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I began life in Rochester, New York. 
My earliest companion was a big old Eng
lish Setter named Sport. You see, we al
ways had bird dogs at home because my 
father was an avid pheasant hunter. I still 
have fond childhood memories of succu
lent roast pheasant, and my cap was often 
adorned with the colorful sweep of their 
long tail fathers . One of my father's hunt 
ing companions was James Sherman 
Houck, a surgeon who removed my ap
pendix and then gave me the preserved 
specimen in a jar of formaldehyde; I dis
played it proudly, to the distress of my 
parents' guests . Dr. Houck was probably 
my first role model, and when he died his 

wife gave me one of his college textbooks 
in chemistry .31 To this day, that badly 
worn volume still holds a special place in 
my library . 

That it was a chemistry textbook is 
significant, because while my teenage 
friends were discovering the biology of the 
opposite sex, I was exploring the myster
ies of chemistry in a laboratory I built in 
the basement. The orderliness of chemical 
reactions fascinated me. You could write 
simple equations that described the be
havior of the elements and then observe 
the reaction in a flask. Of course the conse
quences were inevitable . I drove my par
ents out of the house with clouds of smoke 
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and noxious gases, shook the windows 
with violent explosions, and blew out the 
electrical circuits with my attempts at 
electrolysis. People today don't know the 
meaning of "hazardous chemicals"! It's a 
wonder I didn't injure myself. 

Based on my interests in chemistry, 
physics, and mathematics, my parents de
cided I was destined to become a chemical 
engineer. So the autumn of 1940 found me 
high above Cayuga's waters, enrolled at 
Cornell University. Among my belongings 
was the 1940 edition of The Merck Index, 
because I had discovered it contained tan
talizing bits of information. For example, I 
read that acetophenone was not only used 
in the perfume industry for its orange 
blossom scent, but also acted as a narcotic 
and hypnotic. This I had to explore. So I 
"borrowed" some acetophenone from the 
organic chemistry laboratory, lured one of 
the neighborhood cats (the feline variety) 
to my room, and proceeded to inject 1 ml 
subcutaneously. The cat became drowsy, 
went to sleep, and became unconscious. 
Next morning, the cat was still breathing 
heavily but couldn't be roused, so I went 
off to class. That afternoon, my landlady 
asked me if that were a dead cat in my 
room. I rushed up and was relieved to find 
my cat still sleeping soundly. By the next 
morning, after 36 hours, the cat awakened, 
and when he could stand, I put him out
side. When he staggered home, I'm sure 
his owners wondered why he reeked of 
orange blossoms. Was I really destined to 
become an engineer? 

The Road to Denver 

December 7, 1941, and our lives 
would never be the same again. I was only 
17 at the time and still at Cornell, but 
when I became 18, I enlisted in the army 
and was called to active duty early in 
1943. The next three years were spent in 
the military, half of that time overseas. 
Three significant events occurred during 

that period. First, I met my future wife 
Estelle, and we were married in 1944. 
Thus began a partnership that lasted 
nearly 50 years. Three months after our 
wedding, I was shipped to Europe. I 
served as a radio operator in the Signal 
Corps, and my unit was part of the Sev
enth Army pushing from France through 
southern Germany to Austria . Our radio 
relay stations required high locations, and 
one of these was in a permanent weather 
station atop the Zugspitze at 10,000 feet in 
the Alps. It was a magnificent location, 
surrounded by jagged peaks and massive 
glaciers. Living in that spectacular high 
altitude environment made a deep impres
sion on me, and I resolved that when the 
war was over, Estelle and I were going to 
live in or near mountains. This alpine 
experience was the second major event in 
my life. 

The third event took place at sea . 
Following the end of hostilities in Europe, 
our Signal Corps unit was sent to the port 
of Marseilles and loaded on a troop ship . 
For the next 6 weeks we sailed across the 
Atlantic, through the Panama Canal, and 
then across the Pacific to the Philippines. 
For 6 weeks we were packed on a crowded 
ship, sleeping on deck trying to avoid that 
heat, day after day surrounded by nothing 
but water; it was no picnic. I met a fellow 
named Ben Cogan who, it turned out, had 
a Ph.D. in physiology. In the course of 
many conversations, I learned about phys 
iology as a discipline and realized that at 
last I had found my direction. Hence, I 
decided that when this war was over, I 
would become a physiologist . 

Hiroshima. Nagasaki. Japan surren 
dered. Estelle had been working at Oak 
Ridge on the Manhattan Project after los 
ing her brother , a marine lieutenant , on 
Guadalcanal. Thus, she had played a role 
in bringing an early end to World War II, 
saving thousands of lives, perhaps even 
mine. Our unit was sent to Japan as part of 
the occupation forces, and after several 
months, once again we boarded a troop 



ship, recrossed the Pacific , and were fi
nally home. At the Separation Center , I 
was invited to join the reserves . No thank 
you! Conformity has never been my strong 
suit, and in 3 years , I had seen enough of 
the military to know beyond a doubt that 
such a life was not for me. 

Now to get on with our lives. Before I 
could begin graduate work in physiology, 
I had to complete my bachelor's degree. 
Returning to Cornell would have involved 
a delay of 8 months. However, thanks to 
friends at home , I was able to enter the 
University of Rochester within 2 months 
of leaving the army, enabling me to gradu
ate with a B.A. in chemistry in June 1947. 
In selecting my course work, I told my 
advisor of my plans for graduate school. 
He recommended a course called Physio
logical Chemistry taught by E. S. Nasset. 
This turned out to be a course in nutrition 
for home economics students. Never did 
he mention Wallace Fenn, Herman Rahn, 
Arthur Otis, or their former trainee Al
berto Hurtado. What if I had been put in 
contact with them? We can only speculate 
on the impact that might have had on my 
career. The hand of fate moves in strange 
ways. 

As I have indicated , my decision was 
to study physiology near the mountains. 
One look at a map of the United States 
reveals only two locations where that is 
possible : Salt Lake City and Denver. We 
chose Denver . When we announced our 
decision, the reaction was "Nobody goes 
to Denver to live . That's only a place for 
vacations." Undaunted, I applied for ad
mission to the University of Colorado and 
was elated by a telegram of acceptance 
from Richard Whitehead , head of what 
was then the joint Department of Physiol
ogy and Pharmacology . 

There was just one problem. We had 
no money for moving expenses or the train 
fare from Rochester to Denver. So for the 
summers of 1946 and 1947 , I was hired as 
a "hod carrier ," even though I had no idea 
what a "hod " was . I simply knew I would 
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be assisting br ick layers. It turns out that a 
hod is a sort of box on a pole used to carry 
bricks. Of course I never actually carried a 
hod , because all bricks and mortar were 
hauled about in wheel barrows. During 
those summers, I learned much about mix
ing mortar and laying bricks. This experi
ence was to pay off handsomely a few 
years later when Estelle and I built our 
mountain cabin high in the Rockies . We 
became proficient stone masons, and the 
stonework of our walls, fireplace , and 
chimney was indeed admirable. I repeat, 
the hand of fate moves in strange ways . 

Graduate School 

August 1947, and we stepped off the 
train at Union Station in Denver . The 
mountains were just west of the city, 
seemingly within walking distance, and 
the air was so clear at that time. At the 
medical school, Dr. Whitehead introduced 
me to Clarence A. Maaske, Ph.D. (Fig. 1), 
head of the physiology section of the De
partment of Physiology and Pharmacol
ogy. I learned that Maaske had worked 
with Earl Wood at Wright-Patterson Air 
Force Base during World War II testing 
pilots on the human centrifuge . That work 
required monitoring intravascular arterial 
and venous pressures employing strain 
gauge pressure transducers . Maaske 
brought that technology with him to Den
ver, and from him I learned the physics of 
dynamic pressure transducers. Together 
we constructed a recording system using 
string galvanometers that required a one
meter optical arm for amplification of the 
oscillations of the tiny mirrors , the light 
beams falling on the lens of a slit camera . 
A heavy black drape enclosed the system 
to exclude external light. Mounted on a 
wheeled table, it was cumbersome , but it 
produced beautiful photographic record
ings . 

