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Barometric	Pressure	Decreases	
Nearly	Exponen8ally	With	Increasing	Al8tude	

		by	18,000	(	
PB	is	halved	=380	mmHg;	PIO2=70	mmHg	

		by	29,000(	≈	summit	of	Mt.	Everest					
PB	is	reduced	to	about	1/3	of	the	value	
at		
sea	level	=	250mmHg;	PIO2=	43mmHg	

		by	63,000	(	
				PB	is	47mmHg;	PIO2=0	mmHg		
	

			note	PO2	=	PB	X	FIO2	decreases	because		
				PB	decreases;	FIO2	does	not	change	



Weather	
Changes	can	result	in	PB	varia8ons	between	10-40	mmHg.	
PB	is	lower	on	stormy	days	compared	to	clear	days.		

Loca7on	
PB	is	lower	in	areas	near	the	poles	than	close	to	the	equator.	
	
A	large	cold	air	mass	in	the	stratosphere	above	the	equator	results	in	a	
higher	PB	in	this	region	compared	to	areas	closer	to	the	poles.	

Other	Factors	That	Affect	Barometric	Pressure	



How	High	is	High?	
Defining	high	al8tude	

	Intermediate	Al7tude		
			[5,000-8,000	(]	

			Whistler/Blackcomb	
			al8tude	related	illness	in	healthy	

			individuals	is	very	rare	

	High	Al7tude	
			[8,000-14,000	(]	

			Few	areas	above	this	visited	
			in	North	America	&	Europe	

			most	al8tude	related	illness	depends	
			on	al8tude	&	rate	of	ascent	

Inca City of Machu Picchu, Peru≈8,000 ft 



Very	High	al7tude	[14,000-18,000	(]	
Trekkers	in	the	Andes	&	Himalayas,	Climbers	
of	many	major	mountain	peaks	in	N.	America:	
California	[Shasta/Whitney],	Colorado	[Pikes	
Peak];	Europe	[Mont	Blanc/Maferhorn]	and	
Africa	[Kilimanjaro]	

Extreme	al7tude	[18,000-29,000	(]	
short	dura8on	visit	by	expedi8onary	climbers-	
1960	Himalayan	Scien8fic	&	Mountaineering	
Expedi8on	5	months	@	19,000i	near	Mt.	Makalu	
èloss	of	weight	&	fitness	

How	High	is	High?	
Defining	high	al8tude	

Mt. Kilimanjaro, Tanzania 

Looking at Mt. Makalu, Nepal 



Effects	of	Low	Inspired	Oxygen	
	Upon	Ascent	in	Man	

6,000	i		loss	of	sensory	func8on	
	
This	earliest	sign	is	highly	specific	
	→	loss	of	night	vision	

Aircrai	pressurized	to	6,000	i	so	you	
can	see	the	movie!	



9,000	i	loss	of	mental	func8on	
highly	individual-	similar	to	alcohol	intoxica8on	
	belligerent	→	euphoric	
	e.g.	“I	am	a	great	pilot…if	challenged	→		surly”	

		short	term	memory	is	impaired	
	
e.g.	1)	individuals	in	decompression	chamber											
						sor8ng	puzzles,	connec8ng	dots…	

2)	1930s:	al8meter	failures	pilot	spins	up	
	loses	consciousness;	dives	down,	regains	
consciousness	&	repeats	

	

Paul	Bert		[1833-1886],	Professor	of	
Physiology	at	Sorbonne,	Paris.	
Studied	hypoxia	in	decompression	
chamber	in	animals	&	man-noted		
importance	of	taking	oxygen	on	
record	breaking	balloon	flight	in	
Zenith	in	1875	by	Croce-Spinelli,	
Sivel	&	Tissandier*,	the	only	survivor	
@28,000	i	



In	sudden	decompression	in	an	
aircrai,	the	8me	of	useful	
consciousness	is	propor8onal	
to	eleva8on.	

