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Lung Water Quantitation by Nuclear Magnetic 
Resonance Imaging 

Abstract. Nuclear magnetic resonance imaging was used to determine quantita- 
tively the water distribution of saline-filled and normal rat lungs in both isolated lung 
and in situ preparations. Regional lung edema was easily detected. Studies of an 
isolated lung fragment indicate an accuracy of better than 1 percent and images of 
H~OID~O phantoms indicate an average error of 2.7 percent. 

Nuclear magnetic resonance (NMR) 
imaging has been increasingly used in 
recent years to determine the spatial 
distribution of water in intact animals (1) 
and humans (2). Since the formation of 
edema is a fundamental element in the 
response of lung to injuries of many 
kinds, the measurement of lung water is 
of major physiological and clinical inter- 
est. 

Although a variety of techniques for 
obtaining images by NMR measure- 
ments have been developed, application 
of these techniques to pulmonary studies 
has been limited. The only data reported 
in the literature are those of Lauterbur 
(3) and Frank (4), who studied the rela- 
tion between the spin-lattice relaxation 
time TI and the dry-to-wet lung weight 
ratio (DIW) in vitro. They observed a 
linear relation between the spin-lattice 
relaxation rate l/TI and DIW and wn- 
cluded that it may be feasible to use 
NMR imaging to detect pulmonary ede- 
ma, even in the early stages (3). Howev- 
er, published NMR imaging data on 
lungs have been qualitative and visual; to 
our knowledge, no quantitative data de- 
rived from NMR images have been re- 
ported. 

For the quantitation of lung water, 
NMR imaging has several advantages 
over gravimetric, double-indicator dilu- 
tion, soluble gas, and other methods (5). 
The NMR measurements are noninva- 
sive and nondestructive, do not require 
the use of indicator tracers, are indepen- 
dent of the distribution of ventilation and 
perfusion, and provide a high degree of 
spatial resolution. 

We report here the results of experi- 
ments on phantoms as well as on excised 
and in situ rat lungs. These experiments 
establish the quantitative nature of NMR 
imaging and demonstrate the feasibility 
and validity of NMR measurements of 
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lung water content and distribution in 
both edematous and nonedematous 
lungs. 

In a conventional nonimaging NMR 
experiment, a specimen placed in a large 
static magnetic field is subjected to a 
small radio-frequency (RF) field at the 
natural precession (Larmor) frequency 

of the nucleus to be studied (6). Only 
nuclei of the atomic species whose Lar- 
mor frequency corresponds to the RF 
frequency will be excited. However, nu- 
clei of the same species in different lo- 
cations in the same field will not be re- 
solvable. In contrast, in an NMR im- 
aging experiment, spatial resolution is 
achieved by superimposing a field gradi- 
ent (a spatially varying field) on the static 
magnetic field. Nuclei at different loca- 
tions will then be resolvable since their 
Larmor frequencies are different by vir- 
tue of the positional variation of the 
magnetic field. 

The data reported here were taken at 
40 MHz in a 12-inch Varian electromag- 
net with a 3%-inch gap (originally pur- 
chased for solid-state physics studies). 
Since the region over which the magnetic 
field was homogeneous was considera- 
bly smaller than the intact rats studied, 
we used a line-scan technique similar to 
one developed at the University of Cali- 
fornia, San Francisco (7). With this tech- 
nique, images are constructed one line at 
a time. The water distribution (proton 
density) in one line is obtained by the 

Pos i t ion  

Fig. 1 .  NMR images of water distribution in a simulated chest cavity. (A) Frontal (en face) view 
of Plexiglas phantom with four chambers containing mixtures of HzO and DzO. The HzO 
concentrations are, from left to right, 50, 100,25, and 75 percent. (B) NMR image of phantom 
immersed in HzO showing variations of HzO concentrations among the four chambers. (C) 
Single NMR line scan taken before immersion of phantom in HzO. Peaks are labeled with HzO 
concentrations as deduced from the NMR data. (D) Single NMR Line scan of phantom immersed 
in HzO. The two extra side peaks arise from the water simulating the chest wall. 
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Table 1. Comparison of water content of saline-filled and normal lung as obtained from wet and 
dry weight measurements and average NMR signals. 

