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Proton-magnetic-resonance measurements have been carried
out on juvenile porcine peripheral lung parenchyma. The free-
induction-decay signal contained a motionally restricted compo-
nent which decayed in a few tens of microseconds and a mobile
component with a T, time greater than 1 ms. The average second
moment, M,, for the motionally restricted signal was found to be
3.42 + (0.25) x 10°s~2. The T, distribution for the mobile signal
consistently showed four resolvable components of T, range: 2-6,
10-40, 80-110, and 190-400 ms. The 2-6 ms component was
present in a fully dehydrated preparation and was therefore as-
signed to a nonaqueous lung constituent. The motionally restricted
FID component had a T, = 0.772 + 0.11 s and the mobile compo-
nent had a T, = 0.967 = 0.02 s. The hydrogen content per unit
mass for lung parenchyma and water were estimated in two ways:
(1) on the basis of chemical content and (2) on the basis of compar-
ison of restricted and mobile signals to the gravimetric (G) water
content for a lung sample studied at a wide range of water con-
tents. Lung wet/dry weight ratios were estimated from the free-
induction decays and compared with gravimetric measurement.
The ratio of (wet/dry)ywr/(Wet/dry)s was 1.00 + 0.08 and 1.00
+ 0.05 for the two methods of estimation. © 1997 Academic Press

INTRODUCTION

The proton-magnetic-resonance signal from lung tissue is
quite complex, arising from distinct water compartments and
different molecular constituents. A typical deflated excised
lung sample consists of collagen, elastin, and ‘‘whole cells”
in water. Whole cells, in turn, have an intricate composition
consisting of lipids, membrane proteins, cytoplasmic pro-
teins, and metabolites (1). The interpretation of the 'H NMR
signal from lung is complicated by a number of factors,
including magnetic susceptibility variation (2), dipolar line
broadening (2, 3), diffusion (4, 5), heterogeneity (4, 6),
and paramagnetic solutes. Nevertheless, several types of use-
ful information are available from the *H NMR signal.

Since dteration in lung water content is an important fea-
ture in a number of lung diseases, it would be quite advanta-
geous to accurately measure the water content in a noninva
sive/ nondestructive manner. For this reason, a series of stud-
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ies have been conducted on the determination of water
content both in vivo and in vitro (7—14). This paper presents
an anaysis on the entire '"H NMR signal of lung tissue in
vitro. Because the NMR signal can provide a direct measure
of lung-tissue water, MRI isagood method for investigation
of inflammatory and degenerative diseases (15, 16).

Two significant NMR properties of many tissuesincluding
lung are spin—spin relaxation time, T,, and spin—lattice re-
laxation time, T,, which are measured by the CPMG pulse
train and inversion-recovery sequence, respectively (17—
19). In lung or any biological tissue, protons exist in a
variety of different environments, giving rise to awide range
of relaxation times. Therefore, the measured decay curveisa
sum of contributions from all spinswhich may have sampled
different environments during the course of the experiment.
As a result, these measurements should enable us to obtain
information on water distribution and tissue pathology. Pre-
vious studies have demonstrated that pulmonary injury can
be characterized by changes in the tissue's relaxation times
(20-27). The vaue of T, has been shown to be a more
sensitive and useful parameter for pulmonary edemathan T,
(14, 15, 23).

In this study, *H NMR measurements on lung were carried
out with a solid-state NMR spectrometer which had both a
high signal-to-noise ratio (S/N) and a short dead time (=10
uS). These characteristics made it sensitive to the complete
proton signal from lung tissue. For comparison, conventional
clinical MRI scanners are sensitive only to protons with T,
values greater than about 10 ms.

The total *"H NMR signal of atypical lung tissue consists
of a fast-decaying component, lasting approximately 30 us,
and a slow-decaying part which persists over 10 ms or
longer. The latter signal arises from water and mobile pro-
tons associated with cytoplasmic proteins and metabolites
which undergo rapid isotropic motion, averaging dipolar in-
teractions to zero (1). The rapidly decaying component can
be characterized by the second moment of its lineshape
which provides us with insight into the dynamic structure
of the solid component of lung (28, 29). The mobile signal
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can be characterized by its T, and T, relaxation times which
relate to the microscopic tissue environment.

