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With the use of positron emission tomography, alveolar venti- 
lation (VA), lung density, and pulmonary blood volume (V,) 
were measured regionally in eight nonsmokers in the supine 
posture and one nonsmoker in the prone posture during quiet 
breathing in a transaxial thoracic section at midheart level. 
Regional values of alveolar volume (V,) and extravascular tis- 
sue volume (V,,) were derived from the inherent relationships 
between different compartments in the lung. Ratios propor- 
tional to gas volume (VJV,,) and ventilation (VA&,) per 
alveolar unit, respectively, were calculated. No differences be- 
tween right and left lung were found. Variations in the vertical 
direction could explain -65% of the total within-group varia- 
tion in V,, V,, and In #A), whereas the corresponding value for 
horizontal variation was only 3-9% (right lung, supine sub- 
jects). Similar gravitational gradients were found in the single 
prone subject. There was a significant linear correlation be- 
tween V, and In (VA). When V, and VA are related to a given 
number of alveolar units (V,,), the data are consistent with a 
linear relationship between VA&, and V,/V,,, indicating 
that ventilation might be explained by the elastic properties of 
lung tissue according to Salazar and Knowles (J. Appl. Physiol. 
19: 97-104, 1964). Regional V, was closely associated with the 
gradient of regional alveolar volume (VJV,,) (by virtue of 
weight of blood and competition for space) and therefore, indi- 
rectly, closely associated with the vertical gradient of ventila- 
tion. 

neon- 19; regional alveolar gas volume; regional pulmonary 
blood volume 

REGIONAL DIFFERENCES Of ventilation at rest reflect dif- 
ferences in local lung compliance (12, 14), although less 
so in the prone position (2). These variations in compli- 
ance arise due to differences in alveolar expansion under 
the influence of the weight of the lung (1,14). There are 
exceptions to this simplifying hypothesis, particularly in 
decubitus postures (10). Although Agostoni (1) ex- 

pressed some doubt, there is persuasive evidence that the 
vertical gradient of transpulmonary pressure is for the 
most part related to the weight of the lung (7, 13, 23). 
Blood contributes more than one-half the weight of the 
lung (5) and so, indirectly, contributes to the vertical gra- 
dient of alveolar expansion and ventilation. The effect of 
the disposition of vascular weight, from lung top to bot- 
tom, on the gradient of pleural pressure and alveolar ex- 
pansion is not known from either theory (23, 24) or ex- 
periments. 

In this study, the topography of alveolar ventilation 
(VA), alveolar volume (V,), blood volume (V,), and gas 

content and ventilation per milliliter of lung tissue [V, 
and VA per unit extravascular volume (V,,)] have been 
measured in absolute units (ml or ml/min per cm3 thorax 
or per ml lung tissue) in supine normal subjects by using 
positron emission tomography (PET). 

PET offers good spatial resolution in three dimensions 
and a precise definition of radioisotopic concentrations 
within a specified geometry. Because lung density (DL), 
V,, and VA are measured in absolute and not relative 
units, relationships between them can be explored. The 
number of alveolar units varies between regions because 
of regional differences in gas volume and the influence of 
the vascular compartment through competition for 
space. The performance of individual alveolar units in a 
given region may be studied by normalizing the measured 
parameters to V,, under the assumption that the alveo- 
lar structure in terms of tissue volume does not differ 
between regions. 

This study of humans concentrates on the supine pos- 
ture, but data from one prone subject are included. It 
centers on the association between V, and V,, on the one 
hand, and between V, and 7irA at the alveolar level, on the 
other hand. Parts of the analysis were designed to inves- 
tigate whether the data were consistent with the hypo- 
thetical exponential pressure-volume (P-V) curve first 
described by Salazar and Knowles (19). 

MATERIALS AND METHODS 

Subjects 

Eight healthy nonsmoking subjects were studied in the su- 
pine posture, and a different subject was studied in the prone 
posture (Table 1). The study was approved by the Hammer- 
smith Hospital Research Ethics Committee and the United 
Kingdom Administration of Radioactive Substances Advisory 
Committee. 

PET 

PET is a noninvasive technique used to measure the distri- 
bution of radionuclides in tomographic sections of the body. 
Subjects can be studied under physiological and relaxed condi- 
tions with unimpeded breathing. Because of the short half-life 
of the tracers, sequential scans can be recorded at the same 
session with the subject maintained in a carefully preserved 
position without changes in counting geometry. 

