

are obtained from freshly surgered patients. Adiacent normal lung 

parenchima are also collected. 

The samples are gently cutted in tiny slices to fill glass capillaries (2 

mm in diameter) which are inserted, with Teflon fitters, in standard 5 
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664 COLETTA, LA COGNATA, AND TREGNAGHI 

mm NMR tubes. The space between the concentric glasses is filled 

with CD30D to provide the spectrometer lock. 

We have used three different Bruker spectrometer working 

respectively at 40, 80.1 3 and 90 MHz. 

For TI measurements the Inversion Recovery sequence is used with 

delays ranging between 0.18 and 6.38 s.. T2 was measured with the 

Carr Purcell Spin Echo sequence, modified by Meiboom and Gill, 

using a delay of 1 rns. to minimize the molecular diffusion and 

repeating the 180 focusing pulses to obtain echoes F.I.D. between 2 

and 1024 ms.. 

For both relaxation times, waiting times of 20 s. allow the complete 

recover of magnetization between successive measurements. 

In the range of the delay times that we used, the lung water relaxes 

with a single exponential. High resolution spectra of water are 

obtained at 80.13 and 90 MHz to draw out the halfheight width of the 

resonance peak, with a digital resolution of 0.063 Hz/Pn. All 

measurements were performed at the probe temperature of 25°C. 

The characteristics of the normal lung tissues and the type of 

tumours are obtained with histologic analysis. 

RESULTS AND DISCUSSION 

The tables 1A and 16 report the relaxation parameters of the lung 

water averaged over the number of samples with the same pathology 

and the halfheight linewidths obtained from high resolution spectra, 
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TABLE 1A 

T2a,b average relaxation times, halfheight linewidths A v ~ , ~  in normal lung Water 
tissues at different frequencies and at 25°C. 

a = standard deviation over a single measurement: *lo% 
= average dispersion in each set of measurements: T1=*8%, T2=+14%. A v = + 1 1 %  

TABLE 1 B 

Water T ia  b, T F b  average relaxation times, halfheight linewidths A V ~  in tumoral lung 
tissues at different frequencies and at 25°C 

a = standard deviation over a single measurement +lo% 
= average dispenion in each set of measurements T1=+lO%. T2=Q0°/o. A v = + 1 8 %  
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666 COLETTA, LA COGNATA, AND TREGNAGHI 

at different frequencies. The average values of Ti are greater for the 

tumoral samples than in the normal ones as already found (2), while 

the T2 average values and the overall line widths present opposite 

behaviour. The ratio Ti turnoralmi normal are respectively 1.32, 

1.31, 1.33 at the frequency of 40, 80.13, 90 MHz and are consistent 

with the values reported at 22.5 MHz (1) between 1.24 up to 1.36. 

This invariance means that if also the values of Ti for both lung 

tissues are field dependent, their ratio, with good approximation, is 

independent from the applied field. 

On the contrary, the Tz average values in normal and tumoral lung 

tissues, at each frequency, behave in a way which is opposite to the 

parallelism with Ti ,  largely quoted in literature (1,2), We found that 

T2 in normal tissues is greater than the corresponding value in the 

tumoral ones. 

The table 2 shows the dependence of the average relaxation rates 

from the intensity of the magnetic field applied. The data in the first 

row are taken from the work of Goldsmith et al. ( I )  on the same lung 

tissue pathology. 

A look at the table 2 evidences that the longitudinal relaxation rates 

R I  decrease with the increasing of magnetic field, as expected from 

dipolar nuclear interactions (7,8). 

For the transversal relaxation rates Rz in normal and tumoral lung 

tissue, we found that Tz decreases with the frequency, in 

disagreement with the dipolar theory (7). The correct behaviour has 
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WATER 'H RELAXATION TIMES 

TABLE 2 

667 

Magnetic field dependence of average relaxation rates of water in lung 

tissues. 

been observed for both Ti and T2 in human blood and other tissues 

(7). 

According to our observation, Ri is linear with v-1'2, as already 

reported by Escanje et al (5,6) for different mouse tissues. These 

authors explain this behaviour on the basis of equations which 

describe the intermolecular water-proteins hydrogen atoms dipolar 

relaxation in the region of slow and intermediate motional narrowing 

(7,W 

In a previous work (9) we have reported the fractional populations of 

the easely removable water in normal and tumoral lung tissues. 

Combining the values of the populations with the values of the 

intercept B of the linear plots, we obtain the relaxation times Ti for 
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668 COLETTA, LA COGNATA, AND TREGNAGHI 

bulk water in both kinds of lung tissues. The values are 0.223 s. and 

1.174 s. respectively for normal and tumoral tissues. The former 

value for free water is too low with respect to 1.75 s. previously 

reported for normal mouse tissues (5). 

