
ofmore mildly emphysematous lung (1â€”3,7â€”9).On preopera

five imaging studies, patients with evidence of great upper
lobe emphysema, greater heterogeneity of severity of emphy
sema, and a larger percentage of mildly diseased lung have
experienced the greatest clinical improvement after lung

volume reduction surgery (7â€”9).Thus, evaluation of the
regional severity of emphysema is the most important factor
for determining the surgical target area and predicting
clinical outcome after lung volume reduction surgery. How
ever, visual estimation of the regional severity of emphy
sema on several radiologic studies is difficult, and these
estimations are subject to inter- and intraobserver variations.

Ventilation scintigrams in conjunction with other radio
logic studies serve to provide information about the distribu
tion and overall severity of emphysema. Technegas (@Tc
carbon particle radioaerosol; Daiichi Radioisotope Co. Ltd.,
Tokyo, Japan) SPECT images reveal peripheral irregularity

in mild emphysema and further hot spot formation and
regional defects in severe emphysema (10â€”13).It is gener
ally known that the distribution of technegas on SPECT
images becomes more heterogeneous with the severity of
emphysema. We developed 3-dimensional fractal analysis
for quantitative analysis of the heterogeneity of technegas
distribution in the lung (14). We reported that the fractal

dimension increased as emphysematous change progressed

and that a good correlation was found between the forced
expiratory volume in 1 s (FEV1)/forced vital capacity (FVC)
and the fractal dimension (14). Thus, these findings sug
gested that the fractal dimension has useful quantitative
parameters to evaluate the overall severity of emphysema.
The purpose of this study was to quantify the regional
seventy of emphysema in 22 patients using fractal analysis
of technegas SPECT images. The secondary purpose was to
characterize pulmonary function test abnormalities accord

ing to the regional severity of emphysema.

MATERIALSAND METHODS

PatientSelection
The subjects consisted of 22 patients with pulmonaryemphy

sema (20 men, 2 women; age range, 49â€”83y; mean age, 69 y).
Their ventilation studies using technegas were performed in 1993
and 1994 at Ehime University and Ehime Prefectural Niihama
Hospital. Diagnosis was made on the basis of clinical symptoms,

The purposeof this studywas to quantifythe regionalseverityof
emphysema by 3-dimensional fractal analysis of technegas
(@Tc-carbon particle radioaerosol) SPECT images. Methods:
Technegas SPECT was performed on 22 patients with emphy
sema. The lungswere delineatedusing4 cutofflevels(15%,
20%,25%,and30%of themaximalpixelradioactMty),andthe
total number of pixels was measured in the areas surrounded by
the contours obtained with each cutoff level. We calculated
fractaldimensionsfromthe relationshipbetweenthe totalnum
berofpixelsandcutofflevelstransformedintologarithms.Fractal
dimensionfortotalorregionallungwasdefinedastheseverityof
emphysema.Results:Totallungfractaldimension(T-FD),upper
lungfractaldimension(U-FD), and lowerlungfractaldimension
(L-FD)forpatientswithemphysemawere 1.84 Â±0.46 (meanÂ±
SD), 2.22 Â±0.61, and 1.77 Â±0.49, respectively.U-FD was
significantly greater than was L-FD. Patients with the ratio of
U-FD to L-FD of <1.16 had a significantlygreaterpercentage
forcedvital capacity(FVC) than did patientswith the ratioof
>1 .16. Patientswithan L-FDof <1 .8 hada significantlygreater
forcedexpiratoryvolumein1s (FEV1)/FVCthandidpatientswith
that of >1 .8. No significantdifferencewas found between patient
groupsstratifiedby U-FD. ConclusIon:The regionalseverityof
emphysemawaswellshownbythesefractaldimensions.
Key Words:technegas;fractalanalysis;pulmonaryemphy
sema;ventilationstudy;SPECT
J NucIMed2000;41:590â€”595