Commercial	aircrais	fly	at	30,000-35,000	i	
The	cabin	is	pressurized	to	5,000-8,000	i	

Time	of	useful	consciousness	

21,000	i	–	5	min		(most	flights	above	this	level)	
30,000	i	-	1	min	

	



ACCLIMATIZATION	
Physiologic	adjustment	to	low	oxygen	with	ascent	to	high	al8tude	

1. Hyperven8la8on	
hypoxemia→peripheral	chemoreceptors	→	hyperven8la8on	→↑PaO2	&	
↓PaCO2	→	↑pH	{↓[H+]}	respiratory	alkalosis	

Respiratory	alkalosis	acts	as	a	par8al	break	to	the	ven8latory	response	but	
not	a	complete	break	because	
1) 	in	the	next	48	hours,	kidneys	excrete	bicarbonate	in	the	urine	in	order		
		to	return	pH	close	to	normal	range	[incomplete]	
2) 	CSF	pH	is	also	corrected	within	48	hours	[mechanism	?	bicarbonate		
	regula8on	in	CNS?]	

Hyperven8la8on	con8nues	as	long	as	the	hypoxia	is	present	&	gradually	increases	
for	a	given	PO2	level.	This	is	thought	to	be	due	to	increased	sensi8za8on	of	the	
caro8d	chemoreceptor	response	to	arterial	hypoxemia.	



2.  	Polycythemia		[begins	within	a	day,	significant	in	5-7	days]	
↑	r.b.c.	[1%	per	day]	up	to	20%	increase	in	oxygen	carrying	capacity	
	hypoxia→	release	of	erythropoie8n	from	the	kidneys	→		↑	bone	marrow	
produc8on	of	r.b.c	→	↑Hct	→	↑	oxygen	carrying	capacity	of	blood	
	

3. ↑	2,3	DPG	in	rbc	in	response	to	chronic	hypoxia	[correct	term	name	2,3	BPG,	
product	of	rbc	glycolysis,,	binds	Hb	&	reduces	O2	affinity]	
Shiis	O2Hb	dissocia8on	curve	to	the	right	&	aid	in	unloading	of	oxygen	to	the	
8ssues	compare	to	ini8al	shii	of	the	curve	to	the	lei	due	to	alkalosis	
	

4. ↑	HR	→ini8al	↑	C.O.	followed	by	a	↓	[due	to	a	reduc8on	in	stroke	volume	caused	
by	the	diuresis	effect	on	plasma	volume]		

Other	
•  ↑	urina8on	(al8tude	diuresis)	[mechanism:	altered	osmoreceptor	threshold?]	
•  periodic	breathing	during	sleep	[Cheyne	Stoke:waxing	&	waning	8dal	volume]	
apneas-frequent	arousal	from	sleep,	odd	dreams,	anxiety	

•  consider	the	opposite	effects	of	arterial	hypoxemia	and	hypocapnia	on	the	
cerebral	circula8on	+	its	blood	flow-	the	net	effect	is	an	increase	in	blood	flow	

•  ↑	sympathe8c	vasconstrictor	ac8vity-poten8al	systemic	hypertension	



A	CASE	OF	SLOW	ACCLIMATIZATION	
	Ascent	to	Mt.	Everest	(29,028	Ft)	without	supplemental	O2	

American	Medical	Research	Expedi8on	1981	

PB	=	253	mmHg		17	mmHg	higher	than	expected	by	al8meter	scales	due	to	
local	weather	condi8ons	and	proximity	to	the	equator	

PACO2	=	7.5	mmHg		incredibly	low	
	calculated	arterial	pH	=	7.7	-	7.8			(alkalosis,	not	corrected	adequately	by	
the	kidneys	→	HbO2	dissocia8on	curve	L	shiied,	like	fetus:	the	ability	to	
pick	up	O2	at	the	lungs	is	more	than	the	ability	to	deliver	O2	at	the	8ssue]	

	PAO2	=	35	mmHg	Calculated	PaO2	=	28	mmHg;		P50	=	19.8	→	SaO2=75%	

	[Hb]	increased	to	18.4	mg	/	100ml	[normally	15]	



