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BRUDIN, L. H., S. 0. VALIND, C. G. RHODES, D. R. TURTON, 
AND J. M. B. HUGHES. Regional lung hematocrit in humans 
using positron emission tomography. J. Appl. Physiol. 60(4): 
11551163,1986.-Regional lung hematocrit ratio (R) was mea- 
sured in five normal subjects and five patients (2 with pneu- 
monia, 2 with nephrotic syndrome with anemia, and 1 with 
pancreatitis) using positron emission tomography, a red cell 
marker “CO, and a plasma marker [methyZ-llC]albumin). The 
measurements were made in a transaxial thoracic section at 
midheart level with the subject in supine posture and with a 
spatial resolution of 1.7 cm. The normal regional hematocrit 
ratio (means t SE) calculated for the lung was 0.90 k 0.014, 
0.94 t 0.023 for the th oracic wall, and 1.00 t 0.003 for the 
heart chambers. The regional lung hematocrit ratio in the 
patients ranged between 0.81 and 0.86. No correlation was 
found among the regional lung hematocrit ratio and regional 
blood volume, lung extravascular density, and the peripheral 
hematocrit (obtained from venous blood samples). To the ex- 
tent that 70% of the pulmonary blood in the field of view is in 
larger vessels with normal hematocrit, the hematocrit in the 
capillary bed is approximately two-thirds that of the peripheral 
venous value. Blood volume measurements on the basis of 
single vascular tracers need to take account of these results. 

regional hematocrit; pulmonary blood volume 

MORE THAN FIFTY YEARS AGO Fahreus (4) showed that 
erythrocytes and plasma, streaming through a glass cap- 
illary, had different velocities, and that this difference 
was a function of the diameter of the vessel. As a direct 
consequence of this, the erythrocyte volume fraction of 
whole blood (hematocrit) should vary according to the 
diameter of the vessel. 

There are no reports of regional lung hematocrit in 
humans in vivo. Animal studies in vitro have given 
various results. In male and female rats hematocrit ratios 
of 0.83 and 0.95 of the peripheral hematocrit have been 
reported (3), and in dogs the lung hematocrit was 1.03 of 
the hematocrit of blood samples taken from the right 
heart (18). 

Information about regional hematocrits is not only of 
physiological interest, but it is of importance in blood 
volume measurements using single vascular tracers. It 
was earlier generally accepted that the only satisfactory 
method to measure blood volume was to label both eryth- 
rocytes and plasma with different tracers and measure 
their respective volumes separately. Chaplin et al. (l), 
however, showed that the ratio of total body hematocrit 
to venous hematocrit (RTB) was fairly constant over a 
wide peripheral venous hematocrit range. They reported 
a value of R TB of 0.91 t 0.026 (SD). Although other 
workers have found this ratio to be somewhat more 
variable (14), this value now enables total body blood 

The purpose of this study was twofold: 1) to develop a 
method for measuring regional pulmonary hematocrit 
ratio and to investigate how this varies in normal sub- 
jects, and 2) to determine whether a single value of the 
lung-to-peripheral hematocrit ratio could be used in the 
calculation of regional lung blood volume for both normal 
and pathological conditions when measurements using 
single vascular tracers are made. This is important be- 
cause various radioisotopic scanning techniques rely on 
a regional blood background subtraction as a part of the 
analytical procedure. In general, blood volume measure- 
ments are made by labeling the vascular compartment 
with either a plasma or a red cell marker; hence, a value 
of the hematocrit ratio has to be assumed. 

The implications of our results on the measurements 
of regional pulmonary blood volume, pulmonary capillary 
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volume measurements to be made using either red cell 
or plasma markers. 

Several techniques have been used to measure the 
hematocrit of the whole body (body hematocrit) and that 
of various organs (regional hematocrit) (1, 3, 7, 18). The 
central hematocrit ratio (total pulmonary circulation, 
including heart and large vessels) has been calculated 
from the mean transit time and flow of plasma and 
erythrocytes, respectively, and values in humans of 0.98 
and 0.92 have been reported (9, 12). 

