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NMR imaging techniques are applicable to the assessment of lung water content and distribution because 
the NMR signal is, under certain conditions, proportional to tissue proton density. NMR imaging is nonin- 
vasive, easily repeatable, free from ionizing radiation, and particularly suitable for the assessment of spatial 
lung water distribution. Lung water content and distribution have been estimated in excised animal lungs 
and in intact dead or living animals, under normal conditions and in various types of experimental pulmo
nary edema. Excised human lungs and human subjects have also been studied. Published data indicate that 
measurements of lung water content by NMR imaging techniques are feasible. These techniques estimate 
lung water spatial distribution with satisfactory accuracy and excellent resolving power. The application of 
NMR imaging techniques poses several problems and limitations, but available data suggest that most of 
the problems can be solved. NMR imaging has the potential to become a powerful tool for lung water 
research. Prospects of clinical application are also encouraging; numerous applications can be foreseen, 
although lack of mobility of NMR imaging systems may be a significant limitation in critical care medicine.

INTRODUCTION

Nuclear m agnetic resonance (NM R) techniques, 
which are based on the magnetic properties of certain 
atomic nuclei, have found important applications in 
experimental and clinical medicine. Proton NMR is of 
great interest in this respect, particularly because the 
magnetic properties of hydrogen protons have been 
utilized to develop promising imaging techniques (al
though proton NMR can also be applied in a nonimag
ing mode). The principles o f proton NMR have been 
discussed in numerous recent publications1-10 and are 
summarized in the Appendix, at the end of this article.

An im portant application of NMR imaging tech
niques is the determ ination of lung water content and 
distribution (water content can also be measured using 
NMR in a nonim aging m ode). This application  is 
based on the principle that, under certain conditions, 
the NMR signal is directly related to proton density 
and therefore can be a m easure of tissue water con
centration. Because of the widespread interest in non- 
invasive methods for the determination of lung water, 
the potential o f NM R in this respect has been ex
plored by several groups. Although the results of the 
above studies are prom ising, the available data are
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largely preliminary, and the development of accurate, 
standardized methods for determining lung water con
tent and distribution is still in progress.

SIGNIFICANCE OF LUNG 
WATER MEASUREMENTS

M easurements of lung water content are of obvious 
im portant in research. Interstitial and intraalveolar 
water accumulation is an essential component of the 
limited spectrum of lung reaction to injury. Experi
mental models of pulmonary edema produced by in
creased pulm onary in travascu lar p ressu re11 or by 
toxic agents increasing pulmonary microvascular per
meability (alloxan, o-naphthylthiourea, oleic acid, E. 
coli endotoxin, etc .)12-14 have been studied in various 
animal species. In these studies, lung water m easure
ments can be used to quantify the severity of pul
monary injury. Although lung water content can be 
accurately determined by the classic gravimetric tech
nique,15’16 studies of experimental pulmonary edema 
have suffered from lack of nondestructive methods ca
pable of providing accurate and easily repeatable mea
surements. Convenient methods for the assessm ent of 
lung water distribution are also needed, because pul
monary edema tends to be gravity dependent,14 and 
lung injury caused by various toxic agents may be 
characterized by different patterns of distribution of 
water accum ulation.17 [Certainly hydrostatic pulmo
nary edema is gravity dependent but there is a good 
deal o f evidence that capillary permeability edema can 
be distributed non-gravitationally and, once present, 
does not shift with gravitational change.— Ed.]
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Although pulmonary edema is an extremely com
mon occurrence in medicine, the clinical significance 
of lung water measurem ents is more controversial, at 
least from a practical point of view. In a group of pa
tients with acute respiratory failure and pulmonary 
edema, extravascular lung water measured by an indi
cator dilution technique was not correlated with arte
rial oxygenation and did not predict the outcom e.18 
This finding, which likely reflects a com pensatory 
mechanism preserving oxygenation (decreased perfu
sion to poorly ventilated edem atous regions of the 
lung), suggests that water accumulation is not the sole 
determinant of respiratory impairment in pulmonary 
edema, and may limit the prognostic value of lung 
w ater m easurem ents. Even if this dissociation be
tween lung water content and arterial oxygen is con
firmed by more extensive evidence, the application of 
lung water measurem ents will provide additional in
formation and is justified provided the measurements 
can be made simply and atraum atically. Additional 
clinical studies in larger series of subjects and at multi
ple stages of water accumulation are clearly needed. 
[The degree of “ dissociation” betw een quantity of 
edema and arterial oxygenation appears to be greatest 
in patients with permeability edema, less in patients 
with cardiogenic edema, and least in patients with 
overhydration or renal edema. For example, in perme
ability edema even with small to moderate quantities 
of edema arterial oxygen may be very low whereas in 
overhydration, even with large quantities of edema, 
arterial oxygen may be little affected. The single most 
important linking factor that appears to explain these 
differences is perfusion. In permeability edema actual 
vascular blockage is present. In cardiac failure, pul
monary blood flow is diminished but still present, 
whereas in overhydration pulmonary blood flow is in
creased. If  one is able to determ ine which type of 
edema is present, one will then have a clearer idea of 
the relationship between lung water and arterial oxy
gen. We agree strongly with Cutillo’s statement that 
studies of larger series of patients at multiple stages of 
lung water accumulation are needed— Ed.] Determi
nations of regional lung water distribution as a func
tion of time (during water accumulation and recovery) 
in different types of pulmonary edema (eg, high-pres
sure versus increased permeability edema) are also re
quired. With the exception of quantitative analysis of 
plain chest radiographs,19-21 the clinical potential of 
methods capable of providing noninvasive, relatively 
rapid and easily repeatab le m easurem ents o f lung 
water content and distribution is virtually unexplored.

Emphasis has recently been placed on the need to 
develop clinical methods capable of assessing the dy
namic aspects of lung liquid and solute exchange.22 
Com pared with static lung w ater content m easure
ments, dynamic methods would detect abnormalities 
of liquid balance at an earlier stage of disease. Howev
er, since the effects of factors protecting lung liquid

balance (for instance, lymph flow) are, at present, not 
clinically measurable or quantitatively predictable, de
terminations of lung w ater content would also be re
quired at some stage of the disease, to assess the ex
tent of fluid accum ulation. The value of lung water 
content m easurem ents, relative to that of determ ina
tions of liquid and solute exchange, with respect to the 
prediction of patient outcom e, is unexplored.

