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PHYSIOLOGICAL COMPENSATORY MECHANISMS
AT ALTITUDE

Sguapnon Leaver B K. Gmose
No. 2 Aaro Medieal Unit;

Sinee the eurly days of Bobert Bovlae's studics of the affeats ol alti tnds by moanes
of hix vacuum pump in 1660 and those of Paul Bert’s investigatives of the r*ﬂl*-::laof
decreased barometrie pressure in 1878, various workers have been alteacted o this field
rescarch, notable among them being  Dareroft and Holdone., Tater dluving el
Himulayan expeditions, it became clear that climbing ‘of Mount Fverest codlen]  furth
physiological adjustments in the human body which are of greal interest for the pruhi: Lical
lrw:l'ing they huva npon the suceess or tailure: of the venture, “TE came to boopeolised
thut the elimbing of the mountsin s almost as moch a physlologicul problem gs w wuantal
neering feat”. To.day, it can be sajd thet medical and physinlogioal research haw
contributed heavily towards the attainment of muin objectives in atodies of human fauataony
i high altitode . high velocity flying simultaneanaly as man forirea ahead in lis tjeat 1
conquer the utmosphere (Table 1) Operational committments of our a rmied [orees during!
the last four Years haz made studics of effects of allitude an the burnen body of v _.
great importance to us,

There are several variables at high  altitade which, in a measure, may influeng)
physiologicel processes.  Schneider  (1921) has  listed  (hese aa follows : (1) lowarsl
atmaspheric pressure; (2) lowered partial pressure ot oxygen; (3) temperature; (4) humidity
4) inereased ntensity of sunshine; and (6) electrical eonditions.  The mest fmportant af
these factors is lowered partial pregssure of oxygen and allthough it iz possible that soml
of the other fastors way infinence physiological processes ¥or it s conaidered tha
presumably they play less important roles. *Henece in this paper the effeers of anoxis
on the human body have been dealt with.

Generally, four factors are recognized o determine  the response  of 4
organism under low oxygen: (1) suddenness of (he produstion of oxygen want; (2) il
degree of severity: (3] its durution and {4) physical condition of the body, Tt o
be seen that the problem s eizentially the sume from  the point of view of thid
Air Force as it is from that of the Army. although in the former first fw

factors need most immediate consideration while in the latter, fuctors () and (4) play s

more Mmportaut part in the cese of a soldier who climbs (he mountain alowly and tog
much lesser hicight, but with & higher expenditure of energy due to heavy cavrtion durig)
arcant. In the Armed Forces, during high altitude aperalions, it iz obviously i portant
for the authority to be alle to foresee the capabilities and the limits of elliiency of men
under his comand. As these limits muy he rightly considerad to have been imposed gul
them by the lack of avelimatisation during rapid ascent and inadequabe haemateldogiol
reapouse Lo pore avoxic snoxia, ond s it is obvious (st the phenoinona of veapiralony
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and haematologionl responses are important fentures during the process of accelimatisation
to reducer] partial pressure of oxywen, su only these aspects of the changes met at high
ultitndes have been divoussvd here,

Atmosphere and Respiration.

| The murface of the eorth i surronnded by a layer of air, the compoaition of

v by meanai which remains the smme upita whout 8000 feet or 10 miles, The layer npro this height

he elfects of |
| : j 0 3 ) - : ao o i o Armii .-: LT ¥ .'._-. (1] P
this field of wnid sddies of wir which arise from the uneven warming of the earth's surfaoe,  This

i ealled the Troposplicre.  The canses of wniform composition of the sir are the currenls

luring  the | rtionl mixing of the nir ceases about 53.000 feet and hers the Srratosphers beging,  This

sl forth
it practical
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N factors
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toundary between the Troposphere and the Stratosphere is suid to lis lower near the polig
and higher near the equator owing to the greuter effect of the sun,  Stratosphere is the
| fiyer wbove 10 miles and is thought to Le about 500 miles thick., It has been subdivided
into (1} Ozone Tayer; (2) Lower henviside laver: (3] Heaviside layer; (4) Appletan
liyer, 8 shown in Fig. 1. The knowledge abour the physical variahles of the slincaphers
| B important because although for practical purpoges to.day, the upper limits of wviation
1y be eonsiderad as round about SO000 feer, with the present rapid advances in aiverafr
s during I desipn, thiz may soon be superseded as st ratoephere fiving has its undoubled sdvantages,
: gioh 85 better cugine performance, aerial superiority, smaller varistions in temperature,

