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Abstract

Pulmonary edema (P.E.) is the pathological increase
of extravascular lung water found most often in
patients with congestive heart failure and other criti-
cally 111 patients who suffer from intravenous fluid
overload. The chest x-ray, the standard method for
validating the presence of P.E., is neither quantita-
tive nor sensitive, A non-invasive luag density moni-
tor that is accurate, easily portable, safe and nex~
pensive is needed for clinical use.

To deal with the problem of attenvation alomng the
beam paths, previous gamma-ray technigques require
simultaneous measurement of transmitted and scattered
beams. Since multiple scattering s a stroag fuaction
of the density of the ccattering medium and the mass
distribution within the detection gecnetry, there will
be inherent uncertainties in the system calieration
unless it is performed on 2 body structure closely
satched to that of each individual patient. Other
resqarchars who have employed Compton scattering tech-
niques generally used aysteme of extended size and
detectors with peer energy resolution. This mes
resulted in sigaificont systematic biases frem sul-
tiply-scattered photons and larger errers in counting
statistics at a given radiation dese to the patiant.
We are propesing a patented Presth in which oaly
backscattered photons ace medsured with a high-resolu-
tion HPGe detector in a cempact system gesmatry. By
proper design and a waique Gata extraction scheme,
effects of tae varishle chest wall en lung Gemsity
weasuremeats are minimized.

Preliminary test results indicate that with a
ragioactive source of wnder X0 G, it thould e
possible to make an accurate leng density Madourenent
in one aingte, with 3 rigk of radistion snposure to
the patient a thoutand tinet ssaller tham that frem &
typical chest z-ray. The ab1lity u“nu safe
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Many techniques have been expiored to measure Yung
water< but in current medical practice, the chest
x-ray is sti11 the best laboratory technigque for the
detection of pulmonary edema. By examining the x-ray
appearance of the Tung, heart and great vessels, a
skilled radiologist presently is best able to estimate
the presence and severity of P.E. However, the chest
x-ray is neither quantitative nor sensitive. P.E. can
only be reliably detected by chest x-ray measurements
when extravascular lung water content is increased by
20%3, Also, indicative changes 1n th’ ToRntgEnogran
often lag behind clinical improvement®,  Frequent
chest x-rays in critical patients are expensive and
may entail excessive radiation exposere. Clinically,
it is important to detect the onset of P.E. in srder
to-effect early diagnotis and treatment.

' Thus there is & clear need for 2 s(mple instrument
that can routinely menitor the degree of P.E. as &

ide to detection, proper trestment amd 1is.

hods that invelvo lerge radiation deses or require
Vary eXpensive ohd M3ive squipment such &3 cemputer-
1zed axial tomography (CAT), positrom exission temo-
graphy (PET), and nuciear magnetic resonsnce (M)
SCAMNErS are not suitahle for bedsige or clinical use.

Tyst (A
Ne presant tochanique, stiapla or cemplicated, exists

for the acCurats 1n vivg determination of lung vater.
« weter would B8 8% accurate
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e rayt with satter is prieerily wia the Conpten
procets. Cowtes scatterieg, betep & dfrect messuwre of
elactron density of the matten, COR
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angle (usually 90°) Comptom scattering use a second
source whose energy is matched to that of the scat-
tered beam. Even a three-source-three-detector system
has been used to avoid the mecessity of rotating_either
the system or the patient during the measurement’. In
any case, the density » of the scattering volume is

expressed as:
1/2
sl S2
¢ (#%) M

where C is a calibration constant depending on the
scattering volume V and the geometric acceptances
between sources and detectors to V.

While good precision can be achieved if strong
enough sources (many Curies) are used in these systems,
significant systematic biases exist when the size,
density and indeed mass distribution of the su:J;ct
differ from those of the calibration stamdards®.d,

The basic problem is that the scattering volume ¥V is
defined in terms of singly-scattered photon geometry,
$0 that when multiple scattering occurs differestly
between tne subject and calibration standard, the
effective volumes are differeat. Multiple scattering
{s known to .! a strong function of density and tize

of the mediumi0, The need for transmission measure-
ments dictates relatively large source-detecter dis-
tances in order to accomodate the chest thickness and
width of the patient. In addition, mest imvestigators
use detectors (Nal, CdTe or Hgl) with peor energy reso-
lution (several keV) snd the wide energy windews set
for these detectors mave little discriminating capadil-
1ty against muitiply-scattered phetens.

A New agprorch

Recognizing the predlems of attenvation and mul-
tiple scattering in the chest wall which have bedeviled
previous investigaters whe enpleyed game-ray tuu-
niques, we are taking a patented new sppreachll,

Consiger an euperioantal set-up a8 depicted in
Fig. 2. Mers, & phimtom congisting of a thim metal can
10 om ¢lameter by 10 o tall i3 wend
wiform volume of the l.;. Tae effact of the st
wall is stewlated by 2 6.

of e “lung

|

8« (FL)(F2)(F3)(FA)(FS)(Fe) "

where:

.. F1 is the transmission of the incident beam through
the chest wall (with density o' and path length t)
and will have the form exp(-u'p't).

+« F2 is transmission through depth X in the lung and
will have the form exp(-upx).

+» F3 is the Klein-Nishina differential cross section
which is proportional to o and has an angular
dependency on e the scattering angle in the source-
detector plane:

[ 1 ]3 [1+coszo] [ - -2 1l -cose 2 (5)

T¥a{1-Cose®) I [T*cose][I*e({I-cos®)]

.. F4 is the geometric acceptance betwesn the scuttsr-
ing volume and the detector and would have a 1/d
dependency where d is the mean distance between the
scattering volume element and the detector.

«« F5 is the transmission of the scattered bemm
through the lung with path length 1 and snergy
dependent attentuation coefficient ¢ described by
exp(-u'el).