ung volume reduction surgery is emerging as a promis
ing therapeutic option for the treatment of selected patients
who have severe debilitating emphysema despite optimal
medical management. With the increasing application of
lung volume reduction surgery during the past several years,
the radiologic assessment of emphysema has gained addi
tional clinical importance (1â€”6).Findings on chest radiogra
phy, CT scanning, and perfusion scintigraphy studies strongly
influence patient selection for lung volume reduction sur
gery (7â€”9).Features considered favorable for lung volume
reduction surgery include marked thoracic hyperinflation
and a heterogeneous distribution of emphysema with the
presence of severely affected surgical target areas amid areas
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Physiologic index Mean Â±SD Range

pulmonary function tests, and CT examinations according to the
American Thoracic Society criteria (15). We selected patients who
had a heterogeneous distribution of emphysema in the entire lung
and excluded patients who had the bullous type and localized
emphysema only in the upper lung. Most patients had smoking
related emphysema. One patient had documented a1-antitripsin
deficiency, but not all patients were tested for this disorder. Four
patients required continuous oxygen supplementation. Table 1
shows physiologic indices for patients with emphysema.

ControlPopulation
Eleven healthy volunteers (9 men, 2 women; age range, 32â€”74y;

mean age, 48 y) were recruited from our hospital staff. All
volunteers were nonsmokers who had no evidence of lung disease
on the basis of their history and the results ofphysical examination,
chest radiography, and pulmonary function tests. Informed consent
was obtained from each subject after he or she received a detailed
explanation of the purpose of this study and the scanning proce
dures.

DataAcquisition
Technegas was prepared as described (14). Technegas was

administered through a mouthpiece, with a nose clip in situ, to
subjects in the sitting position. The subjects slowly inhaled
technegas and then held their breath for 5 s at the maximal point of
inspiration. This procedure was repeated 3â€”5times. The dose of
technegas in the lung was estimated as 85â€”192MBq from the data
of Komatani et al. (16).

SPECTimagingwas performedusing a 3-headsystem (Toshiba
GCA9300; Toshiba, Tokyo, Japan) equipped with low-energy,
high-resolution collimators (full width at half maximum, 12 mm)
and interfaced to a dedicated computer. Projection data were
acquiredusing5Â°angleintervalson a 128X 128matrixover360Â°
by rotating each detector head 120Â°.The acquisition time was 40
s/projection, corresponding to a total acquisition time of 16 rain.
The voxel size was 3.2 X 3.2 X 3.2 mm. Reconstruction of images
was performed using the filtered backprojection method with a
ramp backprojection filter and a Butterworth filter (order, 8; cutoff
frequency, 0. 15 cycle/pixel). Attenuation correction was not per
formed.

Fractal Analysis
Fractal analysis is a mathematic tool for dealing with complex

systems that have no characteristic length scale (scale invariant). A

TABLEI
PhysiologicIndicesin22 PatientswithEmphysema

1? I I

FEV1(%predicted)
FVC (% predicted)
FEV1/FVC
RV (% predicted)
RV/totallungcapacity
Diffusingcapacity of lung for CO

(mi/mm/mm Hg)
Pao@(mmHg)
Paco2(mm Hg)

RV = residual volume; CO = carbon monoxide; Pao@ = partial
pressure of oxygen, arterial; Paco@= partial pressure of carbon
dioxide,arterial.

38.8Â±13.7
74.6Â±22.2
35.6 Â±9.3

187.8Â±39.9
57.3 Â±7.5

7.7 Â±2.1
75.2Â±10.3
47.8 Â±7.6

21.8â€”69.2
36.8-106
18.3â€”57.6

134.6â€”334.5
40.3â€”75.9

2.5â€”11.2
65.6â€”88.2
39.7â€”56.4
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Normal

Emphysema

@ @3

FIGURE1. Comparisonof areassurroundedby contours
obtainedwith each cutoff level between healthy volunteer (nor
mal) and patient with emphysema. Cutoff levels of left, center,
and right imagesare 15%,20%,and25%, respectively.Contours
of lung for patient with emphysema become more irregularwith
increasingcutoff levelthan for healthyvolunteer.

well-known example is the finely branched bronchial tree (17,18).
Scale-invariant systems are usually characterized by noninteger
dimensions termed fractal dimensions. Spatial variation in ventila
tion, regional blood flow, and metabolism in the living organ is
measurable even with low spatial resolution techniques such as
PETandSPECT(19â€”21).The observedvarianceincreaseswiththe
increasing number of subregions in the organ studied (21). This
resolution-dependent variance can be described by fractal analy
sis(21).