Colorado General Hospital decided to 
enter th e emerging field of cardiac surgery 
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Figure 1. Clarence A. Maaske, ca. 1950, first 
chairman of the Department of Physiology, 
University of Colorado School of Medicine. 

and recruited a young surgeon, Henry 
Swan II (Fig. 2), in 1947 . For the first time 
in the history of cardiology, it was now 
possible to consider surgical correction of 
congenital cardiac defects . Accurate diag
nosis of the anatomical lesion together 
with an assessment of the hemodynamic 
derangement became prerequisites. This 
required a cardiac catheterization labora
tory, so naturally Swan turned to Maaske 
for that technology. Soon I became in
volved, not only in performing the pres
sure recordings, but also in assisting in 
their interpretation. Ultimately, this work 
became the basis for my doctoral thesis. 13 

My Introduction to 
Pulmonary Hypertension 

In those early days, the late 1940s, the 
cardiac surgery program began modestly 
with the correction of such extracardiac 
defects as coarctation of the aorta and 
patent ductus arteriosus. We soon learned 

Figure 2. Henry Swan II, ca. 1950, chairman of 
the Department of Surgery, University of Colo
rado School of Medicine, first director of the 
Cardiovascular Pulmonary (CVP) Laboratory. 

that in young children a patent ductus was 
sometimes associated with pulmonary hy
pertension and the left-to-right shunt was 
not always large. Naturally we wondered 
if resection of the ductus would relieve the 
pulmonary hypertension in such cases. To 
find out, we decided to make direct re
cordings of pulmonary arterial and aortic 
pressures in the operating room both be
fore and immediately after resection of the 
ductus. This called for my bulky table 
with its pressure-recording galvanometers 
and slit camera, all covered with the very 
nonsterile heavy black drape. The operat
ing room supervisor protested mightily, 
but Swan prevailed, and I was relegated to 
a far corner of the operating room and 
became the subject of many harsh glances. 
I was unperturbed , and surgery pro
ceeded: the chest was opened , and the 
great vessels were exposed . Swan called 
for the pressure transducer. A meter 
length of semirigid Saran tubing, sterilized 
in preparation, was filled with saline, and 
one end was passed to me to attach to the 
transducer. Swan then attached a hypo
dermic needle, I zeroed the system, he 
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Figure 3. Intravascular pressure recordings 
made by the author in 1948 during surgical 
resection of a patent ductus arteriosus by 
Henry Swan. Note only partial relief of pulmo 
nary hypertension. 21 

punctured the pulmonary artery and aorta 
in succession, while I, head under my 
black drape off in the corner, recorded the 
pressures. Swan then proceeded to resect 
the ductus, after which the pressure re 
cordings were repeated. Over the next few 
months we made similar recordings in 
seven additional patients. 

This was 1948, only 3 years after 
Cournand made the first recordings of pul
monary arterial pressure in man, a patient 
with mitral stenosis and pulmonary hy
pertension. 7 Our pressure tracings also 
showed pulmonary hypertension as well 
as the wide pulse pressure in the aorta. 
Following closure of the ductus, the pul 
monary arterial pressure was less, while 
the diastolic pressure in the aorta was now 
higher (Fig. 3). I presented these findings 
from our series of patients at the F ASEB 
meeting in 1949 with Swan and Maaske as 
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my coauthors. 21 I had made my debut into 
the field of the pulmonary circulation; that 
was 42 years ago. 

Medical School 

For cardiac surgery to advance, a 
trained cardiologist was needed . In 1950, 
Swan recruited S. Gilbert Blount, Jr. (Fig. 
4), from Johns Hopkins to fill that role. 
Soon construction began on an addition to 
the hospital to be known as the Cardiovas
cular Pulmonary (CVP) Laboratory, which 
came to house the cardiac catheterization 
laboratory. Swan was the first director of 
the CVP, while Blount became director of 
the cath lab .* Swan went on to become 
chairman of the Department of Surgery. 
Under the team of Swan and Blount, cardi
ology became a major discipline, leading 
to the creation of a new Division of Cardi
ology headed by Blount. Meanwhile, the 
Department of Physiology and Pharmacol
ogy was split into its two components, and 
Maaske became the first chairman of the 
new Department of Physiology . 

When Blount established the perma
nent cath lab in the CVP, I continued to do 
the pressure recording. Thus began our 
association, which has continued for over 
40 years . Blount became my mentor and 
urged me to go on for an M.D. degree. In 
fact, I had decided that was the proper 
course if I intended to conduct cardiovas
cular research involving humans. So after 
I received my Ph.D. in 1951, my ever
supportive wife continued working in cy
tology28,29 while I went through medical 
school. Following my internship, Blount 
invited me to take a cardiology fellowship 
with him, after which he obtained for me a 
faculty appointment and asked me to run 
the cath lab, although he retained the title 
of director. That was 1957 . 

*Other members of the original CVP staff who occupied the new laborator y area were Jerry Aikawa , Leighton 
Anderson, John Berry, Giles Filley, Joseph Holmes , Dalton Jenkins, Fred Kern, Morris Levine , Clarence 
Maaske , Frank Princi , John Singleton , and Kurt and Edith VonKaulla. 
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Figure 4. S. Gilbert Blount, Jr., ca. 1956, foun
der and first head of the Division of Cardiology, 
University of Colorado School of Medicine. 

The Beginnings of Research 

In the summer of 1957, Blount 
brought to the cath lab one of his new 
cardiology fellows, a lanky , good-natured 
guy from Kentucky named Jack Reeves. I 
was to teach him the art of cardiac cathe
terization. From the first, Jack and I hit it 
off, and now, 34 years later, we're still 
working together (Fig. 5). 

One afternoon, Giles Filley told us 
that the veterinarians from Fort Collins 
were doing some work he thought would 
interest us. Giles said those fellows were 
up in South Park, a broad valley at 9,000-
10,000-feet elevation, attempting to mea
sure pulmonary arterial pressures in cattle 
with a condition known as "brisket dis
ease." Something about pulmonary hyper
tension . Not ones to pass up a lead, we 
drove the 80 miles to South Park, located 
the Hartsel Ranch, and walked into a cold 

barn. There were Arch Alexander and Rue 
Jensen at the neck of a 1,000-pound steer 
standing in a restraining "squeeze chute." 
They had made an incision over the jugu 
lar vein and were threading in a length of 
rubber urethral catheter filled with saline 
and attached to a U-tube mercury manom
eter. Heart catheterization was by then our 
business, but we had never seen anything 
like this! We were utterly fascinated . As 
the catheter tip entered the right ventricle, 
the.mercury in the U-tube began to oscil 
late vigorously. Advancing further, a sus 
tained displacement of the mercury ap 
peared, with superimposed smaller oscil 
lations. By measuring the difference in 
height of the mercury in the two arms of 
the U-tube, it became apparent that the 
pulmonary arterial mean pressure was 
about 60 mmHg. 

We got to talking and pointed out that 
we had somewhat more elegant tech 
niques for measuring intracardiac pres -

Figure 5. John T. Reeves (left) with the author 
in the early 1960s , collaborators for nearly 35 
years. 



sures. Would they be interested? Yes, in
deed. Thus began the association between 
the CVP Laboratory and the Physiology 
Department of the College of Veterinary 
Medicine at Colorado State University in 
Fort Collins, an association that continues 
to this day. 

Many medical conditions bear the 
names of those who first described them, 
so we like to tell the unsuspecting that 
Brisket disease was named for Oswald K. 
Brisket in 1897. That's nonsense, of 
course. The term "brisket disease" is used 
by ranchers to describe an illness in cattle 
characterized by dependent edema. Be
cause cattle have tight fascia surrounding 
their legs, the legs do not swell. Rather, the 
edema accumulates in the ventral regions 
of the torso. In particular, edema distends 
the normally loose fold of skin at the base 
of the neck over the parasternal muscles, 
the so-called brisket of beef. It is as if the 
brisket itself were grotesquely swollen. 