METHODS FOR MEASURING LUNG WATER

Available techniques for the m easurem ent o f lung 
water content are listed below:

•  Gravimetric technique15'16
•  Histology, m orphom etry16’23-25
•  Double indicator-dilution technique16-17,23’26' 29
•  Soluble inert-gas technique16’30,31
•  Radiographic m ethod16,19-21’23
•  Radiographic-helium dilution m ethod32
•  T ra n s th o ra c ic  e le c tr ic a l im p e d an c e  te c h 

nique16,23,33-35
•  Microwave technique36,37
•  Com pton-scatter densitom etry38,39
•  Com puterized axial tom ography40,41
•  Positron emission tom ography42,43
•  Transthoracic "y-ray attentuation44
•  N uclear m agnetic resonance techniques (see 

text)
•  External radioflux detection45-47 (This method 

m easures pulm onary  transcap illa ry  protein  
flux, but has also been used to determ ine lung 
water distribution.45)

A system atic discussion of the non-NM R methods 
for measuring lung water is beyond the scope of the 
present article. In general, all of the non-NM R meth
ods present lim itations affecting their accuracy or 
their range of applications. Exam ples of these limita
tions are destructiveness (gravimetry, histology); in
vasiveness (indicator dilution technique, external ra
dioflux detec tion ); exposu re  to  ionizing radiation 
(radiologic methods, indicator dilution techniques, ex
ternal radioflux detection, positron emission tomogra
phy); dependence on the distribution of perfusion (in
dicator dilution techniques) and ventilation (soluble 
gas technique); sensitivity to extraneous factors, such 
as changes in body position or level o f lung inflation 
(transthoracic electrical im pedance and m icrowave 
techniques, radiological techniques, Com pton scatter 
d en s ito m e try ); and ac cu rac y  lim ited  to  rela tive 
changes in w ater content (transthoracic electrical im
pedance and microwave techniques).

Compared with other available m ethods for m easur
ing lung water, the NM R techniques offer several ad
vantages. NMR lung w ater m easurem ents are nonde
s tru c tiv e  and n o n in v asiv e ; in  ad d itio n , they  are 
relatively rapid and easily repeatab le. D etection  of 
lung water by NM R techniques is not dependent on



CUTILLO ET AL: DETERMINATION OF LUNG WATER CONTENT 41

ventilation and perfusion. This is an important advan
tage because, for instance, perfusion dependence (fail
ure of injected indicators to reach poorly perfused or 
unperfused lung regions) significantly limits the accu
racy of the indicator-dilution technique, especially in 
pulmonary edema, leading to a systematic underesti
mation of lung water conten t.16 Since the NMR image 
contains spatial information, NMR imaging is particu
larly suitable for quantifying the regional distribution 
of lung water. Finally, the NMR method does not in
volve the use of ionizing radiation. The most impor
tant limitations of NMR imaging of lung at the present 
stage of development, are its susceptibility to errors 
due to cardiorespiratory  m otion and its inability to 
discriminate between intravascular and extravascular 
water.

NMR TECHNIQUES FOR LUNG WATER STUDIES

A detailed description of the imaging and nonimag
ing NMR system s and m ethods used to study lung 
water is beyond the scope of the present article and 
can be found in specific reports and in numerous gen
eral publications.1-6,8-10’48’49 Basically, NMR imaging 
systems consist o f a resis tive  or superconductive 
magnet to apply the static magnetic field, an NMR 
pulse spectrom eter to produce the signal, gradient 
coils and associated drivers to provide spatial resolu
tion, and a com puter subsystem to generate the NMR 
pulses and display and analyze the data. Nonimaging 
systems are essentially similar, consisting of the same 
basic components with the exception of the gradient 
coils.

Several investigators50-61 have used imaging tech
niques based on the spin-echo pulse sequence.4,6-10 
This sequence is characterized by a 90° rf pulse fol
lowed by a 180° “ refocusing” pulse, which produces 
an echo signal (Fig 1) by reversing the loss of coher
ence between precessing protons due to inhomoge
neity of the external magnetic field or to applied mag
netic field gradients (see Appendix). Im portant vari
ables in the spin-echo sequence are the echo time (TE) 
between the 90° pulse and the spin echo, and the repe
tition time (TR) between the 90° pulses of consecutive 
90°-180° sequences, repeated  for averaging; TR is

largely the time required to allow relaxation be
tween repeated pulse sequences.

A line-scan imaging technique62 has been applied to 
assess lung water content and distribution in excised 
rat lungs and in intact living rats.51-54’55 In this tech
nique, which is based on the application of three orth
ogonal magnetic field gradients and a selectively irra
diating 90°-180° pulse sequence to produce a spin 
echo, a two-dim ensional image is obtained from  a 
series of one-dimensional line scans (each line scan 
representing a narrow pencil-shaped region of the 
specimen). Planar imaging techniques are more effi
cient than the line-scan method because they can ob
tain data from a whole plane (a slice of the specimen) 
at one time. The spin-warp imaging technique,1’63 a 
version of the tw o-dim ensional F ourier transform  
technique which has been used to estimate lung water 
content in experim ental animals (sheep),58 excised 
human lungs,57 and living human subjects,58 is based 
on the application of a selective 90° rf pulse and three 
orthogonal field gradients; the protons in the selected 
plane are frequency-encoded (along the X direction) 
and phase-encoded (using a variable amplitude Z gra
dient). A set of spin echoes is obtained, from which a 
two-dimensional image of the plane is generated by 
Fourier analysis. The combination of frequency and 
phase encoding provides spatial inform ation within 
the selected plane. A two-dimensional Fourier trans
form technique using a different pulse sequence to ob
tain spin echoes64 has been applied to the assessment 
of lung water distribution in human subjects.54,55,61 
Compared with the planar techniques, the line scan 
method is less affected by errors due to artifacts from 
the chest wall; this represents a significant advantage 
for lung studies.