As described earlier (14), with natural objects, familiar matrices
from classical geometry such as length, area, and volume depend
on the scale at which we decide to look at the object. Fractal
geometry characterizes where the relationship between a measure
(M) andthe scale (â‚¬)is expressedas:

M(â‚¬)=kXâ‚¬@, Eq.l

where k is a scaling constant and D is the fractal dimension (17).
We delineated the lung at 15%, 20%, 25%, and 30% cutoff levels

of the maximal pixel radioactivity in all slices of SPECT images
and measured the total number of pixels in the areas surrounded by
the contours obtained with each cutoff level (Fig. 1). The total
number of pixels was automatically determined by a computer. In
this study, the cutoff level of the maximal pixel radioactivity was
used as â‚¬and the total number of pixels measured was used as M(â‚¬)
in Equation 1. In practice, we calculated a linear regression
equation from the total number of pixels and cutoff levels
transformed into natural logarithms and obtained the fractal
dimension from the slope of the linear regression equation. In all
cases, the relationship between the cutoff level and the total number
of pixels transformed into logarithms became linear and the
correlation coefficient between them was >0.988.

We calculated fractal dimension for total lung, upper lung, and
lower lung and defined total lung fractal dimension (T-FD), upper
lung fractal dimension (U-FD), and lower lung fractal dimension
(L-FD)asseverityof emphysemafor theoverallor regionallung
(Fig. 2; Table 2). The upper lung was defined as the axial SPECT
images above the subcarina, and the lower lung was defined as
those below the subcarina. To identify the subcarina level of a
subject, the level was marked with a pen on the anterior chest when
the subject underwent chest radiography, and then a small quantity
of @â€˜Â°TcO4was placed on this markedpoint when the SPECT
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ofpixelsI

lung Upperlung Lowerlung
IndexMean Â±SDRangePatients

withemphysemaT-FD1
.84 Â±0.460.98â€”2.91U-FD2.22
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Â±0.040.42â€”0.59U-FD0.56
Â±0.050.42â€”0.63L-FD0.49
Â±0.050.42â€”0.57U-FD/L-FD1.16
Â±0.140.88â€”1.51
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FIGURE3. ScatterplotofT-FDandFEV1/FVCforpatientswith
emphysema (0) and healthy volunteers (R). Best-fit curve is
shownbysolidline(r = 0.922).

StatisticalAnalysis
The significance of differences between U-FD and L-FD for

healthy volunteers or patients with emphysema was determined
using a paired t test. The significance of the difference in U-fl) or
L-FD between healthy volunteers and patients with emphysema
was determined using the Mann-Whitney U test. The significance
of differences in pulmonary function tests between patient groups
stratified by quantitative technegas values was determined using
the Mann-WhitneyU test. In all tests, P < 0.05 was regardedas
significant.

RESULTS

There was a strong correlation (r = 0.922) between T-FD
and the FEV1/FVC value for patients with emphysema and
healthy volunteers (Fig. 3).