dy of very j _ ' :
abeenee of moisture nnd the high altitude jet - stream,
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portant Fig. 1 In this diugram of the atmosphere, stratosphere is everything hicher
of man thun abont 10 miles,  (Modified from the Defeuve Scicnve Organisation),
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Since air han maes it nplso hos 'I.I,-Lji__:'“t anid the air at normal d"'!'l'l'ﬂi.t-l'!." in the
I'.Iﬂiﬂlllii'l'rﬂrhnnl‘l oF the earth is r_lj]].l,, ..|;|.-l-.|.-_:;_‘-]|tu~1 h of the weipht of water, The Invers of
Air ner the earth's surface are pressed upon by those shove and thus at high altitude we
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wonld expeet thiz pressure o be less amd in practice Lhig his becn found Lo ho trie, I
altitnde lower the pressuae andl  Lhit

Ag epn bo gecn from Tahle 2 predsare (lifFarenes hatwedn

Hi. while at highet altitude i ILTE
o fuel

e evident, the highet Lhe thare oo delinile

relationship botwesn the (wo

woro and 1000 fest, aititude Amooantd

ko 27 mm

Hende the wltitude presgure enrve s not A creaieht line but os wi sscond, each

of altitnde wvolves n }nm-__-;':----.ll.c-!-. lessor drop in predsare

In the considerarion of atmospherie & i murt he o pemembiored that lere thos

upply and thint 1 by ]1.Lr:i:1.| Press e
‘14 contribution to the totul pressurs. Tuble = shows that the partial prosgure ol oxype
v ubiaut one-figh of tha total ‘].JI‘L'?:\-'1'|I|'|-'

¥
af the atmosphierie air utilised iy the

[aw of partinl  pressures ol oxveen in o pgaaonialaee 1§
I Y K

il diferent altitude will at all times mgount

abtained. While uxygen is the only constitusnt
Mportaiod
any other fluid axpused to Lhyy air,

by, the other guses present uwrc not of muel | proepl of eourd 02, ws they
are dissolved in the blood just us they are dizsolved iu
and are jnspived and expired in equal amonnts and nnchmnged.

Ahove Mes  Level

Iept. Mliley
i el —

Constellation airliner can fiy ul a5 ) 4.8
Highest mountain in the world (Mt Bverest) a6 141 5:nd
3t} 20,141 SR

Highest summit climbed by man (M. Fvere

Boving Stratocrmisers eon flv al 303, T ady
Average height of high cloud formation 35, (HH 5
Htralosphere hegins (over T'oles) A7, 000 T I L.
&pitfires on weather patrols fly st 40,540 T
Gloster Meteor {ceiling) LR PR
Ralloon.-Prof. Piccard’s resard hd.540 1k
Htratosphera hegins (over Fqnator) i, D 114
Altitude record in Vampive fighter (1915) G, i 113
Altitude reeord in Canberra homber (1853) 3,005 124
Bulloon  T.5.8.R, record 72176 143
Bullopn —T.5.A. Record 72.805 130
Altitude record  Uneflicial, in & sky mocket (1953} B3.255 15,7
Balloon — rerord fur weather recorcimg 121,440 a3
Meteors (shonting slars) begin to gl A70, 000 T
EEGRILLY LOUER

Becord altitnde of Rocket

Tuble 1, A Table OF Haights. (Modified [rom the Defence Setence Orpanisabion)

iich have to he anngidered, there muosl be a e

In drder to appreeiate Mmiliy the factors wi
it the body. Respiralion is thi

anderstanding of the gaseons cxehange tuking place

interchunge of msts betwesn the
the ].1=sr'I|[l.| Pressure of these gpsca and in (s peapect theyv nhey Dialtan's Law, I'lin

body tizsiey anel the pir and |||lIwr|||_q Lo o Jarge exiont onS

hefweon the alveslae aie and anixed vanous Lol
depends on (1) Difleronee of tension of the guses present e two (2] Pormeabilily ol tha

physicul prooess of exchange ol gases e
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i e ] Su]u].i]l[.:,' of (he pascs (4) Elastic tissmo af the alvaoli and (D) [.i"_'||_4lll'n of the