A large number of diagnostic changes in lung tissue are
characterized by alteration in wet/dry ratio. The relative
signals from water and nonagueous tissue may be used to
estimate the wet/dry ratio of the lung samples. In the absence
of T, and T, weighting, NMR signal intensities are propor-
tional to the number of contributing protons. Therefore, to
estimate wet/dry ratios from the free-induction decay, we
require values for the hydrogen content per unit mass for
lung tissue and for water. Two methods were employed to
estimate lung proton density: (1) a calculation based upon
chemical content and (2) a measurement based upon the
NMR signal from a lung sample which was dehydrated in-
crementally. For partial chemical characterization, the colla-
gen content of severa of the lung samples was obtained by
hydroxyproline analysis.

The initial aim of our research project was to understand
the nature of the entire *H NMR signal of lung and to mea-
sure lung water content quantitatively both in vitro and in
vivo. The ultimate goa is to characterize pathologic pro-
cesses in the lung by alterations in the water content and
relaxation properties of the *H NMR signal. This should
enhance the diagnostic potential of lung parenchymal MRI,
perhaps allowing differentiation of potentially reversible in-
flammatory infiltrates from fixed fibrotic lung changes.

MATERIALS AND METHODS

Samples

Twenty-one deflated excised samples of volume about 1
cm?® of peripheral lung from four different normal juvenile
pigs were sealed in sample tubes of 1 cm diameter. The pigs
had been euthanized with a sodium pentabarbitol overdose
and then exsaguinated passively by cutting the abdominal
aortabefore lung excision. The animal experimental protocol
was approved by the institutional ethics review board.

Hydroxyproline

To determine tissue collagen content, the collagen-specific
amino acid hydroxyproline was assayed in 15 samples. Tis-
sue samples were hydrolyzed in 6 ml HCI overnight and
under nitrogen at 105°C. Hydrolyzates were neutralized and
assayed for hydroxyproline, applying the method of Stege-
mann and Stalder, using known amounts of purified type |
collagen as standards (30). Hydroxyproline values of each
sample were converted to collagen content, based on an
average collagen content of 1/7 hydroxyproline by weight.

NMR Equipment

Proton NMR measurements were carried out on a modi-
fied Bruker SXP 4-100 operating at 90 MHz. Data acquisi-
tion and analysis were carried out on a system including a
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locally built pulse programmer (31), a Rapid Systems digi-
tizer, and an 1BM-compatible computer. The *H NMR spec-
tra measurements were performed on a300 MHz Varian XL-
300 spectrometer. All the experiments were done at 24°C.

Free-Induction-Decay Measurements

A modified version of the free-induction-decay pulse se-
guence was used to determine the wet/dry ratios and to
measure the moments. This pulse sequence was applied to
distinguish the fast-decaying nonaqueous signal from the
water and mobile nonaqueous signal. The pulse sequence is
represented by

9030—2—(180300—7»,

where n = 8, 7 = 200 us, and the repetition time was 10
s. The subscripts indicate phase shift of the pulses relative
to the reference signal. The 180° pulses were applied to
refocus phase dispersion in the mobile signal due to magnetic
field inhomogeneity. The duration of the 90° pulse was be-
tween 1.8 and 2 us. The fast-decaying signal, from dipolar-
coupled protons of the sample, wasfitted to amoment expan-
sion equation of the form

t2 t4 t8
_| + M4_ - MB_

S(t) = (S Lo)(l—Mzz_ Comel

> + Lo, [1]

where M,, M,, and Mg are the second, fourth, and sixth
moments of the total proton lineshape (18) and § and L,
are the signal intercepts at zero time from the total and
mobile signals. It was assumed that the mobile signal, L,,
was constant over the duration of the motionally restricted
signal. & and the three spectral moments were estimated
by fitting Eq. [1] to 20 FID points between approximately
12 and 32 us (see the inset of Fig. 1) using a nonlinear
functional optimization program to minimize x? (32).
Eight points per echo were averaged to make up a mobile-
signal decay curve for T,, which was fitted by a simple
monoexponential fitting algorithm to estimate the constant
L,. The spectral moments obtained above relate to the total
NMR signal. To obtain the second moment for the mo-
tionally restricted component alone, the value from Eq.
[1] was divided by (S, — Lo)/Lo in order to remove the
contribution from the mobile signal which was assumed to
possess zero M,.