T-FD, U-FD, L-FD, and the ratio of U-Fl) to L-FD for
healthy volunteers were 0.52 Â±0.04 (mean Â±SD), 0.56 Â±
0.05, 0.49 Â±0.05, and 1.16 Â±0. 14, respectively (Table 3).
U-FD was significantly greater than was L-FD in healthy

TABLE3
Valuesof QuantitativeTechnegasin22 Patientswith

Emphysemaand in 11 HeafthyVolunteers

a T-FD
t@U-FD
0 L-FD

Ln (cut-off level)

y = -1.782x + 14.860
y= -1.541x+13.794

r0.998
r0.997

y = -2.402x + 15.472 r 0.997

FIGURE2. Calculationoffractaldimensionintotallung(I),
upper lung (Li), and lower lung (0) regions of patient with
emphysema.Lndenotesnaturallogarithm.

study was performed. The number of the axial SPECT slices for
both the upper and the lower lung zones was the same. In addition,
we calculated the ratio of U-FD to L-FD for heterogeneity of the
severity of emphysema between upper and lower lungs.

PhysiologicIndices
Pulmonary function tests were performed according to the

standards of the American Thoracic Society (15). Lung volumes
were measuredby the closed circuit, helium dilution technique.
The carbon monoxide diffusing capacity was measured with the
single-breath technique. Arterial blood samples were obtained with
subjects at rest breathing room air. All physiologic testing was
performedwithin2 wkbeforethe technegasventilationstudy.

TABLE2
Calculationof FD inTotalLung,UpperLung,and Lower

Lung Regions of 1 Patient with Emphysema

15(2.71)22,185 (10.01)14,650 (9.59)7,535(8.93)20
(3.00)14,143 (9.56)9,979(9.21)4,164(8.33)25(3.22)9,465(9.16)7,095(8.87)2,370(7.77)30(3.40)6,398(8.76)4,978(8.51)1,420

(7.26)FD1.781.542.40
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StratificationMean

pulmonary functiontestsFEV1/FVCFVC

(%predicted)U-FD2.2

(n = 8)31.672.7<2.2
(n =14)38.773.9P0.260.972L-FD1.8

(n =14)31.971.3<1.8(n
=8)43.477.3P0.0290.452U-FD/L-FD1.16(n

=14)36.581.8<1.16(n=8)35.459P0.8110.011

A B p=O.014

0.7 p=0.012 5.

I::f!@@@\\\@@ _________
Upper-lung Lower-lung Upper-lung Lower-lung

FIGURE4. PlotofU-FDandL-FDin11
healthy volunteers (A) and in 22 patients
with emphysema (B). Lines connect solid
circlesfor each subject.

versus 31.9; P 0.029). No significant difference was found

between patient groups stratified by U-fl) in pulmonary

function tests.

DISCUSSION

We previously developed 3-dimensional fractal analysis
for quantitative analysis of the heterogeneity of technegas
distribution in the lung (14). T-FD for the overall severity of

emphysema strongly correlated with the FEV1/FVC (Fig. 3).
Because the FEV1/FVC was the most important index in
pulmonary function tests for airflow obstruction (15), it
suggested that T-FD was a useful quantitative parameter to
evaluate the overall severity of emphysema. We calculated
fractal dimensions for regional lung and tried to evaluate the
regional severity of emphysema.

U-FD was significantly greater than was L-FD in the
group of healthy volunteers (Fig. 4A). This result suggested
that the heterogeneity of technegas distribution was different
between the upper and lower lungs for healthy volunteers.
The distribution of technegas in the lung is influenced by
gravitational effects on the intrapleural pressure, which in
the upright position leads to an increase in ventilation per
unit volume of the lung by 1.5â€”2times between the upper
and lower zones (22â€”24).The presence of an increased basal
deposition of technegas compared with 8lmKj@images has
been reported (25). In this study the distribution of technegas
in the upper lung was compared with that in the lower lung,
resulting in a U-FD that was greater than was the L-FD for
healthy volunteers. This phenomenon was considered to be
reasonable for reflecting the normal gravitational effects in

the physiologic characteristics of the lung. Thus, we consid
ered the average (1.16) of the ratio of U-H) to L-FD for
healthy volunteers as a standard value of the difference of
heterogeneity between upper and lower lungs.