RV Thn vilooity of gaseous cxchonge can be cxpredsed as follows:-

Velonity of exchange =Pressure dilforence X Solubiliny

Density of the gae

X (L1329 X area of the lung surfioee

thickness of the membrane

As lir s the process of reapiration is concerned ¢ arc primarily inereatind ino bhe
L'LU”.].KJH“JIJII of alveulny nir whose Dxygen tengon = 1O m. Hus. dul the alvenler wir s
alwievr nompletely saturutod with wator vaponr at by temperature wad  Lhis exsrts (bR
awn partin] pressure of 47 mm, U, This fgure b e b subitructed from the toral
presgurs in the lungs belore Lthe partinl prossores of the alveolur pases can be aeouraraly
,Hi;i{i-\.kﬁpu’], |'1r'|'|‘ l]IiH |,'i||_.|||'”' |_|1-|_'_-\:-_.|||'(¥_ It r.E|I-I|.-| 1|I' J:|-1¢!-!! F]l:l':. |..1|r' H uj".-'.'|_|_ clopanae  1n
atmaspheric prossurs with heiehil, the change in the percentidre ---IJI!:--.ﬂltjuu of thealveolur
nir is not canstant and that tlhe vapour pressure itsalf (and of eourse the 00, pressure of
4, He ) remains constant through very great wvarations of barometric proessurs,
thereliv ailocting the ratin of other pases in the lungs. On the wvenous bloesd  wicle, ot
pormil atmosphers prassure, oxygen partinl pressure is only 40 mm. Hg, and the CU,
pregsure is 46 mm. Hg, The simple dilfusion of the two gases through the e lirane
trigs Lo cetablish & pressure equiihriam, pussing fom & bhigh pressura to A low pressurs
wome, and thus osvgen passes inwards towseds the blood and €02 diffuses outwards

towards the lungs.

| Oxypgen i Fpnivalenl
ﬂH_ﬂmls Inches mm. of ol R “egte i el

{a¢et) of He. . pr. (. of He,) peEreenbage

- E - L. SN — B
] 20,021 Th & (3 1542 R
1,06 22 R0 I3 = ¥ f[_!. Itf
2000 ! a5 52 A il 4 19,16
o, (MY .81 ) =76
By 25 454 4 ] a 13,07
LR b 4 T Ly 1 3 1711
{3, M} e i 3 3 iz A 16,55
T AWM} .08 G4 i 14 R 1615
eRELE gpae | 4 ] 16 2 15.54
L HHY R B 1 ke - 18 5 1486
[1, (M0 AN | 2.0 o 2 AP I4.3%
10 AW 1979 | st ;) r; =29 3 N
120K 19.08 | 2 1 o 2 13,31
15, 06K} i il o 3 12,74
[f (WMDY A4 13 Bt i | 2
15, (M) 4 13 R TE 3 1181
16,0000 | £11.% 17 i 5 R6.3 L3
17 0000 | oA _19 =34 992.5 T1h.54
R LI [ 3794 g 36 0.5 [ 145
19,000 abid 4 ! . TH.2 b lE S
Si1,000 24p.2 95 —if) 3.1 | .61

Tuble 2 Allitude - pressure - temaperature table to which iz added the nxygen
partial pressure and equivalent oxygen prrecntage (myocditbed]  from

‘Physiologieal aspeot of fyving " GTuly 23, 1041, Wor Dept.)




Respiratory Changes,

D'Il]"illl-r'__’ nn ageent to  altitude, as the partin]l  pressure of vxvieen  dporenseg,
haemuglolin becomes less and less oxvgennted anrl the body eolls do not resiive their
normal supply.  Thers are however, compensutory mechanisms which come into vy,
When anoxi 18 induced, the lack of oxypen actans a stimulus (o the rEEpHrREOrY aontes
in the medulla.  This stimulns though relatively weaalk, inorendcs pilmonary ventilakion,
Increnge in long ventilation woeshes wn exeessive nmount of carbon Mioxids out of tho
ayatem and thus equilibrivm is estaldished,  Aas 0. conletit wgnin reaches nornal  lovel,
pulmonary ventilation {8 again =timulated by the oxveen lwek and these albermuling
:llj]:-.l:.-ripr'_ continue 1o oceur until o new ke Of ||.I|'I:'_:’ vorlilabioe 2 ml |--|-||'I|'"'i. 1-'r"|i1'rl [.‘_ ]'EH“““'
than normal anl results in # =light inecsase in this alveolar X VIAI. Hq-cu'njl}:ll thi
Hrenlotory system rics to speurs A oompensalory redpomae b anoxio by foeresaing

eirculating  rate; supplving oxvegen to the tissues mor rapicdlv.  Tniticlly, pruclan Pk may

incresae snd blood PIFERSITE Tiges. w letor win invreaze in pulse prewsim sy badee D,

