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In the feetus, the pressures in the pulmonary
artery and aorta are of the same order, and the struc-
ture of the pulmonary trunk is similar to that of the
aorta (Heath et al., 1959). Both vessels show the
same dense network of elongated and parallel elastic
fibres (Heath et al., 1959). By the end of the first
month of extrauterine life the pulmonary arterial
pressure has fallen to a value that remains approxim-
ately the same throughout the rest of life. During
the first two years of extrauterine life, the elastic
tissue in the wall of the pulmonary trunk undergoes
involution, becoming fragmented and subsequently
forming an open network of branched fibrils (Heath
et al., 1959).
The tissue of the media of the normal adult pul-

monary trunk shows a greater degree of extensibility
than does that of the aorta (Harris and Heath, 1962;
Harris, Heath, and Apostolopoulos, 1965a). This
may be due to the lower proportion of elastin in
the pulmonary trunk, but differences in the propor-
tion of collagen may also play a part. Throughout
life, there is a progressive decrease in the extensi-
bility of the tissue of the pulmonary trunk, and this
has been ascribed to the apparent increase in the
proportion of collagen visible under the microscope
(Harris et al., 1965a).
When pulmonary hypertension has persisted

from birth, as a result of a large congenital post-
tricuspid shunt, the elastic tissue in the wall of the
pulmonary trunk preserves its feetal appearance and
remains similar to that in the aorta (Heath et al.,
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1959). The extensibility ofthe tissue ofthe pulmon-
ary trunk is less than normal in such patients (Harris,
Heath, and Apostolopoulos, 1965b). By contrast,
when pulmonary hypertension arises later in life, as
a result of a pre-tricuspid shunt or mitral stenosis,
the elastic tissue of the pulmonary trunk remains
of the normal adult type (Heath et al., 1959), and
the extensibility of the wall is normal (Harris et al.,
1965b).
People native to high altitudes sustain a perma-

nently high pressure in the pulmonary artery
(Pefialoza et al., 1962), and the appearance of the
elastic tissue in the wall of the pulmonary trunk
may resemble that in the aorta (Saldafia and Arias-
Stella, 1963). The present study has been designed
to investigate the extensibility of the pulmonary
trunk in people living at sea-level and at high altitude
in Peru, and to compare this physical property with
the microscopical structure and with the chemically-
determined proportions of elastin and collagen.

MATERIALS AND METHODS
Specimens of pulmonary trunk were removed after

death from 73 subjects. Sixty-six had died in Lima,
which is at sea-level, but some of these had lived most of
their lives at ahigher altitudeand had died in Limaduring
transit through the city, or had been resident in Lima
for only a short time before their death. Seven had
lived and died in the vicinity of Cerro de Pasco, which
is at an altitude of 14,200 feet.
The adventitia was removed from the pulmonary

trunk and the extensibility of a circumferential strip
measured by the method previously described (Harris
et al., 1965a). On this occasion the volume of the
arterial strip was assessed by weighing it and assuming
that the specific gravity was approximately unity. The
cross-sectional area could then be calculated by dividing

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.29.1.120 on 1 January 1967. D
ow

nloaded from
 

http://heart.bmj.com/


Pulmonary Trunk at Sea-level and at High Altitude in Peru

the volume by the length. A series of extensile loads
up to 100 g. were employed and the results expressed
as the percentage extension for a given extensile force
(dynes/mm.2 cross-sectional area).
An adjacent piece of the pulmonary trunk was re-

moved for histological examination. It was embedded
in paraffin wax in the usual way, and transverse sections
were prepared so that the microtome knife cut the long
axis of the strip in order to minimize distortion. Thin
sections (5,) were stained by the Lawson modification
of the Weigert-Sheridan method for elastic tissue and
were counterstained with van Gieson's reagents to
demonstrate collagen and muscle fibres.
The remainder of the pulmonary trunk (from which