George H. Glover and Isaac E . 
Newsome, two veterinarians on the fac
ulty of what was then Colorado Agricul
tural College (now Colorado State Univer
sity) in Fort Collins, published the first 
description of brisket disease, "dropsy of 
high altitude," in 1915. 12 They recognized 
the importance of altitudes in excess of 
7,000 ft in the etiology of this condition 
and that the edema was a manifestation of 
heart failure. Speculation was that "exer 
tion before acclimatization at high alti
tudes, or in the case of calves, inherited 
cardiac weakness . . . caused exhaustion of 
the heart muscle." This theory was re
markably accurate, especially regarding 
inherited susceptibility, considering this 
was 30 years before U.S. von Euler and G. 
Liljestrand discovered hypoxic pulmo
nary hypertension. 11 Not until the 1950s 
was atmospheric hypoxia of high altitude 
suspected as the primary etiologic factor 
in brisket disease, and the pathogenesis 
considered hypoxic pulmonary hyperten
sion leading to right heart failure. So it was 
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this hypothesis that Jensen and Alexander 
were exploring that cold day in South 
Park. 1 

Cowboys 

From Arch Alexander and Don Will, 
Jack Reeves and I learned in 1958 the 
techniques cattlemen used to handle 
steers. 2 •52 We were mightily impressed by 
the cattle's remarkable pulmonary hyper
tension, apparently caused by hypoxia, 
and intrigued by the possibility of using 
this species in research. Could a couple of 
young guys who had never worked with 
cattle before become cowboys? Why not? 
So Jack and I began formulating our own 
project. If cattle developed moderate to 
severe pulmonary hypertension over sev
eral months at 10,000 feet, would the phe
nomenon be accelerated at a higher alti
tude? Why did some steers develop much 
more severe pulmonary hypertension 
than others? If hypoxic pulmonary vaso
constriction were the cause, could it be 
reversed by oxygen administration? And if 
airway hypoxia were the culprit, what 
might be the added stress ofhypoxemia on 
the cardiovascular system? Pursuing that 
question, how would sheep react to high 
altitude, considering their unusual hemo 
globin with its low affinity for oxygen? 
Would sheep also develop pulmonary hy 
pertension? 

To explore these questions we needed 
an experimental site at high altitude but 
within easy commuting distance from 
Denver because Jack and I had to maintain 
the heart catheterization schedule for the 
clinical program in cardiology. Look west, 
and there rises Mt. Evans, with a paved 
road to the summit at 14,143 feet. Further
more, there was the Inter-University High 
Altitude Laboratory on Mt. Evans at Sum
mit Lake, elevation 10,600 feet, which 
could serve as a base of operations . Above 
timberline near Summit Lake at 12,700 
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feet was a broad, level area called Summit 
Lake Flats, easily accessible from the road; 
we obtained permission to work there. But 
how do you study cattle and sheep when 
there is nothing but open tundra? Some
how we had to construct a field laboratory 
on the site. 

Local experts on the care and feeding 
of livestock were found at Denver Union 
Stockyards. We sat down with them, ex
plained our needs, and they proceeded to 
sketch out a pair of corrals joined by a feed 
storage area. The entire structure would be 
both portable and self-supporting, assem
bled from 6 ft x 16 ft panels constructed 
from 2 x 6 lumber bolted into channel 
iron. Fine. So in the spring of 1960, each 
morning at 5:30 a.m., Jack and I met at the 
stockyards to construct the panels for our 
future corral. A fine pair we were in our 
coveralls with skill saw and power drill, 
sawing, drilling, and bolting until 7:30, 
when we had to return to the CVP cath lab, 
change our "hats," and become "people 
doctors ." Our project was underway. 

Once we had completed construction 
of the corrals, we disarticulated the 16-
foot panels and loaded them on a rented 
truck, which I then drove up Mt. Evans to 
Summit Lake Flats. There we transferred 
the panels, two at a time, to a 4-wheel
drive Jeep to get them from the pavement 
over the rough terrain to the actual site. 
Here Jack, Estelle, and I reassembled our 
creation, and thus we had our field labora
tory. Our animals would need a continu
ous supply of water, so we ran 1,200 feet 
of plastic pipe to Summit Lake and estab
lished a siphon. For electrical power , we 
hauled in an old generator from the Echo 
Lake laboratory. At last, all was in readi 
ness.17 

Six weeks earlier, we had purchased 
ten 6-month-old steers (average weight 
230 kg;-that's big!) and twelve 3-month
old lambs. We were impressed at how fast 
lambs grow; their average weight was al
ready 37 kg. These animals became ac
quainted with our intentions during the 

baseline studies carried out at the Denver 
Union Stockyards. To transport them to 
the mountain, we hired a livestock trucker 
who loaded his semitrailer truck with 4 
tons of hay, straw, and feed, the 10 steers, 
and the 12 lambs. Somehow he maneu
vered that long rig up the twisting moun
tain road without mishap, but when he 
arrived at 12,700 feet it was clear he was 
suffering from the altitude. Again with our 
4-wheel-drive Jeep, we shuttled the great 
load of hay and feed, and our animals, 
from the big rig over to our corrals. Mean
while, our truck driver was all too eager to 
get the hell off that mountain with his long 
and now empty rig. Jack proposed driving 
ahead of the semi to stop approaching 
traffic on the tight curves and give the 
truck more room . The descent began that 
way, but the impatient and hypoxic driver 
soon passed Jack and went careening 
down that narrow road, scaring the wits 
out of every white-knuckled tourist who 
had the misfortune of driving up Mt. 
Evans that day . Several had to leave the 
road to make way for this madman, but 
miraculously he got off the mountain 
without demolishing his rig or any tour 
ists' cars. Estelle and I never forgot that 
day, July 3, 1960, our 16th wedding anni 
versary. What a way to celebrate! 

Nor will I ever forget the months that 
followed. Apart from conducting serial 
studies on each of our 22 animals, we had 
the responsibility of keeping them healthy 
and well nourished. This meant putting 
out fresh hay and food concentrate pellets 
every day, but what goes in must come 
out. So every Sunday afternoon, Estelle 
and I drove up to the corrals, broke out the 
pitch forks and wheel barrow, cleaned out 
the week's accumulation of manure, and 
spread it on the surrounding tundra. By 
the end of the summer that was the green
est plot on the entire mountainside! 

On the days of study, we spent the 
preceding night at Echo Lake, left before 
daylight, and arrived at the corrals at 
dawn. Many mornings we would drive up 



through low-hanging clouds, only to break 
through to a clear sunrise shining on the 
sea of clouds now below us. Breathtaking. 
Literally . Our steers would often greet us 
bellowing with thirst because their water 
trough had frozen over during the night. 
Hence , chopping ice was top priority . Oc
casionally the siphon had stopped run
ning, usually because some curious tourist 
had pulled the submerged end of our plas
tic pipe out of Summit Lake. Get out the 
step ladder, take it to the lakeshore, pour 
water into the pipe until it was filled 
again , and then resubmerge it; we were 
back in business. 

Weather on a mountain at 12,700 feet 
can get downright interesting. Afternoon 
thundershowers were common. As heavy, 
dark clouds would blow overhead , every 
point of metal would start buzzing with 
static electricity, and your hair would ac
tually stand on end. Lightening rods were 
fastened to our structure in hopes they 
would protect us and our animals from a 
lightening strike ; we never saw one . Wind 
brought rain, then sleet and hail, covering 
the ground with that cold , white stuff. 
Hypoxia was not the only environmental 
stress up there. 

Our hemodynamic and ventilatory 
studies went well. We even measured arte
rial blood-gas tensions up there on the 
mountainside . In 1960 , blood-gas elec
trodes were not widely available , so with 
Jack's guidance, Estelle mastered the Riley 
bubble method. 38 This required introduc
ing a gas bubble of known composition 
into a sample of blood in a Scholander 
syringe, placing the syringe in a water 
bath, and measuring the change in the size 
of the bubble with the aid of a low-power 
microscope. For this delicate procedure to 
be carried out , a very small shed was 
erected to protect Estelle from the ele
m en ts . Each day y ou could see this 
hooded figure huddled in her shelter, 
squinting down the barrel of the micro
scope. Thanks to such heroic efforts , we 
obtained highly reliable blood-gas data. 
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Undoubtedly, Estelle was the last of the 
Riley "bubblers". 

Each steer was catheterized five or six 
times and each lamb four times. An 
enormous amount of data resulted . We 
didn't stop with physiological measure
ments. At the end of 2 months , the animals 
were returned to the Denver Union Stock
yards, and thence to a packing house for 
"anatomical studies ." You might think 
you couldn 't become attached to a bunch 
of steers, but we did . Each of the 10 had a 
distinct personality. Number 9 would al
ways try to tear down the restraining 
chute, whereas number 3 was docile and 
gentle . Lambs? They 're not big on person
ality . Regardless, after you spend that 
much time and effort caring for your live
stock, you have regrets about ending the 
association. Such were our lives as " cow
boys" that memorable summer of 1960. 
Over subsequent years I worked on other 
remarkable research projects in many ex
otic locations , but none ever rivaled this 
one. It was truly unique. 