Recently, with the development of new techniques, 
regional hematocrit within different organs has been 
measured in vivo. Kobari et al. (7), using a photoelectric 
method, report the ratio of small to large vessel hema- 
tocrit in cat brain capillary of 0.62 and Sakai et al. (17), 
using single-photon emission tomography, present a 
value in human brain of 0.74 of the peripheral hemato- 
crit. Furthermore, using positron emission tomography 
and a method similar to the one described in this paper, 
Lammertsma et al. (8) report a value in human brain of 
0.69 of the arterial hematocrit. 
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lung volume, and extravascular lung density are also 
discussed. 

Glossary of Terms 

rH 
PH 
R 
rV(RC) 

WP) 

rV( WB) 

rc(P) 

PC0 

rC(RC) 

pC(W 

pCwb(RC) 

pCwb(P) 

rCT(P) 

rCT(RC) 

METHODS 

Theory 

Regional hematocrit 
Venous blood sample hematocrit 
WPH 
Fractional red cell volume (ml/cm3 of 

thoracic volume) 
Fractional plasma volume (ml/cm3 of 

thoracic volume) 
Fractional whole blood volume ( ml/cm3 

of thoracic volume) 
Regional plasma concentration of plasma 

marker (&i/ml) 
Plasma concentration of plasma marker 

in a venous blood sample (&i/ml) = 
rap) 

Regional red cell concentration of red cell 
marker (&i/ml) 

Red cell concentration of red cell marker 
in a venous blood sample (&i/ml) = 
rC(RC) 

Whole blood concentration of red cell 
marker in a venous blood sample (&i/ 
ml) 

Whole blood concentration of plasma 
marker in a venous blood sample (&i/ 
ml) 

Regional concentration of plasma marker 
(&i/cm3 of thoracic volume) 

Regional concentration of red cell marker 
(&i/cm3 of thoracic volume) 

Measurements of 
hematocrit (rH) can 
ships 

regional hematocrit. The regional 
be defined by either of the relation- 

rH = rV(RC)/rV(WB) (I) 

rH = l/[l + rV(P)/rV(RC)] (2) 

where rV(WB), rV(P), and rV(RC) are the regional whole 
blood, plasma, and red cell volumes, respectively, mea- 
sured as fractional volumes (i.e., volume per unit organ 
volume; e.g., ml/cm3 of thoracic volume). 

Positron emission tomography enables quantitative 
measurements to be made of the regional concentration 
of positron-emitting isotopes. Thus the rH can be ob- 
tained in any region, provided both plasma and red cell 
volumes can be accurately labeled separately. 

The theoretical model of hematocrit measurement is 
based on the use of two truly intravascular markers, both 
evenly and exclusively distributed in the plasma and red 
cell space, respectively. The regional fractional plasma 

(P) and red cell (RC) volumes are, by definition 

rV(P) = rCT(P)/rC(P) (3) 

rV(RC) = rCT(RC)/rC(RC) (4) 

where rCT(RC) and rCT(P) are the regional concentra- 
tions of the red cell marker and the plasma marker, 
respectively (for the thorax, expressed as &i/thoracic 
volume), rC( P) is the regional plasma concentration of 
plasma marker (&i/ml), and rC(RC) is the regional red 
cell concentration of red cell marker (&i/ml). Substi- 
tuting Eqs. 3 and 4 into Eq. 2 gives the regional hema- 
tocrit as 

rH = l/{ 1 + [rCT(P)/rC(P)]/[rCT(RC)/rC(RC)]j (5) 

Since rC(P) and rC(RC) are uniform within the body 
(including sampled blood, it follows that rC( P) = pC( P) 
and rC(RC) = pC(RC), where the prefix p refers to 
peripheral venous blood. Hence these parameters can 
easily be measured in the peripheral blood. A direct 
measurement of pC(RC), however, requires a red cell and 
plasma separation procedure, and the problem of trapped 
plasma would arise. Instead, the whole blood concentra- 
tion of the red cell marker [pCwb(RC)] is measured, and 
pC( RC) is calculated using the relation 

pC(RC) = pCwb(RC)/pH (6) 