Both U-ID and L-FD for patients with emphysema were
significantly greater than were those for healthy volunteers

(Table 3). These indices were increased by 3â€”4times
between patients with emphysema and healthy volunteers.

These findings suggested that emphysema progressed in

volunteers (P 0.012; Fig. 4A). T-FD, U-FD, L-FD, and the
ratio of U-ED to L-FD for patients with emphysema were
1.84 Â±0.46, 2.22 Â±0.61, 1.77 Â±0.49, and 1.34 Â±0.38,
respectively (Table 3). U-FD was significantly greater than
was L-FD in patients with emphysema (P = 0.014; Fig. 4B).
The ratio of U-fl) to L-FD for patients with emphysema
covered a wider range (0.64â€”2.36)than did that for healthy
volunteers (0.88â€”!.5 1) (Table 3). Both U-ID and L-FD for
patients with emphysema were significantly greater than
were those for healthy volunteers (P < 0.001 ; Table 3).

Significant differences in pulmonary function tests were

found between patient groups with emphysema stratified
using quantitative technegas values (Table 4). Patients with

emphysema were stratified by the ratio of U-H) to L-FD of
1.16 because the average (1. 16) of the ratio of U-ED to L-FD
for healthy volunteers was considered a standard value
between upper and lower lungs influenced by the normal

gravitational effect. Patients with the ratio of U-PD to L-FD
of < 1.16 had a significantly greater percentage FVC than
did patients with a ratio of > 1.16 (81 .8 versus 59; P =
0.01 1). Because the mean of L-FD for patients was 1.8,
patients with an L-FD of <1.8 had a significantly greater
FEV1/FVC than did patients with a mean of >1.8 (43.4

TABLE4
Pulmonary Function Tests of 22 Patients Stratified by FD
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both upper and lower lungs in patients. Patient selection for
overall heterogeneous emphysema, except for the bullous
type and upper lung localized emphysema, was proven.
U-FD was significanfly greater than was L-FD for patients
with emphysema (Fig. 4B). In addition, the mean of the ratio
of U-FD to L-FD for patients with emphysema was greater
than was the mean for healthy volunteers (Table 3). This
finding suggested that the severity of emphysema in the
upper lung was more dominant than was the severity in the
lower lung, and the major cases in this study were centrilob
ular emphysema because centrilobular emphysema was the
most common type of emphysema among cigarette smokers
and was more frequent in the upper lung zones (26).
Furthermore, the ratio of U-H) to L-FD for patients with
emphysema covered a wider range than did that for healthy
volunteers (Table 3). For example, in the healthy volunteer
group, only 1 individual had a ratio of U-FD to L-FD of
< 1.0; on the other hand, in the patient group, 4 patients had

a ratio of < 1.0. These 4 patients might have more severe
emphysematous change in the lower lung than the normal
gravitational effects. Their emphysema type might be the
panlobular type that was more frequent in the lower lung
zones (26). a1-Antiprotease deficiency that was seen in
panlobular emphysema was documented in 1 case (26).
When emphysema became severe, it was difficult to classify.
Severe emphysema may be confused with centrilobular and
panlobular emphysema (26,27), suggesting that the heteroge
neity of severity of emphysema differs in each patient. This
appears to result in a wide range of the ratio of U-FD to
L-FD.

To characterize the pulmonary function test abnormalities
according to the regional severity of emphysema, we
compared stratified quantitative technegas values with pul
monary function tests. Patients with the ratio of U-FD to
L-FD of > 1.16 had a significantly greater percentage FVC
than did patients with <1.16 (Table 4). Patients with more
severe lower lung emphysema had a more decreased FVC
than did those with upper lung emphysema. Patients who
had an L-FD of >1.8 (average of L-FD for patients) had
significantly smaller FEV1IFVC values than did patients

with < 1.8 (Table 4). On the other hand, no significant
difference was evident between patient groups stratified by
U-FD in pulmonary function tests. The contribution of lower
lung severity to decreased FEV1 is greater compared with
the contribution of upper lung severity. As several studies
have shown, predominant emphysema in the lower lung
affected pulmonary function compared with that in the upper
lung (26â€”28).