We're Not All Alike 

As Jack Reeves has often said, " It 
doesn't matter what you set out to investi
gate. The important thing is to do the 
work. You will always learn something ." 
Of course he is absolutely correct. We 
learned far more than we ever anticipated 
and made observations that formed the 
basis for countless further studies. Most 
impressive were the differences between 
cattle and sheep in their responses to high 
altitude. The steers developed moderate to 
severe pulmonary hypertension, 20 

whereas the lambs had virtually no eleva 
tion of their pulmonary arterial pres
sures. 36 We had a beautiful demonstration 
of species variability in response to the 
hypoxic stimulus 37 (Fig. 6). Over subse
quent years we had the opportunity to 
expose many other species to chronic hyp
oxia, searching for clues to explain the 
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Figure 6. Species variability in the develop
ment of hypoxic pulmonary hypertension at 
12,700 feet altitude on Mt. Evans in 1960. In 
response to the same hypoxic stimulus, only 
steers developed pulmonary hypertension, 
whereas lambs did not. 20 ,35 

basis for this variable pulmonary vascular 
response. The bottom line is that we still 
do not know. 

In 1946 von Euler and Liljestrand 
published the first evidence that when a 
cat breathes a gas mixture with a low 
oxygen tension, the pulmonary arterial 
pressure increases. 11 This acute response 
results from hypoxic pulmonary vasocon
striction. Ever since then, thousands of 
investigators have been trying to figure out 
just how this works. It has become the 
cornerstone of many research careers, in
cluding mine . We believe that when an 
individual is exposed to sustained hyp
oxia at high altitude , the initial response is 
again hypoxic pulmonary vasoconstric
tion. During prolonged hypoxia, addi
tional factors come into play, such as vas
cular remodeling, but at first it's just vaso
constriction. Furthermore, we know that 
the response is dose related; as the airway 

Po 2 is lowered, there is a curvilinear in
crease in vascular resistance. 14 

When we see one species with a 
greater rise in pulmonary arterial pressure 
than another, we look to see if the hypoxic 
stimulus might have been greater as a 
result of differences in ventilation. In the 
case of our animals, we had direct mea
surements of arterial (rather than alveolar) 
Po 2 as well as Pco 2 • On arrival at 12,700 
feet, Paco 2 fell from 40 to 35 Torr, indicat
ing an increase in alveolar ventilation . 
However, with the passage of time, Paco 2 

returned to the low altitude value of 40 
Torr, indicating that the initial ventilatory 
response was not sustained . Conse
quently, PAo 2 , which was about 50 Torr 
on arrival, fell further, to 45 Torr in the 
steers and to 40 Torr in the lambs . Thus, if 
anything , the hypoxic stimulus was less , 
not greater, in the steers, and yet this was 
the species that developed pulmonary hy
pertension (Fig. 6). Remarkably, owing to 
species differences in the affinity of hemo
globin for oxygen, the arterial saturation 
in the steers was 80% compared with only 
60% in the lambs. 

If differences in the intensity of the 
hypoxic stimulus do not account for the 
variability among species, then it is rea
sonable to seek an explanation for the 
differences in the response to the same 
hypoxic stimulus. We have proposed that 
the initial response is pulmonary vasocon
striction. Does the pulmonary pressor re
sponse to acute hypoxia vary from one 
species to another? Yes. Then does the 
acute response correlate with or predict 
the response to chronic hypoxia? Some
times, 16 ,54 but differences in pulmonary 
vasoreactivity are inadequate to explain 
the wide variability we observed between 
our cattle and sheep. Obviously vasocon
striction requires vascular smooth muscle. 
Hence, we may ask if the quantity of pul
monary arterial smooth muscle, i.e., the 
thickness of the media, varies among spe
cies? Again the answer is yes . So then does 
medial thickness of small pulmonary ar-



teries in normoxic animals relate to the 
magnitude of pulmonary hypertension 
during chronic hypoxia? Overall , yes, 43 

but with notable exceptions. For example, 
Wiltz Wagner has found that one species 
of coati mundi, Nasua narica from Central 
America , has pulmonary arteries with a 
remarkably thick media , and yet this spe
cies does not develop pulmonary hyper
tension during chronic hypoxia. 25 Perhaps 
in addition to species differences in the 
quantity of vascular smooth muscle, there 
are also differences in its function , i.e ., 
vasoreactivity. That's a more difficult 
question to answer. 

In seeking the basis for variability 
among different species , recall that vari
ability among individuals of the same spe
cies also exists . Our steers on Mt. Evans 
made this point very clear. After 8 weeks 
at 12 ,700 feet, the range in individual 
pulmonary arterial mean pressures was 5 3 
to 102 mmHg (Fig. 7). We had observed 
similar individual variability among our 
cattle in 1958. 52 Clearly some individuals 
were susceptible to hypoxic pulmonary 
hypertension , whereas other individuals 
were relatively resistant. 

To test the hypothesis that these traits 
were genetically determined and therefore 
inherited, Arch Alexander and Don Will 
undertook a long-range breeding program 
at Fort Collins using individual bulls and 
heifers identified to be either susceptible 
or resistant on the basis of the severity of 
their pulmonary hypertension at high alti
tude.53 After 6 to 8 years , they had demon
strated that these traits were transmitted 
intact through two to three generations of 
offspring. Note that pulmonary hyperten
sion per se was not transmitted. All of the 
offspring at low altitude had normal pul
monary arterial pressures . Rather , only 
during exposure to hypoxia were the hy
perreactive and hyporeactive traits mani
fest.22 This was a landmark study. 

Once these two populations of cattle 
had been established , one susceptible and 
the other resistant to hypoxic pulmonary 
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Figure 7 . Individual variability within a single 
species (bovine); some steers were very suscep 
tible to hypoxic pulmonary hypertension, 
whereas others were relatively resistant to it.17 

hypertension, it became possible to ex
plore the basis for these traits . So it was 
"back to the fort"-Fort Collins that is
where we from the CVP laboratory again 
joined forces with the veterinarians at Col
orado State University 20 years after our 
first collaborative effort. Ken Weir and the 
rest of us found both functional and struc
tural differences between the two groups 
of cattle. 51 Those that were susceptible 
exhibited greater pulmonary vascular re
activity, not only to acute hypoxia but also 
to other vasoactive agents, and they also 
had greater medial hypertrophy of their 
small muscular pulmonary arteries when 
biopsied. This provided a link between 
structure and function; more muscle gives 
a greater vasoconstrictive response. So it 
appears that the degree of muscularization 
of the pulmonary arteries is an inherited 
trait , both among individuals of a given 
species as well as among different species. 
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But why do such differences exist? Why 
should a steer have thick-walled vessels in 
his lung whereas a lamb has thin-walled 
vessels? True , that's a teleological ques
tion, but such differences usually serve 
some purpose. 

From the Bottom to the Top 
of the Lung 

Denver has a long history of interest 
in the lung, dating back to the days when 
patients with tuberculosis were sent to 
"the mountains" as a form of treatment, 
just as they were in The Magic Mountain 
by Thomas Mann. That was how the Na
tional Jewish Hospital in Denver started. 
In the early 1960s, those ofus interested in 
the lung from throughout Denver formed 
an informal club that met once a month in 
the home of one of the members . We 
formed a sort of think tank where we 
could throw out ideas to be kicked around 
by the group . It was great. Sol Permutt and 
his colleagues from National Jewish were 
always vocal participants . One evening 
we were discussing our findings from Mt. 
Evans and again the question came up, 
why do cattle develop severe pulmonary 
hypertension when made hypoxic? Sol 
tossed out the suggestion that in a very 
large animal with a deep chest, gravity 
would distribute more of the pulmonary 
blood flow to the ventral regions of the 
lung, wher eas the dorsal regions would be 
relatively underperfused. This of course 
called to mind John West's zones 1, 2, and 
3 of the lung. Such uneven distribution of 
pulmonary blood flow should make the 
lung inefficient in oxygenating blood. 
When the alveolar Po 2 is fairly high, as at 
low altitud e , this might not matter, but 
when the PA0 2 is low, as at high altitude, 
it might be advantageous to have lung 
perfusion more uniform. Raising pulmo
nary arterial pressure would accomplish 
this, and the deeper the chest, the more 
pressure would need to be raised . Hence , 

large steers would n eed to raise their pres
sures more than small lambs. (We didn't 
discuss how hypoxic pulmonary hyper
tension was "useful" to the rat.) Sol is not 
one to be shot down easily, so his argu
ment stood for lack of a more rational 
explanation . 