The hematocrit of the peripheral venous sample (pH) is 
calculated using the relationship 

pH = 1 - pCwb(P)/pC(P) (7) 

where pCwb(P) is the whole blood concentration of the 
plasma marker. Substituting Eq. 6 into Eq. 5 gives the 
regional-to-peripheral blood sample hematocrit ratio (R) 
as 

R = rH/pH = l/(pH + [rCT(P)/pC(P)]/ 

where pH is calculated from Eq. 7. 
Perfect plasma and red cell markers are, of course, not 

available. Using the inhalation of ‘CO as the red cell 
marker, however, the activity in the plasma space is 
negligible (<O.l% of the red cell concentration). The 
amount of plasma marker found in the red cell and tissue 
space, using [“C]albumin is more difficult to estimate. 
[l’C]albumin is a stable marker because llC is part of the 
albumin molecule, bound to a methyl group by a covalent 
bond (19). Slow albumin leakage into erythrocytes and 
tissue is compensated for by extrapolation of rV(P) back 
to the time of injection (see Fig. 1). Furthermore, the 
amount of [llC]albumin attached to the erythrocytes can 
be estimated by comparing the pH, measured by the 
tracer technique, with the hematocrit measured by stand- 
ard laboratory procedures [e.g., impedance technique 
(Coulter S; Ref. l3)]. This attached fraction turns out to 
be very small and in fact cancels out in R as follows: 
assume that the red cell concentration of plasma 
marker ([‘Clalbumin attached to or absorbed by eryth- 
rocytes) is a fraction k of the plasma concentration. Then 
it is clear that rCT(P) and pCwb(P) in Eqs. 7 and 8 
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FIG. 1. Plasma concentration of [methyl-“C]albumin ( filled 

squares) and apparent tissue plasma distribution volume (ml plasma/ 
ml thoracic volume) in 1 of the 4 lung regions (filled triangles), both 
calculated as a function of time for the subject. Intercept (t = 0) of 
regression line represents true vascular fractional plasma volume. 
Activity is decay corrected to time of injection (t = 0). 

are slightly overestimated. By replacing the measured 
rCT(P) and pCwb(P) by the true values, [rCT(P) - k* 
pC(P)rV(RC)] and [pCwb(P) - k*pC(P)*pH], respec- 
tively, in Eqs. 7 and 8, it can be shown that R is inde- 
pendent of k (see APPENDIX). 

Measurements of pulmonary blood volume and entra- 
vascular density. Regional fractional pulmonary blood 
volume [rV( WB)] was calculated using the equation 

rV( WB) = rV(RC)/rH 0 

which, using Eqs. 4 and 6, can be rewitten as 

rV(WB) = [rCT(RC)/pCwb(RC)l/R (10) 

Regional extravascular lung density (rDEV) is calcu- 
lated as the difference between regional lung tis- 
sue density (rDL) and regional whole blood density 
[P*rwmI, h w ere p is the physical density of whole 
blood (p = 1.060 t 0.004 g/cm3 from Geigy Scientific 
Tables). 
Thus 

rDEV = rDL - l.O6rV(WB) (11) 

Positron emission tomography. The technique for mea- 
suring rDEV and rV(WB) has previously been described 
in detail (15) and is only summarized here. The mea- 
surement of regional plasma volume using [ ‘Clalbumin 
is analogous to that of blood volume measurement using 
“CO. A technique for the preparation of injectable serum 
[ methyl-“C]albumin has recently been developed (19). 

The measurements were made using an EG&G OR- 
TEC ECAT II positron scanner. The spatial resolution 
of the instrument is 1.7 cm in each of the three dimen- 
sions (measured as the full width at half maximum of 
the response to a line source of activity). The scanner is 
used in both emission and transmission modes, based on 
coincidence detection of the pair of y-rays originating 
from a positron-electron annihilation. The information 
is fed into a computer and a transverse plane is recon- 
structed in a way similar to that of a CT scan. 

In the transmission mode, a ring source of the posi- 

tron-emitting isotope 68Ge, which completely encircles 
the subject, is used to provide a quantitative topograph- 
ical distribution of tissue density in the chosen plane. 
This information is also used to correct the emission 
scan for attenuation losses. In the emission mode, a scan 
is recorded after the introduction of positron-emitting 
isotopes into the body. With appropriate calibration of 
the tomographic picture element (pixel) response, a 
quantitative topographic distribution of the isotope con- 
centration within the tomographic slice is obtained. 

