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Year by year we are becoming better equipped to
accomplish the things we are striving for. But what are we
actually striving for?

Bertrand de Jouvenel 1903-
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ERRATA

Manuscript I;

page 1157: Line between Eqs 9 and 10: rewitten. Should be

rewritten,

page 1162: End of paragraph after Eq 14: Sakai et al (17). Should

be Kobari et al (7).
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Ref 6: HARNIS should be HARRIS.

Ref 7: GOTO should be GOTOH.
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GENERAL SUMMARY

INTRODUCTION

Positron emission tomography (PET) is the combined use of

positron emitting radionuclides and emission computerized axial

tomography to measure regional tissue function. A cyclotron is

usually used to produce such radionuclides (Table 1).

Table 1.

Radio-
nuclide

"c

He

He

ne

He

"Ne

13N

13N

igo

i5o

"o
68Ga

Radionuclides currently used in lung positron
tomography

Tl/2

20 min

20 min

20 min

20 min

20 min

20 min

17.4 sec

10 min

10 min

1.83 hr

2.1 min

2.1 min

2.1 min

68 min

Chemical fora Route of Use
adainistration

n C 0 gas

He-albumin

11C-acetazolamide

Hc-CGP-12177
(8-blocker)

Hc-proline

iic-erythromycin

Gas

i3N2 dissolved
in saline
Gas

18F-deoxyglucose

H21
5O

c15o2

C150

68Ga-transferrin

Inhaled

i.v.

t i.v.

i.v.

i.v.

i.v.

inhaled

i.v.

inhaled

i.v.

i.v.

inhaled

inhaled

i.v.

Red cell volume

Plasma volume
Permeability
Endothelial

Receptork inet ics

Collagen

Pharmacokinetics

VA

V/Q

Alveolar volume

Gluco_e
metabolism
Lung water, Q

Lung water

Blood volume

Plasma volume
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In investigating the disturbances of focal tissue function that

occur in disease, a principle strength of PET lies in the ability

to make a series of measurements of regional tissue function using

different radionuclides consecutively in the same subject.

Although the spatial resolution and the relatively long scanning

times certainly are limiting factors, even greater problems may

arise with the labelling of compounds with short-lived

radionuclides and with the development of suitable tracer models.

The latter are needed in order to extract quantitative

physiological parameters from the PET scans. Furthermore, a tracer

model valid for normal physiology may deviate appreciably in the

diseased state. Nevertheless, it is the numerical information that

is the more powerful tool and the philosophy at the Hammersmith

Hospital with regard to PET scanning has been to stress this

quantitative aspect.

Until the early eighties, studies of pulmonary physiology and

pathophysiology using PET were focused on measurements of

extravascular lung density and blood volume (Meyer and Shober

1984, Rhodes et al 1981, Wollmer et al 1983, Wollmer et al 1984).

With n C 0 (inhaled) labelled red cells, Wollmer et al (1983, 1984)

showed that patients with chronic pulmonary venous hypertension

and interstitial lung disease had increased regional extravascular

density (DEV) and often decreased regional blood volume, resulting

in a fairly normal total lung density. Increased DEV would be found

in pulmonary edema but also in lung collapse or fibrosis. Total

lung water has been labelled with H2
15O, either by continuous i.v.

infusion (Meyer and Shober 1984) or during continuous inhalation

of C15O2 gas (Ahluwalia et al 1981) that, in the presence of lung

10



carbonic anhydrase, is converted into H2
15O. The vascular

compartment was labelled subsequently after 11CO inhalation and

extravascular lung water (EVLW) obtained by subtraction. Studies

of oleic acid induced edema in dogs showed an increase in EVLW by

almost 100% and correlated well with a thermal dye indicator

dilution technique (Meyer and Shober 1984). Erythromycin (11C)

concentration in lung regions with pneumonic consolidation has

also been measured (Wollmer et al 1982).

The production of a short-lived radioisotope of the insoluble gas

neon-19 (19Ne) for measurements of ventilation (Crouzel et al 1980)

was followed by its adaptation to the steady-state model of

continuous inhalation (Clark et al 1983, Valind et al 1987, Valind

et al 1991) according to the principle applied for Krypton-8im

(Fazio and Jones 1975). Regional ventilation has been

quantitatively described in relation to regional alveolar volume

and analyzed with respect to the influence of the gravitational

force (Valind et al 1989). In addition, a method has been

developed by which regional ventilation is measured using PET and

inhaled nitrogen-13 (13N) (Senda et al 86).

With the modification of a recently developed method regional V/Q

has been measured using a constant i.v. infusion of the poorly

soluble gas 13N (Rhodes et al 1989 (1,2)). In the supine lung, V

and Q are reasonably well matched, although very low values of

V/Q, on occasions, were found along the dorsal lung thoracic

border.

The purpose of this thesis is to present the further development

and evaluation of existing tracer models adapted to PET in the

study of regional pulmonary structure and function in man with

particular emphasis on the advantage of serial scanning.

11



POSITRON EMISSION TOMOGRAPHY

Background

The tomographic principle was used early in nuclear physics where

regional plasma density was studied using electromagnetic

radiation. A clear understanding of the mathematical aspects of

reconstruction of images from projections developed for computed

tomography was later presented by Hounsfield and Cormack (Cormack

et al 1973). The combination of the development of fast

microcomputers and the application of new methods in numerical

analysis such as the fast Fourier transform algorithm, resulted in

the construction of the X-ray computed tomograph (CT-scanner) in

the early seventies. Technical details aside, the emission

tomographs (single photon emission tomograph (SPECT) and positron

emission tomograph <PET)) employ the same principles of filtered

back projection. A further improvement was made with the

combination of emission and transmission tomographs in the same

device. The so obtained regional information about attenuation

coefficients (obtained by transmission scanning) could be used to

correct for attenuation losses in the emission mode. This turned

out to be a significant advance when using positron emitting

isotopes in that it enabled accurate quantification of regional

isotope concentrations and regional densities to be made.

12



Positrons

Positrons (positively charged anti-particles of electrons) are

emitted from a special class of unstable radionuclides with a

relative deficiency of neutrons in the nucleus. After emission the

kinetic energy of the particle is rapidly absorbed in the

surrounding tissue, normally within a 1 mm distance (solid

tissue). In the normal lung it may travel 3 to 5 times this

distance, and still longer in e.g. emphysematous tissue.

Interaction wich a tissue electron occurs and in the resulting

annihilation two 511- keV gamma rays are emitted. The two photons

propagate in almost opposite directions. Table 1 lists the

commonly used positron emitters in lung studies. In studies

included in this thesis, the three radionuclides alC, 19Ne and 13N

have been used.

Theoretical aspects

The technique relies on the coincidence detection of paired

monoenergetic 511-keV photons originating from an annihilation

event within the tissue (emission mode) or in an external source

between the body and the detectors (transmission mode) (Fig 1).