Sin—Spin Relaxation

The Carr—Purcell-Meiboom—-Gill (CPMG) pulse train
was applied to each sample to acquire the T, decay curve.
The sequence is represented by
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903 —%—(1808@: — Ty

where n = 4230. A recycle time (TR) of 10 s alowed
reequilibration of magnetization. Totals of 250 and 2500
scans were accumulated for the wet and fully dehydrated
samples, respectively. The sequence was repeated with = =
100, 200, 400, 600 usin order to investigate the dependence
of the decay curve upon echo spacing. To caculate the T,
distribution, four points per echo were averaged and 736
echo amplitudes were collected from the echo train to obtain
the transverse magnetization decay curves. These curves
could be represented by the sum of several components,

[2]

S(t) = Y Se VT,

where S is the relative magnetization of each component,
proportional to the number of protons, and T are the com-
ponent relaxation times.

Spin—Lattice Relaxation

A modified version of the inversion-recovery pulse se-
guence was employed which is represented by

907 —TR
1803 — 7—905 — TR,

where the second signal was subtracted from thefirst to give
apositive signal that decayed to zero at long . The recycle
time TR of 10 s was selected for the wet samples. Thirty 7
values (the range over which = varied depended on T,)
were chosen in a geometric fashion from 500 us to 5 s.
Furthermore, the free-induction-decay curve was decom-
posed into two separate components to investigate the T,
distributions for the motionally restricted and the mobile
components. To acquire the total NMR signal, & was esti-
mated the same way as explained earlier for all the = values
to obtain a T, decay curve. For the mobile component, L,
was estimated for all the = values by fitting the FID curve,
between 200 and 1800 us, to a monoexponentia algorithm.
The T, decay curvesfor §, — L, and L, were analyzed with
a nonnegative least-squares method (33) to determine the
T, distributions for the motionally restricted and maobile
components, respectively.

Dehydration

Following NMR measurements, all sampleswere weighed
and then dried under vacuum at 55°C to constant weight in
order to obtain their gravimetric wet/dry ratio. One addi-
tiona sample was dehydrated incrementally by allowing
evaporation of water under vacuum at room temperature. At
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each step, lung weight measurements were performed, using
an accurate balance (Sartorius 2462) with sensitivity of 0.1
mg. A monotonic decrease in the mobile signals as well as
the evolution of the T, distribution was observed. Finaly,
the samples were completely dried under vacuum at 55°C
to constant weight.

Nonnegative Least-Sguares Analysis of Relaxation

T, and T, relaxation curves were analyzed using a nonneg-
ative least-squares algorithm (33). This method requires no
a priori assumptions about the number of exponential com-
ponents and amplitudes, m (see Eq. [2]). However, alarge
number of relaxation times must be specified. One hundred
fifty geometrically scaled relaxation times from 0.0001 to
10 s were specified for spin—spin relaxation and 150 linearly
scaled T, times from 0.001 to 10 s were used for spin—
|attice relaxation. The algorithm puts nonzero amplitudes at
a few of these times in order to minimize the misfit 2.
Smooth distributions of relaxation times were generated by
minimizing x? + pA, where A is the sum of squares of the
amplitudes of the solution and x 2 wasincreased by 3% above
its minimum by increasing the regularization parameter .

RESULTS

Collagen Assay

Hydroxyproline assay experiments were conducted in or-
der to determine the collagen content of each individual
sample; the collagen content of the periphera lung-tissue
samples ranged from 13 to 41% of the dry weight.

Free-Induction-Decay Measurements

A typical FID from alung sampleis shownin Fig. 1. The
180° pulses were required in order to refocus phase disper-
sion due to magnetic field inhomogeneity. A rapidly de-
caying signal lasting approximately 30 us was observed,
corresponding to the motionally restricted component. Sig-
nals from water and mobile protons were observed lasting
10 ms or longer. &, the total NMR signal at t = 0, and Lo,
the signal from water and mobile nonagueous tissue at t =
0, were obtained from fitting Eq. [1] to this curve.