«s FG6 repreasents the transmission exp(-u'e't) through
the exit portion of the chest wall with density o'
and path length t.

Wa should point out that aN/aE 1s alzo modified by a

finite resolution function which tends to smooth the

trum,

With all these factors acting in concert, N can
nardly be expacted to have 4 simple functional depen-
dence on X, Newaver, we Adve discovered experimentally
that with certain gesmatry and within limited ronges
of vartedles, N s almest a pure exponential function:
That is to say,

N oo A exp (-KX) ®
o AN « laA- KX (7

where A and K are sepirical comstants. Furthermore, §f
K (the negative slepe in the plot of 1a N vs X) depends
prisecily on o and only weskly on sther wacontrolled
varishles, 8 calibration of K with known donsities
oould offer 3 wnigue wiy for Somity measwrements.
There are several saliest featare: ia this mew
First, 1t 1s n eatromely 10aple sse-towrce-
tom, Thet 1t Mot 0 tongrest advantage
Second, tince
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collimator at the exit window should further suppress
multiply-scattered photons from reaching the detector.

Experimental Results

A systom as shown in Fig. 2 has been assembled to
conduct a preliminary check on the performance of this
new approach.

A weak Co57 source (3 mCi) 3 mm in diameter is
mounted in a Tead housing. A 5 wm hole in the Ta col-
limator produces a beam with a half angle divergence of
50 mr. The diameter of the beam at the focal point of
the detection system is then asout 1.4 cm,

Figure 3 shows a typical spectrum accumulated over
a long period (1430 min) to show the distribution of
the counts from regions at various depths X along the
beam. The corresponﬂin*mscltttring angles » and enargy
E are also indicated. counts from two asymptotic
reglons each 2 keV wide near the two ends of the spec-
trum are used to perform a simple background subtrac-
tion by linear interpolation. The 'net counts from
each centimeter interval near the center of the scat-
tering volume (X =« 2 —» 8 cW) are then used in a
Vinear rn?;gssion analysis to determime K. The peak
ner ¢ = 18 dus ta scatterimg from the eatrance
plastic “chest wall® of 6.5 wm thick. Baing outside
the primary beam, the exit chest wall doas mot show in
the spectrum. [ts presence is manifested only in the
reduced count rates of the scattercd besms.

The distributions of count ratg per cm interval as
» function of depth X are plotted in Fig. 4. The two
cases 11lustrated here are for lung dentities 0.25 ad
0.50 g/ml. MWhile the 6.5 wm plastic "chest wall" has
reduced the countrate by about 253, the values of K
are only reduced by 2-3% with mo cerrection apelied.

8y placing the phantom inside the rib coge of an
atudl human skeleton, we found that the presence and
the orieatation of a rib 1a the exit beem had little
effect on the determination of K, Although the sensi-
tivity for the geometry used in thit tesi wat poerer
than the one in Fig. 2.

Using similer procedures for detarmintng X, a call-
bration curve (witheut the chest wall) has besn abtain-
¢ for K against the gravieetric dansity » as howe In
Fig. 5. Me mote that X varies 1inearly with p ta the
range of o = 0.19 -» 1.0 g/al for thls gesmstry accerd-
ing to the regression equitiem:

{8

K e 0.12*0.1%»

we found that mest of the Gapartures of the data peiats
from the regression line ware det to oot-wniferm pack-
ing of the sawdutt in the phanten. The repredsciniitty
of“:‘is ?‘piunyutmuut.!lf‘r long comting
tves. Stimce

2.6 % )

The COTTRUMOMIING rERrOiuL B Ity 'O o
2,41t 1.1 m tae Semity rage of 0.2 <o 0.6 ginl.
Te tymate Uhe pracis' itadmablie W

100 mr over the entire chest. :
We have made further measurements using the same
experimental arrangement as that in Fig. 2 axcept thet
the target-detector distance has been increased slight-
1y to accommodate thicker absorbers and a 1.3 mm thick
Ta shield in front of the detector window. The Ta
shield has an opening 3 cm wide by 1 cm tall so that
multiply~scattered events originating away from the
primary beam path would be largely rejected from the
fit ion of the energy spectrum. We found that with
plexiglas absorbers of 26 mm thick in the primery beam
or 22 mm thick in the exit beam, the variations in K
have been less than 1% at a target density of 0.5 g/ml.

Lonclusion

Our unique data extraction scheme has allawed us to
make direct "lung” density measurements using oaly
Compton backscattered photons in spite of the prasence
of a “"chest wall®. The possibility of employing a
very simple and compact one-source, one-detector system
geometry minimizes the effect of multiple scattering
and reduces the amount of radiation required. The use
of a high-resolution HPGe detector not only allews us
to define target volumes from photon energies but 2lso
helps to reject multiply-scattered photons. The sup-
pression of extraneous counts can be further improved
by some detector collimation. These factors acting in
concert allow us to project the developmant of a clini-
cal lung density monitor that s inhareatly more accur-
ate and can fulfill all the other requirements of port-
ability, cost and safety.

Our continuing research and developmental effort is
intended to inClude the following:

o In-depth ttudy of the validity of the measurement

principles.

o Detailed tnvestigation of a1l physical and geemetri-
cal parameters, ficluding radiation seurces, which
would tepreve measurement sensitivity and accuracy.

o Design and construct prel qatecter and dita
acquisition systam with particular saphasis on
taproving spacial reselution and reduting detector
beckground.

o Engloeer ond construct anteomated data acquisition
1ystan facluding lete softmre dovelepmont, for
rapid donsity ol

with msfical consulitants, ¢ofine and eval-
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Fig. 2. An experimental set-up of the new Cospton densitometer, XBL 8510-4398
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