In this study, the strong correlation between quantitative
technegas values and pulmonary function tests may reflect
the closer relationship between pulmonary function, such as
FEV1 or FVC, and the prognosis that has been observed in
patients with emphysema (29â€”32).It is possible that quanti
tative technegas values will be useful for predicting the
prognosis of emphysema.

594 THEJoui@.r'@OFNUCLEARMEDICINEâ€¢Vol. 41 â€¢No. 4 â€¢April 2000

CONCLUSION

The regional severity of emphysema was well docu
mented by this quantitative technegas analysis. Technegas
quantitative values might be able to provide useful informa
tion about the surgical target area and the prediction of
clinical outcome when lung volume reduction surgery is
performed. The quantitative parameters correlated strongly
with decreased pulmonary function. Furthermore, this analy
sis is applicable for routine clinical use because it is simple,
does not need special software, and is a purely objective

method.

ACKNOWLEDGMENT

The authors thank Daiichi Radioisotope Company for the
kind gift of technegas.

REFERENCES
1. Cooper J, Trulock E, Triantafillou A, et al. Bilateral pneumonectomy(volume

reduction) for chronic obstnictive pulmonary disease. J Thorac Cardiovasc Surg.
1995;109: 106â€”119.

2. McKenna 1U Jr. Brenner M, Geib AF, et al. A randomized, prospective trial of
stapled lung reduction versus laser bullectomy for diffuse emphysema. J Thorac
Cardiovasc Surg. 1996;lll:317â€”322.

3. Keenan Ri, Landreneau RJ, Sciurba FC, et a!. Unilateral thoracoscopic surgical
approach for diffuse emphysema. J Thorac Cardiovasc Surg. 1996;111:308â€”315.

4. Sciurba FC, Rogers RM, Keenan Ri, et al. Improvement in pulmonaiy function
and elastic recoil after lung-reduction surgery for diffuse emphysema. N EngI J
Med. l996;334:1095â€”1099.

5. Daniel TM, Chan BB, Bhaskar V. et al. Lung volume reduction surgery, case
selection, operative technique, and clinical results. Ann Surg. 1996;223:526â€”531.

6. BrennerM,YusenR,McKennaRi Jr.et al.Lungvolumereductionsurgeryfor
emphysema. Chest. 1996;1 10:205â€”218.

7. Slone RM, Pilgram TK, Gierada DS, et al. Lung volume reduction surgery:
comparison of preoperative radiographic features and clinical outcome. Radiol

ogy. 1997;205:685â€”693.
8. Gierada DS, Slone RM, Bae KT, et al. Pulmonary emphysema: comparison of

preoperative quantitative CF and physiologic index values with clinical outcome
after lung-volume reduction surgery. Radiology. 1997;205:235â€”242.

9. WangSC,FischerKC,SloneRM,etal.Perfusionscintigraphyintheevaluation
for lung volume reduction surgery: correlation with clinical outcome. Radiology.
1997;205:243â€”248.

10. Satoh K, Tanabe M, Nakano S. et al. Comparison of'@Tc-technegas scintigraphy
and high resolution CF in pulmonary emphysema [in Japanese]. Kaku Igaku.
1995;32:487â€”494.

11. Satoh K, Tanabe M, Takahashi K, et al. Assessment of technetium-99m technegas
scintigraphy for ventilatory impairment in pulmonary emphysema: comparison of
planar and SPECT images. Ann NuciMed. 1997:11:109â€”113.

12. SatohK,TakahashiK,SasakiM,et a!.Comparisonof â€˜@Tc-technegasSPECf
with â€˜â€œXedynamic SPECT in pulmonary emphysema. Ann NuclMed. 1997;11:
201â€”206.