The simplest way of obtaining quantitative information
from the broad-line NMR signal received from the nonaque-
ous component of lung tissue is the method of moments.
The most important moment for structural studies is the
second moment. To determine the moments, the fast-de-
caying part of the signal, which has a shape determined by
dipolar broadening, was fitted to Eqg. [1] as shown in the
inset of Fig. 1. The average M, value for the wet samples
was about 3.42 + (0.25) x 10° s 2. This value is similar
to that obtained from other biological samples such as rho-
dopsin (29).
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FIG. 1. A typica free-induction-decay curve from alung sample. The gaps indicate the applied 180° pulses, = = 200 us. The insert is the motionally

restricted component fitted by the moments expansion.

Inversion-Recovery Measurements

Spin—lattice relaxation was measured in four lung sam-
ples. Inversion-recovery curves were fitted using the nonneg-
ative least-squares algorithm (NNLS) to produce T, distribu-
tions for the motionally restricted and the mobile compo-
nents. For both components, the decay curves were
monoexponential. The former component had an average T,
= 0.772 = 0.11 s and the mobile component had a T, of
0.967 = 0.02 s. Since the T, values are relatively close to
each other, there may have been an exchange of magnetiza-
tion occurring between the two components. The T, values
measured in this study were much shorter than the 10 s
repetition times employed, indicating that the results were
not corrupted by T, weighting. A more complete study of
T, in lung tissue, including the effects of exchange between
different spin groups, was carried out on mouse lung (34).

CPMG Measurements

To characterize the mobile fraction of the lung samples,
the CPMG relaxation decay curve was acquired. The inset
of Fig. 2 demonstrates that the CPMG decay curve was not
a straight line on a semilog plot and hence could not be
fitted by a single T, component corresponding to a single
water environment. Figure 2 shows atypical NNLS discrete
and smooth T, distribution for a mobile signal. Because of
the inhomogeneous nature of the structure and biochemical
composition of lung tissue, it may be more plausible to
assume a smooth distribution for relaxation times. Also, the
smooth fit is more robust in the presence of noise.

Four to five resolvable T, components were consistently

obtained which were in agreement with the literature (5).
These components had arange of 2—6, 10—40, 80—110, and
190-400 ms with average T, values of 4 + 0.4, 35 + 1.7,
93 + 2.8, and 264 + 28 ms. The largest component, which
contained more than 75% of the total amplitude, was be-
tween 80 and 110 ms.

To have a better understanding of the motions responsible
for the T, relaxation, four different values of echo spacing,
7, of 100, 200, 400, and 600 us were applied in order to
determine whether there were shifts or any other changesin
the T, distribution. However, no changes were observed.
This result indicated unambiguously that correlation times
of 100 us or longer do not play arole in the T, relaxation
results.

Moisture Content

All 21 lung samples were weighed immediately before
and after NMR measurements, and after drying to constant
weight. The resulting mean gravimetric wet/dry ratio was
5.67 + 0.10.

One lung sample was dehydrated incrementally to con-
stant weight. The free-induction decay, the CPMG decay
curve, and the sample weight were measured at each hydra-
tion level. Using Eq. [1], &, Lo, and M, were estimated as
a function of sample hydration. Figure 3 shows that the
second moment exhibited a twofold increase at low wet/dry
ratios. Figure 4 shows the T, distribution at four hydration
levels. We note that the T, value for the component with
the shortest T, remained relatively constant; however, its
amplitude increased at later stages of the dehydration pro-
cess. This component was therefore assumed to be nonagque-
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FIG. 2. Smooth T, distribution of mobile component (dashed line) and discrete distribution (solid line) from a lung sample. The inset is the T,
magnetization decay curve from the CPMG sequence on a semilog plot, 7 = 200 us.

ous. The amplitudes and the T, times for the other compo-
nents decreased with decreasing moisture content and they
were absent from fully dehydrated samples. The 300 MHz *H
NMR spectrawere measured on awet and afully dehydrated
sample. For the wet sample, a peak was observed centered
around 5.3 ppm which was assigned to water. After the
sample was fully dehydrated under vacuum at 55°C, the
spectrum contained a broad peak around 6.8 ppm. This peak
was associated with nonagueous mobile protons.

