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Abstract 
Pulmonary edema (P.E.) is the pathological Increase 

of extraviscular lung water found most often in 
patients with congestive heart failure and other criti­
cally ill patients who suffer fro* intravenous fluid 
overload. The chest x-ray, the standard Method for 
validating the presence of P.E., 1s neither quantita­
tive nor sensitive, A non-invasive lung density moni­
tor that is accurate, easily portable, safe and Inex­
pensive is needed for clinical use. 

To deal with the problum of attenuation along the 
beam paths, previous gamma-ray techniques require 
simultaneous measurement of transmitted and scattered 
beams. Since multiple scattering 1s a strong function 
of tne density of the scattering medium end the mass 
distribution within the detection gcavetry, there will 
be inherent uncertainties In the system calibration 
unless it is performed on • body structure closely 
matched to that of each Individual patient. Other 
researchers who have employed Compton scattering tech­
niques generally used systems of extended site and 
detectors with peer energy resolution. This has 
resulted In significant systematic biases from mul­
tiply-scattered photons and termer errors In counting 
statistics at a give* radiation dose to too patient, 
we arc proposing • patented approach m which only 
backscattered photons arc measured with e high-resolu­
tion H N c detector in > compact system eooaetry. ly 
proper design end a unique data extraction scheme, 
effects of the variable chest wall oa lung density 
measurements ore minimized. 

Preliminary tost results tmdlcate M e t with o 
radioactive source of wmeer 3D M m , It ohomld bo 
possible to aoko am accwrete lea* density em*eorememt 
In one minute, with o risk of rodlottem ommoowro to 
toe patient o t h m i m i ttoas omsUer them that from o 
typical chest «-re». Toe ability to memo soft, fre-
0*0*1 lumm comity looui soman comtd bo »er» Mbpfwl 
for woMtcrtmg too court* of ».C. at the hospital 
beetle* or outpatient cl Holes, « M for evaluating tot 
efficacy of therapy M cluneal rubort*. 
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Many techniques have been explored to measure lung 
water' but in current medical practice, the chest 
x-ray 1s s t i l l the best laboratory technique for the 
detection of pulmonary edema. By examining the x-ray 
appearance of the lung, heart and great vessels, a 
skilled radiologist presently 1s 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 
30*3. Also, Indicative change* In the roentgenogram 
often lag behind clinical Improvement*. Frequent 
chest x-rays In crit ical patients are expensive and 
may entail excessive radiation exposure. Clinically, 
I t 1s important to detect the onset of P.E. In order 
to effect early diagnosis and treatment. 

Thus there 1s a clear need for a simple Instrument 
that can routinely monitor the degree of P.E. as a 
guide to detection, proper treatment and prognosis. 
Methods that Involve large radiation doses or require 
very expensive and massive equipment such os computer­
ized axial tomography (CAT), positron et'ssion tomo­
graphy ( K T ) , and nuclear magnetic resonance (net) 
scanners are not suitable for bedside or clinical use. 

Analysis of Prior Art 

M present technique, simple or complicated, exists 
for the accurate in vivo eeterarlastlea of lung ««ter. 
A good indicator oT Twmf water would bo on accurate 
measurement of oboolute loot dontlty m a relatively 
homogenous region of the tune free of large bleed 
oassels. la patloott, such o region would bo the 
right lower toot near the chest wel l . 
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at ) I t (usually 90*) Compton scattering use a second 
source whose tntrgy 1s matched to that of the scat­
tered bean. Even a three-source-three-detector system 
has been used to avoid the necessity of rotating either 
the system or the patient during the measurement'. In 
any case, the density * of the scattering volume Is 
expressed as: 

*N . (F1)(F2)(F3)(F4)(F5)(F6) («) 

. / S I S Z \ 1 / 2 

vrrrzv (i) 

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 I f strong 
enough sources (many Curies) are used 1n these systems, 
significant systematic biases exist whan the size, 
density and Indeed mass distribution of the subject 
differ from those of the calibration standards**9. 
The basic problem Is that the scattering volume V 1s 
defined In terms of singly-scattered photon geometry, 
so that when multiple scattering occurs differently 
between tne subject and calibration standard, the 
effective volumes are different. Multiple scattering 
Is known to be a strong function af density and size 
of tne medluMv, The need for transmission measure­
ments dictates relatively large source detector dis­
tances 1n order to accomodate the cnttt thickness and 
width of the patient, tn addition, aaet Investigators 
use detectors (Nal, CdTe or Hgl) with poor energy reso­
lution (several ktV) and the wide energy window sat 
for these detectors have l i t t l e discriminating capabil­
ity against multiply-scattered photons. 