After several years, Sol Permutt's cas
ual thought was put to the test by Jim Will 
and his associates from the University of 
Wisconsin. I had become acquainted with 
Jim in 1967 when he came to Leadville 
with John Rankin and Jerry Dempsey to 
study the ventilatory adaptation to high 
altitude. 10 Those who know Jim realize he 
is not one to do things halfway. He had a 
graduate student named Anibal Ruiz who 
wanted to examine changes in the distri
bution of pulmonary blood flow in calves 
taken to high altitude. Once again we had 
to confront the question of where to work , 
because our facility on Mt . Evans was for 
one summer only and had been removed. 
At the time, Clyde Tucker and I had been 
studying goats 44 on land owned by Ameri
can Metals Climax at 11,300 feet , and we 
appeared to have a long-term arrangement 
with the mining company. So Jim Will 
approached the company for permission 
to erect a more permanent laboratory facil
ity on their property. They agreed , Jim 
raised the money, and we poured a con
crete slab and proceeded to erect a prefab
ricated steel building, fully insulated, 
complete with electrical wiring, plumbing, 
and heating. Adjacent corrals completed 
the layout. It was really quite elegant. 

The Wisconsin team then obtained 
eight Holstein calves. We studied them in 
Madison and then trucked them to Cli
max , where they were followed serially 
over the next month. As expected, all 
developed pulmonary hypertension; 
group mean pulmonary arterial pressure 
increased from 26 mmHg in Madison to 74 
mmHg in Climax. Regional distribution of 
pulmonary blood flow and alveolar venti
lation were measured using radioactive 
13 3xenon. Recall that in erect humans, hy-



drostatic forces result in an increase in 
perfusion from apex to base. In contrast, in 
the horizontal lung of the standing calf, 
perfusion decreases dorsoventrally, ven
ti lation also decreases, and ventilation 
perfusion index increases from top to bot
tom. With the increase in pulmonary per
fusion pressure at high altitude, perfusion 
became virtually uniform while ventila
tion did not change. 42 So Sol Permutt's 
prediction proved to be partially correct. 
Marked pulmonary hypertension in the 
bovine calf at high altitude did result in 
regional lung function becoming more 
uniform . However, in the absence of pul 
monary hypertension at low altitude, the 
distributions of perfusion and ventilation 
perfusion ratios were unexpectedly in the 
opposite direction from that normally 
found in man. Hence, the direction of the 
changes in regional perfusion were not as 
Sol had postulated. As they say, you can't 
win 'em all. 
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But wait. Sol Permutt's idea under
went yet another test, this time in humans. 
My phone rang one day, and Arthur 
Dawson from the Scripps Clinic in La Jolla 
was on the line. He too was interested in 
the distribution of regional lung function 
and had studied the changes in man dur
ing early exposure to high altitude. 8 In the 
sitting position, the normal increase in 
perfusion from apex to base became less 
apparent, and the distribution of ventila 
tion-perfusion ratios became more uni
form. He asked, why don 't we see what 
happens in long-term residents at high 
altitude, meaning Leadville at 10,150 feet, 
of course? Great idea. Using 133 xenon, we 
found that in Leadville residents seated at 
rest , relative regional ventilation-perfu
sion ratio was again more uniform than at 
sea level 9 (Fig. 8), presumably as a result 
of their mild pulmonary hypertension, 
and exactly as Sol Permutt had predicted. 

The question remains whether this 
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Figure 8. In residents of high altitude (Leadville , Colorado , elevation 10,150 feet) , 
modest pulmonary µyp,ertension renders the distribution of regional lung perfusion (A) 
as well as regional VA/Q(B) more uniform than in sea level residents. 9 
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more uniform lung function at rest is of 
any advantage in facilitating oxygen up
take . You could argue that exercise alone 
would make lung function more uniform, 
with no need to invoke pulmonary hyper
tension. To examine this possibility, Jim 
Will and I collaborated again, joined by 
Gerry Bisgard. 5 In our High Altitude Re
search Laboratory, we measured regional 
lung function with 133 xenon in Leadville 
residents, this time as they were perform 
ing mild exercise in the upright position. 
A significant upward redistribution of per
fusion occurred making the ventilation
perfusion ratio more uniform . This redis
tribution did not occur in sea level resi
dents performing comparable exercise, 
implying that the pulmonary hyperten
sion at high altitude may indeed improve 
lung function. Sol Permutt would say, "I 
told you so." 

The undisputed prime example of a 
high-altitude native is the llama of the 
Andes. If pulmonary hypertension is 
maladaptive, as some claim, then the 
llama would be expected to have no eleva
tion of pulmonary arterial pressure at alti
tude, particularly because these animals 
have poorly muscularized pulmonary ar
teries . Natalia Banchero, Jim Will, and I 
obtained three llamas born at sea level and 
placed them in the Climax facility at 
11,300 feet for 10 weeks. You guessed it; 
all three developed modest pulmonary hy
pertension. Mean pulmonary artery pres
sure increased from 14 to 23 mmHg, a 
response similar to that seen in man .4 

If you have never been close to a 
young llama, you don't know what gentle, 
affectionate creatures they can be . When 
they are about one year old, they are de
lightful to work with. But young llamas 
grow up to be adult llamas. Ours became 
adults after our study at Climax was com
pleted, and we returned them to the large 
animal facility in Denver. One day I was 
examining a calf that shared a corral with 
one of our llamas. While my back was 
turned on the llama, without provocation 

he ran at me, reared on his hind legs, 
struck me in the back with his sternum 
(this is their normal mode of attack), and 
sent me sprawling on the ground. When I 
attempted to move, I felt a crunching pain 
in the side of my chest. I had a broken rib! 
So much for the gentle llama. Research 
certainly has its rewards, but it is not 
without its hazards! 

High Adventure in Peru 

If cattle develop pulmonary hyperten 
sion at high altitude while sheep do not, 
what about humans? One of the earliest 
observations was made in 1932 by Alberto 
Hurtado. 27 A true pioneer in the study of 
human adaptation to high altitude, he es
tablished his now famous laboratory in the 
mining town of Morococha at 14,900 feet 
in the Peruvian Andes. On auscultation of 
the heart in Quechua Indians living in 
Morococha, he observed accentuation of 
the pulmonic second sound (P2), a recog 
nized sign of pulmonary hypertension. 
However, not until the advent of cardiac 
catheterization in the mid-1940s could 
pulmonary arterial pressure be measured 
directly . Andres Rotta, an associate of 
Hurtado, first reported direct catheter evi
dence of moderate elevation of pulmonary 
arterial pressures at a symposium in 
1949 .39 However, his pressure measure
ments in five Andean natives were not 
published until 1952, first in an obscure 
Argentinian journal 40 and then not again 
until 1956, in the Journal of Applied Phys
iology.41 I believe this was the first docu
mentation of hypoxic pulmonary hyper
tension in normal humans living at high 
altitude. 

Obviously I had to meet Hurtado, par
ticularly after our heroic experiences on 
Mt. Evans. So I wrote to him, and in 1961 
Estelle and I flew to Lima, Peru. What an 
incredible experience! Hurtado proved to 
be an unpretentious man who invited us 
to his home for lunch with his family. He 



introduced us to Tulio Velasquez, Hum
berto Aste Salazar, Cesar and Baltazar 
Reynafarje, Andres Rotta, and Carlos 
Monge, Sr. and Jr., all authors of those 
landmark publications of the 1950s and 
earlier. Then we met the next generation 
of investigators, Dante Penaloza, Javier 
Arias Stella, Emilio Marticorena, and fi
nally young medical students like Julio 
Cruz and Natalia Banchero. Penaloza and 
Arias Stella showed me their extensive 
new findings from the altiplano; humans 
do indeed develop pulmonary hyperten
sion at 14,900 feet. 3•33 Altitude research 
was then at an all-time high in Peru (no 
pun intended!). 

After visiting their laboratories in 
Lima, we were driven from sea level up 
over the 16,600-foot Ticlio Pass and on to 
Morococha for a tour of Hurtado's famous 
laboratory. I'll never forget that day. One 
minute I felt fine, the next everything went 
dark and I passed out cold. When I recov
ered, I was stretched out on a couch, 
breathing from an oxygen mask. I had 
experienced first hand the syncope that is 
now recognized as one manifestation of 
acute mountain sickness brought on by 
"going too high too fast." How embarrass
ing. Our tour continued on to Cerro de 
Pasco, another high mining town often 
used by the Peruvian investigators, then 
finally we went back down to Lima. Dante 
Penaloza invited me to speak to the So 
ciedad Peruana de Cardiologia, after 
which they presented me with a large 
certificate announcing that I was now a 
Miembro Correspondiente of that society. 
That certificate still hangs proudly on my 
wall at home, over 30 years later. 