The ECAT II scanner used (CTI, Knoxville, TN) is a single- 
plane machine with a spatial resolution of 1.7 cm full width at 
half maximum (16). In transmission mode, the quantitative to- 
pographical distribution of D, is obtained (5, 17). Reconstruc- 
tion of tomograms were made as described (18) except that D, 
was corrected for a small systematic overestimation (0.026 g/ 
cm3) obtained from phantom studies (5,17). The transmission 
measurement was also used to correct subsequent emission 
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TABLE 1. Subject data 

Subj No. 

1 
2 
3 
4 
5 
6 
7 
8 

Mean + SD 

Sex 

F 
M 
M 
M 
M 
M 
M 
F 

M 

Age, yr Height, cm Weight, kg 

Supine subjects 

39 166 52 
29 185 70 
25 179 72 
28 188 80 
33 170 64 
31 170 84 
33 181 77 
55 168 60 

3429 176+8 70+11 

Prone subject 

37 186 74 

scans for losses due to attenuation of the emitted photons. In 
emission mode, tomograms provide the quantitative topo- 
graphic distributions of isotope concentration. 

Computation of Physiological Parameters 

VA. V, (ml/cm3 thorax) is obtained from the relationship 

VA = 1 - D&.04 (0 

where DL is the total lung density (g/cm3; lung + blood) and 
1.04 g/cm3 is the density of gas-free lung (21). 

VB and tissue volume. V, was measured after the inhalation 
of “CO (5, 6, 18). Simultaneous measurement of peripheral 
venous whole blood “CO concentration allows the calculation 
of pulmonary VB (ml/cm3 thoracic volume). The thoracic vol- 
ume element comprises V, (ml gas/cm3 thorax), VB (ml blood/ 
cm3 thorax), and V,, (ml blood-free lung/cm3 thorax). VEV is, 
therefore, obtained by 

V* + v, + v,, = 1 

or 

V EV = D&.04 - VB (2) 

On the assumption that extravascular fluid per alveolus is con- 
stant (20) and that the alveolar structure in terms of solid tis- 
sue is homogeneous throughout the lung in normal (nonsmok- 
ing) subjects, VEv is proportional to the number of alveoli per 
unit of thoracic volume. The relative volume of gas per alveolar 
unit can therefore be estimated by V,/VEv (ml gas/cm3 tissue) (5). 

VA. Measurements of VA were made at steady state during 
continuous inhalation of the inert short-lived isotope “Ne (de- 
cay constant = 2.39 min-‘) (21, 22) 

\jA = v,/[v,/(s ‘9&J - l] = V,/(C&, - 1) (3) 

This equation is based on the balance between delivery of 
tracer to the alveoli by ventilation (C$A) and elimination by 
ventilation ( CJA) and decay (C&J. C, is the concentration of 
“Ne in the inspired air, and C, is the regional concentration of 
“Ne in alveolar gas and is calculated as “Ne concentration per 
cubic centimeter of thorax from the emission scan (S1+J di- 
vided by V,. In addition, VA expressed per unit VEv (VAIVEV) 
was calculated. 

Protocol 

Measurements were made in a single transverse section 
through the thorax, at midheart level, with the subject in the 
supine posture. A different subject was studied prone. After 
three or four short transmission scans were recorded at differ- 
ent levels above the diaphragm to localize where the right heart 
contour was most prominent, a lo-min transmission scan was 

made to measure regional DL and regional V,. A 400-s emission 
scan was then recorded during the continuous inhalation of 
lgNe in a gas mixture (2533% O,-67-75% N2). The subject in- 
haled “CO (-330 MBq) to label the red blood cell pool, after 
which 3-4 min were allowed for mixing before a single lo-min 
emission scan was recorded and blood “CO concentration mea- 
sured. During the whole study (-2 h), the subject maintained a 
carefully preserved position, which was checked with a light 
grid projected onto the chest. 

Data Analysis and Error Considerations 

Because of limited resolution, isotope concentration at the 
periphery of the lung close to the pleural surface cannot be 
measured accurately. The values of D, at the periphery are 
influenced by the high density of surrounding tissues, and the 
values of pulmonary VB are influenced by the high V, within 
the heart and central vessels. These boundaries set the limits 
within which the structural and functional parameters can be 
reliably quantified. With a thresholding procedure (5) a 2-cm 
strip of the periphery of each lung was exempted from analysis 
as were the hilar regions (Fig. 1). Regional values of the parame- 
ters were then obtained for the right and left lungs by calculat- 
ing the mean values per unit area in each of 1.3 X 1.3-cm square 
regions covering the lung fields in the chosen plane. The total 
number of regions was 267, ranging between 25 and 44 per indi- 
vidual. The vertical and horizontal distances were measured 
relative to the center of the right ventricle and peripheral (lat- 
eral) lung border, respectively. 