Weight Dry Weight Average 
Preparation difference* weight difference1 NMR (A)l(B)t (C)l(D)S 

(g of HzO) (g) dry weight signal 

Isolated lung 
Right lung 0.467 0.099 4.72 (A) 30.0 (C) 

(with saline) 
Left lung 0.167 0.059 2.83 (B) 16.5 (D) 1.67 1.82 

In situ lung 
Right lung, 0.759 0.085 8.93 (A) 17.0 (C) 

lower lobe 
(with saline) 2.64 2.50 

Left lung 0.612 0.181 3.38 (B) 6.80 (D) 
and rest of 
right lung 

'Wet weight minus dry weight. tRatio of gravimetric water contents of saline-filled and normal 
lung. $Ratio of NMR signal intensities of saline-filled and normal lung. 

application of three perpendicular field 
gradients and two RF pulses. The speci- 
men and field gradients are arranged in 
such a way that the line of excited nuclei 
is centered in the most homogeneous 
portion of the magnetic field. The speci- 
men's position is then shifted slightly 
and the process repeated to excite a 
neighboring line of atoms. In this way an 
image of an entire slice can be produced 
in which all the nuclei are in the homoge- 
neous portion of the field when they are 
being imaged. 

The time required to collect data from 

the atoms in a single line was 25 msec 
without signal averaging. With signal av- 
eraging, it is important to wait at least TI 
(- 0.3 second) between pulse sequences 
so that effects due to TI are minimized. 
For all the images reported here, 8 sec- 
onds were required for 16 averages on 
each line. 

We constructed a phantom containing 
four disk-shaped chambers filled with 
CuS04-doped solutions of H20 and D20, 
with initial H20 concentrations of 50, 
100,25, and 75 percent (Fig. 1A). (In our 
experiments, the protons of Hz0 and 
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HDO are not distinguishable.) This is a 
convenient way to simulate various con- 
centrations of H20, since D20 will not 
produce an NMR signal at the proton 
frequency. Each chamber was 118 inch 
thick and was separated from the neigh- 
boring chambers by 118-inch-thick walls 
of Plexiglas. The phantom was immersed 
in a plastic vial filled with 100 percent 
H20 to simulate a chest wall. 

Conventional nonimaging NMR was 
used to determine the decreasing water 
content of an isolated fragment of rat 
lung as it dried (Fig. 2A). For the NMR 
lung imaging studies, we used only dead 
animals or isolated lungs in order to 
eliminate effects of heart and lung mo- 
tion, even though we have obtained sat- 
isfactory NMR images of the heart and 
lungs of a living, spontaneously breath- 
ing rat. Sprague-Dawley rats were anes- 
thetized with thiamylal sodium and the 
lungs removed after cannulation of the 
trachea. The lungs, enclosed in a plastic 
container to minimize evaporative water 
loss, were placed in the magnetic field 
with the long axis oriented vertically. 
The degree of inflation of the lungs was 
controlled by an adjustable constant- 
pressure source. Localized lung edema 
was simulated by (i) instilling normal 
saline into the right lung of an isolated 
preparation consisting of the right and 
left lungs and (ii) instilling normal saline 
into the right lower lobe of an intact dead 
rat (killed with 18 mg of Nembutal inject- 
ed intraperitoneally). In the latter experi- 
ment, a Silastic tube (just fitting into the 
trachea) was advanced into the right 
lower lobe bronchus while both lungs 
were maintained at constant volume. 
One milliliter of air was then removed 
from the right lower lobe and replaced by 
1 ml of normal saline. (A postmortem 
examination revealed the Silastic tube in 
the right lower lobe bronchus and con- 
firmed the presence of isolated right low- 
er lobe edema.) We determined lung 
water content by NMR and calculated, 
after gravimetric measurement (8), the 
water content per unit of dry lung weight 
[(wet weight - dry weight)/dry weight]. 