The ratio of the bulk water Ti in tumoral (t) and normal (n) lung 

tissues amounts to 5.25. We suggest that this relatively high ratio 

origins from the lower fractional population for free water in normal 

with respect to tumoral tissues, and differences in water translational 

self diffusion coefficents. In the limit of strongly motional narrowing 

of dipolar interaction ( I  0), the absolute free water longitudinal 

relaxation rate, summing the rotational and translational 

contributions, is given by: 

1 - a2 g4hZ 3p - TI - --{ltj.N2.$} b2 3Db4 

where D is the translational self-diffusion coefficient of free water, 

which amount to 1.85 -10-5 cm2ls at 22°C. 

From the relationship: 

substituting in 1 the suitable values, we easely obtain the ratio of the 

free water diffusion constants for the lung tissue, which amounts to 

6.58. 

The same ratio has been evaluated (11) to be 2.3 in normal and 

tumoral mammarian tissue of mouse. The high ratio found is not 
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WATER 'H RELAXATION TIMES 669 

unexpected if we take in account the alveolar structure of lung tissue 

described by a compartmental model as developed by Durney (1 2) 

and Case (13). On the experimental ground they found that ratio of 

the F.I.D. decaying time constant T2* in collapsed and inflated lung 

tissue ranges between 7.5 and 5. 

Furtherly, direct measurement of the water diffusion constant in 

normal lung tissue with pulsed gradient spin echo technique (14) 

founds a ratio between the pure water and lung water self diffusion 

constant which ranges between 4.5 and 13.9. 

To conclude, the mechanism of intermolecular dipolar spin-spin 

interactions appears to be more efficient for the free water molecules 

in normal tissue than in tumoral one and seems to be mainly related 

to the water diffusive translational motions differences, also if the 

relative population are in the ratio of 1 :4 (9). 

The measurement of irreversible (1 0) [neat from reversible effects 

such as magnetic field inhomogeneity combined with the tissutal 

diamagnetic anisotropy effects (12)] T2 with the method of spin echo 

in relation with the overall halfheigh linewidths, obtained from the 

high resolution 1H NMR spectra of the lung water, allows us to 

determine the contribution of the heterogeneity effects due to the 

structure postulated by Case (13) and Durney (12) on the lung water 

NMR spectra. 

In table 3 are reported the overall average halfheight linewidths, the 

contributions to the linewidths due to the heterogeneity of lung 

tissues (12,13), the extremely fast water exchange rates R2a 
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670 COLEITA, LA COGNATA, AND TREGNAGHI 

TABLE 3 

Expenmental halfheight linewidths Ava; C.P.M.G. transvenal relaxation rates W ,  
heterogenelty halfheight linewidths Avh; extremely fast relaxation rates Rpa; frequency 
dependent relaxation rates RB in normal and tUmOral lUng tissues at 25%. 

a) The field homogeneity, before and after every measure, checked on a test sample of 
distilled water, is found to be 0.5 MHz: negligible respect to the tissue linewidths. 

b) Calculated as hvh=~v-R2/n 

independent from the frequency and the frequency dependent term 

R2b of the whole transversal relaxation rates R2. 

The plot of R2 against the square of frequency fits the linear 

re la t ions hip: 

R,= R,, + B2 131 

where the intercept R 2 a  is equal to: 

These expressions are derived from the equation for the transversal 

relaxation rate in the case of the two sites exchange (7). It may be 

noted that the value of R2a for the normal is greater than the 
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WATER 'H RELAXATION TIMES 67 1 

corresponding value for the tumoral lung tissue. Hence, in absence 

of any dependence from the frequency, T2a for the tumoral tissue is 

greater than the corresponding value for the normal tissue, as 

generally found for living tissue (2). 

The bestfit values of the slope B are 1.33~10-16 s. for the normal and 

1.95~10-15 s. for the tumoral lung tissues. With the values pr and pb 

reported for the free and bound water (9), assuming as difference of 

the water chemical shifts 6,-& the values obtained from the overall 

halfheights linewidths, surely an overstimation (1 5), and considering 

that at the thermodinamical equilibrium (16): 

P f t f + b  = P b f b + f  [41 

we may obtain an extimation of the exchange lifetimes for the water 

in the free and bound phase (5,6). The upper limit values in seconds 

result: 

t,+b = 6.44.104 t,,, = 1.82. lo4 

for the water in normal lung tissues. The corresponding values for 

the tumoral tissues are: 

t,,, = 15.2.10-3 t,,, = 2 0 2 ~ ~  

The values reported are averaged over that at 80.13 and 90 MHz. 

The values obtained for the water exchange lifetimes in the normal 

lung tissues are one order of magnitude smaller compared to the 
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672 COLEITA, LA COGNATA, AND TREGNAGHI 

water exchange lifetimes in blood red cells membranes (17).The 

converse is true for water lifetimes in tumoral lung tissues. It may be 

worthy to note that recently (1 8 )  a relationship similar to equation [3] 

has been invoked to explain the T2 relaxation times of mobile 

protons in hystidil residues located on surface proteins in human 

hemoglobin of normal and sickle red cells. 