DISCUSSION

Collagen Content Measurements

Collagen is amajor constituent of lung, representing from
13 to 41% of the weight of the samples used in this study.
Collagens of different types are the major group of proteins
in the lung and are present in all major structures, including
airways, blood vessels, and the interstitium of lung paren-
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FIG. 3. The second moment (s2) plotted as a function of wet/dry ratio for one lung sample. A twofold increase was observed as the sample was

dehydrated.



PROTON RELAXATION IN LUNG

s4 A L
2 L
T 4+
=]
el
§ 3 i
2
o
[}

E 14 L

O I Ty T TorrrTmr

0.0001 0.001 0.01 0.1 1

T, (s)
| + il PEEEWRTEIT| s el NSRRIt
5-‘ C -

4] L

- /\ -

0.001 0.01 0.1 1

T, (s)

Intensity (arb. units)

0.0001

415

1 s taaal sl 2ol

s4 B L
)
£ 4 L
3
e
5 31 -
>
5 2_ b
j
(<5
3
£ 1 -
0 e ey
0.0001  0.001 0.01 0.1 1
T, (s)
sl 1ol |
s D -
m
§ 4 L
g
5 37 i
2
a 2_ -
ot
[}
-
£ 14 -
R R ARa R ———
0.0001  0.001 0.01 0.1 1
T, ()

FIG. 4. The smooth T, distribution of the mobile signal from a lung sample at four different hydration levels: (A) For the fresh lung sample, wet/
dry = 6.22, four resolvable components were obtained. (B) As the sample was dehydrated, wet/dry = 3.65, the four resolvable components were shifted
toward lower relaxation times and their amplitudes decreased. (C) At wet/dry = 2.65, only two components remained. (D) For the fully dehydrated

sample, wet/dry = 1.00, a component with an average T, of 4 ms remained.

chyma. Furthermore, characteristically, fibrotic tissue is be-
lieved to consist mostly of collagen. Therefore, it seemed
worthwhile to investigate the dependence of the NMR prop-
erties, including motionally restricted and nonagueous mo-
bile signa intensities, M,, T, amplitudes and times, and
water content upon collagen content. Moreover, since colla-
gen is a hydrophilic protein, it must play an important role
in lung-tissue water distribution. Only two correlations with
R? = 0.6 were observed. Figure 5 shows an inverse correla-
tion (R* = 0.760) between the collagen content and the
amplitude of the 2—6 ms T, component. This suggested that
an increase in the collagen content resulted in a decrease in
the nonagueous component. An inverse correlation with R?
= 0.580 was also found between collagen content and the
amplitude of the component for which the T, ranged between
80 and 110 ms and accounted for the bulk of lung water
content; the data are not shown here. For other NMR proper-
ties, no linear correlations with correlation greater than R?
= 0.43 were found. We conclude that the role of the contri-
bution of collagen in the determination of structure and dy-
namics of lung tissue cannot be considered independently
of the other nonagueous molecular constituents.

Second Moments

For a rigid molecule of known structure, the rigid-lattice
second moment is calculable in terms of dipolar couplings

between proton pairs (18). Due to the presence of motion
which is rapid on the proton NMR time scale, M;2? ~ 10
us, the measured second moment is generally less than the
rigid-lattice second moment. In the limiting case of rapid
isotropic motion on the NMR time scale, the measured sec-
ond moment approaches zero. For the complex heteroge-
neous structure of lung, it is not reasonable to estimate the
rigid-lattice M, value. However, we know that it must be
substantially smaller than that for a hydrocarbon chain of
methylene (CH,) groups (=~2 X 10™ s72) (28) but likely
larger than that estimated for long-chain polysaccharides
such as cellulose (~7 x 10° s72) (35). The measured aver-
age M, vaue for lung tissue of 3.42 + (0.25) x 10°s™?is
therefore probably  the rigid-lattice value. Thisimplies that
long macromol ecules undergo considerable anisotropic mo-
tion on the NMR time scale. M, values measured for lung
are not appreciably different from those measured in other
biological systems such as membranes (28). The twofold
increase in M, observed as water was removed indicates a
substantial reduction in molecular motion upon dehydration

(Fig. 3).