Protocol 

Measurements were made in a transverse section 
through the thorax at the midheart level, with the subject 
in the supine posture. Each study began with a trans- 
mission scan, giving regional values of total lung tissue 
density. Next, a solution containing lo-13 mCi of 
[ methyl-“Clalbumin was infused intravenously (10 ml 
during a 30-s period, using a Millipore filter). From 2 
min after injection and for the next 60 min, six 3-min 
scans followed by six to nine 5-min scans were recorded. 
During this scanning procedure, 16-20 venous blood 
samples (5 ml each) were taken from the opposite arm 
using an indwelling cannula (2%gauge/O.8 mm OD) to 
allow plasma and whole blood isotope concentrations to 
be measured. 

Following these measurements, the subject inhaled 
“CO to label the red cell pool. After the inhalation, 3-4 
min were allowed for mixing, before a single lo-min 
emission scan was recorded at the same level. During 
this scan, three venous blood samples were taken and 
the whole blood isotope concentration was measured. All 
the measurements of ‘C activity were corrected for the 
radioactive half-life of 20.3 min. 

Data analysis. The basic principles of obtaining the 
fractional blood and plasma volumes have been dis- 
cussed. To compensate for possible albumin leakage into 
the lung interstitial space, the fractional plasma volume 
was obtained by extrapolating the apparent fractional 
plasma volume (calculated using Eq. 3, with each [“Cl- 
albumin scan corresponding to one measurement) back 
to the time of injection (Fig. 1). The extrapolation was 
made by means of linear regression, pixel by pixel. 

To relate the plasma isotope concentration to a partic- 
ular scan and to obtain values of regional plasma volume, 
the plasma curve was interpolated to obtain the values 
at midscan time. R was calculated from Eq. 8. Regional 
tissue ‘CO concentration was obtained after appropriate 
subtraction of [‘Cl albumin residual activity. A previ- 
ously measured calibration factor was used to convert 
isotope concentration measured in a well counter (blood 
and plasma samples) into concentrations corresponding 
to those measured with the tomograph. To convert iso- 
tope concentrations per gram into concentration per 
milliliter, values of 1.03 for plasma density and 1.06 for 
whole blood density were used (Geigy Scientific Tables). 

An image showing the topographical distribution of R 
was calculated using Eqs. 7 and 8, and from this, the 
mean R was calculated after dividing the whole lung field 
into four regions (dorsal and ventral part, left and right 
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lung). The mean R was also calculated for the heart 
chambers and for the left and right dorsolateral part of 
the thoracic wall. 

Fractional blood volume (blood volume per unit of 
thoracic volume) and extravascular lung density (lung 
tissue and interstitial fluid per unit thoracic volume) 
were obtained using Eqs. 10 and 11 and were calculated 
individually for the four lung regions in normal subjects 
and patients. 

Subjects. Five normal male subjects comprising one 
smoker (subj 1) and four nonsmokers with a mean age 
of 30 yr (range 23-36) were studied in addition to five 
patients. One patient had suspected microvascular lung 
impairment (pancreatitis, patient I ), two had low venous 
hematocrit (renal failure with anemia, patients 2 and 3), 
and the remaining two had high extravascular lung den- 
sity (pneumonia verified by chest X-ray, patients 4 and 
5). The mean age of the patients was 53 yr (range 26- 

76) 
The study was approved by the Hammersmith Hospi- 

tal Research Ethics Committee and the United Kingdom 
Administration of Radioactive Substances Advisory 
Committee. Written informed consent was obtained from 
each subject before the study. 