In the transmission mode a ring source of the positron emitting

isotope 68Ge/68Ga encircles the subject and a measurement of the

regional distribution of the attenuation coefficient in the chcsen

plane is obtained. Since the regional attenuation distribution

(using the high energy 511 keV photons) is proportional to the

13
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Emission - mode Transmission-mode

Figure 1. Diagrammatic scheme of PET imaging. Thorax is shown

surrounded by hexagonal array of scintillation detectors. In

emission mode, positron annihilation (X) from radionuclide within

the lung gives off two 511-keV gamma rays in coincidence detected

by counters opposed to each other. In transmission mode thorax is

surrounded by circular ring of positron emitter (68Ga). Gamma ray

emission detected by same counter pair has made identical total

journey through thorax as in emission sequence and corrects for

attenuation. In addition, the transmission signal is directly

proportional to physical density in its path.
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density (DL) of the object, a density map is automatically obtained

using a single calibration factor (Rhodes et al 1981). Due to a

small systematic overestimation of DL, a small correction (0.026

g cm"3) has been subtracted from the primary density distribution.

Information about the distribution of attenuation coefficient is

also used to correct emission scans for attenuation losses,

thereby providing quantitative measurements of isotope

concentrations in the emission mode. This follows since the

attenuation path length in the transmission mode is equal to the

local thickness of the body and equal, similarly, -o the sum of

the path lengths during emission scanning (Fig 1).

In the emission mode, a scan is recorded after the introduction of

a positron emitting isotope into the body. With attenuation

correction and appropriate calibration this provides a

quantitative topographical distribution of isotope concentration

within the tomographic slice. The specific properties of the

positrons (Fig 1) means that data can be acquired through

coincidence counting with negligible scattering effects. All

positrons emit the same 511-keV gamma rays. Provided the half

lives are sufficiently short, several tracers may be administered

consecutively in a single study and corrected under identical

attenuation conditions.

Instrumentation

In the Ortec ECAT scanner (CT and I, Knoxville,TN) used at

Hammersmith Hospital, six banks of counters (3.8 cm diameter Nal

crystals) surrounded the thorax, giving a single transaxial plane

15



(Phelps et al 1978). A proper number of projections are obtained

by a sequence of lateral and angular movements of each bank.

Coincidence counting accepts only counts originating from a narrow

band joining one counter with the opposite number (Fig 1). The

width of the band to a line source of activity (full width half

maximum (FWHM) response) is 17 mm, which represents the effective

two-dimensional spatial resolution. The thickness of the slice is

of the same order of magnitude. Random coincidences are measured

(approximately 7-8% of true coincidences) and automatically

subtracted. Scatter accounts for less than 3% of the signal

(Hoffman et al 1979). Chest wall movements can reduce the spatial

resolution by a further 5 mm.

The thorax is a mosaic of high-density (mediastinum and chest

wall) and low density (lung) regions. For attenuation corrections

with ECAT II, the thorax is surrounded by a positron emitting ring

source - c. 100 MBq of 68Ge/68Ga in a circular steel tube (60 cm

diameter) - that can be retracted after use (Fig 1).

The data are fed to a computer and the reconstructed images are

presented as 100x100 matrices; each picture element (pixel) being

c 0.32 cm x 0.32 cm. On completion of each study the data are

usually transferred to floppy discs for storage and subsequent

analysis.

16



RADIOCHEMICAL PROCEDURES

The 13N production system has been designed for the batch-wise

production of 13NN (a gas molecule comprising one 13N and one

(stable) 14N atom) labelled gas and solutions of high radioactive

concentration (Clark and Buckingham 1975). High purity carbon

dioxide is bombarded by a 15 MeV deuterium beam resulting in 13N

with traces of C150, 13N2O and
 13NO2. These contaminants represent

less than 1% of the radioactivity. The C02 is also used as sweep

gas passing through the target. 13NN gas samples of high specific

activity are obtained by absorbing the C02 sweep gas in soda lime

and 13N2 solutions are prepared by shaking a
 13NN gas bubble with

physiological saline. The whole system is sterile. Great care is

taken to exclude all gas bubbles. A typical batch of 60 ml volume

contains 20-40 mCi (0.74-1.5 GBq). The half life of 13N is 10

minutes.

19Ne is produced on line by bombarding oxygen with 18 MeV alpha

particles and is delivered to the patient in a gas mixture (25-30%

oxygen, 70-75% nitrogen) at a concentration of approximately 0.5

mCi (20 MBq) per litre via a plastic tube. The half-life of 19Ne is

17.4 seconds.

The n C O production system has been designed for the continuous

production of 12C0 (Clark and Buckingham 1975). Nitrogen is

bombarded by a 7.6 MeV proton beam resulting in 11CO2 which is

reduced to 11C0 using zinc granules (0.3-1.5 mm) at 390 °C. A soda

lime absorber removes any residues of unconverted 11C02. The gas is

dispensed through a plastic tube and delivered via an open mask to

17



the patient. The half-life of n C is 20 minutes.

Safely-injectable and radiochemically pure solutions of human

serum (methyl-11C) roethylalburoin was prepared in 40 min from the

end of aiCO production (see above) via the reaction of 11C-methyl

iodide with human serum albumin (Turton et al 1984).

ABSORBED RADIATION DOSES

The radiation dose absorbed during the transmission scan is

approximately 0.2 mGy, confined to the thoracic section being

scanned. For the isotopes following values are applicable:

Isotope / Type Heart/Blood Lungs Effective dose

(mGy) (mGy) equivalent (mSv)

" N ( 1 GBq)

l9Ne (20 MBq/liter)
U C 0 (400 MBq)

11C-methylalbumin

(400 MBq)

2

-

9

9

3

4

6

6

0 .4

0 . 5

3

3

For comparison, an effective dose equivalent of 3-5 mSv

corresponds to an ordinary radiograph of the hip, the colon or the

lumbar spine or a natural background radiation in one year. (The

weighting factors used for the calculation of the effective dose

equivalent follow from IRCP publication 26, 1977. The new

weighting factors recommended from IRCP (publ. 60, 1991) (not yet

introduced in Sweden) would lowê - the above values by less than

20%).

18



GLOSSARY OF TERMS AND NOMENCLATURE

(Alphabetic order within groups)

(See also the more detailed GLOSSARIES in communication I-V)

1. Measured concentrations

CA Regional alveolar concentration of l9Ne and 13N (Bq ml"1

alveolar volume) calculated as S19Ne/VA and

(S13N - 0.4 C^,VB)/VA respectively.

Cj Inhaled concentration of 19Ne (Bq ml"1 gas), corrected to

BTPS.

Cy Mixed venous concentration of 13N (obtained from the right

ventricle in the 13N-scan) (Bq ml"1 whole blood)

Sx Regional pulmonary concentration of X from the emission

scans (Bq cm"3 thorax). X denotes one of the two isotopes

19Ne and13N.

2. Measured or calculated physiological parameters

Dgy Regional extravascular lung density (g cm"3)

(= DL - 1.06 V B ) .

DL Regional lung density (g cm"3 thorax).

hH Large vessel (or heart chamber) hematocrit.

R Ratio between regional lung hematocrit and peripheral

venous blood sample hematocrit.

T Regional transit time (sec) (=60 V B/Q).

Q Regional perfusion (ml min"1 cm"3 of thorax) (= (Q/V)/VA).

19



v,EV

V/Q

Regional alveolar gas volume (ml cm"3 thorax).

(=l-DL/l.O4).

Regional ventilation (ml min"1 cm"3 thorax).

Regional fractional pulmonary whole blood volume

(ml cm"3 thorax).

Regional extravascular lung volume (ml cm"3)

(= 1 - VA - V B). (« DEV).

Regional ventilation to perfusion ratio.

