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Al¡stract. Lurrg di[[usirtg ca¡racitics [or carlron ¡nont¡xitlc wcrc rrcasurcd in I25 lrighland
Andcan chil«lrcn bctwccu -l antl (r ycars of agc irr [-a I'¿rz, l]olivia (3,650 nr), using a stcady-
state techui«¡uc. lvlalc childrcn had a signilicantly lowcr DL,,,, (13.2!2.7) compared to
females (14.2f l.9l p ( (1.05). «lcs¡ritc sirrrilar hodv sizc llcmoglotrin conccntration was
significantly Brealcr than publishcd r,alucs fr¡r lt¡n altitudc chiklrcn a¡rd this also changcs
pulmonary diftusing ca¡racitics arrd supports thc concc¡rt o[ early dcvclo¡rmental adaptation
in pulmouary function to cnvi¡'ounrcntal strcssurs ¿rs rvcll as a se¡r.ual tlimorphisnr in this type
of adaptation.

DEI

-- IBBA _

Intro«luctio¡r

Pulnronary diffusing cap¿rcity for c¿rrbotr

nronoxidc (DL, ., ,) is gcncrally ¿lccc¡ltcd as

bcing grcatcr in adults living at high altitudc
than in lowlancl dwcllcrs of tlrc s¿ln'rc gcnctic
backgrou¡'rd tl l. 'l'his acljustr'¡lcrrt to thc lry-
pobaric lr1,¡toxic cnvironnlcnt ilrcreases oxy-
gcn flux in thc first stcp o[ o.xygcn trarrsport
fronr thc cn\/ironnlctrt to tissuc bcds, but it
is not clca r how ¿lncl whcn th is cslirnatccl

I
I Supported i¡l part by thc N¿rtional Fountlatitln,
grant No. llN.S 790--6270, ¿r¡ld t hc l)ivisio¡t oI
Nutritional Scicnces, Cornell Univcl'sity, lthac¿r,
N.Y.

20-25ttlt incrcasc occurs. Altcrccl chcsl, sizcs
Írn(l lurrg volr¡mes in Andean highland
aclults and clrildrcn 12, 3l suggcst that f unc-
tioll¿rl adaptations occur in pulmonary func-
tio¡r in tlrc carly stagcs of childhood growth
¿r[rovc 3,(XX) nr, at ¿r tinrc rvhcn tlrc org¿tn-

is¡n is ¡norc sc¡lsitivc to cxogenous cnviron-
mental influcnccs. Rcccnt studics havc fo-
cuscd on pu lmon a ry f unction in ca rly
growth [-1, 5 | ancl shorv that lung volumes
aro cxpo¡tentially rclatcd to hciglrt which in
turn is rctarded in highland populations.
Little infornratio¡r e.xists concenting thc
adaptivc valuc of ¿rltcred DL,.,, in young
childrc¡r at lrigh altituclc, and how such ad-
aptations may linrit or af fect ultim ate
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growth and clevelopment. DL,.,, is tlrought
to represent a singlc functional measure of

¡rulmonary gas cxch¿ulgc and rnay trc a kcy
part of pulnronary adaptation to lrigh alti-
tudc.

This study was undcrtakc¡r t«r cstablish
normal values l'or DL,.,, in 4- to 5-ycar-old
highland chilclren and to test thc lryp«rthc:sis

that this adaptation to higlr altituclc oc-
currcd at an carly agc.

Methods

125 chiltlren wct'c exfl¡'t'tincd ¡rt thc llrstilt¡to
IJoliviano de Iliologia tlc la Altura, l-a Pilz, Bolivi¿r
(3,650 m), between Atrgust ancl Octoher of 1979.
Conscltt was otrt¿rined froln the ¡rarcnts ¡rnd ltlcal
school officials. Ages werc obtainc'tl fronr school
¡'ecords whilc hcight arrcl wcight nrc¿rsrrrenrcnts

were perfornrcd a[tcr t'cnlovill ol' slr«rcs ancl bulky
outcr clothing, according to st¿r¡rtl¿rrd ¡ncthods l6l.