Mobile Nonagueous Sgnal

From the dehydration study, it was noted that for the fully
dehydrated samples, a mobile component with an average
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FIG. 5. The amplitude percentage of the 1-10 ms T, component plotted as a function of collagen content (collagen mass per dry mass) for each

sample.

T, of 4 ms remained; this component was also present in
wet samples. For this reason, it was hypothesized that the 4
ms T, component was due to the nonagqueous mobile protons.
This hypothesis was consistent with the NMR spectrum of
the fully dehydrated sample which contained a broad line at
6.8 ppm. Figure 6 shows that the signal from the nonaqueous
mobile component, L,,, remained relatively constant for
most of the dehydration process; L,./(S — Lo) was about
0.2 = 0.05 up to a wet/dry ratio of 2. However, for wet/
dry ratios lower than 1.8, it followed an abrupt increase. We

do not understand this anomalous increase in L,/ (S — Lo)
at low hydrations; however, with regard to water content, it
has no physiologica significance.

NMR Sgnal Decomposition and Relative Proton Densities

The signal from lung has been separated into components
based upon the NMR properties of each component. NMR
signal intensities are proportional to the number of contribut-
ing protons. Therefore, to relate NMR signal intensities to
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FIG. 6. The nonagueous mobile signal amplitude divided by the motionally restricted signal amplitude, L,./(S — Lo), as a function of gravimetric

wet/dry ratio.
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TABLE 1
Chemical Composition of Lung

Average dry weight Average dry weight Estimated hydrogen content
Component (%) Subcomponent (%) per unit mass
Collagen 30 0.041
Elastin 25 0.074
Lipids 30 0.105
Whole cell 45 Proteins 25 0.066
Nonagueous mobile 45 0.060

sample masses, the hydrogen content per unit mass (p) must
be known. In this work, two approaches for estimating p
were devel oped.

(1) Hydrogen content per unit mass based upon the
chemical content of lung. Table 1 shows alist of chemical
constituents of lung along with their estimated relative pro-
portion (36). For each constituent, the ratio of the numbers
of nonexchangeable hydrogens per molecule to the molecu-
lar weight was calculated. This provided the relative mass
of hydrogen per unit mass. For collagen, it was assumed
that hydrogens not bonded to carbon atoms underwent rapid
exchange with water on the '"H NMR time scale. Since more
than 95% of collagen in lung istypes (1) and (111) (36, 37),
collagen « type (I11) (col-bovine) with average molecular
weight 9365 and with 3817 nonexchangeabl e hydrogens was
used as the representative collagen. Collagen type (1) and
type (l11) are homologous proteins. Since elastin is an ex-
tremely hydrophobic macromolecule, it was assumed that
the hydrogens of elastin do not exchange rapidly with water.
The representative macromolecule of elastin was els-bovine
with average molecular weight of 64,230 and with 4731
hydrogens.

The amount of hydrogen per unit mass of the whole cell
constituents was obtained from (1). Some constituents (e.g.,
cytoplasmic proteins and metabolites) are expected to tum-
ble isotropically at a sufficiently rapid rate (1 ~ 10°° s)
that their dipolar interactions average to zero, giving rise to
a narrow line. For this reason, the molecular constituents
of lung were divided into motionally restricted and mobile
categories and their p was estimated separately for each
classification. For the relative proportions listed in Table 1,
we estimated the relative amounts of hydrogen per unit mass
for the motionally restricted nonaqueous, mobile nonaque-
ous, and water component. When the known collagen con-
tent of each sample was included in the calculation (assum-
ing that a decrease in collagen was accompanied by an in-
crease in elastin), the hydrogen content per unit mass for
the motionally restricted component, ps, ranged from 0.061
to 0.073 with a mean of 0.066 + 0.005. This indicated that
the variations in collagen content had a minor effect upon
the estimated ps.