The designations of regional parameters when using PET have

varied slightly over the years. Most of the symbols used in this

thesis follow naturally from other work in pulmonary physiology

and this section will only comment on a few general aspects of

the nomenclature. In general, the first letter (or letters)

represents the physical quantity (D=density, V=volume, V=volume

change per unit of time (the time derivative), C=concentration,

Q=quantity (here exclusively used as Q meaning quantity of blood

per unit of time = blood flow)). The following suffix usually

represents the actual tissue to which the quantity relates

(L=lung, RC=rcd cells, P^plasma, B (or WB)=whole blood,

A=alveolar, G=gas and EV=extravascular lung tissue etc.). Hence

DL = regional lung density, VB = regional blood volume etc. On

some occasions, when the regionality of the parameter has been

considered important, the prefix r has been added e.g. rDL -

regional lung density. Usually, however, r has been omitted.

A scan (the quantitative image of the regional distribution of

isotope concentration) is presented by a 100 x 100 matrix of

numbers and is denoted by S followed by the chemical symbol of

the tracer (e.g. S13N).

20



The expressions "tomographic distribution", "topographic

distribution" and "regional distribution" have been used

synonymously as have "(regional) pulmonary (whole) blood

volume" and "fractional pulmonary blood volume".

In paper III and IV, regional extravascular lung volume (VEV)

rather than regional extravascular lung density (DEV) have been

used for conceptual reasons. The two entities are almost similar

and differ only by a small factor (a few percent).

Identical quantities have occasionally been denoted by different

symbols in different communications included in this thesis, due

to both historical and practical reasons. Parameters that are

frequently used have been simplified, but occasionally there is a

demand for a less ambiguous designation depending on the context

for instance in the hematocrit (I) and error (V) papers.

When comparing the present communications with previous lung work

with PET it should be mentioned that regional density was

initially called D(V+EV) (vascular plus extravascular density)

(Rhodes et al 1981), blood volume was called FBV (fractional

blood volume) and extravascular lung density ELD (Wo 1 liner et al

1983,Wollmer et al 1984).

21



TRACER MODELS AMD COMPUTATION OF PHYSIOLOGICAL PARAMETERS

Regional lung compartments (gas, vascular and tissue volumes)

The transmission scan is directly proportional to regional lung

density (DL). Since the physical densities of lung tissue and

body fluids (plasma, red blood cells) are similar (around 1) and

quite different from gas (around 0), the regional distribution of

lung volume (tissue plus blood) is obtained by dividing DL by the

physical density of gas free lung (including blood), 1.04. The

alveolar gas volume (VA) can then be calculated by the

relationship

VA=l-DL/1.04 (1)

(Valind et al 1989, II).

Regional whole blood volume (VB) is essential for most lung

studies with PET. Early measurements of VB with PET and
 11CO

labelled hemoglobin were made under the assumption that the

peripheral venous hematocrit (pH) was equal to the regional lung

hematocrit (rH) (Rhodes et al i981,Wollmer et al l983,Wollmer et

al 1984). Since the rH/pH ratio (R) is less than unity it is

essential to be able to estimate this ratio in order to derive

the whole blood volume from measurements of the 11CO-hemoglobin

distribution volume.

In communication I we present a technique of measuring R by using

a plasma marker ((methyl-nC) albumin) and a red cell marker

22



(11CO-Hb) consecutively. To compensate for inevitable 11C-albumin

leakage, a series of 11C-albumin scans are recorded after the

11C-albumin injection, whereby the regional X1C albumin

distribution volume is measured at regular intervals for

approximately one hour. By linear regression (made pixel by pixel

after a smoothing procedure) the regional distribution volume of

11C-albumin is extrapolated to the time of injection and the

plasma volume is calculated as the intercept. The regional

distribution of the slope (showing the change of the distribution

volume of 11C-albumin, i.e. the rate of leakage) is also obtained.

These scans are then followed by a measurement of the red cell

distribution volume. After inhalation of tracer quantities

(200-300 MBq) of n C 0 , 11C-carboxyhemoglobin is formed. Since the

rate of breakdown of 11CO-Hb is extremely slow only a single

11C0-scan is necessary. A measurement of the peripheral venous

hematocrit (pH) is made from blood samples taken during the

nC-albumin scanning. This enables the peripheral venous

hematocrit to be calculated without the problem of trapped

plasma, i.e. residual plasma in the erythrocyte fraction after

centrifugation. The regional lung to peripheral hematocrit ratio

(R) is then obtained.

Regional extravascular density (DEV) is calculated as the

difference between the regional lung density (DL) and the

regional lung whole blood density (1.06 V B ) , where 1.06 is the

physical density of whole blood (Geigy Scientific Tables).

Regional extravascular volume (VEV), which has been used rather

than Dgy in paper III and IV for conceptual reasons, is calculated

23



using the relationship V^Vg-i-Vg^l, i.e. VEV=1-VA-VB. It should be

mentioned that the physical density of mixed lung tissue and

blood, 1.04, which is used in Eq 1 to allow VA to be calculated

from DL without a simultaneous VB measurement, varies slightly

with the regional Vgy/Vg ratio. This is due to the fact that the

physical densities of whole blood and lung tissue are slightly

different (1.06 and 1.03-1.05 respectively).

On the assumption that extravascular fluid per alveolus is

constant (Snashall et al 1980) and that the alveolar structure is

homogeneous throughout the lung, DEV in normal subjects is

proportional to the number of alveoli per unit of thoracic

volume. The relative volume of gas per alveolus (relative

alveolar size (Valv, ml g"
1)) can therefore be estimated by

Vaiv= VA/DEV ~ VA/VEV.

Ventilation

Measurements of ventilation were made at steady-state during

continuous inhalation of the inert short-lived isotope neon-19

(19Ne; Tjy2 =17.4 sec/decay constant k =2.39 min"
1) (Clark et al

1983, Valind et al 1987, Valind et al 1991).

(2)

The equation is based upon the balance between delivery of tracer

to the alveoli by ventilation ( C ^ ) and the elimination by

ventilation (CAVA) and decay (CAVA A ) . In addition, ventilation
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expressed per unit volume of thorax (VA) was calculated as

The influence on VA of dead space ventilation in the normal lung

ranges from an overestimation by about 2-3% in the lower

ventilation regions to an underestimation by about 8-10% in the

better ventilated parts (Valind et al 1987, V).

Ventilation to perfusion ratio

Measurements of V/Q were made with the constant infusion of the

inert gas isotope nitrogen-13 (13N; 11/2=10 min; blood:gas

partition coefficient A.N =0.015) dissolved in 60 ml 0.9% saline

(Rhodes et al 1989). During steady-state, the delivery of tracer

by the pulmonary circulation (QĈ ., where 0^ is the mixed venous

13N concentration) is balanced by the removal of tracer by

ventilation (VCA, where V is the net
 13N transporting gas flow and

CA is the alveolar
 13N concentration) and the smal] amount leaving

the lung field in the efferent (downstream) blood (QCA AN) . Thus

c-v/cA - (3}

In pathological conditions, with regionally very low ventilation,

steady-state is not reached. These non-steady-state conditions

can, however, be compensated for when the regional ventilation is

measured on the same occasion (using 19Ne). The way in which this

correction is made is presented in communication V. It can be

shown thfit the V/Q ratio can be calculated as
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V/Q = C (4)

where f is a function of the time from start of infusion until

the start (tx) and end (t2) of the scanning and the regional

ventilation, gas volume and blood flow, f increases

asymptotically towards unity as the starting time and/or regional

alveolar ventilation increases, but is fairly independent of the

regional V/Q ratio.