A [r'cc-flowirrg blood *i ,rrptc \r,lrs collccrccl by
fingcr prick. l-lcrrroglobin corrccntnrtion tvAs tlctcr-
nrined by the cyan¡llethenroglolli¡r nrctho«l: hellra-
tocrit and RBCs werc ntcasurcd try standard pro-
ccdures. DI-r.,, was measurcrl using a stcatly-stalc
nrcth«rd 17l a¡rtl i¡r tlrc silting u¡rright position. ln-
spiretl gas conccntr¿ttion o[ C O (Fl('O == 0. l0/o),

cnd titl¿rl CO 1l;.1('O) ¿r¡rtl cx¡rirctl ('O (l;,,('O)
wcrc n'¡castrrctl using tr [¿¡st-rcsp()nse infrarctl ¡ln:r-
lyt.c¡' (ltubi,r 3(XX), ('os¡nál), clrlitr¡'llcd tllrily rvith :r

known gas concentration. A sanrple linc (PE 200
tubing) was conncctetl directly'to tlrc ex¡riratitln
si«le of ¿r trvo-rvay b¡'catlring valvc (singlc '.f ') rvith
sanrpled air ¡'ctrrrrri:rg to thc g¿ls collccliorr hlrg t[-
lcr ¿rnalysis. Ivlirlutc vcrrlillrtio¡r (\/¡,:) rv:rs collcct-
ed in a Douglus hng ¿rnd the volu¡lrc nlcast¡rcd
rvith a calibratcd .l¡'y gas ¡nctc¡'. I--¡Oz w¿¡s cr¡ual
ttr O.21. 'l'lrc l'cspirntol'y t¡trolicrrl \!'irs ¡tssu¡nctl lo
bc equal to I and no c«lrrcction was up¡rlicd. l'lre
subjcct inhalcd alllhicnt air' [or 3-4 lrrilr rluring
w hich time F,1C.O w¿rs nle¿rstn'cd (b¿rck prcssurc).
'fhc subjcct therr [rrcathcrl thc g¿ts rrrixlul'c for il
5-nrin period whilc V l,:, Ir,,C'O, a¡rtl F.1('O wcre
tlbt¿ti¡tcd. Ilir¡'rlntelric pt'cssrtre, ¡urrbicrrl rr)()nl lerrr-
pcrature a¡rtl ¡'el¿rtivc lrt¡¡uidity wcrc rccortlcd d¿ri-

l'l rvith nlc¿ln valr¡cs bcing 499 nt¡lr Llg, 19 "C, ancl

40r'/0, respectivcly.
lltxly surf¿rcc Ílt'c¿l w¿ls c¿rlct¡l¿rtctl using Dtthoi.r

ttttd l)ttlttti,s'.r ltll fttr¡ttttlít, wIilc perccntilcs of the
Natio¡r:rl ('cnter [or I-lcalth Statistics werc conl¡ruterl
fro¡n lhc ncwcst growth clr:rrls t9l. All clriltlren wcrc
jtrtlgctl lo hc lrc¿rlthy und [r'ec fronr rcspiratory tlis-
c¡tscs. Stirlic ltrng volunlr:s wcrc not obtainctl. 'l'hc

steady-st:rtc nrcthod was wcll tolcratctl by the chil-
drcrr ¿rntl ¡lleilsu¡'cnre¡tls wcrc rcpeatcd ¡t tlre pcr-
sonncl fcll thc child was nol [r¡'e¿rthing nrlrmally
:r¡trl in ir rcsling lrrirnncr.