Multislice imaging64,65 further improves the effi
ciency of the NMR technique. In this method, spin- 
echo sequences are sequentially applied to multiple 
adjacent slices of the specimen during TR (which is 
much larger than TE); therefore, multiple images are 
obtained during TR (instead of one, as in the standard 
spin-echo technique), thus substantially reducing the 
data acquisition time. M ultislice NMR imaging has 
been used for lung w ater stud ies in anim als and 
humans.53

90°

Excitation

Detection

180°

-TE-

-TR-

-Tz decay

90°

J\/W—

Fig 1. Spin-echo pulse sequence. T2 = 
spin-spin relaxation time; T'z = transverse 
relaxation time (including effects from mag
netic field inhomogeneity); TE = echo time; 
TR = repetition time. Reprinted with permis
sion from Scherzinger AL, Hendee WR: 
Basic principles of magnetic resonance 
imaging — an update. West J  Med 
1985;143:782-792.
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The spin-lattice relaxation time Tj has been deter
mined in various investigations of lung water59-60,66-72 
using the saturation recovery pulse sequence (90° rf 
pulse at variable intervals after a saturating 90° 
pulse)7-9 73 or the inversion recovery (180°~90°) pulse 
sequence.2-3-7-9-73 T2 has been determined59-60'72 using 
the Carr-Purcell sequence (a 90° pulse followed by re
peated 180° pulses, to obtain a series of spin echoes).73

NMR LUNG WATER MEASUREMENTS: ANIMALS 
AND HUMANS

In 1976, Lauterbur and associates66-69 reported the 
results of studies of the relation between the spin-lat
tice relaxation time T,, and gravimetric lung water 
content. In normal and edematous dog lungs, these in
vestigators found a linear relation between spin-lattice 
relaxation rate (1/T]) and dry-to-wet lung weight ratio. 
On the basis of these data, they concluded that NMR 
imaging could be applied to the quantitative assess
ment of pulmonary edema.66 The relation between T, 
and gravimetric and lung water content has recently 
been confirmed by various investigators59-60-71-72 in 
imaging and nonimaging studies of excised and in vivo 
lungs from various animal species (rabbit, dog, rat). A 
correlation between T2 and gravimetric lung water 
content has also been observed, although less consis
tently .59-60-72 M ore generally, Ling and Tucker70 
showed a relationship between Tj and gravimetric 
water content in various mouse and rat tissues, in
cluding lung. Results of numerous lung T, and T2 mea
surements in man and various animal species have re
cently been tabulated by Bottomley and coworkers.74

A close linear relation between NMR signal inten
sity and gravimetric water content has also been dem
onstrated by NMR spectroscopy in small samples of 
rat50 and sheep58 lung tissue.

Hayes and associates50 tested the feasibility and va
lidity of NMR measurements of lung water content 
and distribution in a phantom and in normal or edema
tous rat lungs, using a line-scan imaging technique.62 
Using known water concentrations in the phantom as 
the reference standard, the error of measurement was, 
on the average, less than 5% (0% to 12% under var
ious conditions, including simulation of a pleural effu
sion). Good agreement was also found between NMR 
and gravimetric data in excised rat lungs. Regional 
lung edema, simulated by intrabronchial saline instil
lation, was detected in excised and in situ rat lungs.

In another study,51 the distribution of lung water 
was assessed by the same line-scan technique62 in 
small rat lung tissue specimens. Absolute lung water 
content was obtained from the NMR signal intensity 
and compared with spatially matched gravimetric 
measurements. The study showed a good correlation 
between the data obtained by the two methods; the 
results also demonstrated the excellent spatial resolu
tion achievable by the NMR imaging technique (water 
content differences were detected between lung tissue 
slices of 0.076 mL).

MacLennan and coworkers58 directly estimated the 
water content of excised sheep lungs using a spin- 
warp pulse sequence and found that their NMR values 
tended to be lower (by about 20%, on the average) 
than gravimetric water content; factors possibly con
tributing to this discrepancy are discussed below.

In anesth e tized  living sheep , C arro l and co 
workers53 estimated lung water content from measure
ments of the NMR signal intensity by a spin-echo 
imaging technique. They tested the effects of some 
technical factors (repetition time, cardiac gating in 
combination with respiratory gating) on NMR signal 
intensity. In addition, they found a gradient of relative 
signal intensity which was related to gravity (with the 
animals in the prone or supine positions); a similar 
gradient was observed in dogs by Hedlund and col
leagues.56 Since extravascular water is apparently not 
gravity dependent in normal lungs in vivo,14-75 the gra
dient may reflect a variation in the intravascular com
partment. The gradient is consistent with the gravity- 
dependent pattern of distribution of pulmonary blood 
flow.75 In the study of Carrol and colleagues,53 NMR 
signal intensity increased in sheep with high-pressure 
pulmonary edema induced by inflation of a balloon 
catheter in the left atrium; the increase in signal inten
sity was related to gravity, presumably reflecting the 
distribution of extravascular lung water, which is 
gravity dependent in pulmonary edem a.14 Similar data 
were obtained by Nicholson and coworkers76 in a dog 
model of pulmonary edema. Schmidt and coworkers59 
performed in vivo NMR imaging studies of normal and 
edematous rat lungs (oleic acid-induced pulmonary 
edema) using the spin-echo technique, and observed a 
good correlation between NMR signal intensity and 
gravimetric lung water content.

The representation of lung water distribution as a 
function of spatial position is a conventional ap
proach, analogous to ventilation and perfusion maps 
obtained by radioisotope techniques. In addition to 
this approach, a new display of the NMR data has re
cently been proposed,54-55 which describes the distri
bution of lung water as a function of water density 
pH20. The new method displays the distribution of 
fractional lung volume Vf (number of pixels at a given 
density divided by the total number of pixels) with re
spect to water density pH20  (water content per unit 
volume). Therefore, the display is a normalized fre
quency distribution of pH20. Theoretically, pH20  is 
expected to vary from 0 g/mL (air) to about 0.8 g/mL 
(blood and solid lung tissue). Fig 2 shows the Vf 
versus pH20  distribution in a coronal plane through an 
excised rat lung at two levels of inflation. The average 
value of pH20  at an inflation pressure of 20 cm H20  
compares well with the water density value of 0.13 
g/mL, estimated from morphometric measurements.77 
Fig 3 compares the Vf versus pH20  distribution in ex
cised lungs from a normal rat and from a rat with oleic 
acid-induced pulmonary edema (characterized by 
marked spatial nonuniformity in lung water content).
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Fig 2. Distribution of fractional lung volume V,with respect to 
water density pH20 (water content per unit lung volume, g/ml_) 
in a coronal section through an excised lung preparation from a 
normal rat; V, is expressed as number of pixels at a given pH20 
divided by total number of pixels. Data obtained at two levels of 
lung inflation.