Anew Aaaroach 

Recognizing the preelea* af attenuation and mul­
t iple scattering In t M chest wan which neve bedeviled 
previous Invest iga te ana employed a—a rt» tech­
niques, we are taking a patented nan espraica". 

Consider an eaaertaaatai sat up at eapictea In 
Fig. 2. Here, a paeatea ceatltttog af a thin metal can 
10 cm diameter ay M ca te l l is aaat ta imjitient a 
•nlform volume ef the lane. The effect af tea dwnt 
wall is simulated by a * .$ am ptaxlglai leyar match 
intercepts tea Incident and aalt >e—i. Tma density • 
af the -long" wltnin the can aae- aa varied fraa 0 . 1 * -
1.0 g/ml ay mixing an appropriate amount af l a f i i i t and 
water. A marram aaaa af | — a le j t (frarn a Ce*» 
source) is d l rexuawraafh tme caatar af the cam at a 
3S angle with faepect ta the ffejat af tma aatactar 
aaastaa which i t l i i t a H l l " 
mall. Tma tcattertae.i " 
a f ' W d a l 9ff gj n^Nax < 
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temwjawiMwj «NW<C1M af atattaraa pmataat C art) 
caltwlataa aMardiiiivi ta tma Ctaptaii farmala: 
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Fl 1s the transmission of the Incident beam through 
the chest wall (with density P' and path length t ) 
and will have the form e x p ( - i i V t ) . 
F2 1s transmission through depth X in the lung and 
will have the form exp(-upx). 
F3 1s the Kle1n-N1sh1na differential cross section 
which 1s proportional to p and has an angular 
dependency on e the scattering angle in the source-
detector plane: 

r i p i W a U . 
Ll+.(l-cose)J L - 2 J I 1 

» (1 - cos » *nj m \ i - _ j . u a 91 l / c » 

(Ucose)ll+.(l-cose)jJ ( 5 ) 

.. F4 is the geometric acceptance between the scatter­
ing volume and the detector and would have a 1/d2 

dependency where d 1s the mean distance between the 
scattering volume element and the detector. 

.. F5 Is the transmission of the scattered beam 
through the lung with path length 1 and energy 
dependant attentuation coefficient »' described by 
exp(-u'»l). 

.. F6 represents the transmission exp(-wVt) through 
the exit portion of the chest wall with density o' 
and path length t. 

we should point out that ah7*E Is also modified by a 
finite resolution function which tends to smooth the 
spectrum. 

With ill these factors acting In concert, N can 
hardly be expected to have • simple functional depen­
dence on X. However, we nave discovered experimentally 
that with certain geometry and within Halted ranges 
af variables, N it almost a pure exponential function: 
That It to say. 

a - A exp (- ix) 
In P. « la A - KX 

(() 

U) 
where A and K art empirical constants. Furthermore, i f 
K (tma negative slope In tat plat af la a w I ) eeaends 
primarily aa a and only weakly an ether wncantrelled 
variables, a caltkrettee af K vita knew densities 
oauld offer a anient may far density oaaswraments. 
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collimator at the exit window should further suppress 
mu7tip1y-scattered photons from reaching the detector. 

Experimental Results 

A system 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 urn in diameter is 
mounted in a lead housing. A 5 mm hole in the Ta col­
limator produces a beam with a half angle divergence of 
SO mr. The diameter of the bean at the focal point of 
the detection system is then about 1.4 cm. 

Figure 3 shows a typical spectrum accumulated over 
a long period (1430 win) to show the distribution of 
the counts from regions at various depths X along the 
beam. The corresponding scattering angles • and energy 
£ are also indicated. The counts from two asymptotic 
regions 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 volisae (X • 2 -» 8 cm) are then used In a 
linear regression analysis to determine K. The peak 
near • - 75* is due to scattering from tin entrance 
plastic 'chest wall" of (.5 m thick, king outside 
the primary beam, the exit chest M i l dots not show In 
the spectrum. Its presence Is manifested only In the 
reduced count rates of the scattered beams. 