Itc.st¡lt.s

33r

Thc chiltlrc¡r wcrc dividcd i¡rto two
gr'oups lry scx (tablc l) and arc ncarly ident-
ical in ¿rnthropometric charactcristics. No
sigrri[icar¡t diffct'cnccs r:xist lrctrvcen tlresc
groups ancl mcan v¿llucs Ítrc in good agrcc-
tncnt with prcvit'rusly ¡'clx)rtcd anthropome-
try irr 4- to S-ycar-oltl lriglrland childrcn [3,
91. I Ic¡nutologiurl rlat¿r (tablc I I) rcf lcct a

signi[ic¿tttt. but rclativc pol]/cythcrnia co¡ll-

Table I. Anthropo¡nctric tneans t SD for 4 to
S-year-old Andcan higlrl¿rnd children (3,650 m)

Weight. kg
Height, crn

IISA, rxl
Wcigh t /argc,

gutilc NCllSh
l-leiglrt/Í¡8,e,

%,tile N('1lS
Wciglrt/hcight,

')/otile NCIfS

lvlulcs (n :67)^ Fcmales
(n - 58)

17 .7 + 2.0 17. I + 1.7

t08.2+12.2 t07.tt5.5
0.7 26 + 0.056 0.730 t 0.06 I

u No sigrriflcant cliffcrc¡lccs were otrserved he-

twct'n sexcs [91.
n I'crccntile of' Natio¡ral C'cnter f or l-lcalth St¿rtis-

tics Ief.

4t1.4 + 27.0

37.2 t 2s.0

52.6 ! 24.0

52.3 t22.9

49.7 t 32.0

55.7 !26.0
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Table ll. Mcans a¡rd Sl) for l)l-( «r, I)L,,, values
corrected for henroglobin concentratio¡r, and he¡nat-
ological para¡netcrs in nrale a¡ttl lt'¡rurlc highl¿r¡rtl

children

Diffusion capacity

[)L1.1¡, ml/ ¡nitt x tnrn I{g
D L. o correcte«J'

mllmin/mrn
Hglg I lb

DL(., of lowlanders'
ml/min X nrm l{g

II emattilugt,
Hemoglobin, g/ rJl blootl
Hematocrit, 7o

R BC, cells x t 0nlcnr t

blood

M alcs
( n :6-1)

l-1.4tt2.6.7

t3.t8+2.70h

7 .7 + z.tt

t4.6+ t.0
44.O ! 2.1

4.69 + 0.23

I;enrules
(n:54)

rlitfcrc¡lccs in hcnroglotrin concentration (tn-
blc I I).

Childrcn o[ thc sanlc ¿lgc, hcight, wcight
and lrctttoglobin showcd lcss th¿rn a 50/o vari-
rttion i¡r ¡Ilcasurcd [)[-,,,,. Thc cont¡'ibution
\\,¿ls corrcctcd ¿lccording to ¡rublishc«l mcth-
ocls Il I l. 'l'his corrcction i¡rcreased the malc
vcrsus [cnr¿rlc differcnccs in DL,.,, lry ap-

l)roxinratcly I nrl/rni¡r/mnr I{g.
Multiplc-regrcssion ¿rnd corrclation anal-

ysis using Ir¿r¡rs[«lrnrccl ¿rncl untrans[ormcd
variablcs shorvctl no st¿rtistically signi[icant
rclationshi¡ts bctu,ccn anthropomctric varia-
lrlcs u¡rcl D[-,.,,. -l'his may lrc attrit'lutcd to a
vcry narrow data basc rvithout any physio-
logical irnplications. V,., was similar be-
twcen t hc groups a¡ld rcprcsentcd rcsting
brc¿rt h ing.

f)iscussion

11.94 t l.t{tr

t4.20 t t.9

7.t+ t.g

14. l+ 1.9

42.6 + I .9

4.50 + 0.13

'Correction [ornrula used front Dinkura I ll: ct¡r-

rected I)L( () -

\/a rgas/ []ca rtl/ [ I aas/C ud korv i cz

n Signiflcant di[[erc¡lcc betwee¡l ]nales and fe-

males by Studcnt's t test (t:2,82: p <0.0-5).

' I)ata derived from plots of De lvluth und llon'alt

[5] for children of 100 cm in height.

uncclrrected'Dl-( ()

0.06965 x ll b

parcd to low-altituclc sta¡rd¿rrds ¿urd sllow il

nearly 20ttlo irtcrc¿rsc in oxygicn-c¿lrryirrg ca-

pacity. Extcnsivc nutritiorral asscssrncnts

wcrc not pcrfornlctl llut thc ¿rbscncc o[ ¿ulc-

nri¿r in this sarttplc w¿ls docu¡ncrttccl by clis-

tribution arralysis tcchnic¡ucs.