RESULTS 

An image of the topographic distribution of R in one 
normal subject is shown in Fig. 20. For the same person 
the [“Clalbumin time-activity plasma curve and the 
apparent plasma distribution volume at midscan time, 
calculated for one of the four lung regions, are shown in 
Fig. 1. Pooled and individual data of the mean hematocrit 
ratio, calculated for each of the four lung regions, are 
shown in Table 1. The regional tissue-to-heart chamber 
(h) hematocrit ratio (rH/hH) calculated for the whole 
lung slice is also shown. Pooled data of R, calculated for 
the thoracic wall, and left ventricular free wall and heart 
chamber are shown in Table 2. The overall mean value 
of R for the lung was 0.900 t 0.014 (SE) in the normal 
subjects and 0.840 t 0.008 (SE) in the patients. R of the 
whole lung slice was slightly below the normal range 
(0.861-0.943) in all the patients, especially in one of the 
renal patients (patient 2). R was also low in the affected 
region of the lung in the two pneumonia patients (pa- 
tients 4 and 5). Differences in R between the right (R = 
0.897 in the normal subjects) and left lung (0.903) and 
between the ventral (0.890) and dorsal (0.910) part of 
the lung are not significant (two-tailed paired t test). 
The range of the mean of R calculated for each of the 
four lung regions was 0.027 (3.0%) in the normal subjects 
and 0.030 (3.67 ) o in the patients. rH/hH, calculated for 
individual regions, ranged between 0.83 and 0.96 in nor- 
mal subjects and between 0.80 and 0.94 in patients (20 
regions in each group). 

The hematocrit ratio calculated for the heart chambers 
was, as expected, close to 1[0.999 t 0.003; (SE) in normal 
subjects and 0.962 t 0.012 in the patients]. There was 
no significant correlation between R and rV( WB), rDEV, 
pH, or age of the subject (analysis of covariance, Fig. 3). 
Values of R were also calculated for the thoracic wall 

[0.941 t 0.023; (SE)] in normal subjects). 
pH was calculated by using both conventional labora- 

tory techniques [centrifugation or impedance technique 
(Coulter S)] and the tracer technique (Eq. 7). The values 
are shown in Table 1. The value of pH used in the 
calculations was obtained using the tracer technique. 
However, the difference between the two measurements 
was not significant. The amount of any [l’C]albumin 
attached to the surface of the erythrocytes, expressed per 
milliliter of whole blood as a fraction (lz) of the plasma 
concentration of [llC]albumin, can be estimated as 
l- [H(tracer technique)/H(conventional technique)]. 
The mean value of k for the normal subjects (0.026) is 
not significantly different from zero. 

Regional blood volume and extravascular density were 
calculated using R = 0.90 (Eqs. 10 and 11). By way of 
comparison, rDEV was also calculated in accordance 
with the earlier described technique (Refs. 15 and 21) in 
the normal subjects, where R was assumed to be 1.0. The 
difference between rDEV, calculated in the two different 
ways, was 11%. 

DISCUSSION 

General Considerations 

Previous studies have shown that hematocrit is a func- 
tion of the diameter of the vessel and the flow velocity. 
The reason for this is axial streaming of erythrocytes 
causing a higher mean velocity of these relative to the 
plasma. The difference is more pronounced in small 
vessels and capillaries. Hence one would expect R in 
tissue, containing a mixture of capillaries and small and 
large vessels, to be ~1.0. 

R for total body has been measured in several studies, 
and values of -0.9 have been found. A value of R = 0.69 
in human brain has recently been reported (8). It is 
reasonable to expect the regional lung hematocrit ratio 
to be greater than this value, since the fraction of blood 
in the large vessels is relatively higher in the lung. 
Compared with the total body hematocrit, it is also 
reasonable to expect the lung hematocrit ratio to be 
slightly lower, taking into account the different amount 
of blood in the capillaries (1520% in the pulmonary 
compared with 5% in the systemic circulation). A com- 
plicating factor is the difference in blood flow in various 
organs; the higher the blood velocity through individual 
capillaries, the lower the R. The fact that blood flow per 
unit of blood volume in the lung is much greater than 
that in the systemic circulation would therefore tend to 
lower the lung hematocrit ratio even more. On the other 
hand, the total pulmonary resistance is only -10% of 
that of the systemic circulation, implying a relatively 
lower velocity of the blood and hence a higher value of 
R. It has also been suggested that the pulsatility of flow 
in the pulmonary vessels may decrease the axial accu- 
mulation of erythrocytes (ll), so that an R less than 
unity might only be found in the arterioles and venules 
and not in the capillaries. However, the mass transport 
in small capillaries is different from that in larger vessels. 
Erythrocytes are deformed, and there might also be a 
“leakback” of plasma (24). In view of these considera- 
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FIG. 2. Calculated images of density (rDL) (A); blood volume [rV(WB)J (B); extravascular density (rDEV) (C); 
bematocrit ratio (R) (D) in a normal subject. rDL and rDEV are scaled to 1.3 g/cm3 of thorax, rV(WB) to 1.3 ml/cm3, 
and R to 1.5. 

tions the value of 0.90 for the regional lung hematocrit 
ratio in normal subjects seems quite reasonable. 