In normal subjects (smokers and non-smokers) the correction

factor turns out to be close to unity (0.98-1.0) and has

therefore been omitted in the presentation of normal subjects

(IV). It is, however, often of great importance in lung

pathology.

Perfusion

Perfusion (Q) is calculated from the V/Q and VA measurements by

the relationship

Q = (Q/V) VA (5)

When defining Q in this way it should be remembered that

ventilation in the 13N model, defined as the removal of 13N from

the blood (Eq 3 and 4) and ventilation in the 19Ne model, defined

as the supply of fresh gas (19Ne) to the alveoli (Eq 2), are

slightly different. The underlying theory concerning the relative

error in Q due to this discrepancy has been presented in

communication V (see data analysis and error estimates below).
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DATA ANALYSIS

Due to the limited resolution of the scanner the values of lung

density at the periphery are influenced by the high density of

the contiguous chest wall, mediastinum and heart (the so called

partial volume effect, see below). For the same reason, values of

pulmonary blood volume near the heart are influenced by the high

blood volume within the heart chambers. The density and blood

volume scans, therefore, set the limits within which the lung can

be accurately analyzed and subjected to a thresholding procedure

(described in II), whereby a 2-3 cm broad zone of the periphery

of each of the two lungs was removed (Fig 2a).

Frequency distributions (number of picture elements (pixels)

within a given range of the particular parameter) were also

analyzed for each lung separately and values of the means and

dispersions calculated (Fig 2b). The dispersions of the

distributions were calculated as the standard deviation using

standard statistical methods. Concerning the combined

measurements of VA and V/Q, ventilation and blood flow weighted

V/Q distributions were also calculated as the product of the

volume weighted V/Q distributions (number of pixels within a

given range of V/Q) and the mean VA and Q respectively of the

pixels within that V/Q range.

Ventral to dorsal profiles were then obtained for the right and

the left lung by calculating the mean values in horizontal

adjacent strips (approximately 1.3 cm in vertical width) from the

ventral to the dorsal part of the lung (Fig 2c). A rough
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(upper)
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(lower)

Distance
"(cm)

Figure 2. Data analysis (for right lung), a) A coarse

thresholding removed all pixels from the density image with

values greater than 0.75 g cm"3; further thresholding followed by

hand, b) Frequency distribution pixel by pixel, f(N) is the

relative number of pixels within a narrow range of A (Sum of

f(N)=l). c) Analysis of vertical profiles using 10-12 1.3 cm wide

strips.
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estimation of the regional variability was sometimes made by

using mean values of the ventral and dorsal halves of the right

and left lung.

ERROR ANALYSIS

One important task when developing tracer models is to identify

errors or irregularities in the various models and to analyze the

way in which these propagate into the final calculations. The

latter is probably the most difficult part of the modelling

procedure. The errors might, in certain cases, be only roughly

estimated, and, occasionally, they can not be estimated at all

(e.g. due to incomplete physiological information at the

microscopic level). In the following section we discuss some of

the more important sources of errors which have been separated

into three categories; errors arising from a) the

instrumentation, b) the tracer models and c) other sources.

Errors in the instrumentation

The partial volume effect of concern is the loss of contrast in

an image because the axial dimension of the object is smaller

than the axial resolution of the imaging system or because the

edge of the object is not completely in the field of view

(Hoffman et al 1979) (see also data analysis above).

When one or more of the annihilation gamma rays scatter in an
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object, there is a small probability that both gamma rays will

strike detectors which are connected in coincidence. These events

constitutes a low frequency background that is distributed

throughout the whole image being about 2% in the present scanner

(Hoffman et al 1979). When annihilation gamma rays from two

unassociated decays strike two detectors in coincidence within 12

nsec of each other, a false or accidental event is recorded. In

the present scanner these recordings are subtracted and,

therefore, of negligible influence. Other sources of errors

include non-linearities of the system, effects of the convolution

filter and errors in the back projection.

Errors due to the instrumentation have been investigated by

phantom studies both in the transmission and emission mode. The

errors in the measurements of lung density is of the order of

magnitude of 0.01 - 0.02 g cm"3 and in the measurements of tracer

activity of the order 2-4% .

Idiosyncrasies in the kinetic tracer models

Improprieties related to kinetics of the models should not be

regarded as errors in the usual sense but rather discrepancies

between the physiological parameters that we intend to measure

and those we actually measure when using the tracer models.

Considering the 19Ne and 13N models, features such as dead space

ventilation and incomplete gas mixing within the resolution

element will affect the ventilatory transport of 19Ne and 13N in

different ways. This means that regional ventilation of "fresh"
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gas from the atmosphere is slightly different from that measured

with the 19Ne model which, in turn, is slightly different from the

ventilatory clearance implicit in the 13N model. These

discrepancies have previously been analyzed separately (Valind et

al 1987, Valind et al 1991, Rhodes et al 1989). Error estimates

of the various parameters when the two models are combined are

analyzed in communication V, with emphasis on the error estimates

of blood flow. These errors arise from two major sources; a) dead

space ventilation and b) intrapixel (microscopic) inhomogeneity.

The 19Ne model overestimates VA in low ventilated regions

(within the normal range) by a few percent and underestimates VA

at high ventilation by 7-8%, mainly due to dead space

ventilation. Dead space ventilation means, that not only "fresh"

gas from the atmosphere is inhaled into a lung region, but also

"old" gas from airways of the surrounding lung. This "old" gas is

a mixture of gas with various 19Ne concentrations. In addition, in

regions with extremely poor ventilation (<0.1 ml min"1cm~3), the

relatively high tracer concentration levels in conducting airways

during inspiration could result in a more than two-fold

overestimation of ventilation.

The V/Q concept is complex in that it varies according to the

type of gas involved. Thus V/Q for oxygen differs from that of

carbon dioxide which in turn differs from that of nitrogen. No

measurement of V/Q can be said to be superior to another - it

depends on the usage. In actual fact one could say that the V/Q

ratio in the usual sense is an abstraction, since it does not

reflect the influence of the common dead space ventilation.

,;
*
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The discrepancy between VA measured by
 19Ne and the net exchanging

gas flow using the 13N model, gives rise to errors in the

calculation of blood flow (Q). We show in communication V that Q

is overestimated by up to 4 % in the independent part of the

normal supine lung and underestimated up to 10% in the dependent

part. In pathological conditions errors in Q may be up to +- 20%,

depending on the magnitude of the dead space ventilation (V).

When the 19Ne and 13N models are derived, the region under

consideration is assumed to be homogeneous as regards alveolar

volume, ventilation and blood flow. Intrareqional heterogeneity

of these parameters, however, gives rise to additional errors.

These errors are discussed on a theoretical basis in

communication V and are probably of the order of magnitude of

0-10% for ventilation, and 0-15(20)% for the V/Q ratio and for

blood flow.

Errors in the measurements of lung hematocrit (I) includes those

which arise due to the fact that 11C-albumin and 11CO-Hb are not

ideal plasma and red cell markers. These errors are very small,

however, and the lung to peripheral venous blood sample

hematocrit ratio (R) in the heart chambers was 1.00+-0.06 (SD) in

5 normal subjects, which provides an indication of the accuracy

of the technique. In addition, it can be shown that i:iC-albumin

attached to the surface of the red blood cells is less than 3%

and in fact cancels out in the calculation of R, provided this

attached "pool" is proportional to the 11C-albumin plasma activity

(I).
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Other errors

Other errors include those arising from unpredictable movements

of the subject and errors in the calculations of C^ (13N

concentration in the right heart chamber) from the 13N scan. These

errors have been minimized by careful preservation of body

position (using a light grid in order to check the position of

the subject/patient) and by being particular in choosing the

transaxial plane through the right heart ventricle. Long tenn

changes in, for example, blood volume are also sources of error.