Similar observations have been made in intact live rats 
(with normal lungs or pulmonary edema). Abnormal 
Vt versus pH20  distributions have also been obtained 
in other types of experimental pulmonary edema, for 
instance after intrabronchial instillation of saline.54 55 
It should be pointed out that the conventional spatial 
display and the density distribution are complementa
ry (rather than competitive) approaches, each defining 
a different aspect of lung water distribution.

Studies of lung water content and distribution in 
humans are still preliminary. Johnston and col
leagues57 measured proton density and T! by the spin- 
warp technique63 in excised normal or abnormal 
human lungs. They dem onstrated a significant in
crease in proton density in edematous lung areas, rela
tive to normal areas. Interestingly, Johnston and co

Vf OLEIC ACID 
NORMAL INJURY (...... ) I---)

.06- AVERAGE p»2.0, g/ml 0.19 0.54
WATER CONTENT 3.75 6.27 
(GRAVIMETRIC)

.04- r 1, INFLATION PRESSURE = 20 cmH20

.02-
r;

— ' 1 ' 
^h2o

i i i i i i i i i i , i i 
0.2 0.4 0.6 0.8

Fig 3. Distribution of fractional lung volume V(, with respect 
to water density, pH20 (see Fig 2 for further details), in coronal 
sections through excised lungs from a normal rat, and from a 
rat with pulmonary edema induced by oleic acid injection (0.23 
mL/kg, intravenously). Results of gravimetric measurements 
(right lung) are expressed as lung water content per unit dry 
lung weight.

workers found no differences in Tj between normal 
and edematous lungs. Published data obtained from in 
vivo lung water measurements in humans are very 
limited. Carrol and colleagues53 and Lallemand and 
colleagues52 preliminarily measured NMR lung signal 
intensity in human volunteers, to assess the influence 
of some technical factors (repetition time, cardiac and 
respiratory gating) and gravity, also studied in sheep. 
They confirmed in humans the finding of a gravity-de
pendent gradient of signal intensity in the supine and 
prone positions, probably reflecting a redistribution of 
pulmonary perfusion.75

The distribution of fractional lung volume as a func
tion of water density (Vf versus pH20 , obtained from 
data collected by a two-dimensional Fourier transform 
technique),64 has recently been described in normal 
subjects.54,55'61 However, results of absolute lung 
water content measurements by the spin-warp tech
nique have been disappointing,58 the NMR values 
being only 60% to 80% of those expected on the basis 
of postmortem gravimetric determinations (and even 
less, if values are compared with in vivo total lung 
water content). The measurement error may reflect 
the influence of several factors, including partial satu
ration of lung tissue (one-second pulse repetition 
time), motion artifacts, loss of signal due to blood 
flow, and underestimation of peripheral lung tissue at 
the boundary with the chest wall.

NMR BEHAVIOR OF INFLATED LUNG
Recent studies78-81 have shown that the NMR free 

induction decay (FID) of inflated lungs is short, com
pared with that of airless lung or solid organs, for ex
ample liver.80(Fig 1J Theoretical and experim ental 
data61’78-81 suggest that the short FID reflects the 
presence of internal (tissue-induced) magnetic field in
homogeneity (as opposed to external, magnet-induced 
inhomogeneity). This internal inhomogeneity is likely 
due to local differences in magnetic permeability, re
flecting the diamagnetic properties of air and water, at 
the alveolar (air/water) interfaces of the inflated lung. 
The degree of shortening of the FID is likely related to 
the ratio of the total surface area of the air/water in
terface to the volume of solid lung tissue; therefore, 
this NMR property of the lung has interesting mor- 
phometric implications, still to be explored. The re
sults of calculations based on a lung model character
ized by spherical air bubbles in a water medium show 
good agreement with those of studies on phantoms 
consisting of spherical glass shells filled with water.61

The above observations have led to the develop
ment of a contrast technique based on the application 
of symmetric and asymmetric spin-echo sequences to 
produce a pair of images from which a subtraction 
image is obtained.61,78-81 The subtraction image likely 
reflects the signal from water experiencing the air/ 
water interface effect. Figs 4 and 5 show pairs of 
images, and the corresponding subtraction images,
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Fig 4. Coronal sections through an intact dead rat (a) Image 
produced with symmetric gradients (b) Image produced with 
asymmetric gradients, (c) Subtraction image [a-b/a] Reprinted

with permission from Morris AH, Biatter DD, Case TA, et al: A 
new nuclear magnetic resonance property of lung J  Appl Phys
iol 1985,56:759-762.

obtained in intact rats. In these images, the mediasti
nal structures and the chest wall are removed by sub
traction (Figs 4c and 5c). The symmetric image from a 
rat with experimental pulmonary edema (Fig 5a) 
shows areas of increased density in the right and left 
lower lobes and in both perihilar regions. The subtrac
tion image (Fig 5c) suggests that the regions of in
creased density in the lower lung arc partially inflated 
(water protons are affected by the air/water interface); 
in contrast, the perihilar densities, which are removed 
by subtraction, likely represent nonacrated lung (in- 
traalveolar edema or complete lung collapse). The 
new subtraction technique has several potential appli
cations, including image enhancement of lung tissue 
(the signal from solid tissues becomes less intense or 
disappears in the subtraction image), quantitation of 
regional lung inflation, and assessment of the distribu
tion of lung water according to its position with re
spect to the lung gas/tissue interface (which may en
hance the discrimination between interstitial and 
intraalveolar edema).

ESTIMATION OF LUNG WATER CONTENT FROM 
NMR DATA

The published data reviewed above show that lung 
water contcnt has been estimated by two criteria: indi
rectly, by measuring the NMR relaxation times T, and

T2; and directly, from the intensity of the NMR mag
netization (proton density).