Hemutocrit ratio in Normal Subjects 
and Patients 

Considering mean values of R, the two renal patients 
had values significantly below the normal mean (c-2 
SD). Furthermore, the remaining three patients fell in 
the lower normal range (C-l SD). The lowest mean R 
value (0.811) was found in renal patient 2, in whom the 
pH was moderately decreased (0.33). However, a similar 
value of pH (0.35) was found in the subject with the 
highest R value (subj. 4). The mean value of R for the 
patient group was significantly lower than that for nor- 
mal subjects (P < 0.01, two-tailed paired t test). Con- 
cerning rH, low R values (0.815, 0.824, and 0.803) were 
also found in regions with pneumonic consolidation (na- 
tients 4 and 5). These patients had the lowest regional 
pulmonary blood volume, although a normal value was 
found in one of the three consolidated regions. The 
reason for low hematocrit regions in some of the patients 

might be enhanced recruitment of capillaries due to 
increase in regional blood flow, especially in regions of 
inflammation. Although significant (P < 0.01, two-tailed 
t test), the difference between R in normal subjects and 
patients is rather small, and there is no significant cor- 
relation between R and regional blood volume, rDEV,, or 

PH. 
The value of R calculated for the heart chambers [ 1.00 

i 0.003 (SE) in normal subjects and 0.96 & 0.012 in 
patients] provides an indication of the accuracy of the 
technique. The reason for the slightly lower value of R 
calculated for the heart chambers in the patients is not 
clear. Three different explanations can be put forward. 
First, the heart chamber to peripheral hematocrit ratio 
(hH) might have been underestimated due to inadequate 
positioning of the transaxial slice through the heart or 
movement of the patient. As a consequence, the mea- 
sured values of blood volume within the chambers, which 
should be close to unity, would be low because of the 
finite spatial resolution of the scanner. However, values 
of blood volume in the heart chambers bear no relation- 
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TABLE 1. Individual and pooled regional lung hematocrit ratios for 
five normal subjects and five patients 

Age, PH 
Yr tracer PH 

RVL RDL 

Regional Lung Hematocrit Ratio 

LVL LDL Total rH/hH hH/PH 

Normal subj 
1 
2 
3 
4 
5 

36 0.390 0.390 (C) 0.901 0.910 0.842 0.905 0.890 0.900 0.989 
33 0.417 0.411 (I) 0.914 0.902 0.944 0.906 0.917 0.917 0.999 
27 0.389 0.423 (I) 0.844 0.886 0.831 0.882 0.861 0.859 1.002 
31 0.353 0.360 (I) 0.936 0.943 0.931 0.962 0.943 0.944 0.999 
23 0.430 0.451 (I) 0.847 0.883 0.910 0.919 0.890 0.885 1.005 

Mean 30.0 0.396 0.407 0.888 0.905 0.892 0.915 0.900 0.901 0.999 
&SD (n - 1) t5.1 to.030 kO.034 to.041 to.024 to.052 to.030 to.031 to.032 to.006 

Patients 
1 
2 
3 
4 
5 

71 0.331 0.320 (C) 0.844 0.860 0.857 0.829 0.848 0.871 0.973 
26 0.326 0.320 (C) 0.823 0.788 0.825 0.806 0.811 0.856 0.947 
34 0.249 0.250 (C) 0.815 0.831 0.833 0.874 0.838 0.901 0.930 
76 0.378 0.388 (C) 0.903 0.804 0.815* 0.856 0.845 0.886 0.958 
59 0.428 0.414 (C) 0.921 0.879 0.824* 0.803' 0.857 0.855 1.002 