With sufficient tracer activity and duration of the scanning 
time, the statistical error in the measurement of DL is on the 
order of 0.01-0.02 g/cm3 [the coefficient of variation (CV) of V, 
is -3.5% in a resolution element (2.9 cm*) (2l)], and in the 
measurements of tracer activity it is on the order of 2-4%. The 
statistical uncertainty in the measurement of tracer activity in 
samples of blood and gas is kept at negligible levels (in compari- 
son to other errors) by using sufficiently long counting time. 

Errors due to simplifications in the underlying theory of the 
“Ne model are, in normal lung, mainly due to dead space venti- 
lation. In poorly ventilated regions (ventral) the fresh gas VA is 
overestimated by ~2-3%, whereas there is -8% underestima- 
tion in regions with highest ventilation (dorsal) (22). The calcu- 
lation of VA from the steady-state flow equation tends to am- 
plify the statistical noise, especially in regions with high venti- 
lation. For the low-ventilation regions, CV of 7jA is on the order 
of 5-6%, whereas these random errors amount to lo-12% in the 
best-ventilated regions (21). VEv constitutes the relatively 
small difference between two measurements, DL and Vg, each 
affected by statistical errors. This results in an increased un- 
certainty in the values of VEv obtained, and the CV of VEv may 
be on the order of 20-30% in individual regions. 

FIG. 1. Data analysis (for right lung). Coarse thresh 
all pixels from density image with values >0.75 g/cm3; 
olding followed by hand. 

.olding removed 
further thresh- 
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were studied by the method of multiple regression (polyno- 
mials) in groups (8 supine subjects) and using dummy variables 
(3). The method allows the explained variation in horizontal 
and vertical directions to be estimated in relation to the within- 
group (subjects) variation, as well as individual differences in 
regression parameters and mean values. P > 0.05 has been re- 
garded nonsignificant, and P < 0.001 was the lowest level used. 
The correlation coefficients (R) were calculated as 1) R(com- 
mon) = dexnlained variation due to common regression/total 

FIG. 2. Tomograms from 1 supine subject, showing regional concen- 
tration (Bq/cm3 thorax) of ‘$Ne (S~Q.J (A), from which distribution of 
alveolar ventilation (VA) has been calculated (B). Logarithmic scale 
has been used. Top of scale is 1.5 ml. min-’ + crnm3 for VA. 

Vertical and horizontal variation. Because of differences in 
lung size between subjects, relationships based on the topo- 
graphical variations of the parameters (vertical and horizontal) 

I . *  

variation within groups and 2) R(individua1) = explained vari- 
ation due to individual regression/total variation within groups 
(2). Data from the pronesubjects are dealt with separately,- 

Interparametrical relationships. The calculated values of VA, 
V,, and Vs, are to some extent interdependent, since they are 
all derived from the same basic set of measurements (DL, Vn, 
and S lSNe/CI). Random errors in these measurements affect the 
correlations between the calculated parameters. To avoid this, 
interparametrical relationships have been explored indirectly. 
Thus the relationship between VA and V, was explored by re- 
lating the independent measurements of S~~N,/Cr and V, by the 
method of multiple regression in groups (see above). 

The elastic properties of lung tissue are expressed in the 
relationship between VANE, and VA/V,,. This relationship, 
however, could not be tested directly due to the strong coupling 
between the two parameters and the high noise level in the 
determination of Vnv. Instead, a hypothesized P-V curve was 
used together with the experimentally determined relationship 
between VA and VA to predict the interdependence between V, 
and V, (see Eq. 2). This relationship was then tested (multiple 
regression in groups for supine subjects; see above) using ob- 
served values of V, and V,, which were independently mea- 
sured. 

Normalization of data in graphs. To graphically illustrate to- 
pographical and in some cases interparametrical trends, differ- 
ences between supine subjects in the average levels of the pa- 
rameters were compensated for by normalizing the individual 
mean to the group mean. The reason for this is the substantial 
differences in mean values between subjects, especially VA. 
This was done by multiplying regional values in each subject by 
M(x)lMi(x), where Mi(x) is the individual mean value (right 
lung slice) of parameter x and M(x) is the overall group mean 
value. Data for the prone subject are shown separately. 