Relaxation times
Estimation of lung water from T, or T2 measure

ments is supported by experimental evidence indicat
ing that in animal tissues T, and T2, or the more fre
quently used reciprocals 1/T, and 1/T2 (relaxation 
rates), vary with water content59,60,66- 69,72 7'l>82,83; this 
relationship is also predictable from models describing 
the state of water in biologic systems.82,83 However, 
the relaxation times T, and T2 are also affected by nu
merous factors, which have been classified by Math- 
ur-De Vr684 as intrinsic biologic factors, extrinsic 
physical factors and data treatment.

Animal tissues contain two fractions of water: free 
water and water associated with biologic macromole
cules (bound water). Because of its interaction with 
macromolecules, bound water exhibits restricted mo
tion.73,74,83_88 Assuming a fast exchange of protons be
tween free and bound water compartments,82- 84,89 the 
spin-lattice relaxation rate 1/T, for a given tissue is a 
weighted average of the relaxation rates of the two 
phases

1/T, = X^I/T,)f +  Xb(I/T,)b 

where (1/T,)f and (1/T,)b are the relaxation rates for

Fig 5. Coronal sections through a sedated living rat (sponta
neously breathing). 1 hour after injection of 0.23 mL/kg oleic 
acid intravenously (a,b,c, see Fig 4). Reprinted with permiss!on

from Morris AH, Blatter DD, Case TA, et al: A new nuclear mag
netic resonance property of lung. J  Appl Physiol 1985:58:759-



CUTILLO ET AL: DETERMINATION OF LUNG WATER CONTENT 45

free and bound water, and Xf and Xb are the respec
tive water fractions. In animal tissues the overall re
laxation rate 1/T[ is significantly affected by (1/T,)b, 
which is much greater than (1/T1)f. Therefore, the 
overall relaxation time Tj is markedly influenced by a 
change in the ratio of free to bound water. An increase 
in water content, associated with an elevated ratio of 
free to bound water, can be expected to cause a large 
increase in Tj. The “ relaxation time amplification ef
fect” 82’84 due to the magnitude of (1/T1)b is illustrated 
by the empirical relationship described by Mansfield 
and Morris82: AT, = 7.94AX, where the constant 7.94 
is in seconds. The expression shows that a small vari
ation in fractional water content is associated with a 
large variation in T,. The spin-spin relaxation time T2 
is also affected by macromolecular-water interactions. 
Because of the aforementioned biologic factors, Tj 
and T2 differ from tissue to tissue, and in the same 
tissue under various physiologic or pathologic condi
tions.6’59’60’66-70’72' 74’84 The differences depend not 
only on total water content and state of water, but also 
on other factors, such as the presence of nonwater 
protons (for instance, lipid protons)6’81’90-91 and that of 
paramagnetic substances (for instance, molecular ox
ygen or manganese)1,6’73’84; the effects of a paramag
netic compound, the gadolinium-DTPA (diethylene- 
triaminepentaacetic acid) complex, on T, and T2 have 
recently been studied.59’92-94

The effect of extrinsic factors (eg, frequency and 
temperature dependence) and sample or data treat
ment (eg, in vitro vs in vivo measurements, analysis of 
magnetization decay/growth curves) are extensively 
discussed by Mathur-De Vre84 and Bottomley and co
workers.74 The problem posed by multiexponential 
magnetization decay curves is considered below.

For the purposes of the present discussion, it is of 
interest to consider the above concepts with respect to 
the lung. The pulmonary interstitial space contains a 
dense matrix consisting of collagen, elastin, and pro
teoglycans95' 99; therefore, a fraction of the interstitial 
water is associated with these and other macromole
cules (including plasma proteins), while the remaining 
water is present in the free state.73,85,87 Interstitial 
water accumulation in pulmonary edema leads to 
disruption of the matrix,11-97 presumably with an in
crease in the free water fraction. As discussed above, 
this can be expected to cause a large increase in T,; 
therefore, T, measurements should be a sensitive de
tector of pulmonary edema. Some published data sup
port this prediction, showing a marked increase in T , 
with lung water accumulation59,60-66-72; however, other 
data do not confirm the above observations.57 A sys
tematic comparison of the relative sensitivity of var
ious NMR parameters to changes in lung water con
tent would be of considerable interest.

Proton density

As indicated above, lung water quantitation by the 
NMR method is based on the principle that the inten

sity of the NMR signal is proportional to the concen
tration of hydrogen nuclei (proton density) in the 
specimen. According to this principle, water density 
(water content for unit volume) is obtained by com
paring the NMR signal from the specimen with that 
from pure water. However, NMR signal intensity is 
also dependent on the proton relaxation times T t and 
T2, blood flow, and other factors (presence of non
water protons and paramagnetic substances). The ef
fect of the paramagnetic compound gadolinium-DTPA 
on the intensity of the NMR signal from normal and 
edematous lungs in living rats has recently been stud
ied by Schmidt and coworkers59; the data obtained by 
these investigators, and their implications with re
spect to the determination of lung water, are consid
ered below. In the simplest case, following a radiofre
quency pulse, the intensity of the NMR signal decays 
exponentially with a characteristic time T2. On the 
other hand, since the longitudinal component of mag
netization returns to its equilibrium value with a char
acteristic time Tj, the amplitude of the NMR signal 
will be reduced if TR (time between consecutive rf 
pulse sequences) is too short to allow full recovery of 
magnetization.

Blood flow affects the NMR signal by various 
mechanisms related to motion of proton spins; these 
mechanisms have recently been reviewed.48,100-102 
The effects of blood flow are complex, varying with 
flow velocity and different NMR imaging techniques; 
blood flow is usually associated with a decrease in sig
nal intensity, but an enhancement is also possible, 
under certain conditions.48-100 In experimental animals 
and in humans, Lallemand and coworkers52 and Hed- 
lund and coworkers56 have demonstrated changes in 
the intensity of the NMR signal from lungs related to 
the cardiac cycle; likely, these changes at least in part 
reflect the behavior of pulmonary blood flow.

On the whole, using the spin-echo technique as an 
example, the effects of the above factors on NMR sig
nal intensity (I) can be described by the following 
equation:

I = N(H)f(v)(e-TE^ ) ( l - e - TR/T0

where N(H) is proton density, f(v) a function express
ing the effect of blood flow, T[ and T2 the spin-lattice 
and spin-spin relaxation times, respectively, TE and 
TR the spin echo delay and the repetition time, re
spectively.