For reasons not wnderstood, eivculation mwsumes ita normal state, allor a periodd of
expoanre, which may be dne to excvsdive washine out of oarbon dioxides or a nermil
response o strain. When the above happens. alkall passes out of the blead to o
eorresponding axtent  The fiual compensstory modifontion of gnseous pxchangs is known
fg the “HBohr Effeet™. When CQ, tenzion of the blood is Below normal or blood pH i
inereased, haemoglobin hez s preater affinity for oxveen wmd becomes move Lighly
saturated. At the spme time, blood halds rightly to {te oayren ao that it is not given off
readily to the lissues and o prester tizsne anoxia resiliy,

What hes bevn described above are ohanges whieh result at very high sltitwle and
which are the immedisle results of exposore when the rserve Red blood cells are lrouhb
into play from the Bpleenand Liver reservoir.  But these chanpes do undoubiedly  fule
place Lo 4 less degree during slow aseents to heights as in monntaineering cxpeditiona.
Although it is thought that monntain elimbing does not effect respiration due to slow
transformution processes, vev it is dependant on the perioed of  seclimatisalion, We
{loc.cit) did not oheerve any change in rate or Jdepth of respiration upto 10,000 feet,
during resting conditions, At 12.000 the rates of 12 men wore slightly incressed to 224
per minute while at 1300 feet it was 235 per minote. Turing sleep, plivsinlogical
slowing of respiration was uspally observed but no typieal Cheyne-Stokes tyvpe was
encountered although irrezulurity of thythm was noted.  Colder nights of course produced
more slowing and rates of 14-16 per minute have heen recorded. The tvpe of respiration
was considerably poeduved,

Haesmatolopical Changes

Ay Lrunsmission of oxyeen in the blood is done by the Bed blood eslls and ton
very little extent (17 to the plasma. blood can be cousidered to holl in reneral the Iy
to the altitnde prohlem

" Erythrocytle Count and Haemaoglobin, When the tisanea auffer from nxyzen lack
due to insuflivient oxypen at their disposal, first eomponsation 18 achieved by nreunt,ing-
conditions  for inrreasad oxvgen absorplion snd inerensed oxygen capacity of blood. The
inerenee of red bloosd calls with thot of Huemowlobin content s ooneidered to e Uhe

mreaenre to connter balance the oxyeon want. It has aleeady boon montioned thol reserve
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Fred blood cells sre brought into ploy Trom the Spleen and Liver resorvolr a8 the immediate

resnlt of more or less sudden exposure o very high altitude.

Ml.hﬁngh it hag heen shown 'h_'.' Arinatrone & Heim thal porma]  fondividual shows
n general lowering of both Haemoglobin and cells and o rse i White cells during  four
Tioien pxpastires on three sonssoutive dayas to 12,000 feet in the Decompression Chamber,
{itarntiore i8 full of indings of various investigatore most of whom aver that, at least in
onse of monotain climbing there had been inerease in thie Rad blood eslla and Hsemoglobin,
ond thot this increase is & necessary feature in the process of acclimatisation to altitude.
Boarcrilt Hos oven found s correlation between altitude and rigse in the Fryvthroovte Coont,
08 o i Tulle 8. Fitzpernld hous formuolated tie Jaw that for every 100 mm, fall in the
olmospheric pressure there is an sversge rise of 10 pereent Haemoglobin,  Although an
enormous wmsount of dats hug been collected on Polvevthocmis produead by high altitudes;
nvarthuless there 38 moeh individual varintions, uoder diffecent conditions.  Kggers, for
exuniple, han reported REC level of 7.2 milions and Haemoglobin oF 111 peceent at o low
altitnde of 7.567 feet, Shankaran and Rajagopal (1938 recorded 196 grammes percent
of Hasmoglobin in some Pritish troops at 6200 fest, But Bamalingsswsny  and
Vankatashalam (1950} did not find high values of Red calls and Huemoglobin of Indian
eivillang and soldicrs at 7,500 feat,  The suthor eallaborating with Mookerjee (1951) and
working with 50 unpeclimatised Indinn soldiers, found that the oviginal BRed cells connt
o520 millions (8:D; 0.08} taken ot base after s slioht il g0 504 (3.3 0.08) on arrival
ub 000 feel showed o =igoificant rise (o 5.70 millions (8.1 0.07) on the 10th day, They
loweyer, fuiled lu show & similar rise in Hacmoglobin level.  Table 4 shows the resnlts
whtained by different workers.