Concerning blood volume changes with time, these have been

investigated (unpublished data) and found to be negligible.

Error propagation in the calculations

Blood volume is influenced by errors in both the 11C0 measurements

(2-3%) and the measurements of R (c.4%). Concerning DEV

(DL-1.06 VB) there is an additional error arising from the lung

density measurement (approximately 0.01-0.02 g cm"3).

The calculation of specific ventilation. VA/VA, from Eg 2 tends to

amplify the statistical noise, especially in regions with very

high and very low ventilation. In the normal ventilation range

(0.5-4 min"1) the relative error is of the order 5-6%, whilst the

random errors amount to 10-12% in regions with very high

(4-6 min"1) or very poor ventilation (0.2-0.5 min"1) (Valind et al

1991). Since the relative error in alveolar volume is rather

small, the relative error in VA will be of the same order of

•if
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magnitude as that in VA/VA. In actual fact, the coupling between

VA and VA is weaker because statistical fluctuations in VA tend to

cancel out in the calculation of VA (as compared to VA/VA) . An

underestimation of VA by one SD (coefficient of variation (CV) of

3.5%) results in an underestimation of VA in the range 1-5%

whilst the range of VA analyzed includes a 2-4 fold increase in

VA. A more important example of pseudocorrelation, however, is

the relationship between alveolar volume and VA , each expressed

per volume of lung tissue (VA/VEV and VA/VEV), resulting in

complex relationships between the transmission, blood volume and

19Ne scans. In this case, the random pseudocorrelation gives more

or less a straight line with positive slope. This type of error

cannot be avoided unless the respective standard deviation can be

measured separately (Moreno et al 1986). The problem of

pseudocorrelation in the statistic analysis, has, however, been

avoided (III and IV) by using the virtually non-dependent

relationship (VA-VB) or only slightly dependent relationships

The error in V/Q is linearly related to the relative error in the

alveolar 13N concentration (Eq 3).

From Eq 5 follows that the relative error in blood flow (Q) is

the square root of the sum of the squares of the relative errors

in VA and V/Q. In the low ventilation range the relative error in

Q may, therefore, be limited to 6-10%, whilst it may exceed 20%

in the high ventilated regions.
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Errors - conclusions

In spite of these seemingly endless sources of errors, PET

maintains the position as the most accurate scanning technique

available today, and must be considered as a gold standard in

many respects, at least as concerns regional quantification of

tracer activity within the living body. This is one of the

reasons for the extended error analysis presented here and in the

manuscripts. Some restrictions must, however, be considered. In

extreme pathological conditions, especially when low tracer

concentrations occur, kinetic models may break down and the

scanning technique may be insufficient for interpreting the

acquired data (e.g. low density regions with low blood volume,

high V/Q ratios and poor ventilation in advanced emphysema).

Quantification of physiological parameters in such regions may

even sometimes be unjustified.
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SCIENTIFIC RESULTS IN NORMAL SUBJECTS

Regional lung structure

The average normal supine lung (approximately 3.7 liters)

contains 73% gas. The mean lung density is 0.28+-0.03 g cm"3,

comprising 63% blood and 37% extravascular tissue (II) . These

values represent the peripheral lung (except a zone close to the

lung thoracic border) and exclude the hilar region. Smokers have

a significant 15-20% increase in extravascular density possibly

caused by chronic inflammation and fibrosis.

Blood volume increases with vertical distance in the direction of

gravity and is some 60% higher in the dorsal half compared to the

ventral. Extravascular density or volume (Dgy, V E V)- which is

proportional to the number of alveolar units - increases more

slowly and is some 10% higher in the dorsal part compared to the

ventral. From this follows that gas volume per alveolus (gas per

gram tissue) is about 13% greater in the ventral part. The

substantial part of this change, however, occurs in the dorsal

half of the lung, where VB increases some 40% and VEV (or DEV) 25%

over a vertical distance of 6-7 cm. The influence of VEV and VB

on alveolar size (gas volume per alveolus) can be calculated

using the derivative of v^^sVa/Vgy, where alveolar gas volume VA

is replaced by 1-VEV-VB. We have estimated (III) that, in terms of

competition for space, regional changes in VEV and VB account for

75% and 25% respectively of the regional change in Valv. But the

change in VEV is caused by the weight of the lung which, to 2/3,
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is blood. Hence, taking into account both competition for space

and effect of lung weight, VB may account for as much as 75% of

the dorsal change in Valv (and VEV accordingly for 25%) . In the

ventral part, however, VEV is almost constant and the small

regional variation in Valv is mainly determined by blood volume

changes.

Ventilation

In the previous section I discussed the influence of blood volume

on alveolar size (gas volume per alveolus) in the dorsa] part of

the lung. The next step will now be to explain how alveolar size

influences alveolar ventilation (III). The exponential pressure

(P) volume (V) relationship has been confirmed in vivo in many

studies (reviewed in Milic-Emili 1986). From this follows that

ventilation is lower in more expanded lung regions compared to

less expanded regions. This relationship is valid for the whole

lung and for isolated lung segments dissected from animals.

Theoretically, this relationship would lead to a negative linear

relationship between gas volume per alveolus and ventilation per

alveolus (Appendix in III). Our data are consistent with such a

relationship which support the notion that the exponential P-V

curve also is a good approximation for the supine lung during

quiet breathing.

The conclusion will then be that pulmonary blood volume has a

great (some 75%) impact on the vertical gradient of alveolar

ventilation. This is further supported by the significant
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correlation between the dorsal to ventral ratios of VB and

ventilation. This means that when a subject exhibits a great

difference in VB between the dorsal and ventral part, the

ventrodorsal difference in ventilation is also great and vice

versa (not published in the communications)-

We have also found a close link between blood volume and blood

flow (IV). This is not surprising in view of the influence of the

hydrostatic pressure on both these parameters. Hence, to the

extent that blood volume determines alveolar size and alveolar

size determines ventilation, matching of ventilation and

perfusion is assured. In situations when parenchyma1 compliance

and alveolar size are not the major determinants of the

distribution of ventilation (e.g. in obstructive lung disease),

this mechanism will hold less strongly. For example in abnormally

low V/Q regions the hypoxic vasoconstriction is often of great

significance.

An additional conclusion which might be drawn from the negative

relationship between alveolar size and ventilation (per alveolus)

Is that it supports findings from studies which suggest that lung

expansion results mainly from an increase in alveolar size

(Klingele and Staub 1970) rather than by recruitment of alveolar

units (Gil and Weibsl 1972).

Regional lung hematocrit and vascular transit times

I

Previous studies have shown that hematocrit is a function of

vessel diameter and flow velocity (Fåhreus and Lindqvist 1931)
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The reason for this is axial streaming of red blood cells causing

a higher mean velocity of these relative to plasma. The

difference is more pronounced in small vessels and capillaries.