Although both Estelle and I spoke 
passable Spanish, through some misun
derstanding our hosts got the idea we were 
having our wedding anniversary even 
though this was October, not July. As a 
surprise, on our last day we were taken to 
the country club for a lavish luncheon 
celebration. Those Peruvians really know 
how to entertain guests. Of course we 
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couldn't let on they had the wrong date, so 
in 1961 we had two anniversaries. The 
second was especially memorable. 

That first visit to Peru was informa
tive, not only in terms of specific research 
projects, but also with regard to Hurtado's 
philosophy about research work in gen
eral. What I had observed was several 
generations of investigators working en
thusiastically on various aspects of human 
adaptation to high altitude. Hurtado had 
made this possible by establishing a physi
cal facility to conduct research in Moro
cocha and then guiding his associates in 
obtaining research grants from the U.S. 
Air Force School of Aviation Medicine 
and later the U.S. National Institutes of 
Health . Thus, even though he personally 
was no longer in the laboratory, his efforts 
had facilitated others to continue in active 
research. Without Hurtado's efforts to cre
ate a research environment, much of the 
subsequent work by others probably never 
would have been carried out . I came to 
realize that I could perform a similar func
tion back in Colorado and thereby further 
the research efforts of my associates as 
well as my own. That was a very impor
tant lesson. 

A Conference Among 
the Aspens 

In the late 1950s, Roger Mitchell, Jack 
Durrance, and Giles Filley conceived the 
idea of holding annual international con 
ferences devoted to various aspects of the 
lung. Through their efforts, the First An 
nual Conference on Research in Emphy
sema was held in Aspen, Colorado, in 
1958. Today that series continues as the 
Tom Petty Aspen Lung Conference. Every 
conference requires a steering committee 
to organize things, and in 1961 the organ 
izers selected a real novice to chair that 
committee; his name was Bob Grover. 
Imagine being handed the opportunity to 
put together a conference on my now fa-
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vorite subject, the pulmonary circulation, 
and being able to invite anyone in the 
world. It was a fantastic opportunity for a 
young fellow like myself; I am still 
awestruck. Again, I say, the hand of fate 
moves in strange ways. 

I plunged in with both feet, selecting 
investigators whom I believed were on the 
cutting edge of research on the lung circu
lation. Several again participated in this 
current conference: Kees Wagenvoort, 
Ewald Weibel, John Butler, Sol Permutt, 
Jack Reeves, and John West. I also brought 
in my new friends from Peru, Dante Pe
naloza and Javier Arias Stella, who pre
sented their exciting work for the first 
time. And, to top it off, Andre Cournand 
performed the formidable task of summa
rizing the conference. 6 It was an outstand
ing success, and, for me, it marked the 
beginning of friendships with leaders in 
the field that I have continued to enjoy 
throughout my career. 

Finding "Gold" in Leadville 

It's one thing to find pulmonary hy
pertension in people living at nearly 
15,000 feet where the alveolar Po 2 is only 
50 Torr, as Penaloza and his associates 
reported, 33 but would there be any signifi
cant elevation of pulmonary arterial pres
sure among people living at considerably 
lower altitudes in the Rocky Mountains? 
Th e place to look would be Leadville, 
Colorado, situated at 10,150 feet, where 
PAo 2 is 65 Torr. Undaunted by the local 
opinion that we wouldn't find anything, 
we contacted Dr. John Kehoe, the most 
active physician in Leadville, and found 
him receptive to our proposal. A clinical 
survey of the entire high school popula
tion of 508 teenagers was organized by 
Walt Weaver and conducted by our team 
of cardiologists . Sure enough, we found 
evidence of pulmonary hypertension 
through physical examination, elec
trocardiography, and chest x-ray. 35 We 

had to document this by direct measure
ment. 

They don't call Colorado "Ski Coun
try USA" for nothing. The mountains get 
snow, lots of it, in the winter. And Lead
ville is in the mountains, so it too gets 
buried. Winters there are long. You hear 
Leadvillians say "last year, summer was 
on Thursday." In spite of this, we elected 
to perform our catheterizations in Lead 
ville in February 1962. To get to Leadville 
from Denver, you must cross Loveland 
Pass. Today the Eisenhauer Tunnel by
passes the uppermost 1,000 feet, but back 
in 1962 you had no alternative but to 
climb over the 12,000-foot summit of the 
pass. In February in a snow storm, with an 
entire cath lab loaded in the back of your 
truck, that can get pretty hairy - and it did. 
But in two long weekends of intense work, 
Jack Vogel, Ray Rose, and I catheterized 28 
individuals. 48 It may seem surprising, but 
the students agreed readily to heart cathe
terization , and without any remuneration . 
In fact, the kids teased one another by 
tapping an unsuspecting fellow on the 
shoulder any saying "you've just been 
selected for catheterization." Over subse 
quent years, we came to realize that resi 
dents of Leadville had a nagging concern 
that the high-altitude environment might 
somehow be injurious to their health. 
Therefore, when we arrived on the scene 
with an interest in their concerns, i.e., just 
what are the effects of living at high alti
tude, they were most cooperative and ea
ger to help us find out. 

Not only was pulmonary hyperten
sion present in those young people (Fig. 
9), but of a magnitude comparable to that 
found much higher in the Andes. We had 
Morococha right in our own backyard! We 
had struck scientific "go ld." A whole vista 
of high-altitude research had suddenly 
stretched before us. Our catheterization 
studies had been conducted in St. Vin
cent's Hospital, run by the Sisters of Char
ity of Leavenworth, Kansas . We got to 
know Sister Mary Laboratory, Sister Mary 
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Figure 9. Individual variability in pulmonary 
hypertension observ ed at rest in 54 high
altitude residents catheterized in Leadville , 
Colorado, elevation 10 ,150 feet. 

Kitchen, Sister Mary Administration , Sis
ter Mary X-ray, and so on ; they were a 
delightful bunch of women . This was a 
new hospital building for them , and they 
had not yet expanded to fill all their new 
space. Consequently, when we discussed 
with them the possibility of working over 
a number of years in more permanent 
facilities, they talked among themselves 
and ended up offering us a large basement 
room. Fantastic! We applied to NIH , ob
tained funds for fluoroscopic equipment , 
wall cabinets , sinks, and plumbing, and 
laboratory equipment. We had them in
stalled, and by 1964 we had a fully 
equipped High Altitude Research Labora
tory. 

Not incidentally, the hospital and the 
community were justifiably proud to have 
such a facility in Leadville. Being a Catho 
lic hospital, this new laboratory had to be 
blessed by the local bishop or cardinal or 
priest. It happened that on the day for the 
blessing ceremony , Jerry Dempsey and his 
crew from Madison were busy (Jerry was 
always busy) exercising their test sub 
jects.10 We had been told not to interrupt 
our schedule for the blessing. So this dig
nified figure appeared at the laboratory 
door , frocked and wearing a bishop's mi
ter, only to be greeted by Jerry with this 
nearly naked, sweating , grinning , hirsute 
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subject named Schalub (not a Catholic) . 
The unsuspecting pri est looked shocked , 
mumbled his prayer, crossed himself, and 
beat a hasty retreat. We had been duly 
blessed . 

Over the ensuing years, that High Al
titude Research Laboratory provided facil
ities for an impressive series of projects, 
often conducted in collabortion with in
vestigators from all over the country. As I 
anticipated, implementing Hurtado 's phi
losophy of facilitating the research of oth
ers proved rewarding. The laboratory was, 
and still is, unique in that it is located in a 
modern communit y hospital with full 
medical services in a city with a resident 
population adapted to moderately high 
altitude. In a real sense, we put Leadville 
on the map, medically speaking. 

Often our work in Leadville was con
ducted over the weekend. One Monday 
morning I received a phone call from the 
hospital 's Business Office . It seems a con 
cerned citizen had phoned the hospital to 
report seeing a car with state license plates 
parked on top of Loveland Pass on Sunday 
afternoon. Furthermore , the driver was 
accompanied by a very attractive young 
woman . Was this really official state busi 
ness? The Business Office had checked the 
license number and found that the car had 
been checked out to me. What was the 
story? Well, yes , I was driving that car; 
yes, I did stop on the pass on the way back 
from Leadville; and , yes, I was accompa
nied by an attractive young woman -m y 
wife! Estelle frequently participated in the 
research in Leadville, as everyone knew. 
The Business Office allowed they would 
contact the concerned citizen and assure 
him that what he had observed was indeed 
official state business. We 've had many a 
good laugh over that episode. 