Mean 53 0.342 0.338 0.861 0.832 0.831 0.834 0.840 0.874 0.962 
tSD (n - 1) t22 kO.067 kO.065 0.048 to.038 kO.016 to.031 to.017 to.020 to.027 

pH, peripheral venous hematocrit measured with radionuclide tracers (tracer), by centrifuge (C), or impedance technique (I); R, regional lung 
hematocrit ratio; RVL, right ventral part of lung; RDL, right dorsal; LVL, left ventral; LDL, left dorsal; Total, mean of these four regions; rH/ 
hH, regional-to-heart chamber hematocrit ratio calculated for whole lung slice. See METHODS for definitions of patients. * Regions of pulmonary 
consolidation. 

TABLE 2. Pooled data of hematocrit ratio values arising from the discrepancy between hH and pH 
calculated for whole lung slice, indicates that the mean value of R for the normal sub- 
thoracic wall, and heart chamber jects (0.90) may be more accurate than the overall mean 

value (0.87) or the regional-to-heart chamber hematocrit 
Hematocrit Ratio ratio of 0.89 (normal subjects and patients). A working 

Total TW HC value of R = 0.90 should therefore be a good estimate of 

Normal Subj. 
Mean 
SD 
SE 

0.900 0.941 0.999 
0.031 0.051 0.006 
0.014 0023 0.003 

the lung hematocrit ratio for subjects with wide ranging 
values of blood volume and normal to high extravascular 
density. 

Patients Critique of Labeling Techniques 
Mean 0.840 0.813 0.962 
SD 0.017 0.097 0.027 
SE 0.008 0.043 0.012 

Total, whole lung slice; TW, thoracic wall; HC, heart chambers. 

ship to the measured values of hH, which suggests that 
hH is measured with similar accuracy on all occasions. 
The second explanation of the low value of hH in the 
patients might be an overestimation of pH. Third, there 
may have been a true difference between pH and hH, 
but this would be difficult to explain on physiological 
grounds. If pH in the patients was overestimated, then 
the regional lung hematocrit might better be related to 
hH rather than pH in cases where these two values are 
different. When normalized to hH, the difference in 
regional lung hematocrit (rH/hH) between normal and 
patient groups (-3%) is not significant (P > 0.2, two- 
tailed t test). This small difference and the similarity in 
ranges of rH/hH between normal subjects and patients 
(0.83 to 0.96 and 0.80 to 0.94, respectively) suggests that 
there are no real differences in lung hematocrit between 
the two groups and that a single hematocrit value can be 
used in measurements of regional pulmonary blood vol- 

The method for measuring hematocrit described in 
this paper assumes that [“Clalbumin is a true intravas- 
cular plasma space marker and that “CO is a true intra- 
vascular red cell marker. The amount of “CO in plasma 
was negligible. Possible albumin leakage into the inter- 
stitial space has been corrected for by extrapolation back 
to the time of injection. This gives a true value of the 
plasma volume, provided there is no immediate equili- 
bration with any compartment other than the intravas- 
cular plasma space, nor any albumin attached to the 
erythrocyte membrane and vessel walls. In fact, R is 
independent of [ Vlalbumin attached to the erythrocytes 
(see Theory). A comparison of pH using the tracer tech- 
nique with that using conventional methods (centrifug- 
ing or impedance technique) indicates that the amount 
of [Vlalbumin attached to erythrocytes is ~3% of that 
in plasma. 

A limitation of the technique is the spatial resolution 
of the positron emission tomograph, which restricts the 
size of the region within which the hematocrit can be 
measured to a diameter of -3.4 cm. 

In some cases, a slight fall in the apparent plasma 
ume. However, the slight uncertainty in the patient volume with time was seen. An explanation for this is a 
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FIG. 3. Relationship among regional lung hematocrit ratio (R), regional blood volume [rV(WB)], and extravascular 
density (rDEV). There is no significant correlation between R and rV(WB) or rDEV (analysis of covariance). Each 
point represents 1 of 4 lung regions in each subject and a 5th region in one pneumonia patient (pneumonic consolidation 
in part of left ventral region). 

slow decrease in the blood volume within the slice during 
the time of the scanning procedure. This might be due 
to prolonged changes in blood volume when the subject 
moves from the upright to the supine position, although 
the injection of [l’C]albumin does not usually take place 
until 45 min after the beginning of the investigation. 
However, this fall in plasma volume is quite small and 
does not significantly affect the hematocrit results. 