The corlsistcnt lrcnratological diflcrct'tccs
betrvcell bo¡,* artd gi¡ls arc l'¡ot significaltt
cxccpt for thcir cl'[cct u'lrcn t¡tilizcd to c()r-
rcct DL,,,, Il0l Ior hcnroglobin concctltra-
tr«)n.

Uncr-lrrcctccl DL,.,, is sliglrtly gircatcr in

[enrales versus nralcs rlcspitc sirnilar body

sizcs. l-lorvcvcr, dif lusing ca¡ritcit1, is signifi-
cantly grcatcr i¡r [cln¿rlcs rvhcn col't'cctcd [or'

Scvcr¿rl rc¡rofls in thc last 20 ycars havc
clocurncntcd the physiologically important
lung acljustnrcnts that occur u,lrcn carly
grttu,th ¿rnd dcvcklpnrcnt take placc undcr
lrl,poba ric h¡,p«rxic conditions ll2, I 31.
'l'hcrc is an increasecl chest size, total lung ca-
pacity a¡rtl ¿l proportionatcly largcr rcsiclual

volunlc. -l-hc latter docs not imply nlore
ntolcculcs in lrighlancl clrilclrcn [rut is ¿rt-

t¿ri¡rcd i¡l cnrly and rapid growth ph¿lscs. A
rapid proli[cratitl¡l oI alveolar units and sur-
f¿rcc arc¿r durirrg carly growth [1aJ suggcsts

tlr¿rt D[-,.,, kccps pacc with overall growth
¿urcl is rcspo¡lsive to cxposure to hypobaric
hy¡roxiu. Stuclics i¡r aclults I l5- l7] consis-
tcrrtly shorv a ?0-25ttlo increase in DL,.,, in

higlrlalld llativcs vcrsus lorvla¡ldcrs. Grorvtlr
at lrigh altitude sce ms to be requircd for this

atl¿r¡rtatirln [o lrc clicitccl. The hy¡lothcsis

that tlris incrcasc in DL,,,, is attained in
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early childhood is givcn support by rcccnt

studies [ 8-20J tlrat shorv an inl'lucncc ol
hypoxia on alveolar surface arca, capillary
blood volume ancl ¡rulnton¿l r)' tl'tctnbranc

su rf aces.

I f onc cxa nt i¡tcs t hc ¡lu bl is hctl st utlics

and prediction equ¿ttion rclating grclwtlt t«l

pulrno¡rary fu¡lction, it becontes obvious

that high altitude exposu rc has had a pro-
found effect o¡l DL,.,, (f¡g. l). DL,.,, is sig-

nificantly greater than low altitude DL,.,,

v¿tlucs irr sizc-¡natcltcd clrilcl¡'crr it¡ld cxccctl

tlrcir predicted capacitics by 25olu or nlore.

This significant increasc was truc [o¡'lrttth
scxes artd was ¡rot rclated statistically t«l

body sizc. The rclationships bctrvccn ptrl-
nronary function, lung voluntcs, and grorvtlt

werc initially dcterntirtcd by the longituclinal
studics of DcMuth und LIov'cttr [5] and

cross-sectional invcstigati«tns of (iianttno,rct

Highl¿rntl ('hiltlrcn

utttl Dolv t4l. 'l'hcy cont¿rin ¡rrcdictirln cqua-
titllrs l'tlr ¡lulnronilry Iunctioll basccl on

biotnctric v¿rri¿rlllcs. U¡ll'ortunatcly, \\,c wcrc
unablc to citlrcr collcct dat¿r on lowland
chilclrcn [rrouglrt up to high altitudc or to
rlrc¿rsurc lorvla¡rtl chilrll'crr lvitlt tlris nrcthocl.