RESULTS 

Figure 2 shows images pf “Ne concentration (A) and 
the derived tomogram of VA (B). Individual mean values 

TABLE 2. Mean values of structural parameters and regional ventilation 

Subj No. 
V A.7 VB? V E”, VA, v*~v*“~ iTA&“, 

ml/cm3 Illl/ClT? ml/cm3 ml. mine’ . cme3 ml/ml ml. mine’. ml-’ 

1 0.68 0.20 
2 0.76 0.15 
3 0.75 0.16 
4 0.76 0.16 
5 0.73 0.17 
6 0.67 0.17 
7 0.69 0.19 
8 0.70 0.16 

Mean f  SD 0.72+0.04 0.17kO.02 

Supine subjects 

0.12 
0.09 
0.10 
0.07 
0.11 

0.16 
0.13 
0.14 

0.12t0.03 

Prom subject 

1.8 5.6 14.0 
2.2 8.3 24.1 
1.8 7.5 17.4 
0.8 11.3 11.4 
0.7 7.1 6.7 
1.1 4.4 6.8 
2.2 6.3 17.6 
0.8 5.2 6.1 

1.4kO.6 7.022.1 13.Ok6.5 

0.70 0.15 0.15 0.81 4.9 5.7 

VA, alveolar gas volume; VR, fractional blood volume; VRv, 
VAIV~,,, ventilation per alveolar unit for right lung slice. 

extravascular tissue volume; VA, alveolar ventilation; V,,/VRv, lung expansion; 
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TABLE 3. Relationships between various parameters (right lung) and vertical and horizontal levels 

V A9 VE39 V EV, 

ln(vA) 
WVEV9 irA/&,, 

ml/cm3 ml /cm3 ml/cm3 Sl WCG ml/ml ml l mine1 l ml-’ 

paofx, P(x,) a(g) P($) B ofx, PW B(4) 
R*(common) 
R*( individual) regression 
?(vertical) 
?( horizontal) 

0.79 0.09 0.11 0.27 -0.15 7.54 8.61 

-0.0238 
,0.0016 0.0084 

-4.9 x lo-' 

0.0069 0.0255 0.0112 0.0926 2.9893 
-0.0029 -0.0031 -0.0218 -0.5963 

0.67 0.73 0.22 0.65 0.70 0.24 0.45 
0.80 0.86 0.35 0.73 0.79 0.32 0.74 
0.66 0.66 0.22 0.53 0.65 0.24 0.36 
0.03 0.08 0.18 0.09 0.16 

0.0095 0.0851 

3.9 x 1o-5 

-1.3096 
0.6950 

-0.0028 -0.0494 

Value 
regional 
lung; CY, 
between 
x2, sum of ?(vertical) and ?(horizontal) exceeds R*(common). 

for the right lung of the structural parameters (V,, VEv, 
V,, and VA/V& and regional ventilation (VA, VA/V& 
are shown in Table 2. When comparisons were made at 
the same vertical height, no significant differences were 
found between the right and left lungs. Mean values for 
the supine subjects (SD between subjects) of the right- 
to-left ratios were 0.98 (0.10) for V,, 0.93 (0.15) for VEv, 
1.02 (0.02) for V,, and 1.01 (0.15) for VA. 

No correlations were found between age and VEv, V,, 
or 7jA. 

Vertical and Horizontal Gradients 

Supine subjects. The gradients for V,, V,, and V,, are 
shown in Fig. 3, and the regression parameters and 
correlation coefficients are given in Table 3 (only signifi- 
cant polynomials are included). In the ventral one-third 
(for V,) and in the ventral one-half (for VEv), no vertical 
gradients were seen in any of the subjects, as previously 
described (5, 18). There were significant but small hori- 
zontal gradients at these vertical levels (Fig. 3B, Table 3) 
for V, and V, but not for V,,. Of the regional variation in 
V, and V,, 66% could be explained by a gravity-depen- 
dent process [Table 3, ?(vertical)] and only 3 and 8%, 
respectively, by a gravity-independent mechanism [Ta- 
ble 3, ?(horizontal)]. Only 22% of the variation in VEv 
was caused by systematic changes in the vertical axis. 

Figure 4 plots vertical (A) and horizontal (B) gradients 
for \jA per unit thoracic volume [In (VA)] and the un- 
manipulated regional “Ne concentration (normalized for 
C,). Both indexes show the same trends, with 7jA increas- 
ing from ventral to dorsal and from medial to lateral. Of 
the variation in In #A), 65% [Table 3, ?(vertical)] can be 
explained by a gravity-dependent gradient and 9% [Ta- 
ble 3, ? (horizontal)] by a gravity-independent gradient. 