Since the lung in a transaxial section contains a mixture of

capillaries and small and large vessels, one would expect the

ratio (R) between the regional lung hematccrit and the hematocrit

obtained from a venous blood sample (or heart chamber), to be

less than unity. We measured R in five healthy subjects (I) and

found a mean value of 0.90 -4—0.03 (SD). No significant regional

variations were seen, nor were there any correlations between R

and peripheral hematocrit, VB or DEV. Slightly lower values were

found in five patients with various disorders (nephrotic syndrome

with anemia, pancreatitis with suspected lung microvascular

damage, pneumonia) (mean lung/heart chamber hematocrit = 0.87).

This invariability of R is of significance since it enables whole

blood volume measurements to be made with a single vascular

tracer.

R is also of Theological interest since it is a function of the

capillary fractional volume (Fc) (FC=VC/VB where Vc is the

capillary volume per volume of thorax) and the capillary whole

blood transit time (Tc). An estimate of Vc and the capillary

hematocrit ratio (Rc) in the pulmonary circulation from our data

can be made in two ways:

h
a) (communication I) by including values of capillary

vascular volume and total pulmonary gas volume measured

by other techniques (e.g. the Roughton-Forster technique

(Roughton and Forster 1957) and helium dilution

39



technique (Boren et al 1966)).

b) (in ADDENDUM in this thesis) by including a value of the

mean pulmonary capillary transit time for red cells

(Johnson et al I960).

The first (a) method gives Fc = 0.24 and Rc = 0.57 and the latter

(b) gives Fc = 0.25 and Rc = 0.60, calculated for the whole lung.

Rc will influence the measurements of blood volume in the

pulmonary capillaries (Vc) using the Roughton-Forster (RF)

technique (Roughton and Forster 1957). Thus the value of Vc

obtained using the RF technique (approximately 80 ml) should

probably be increased by a factor of around 1.7 giving a value of

Vc of around 140 ml (Harris and Heath 1977). This value is also

closer to values of between 146 and 150 ml, calculated from

anatomical measurements by Weibel (Weibel 1963) and Cumming

(Camming et al 1970).

The pulmonary capillary bed has two important forms of reserve

that enables it to rapidly increase its capacity for gas

exchange. Capillary recruitment is, perhaps, the most well known

mechanism. Wagner et al (Wagner WW Jr et al 1986) showed that

there exists a vertical gradient also in capillary transit time

at least in dog lungs and that this second kind of reserve would

be at least as important as the recruitment. Regional variations

in Rc, Fc, Vc and Tc caused by gravity are discussed in ADDENDUM.

In the ventral (non- dependent) part of the normal supine lung

mean blood flow (Q) is around 1.3 ml min"1cm"3 and blood volume

(VB) 0.13 ml cm"
3 giving a mean transit time T for whole blood of
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approximately 6 seconds (ADDENDUM, Table 4). Corresponding values

for the dorsal (dependent) part of the lung is Q = 2.3, VB = 0.21

and T = 5.5. As we can see, Q and VB are tightly linked and

although there is a fall in T with vertical distance in the

direction of gravity, this fall is not substantial. In actual

fact, the difference in mean transit time (plasma or red cells)

between the upper and lower half is not statistically significant

(mean transit time for whole blood calculated for the upper half

divided by that for the lower half is 0.94).

Nevertheless, the capillary transit time (Tc) and hematocrit

ratio (Rc) may, theoretically, vary considerably more, depending

on ventrodorsal differences in the fraction of capillary vascular

volume (Fc). These differences are not possible to calculate from

our measurements but probability ranges of the various parameters

can be estimated. Since the discussion was rather hypothetic it

was omitted from communication IV but is presented here in an

ADDENDUM. Our data suggest that regional differences in capillary

transit time (in terms of mean values for the ventral and dorsal

part of the supine lung) are small. From this follows that

regional differences in capillary hematocrit are also small and,

hence, the substantial gravitational impact on capillary

perfusion is nicely balanced by changes in capillary vascular

volume. Nevertheless, substantial regional differences in transit

times certainly exist when the most dorsal and ventral parts of

the lung are compared.
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CONCLUSIONS

This thesis extends on experiences in lung studies with PET at

Hammersmith Hospital. Emphasis has been placed on the

quantitative approach and the advantage of serial scanning. The

combination of structural (density and blood and gas volumes) and

functional (blood and gas flows) information at a regional level

is the main theme of the thesis in conjunction with the further

development of tracer models and error estimates. Aspects of

normal physiology have been investigated.

Positron emission tomography has in many ways the ability

to be a gold standard in various fields of physiological and

clinical research. Heavy demands are therefore made upon the

technique and upon the development of accurate tracer models and

their validation. Pulmonary PET work has, therefore, to date,

emphasized these aspects. Meanwhile, physiological and clinical

results are gradually being obtained.
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Physiological implications

The following represents a summary of results obtained from the

right lung at roidheart level with the subject in supine posture.

1. Of the 3.7 litres of lung, 3/4 is gas 1/6 is blood and 1/10 is

extravascular tissue. Otherwise healthy smokers have 15-20%

higher extravascular density. The gravitational impact is seen

more clearly in the dependent half of the lung where - in

relation to the mean dorsal values - blood volume (VB)

increases some 6%/cm vertical distance, DEV 4%/cm and relative

alveolar size (Valv) decreases around 7%/cm. Due to

competition for space VB will influence Valv by 25%, but if the

weight of the lung is also taken into account the influence

will be around 75%.

2. Ventilation expressed per gram or volume lung tissue (VA/DEV

or VA/VEV) is a linear function of Valv with negative slope.

The influence of blood volume on ventilation is therefore the

same as on alveolar size (gas volume per alveolus) (75%).

3. Since blood volume and blood flow are tightly linked due to

the hydrostatic pressure gradient, ventilation and blood flow

are matched - at least partly - by a common factor, VB.

4. V/Q decreased from upper to lower lung regions in 5 out of 8

subjects. Ventilation and blood flow were well matched

although extremely low V/Q regions were found in 50% of the
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subjects at the lower lung thoracic border related to very low

ventilation (airway closure?).

5. The hematocrit (Hct) of peripheral lung and heart cavity, as a

fraction of venous blood Hct, was 0.90 and 1.00 respectively.

No regional variation was found within the lungs. To the

extent that 3/4 of blood in peripheral lung is in larger

vessels with a normal Hct, the Hct fraction of the capillary

bed may be as low as 60%. This has implications with regard

to capillary blood volume measurements.

6. Concerning capillary vascular transit times, there was a

plasma-red cell difference of 1.2 sec in the non-dependent

half of the lung and of 0.95 sec in the dependent half. A

value of 0.9 sec for whole lung red cell transit time gives a

plasma transit of 1.9 sec, a whole blood transit of 1.5 sec, a

capillary hematocrit ratio of 0.60 and a fractional capillary

volume of 25% of the total pulmonary blood volume.

7. As concerns regional differences in capillary transit time for

whole blood, a reasonable probability range of TC(D)/TC(V)

ratio (the mean value of Tc in the dorsal part divided by

corresponding value in the ventral part) is 0.8 to 1.0. This

range corresponds to a range of 1.3 to 1.5 for the dorsal to

ventral ratio of the vascular volume per alveolus.
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CONCLUDING REMARKS

With PET, clinical investigators have a tool to measure the

absolute quantity of blood, gas, extravascular tissue and

positron emitting tracer concentrations in small lung regions

with a defined geometry, without the recourse to a biopsy. Table

2 summarizes the present situation.