The fwctors producing Polveyvihacmin were naturally theoght to be duoe either to a

low brometric pressure or decreascd oxyveen teonsion.  After animal experimentations by
a number of workers it has been shown that blood chanmes due to bigh altitudes were due
wasentislly to low partis] pressure of oxveen nd thet Polyevthasmia produced by high

altdtmde iz doe to oxyren want dod not o & diminished berometrie pressure.

Size of Erythroeyles. From preceding paragraphs it would seem that increase in
the number of RECY i2 the answer to the prohlem of anoxia.  Smith et al (1924) reported that

=z were slightly smuller although they
were capaltile of holding the same amonnt of Haemoglohin,  But from the reporn of other
worlers, it wonld spemn that inerease in Haemoglohin and quanrnitarive changes in eirculating
ROk are not the essential compensatory processes for adaptation ta high altitnde.
Horexample, Emmons (18927) by experimenting with animals suggested that the wvolume
of individual ervthroeyte varies inversely with the total number found, a large corpuscular
volume compengating for smaller number of eells. Damalingsswamy otal. {loe. eit))
coroluded thnt the hacmolological cdjustment to a chronie anoxic stimulus does not
myolve primarily un incresse in ciceulnting Bed blood eells and Huoemoglobio, Bul it
appears thal an inerease in Lthe surfoee area of eryihroeyic represent the bosie compens-
witory mechnnism involved o permanenl adapiation to hivh  altitude, although an
irerduad in the number of erythrocybes snd in Haemoglobin is frequently met with,  Their
fignres which comprurie well with those obtained on Tndisn soldiors and civilians ot $,000
funt by Movkerjee & Ghose (loe, vt} are showa in Table 5. In cen be seeo that values for
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prekind cell volume and mean corpuseniar volume are higher thon oan b expeotad o
However, this point neoda furkber sty el elorificatann.

normal healthy adults in the plains.

Curpuscles, eon | lichane

JOT AL T

Altitude in Lhieusancds

ae w=lecl i

4.0

A
4.4 5.2
) .0
(1,1 B0
R

lli.H

18.2

Paylor's “The I"hvsiologioal Baais of
iHerie the aleitude in thesusaucly
firure which approximates he
yave thal ab

Atter Barerofy laken fron Best & '
Mediral Praetiee”, July 1950 Ed B. 12

of feat '-:'||:.:],l".i-.-1! by 0,225 gives 4A

Takle 3

increase in red cell eount. in williona per pubic millinieire, ol
an milliony.)

Inn ihis inastance the eount at sew level was 4.

etre of

The normal vount of 30,000 reticnlneytes in o cubie ikl
pereent of the ervthrocytes, is penerally thonrhl to increags
as g result of expozure (o altitude and Bareroft has shown that there wag an inereasc

Lxperimentally, 6 to 14 piarcent

Peruvian
a pims kept at sirrinbased altitude

Reticulocytes.
blocd and constimting 1 ta ]

win aix rtives,

amounl of red bome mwrro

chowm ta oponr in guine

-

incrense of reticnlocyles hns nest

vively little work has bren done on this prohlem the

of T8.000 feat for a furlnight
Although relu
5 as high

Blood Platelets
comeenzus of opinion 1= that there iz an inerease of the platelat count and figure
as 340,000 per eubic millimetre have been teporied at an altitwde of 1,000 feet, The
might be due to the stimulating glfoet of anoxia on Lhe

ganse e nol koown, but it

prodnetion of megakaryoeyles.