When the data are manipulated by dividing TjA by VEV to 
show ventilation per unit tissue volume (or per alveolus), 
the vertical and horizontal gradients account for only 36 
and 16%, respectively, of the variation, illustrating the 
influence of alveolar number and/or alveolar size (vol- 
ume) on local VA. 

All parameters in Table 3 showed significant differ- 
ences in the regression coefficients between subjects. Ex- 
cept for VA/VEV, the differences in R2 for all subjects 
taken together (group regression) and for all subjects sep- 
arately (individual regression) were small. 

Prone subject. The gradients for V, and V, and for VA 
[In #A)] are shown in Fig. 5. All three parameters 
showed significant changes in the vertical axis [P < 0.001 
for V, and In #A) and P < 0.005 for V,]. There were 
significant horizontal trends in V, (P < 0.02) and V, (P < 
0.001) but not in VA. 

Relationship Between Regional VA and Regional VA or VB 

A preliminary analysis was first made by plotting nor- 
malized values of the logarithm of local VA per cubic 
centimeter of thorax against local expansion (V,) (Fig. 
6B). This relationship appeared to be linear, but the data 
were subject to the effect of a weak mathematical cou- 
pling between \jA and V, (Eq. 3), which could have re- 
sulted in a pseudocorrelation. To circumvent this prob- 
lem the following procedure was adopted. The primary 
data, SlgNe /C, (normalized) and V, (which are measured 
independently), were subjected to a polynomial regres- 
sion analysis (Fig. 6A) giving 

S19,,/CI = a, + a,V, + a,V: 0 

where a,, a,, and a, are constants. For any value of V,, 
S&C, can thus be calculated (free from pseudocorrela- 

FIG. 3. Vertical (A) and horizontal (B) profiles of alveolar gas (V,), fractional blood (V,), and extravascular tissue 
volumes (V,,). For each of 8 supine individuals, values were normalized to common meancalculated for all 8 subjects 
to exhibit vertical and horizontal trends. For each vertical level (A), data were separated into 3 subgroups: horizontal 
levels ~2 cm from peripheral lung edge (solid circles), 2-5 cm (open circles), and >5 cm (crosses). Similarly, for each 
horizontal level (B), 3 subgroups were chosen: vertical levels ~3 cm below right ventricle (solid circles), 3-7 cm (open 
circles), and >7 cm (crosses). Mean values for each subgroup and level are connected by straight lines. 
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FIG. 4. Vertical (A) and horizontal (R) profiles of S1gNe- to-concentration of “Ne in inspired air (C,) ratio and VA 

(ml l min-’ -cm-“) calculated for supine subjects. For explanation see Fig. 3 legend. 

tion, Eq. 4) and In (VA) determined from Eq. 3. The solid 

is effectively linear allows the following equation to be 
written 

line in Fig. 64 which results from this procedure, is al- 
most linear and fits closely to measured data points [in 
actual fact, a linear regression of ln (VA) vs. VA gives a 
straight line that is superimposable on the curve shown]. 
The finding that the relationship between In (VA) and VA 

ln (VA) = C, - c,VA (5) 

where c, and c, are constants. Combining Eqs. 3 and 5 
gives 

s19&/cI = (2e3%oec2vA + l/VA)-’ (6) 
where c, = e? In the following analysis c, and c, were 
optimized by the method of multiple regression in groups 
(supine subjects, Table 4; not normalized data). The 
graph of the linear regression equation for the prone sub- 
ject is shown separately (n = 42, ? = 0.31, P < 0.001; 
Fig. 6B). 

expansion (see APPENDIX A for explanation). Figure 6B 
shows that VA per cubic centimeter of thorax is exponen- 

To the extent that 1) the elastic properties of the nor- 

tially (not linearly) related to VA per cubic centimeter of 
thorax, but this does not contradict the prediction of Sa- 

ma1 lung are described by a single-exponential function 

lazar and Knowles because regions with different alveo- 
lar number (i.e., V,,) are being compared. Because the 

as described by Salazar and Knowles (19) and 2) during 

P-V curve analysis of Salazar and Knowles applies to 
regions with constant alveolar number, it follows that \jA 

tidal breathing the distribution of ventilation is deter- 

and VA, both divided by VEV, should be linearly related if 
the prediction of Salazar and Knowles is correct. In fact, 
the relationship between local ~A/V~~ and VA/V,v is lin- 

mined primarily by local lung compliance, local ventila- 

ear as predicted; because of pseudocorrelation and cou- 

tion per alveolus will be linearly related to local alveolar 

pling (weak) between VA and VA (Eq. 3), this plot has not 
been shown. Instead, because V,, = 1 - V, - VA, the 
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FIG. 5. Vertical profiles of V,, V,, and In #A) (where 7jA is ex- 

pressed in ml l min-’ l cme3) calculated for prone subject. Only mean 
values at each vertical level are shown and are connected by straight 
lines. 