Table 2. Current status of lung positron emission tomography

Advantages Limitations

Quantitative
Regional
Accurate
Structural
Functional
Noninvasive
Physiological
Short half-life of tracers

Short half-life of tracers
Cost
Spatial resolution
Limited sampling
Long scan time
Movement

The short half-life of most of the radionuclides (Table 1) is an

asset in terms of the quantity of tracer that can be administered

for a given radiation dose to the subject. It imposes limitations

on radiochemistry. Ultrashort half-life tracers (19Ne) can be

handled if they are given by continuous inhalation or infusion

and if a steady-state physiological model can be employed.

Nevertheless, the short half-life means that a cyclotron, a PET

scanner, radiochemists and patients all need to come together in

the same place. This is costly and involves considerable

commitment to clinical research before routine diagnostic use

could be considered.
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ADDENDUM

(for denotations see end of this section)

Transit times and hematocrit

When discussing hematocrits and transit times it is important to

understand the mathematical coupling between the various

parameters. Consider the regional VB divided into two

compartments, with one containing small vessels (mainly

capillaries (see communication I) with a regional mean hematocrit

ratio Rc) and the other containing larger vessels (where the

hematocrit ratio is assumed to be unity). The combined hematocrit

ratio (R) of the regional VB equals RCFC+(1-FC). Thus:

Rc = 1 - (1-R)/FC (Al)

where Fc is the volume fraction of capillary whole blood (=VC/VB,

where Vc is the regional capillary whole blood volume expressed

in ml cm"3 of thorax) and R the regional hematocrit ratio in

macroscopic regions. Denoting the capillary transit time by Tc

(=VC/Q) gives

Tc = FCT (A2)

Eliminating Fc from Eqs Al and A2;

Rc = 1 - T(l-R)/Tc (A3)
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We have the following definitions (see glossary of terms at end

of ADDENDUM): Vc, Vc(rc) and Vc(p) are capillary volumes of whole

blood, red cells and plasma respectively. hH is the heart chamber

(=large vessel) hematocrit. Capillary whole blood transit time

Tc = Vc/Q, capillary red cell transit time Tc(rc) = Vc(rc)/Q(rc),

capillary plasma transit time Tc(p) = Vc(p)/Q(p), capillary

hematocrit Hc = Vc(rc)/Vc and capillary hematocrit ratio

Rc = Hc/hH.

On the assumption that the various parameters in a particular

lung region are representative for a lung unit supplied (and

drained) by blood in larger vessels (>2mm in diameter with a

hematocrit of hH) we have

Q(rc) = Q hH (A4)

Replacing Q and Q(rc) by Vc/Tc and Vc(rc) /Tc(rc) respectively,

Vc(rc)/Vc by Hc and Hc/hH by Rc gives

Tc(rc) = RCTC (A5)

Eqs A3 and A5 give

and

Rc = 1/(1 + T(l-R)/Tc(rc))

Tc = Tc(rc) + T(l-R)

(A6)

(A7)

Since Tc is the blood flow weighted mean of Tc(rc) and Tc(p) (viz.

Tc = Tc(rc) Q(rc)/Q + Tc(p) Q(p)/Q) we get (using Eq A7 and
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definitions above)

Tc(p) = Tc(rc) (A8)

Finally Eq A2 and A7 give

Fc = T_(rc)/T (A9)

For the total right lung slice values of T and R are given in

Table 3. From this follows that Rc = l/[l+0.59/Tc(rc) ] (Eq A6) and

Fc = Tc(rc)/5.93-0..0 (Eq A9).

Whole right

lung

Upper

half

Lower

half

R 0.90 (0.89-0.91) 0.89 (0.87-0.91) 0.91 (0.90-0.92)

Tc-Tc(rc) (s) 0.59 (0.49-0.72) 0.72 (0.57-0.91) 0.56 (0.48-0.67)

Tc(p)-Tc(rc)(S)1.OO (0.82-1.23) 1.22 (0.97-1.54) 0.95 (0.80-1.14)

Table 3. Differences in capillary transit time between whole blood
(Tc) and red cells (Tc(rc)) and between plasma (Tc(p)) and red
cells calculated for the right lung slice (range: -SE to +SE). The
hematocrit ratio (R) (right lung) was previously measured in a
different group of 5 normal subjects in a corresponding lung slice
at mid heart level (I) and their mean venous blood sample
hematocrit was 0.40 +-0.01 (+-SE). Mean values (+-SE) from ln(T)
(retransformed to T) were used (see Table 4). Since R and T were
measured in different groups of subjects, the following formulas
were used: SE=SD//n, where n is number of subjects. CVSE =SE/mean.
SE(xy/z) is calculated as
mean[xy/z] /{(CVSE(x) )

2+(CVSE(y) )
2+(CVSE(z) )

2} .
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Comments

Using the Foughton-Forster technique (Roughton and Forster 1957)

capillary red cell transit time in supine man (Tc(rc)) has been

found to range between approximately 0.8 and 1.0 sec (Johnson et

al 1960). If this range of Tc(rc) is incorporated into the

equations we get a calculated mean capillary hematocrit ratio

between 0.58 and 0.63 (Eq A6), a mean value of whole blood

capillary transit time between 1.4 and 1.6 sec (Eq A7) and a

corresponding value for plasma between 1.8 and 2.0 sec (Eq A8) .

Mean capillary volume would be 23-27% of total pulmonary blood

volume (Eq A9). The estimated range of Rc is also in good agreement

with direct measurements of capillary hematocrit ratio (0.62

measured in cat brain (Kobari et al 1982) and in individual cat

mesenteric vessels (Rc ranging from 0.6 to 0.25 in vessels 40 to 10

micrometers diameter (Lipowsky et al 1980)) and with an estimated

value of lung Rc of 0.57 based on different assumptions (I). The

longer transit time of plasma compared to that of red cells is

also quite reasonable in view of the Fåhreus- Lindqvist effect

(Fåhreus and Lindqvist 1931). Finally, the volume fraction of

capillary blood (ca 25%) is also in good agreement with previously

presented data when the lower hematocrit in the capillary bed is

taken into account (from ref. Roughton and Forster 1957; Harris

and Heath 1977). The value is, however, far from the 60% found in

dogs (Hogg et al 1988), which might be due to differences in

species.
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Regional capillary transit tines and capillary blood volume

Consider the ventral (upper) (V) and the dorsal (lower) (D) halves

of the right lung as equal in size. Regional lung hematocrit has

previously been measured (I) and mean values of R(V) and R(D) of

0.888 and 0.905 were found. Mean values of blood volume, blood

flow and transit times in the ventral and dorsal halves of the

right lung of subjects from communication III and IV is shown in

Table 4 below.

<whole

M 0.17
SD 0.02
Mean(log)

right

Q
1.9
0.7

lung>

T
6.5
3.1
5.9

<—ventral

VB Q
0.13 1.
0.02 0.

half~>

T
3 7.
5 3.

6.

1
5
5

<—dorsal

VB Q
0.21 2.
0.02 0.

half-->

T
3 6.
8 2.

5.

.4

.8

.9

Table 4. Mean values (M) of VB (ml cm"
3), Q (ml min"1 cm"3) and

T (60 VD/Q seconds) calculated for the whole right
lung slice and the ventral (V) and dorsal (D) halves. Mean(log)
is exp(mean(In(T))), where exp is the exponential function.