& 1 1 .
Cihsaryiors Aty RBC.. [mm per Hasmoelohin (average)
in feet) CHLINTTN = o3
Kuendinr Locwy &
SO OTRUTE 5.0 .50 130w Sahli
Pegpers 6 10 700
Mankaran &
:-H-j.l.i'-:-pl.i B, 2N 19,65 gma, %
amulingaswamy
& Venkatochalam 7 500 5,48 Li 8T groe, o
Frmers T 567 piR 1114 &ahl
Movkerjee & Ghose 6,000 3,70 4.5 s,
Viuult 14.867 R _
Hingslmon 14,8607 700 -
Barero IERLCE T AW
R I8 gt O

Huriado

16,807

Table 4.
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Leucocytes. The total count, it hins goneralls been thought, i ot wffected a8 o
el ol reduci] barametrio pragsure or partial pressure of oxyren, although there may be o
relative inorease in the nomber of lnrge Ivmphocyies et the sxpense of polyvmorphonuelear
o, R”"l‘:ll”l"r' Maver, Savers and Beatty (10353) have shown by subjecting eninnn.pigs
Lo 16,000 fpeh for 42 hours and rats 4o 15,000, 20000 wml 25,000 fest for 8 weak, thal
thery i o temporary leucocytosis followed by leukopenim:  The  former  effoot thoy
alitribmte to the smptying of rescrvoirs of colls in the apleen and liver and longs and  the
lntter to o functionsl depression of the bune-murrow and the lymph nodes,

Blood Viscosity. Incrensc of blood viscosity from the normal value of 5.1 (limits
Sud E B b0 BB (52 to 15.2) hna Leen  reported Brondage [ 1934.35) showed that oo
inpreass of red cells by one third jucreuses the viseosity by thres times. Bt Dill (1938) rightly
printa out fhat if the resistonce to fow within the body i relatively proportional to he
fiorenss of red oclls, work of the heart at altitude would be out of proportion Lo HRILY
advantige goined by the increased number of red eella, Tt has besn proved by obher
workers that the contention of Dill thut increase in number of red cells produced by

anaxin does not throw an oxlrsordinary buslen on the cireslatory svstem, is teue. T hos

heen ahown thal Lhe plusmy moves how Iy along the periphery in the artesioles, but chat
there is an axiol flow of red blood celle. When hlood enters the capillary bed, admittedly
the resistance to flow in a capillury muzr be approximately proportional o the number of
tod eells, some of the enpillaries which are shown by Krogh (1029} o lie dormant MY
open up 80 that o lurre factor of safety is provided snd the extrs burden on the
oivenlatory gystem wvoeided.

Ohzervers
Boamulingaswamy Aerkerion. Gt
& Venkarachalam S
Fypes ol suliject. Mized Troops Civilians (portars)
No. ol subject, ELE 31 8
OBSERTATIONS
Bed ealls, mills, per
01, rtm. 5.92 540 8.23
Haemaglabin, gms.
et 15.86 1422 13.10
Packed cell volume,
percen 4925 .80 53,430
MALN., Cubie microng 9227 U2 20 101.80
MEH, mioro-micro-gms. 249 85 2650 2510
MEHC, parcent. 32.25 2830 24.60

Table 5. Hocmutolomieal Tiotn

raof Indian Soldiers and Civilinng (Modifisd from
Ind. Jonr, Med. Tes. 39, 4, October 18951-Mookerjee & Ghose)
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Blood Specific Grayity. Specitic gravity of blood which is normally 10K i
incrensed to 1,007 due to increase in the number of Rted cells and blood platelata,

Fragility of Erythrocyles The resistanes [of esid cells o hypotonio. sodinm
chloride solution is increased due perhaps to preponderance of young blood eclls Forrmad

as o result of anoxic stimulus

Coagulation Time of Bload. Due to increase [ the namboer of blood  plotelers
{(vide supra) the eoapulution time is decreasad. But il cold is nsenciated with allitudes agsis
found during monntaineering cxpeditions, there muy be an increase due perbaps Lo the

depression of enzymic processes responsible for o gl L ion,

Summary
1. Physical aspects poverning respiratory gaseous exchange have been divenssed.
Importance of parlial pressure of oxygen vig-n-vis respiration has hoen
stressed,

Compenszatory mechanisms which follow the onset of hyparventilation ot

altitude have been described.

Iaematological changes met at altitude have been presented in detail,
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