A photograph of the phantom in air is 
shown in Fig. 1A. The NMR image of the 
H20 in a 2-mm slice through the median 
plane of the phantom immersed in Hz0 is 
shown in Fig. 1B. The brightest regions 
in Fig. 1B contain the largest H20 con- 
centrations. Plots of single line scans 
from the phantom in air (Fig. 1C) and in 
H20 (Fig. ID) provide quantitative de- 
terminations of H20 concentrations. The 
detected peak values (normalized to the 
100 percent Hz0 peak in Fig. 1, C and D) 
lie within a few percent of the predeter- 
mined values (left to right; 50, 100, 25, 
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and 75 percent H20)  and were not influ- 
enced significantly by immersion of the 
phantom in the H 2 0  simulating the chest 
wall. For the three peaks in Fig. 1, C and 
D, from H20/D20 mixtures of 50, 25, 
and 75 percent H20 ,  the average abso- 
lute deviation from the predetermined 
H 2 0  concentrations was 2.7 percent. 
When one of the tubes in Fig. 1A was 
filled with whole human blood, the NMR 
signal intensity was 82 percent of the 
signal from pure H20 ,  indicating that 82 
percent of the blood was H20.  This 
result compares well with published con- 
fidence limits for H 2 0  in whole human 
blood of 83 to 86.5 percent (9). 

Conventional NMR measurement of 
the total water content of an excised 
drying lung fragment was validated by 
weighing the fragment after each NMR 
measurement of the free induction decay 
(FID) following an excitation pulse (Fig. 
2A). The extrapolated sample weight at 
zero NMR signal (dry weight) was deter- 
mined from a least-squares regression to 
be 0.234 g, which was 98 percent of the 
gravimetric dry weight (0.248 g). 

Regional lung edema, simulated by 
saline instillation, was detected by NMR 
in both the right lung of an isolated lung 
preparation (Fig. 2B) and the right lower 
lobe of an in situ lung (Fig. 2C). Good 
agreement was observed between the 
ratio of gravimetric water contents [(A)/  
(B)] and the ratio of NMR signal intensi- 
ties [(C)l(D)] of the normal and saline- 
filled lungs (both the isolated right lung 
and the in situ right lower lobe) (Table 1). 

These results provide evidence of the 
power of NMR imaging as a technique 
for performing quantitative studies of 
lung water. It is a noninvasive, perfu- 
sion- and ventilation-independent, tech- 
nique that shows promise of becoming 
the standard method for in vivo measure- 
ment of the absolute amount of lung 
water and its distribution. 
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Deep-sea Bacteria: Isolation in the Absence of Decompression 

Abstract. Sampling and pure culture isolation of deep-sea bacteria without loss of 
in situ pressure is required in order to determine the viability of decompression- 
sensitive strains. This was achieved by using a pressure-retaining sterilizable 
seawater sampling system in connection with a prepressurized hyperbaric isolation 
chamber. Rates of growth and substrate uptake of the majority of isolates showed 
highly barotolerant characteristics, while the remainder (4 out of 15) exhibited 
barophilic characteristics. 

During the last decade, deep-sea mi- 
crobiology advanced in three areas, 
namely, the development of pressure- 
retaining sampling equipment (1, 2), in 
situ studies with the research submers- 
ible Alvin (3), and the isolation of specifi- 
cally pressure-adapted, barophilic bacte- 
ria (4). This work has led to a general 
understanding of the fact that the micro- 
bial decomposition and remineralization 
of natural and man-made materials on 60 
percent of the globe's surface, covered 
by seawater of a depth of 1000 m or 
more, are strongly influenced by condi- 

tions characteristic of the deep sea. 
These are primarily the generally low 
concentrations of metabolizable organic 
substrates, uniformly low temperatures 
of 2" to 3"C, and hydrostatic pressure 
which increases approximately 1 atm for 
every 10 m of depth (5). 

Microbial adaptations to life at ex- 
tremely low nutrient levelb (6) and low 
temperatures (7) have been well studied. 
Cold-adapted, psychrophilic bacteria, 
growing optimally at about 8" to 15"C, do 
not survive temperatures in the range of 
20" to 25°C. In response to pressure, 
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Fig. 1. (a) Isolation chamber assembled. A ,  viewing window; B, reset end cap bolts; C ,  valves 
for sample transfer into four vials; D, handle for horizontal movement of streaking loop; E, 
lever for rotary movement of streaking loop; F, handle for movement of agar plates; G, valve 
for pressurization; and H, wires for illumination and loop sterilization. (b) Bottom end cap with 
inner parts of isolation chamber (top removed); I, agar plates (nine); K, vials for liquid medium 
(four); L, ceramic loop holder with streaking loop; M, halogen lamps (five); and N, wire 
penetrators. 
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