WHEN	THINGS	GO	WRONG	
Al8tude	Related	Illness	

Defini8ons	based	on	1991	Hypoxia	Symposium	@	Lake	Louise,	Alberta	

ACUTE	MOUNTAIN	SICKNESS	[above	8,000	i]	
in	seyng	of	recent	gain	in	al8tude;	headache	+	one	of	the	following:	
	
•  G.I.	upset	[nausea/vomi8ng/loss	of	appe8te]	
•  fa8gue/weakness	
•  dizziness/light	headedness	
•  insomnia/difficulty	sleeping	

	
-	symptoms	last	2-3	days	then	disappear	with	kidney	excre8on	of	
bicarbonate	in	response	to	respiratory	alkalosis	

					-	acetazolamide	is	used	to	increase	bicarbonate	excre8on	by	the	kidneys	



Treatment:	descent	,	”Gamow”	compression	bag,	O2	,	and	rest	

HIGH	ALTITUDE	PULMONARY	EDEMA	[HAPE]	
	occurs	in	seyng	of	recent	gain	in	al8tude	

any	2	symptoms 	-	dyspnea	at	rest	
	 	-	cough 		
	 	-	weakness	
	 	-	8ghtness	of	chest	

any	2	signs 	-	tachypnea 	 	 	 	 	
	 	-	tachycardia	
	 	-	central	cyanosis	
	 	-	gurgling,	rafling	breath	sounds	

		E8ology	unknown	?	Role	of	hypoxia	induced	pulmonary	vasoconstric8on		



HIGH	ALTITUDE	CEREBRAL	EDEMA	[HACE]	
	occurs	in	seyng	of	recent	gain	in	al8tude		

 
• 	end	stage	of	acute	mountain	sickness	

• 	brain	swells	[	?	regional	vasodilatory	effects	of	hypoxia	&	
			systemic	hypertension]	

• 	change	in	mental	status		

• 	ataxia	[loss	of	coordina8on,	staggering,	like	alcohol	intoxica8on]		

TREATMENT	=	descent	or	Gamow	bag		
		more	about	Igor	Gamow	see	hfp://web.mit.edu/invent/iow/gamow.html		

….	if	delayed	can	be	fatal	



THE	GAMOW	BAG	
Portable	Rescue	at	High	Al8tude	



HIGH	ALTITUDE	POPULATIONS	
Living	many	genera8ons	in	the		

South	American	Andes	[Peru	&	Bolivia]		
&	Asian	Himalayas	[Tibet	&	Nepal]	

Peru:	human	bones	carbon		
dated	9,000	years	old	at	14,000	i;	
seflements	date	to	12,000	years	
ago	

Tibetan	Plateau:	no	agreement	
on	seflement	dates,	most	
consider	hundreds	of	thousands	
years	ago	at	similar	al8tudes	
	
The	Sherpas	in	Nepal	known	for	
their	legendary	climbing	feats.	Is	
this	the	product	of	more	years	of	
adapta8on?	
	



• miners	work	in	the	
mine	@	19,000	i	
	

•  prefer	to	live	@	14,000	i	
	

•  travel	up	daily	to	work	site	

World’s	Highest	Human	Habita8on	
Aucanquilcha	Volcano	[North	Chile]		

site	of	a	sulphur	mine		



1.  enlarged	caro8d	chemoreceptors	with	↑	dopamine	
2.  blunted	caro8d	chemoreceptor	response	to	hypoxia	*	
3.  higher	Hb	concentra8on	*	
4.  ↑	number	+	size	of	alveoli	+	pulmonary		

capillary	bed-↑	surface	area	for	oxygen	diffusion	[no	
diffusion	limita8on	during	exercise]		

5.  ↑	capillary	density	&	myoglobin	content	in	skeletal	
muscle	

LONGTERM	ADAPTATION		
Residents	&	Na8ves	of	High	Al8tudes	

Popula8on	Differences	in	Pafern	of	Adapta8on	
Cynthia	Beall,	Anthropologist,	Case	Western	Reserve	U,	Cleveland	
	