CONCLUSION 

The dynamic properties of the water in healthy lung are 

significatively different respect to the tumoral tissues. We have 

evidenced how this fact may be related to the subtle details of the 

lung water enviroment, such as the strenght of intermolecular water- 

proteins hydrogen bonds, cell membrane compositions, stability and 

permeability, factors known to influence deeply the self diffusion 

process (1 1 J4). Further studies need to reveal quantitatively the 

motional details of this difference and may help to understand at 

molecular level the dynamic of a tumoral invasion and its 

aggressivity to perturb the cellular water equilibrium in the healthy 

lung tissue. 

ACKNOWLEDGEMENTS 

This work has been supported financially in part by Italian National 

Research Council through its Centro di Studio sugli Stati Molecolari 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



WATER 'H RELAXATION TIMES 673 

Radicalici ed Eccitati. One of us, F.C., thanks the Director of the 

Center, Prof. Giovanni Giacometti, for its continuous encouragement 

during the work. 

REFERENCES 

1 - Goldsmith M., Koutcher J.A., Damadian R.. NMR in cancer XII: 

application of n.m.r. malignancy index to human lung tumours. Br. J. 

Cancer 1977; 361235262, 

2 - Bottomly P.A., Foster T.H., Argersinger R.E., Pfeifer L.M.. A review of 

normal tissue hydrogen N.M.R. relaxation times and relaxation 

mechanism from 1-100 MHz: dependence on tissue type, NMR 

frequency, temperature, species excision and age. Med. Phys. 1984; 

11 1425448. 

3 - Tregnaghi A., Toffolutti T., Butini R., Riga B., Coletta F., Muzzio P.C 

Comportamento del tempo di rilassamento TI nel tessuto polmonare 

normale e neoplastico. La Radiologia Medica 1987; 741373-375. 

4 - Shioja S., Haida M., Ono Y., Fukukazi M., Yamabayashi H.. Lung 

cancer: differentiation of tumours, necrosis and atelaetasis by mean of 

Ti and T2 values measured in vitro. Radiology 1988; 167: 105-1 09. 

5 - Escanye J.M., Canet D., Robert Y.. Frequency dependence of water 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



614 COLETTA, LA COGNATA, AND TREGNAGHI 

proton longitudinal nuclear magnetic relaxation times in mouse tissues 

at 20°C. Biochim Biophys. Acta 1982; 721 :305-311 

6 - Escanye J.M., Canet D., Robert J.. Nuclear magnetic relaxation study 

of water in frozen biological tissues. Cross relaxation effects between 

proteins and bound water protons. J. Mag. Res. 1984; 58:118-131. 

7 - James T.L.. Nuclear Magnetic Resonance in biochemistry. New York: 

Academic press 1975: 43-45, 376-378. 

8 - Bent? G.J.. Foundation of preliminary results on medical diagnosis by 

nuclear magnetism. Adv. in electronic and electron physics. 1979; 

49:85-132. 

9 - Coletta F., Tregnaghi A,, Muuio P.C., Lacognata C.. Activation 

energies for the longitudinal relaxation rates of water in normal and 

neoplastic lung. Spectr. Lett. 1990; 23:857-863. 

10 - Abragam A.. The principles of nuclear magnetism. Oxford: 

University Press. 1975: 49-62. 

11 - Hazlewood C.F., Chang D.C., Medina D., Cleveland G., Nichols 

B.L.. Distinction between the preneoplastic and neoplastic state of 

murine mammary gland. Proc. Nat. Acad. Sci. USA. 1972; 69:1478- 

1480. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



WATER 'H RELAXATION TIMES 675 

12 - Durney C.H., Bertolina J., Ailion D.C., Christman R., Cutillo A.G., 

Morris A.H., Hashemi S.. Calculation and interpretation of 

inhomogeneous line broadening in model of lungs and other 

heterogeneous structures. J. Magn. Res. 1989; 85554-570. 

13 - Case T.A., Durney C.H., Ailion D.C., Cutillo A.G., Morris A.H.. A 

mathematical model od diamagnetic line broadening in lung tissues 

and similar heterogeneous systems: calculation and measurements. J. 

Mag. Res. 1987; 73:304-314. 

14 - Kveder M., Lahayanar G., Blinc R., Zupancic I.. Non brownian water 

self diffusion in lung tissues. Mag. Res. Med. 1988; 61194-198. 

15 - McConnel H.M.. Reaction rates by n.m.r. J Chem. Phys. 1958; 

28:430-431. 

16 - Zimmermann J.R., Brittin W.E.. N.M.R. studies in multiple phase 

system; lifetime of water molecule in an adsorbing phase of silica gel. 

J. Phys. Chem. 1957; 61:1328-1333. 

17 - Conlon T., Outhred R.. Water diffusion permeability of erithrocytes 

using an NMR technique. Bioch. Biophys. Acta. 1972; 288:354-361 

18 - Madrid M., Simpliceanu V., Ho N.T., Ho C.. Effects of chemical 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



676 COLEITA, LA COGNATA, A N D  TREGNAGHI 

exchange and dipole-dipole interactions on the proton relaxation rates 

of surface histidyl residues in human hemoglobin. J. Mag. Res. 1990; 

88:42-59. 

Date Received: September 23, 1993 
Date Accepted: March 4 ,  1994 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