empirical relationship between VA and VA (Eq. 5) can be 
utilized to predict the relationship between VA and V, 
(see APPENDIX B) 

V B = 1 - d,VA - d2e-c2vA (7) 

where d, and d, include the constants of the P-V curve of 
Salazar and Knowles. c, is given by the VA-VA relation- 
ship, whereas d, and d, are determined by the method of 
multiple regression in groups (Table 4, supine subjects; 
Fig. 7). The correlation, shown for all regions in Fig. 7, 
was highly significant in each subject. Table 4 (supine 
subjects) gives the constants for Eqs. 5 and 7 and the 
group (common) and individual regression coefficients. 
For the prone subject (n = 42), ? = 0.49 (P < 0.001). 
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From Eqs. 5 and 7 and Table 4, the relationship be- 
tween VB and VA for the supine subjects can be calcu- 
lated 

V B = 0.16 + 0.27 ln #A) - 0.05~~ (8) 

The individual values and the predicted regression curve 
are plotted in Fig. 8 [R2(common) = 0.49 and R2(individ- 
ual) = 0.541 together with the regression equation calcu- 
lated for the prone subject (n = 42, ? = 0.35, P < 0.001). 

DISCUSSION 

Mean Values 

Mean values of VA, VB, VEV, and VA expressed per cu- 
bic centimeter of thorax calculated for the right lung slice 
(Table 2) are similar to previous studies using this tech- 
nique (5,18,25). We have previously discussed (5) that if 
the midthoracic transaxial plane is representative of the 
lung as a whole and if a total VA in the supine posture of 
2.7 liters is assumed, we obtain a value of total thoracic 
volume of 3.7 liters and a total lung mass of 1,000 ml 
comprising 60% blood and 40% V,,. These values are not 
unreasonable. Total VA would be on average 5.2 l/min. 

Vertical and Horizontal Gradients 

Data for vertical gradients in VA, VB, and V,, confirm 
previous results from our laboratory (5, 18, 25), but a 
systematic search for horizontal gradients has not previ- 
ously been made. The diminishing gradients of VB from 
central to peripheral parts of the lung slice would be con- 
sistent with a similar gradient of pulmonary blood flow 
and vascular resistance (9). Nevertheless, with the ex- 
ception of the supine anesthetized dog (8), central-to-pe- 
ripheral gradients of pulmonary blood flow are relatively 
small in relation to vertical gradients (1 l), and the same 
holds for gradients of pulmonary VB (Fig. 3). There ap- 
pears to be a significant increase in regional ventilation 
in the lung periphery compared with the central parts 

A .J 

1.0 

2 
l 0.5 
3 

0.0 

-0.5 

FIG. 6. A: relationship between Slw,/Ci and local VA (= 1 - lung density) for all subjects. For S&Ci, mean for right 
lung in each individual was normalized to group mean. Quadratic polynomial fit is shown (solid line; higher orders were 
not significant). B: relationship between In (VA) (ml. min-’ l cms3; calculated from Eg. 3) and VA fitted with same 
polynomial as in A. Linear relationship for prone subject is shown separately (bottom line). See text for details. 

 by 10.220.33.5 on July 26, 2017
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/


1202 REGIONAL VENTILATION AND PULMONARY BLOOD VOLUME IN HUMANS 

TABLE 4. Predicted relationships between ln( VA) and VA 

l&A) -= c, - c,v, VB = 1 - d,VA - d2e-c2vA 

Cl c2 R2( corn) R”( ind) 4 d2 R”( corn) R2( ind) 

3.08 3.88 0.64 0.67 1.06 1.09 0.84 0.85 

Values are from 8 supine subjects. Total number of regions is 267. 
Predicted relationship between h(VA) and V, obtained from relation- 
ship between V, and SgNe /Ci because of small mathematical coupling 
between VA and V, (see text); relationship between V, and V, calcu- 
lated by multiple regression in groups. R(com) and R(ind), multiple 
regression coefficients due to common and individual regression, re- 
spectively. Note that cZ values in V,- V, relationship are individually 
obtained from h(vA)-VA relationship. Difference between R*(com) and 
R*(ind) is caused by differences in regression coefficients between sub- 
jects. Pooled data are shown in Figs. 6 and 7. P < 0.001 for both equa- 
tions. 