the adventitia had been removed) was cut into small
pieces by scissors and placed in a vacuum desiccator.
After drying, the material was ground with a mortar and
pestle and returned to the desiccator to await chemical
analysis. Collagen and elastin were estimated in this
dried material using the method of Lowry, Gilligan, and
Katersky, 1941. Two minor modifications were made
to the method. The first extraction with 0-1N NaOH
was prolonged to 48 hours, since this was found to in-
crease the removal of soluble material by an average of
1 1 per cent of the original dry weight in a preliminary
series of four duplicate analyses. Autoclaving was car-
ried out at a pressure of 15 lb./sq. in. for 54 hours.
Preliminary observations on a series of four replicated
specimens showed that the average quantity of collagen
extracted was 23-7 per cent of the dry weight after 32
hours of autoclaving, 24-8 per cent after 48 hours, and
25-3 per cent after 64 hours. Measurements of collagen
were made on 31 specimens and measurements of elastin
on 45 specimens.

RESULTS

Histology. The pattern of the elastic fibrils in
the media of the pulmonary trunks of the subjects
studied was found to be one of three main types
which we have previously designated "adult pul-
monary", "aortic", and "transitional" (Heath et
al., 1959; Saldania and Arias-Stella, 1963).
Of the 66 subjects who had died in Lima, 63

showed the adult pulmonary configuration of elas-
tica in their pulmonary trunk (Fig. 1). This pat-
tern also occurred in 4 of the 7 who had lived all
their lives at high altitude and had died at Cerro de
Pasco (Fig. 1). In this pattern the elastic tissue was
in the form of an open network of branched, irregu-
larly-shaped fibrils which sometimes showed
clubbed terminations. The fibrils were not regu-
lar and did not run parallel with one another.
While the elastic tissue was much less dense than
in the media of the aorta or in the media of the
pulmonary trunk showing an aortic configuration
of elastica, it could only rarely be described as being
sparse in amount. Furthermore, there was a con-
siderable variation in the amount of elastic tissue
present, so that in some cases the network of fibrils

9

FIG. 1.-Transverse section of the pulmonary trunk from a
Peruvian Indian aged 14 years who was bom and spent his
entire life at high altitude in the Andes. There is a normal
adult pulmonary pattern of elastic tissue. (Elastic-van

Gieson. x 150.)

was quite dense. This variation in the density of
the elastica in the media of the normal pulmonary
trunk has been pointed out before (Wagenvoort,
Heath, and Edwards, 1964), and it is essential to
bear this considerable normal variation in mind
when studying sections of the pulmonary trunk, so
that an unusually dense adult pulmonary pattern of
elastica is not erroneously regarded as being of
aortic type. In general, the elastic tissue pattern
of the media of the pulmonary trunk of Peruvians
resident at sea-level showed the same general appear-
ance and variation as that which had previously
been found in people resident in Birmingham in
Great Britain (Harris et al., 1965a). It was fre-
quently possible to distinguish between the pul-
monary trunks of young and old subjects, the age
of distinction being somewhere in the region of 40
years. In general the elastic fibrils of subjects
below that age were clearly delineated from the
surrounding fibro-muscular tissue and stood out
sharply in sections stained by the elastic-van
Gieson method. In contrast, the elastic fibrils of
subjects beyond that age showed a certain fuzziness
of outline, with the presence of very fine connecting
fibrils forming a background elastosis; in the older
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(A) (B) (C) (D) (E)
FIG. 2.-Transverse sections of pulmonary trunks from five Peruvian Indians who were bom and spent most
of their lives at high altitude. All show an aortic configuration of elastic tissue. (Elastic-van Gieson. x 150.)

The ages, in years, of the five subjects are: (A) 18; (B) 25; (C) 23; (D) 23; (E) 24.

age-group the fibrils took up the stains for elastic
tissue less well and stained grey rather than black.