When Eq A3 is applied to the ventral and dorsal halves of the

right lung we get (values of T from Table 4)

and

RC(V) = 1 - 0.80/Tc(V)

RC(D) = 1 - 0.61/Tc(D)

(A10)

(All)

Mean capillary to large vessel hematocrit ratio for the whole

right lung slice (Rc) equals the volume weighted mean of Rc in the

ventral and dorsal parts respectively

I

(VC(V)RC(V) + VC(D)RC(D))/(VC(V) +VC(D)) (A12)
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Replacing VC(V) and VC(D) by Q(V)TC(V) anc (D)TC(D) respectively

and using the fact that Tc is the blood flow weighted mean of TC(V)

and TC(D) giving

TCRC = fQ(V)Tc(V)Rc(V) + fQ(D)Tc(D)Rc(D) (A13)

where fQ is the fractional blood flow (i.e.fQ(V)=Q(V)/[Q(V)+Q(D)]

and fQ(D)=l-fQ(V)). From Table 4 we get fQ(V)=0.37 and iQ(D)=0.63.

Furthermore, KCTC = T"c(rc) (Eq A5, applied to the whole lung) and,

hence, Eq A13 can be rewritten

Tc(rc) =0.37 TC(V)RC(V) +0.63 TC(D)RC(D) (A14)

On the assumption that the lung slice studied is an adequate

sample of the whole lung, a value of fc(rc) measured for the whole

lung (e.g. with the Roughton-Forster technique) can be

incorporated into the equations. This enables any parameter to be

expressed as a function of any of the others. Since regional

differences in Tc is the theme of this section we have expressed

all parameters as a function of the ratio TC(D)/TC(V). Substituting

for RC(V) and RC(D) from Eq A10 and All gives

TC(V) = [1.59 Tc(rc) + 1.08]/[Tc(D)/Tc(V) + 0.59] (A15)

Once TC(V) has been calculated for given values of Tc(rc) and

TC(D)/TC(V), Fc and Rc for the ventral and dorsal regions follow

from Eqs A2, A10 and All. In addition, capillary volume Vc can be

calculated in absolute numbers as FcVB(ml cm"
3 of thorax).

Furthermore, vascular volume per alveolus and red cell volume per
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101

0.4 0.6 0.8
TC(D)/TC (V)

Figure 3. Possible values of capillary compartmental parameters as

functions of the dorsal/ventral ratio of regional capillary

transit time (TC(D)/TC(V)). These relationships are based on a

total capillary transit time for red cells (fc(rc)) of 0.9 seconds.

RC(V) and RC(D) denote the capillary h<jmatocrit ratios calculated

for the ventral and dorsal halves of the lung respectively. The

relative capillary volume per alveolus (VC/DEV) is represented by

its dorsal to ventral ratio (D:V(VC/DEV)) and is independent of
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alveolus can be estimated in relative terms by VC/DEV and RCVC/DEV

respectively, where the extravascular lung density (DEV) is

proportional to alveolar number. Hence VC/DEV is given by

(Tc/T) (VB/DEV). Using values of DEV for the 8 subjects presented in

communication III and IV, where DEV(V)=O.il g cm~
3 and DEV(D)=0.l2,

gives a dorsal to ventral ratio of capillary vascular (whole

blood) volume per alveolus

=1.6 TC(D)/TC(V) (A16)

Some of these relationships are shown in Fig 3 calculated for a

value of Tc(rc) of 0.9 seconds.

comments

In spite of the lack of regional information about absolute values

or relative differences of capillary transit time, it is possible

to speculate on the basis of available data.

Judging from studies in dogs (Hogg et al 1985, Wagner et al 1986)

it is reasonable to believe that Tc is shorter in the dependent

part of the lung compared to the non-dependent part. Fig 3,

therefore, is confined to TC(D)/TC(V) values <1.0. Furthermore, it

is difficult to believe (either on physical or physiological

grounds) that capillary volume per alveolus (capillary recruitment

and/or distension) should be less in the more dependent zones

compared to the ventral, and hence VC/DEV in the dorsal half should

equal or exceed that in the ventral half. In Fig 3, a

dorsal/ventral VC/DEV ratio >1 gives a TC(D)/TC(V) ratio >0.6.

In rapidly frozen isolated perfused dog lungs Glazier et al (1969)

>•
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found that the red cell number per alveolar septum (which

corresponds to red cell volume per gram lung tissue (RCVC/DEV))

increases from 0.6 to 1.0 (relative units) in zone II and from 1.1

to 1.5 in zone III, i.e. a dorsal to ventral ratio of RCVC/DEV of

approximately 1.6. Using this value gives a TC(D)/TC(V) ratio of

0.9. Other investigators (Wagner et al 1986) have also found that

capillary recruitment may be up to 50% higher or more in the

dorsal part of the lung. If we accept a value of the dorsal to

ventral ratio of capillary volume per alveolus >1.3 we get a

TC(D)/TC(V) ratio of >0.8. In view of this, a reasonable

probability range of the TC(D)/TC(V) ratio would be 0.8-1.0

(resulting in a capillary volume per alveolus in the dorsal half

of between 1.3 and 1.6 times the ventral value). A notable

consequence will then be that the capillary hematocrit is lower in

the ventral part of the lung despite the longer capillary transit

time (see the intersection between RC(V) and RC(D) in Fig 3). One

explanation for this is that the capillaries are wider in the

dorsal part as compared to those in the ventral. If this is so,

the deviation of this point of intersection from TC(D)/TC(V) = l

should be related to differences in capillary diameter between the

ventral and dorsal lung halves. Another, less probable,

explanation for Rc being smaller in the ventral half of the lung as

compared to the dorsal is that the capillary hematocrit increases

with increasing red cell velocity.

In accordance with Hogg et al (1985) we conclude that the

substantial increase in capillary blood flow in the direction of

gravity is in parity with an increasing capillary volume, thus

minimizing the regional differences in capillary vascular transit

time and capillary hematocrit.
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Definitions concerning the capillaries

rc

Hc

»c

Q(P)

Q(rc)

Q

TC(P>

Tc(rc)

Tc

VC(P)

Vc(rc)

v,.

Z(V)

Z(D)

Regional capillary hematocrit.

Hc/hH.

Regional plasma flow (ml min"1 cm"3 thorax)

Regional red cell flow (ml min"1 cm"3 thorax)

Regional whole blood flow (ml min"1 cm"3 thorax) (same as

above)

Regional capillary plasma transit time (sec).

Regional capillary red cell transit time (sec).

Regional capillary whole blood transit time (sec).

Regional capillary plasma volume (ml cm"3 thorax).

Regional capillary red cell volume (ml cm"3 thorax).

Regional capillary whole blood volume (ml cm"3 thorax).

Mean value of any regional parameter Z calculated for the

whole lung.

Mean value of Z calculated over the ventral (upper)

half of the lung.

Mean value of Z calculated over the dorsal (lower) half

of the lung.

1 is referring to a weighted mean value of the ventral and dorsal

halves (volume weighted, blood flow weighted etc.) depending on

the definition, e.g. F"c = (VC(V)+VC(D) )/(VB(V)+VB(D)) which is a

blood volume weighted mean of FC(V) and FC(D). Similarly

fc « 60 (VB(V)+VB(D))/(Q(V)+Q(D)) is a blood flow weighted moan of

TC(V) and TC(D)).
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