The above equation indicates that accurate lung 
water measurements require appropriate correction of 
signal intensity on the basis of the T2 value for the 
sample and the selected TE. The simple assumption of 
a T2 value from published data is probably inadequate, 
especially for lung water measurements, because T2 
has been shown to vary with lung water content.59-60-72 
In recent measurements of water content and distribu
tion in excised rat lungs and in living rats by a line- 
scan spin echo technique,51'54-55 the signal intensity 
was corrected for the T2 decay, assumed to be de
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scribed by a single-exponential curve. This assump
tion is based on the results of measurements of spin- 
echo amplitude at various echo times.51 The above 
correction procedure is approximate, because pub
lished evidence indicates that the T2 relaxation pro
cess may be multi-exponential74’82'84-88-103; this finding 
is consistent with the heterogeneity of biologic sys
tems characterized  by m ultiple w ater com part
ments.82_84’86’88,103 Flowever, the assumption of a sin
gle-exponential T2 decay curve appears to be a 
reasonable approximation in lung water measurement, 
as indicated by the good agreement observed between 
NMR lung water values based on this assumption and 
gravimetric data.51

The importance of the relation between Tj and 
NMR signal intensity is demonstrated by the data of 
Carrol and co workers53; in experiments on humans 
and sheep these investigators found that a variation in 
repetition time from 0.5 to 3.5 seconds was associated 
with an average 160% increase in signal intensity. The 
T, dependence of NMR signal intensity can be taken 
into account, in lung water content measurement, by 
using repetition times largely exceeding the T, value 
for the sample, to allow complete recovery of the lon
gitudinal component of magnetization.

Repetition times of 3 to 4 seconds should be suffi
cient for this purpose, being at least four- to fivefold 
larger than the Tj values measured in normal lungs 
from various species.74 Measurements in normal ex
cised rat lungs have shown that the T, dependence of 
NMR signal intensity is practically negligible at repeti
tion times exceeding 4 seconds (D.C. Ailion and col
leagues, unpublished observations). Repetition times 
of 3 to 4 seconds should also provide a reasonable 
safety margin for lung water measurements in pulmo
nary edema, which is associated with an increase in 
^ 5 9 ,60,66—69,7i,72. ^  values as high as 0.9 second have 
been reported in edematous dog and rat lungs.59>60-66’72 
The long ^  of lungs, especially in pulmonary edema, 
imposes a substantial increase in data acquisition 
time. In addition, a long repetition time tends to en
hance the effects of motion on the NMR images.53

If a reduced data acquisition time is desirable, the 
repetition time can be decreased and the NMR signal 
intensity can be corrected using an assumed T, value. 
This method has been used for water content determi
nations in normal excised rat lungs (in which separate 
measurements had shown a relatively narrow range of 
variation of Tj).51 The accuracy of the correction is 
limited when larger changes in T, are associated with 
water accumulation in pulmonary edema; this limita
tion should be considered if short repetition times are 
used to maximize the ability of the NMR technique to 
monitor rapid variations in lung water content in pul
monary edema. As discussed above, the data acquisi
tion time can also be reduced by multislice imag
ing,64’65 in which multiple adjacent slices of the 
specimen are imaged during the relatively long repeti
tion time. In in vivo NMR imaging studies of normal

and edematous rat lungs, Schmidt and colleagues59 
found that the administration of gadolinium-DTPA 
complex enhanced the NMR signal intensity from 
edematous lung tissue in images obtained using a 
short repetition time (0.5 second); this effect is due to 
a marked shortening of T, produced by the gadolini
um-DTPA compound. Therefore, as suggested by 
Schmidt and colleagues,59 gadolinium-DTPA could be 
used to reduce data acquisition time.

The NMR data are presently not corrected for blood 
flow (this factor is further considered in the next sec
tion).

LIMITATIONS AND PROBLEMS IN LUNG WATER 
DETERMINATION BY NMR

The application of NMR imaging to quantitative 
studies of lung, in particular to the determination of 
lung water content and distribution, poses significant 
problems. In NMR proton imaging the signal from the 
lung is weak because of the low normal water density 
of this organ. Assuming normal average values for 
lung volume and water content,22-104 lung water den
sity can be expected to vary, in vivo, from 0.18 g/mL 
at functional residual capacity (resting end-expiratory 
volume) to 0.10 g/mL at total lung capacity. Because 
of this limitation (in addition to the problem posed by 
respiratory motion), some investigators have ques
tioned the role of NMR imaging in the quantitative as
sessment of lung water, at least from a clinical point of 
view. In contrast, experimental studies reviewed 
above indicate that NMR imaging can provide quanti
tative estimates of lung water content and distribu
tion. The discrepancy is at least in part due to techni
cal factors. Most lung images in humans have been 
obtained at magnetic fields of 0.35 T or less. In con
trast, some lung water measurements in experimental 
animals have been made at a magnetic field of 1.0 
T,50,51,54,55 ancj therefore at a better signal-to-noise 
level because the NMR signal increases with the 
strength of the magnetic field.105-106 The relationship 
between signal-to-noise ratio and field strength has 
stimulated interest in imaging systems using higher 
magnetic fields. It has been shown that the contrast- 
to-noise ratio (difference in NMR signal between two 
tissues divided by the noise) also tends to increase 
with magnetic field strength, and human images have 
been obtained at 1.5 T.105 Imaging systems for animal 
research can operate at fields exceeding 2 T. The use 
of higher magnetic fields can be expected to facilitate 
the application of the NMR imaging techniques to the 
determination of lung water, especially in human sub
jects. As reported above, quantitative NMR data have 
been obtained from lungs in human subjects using 
imagers operating at 0.35 to 0.5 T. However, several 
technical problems may set limits to high field imag
ing 49.105.106

A comparison of an imaging system recently used to 
measure lung water in excised rat specimens or in liv-
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ing rats62 with an imager currently used for human 
studies64 shows differences (in addition to that in mag
netic field strength) that are relevant to the problem of 
lung water determination. The animal system uses a 
line-scan technique with an echo time of 15 ms, 
whereas the human system uses the two-dimensional 
Fourier transform method, with a minimum echo time 
of 28 ms; assuming a T2 of 30 ms for inflated lung, 
the irreversible signal loss associated with the echo 
time is 40% for the animal system versus 60% for the 
human system. Compared with the human imager, the 
animal system has a higher filling factor (the coil en
closes the animal more tightly). In a solenoidal coil, 
the filling factor is a measure of the relationship be
tween the volume of the sample and the volume of the 
coil; a high filling ratio increases the signal-to-noise 
ratio, but in human imaging this advantage is counter
balanced by decreased subject’s comfort.