(Fig. 4), and the horizontal gradient of ~A/V~~ (Table 3) 
contributes one-half as much as the vertical gradient to 
the overall pattern of regional ventilation. The reason for 
the horizontal gradient of ventilation is not clear. 

In the vertical axis, the most striking finding is a rever- 
sal in the gradient of pulmonary V, in the ventral regions 
adjacent to the heart in the supine subjects (Fig. 3). This 
was accompanied by a loss of the vertical gradient for VA 
(independent of the V, measurement) and pulmonary 
V,, (but not ventilation) in the same region. The rela- 
tionship between V, and VA in the ventral regions follows 
the same pattern as in the rest of the lung (Fig. 7), which 
suggests that there is a subtle reversal in the gradient of 
local expansion (VA); possibly the lung is being com- 
pressed between the heart and the chest wall. Further 
measurements of different craniocaudal levels are 
planned to see whether there is a local or general effect. 
In the prone subject, V, showed a more continuous in- 
crease in the direction of gravity (Fig. 5). 

Relationships Between VA, I&, and VEv 

V,, may be regarded as a measure of the number of 
alveolar units per unit volume of thorax, provided that 
the tissue volume of individual alveolar units (free from 
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FIG. 7. Relationship between regional V, and V,. Regression equa- 
tion is given by Eq. 7 (see Table 4). Regression line for prone subject is 
also shown (bottom line). 
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FIG. 8. Relationship between VA and V,. Values of VA are, for each 
subject, normalized to group mean (VA = 1.44 ml l min-’ l cme3) to com- 
pensate for substantial interindividual variation in VA. Note that con- 
tinuous line, representing Eq. 8, is obtained using nonnormalized data. 
Regression curve for prone data is also shown (bottom line). See text 
for details. 

blood) does not change between regions in healthy lung. 
Thus, despite the reduction in available space (due to an 
increased V,), the number of alveoli per unit volume of 
thorax is ~30% higher in the dependent part as in the 
nondependent part of the lung, as indicated by the ven- 
trodorsal distribution of V,,. The sum of VA, V,, and V,, 
constitutes the thoracic volume element (Eq. 2). Because 
of competition for space, all three parameters are in- 
terrelated (Fig. 7). For example, a change in VA from 0.60 
to 0.75 ml/cm3 is associated with a change in V, of 70% 
and, thus, with a change in V,, of 30%. 

In any region, VA per cubic centimeter of thorax is the 
product of the number of alveolar units and the gas vol- 
ume per alveolar unit. In the lung periphery, which is 
dominated by alveoli, the alveolar number is assumed to 
be proportional to V,, and the volume of gas per alveolar 
unit to VA/V,, (lung expansion or alveolar size). VA&v, 
which mathematically is a function of V, and V,, (Eq. Z), 
falls with increasing V, and with increasing number of 
alveoli (V,,). The magnitude by which regional varia- 
tions in V, and V,, (AV, and AVE,, respectively) are 
associated with regional variations in VA/V,, [A(VA/ 
V,,)] can be determined by differentiating VA/V,, with 
respect to V, and V,,. Denoting Ay/y by the relative 
change in y between regions (coefficient of regional varia- 
tion), i.e., CRV(y), we find 

CRV(VA/V,v) = -( 1 - V,)/VA l 

(9) 
CRWV,,) - V,/V, l CRV(V,) 

or, using mean values for right lung 

CRV(VA/VEv) = -l.l!XRV(V,,) - 0.24CRV(V,) (10) 

If differences in lung expansion were the only cause of 
the vertical gradients in VEv and V,, CRV(V,,) would be 
equal to CRV(V,). However, analysis of the present data 
reveals that CRV(V,) exceeds CRV(V,v) by -60% when 
going from ventral to dorsal regions. Thus, regional dif- 
ferences in V,, are associated with 75% of variations in 
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lung expansion, whereas regional differences in V, are 
associated with 25%, according to Eq. IO. 