Implications for Measurements of 
Pulmonary Blood Volume and rDEV 

Pulmonary blood volume has been measured using 
dye-dilution and radiocardiographic techniques, and sev- 
eral studies have been presented (reviewed in Ref. 6). 
With a lung hematocrit ratio of 0.9, values of pulmonary 
blood volume obtained using tracers exclusively occupy- 
ing the plasma space should be reduced by lo%, and 
those using a red cell tracer should be increased similarly. 

Regional rDEV and blood volume measurements have 
been made in this laboratory on normal subjects (l/5), 
patients with interstitial lung disease (22), patients with 
pulmonary hypertension (21), and patients with congen- 
ital heart disease (23). In these studies, R in the lung 
was assumed to be unity. Therefore, the blood volume of 

the lung was slightly underestimated and rDEV was 
slightly overestimated. In this study, rDEV has been 
calculated using a blood volume corrected for regional 
hematocrit. As a result of this refinement, an overall 
lower value of rDEV is obtained (-10%). The difference 
is greater in the dependent part of the lung giving a 
smaller ventrodorsal gradient than originally described 
(15). However, the change in rDEV is small and does not 
affect the clinical findings of the earlier work to any 
significant degree. 

Implications for Measurements of 
Pulmonary Capillary Blood Volume 

R will influence measurements of blood volume in the 
pulmonary capillaries (Vc) using the Roughton-Forster 
technique (16). Although the capillary hematocrit ratio 
(Rc) is unknown, it is interesting to speculate about its 
order of magnitude. Consider the total pulmonary blood 
volume divided into two compartments, with one con- 
taining small vessels (including capillaries) and the other 
containing larger vessels (where R is assumed to be 
unity). The hematocrit ratio in small vessels (Rsv) is 
then given by 

Rsv = 1 - (1 - R)/Fsv (12) 
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where R is the lung hematocrit ratio in the counting field 
and Fsv the volume fraction of blood in small vessels. 

There are reasons to believe that R is close to one in 
vessels with a diameter >0.3 mm (10). Vc has been 
calculated from measurements of the diffusing capacity 
for CO, taken at different concentrations of inspired 02, 
assuming an Rc of one (16). Hence the true blood volume 
in the capillaries is Vc/Rc. An average value for the 
pulmonary capillary blood volume by this method is -80 
ml (65-100 ml) (6). The total blood volume in small 
vessels, including capillaries (Vsv), is (Vc/Rc + Vet), 
where Vet is the volume in small extracapillary vessels, 
i.e., lo-20 ml (2). Since Vc/Rc < Vc/Rc + Vet < (Vc + 
Vec)/Rc, Vsv can be redefined as B/Rc, where 8 ranges 
between 65 and 120 ml. Dividing B/Rc by the total lung 
volume [gas, tissue and blood; lung volume (VL) = 3.5- 
4.0 liter in supine posture] and by the regional blood 
volume [V( WB) = 0.17 - 0.20 ml/cm3 of thorax (mean 
t 2 SE), calculated for 5 normal subjects] gives Fsv. 
Thus 

Substituting Eqs. 7a, 7, and 8 into Eq. 8a gives 

l/R* = l/R + k[pH* - rV(RC)*pCwb(RC)/rCT(RC)] (8b) 

From Eq. 4, rV(RC) = rCT(RC)/rC(RC), where rC(RC) = pC(RC), 
and pC(RC) = pCwb(RC)/pH*, [ Eq. 6, but note that the venous sample 
hematocrit in this equation is, by definition, the true hematocrit (pH*) 
and that the only measured value of pH is that defined in Eq. 71. 
Eliminating rV(RC) from Eq. 8b gives 

l/R” = l/R 

This shows that the measured and true values of R are equal, 
regardless of the value of k. 

We thank D. D. Vonberg and Dr. Terry Jones for support and the 
staff at the Cyclotron Unit for technical assistance. 
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