Recent data indicate that strict temporal symmetry 
of the gradient sequence is important for quantitative 
lung studies.78-81 NMR measurements of inflated 
lungs are very sensitive to small degrees of asym
metry, which can be present and remain undetected in 
diagnostic and laboratory imaging systems. Estimates 
from FID determinations of fully inflated lungs indi
cate that the signal loss associated with asymmetries 
of 1 and 2 ms can be as high as 30% and 50%, respec
tively.

The effects of respiratory motion on NMR imaging 
have been studied in phantoms,107-109 human sub
jects,52’107’108’110'111 and experimental animals.53’112 Re
spiratory motion degrades the image by producing 
various types of artifacts (blurring, phantom images). 
The magnitude of these effects depends on the breath
ing pattern111 and on the particular NMR method used 
(for instance, two-dimensional Fourier transform tech
niques are more sensitive than the line-scan method to 
respiratory motion). Image degradation is reduced 
by respiratory gating (using the signal from a flow 
meter, thoracograph, abdominal belt, or thermis- 
tor),53’107’110’111 which can be combined with cardiac 
(ECG) gating.53,107’111 Respiratory gating significantly 
increases data acquisition time (100% or more, unless 
a special breathing pattern with prolonged postexpira- 
tory pause is adopted).107 Using mechanical ventila
tion synchronous with the pulse sequences and in 
combination with cardiac gating in dogs, Hedlund and 
associates112 have recently obtained images compara
ble with those generated during apnea. A recent meth
od, in which the amplitude of the phase-encoding gra
dient is approximately matched to the phase of the 
respiratory cycle, has recently been shown to be ef
fective in removing artifacts due to respiratory mo
tion113 (N. Plec, personal communication).

Respiratory motion can also affect quantitative lung 
studies by altering the NMR signal. In vivo imaging 
studies of dog lungs have shown a higher signal-to- 
noise ratio during apnea than during mechanical venti
lation.60 In the two-dimensional Fourier transform

techniques (including the spin-warp technique), mo
tion has a signal-cancelling effect during signal averag
ing and can mix chest wall signal into lung regions; in 
addition, motion causes uncertainty in the definition 
of the lung margin at the boundary with the chest wall. 
As discussed above, motion artifacts may partly ex
plain the low lung water values observed by MacLen- 
nan in healthy human subjects.58 Uncertain lung mar
gin definition induced by respiratory motion may also 
affect the line-scan technique62 recently used to mea
sure lung water distribution in living anesthetized 
rats,54-55 but this effect is much less marked than in the 
spin-warp technique. On the whole, the role of respi
ratory motion in lung water determination is still in
conclusive because of lack of systematic comparisons 
of measurements obtained with and without gating. 
Recent data suggest that nongated measurements sat
isfactorily monitor lung water changes in rats.55 Carrol 
and coworkers53 have obtained similar results in sheep 
by using high frequency ventilation instead of gating, 
as proposed by Hedlund and coworkers.114 Carrol and 
colleagues53 have pointed out that cardiac gating may 
affect lung water measurements by modifying the sig
nal from flowing blood.

Since both intravascular and extravascular protons 
contribute to the NMR signal, a major problem to be 
solved in the application of NMR techniques to the 
measurement of lung water is discrimination between 
intravascular and extravascular water. The problem is 
important because an increase in lung density or total 
water content may reflect, for instance, pulmonary 
edema, vascular congestion, or atelectasis. However, 
it should be noted that, in vivo, a fraction of intravas
cular lung water is not detectable by NMR imaging 
because of the aforementioned effects of large vessel 
(high velocity) blood flow on the NMR signal. This 
signal loss may be reflected by the low NMR lung 
water values observed by M acLennan and col
leagues58 in human subjects. In addition, average 
human lung water density values obtained in vivo by 
NMR imaging54'53-61 were substantially smaller than 
those predicted from normal total water content and 
lung volume data. These limited preliminary data sug
gest that NMR lung water values include only part of 
the intravascular water content. A possible solution to 
the problem of discrimination between intra- and ex
travascular lung water could be provided by a more 
precise definition of the relationship between pulmo
nary blood flow and intensity of the NMR signal from 
the lung. Preliminary data on the relationship between 
NMR signal intensity from the lung and cardiac cycle 
have been reported by Lallemand and coworkers52 
and Hedlund and coworkers.56 The undetected intra
vascular lung water fraction is expected to depend on 
the magnitude and serial distribution of blood flow ve
locity. Therefore, an estimation of the extravascular 
fraction of NMR water content is probably achiev
able, but must await further studies.

The complex technology involved in the determina-
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tion of lung water content and distribution by the 
NMR imaging method can be expected to set limits to 
the clinical application of this method. The incompati
bility between the operation of NMR systems and the 
presence of ferromagnetic materials represents an ad
ditional practical problem, especially in critical care 
medicine. Although available data indicate that no sig
nificant biologic hazards are associated with exposure 
to electromagnetic fields (static magnetic fields, rapid
ly varying magnetic field gradients and radiofrequency 
pulses) at the levels presently used in NMR imag
ing,6-48'65 special precautions are required for patients 
with metallic implants (for instance, surgical clips, 
joint implants, cardiac pacemakers).48,65,ns-in  ]n crit
ically ill patients, the problem of lung water measure
ment by NMR imaging is further complicated by inter
ference with monitoring instruments and supportive 
equipment. Some data relevant to this problem are al
ready available. Although most ventilators are metal
lic and electronically controlled, the use of mechanical 
ventilation is not absolutely incompatible with NMR 
imaging. NMR signal intensity has been measured in 
sheep ventilated by a high-frequency ventilator locat
ed in an adjacent room.53 High quality NMR images 
have been obtained in human subjects mechanically 
ventilated by a fluidic volume ventilator (no electronic 
com ponents) im m ediately ad jacen t to a 0.5-T 
imager.118 A fluidic high-frequency jet ventilator de
veloped using plastic components114 was not affected 
by magnetic fields up to 2.2 T. A recent study of com
patibility of intravenous therapy (using infusion pump 
devices) with NMR imaging119 showed that two types 
of infusion pump devices failed to meet the manufac
turer’s specifications for accuracy when exposed to 
the magnetic field of an NMR imager; however, a 
third type of infusion device was not affected. Al
though preliminary, these data suggest that the prob
lems of incompatibility between NMR imaging in
strumentation and current medical equipment are 
solvable.