(2) Hydrogen content per unit mass based on incremental
dehydration. Figure 7 shows S/(S — Ly) plotted as a
function of gravimetric wet/dry ratio. Assuming that all the
mobile signal is from water, the wet/dry ratio is given by

Lo Ps » 100%,

wet/dry =1+ —— X
Y (S - Lo) " pu

[3]

where p,, is the hydrogen content per unit mass of water.
However, if the contribution from the nonagqueous mobile
component to L, is taken into account, the wet/dry lung-
mass ratio would be related to NMR signal intensities by
the equation

wet/dry
— 1 + (LO - an)
(S) - I—O) X (pwlps) + Lom X (Pw/an))
X 100%, [4]

where L, is the signal intensity and p,, is the hydrogen
content per unit mass of mobile nonagueous lung tissue.
Using a nonlinear functional optimization program (32), Eq.
[ 4] was fitted to our results for ), Lo, Lo, and gravimetric
wet/dry ratio. The vaues of S, Ly, and gravimetric wet/
dry ratio were obtained from the incremental dehydration
study. The L, values were set to 0.2(S — L), based on
the dehydration experiments. Due to the rapid and nonlinear
increase of L., a very low wet/dry ratios, only the first 13
points of the 17 dehydrations were used in the fit of Eq. [4]
in order to estimate ps and p.m (Fig. 7). The resulting values
for ps and p,, were 0.0717 and 0.045, respectively. The x?
for fitting Eq. [4] to the results was = that obtained using
Eqg. [ 3], underlining the importance and necessity of includ-
ing L, in our calculations.

Estimation of Lung Wet/Dry Ratio by NMR

The NMR free-induction decay from each sample was
separated into a motionally restricted component with inten-
sty & — Lo and a mobile component with intensity L.
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FIG. 7. The NMR wet/dry ratio, taking the nonaqueous mobile component into account (crosses), and §/(S — Lo) (filled sguares) plotted as a

function of gravimetric wet/dry ratio.

using ps, pw, and L., derived from chemistry in conjunction
with Eq. [4], we estimated the (wet/dry)wwmr/ (Wet/dry)e
ratio to be 1.00 = 0.08 (Table 2). The values for ps and pnm
from the dehydration experiment yielded an average (wet/
dry)amr/ (Wet/dry)g ratio of 1.00 + 0.05. The outstanding
agreement between the two approaches confirms that the
chemical composition of lung portrayed in Table 1 was re-
markably accurate.

CONCLUSIONS

In this work, we report on the NMR properties of lung
and demonstrate a significant correlation between NMR sig-
nal and pulmonary tissue hydration. This paper presents
analysis of the entire 'H NMR signal of lung tissue in vitro,
including the broad-line components. The NMR signal from
the nonagueous mobile protons in metabolites and cyto-
plasmic proteins, with an average T, of 4 ms, was distin-

TABLE 2
Comparison of NMR and Gravimetric Lung Wet/Dry Ratios
(n =21)

Ds Mean o
Estimated (chemistry) (Wet/dry)amr 5.64 0.08
Experimental (NMR) (Wet/dry)amr 5.65 0.07

(Wet/dry)g 5.67 0.10
Estimated (chemistry) (Wet/dry)wr/(wet/dry) 1.00 0.08
Experimental (NMR) (Wet/dry)ywr/(wet/dry) 1.00 0.05

guished from the water signal. Discerning these two compo-
nents, in turn, helped us to obtain excellent agreement be-
tween the NMR and gravimetric wet/dry ratio. Thisindicates
that NMR techniques are applicable to the assessment of the
regiona and whole lung water content.

In conclusion, since many pathologic processesin lung
tissue alter water content, this suggests that MR should
distinguish normal from abnormal lung tissue. In addi-
tion, the differential behavior of the various T, compart-
ments within lung tissue offersthe capability of character-
izing the water environment with MRI, possibly distin-
guishing inflammatory from fibrotic processes. This
characteristic of the microscopic soft-tissue environment
cannot be performed by radiol ogi ¢ techniques which mea-
sure only lung density.
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