Was Darwin Correct? 

Darwin 's theor y of evolution postu
lated that a process of natural selection 
operated through man y generations, favor-
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ing those individuals who adapted well to 
environmental stress while culling out 
less well-adapted individuals. Survival of 
the fittest. When we discovered that at an 
altitude of 10,150 feet, pulmonary hyper
tension in the human population of Lead
ville was distinctly more severe than 
among natives of the Andes, we sought an 
explanation. Understandably, we invoked 
Darwin's theory of natural selection. Look, 
we said, people have been living at high 
altitude in the Andes for over 9,000 years, 
whereas Leadville was settled just over 
100 years ago. Hence, the full spectrum of 
pulmonary vasoreactivity is still presen.t 
in Leadville because not enough time has 
passed to weed out the hyperreactors. In 
contrast, natural selection operating 
through hundreds of generations in the 
Andes has resulted in a population of 
well-adapted hyporeactors. Sounds rea
sonable. 

This argument presumes that pulmo
nary hypertension is maladaptive. Cer
tainly if you are a cow that is true. Recall 
the steers we took to Mt. Evans. They 
displayed tremendous individual variabil
ity. After 8 weeks at high altitude, the 
mean pulmonary arterial pressure ranged 
from 50 mmHg to over 100 mmHg and 
full-blown brisket disease (Fig. 7). Had 
they not been removed from the hypoxic 
environment, the hyperreactive individu
als would have died (through natural se
lection), leaving only the hyporeactors. In 
fact, this is the status of herds of cattle 
resident at 10,000 feet in South Park. Don 
Will and his associates found that among 
cattle native to this altitude, mean pulmo
nary arterial pressures averaged 38 
mmHg. 55 whereas among the 10 steers we 
took to South Park in 1958, mean pres
sures after 6 months ranged from 41 to 109 
mmHg (group mean of 63 mmHg). 52 Obvi
ously natural selection does operate to 
minimize pulmonary hypertension, and 
because pulmonary vascular reactivity is a 
genetic trait, after only a few generations 

you end up with an entire population of 
hyporeactive cattle. Survival of the fittest. 

Nevertheless, adaptation has its lim 
its, and given the fact that at 12,700 feet on 
Mt. Evans every steer had a mean pressure 
greater than 50 mmHg, you might think 
that, for cattle, extended survival would 
be impossible that high. Imagine our sur
prise when Estelle and I saw cattle grazing 
happily above 14,000 feet on the altiplano 
in Peru. It was incredible. I can't tell you 
what their pulmonary arterial pressures 
were, but when we showed photographs 
of them to our veterinary friends, they saw 
immediately they were all crossbreed 
"mongrels." The veterinarians then spoke 
of the concept of "hybrid vigor" and sug 
gested that this, rather than generations of 
natural selection, was the clue to the sur
vival of cattle at such extreme altitude. We 
had constructed our hypothesis based on 
our experience with purebred Hereford 
steers, by design lacking "hybrid vigor." 
Perhaps this had misled us . 

Then we recalled our experience with 
the canine species. When Bob Johnson 
and I took purebred beagles to Leadville, 
they all developed mild pulmonary hyper
tension, 23 mmHg compared with 13 
mmHg at sea level. 16 However, Alan 
Tucker reported no increase in pulmonary 
arterial pressure in mongrel dogs exposed 
to high altitude. 43 Was this difference 
analogous to that in cattle? 

Cultivating Research 

Research cannot be conducted in a 
vacuum; it requires a nurturing environ
ment . The original CVP Laboratory con
structed in the early 1950s was intended 
to provide such an environment, and for 
several years it did. Within the CVP area 
was the cardiac catheterization laboratory 
directed by Gil Blount. The primary func
tion of the cath lab was to provide hemo
dynamic and other information on pa
tients being evaluated for possible cardiac 



surgery. A number of these patients had 
pulmonary hypertension, so the opportu
nity existed to explore their pulmonary 
vascular reactivity . For example, Jack 
Reeves and I demonstrated that a number 
of young children with ventricular septal 
defects had increased pulmonary vascular 
resistance , which could be reduced by the 
vasodilator tolazoline .18 

Inevitably, as the cardiology service 
expanded , demands for diagnostic service 
from the cath lab increased . Consequently, 
less and less time and space remained for 
research. This competition for research 
facilities was relieved in 1965 with the 
opening of the newly constructed Colo 
rado General Hospital and its updated di 
agnostic cath lab. I elected to remain in the 
original facility, now used exclusively for 
research, as director, while Jack Vogel was 
given responsibility for running the new 
diagnostic facility . 

The newborn CVP Research Labora
tory began modestly but grew steadily. 
Research funding was hand-to-mouth ow
ing to several short-term individual grants . 
Fortunately, NIH recognized the need for a 
mechanism to stabilize and encourage 
small groups of investigators working on a 
common theme and established Program 
Project Grants (PPG). We competed suc
cessfully for one in 1972 , and it has served 
as the economic foundation of the CVP 
Research Laboratory for the past 20 years. 

Thanks to the PPG, a first-class re
search environment was established . Our 
permanent staff included Jack Reeves, 
Wiltz Wagner, John Weil, and later Ivan 
McMurtry, Lorna Moore , and Norbert 
Voelkel , with myself as director. We 
achieved a "critical mass ," permitting the 
free exchange of ideas and criticism as well 
as mutual support for scientific problems. 
Young investigators considering careers in 
research were attracted to our laboratory, 
and with them came fresh ideas and great 
enthusiasm. It was wonderful, and pri
vately I smiled, realizing that once again I 
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had been successful in implementing Hur
tado's philosophy of facilitating research 
opportunities for my colleagues. 

When High Flow Meets 
Mild Hypoxia 

Jack Vogel and Peter Poole observed 
that patients with a congenital absence of 
one pulmonary artery seen in Denver of
ten had pulmonary hypertension . How
ever, a review of the literature indicated 
that pulmonary hypertens ion was rare in 
such patients seen elsewhere, i.e ., living at 
lower altitudes. 34 The variable seemed to 
be Denver's altitude, even though the de
gree of atmospheric hypoxia is mild at 
5,300 feet. This was 1961, the year after 
we had demonstrated the remarkable sen
sitivity of the bovine lung to hypoxia. 

So Jack Vogel set out to create an 
animal model of the unilateral absent pul
monary artery syndrome by ligating the 
left pulmonary artery in calves soon after 
birth. The large animal facility I con 
structed with funds from the Colorado 
Heart Association, again to facilitate re 
search, made such projects feasible . Sure 
enough, the calves developed rapid and 
severe pulmonary hypertension. 45 To ex
amine the role of Denver's hypoxia, Jack 
shipped the hypertensive calves to Hous
ton , Texas; the pulmonary hypertension 
promptly regressed. Next he reversed the 
sequence. Pulmonary arterial ligation per
formed in young calves at sea level re 
sulted in only minima l elevation of the 
pulmonary arterial pressure. However, 
when those calves were shipped up to 
Denver, severe pulmona ry hypertension 
developed rapidly 47 (Fig. 10). Keese and 
Noek Wagenvoort showed that medial hy
pertrophy developed in the pulmonary 
arteries of the overperfused right lung, 49 

implying that the reversible pulmonary 
hypertension was due to vasoconstriction. 
The message was clear. The lung exposed 
to increased blood flow early in life has 
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Figure 10. In bovine calves with normal pul
monary blood flow, only modest pulmonary 
hypertension results from the mild atmo
spheric hypoxia at 5,300 feet altitude in Den
ver, Colorado. Increasing pulmonary blood 
flow through the right lung by ligation of the 
left pulmonary artery (LP A) at sea level also 
produces only minimal pulmonary hyperten
sion in the absence of hypoxia , i.e., normoxia. 
However, mild hypoxia combined with in
creased pulmonary blood flow act synergisti
call y to produce severe pulmonary hyperten
sion when LPA ligation is performed in Den
ver,45,47 

enhanced pulmonary vascular reactivity 
to airway hypoxia, What a beautiful piece 
of research. 