The weight of the lung is an important cause of the 
pleural pressure gradient, which in turn is related to re- 
gional lung expansion. The importance of the lung 
weight as a determinant of the transpulmonary pressure 
and lung expansion is supported by studies where the 
lung has been subjected to acceleration (7). Lung weight 
is about two-thirds blood, i.e., V, (5). If two-thirds of the 
gravitational variation of V,, is related to V,, the influ- 
ence of V,, on VA/V,, (75%) can be attributed to V, in 
the same proportion. V, is, therefore, associated with 
VA/V,, first by virtue of volume competition (25%) and 
second by the mechanism of gravity (0.67 X 75% = 50%) 
or 75% in toto. V,, itself is only associated with the grav- 
ity variation of VA/V,, to -25%. 

Relationships Between VA and VB and VA 

Figure 6 for the supine subjects and the single prone 
subject shows that there is alinear relationship between 
the logarithm of regional VA per cubic centimeter of 
thorax and regional V,. When VA and V, are each ex- 
pressed per alveolus (by dividing both by V,,), regional 
\jA is linearly related to alveolar expansion (VA/V,,), as 
predicted by the expression of Salazar and Knowles (Eq. 
5; APPENDIX A). Because V, and V,, together predict V, 
(Eq. 2) because of competition for space, intuitively V, 
must have prediction power for 7jA (Fig. 8; Eq. 8). This 
relationship is internally consistent because the distribu- 
tion of V, itself, in terms of its volume and weight (see 
previous section), is closely associated with V, and hence 
with \jA. 

These relationships between \jA and V, for both su- 
pine and prone postures might be explained by the action 
of gravity on V, and V,, but they do not hold in the most 
ventral portions of the supine lung (Fig. 3). Nevertheless, 
the important point is that these relationships can only 
be explored on a regional basis in humans because of the 
quantification made possible by PET. The companion 
paper (4) explores the association between V, and local 
blood flow on a regional basis. This suggests that me- 
chanical forces, acting largely through gravity, assist 
matching between regional VA and blood flow by virtue 
of the influence of V,. 

APPENDIX A 

Relationship Between Alveolar Expansion and VA 

The V vs. P characteristics of the lung are well described by 
the exponential function first suggested by Salazar and 
Knowles (19) 

V = k2( 1 - iz,emkdP) (Al) 

where k2 (volume), k, (dimensionless), and k, (pressure-‘) are 
constants. This relationship has been shown to fit experimen- 
tal static P-V relationships in humans in several studies (for 
review, see Ref. 14). For volume changes during tidal breathing 
the equation of motion (15) (ignoring inertial forces) is dP = 
dV/C + VR, where C is regional pulmonary compliance, V is 
ventilation, and R is airway resistance. During quiet breathing 
in normal subjects the distribution of inspired gas is predomi- 
nantly determined by C, and R has therefore been neglected in 
the following discussion. Thus 

dV/dP = (dVldt)/(dPldt) = Vl(dPldt) = C (AZ) 

where V = dVldt is the absolute change in gas volume per unit 
of time (=ventilation). Differentiating Eq. Al with respect to P 
gives 

dV/dP = k,bk,e-k4p (A3) 

Equations Al, AZ, and A3 give 

V = dP/dt&kz, - k,V) (A4 

Under the assumption that the time-dependent change of tran- 
spulmonary pressure (dPldt) is uniform throughout the lung 

Tj = k, - kV W) 

where k, [(dPldt)k,tz,; volume/min] and k [(dPldt)k,; min-‘1 
are constants, V is total ventilation of the lung (lobe or seg- 
ment) in absolute numbers, and V is the gas volume of the lung 
(lobe or segment). Thus, on the assumption that 1) the P-V 
characteristic is given by Eq. A 1,2) R is negligible, and 3) dPldt 
is uniform throughout the lung, V (in lung regions with con- 
stant alveolar number) is a linear function of V,. Hence, re- 
garding regions with different mean alveolar size, one would 
expect mean ventilation per alveolus to be linearly related 
(with negative slope) to mean alveolar expansion. 

APPENDIX B 

Derivation of Eq. 7 

Salazar and Knowles (19) predicted that (see APPENDIX A) 

VA&,, = d3 - d,,V,IVE, 

or 

VA = d&v - d,VA W) 

Replacing V,, by 1 - V, - V, (Eq. 2) and solving for V, gives 

V, = 1 - d,VA - VA/d, W) 

where d, = 1 - d,ld3. However, VA = e('l - '2'~) (Eq. 5), 
giving 

or 

V, = 1 - d,VA - (ecVd,)e-c2V~ (B3) 

V, = 1 - d,VA - d2e-@A (B4) 

where d2 = e’lld,. 
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