Five subjects showed an undoubted "aortic"
pattern of elastic tissue. Three of these were in
people who had died in Lima but who had lived
for a large part of their lives at high altitudes (Fig. 2).
Two of the seven subjects who died at Cerro de
Pasco also showed an aortic configuration of elastic
tissue (Fig. 2). In these cases the pattern of the
elastic fibrils was in striking contrast to that occur-
ring in the adult pulmonary configuration. The
fibrils formed a dense network; they tended to be
long and uniform without the branching and club-
bing of the adult pulmonary pattern; even more
characteristically they tended to run parallel with
one another, as in the aorta.
One of the subjects who died at Cerro de Pasco

showed a pattern of elastic tissue which was tran-
sitional between an aortic and an adult pulmonary
form (Fig. 3). The density of elastica was not
great, and in places the fibrils formed an open net-
work, but in other areas the fibrils tended to run
parallel with one another to mimic an aortic struc-
ture. Since this was the only specimen that
showed such a transitional pattern, and since it was
thought to correspond more to the adult pulmonary

than to the aortic type, the measurements made on
it have, for the purpose of statistical analysis, been
included in the adult pulmonary group.
The mean thickness of the fresh media of the

pulmonary trunk measured in the present fashion
was 1121, (S.D.=58 I,). Age had no effect on
this measurement. The thickness of the medias in
the specimens with an aortic pattern of elastic tissue
were 985, 1220, 1110, 960, and 1000 ,u.

Extensibility. The general relation between
length and tension was a curved one similar to that
found in the previous studies (Harris et al., 1965a, b).
Among the subjects in whom the pattern of elastic
tissue in the pulmonary trunk was of the normal
adult type, there was a general decrease in extensi-
bility with an increase in age (Fig. 4).

In order to determine the average values shown
in Fig. 4 a separate length-force curve was drawn
for each case, and the degree of extension for a given
extensile force was estimated by interpolation.
Average values of extension were then calculated
for a series of common extensile forces.
The same data could be used to examine the

relation between the age of subject and the degree
of extension for a given extensile force. As in the
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FIG. 3.-Transverse section of the pulmonary trunk from a
Peruvian Indian aged 45 years who was born and spent his
entire life at high altitude in the Andes. The configuration
of the elastica is of transitional type. (Elastic-van Gieson.

x 150.)

previous study (Harris et al., 1965a), the relation
between the age and the logarithm of the degree of
extension approximated to a straight line, the slope
and intercept of which varied with the extensile
force. Thus, for a particular extensile force, the
relation between age and extension could be given
by:

AI = a.lObXage ()

when al is the percentage increase in length and
a and b are constants.
The values of a and b varied according to the

extensile force. Some were calculated from re-
gression equations relating logloll to age. In the
previous study, a simple mathematical relation was
found to exist between these constants and the mag-
nitude of the extensile force. In the present study,
no such simple formula could be found to fit the
data, and the relations between a and b and the
magnitude of the extensile force are presented
graphically (Fig. 5 and 6).
Thus, for a given extensile force, values of a and

b could be obtained. When these were introduced
into equation (1) together with the age of the sub-
ject, the expected degree of extension could be

0 0 0 0Go No IV
o

co '0 ' N

I
0 0

0* 0 0

00 /06 *

0 20 40 60
%/a Extension

FIG. 4.-Average values for the extensibility of the pulmonary
trunk in different age-groups.

calculated. Fig. 7 shows the observed degree of
extension plotted against that predicted from equa-
tion (1) in 42 specimens with a normal adult pattern
of elastic tissue. The regression equation for ob-
served (y) on predicted (x) values for the percentage
extension is as follows:

Y= -065+1 034x (2)
and the standard error of the estimate is 60.

Figure 8 shows the observed degree of extension
plotted against that predicted from equation (1) in

10.000'

N

E
i 5,000
0

0

I
0

0

0~~~

.0 1-2 14 1-6 l-8 2-0
Coefficient la,

FIG. 5.-The relation between the extensile force and
coefficient "a".
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FIG. 6.-The relation between the extensile force and
coefficient "b".

the five specimens showing an."aortic" type of
elastic tissue. The line of the normal regression
equation is shown together with lines at a distance
of twice the standard error. It is evident that the
extensibility of these specimens is less than normal,
and this difference would be expected to arise by
chance less often than once in a thousand times.

Chemical Analyses. Collagen was estimated in
28 specimens which had a normal adult pattern of
elastic tissue and in 3 specimens which had an
"aortic" pattern. In the group with the normal
adult pattern, the average content of collagen was
31 per cent of the weight of dry tissue (SD = 5 0%)

80-
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c
W
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._a.