Vogel's definitive studies have many 
clinical implications. They help explain 
the observation that, among children with 
increased pulmonary blood flow second
ary to left-to-right shunts through a ven
tricular septal defect or patent ductus ar
teriosus, the incidence of pulmonary hy
pertension is higher in Denver (and 
Mexico City) than at sea level. 46 Jack 
Reeves and I showed that this occurred 
because of pulmonary vasoconstriction, 
for the children responded to the pulmo
nary vasodilator tolazoline. 18 Further-

more, I have shown (but have never pub
lished my results) that in such patients, 
following surgical closure of the anatomi
cal defect and restoration of normal pul 
monary blood flow, pulmonary vascular 
hyperreactivity to acute hypoxia persists. 

In another setting, Charles Houston 
observed a case of high altitude pulmo
nary edema in a patient with congenital 
absence of one pulmonary artery; he and 
Peter Hackett reported a series of such 
cases. 23 Some years earlier, Herb Hultgren 
and I had demonstrated that when other
wise normal men at sea level with a previ
ous history of high altitude pulmonary 
edema were taken rapidly to Leadville, 
following exercise, they had abnormally 
elevated pulmonary arterial pressures, 
whereas they had no pulmonary hyperten
sion at sea level2 6 (Fig. 11). This implied 
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Figure 11. When normal men are exposed to 
high altitude for 24 - 48 hours, those with a past 
history of high altitude pulmonary edema 
(Prev HAPE) have an abnormally large increase 
in their pulmonary arterial pressure even 
though they are not clearly hyperreactive to 
acute hypoxia at sea level.26 



that excessive hypoxic pulmonary vaso
constriction preceded the appearance of 
pulmonary edema. Hence, we believe that 
in Houston's patient we have seen again 
that the lung with chronically increased 
blood flow is extremely hyperreactive to 
the added stimulus of hypoxia, in a way 
analogous to Vogel 's calves, although the 
calves did not develop high altitude pul
monary edema -but then no animal other 
than man appears to get high altitude pul
monary edema. 

I have one further example of how 
pieces of the puzzle eventually fit to
gether. Ivan McMurtry, studying isolated, 
blood-perfused rat lungs showed that the 
hypoxic pressor response could be pre
vented by the calcium channel-blocker 
verapamil. 30 Recently, Oswald Oeltz re
ported that another calcium channel 
blocker, nifedipine, is very effective in 
treating patients with high altitude pulmo
nary edema. 32 presumabl y by relieving 
hypoxic pulmonary vasoconstriction. Fas
cinating. 

A Most Remarkable Fellow 

My phone rang one morning. It was 
my friend Paul Russell in the personnel 
department. Paul said to me, "Bob , I've 
just been talking with a most remarkable 
fellow. I think you would be interested in 
meeting him." Fine. Soon there was a 
knock at my office door, and in walked a 
callow youth who introduced himself as 
Wiltz Wagner. During the ensuing conver
sation I sensed what had excited Paul 
Russell; here was indeed an exceptional 
individual. True, he was a college drop
out, but he wasn't the first young man who 
hadn't identified his direction. So I hired 
him as a technician and explained that he 
was going to learn a great deal about the 
lung circulation . 

Wiltz developed rapidly. First he im
plemented the technique of microradi
ography to display the "pruning" of the 

Pulmonary Hypertension • 337 

pulmonary arterial tree that had occurred 
in our steers on Mt. Evans .17 But he 
wanted to observe the pulmonary micro
circulation in action, so I made it possible 
for Wiltz to develop the thoracic window 
technique to observe the blood vessels just 
beneath the surface of the living lung. 50 

Within a few years, Wiltz demon
strated his capacity for independent re
search , but such a career would be virtu
ally impossible without academic creden
tials . Graduate school was the obvious 
route, but , recall, he had no bachelor's 
degree. To no one's surprise, the Graduate 
School of the University of Colorado 
would not even consider his application. 
However, there was an alternative, our 
strong association with members of the 
physiology department at Colorado State 
University . We discussed the situation , 
and they agreed to give Wiltz the opportu
nity to prove himself if I would act as his 
mentor. Wiltz disappointed no one and 
earned his Ph.D. in 1975. At last he was 
now qualified for research grants in his 
own name (Fig. 12). In addition, he was 
awarded a faculty position with me at the 
University of Colorado, although it soon 
became apparent that the academic oppor 
tunities for a Ph.D. in a clinical depart
ment were limited. To advance academi
cally, Wiltz competed , successfully, for a 
faculty position at Indiana University. He 
is now a tenured full professor in physiol
ogy and holds an endowed chair in anes
thesiology . Based on his research, Wiltz is 
an internationally recognized expert on 
the pulmonary microcirculation. All this 
from a simple phone call 30 years ago 
about a most remarkable fellow. 

Go West, Nobel Laureate! 

Physiologists are taught to ask "how " 
but never "why," because " why' implies 
purpos e rather than mechanism , and 
that's teleology. Yet privately, teleology is 
our mistress. We do ask ourselves, what is 
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In the world of science, U.S. van Euler 
is known for his discovery of the so-called 
slow reacting substance of anaphylaxis 

' (SRSA), Substance P, the prostaglandins, 
and the neurotransmitter role of norep
inephrine for which he received the Nobel 
Prize. Ironically, he never followed up on 
his 1946 report of the effects of airway 
hypoxia on the lung, and apparently it is 
only the pulmonary physiologists who re
member that work. What is even more 
remarkable is that when van Euler arrived 
in Denver, he told us that never in his life 
had he ever delivered a lecture on that 
early work with hypoxia. Hence, his pres
entation in Denver was a "first" and it was 
wonderful. 

Figure 12. Wiltz W. Wagner, Jr. 

the purpose of hypoxic pulmonary 
vasoconstriction? And we usually re
spond by saying that it serves to match 
local perfusion to regional ventilation 
throughout the lung, i.e. ventilation
perfusion balance, and thereby make gas 
exchange more efficient. Furthermore, if 
asked, most would say that notion origi
nated with U.S. van Euler while he was 
working with Liljestrand back in 1946. 11 

In 1982, Wiltz Wagner had the audacity to 
propose that we invite Professor van Euler 
to travel from Sweden to Denver to give us 
a lecture on his pioneering work on hy
poxic vasoconstriction. The invitation 
was offered and, somewhat to my surprise, 
van Euler agreed to come, and he did. 

There were problems to solve during 
his visit. For example, how do you enter
tain an elderly statesman of science, a 
distinguished Nobel Laureate, a visitor 
from a foreign land? Do you take him to 
the most elegant restaurant in town? 
Sometimes, but one special evening the 
answer was the Buckhorn, a turn-of-the
century eating place on the wrong side of 
the tracks in Denver's lower south side. 
There were four of us: van Euler, Wiltz 
Wagner, Ron Capen and myself. After sev
eral rounds of drinks, the conversation 
turned to the hunting trophies that adorn 
the walls of the Buckhorn: mule deer, elk, 
pronghorn antelope, black-bear - and 
jackalope. ''I'm familiar with most of 
these, but what is a jackalope?" queried 
van Euler. We knew we had him going. 
Without cracking a smile Ron, the biolo
gist, proceeded to explain that this was a 
rare cross between a jack rabbit and an 
antelope, and mating could occur only 
during the height of a severe electrical 
storm when the atmosphere was highly 
charged. The charged atmosphere at our 
table then exploded into laughter. 

Before ordering dinner, appetizers 
were selected. Again van Euler was baf
fled. "What are Rocky Mountain oysters?" 
We insisted that he try them before we 
disclosed their non-aquatic source. It was 



fascinating to observe how our kind, gen
tle, distinguished guest warmed to being 
treated as just one of the boys, rather being 
he ld remotely on a pedestal. He enjoyed it 
immensely, and so did we. 

The timing of von Euler's visit proved 
fortu itous, for he died within 6 months of 
returning to Sweden. 

Partnerships 

If my career has been successful, it is 
because of the life-long partnership I 
shared with my wife Estelle. She was an 
active participant in all my endeavors, 
both scientific and otherwise. Together , 
we shared the labors , the anxieties, and 
the rewards of studying livestock on Mt . 
Evans, 36 of working with the wonderful 
residents of Leadville, 19 of testing Bolivian 
tin miners in Potosi, of exercising Que
chua Indians in Cerro de Pasco, Peru, 15 of 
trekking to the base of Mt. Everest to learn 
more about acute mountain sickness ,24 

and, yes, of touring the world exchanging 
ideas with other workers in the field of the 
pulmonary circulation. I conclude these 
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