13. Crawford ABH, Davison A, Amis TC, et al. Intrapulmonaiy disthbution of
â€˜@â€œtechnetiumlabeled ultrafine carbon aerosol (technegas) in severe airflow
obstruction. Eur Respirl. 1990;3:686â€”692.

14. Nagao M. Murase K, Yasuhara Y, et a). Quantitative analysis of pulmonary
emphysema: three-dimensional fractal analysis of single-photon emission corn
puted tomography images obtained with a carbon particle radioaemsol. AiR.
1998;171:1657â€”1663.

15. American Thoracic Society. Standards for the diagnosis and care of patients with
chronic obstructive pulmonary disease (COPD) and asthma. Am Rev Respir Dis.
1987;136:225â€”244.

16. Komatani A, Akutu 1, Yamaguchi K, et al. Contamination levels to room air
arising from use â€˜@â€œTc-gasand prevention from the contamination [in Japanese].
Kaku Igaku. 1996;33:443-445.

17. Mandelbrot BB. Fractal Geometry ofNature. San Francisco, CA: Freeman; 1982.
18. Weibel ER. Fractal geometry: a design principle for living organisms. Am J

Physiol. 1991 ;26l :361â€”369.
19. Kuikkaif, BassingthwaighteJB, HenrichMM. Mathematicalmodelingin

nuclearmedicine. EurJNuclMed. 1991;18:351â€”361.



20. Kuikka iT. Effect of tissue heterogeneity on quantification in positron emission
tomography. Eur I Nucl Med. 1995;22: 1457â€”1458.

21. Kuikka JT, Tiihonen J, Karhu J. Fractal analysis of striatal dopamine re-uptake
sites. Eur I Nucl Med. 1997;24: 1085â€”1090.

22. Busch WM, Sullivan PJ, McLaren CJ. Technegas: a new ventilation agent for lung
scanning. NuclMedCommun. 1986;7:865â€”871.

23. PeitierP, Rirnkus DS,Ashburn WL. Lung ventilation scanning with a new carbon
particle radioaerosol (technegas): preliminary patient studies. Clin Nuci Med.
1990;15:222â€”226.

24. Amis TC, Crawford ABH, Davison A, Engel LA. Distribution of inhaled
â€œtechnetium labeled ultrafine carbon particle aerosol (technegas) in human
lungs. EurRespiri. l990;3:679â€”685.

25. Peltier P, Faucal P. Chetanneau A, Chatal JF. Compasison of technetium-99m
aerosol and krypton-81m in ventilation studies for diagnosis of pulmonary
embolism. NuclMed Commun. 1990;1l:631-638.

26. ThurlbeckWM,MullerNL.Emphysema:definition,imaging,andquantitation.
AIR. 1994;163:1017â€”l025.

27. Stern El, Frank MS. CT of the lung in patients with pulmonary emphysema:

diagnosis, quantitation, and correlation with pathologic and physiologic findings.
AiR. 1994;162:79lâ€”798.

28. Gurney JW, Jones KK, Robbins RA, et al. Regional distribution of emphysema:
correlation of high-resolution CT with pulmonary function tests in unselected

smokers. Radiology. 1992;183:457â€”463.

29.PostmaDS,SluiterHi. Prognosisof chronicpulmonarydisease:the Dutch
experience. Am Rev RespirDis. 1989;140:l00â€”105.

30. Anthonisen NR. Prognosis in chronic obstructive pulmonary disease: results from
multicenter clinical trials. AmRevRespir Dis. l989;l40:95â€”99.

31. Marcus EB, Buist AS, Maclean U, et al. Twenty-year trends in mortality from
chronic obstructive pulmonary disease: the Honolulu heart program. Am Rev

Respir Dir. l989;140:64â€”68.

32. Kuller LH, Ockene JK, Townsend M, et al. The epidemiology of pulmonary
function and COPD mortality in the multiple risk factor intervention trial. Am Rev

Respir Dir. l989;l40:76â€”81.

QUANTITATWE ANALYSIS OF T)@CHNEGAS SPECT â€¢Nagao et al. 595