60 -

40-

20-

0

P,

0 20 40
Observed %0/ extension

,'

/1

I .1

11

.1

.1

0 20
Observed %/o extension

40 60 80

FIG. 8.-The relation between the observed degree of exten-
sion and that predicted from equation (1) in the five subjects
with an aortic pattern of elastic tissue. The "normal"
regression line of equation (2) is shown, together with lines
at a distance of twice the standard error of the estimate.

while the average age was 46-4 years. There was
a slight tendency for the content of collagen to de-
crease with age (Fig. 9), but this was readily attri-
butable to chance (r= -0 3288; p > 0 05). In the
three specimens with an aortic pattern of elastic
tissue, the content of collagen was 31-7, 28&3, and
37 9 per cent of the weight of dry tissue, which did
not differ from the group with a normal adult
pattern (Fig. 9).

c

0u

0

60 80

FIG. 7.-The relation between the predicted and observed
values for percentage extension.
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FIG. 9.-The relation between age and the content of collagen
(% dry weight).
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Pulmonary Trunk at Sea-level and at High Altitude in Peru
0.05 > p >0-02). In the four specimens with an

0 "aortic" pattern of elastic tissue, the content of
0 *

0 elastin was 40 0, 31 4, 31 0, and 37 9 per cent of the
weight of dry tissue, the average age being 22 5

* * years. As will be seen from Fig. 10, these figures
0OO* O are inappropriately high for the age, and this differ-%~~~~~~~, * * * O O O Oence is unlikely to have arisen by chance more often

..* t than once in a thousand times.
* * *. * * Both collagen and elastin were measured in 27

* specimens with a normal adult pattern of elastic
* * * tissue (Fig. 11). As would be expected from the

preceding figures, there was a positive correlation
*0 between the ratio of elastin to collagen and the age

0 of the subject (r=+0 4973; O01>p>0 005).
o-Aortic pattern Measurements of both collagen and elastin were
*,Pulmonary pattern available in 3 specimens with an "aortic" pattern

of elastic tissue. In these specimens the ratio of
0 20 4O 60 ao elastin to collagen (Fig. 11) was inappropriately
Age high for the age, a difference that is unlikely to have
-.The relation between age and the content of elastin arisen by chance more often than once in a thousand

(% dry weight). times.
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FIG. 11.-The relation between age ar

collagen.

pecimens which had
tic tissue and in 4 DISCUSSION

,c" pattern. In the Among those specimens with a normal adult
?attern, the average histological pattern of elastic tissue, the extensibility
cent of the weight was similar to that found previously (Harris et al.,

ile the average age 1965a). The observation that extensibility de-
ndency for the con- creases with age was also confirmed. Roach and
age (Fig. 10), which Burton (1959) found a similar change with age in
hance (r= + 0 3382; the human external iliac artery. These authors

(Roach and Burton, 1957) ascribed the curved shape
*=Pulmonary pattern of the force-extension diagram of the walls of blood
o=Aortic pattern vessels to a shorter relaxed length of the elastic

tissue relative to that of collagen. Thus, the first
and more horizontal part of the curve was thought
to be due almost entirely to the extension of elastic

* * tissue, while the gradual involvement of the col-
0 0 -lagenous fibres coincided with the development of

the more vertical later part of the curve.

Looked at from this point of view, the slope of
the curve in its early stages should be related to the
proportion of elastin (Roach and Burton, 1959).

* Fig. 12 plots the degree of extension at a relatively
low extensile force of 2500 dynes/mM.2 against the
age of the subject. Among the specimens with an
adult pulmonary pattern of elastic tissue, the degree
of extension falls with age (r =-0 5078; p < 0 001),
and this is consistent with the increasing proportion
of elastin found chemically both in the present
study (Fig. 10) and by other authors (Lansing,
Rosenthal, and Alex, 1950). When the degree of
extension at 2500 dynes/mm.2 is plotted against the

60° proportion of elastin (Fig. 13) there is a negative
id the ratio of elastin to correlation (r=-0-5024; 0 005 > p >0.001), and

this includes the specimens with an aortic pattern

40
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FIG. 10.