	*	true	for	Andeans	(hematologic	pafern)	similar	to	US	Olympic	training	teams	in	Colorado	but					
				not	Tibetans	(ven8latory	pafern)	
				neither	pafern	seen	in	Ethiopians		
	



	
Tibetan:			no	change	in	[Hb]	up	to	4000	m;		

	nitric	oxide	vasodila8on:	increase	blood	flow	(éperfusion)	
	
Andean:			increase	[Hb]	&	CaO2	

	rela8vely	lower	res8ng	minute	ven8la8on	
	lower	Hypoxic	Ven8latory	Response	
	 	lower	exhaled	nitric	oxide	
	 	greater	pulmonary	v/c	to	hypoxia	rela8ve	to	the	Tibetans	

	
Ethiopian:	no	change	in	[Hb],	SaO2	or	CaO2		
	 	same	as	sea	dwellers:	“as	if”	not	at	high	al8tude	

Three	Paferns	of	Adapta8on	in	Na8ve	Highlanders	
	



Scien8fic	American	News	-	October	2007		
By	David	Biello		

How	Tibetans	Enjoy	the	High	Life	
The	Secret	is	in	the	Blood	and	Broader	Arteries	to	Carry	It	

			
HIGH	LIFE:	Tibetans	cope	with	daily	life	in	the	oxygen-poor	air	at	high	al8tude	by	pumping	
blood	at	twice	the	rate	of	lowlanders	through	broader	blood	vessels.	
The	people	of	the	Tibetan	Plateau	survive	and	thrive	on	the	roof	of	the	world,	a	region	
averaging	14,763	feet	(4,500	meters),	nearly	three	miles,	above	sea	level.	The	air	at	that	
eleva8on	is	not	the	rich	soup	of	oxygen	that	humans	enjoy	at	lower	eleva8ons.	…	Tibetans	
avoid	al8tude	sickness	because	they	have	broader	arteries	and	capillaries	delivering	
oxygen	to	their	muscles	and	organs.	
	
"At	the	same	8me	that	[Tibetans]	are	extremely	hypoxic	at	high	al8tude,	they	consume	the	
same	amount	of	oxygen	that	we	do	at	sea	level,"	says	anthropologist	Cynthia	Beall	of	Case	
Western	Reserve	University	in	Cleveland.	"One	of	the	ways	they	do	that	is	to	have	very	
high	blood	flow—delivering	blood	to	8ssue	at	twice	the	rate	that	we	are.”	
	
The	Tibetans	increase	their	blood	flow	by	producing	prodigious	amounts	of	nitric	oxide	in	
the	linings	of	the	blood	vessels.	This	gas	diffuses	into	the	blood	and	forms	nitrite	and	
nitrate,	which	cause	the	arteries	and	capillaries	to	expand	and	deliver	oxygen-bearing	
blood	to	the	rest	of	the	body	more	rapidly	than	normal.	



CHRONIC	MOUNTAIN	SICKNESS	
Affects	long-term	residents	of	high	al8tude	

	

1.  	fa8gue	
2. ↓	mental	ac8vity	
3. ↓	mental	ac8vity	
4.  cyanosis	marked		
5. ↑	Hct	→	↑	blood	viscosity	→	↑	cardiac	work		
6. ↓	ven8latory	response	to	hypoxia		

	TREATMENT	permanent	descent	from	high	al8tude	



Impressive	Hypoxic	Adapta8on	

“Having	reached	the	summit	of	Everest	gasping,	blue,	
nauseous	&	completely	spent,	I	no8ced	the	site	of	the	
Bar	Headed	goose	with	its	migra8on	route	over	the	
Everest”	

1) 	huge	↑s	in	blood	flow,	↑	HbO2	affinity	
					(L-shiied	O2	dissocia8on	curve)	
2) 	no	pulmonary	vasoconstric8on	or	hypertension	
3) 	no	↑	in	blood	viscosity	
	

Llama,	a	high	al8tude	dweller	&	the	human	fetus	
share	a	L-shiied	HbO2	dissocia8on	curve	