The distributions of count rat* per cm Interval is 
a function of depth X art plotted In Fig. 4. The two 
casts Illustrated here are for lung densities 0.21 and 
0.50 g/ml. While the (.5 m plastic •chest wall" hat 
reduced the countrate by tbout MX, the values of K 
are only reduced by 2-3X with no correction applied. 

ly placing the phantom inside the rib cage of a* 
actual human skeleton, we found that the presence end 
the orientation of • rib In the exit beam had litt le 
effect on the determination of K, although the sensi­
tivity for the ftoMtry used In this test was Hirer 
than the one in Fig. i. 

Using similar procedures fee deterartntng K, • cali­
bration curve (wttMut tut cheat M i l ) Mt M M detain­
ed for K against the grevtaetrK density • at M M 1* 
Fig. 5. M note that K verlM linearly with • ta t M 
range of » . O.U -» 1.0 | M far this ajoMttr* accord­
ing to the regression otwattaa: 

K . O . I K * 0.1*1 • W 
m f M M that most of tM Mpartfai of H » * U aatttts 
from the remrosslM 1 1 M MM d)Mt M MtHaaffaMi MCfc* 
iM Of tM SHHrtt M tM abeatM. 1M rt>lHHH>11Hf 
of * is typically totter mm O.SIfor toag MMtlag 

m 1* • tdb 4 
tw t t m N M « * f i M'HutianiHy k i l t 
j . « u J . l t <m « M t m t t r W M of 0.1 <* • ) . • a>*M. 

Tat cttimat* tw* •**«<!«••» MtaiMilt M • clMftcal 
wtwatM* Ma** atatiunca* orrara art) MjaMjtt. at* 
wiMrtMMtt M M M M far ore M M wot at a a»Mtty «f 
j,l«Jf*fl. t M MtaU M * a ' * • — • tMMMM M * 
<m 8 - * t «a»«*aik«Nt M a «* i* ty o t i r at %M f M t . 
.'If Vht IIHU atjMMM MM M M M M M M i . M #X 
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*v«, etMMtoa M *w S..1 ».,»* f»ht*» OJM* H* a M a t * * 
; J? Jati MtM* ft) MM IM M M *M*M Mt OMMMtMh % 
**• i * *« MHH*., WW *O»>M* mm * « l wnni y* apmii 
Mtnft*"̂  iiu * t *nvmt « m i l «t«j* at « w t i; «•**., mm*-
fnm. Tt* 'Nmtwtati I H * •.(» iton Whan a f M M a m itft 
irtmi *M»I « **>tuf1 'tm,:•!.»'! *-*a» «*m* * i m m <« *» 

100 mr over the entire chest. 
He have made further measurements using the same 

experimental arrangement as that in Fig. 2 except that 
the target-detector distance has been increased slight­
ly to accommodate thicker absorbers and a 1.3 a 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 
f i t region of the energy spectrum. He found that with 
plexiglas absorbers of 26 mm thick 1n the primary beam 
or 22 m thick in the exit beam, the variations in K 
have been less than I t at a target density of 0.5 g/ml. 

Conclusion 

Our unique data extraction scheme has allowed us to 
make direct "lung" density measurements using only 
Coapton bKkscattered photons 1n spite of the presence 
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 tM amount of radiation required. The use 
of a high-resolution HfSe detector not only allows us 
to define target volumes from photon energies bat also 
Mips to reject multiply-scattered photons. The sup­
pression of extraneous counts can be further improved 
by soM detector collimatlon. TMsa factors acting in 
concert allow us to project tM development of a clini­
cal lung density monitor that Is Inherently more accur­
ate and can fulf i l l all the other requirements of port­
ability, cost and safety. 

Our continuing research and developmental effort 1s 
intended to Include tM following: 
o tn depth study of t M validity of tM Masuramtnt 

principles, 
a Detailed investigation of all physical and eooMtH-

cal parameters, ii«.-loding radiation sources, Mich 
Maid taarovt Masaraaant sensitivity and accuracy, 

a DMlM mt CMttraet ertlMlaary detector and data 
acaaistttM syttM with eartlcaier aaMasis M 
iMravlM aaacial rtMlattoa aM ratKMj detector 

• OwjlMtr Mt coMttacl tmtoMTM M U acajaisttiM 
S/itM iMVmltaf MMl tM I t fMna OMokMMt, for 
remit ejMevtjf amMvanaxBtitlBW 

• TaaatMr vIM avjittal M M B U M U , Mf taa aM aval-
M M eattaMl gMMtiltt to aMMMMM patiMt 
vtrlatMM Mt •Mar cltataal 

• Mataa mt MMlratt atMatipt f wM 
o Cuiict f H M 

Majjaeta. 
o ia l tMM I t * 
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