125

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.29.1.120 on 1 January 1967. D
ow

nloaded from
 

http://heart.bmj.com/


Castillo, Kruger, Arias-Stella, Hurtado, Harris, and Heath

00 0
0 0

0
0

0
0

* .
* 0
0

0

0
0

0
o0

* = Pulmonary pattern
o=Aortic pattern

0 0
.0

.0
*0% 00
0.0
* 0

0

9I 0

.

0

20 40 60

E

C

o

x

0

0

0

0

N. 6-
E
C

01-4'.4
U)

.0-a

c.2 12-

tA

100

0
Age80

FIG. 12.-The relation between age and the degree of exten-
sion at 2500 dynes/mm.2.

of elastic tissue in whom the proportion of elastin
does not conform with the age of the subject.

Inspection of the curves in Fig. 4 suggests that,
while the slope of the initial part of the curve be-
comes steeper with an increasing age, there is at
the same time an increasing steepness of the later
part of the curve which proceeds at an even greater
rate. Thus, the relation between force and exten-
sion became more curved with an increasing age.
A simple measurement of the curvilinearity of the
relation may be made by calculating the ratio of the
degree of extension at 10,000 dynes/mm.2 to that
at 5000 dynes/mm.2 Such a ratio would decrease
from a value of 2-0 in the presence of a rectilinear
relation to a theoretical minimum of 1 0 as the cur-
vilinearity increased. When the ratio is plotted

0

0 0
0

0

0

0 Og0
0

0

0
g0

0

0

0

00

00o
0

0

o=Aortic pattern
*=Pulmonary pattern

10 20 30 40

%o Extension at 2,500 dynes /mm2

FIG. 13.-The relation between the degree of extension at
2500 dynes/mm.2 and the content of elastin (% dry weight).
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0

00
0

0

20 40 60 so

FIG. 14.-The relation between age and the ratio of extensi-
bilities at 10,000 dynes/mm.2 and 5000 dynes/mM.2.

against the age of the subject (Fig. 14) there is a
negative correlation (r= -0*4976; p < 0 001) among
those specimens with a pulmonary pattern of elastic
tissue.
A decreased extensibility during the later portion

of the force:extension diagram has been taken by
Roach and Burton (1959) as evidence of an increased
proportion of collagen. A similar explanation was
previously put forward to explain the change in the
force: extension curve of the pulmonary trunk
which occurred with age (Harris et al., 1965a).
This view appeared consistent with the increase in
the amount of red-staining material visible under
the microscope after staining with van Gieson's
reagents. Yet, in the present studies, the chemical
estimations failed to show any increase in the content
of collagen with ageing. It is possible that ageing
causes an alteration in the tinctorial properties of
collagen. While, however, this would resolve the
discrepancy between the microscopical and chemical
findings, it leaves unexplained the decrease in exten-
sibility with age. Moreover, it seems that a similar
discrepancy- occurs in the pulmonary arteries of
children with tetralogy of Fallot, which show an
increased amount of collagen under the microscope
(Heath et al., 1959), which is not apparent on
chemical analysis (Farrar, Blomfield, and Reye,
1965). One theoretical possibility is that the col-
lagen becomes less extensible with age. There
seems to be an increase in the bulk modulus of col-
lagen with age (Banfield, 1956; Kohn and Rolleson,
1958), and this apparently applies to the perivascu-
lar connective tissue of the lung (Kohn, 1959). On
the other hand, Young's modulus of the tendon from
the human diaphragm has been found to become
slightly lower in old age (Kohn and Rolleson, 1959).
Another possible explanation is that, with an increas-
ing age, the collagenous fibres become straighter.
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In this way they start to become stretched at an
earlier point in the force: extension diagram.
There may be more subtle alterations in the dis-
position of the fibres. Both collagenous and elastic
fibres form a complex meshwork, the extensile
properties of which are likely to depend not only
on the simple linear extensibility of the individual
fibres but also on their resistance to lateral deforma-
tion and on the geometry of the woven pattern itself.
In this context it may be noted that Roach and Bur-
ton (1959) found that at no time did the extensibility
of the wall of the human external iliac artery dimin-
ish to the extent that might be expected from a
knowledge of Young's modulus for collagen.