Because of the complex instrumentation involved in 
NMR imaging, and the magnetic interaction between 
the imager and its environment, an NMR imaging unit 
requires careful site planning and has limited mobility, 
at least at the present stage of development.10'120 Al
though this problem is not an absolute impediment to 
the clinical application of NMR methods for determin
ing lung water content and distribution, it may repre
sent a limitation in critically ill patients because it pre
cludes bedside measurements.

CONCLUSIONS

Published evidence indicates the feasibility of mea
surements of lung water content and distribution by 
NMR imaging techniques. The application of these 
techniques to lung water studies is complicated by 
several problems and limitations, some of general in
terest (inability to differentiate intravascular from ex-

travascular water, complexity and limited mobility of 
NMR imaging systems), others related to the struc- 
ture-function characteristics of the lung (weak and 
rapidly decaying lung NMR signal, image artifacts due 
to respiratory motion). However, various groups have 
been able to obtain adequate NMR signal from lungs, 
and further improvement in the signal-to-noise ratio is 
technically achievable (for instance, by increasing 
magnetic field strength); respiratory gating can be per
formed using current monitoring equipment. Differen
tiation of extravascular from intravascular water is an 
important but potentially solvable problem. Prelimi
nary data show that various problems posed by the 
use of NMR imaging techniques in critical care medi
cine can be solved, the prominent limitation in this 
area (but not necessarily in other areas of clinical 
medicine) being lack of mobility of NMR imaging sys
tems (a disadvantage common to other, more estab
lished techniques, such as computerized axial tomog
raphy). Therefore, while there is little doubt that 
NMR imaging has the potential to become a powerful, 
versatile tool for lung water research, the extent of its 
future clinical use (especially in critical care medicine) 
is more difficult to predict, although a wide spectrum 
of applications can be foreseen and available prelimi
nary data are, on the whole, encouraging. The practi
cal application of NMR lung water measurements will 
depend mainly on the development of rapid and con
venient techniques.

Future progress in the application of NMR imaging 
to the study of lung water could be made in the follow
ing directions: (1) Development and standardization of 
the most suitable imaging techniques for accurate, 
rapid measurement of lung water content under var
ious conditions (animals or humans, research or clini
cal applications); optimization of technical character
istics (such as m agnetic field strength  and pulse 
sequence) and methods to minimize motion artifacts. 
(2) Development of methods for discriminating extra- 
vascular from intravascular water. (3) Systematic 
measurements of lung water content by optimal NMR 
imaging techniques in animals and humans (under 
normal conditions and in various types of experimen
tal or clinical pulmonary edema, with particular atten
tion to the time course of lung water accumulation). 
Comparison of the response of NMR signal intensity 
and re laxation  tim es (Tj and T2) to lung water 
changes. (4) Assessment of lung water distribution in 
experimental animals and in humans under normal 
and pathologic conditions; search for characteristic 
patterns of water distribution in various types of ex
perimental or clinical pulmonary edema. (5) Studies of 
the specific NMR behavior of the lung (characterized 
by a short free induction decay in the state of infla
tion) and of its implications with respect to experi
mental and clinical NMR imaging. These studies in
clude the application of new techniques capable of 
enhancing the lung tissue in NMR images. The devel
opment of adequate models explaining the specific
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NMR properties of lungs may lead to the description 
of new aspects of lung water distribution (according to 
position with respect to the air/tissue interface), with 
possible interesting implications for the study of pul
monary edema.

APPENDIX
Basic Principles of NMR Imaging

Basically, hydrogen nuclei (protons) have a magnet
ic dipolar moment and tend to align preferentially in 
the direction of an externally applied magnetic field 
H0; this alignment results in a net nuclear magnetiza
tion M. In fact, the hydrogen protons precess around 
the axis of H0 at an angular frequency (Larmor fre
quency) wo = 7H0, where 7 is a constant for each 
nuclear species (the gyromagnetic ratio). If the pro
cessing protons are irradiated with a radiofrequency 
(rf) pulse of the same frequency as their precessional 
frequency, the nuclear magnetization is tilted away 
from the axis of the magnetic field H0, and its compo
nent in a plane perpendicular to H0 (transverse com
ponent of M) can be measured by rf amplifiers. The 
amplitude of the NMR signal decays with time, mainly 
because of dephasing of the precessing protons (due 
to magnetic field inhomogeneity). The decay (free in
duction decay FID) is quantified by decay constant 
T2, or spin-spin relaxation time (in a perfectly homo
geneous external magnetic field). The more rapid FID 
resulting from external, magnet-induced, field inho
mogeneity is quantified typically by a shorter decay 
time T*. Reorientation of the nuclear magnetization 
with Hc (following the radiofrequency pulse) is char
acterized by Tj (the spin-lattice relaxation time).

If the applied magnetic field H0 is uniform across 
the specimen, all protons precess essentially at the 
same frequency and therefore are not spatially resolv
able. Spatial resolution can be obtained by applying a 
magnetic field gradient (ie, a magnetic field whose 
strength varies linearly with position across the speci
men). Because of this gradient, the protons in various 
positions in the specimen will experience magnetic 
fields of different strengths and thus precess at differ
ent frequencies (since the Larmor frequency, w0, is di
rectly proportional to the strength of the applied mag
netic field HD, see equation above). The contributions 
of differently located hydrogen nuclei to the NMR sig
nal can be separated from one another by Fourier 
analysis, and two- or three-dimensional images of pro
ton density (concentration of hydrogen nuclei) at each 
location in the specimen can be generated.
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