It is, hrlrvcvcr. iclc¡rtical i¡l location, tech-
rric¡trc ¿urd c(lui¡lnrcrrt to that of l/inccnt ct
al. l2l I ¿urrl l'u:;c¡rti.s ct ¿rl. f72l in rvhich nA-

tivc lriglrl¿trrclcrs wcrc fountl to bc differcnt
Ironr lorvla¡rdcrs. -l'lrcrlrctically, il com¡rari-
son cÍr¡r hc rnlclc i¡r which clrildrcn of tlrc
samc ¿rgc and size ¿ls this sarnplc had ¿r

¡rutctl Dr, : ¡nl/¡ni¡t/nrr¡r I Ig t4l. I f wc ¿rlso

¿tssunrc tlrat V,. docs not changc rvith alti-
tude and tlrat thc * rclati«'rnslrip to F.rO,

l23l is valid. hcn krrvl¿rrrd childrcn would
lre cxpcctctl to ltavc ¿r DI-,.,, --=: I 3.0 ml/
rnin/mm Flg at 3,700 m of altituclc. This
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means that higlrlantl-lt)u,l¿urcl ditl'crcnccs
nright be as low as 100/o givcn our obscrvecl

variation o[ 50/o ancl dil'lcrenccs irt ntctho-
dology. Lorv-¿rltitudc rclatiortslri¡ls ol' growth
to lung function [4, 51, ltowcve r, n)Íty ¡tot trc
valid at. higlr altituclc givcrt ¡rutrlislrccl d¿rt¿t

on growth vclocitics in lriglrland childrctt

I I 3, 24J.

In adclition to l)rollittrle: i¡tcl'cltscs in

DL,.,,, thcrc is ¿l pronottncccl t'isc in rccl ccll
nr¿tss o[ thc s¿tnlc «lrtlcr o[ tnag¡)ituclc as in
adtrlts Í251. C«rrrcction of'thc diffusirrg c¿r-

pacity l'or this ittcrcitsc ill oxygc¡l-c:.lrl'ying

capacity sltows tlrat [cntalcs lt¿tvc it sigrt iIi-
cantly grcatcr DL,.,, th¿tn tllalcs. -['ltis 

ltas

rcccntly bccn dc¡ltottstratcd in Atrdcall na-

tives [26] and ¡rr¿ly bc related to rcgiortal cf-
fccts oI high altituclc o¡t lung ¡rcrfttsio¡t attd

altitudc-relatecl rcactivc pulntotlary lry¡lcr-
tension l2l l. I t is intercstitrg ttl rtotc that

this diffcrcncc irt diffusing capacity is sccll

at ¿t tinle wltctt body sizc is ltcilrly itlc¡rtical
betwccn sexcs. Additit¡nally, this cliffcrcltcc

is op¡losite to data reportecl at low altitudc

14, 5l where m¿tles had higlre r diffusing ca-

pacities than fcmalcs.'l'hc lorvlarld studics,

howevcr, did ttot con'cct fttr ltcttttlgltlbi¡r
conccntrati«ln ancl llcnce nlay Llc in agrec-

ment rvith tltese rcsults wltctr tlris c()rrection

has bccn ¡rc rfo rnte cl.

These dat¿r suggcst that a prolifcratitln of
alvcolar sur[acc cxchangc ¿trc¿l occt¡l's wltctt

lrypoxic stress occurs in carly litc I I 31. I?ur-

tltcrmore, it dctno¡rstratcs that a rclativc po-
lycythcnria cxists in vcry curly litc artcl tn¿ly

contributc significantly tt¡ thc scxu¿tl qcli-

rnorplrisrn in tliffusing cu¡racitics th¿rt \\'c

have observcd. It is, ltt¡rvcvct', only onc

mcasurc¡ncltt oI ltrng Iu¡tctitltts in it tlitr¡'o\\'

age rangc ¿tncl inclicatcs that tllorc ctltlt¡llctc

and extcnsivc asscsst¡rc¡tts oI lullg Iuttctitl¡t

in younB chilclrcll at'e wa¡'r¡ttltcd.
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