In the specimens with an aortic pattern of elastic
tissue, the chemical estimations revealed an abnor-
mally high proportion of elastin for the age of the
subject (Fig. 10). This was consistent with the
microscopical appearances. Farrar et al. (1965)
have recently shown a similar increase in the pro-
portion of elastin in the pulmonary trunks of chil-
dren when the aortic pattem of elastic tissue was
due to congenital heart disease. The degree of
extension at an extensile force of 2500 dynes/mm.2
(Fig. 12) was abnormally low for the age in the
group of specimens with an aortic pattern of elastic
tissue (p<0.001), and this is consistent with the
presence of excess elastin (Fig. 13).
The proportion of collagen was normal in the

groups with an aortic pattern of elastic tissue
(Fig. 9), so that the ratio of elastin to collagen was
abnormally high (Fig. 11). This may possibly
explain the abnormally high values of the ratio of
extension at 10,000 dynes/mm.2 to that at 5000
dynes/mm.2 in these specimens (p <0001).
Such observations suggest an abnormally low

degree of extensibility in the early stages of exten-
sion, which is not immediately apparent from Fig. 8.
As discussed elsewhere (Harris et al., 1965b), this
is simply because Fig. 8 shows the absolute devia-
tion of the observations from the predicted value
rather than the percentage discrepancy. When the
degree of extension is expressed as a percentage of
that predicted (Fig. 15), 4 out of 5 specimens show
a maximal diminution in extensibility at low degrees
of extension. Fig. 16 expresses in the same fashion
the average for these 5 specimens and compares
it with the average of 2 specimens with an aortic
pattern of elastic tissue due to congenital heart
disease taken from a previous study (Harris et al.,
1965b). Both groups show a maximal diminution
in extensibility at low degrees of extension.

It is of interest to contrast these two groups of
observations with those from a group of subjects
with tetralogy of Fallot taken from a previous study

100-

,0

8
x

1.000.0
w W,
o la

80 -

60 -

Aortic pattern

0 20
Predicted 0/a extension

40 60

FIG. 15.-The relation between the degree of extension and
the degree of extension expressed as a percentage of that
predicted in the subjects with an aortic pattern of elastic

tissue.

(Harris et al., 1965b). In such subjects there is an
abnormally low proportion of elastic tissue and an
abnormally high proportion of collagen visible under
the microscope. Fig. 16 shows that, in these speci-
mens, the ratio of observed to predicted extensibility
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t 60-
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0~~
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FIG. 16.-The relation between the degree of extension and
the degree of extension expressed as a percentage of that
predicted. Average values of three groups are shown.
(i) Aortic elastic pattern due to high altitude; (ii) aortic elastic
pattern due to ventricular septal defect and primary pulmon-

ary hypertension; (iii) tetralogy of Fallot.
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becomes lower with an increasing degree of exten-
sion, which is the opposite of the two groups with
an increased content of elastin.

SUMMARY
The histology, physical extensibility, and chemi-

cal composition of the media of the pulmonary
trunk has been studied after death in people who
had lived at sea-level and at high altitude in Peru.
Among those who had lived at sea-level and who

had a normal pattern of elastic tissue there was a
gradual decrease in the physical extensibility of the
wall of the pulmonary trunk with increasing age
and a gradual increase in the concentration of
elastin.
Some of those native to high altitudes showed a

pattern of elastic tissue similar to that found in the
fcetal pulmonary trunk or in the aorta, an abnor-
mality which suggests the presence of pulmonary
hypertension from birth. The extensibility of such
specimens was inappropriately low for the age of
the subject and the content of elastin inappropriately
high. The decrease in extensibility was proportio-
nally greatest at light loads where the effects of
elastin are thought to predominate.

Neither age nor altitude appeared to have any
influence on the content of collagen.
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