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Saart, Renaerin L owanrn PO Rapvorn, Jonn M, Peazier,
oo Rookev, axn Tlavore Al Cortsox. L1 rapied metud for
siinlluncows weasinomionr of carboxy- and methemaglobin i bload. .
Apple Physiol. 31(H) 0 151600 1971 —A spectrophotometric
woetwa for rapid measarement of carboxyhemogtolin (GO D)
and ractheaoglobin (Mt 1) sumultancously 1s deseribed. The
techrique requices no more than 0 F mb of blood and depends on
wmicasarcicnls of absorbance of a dilute bloed <olution at four
wavelengths i the near nloaviolet range. The method has an
accuracy ol =0 06% CO I ar fow levels of CO i, and 2.5,
of the measureed value at concenuwranens of GO 1D above 259,
The accuracy of the Mot 11 dewrmination 1« 2%, Met 110 for
concentrations helow 2004,

spectrophotametrie imethod; hlood carbon monexide

PER MEASUREMEND OF sMATL AMOe~N s of carhon monoxide 1o bloogd

has been a subject of mereasing interest heeanse of te exposure of

large sopulanons w COomowrban eovironments, The mose -
curite svethods developed o date have cenerally Deen by puso-
metrte webmgues (4019}, but these wmethods are rebatvely e
consumnne ane uay recpuive Lirge blood anpes, A recent gas
chromieaeraphic rocthodl (51 gives goiel proaston or blgod sawples
of fess than T imb st acsamiple Tinodhog time ol abont 20 miv, but
in acddiion each souple vequires separate mcisurement of hemng-
olotin capacity Fhe need ds Tor a method fast enongh o alfow
vautine onlvsis of stadl camples from lnunan sabyjeces and o
HIOnIe Afthough  spee-
trophienoneteic methods wre simple and rapid, they fuve beenin

cxnprrinients in Labovatory anuamade
disrepung hecanse o macenracy at low valies ol carboxyhemoe-
gl 1 b 9%

Tinproved moderi couuopiuent s permatded us 1o aelueve gond
results D o spectrophotometrie techaigque YWith o Gillord modied
2H) ~pecorophotmmete:r and madel Y10 dignad absorbance meier
providing diveet readong, we lave developed a method witly whicl
ang techinician can run i omany as 60 blood samples /day The
bload saunple st 5 007 md or less, and g measurenent ol meiheme-
glolnn v obtained along with that of coboxyvhemoglobing an -
porta addition 30 one wishes 1o measure carbosyhiemoglohin in
blowd obiined post mortem, Lrrors due 10 interfering pigments
{methemovlobin, yedneed hemoglobing, and bile salis) are miniimal
in our lechnioune

The migthod utilizes the ditference in absorption speotra hriween
osvhemeglobin {0 1), carboxyhemoglobin (COr 11h) and
methemopiobin (Met T4h) i the Sovet regron (330-440 nm), The
absorbance of cach blood sample is measured ot four wavelengihs
which depend on the animal specics (see Table 1) Based on these
absorbance values we obtain incasurements of hoth the percent
carboxyhemoglobin (% CO Hb} and the percent methemoglaobin

o NMet HL) by means of the Beer-Lbert Law, Redieed bemo-

globin does not interfere with onr measurginents since L s oxy-
geaated by exeess Oy avallable during sample preparavon Car
boxyhemoylobin and methemoglobin are expressedd as percent of
totsd bamoglobin and the results are independent of the initial
emoglobin concentration,

e aoouwracy s adegquate Tor nost purposes and is especially
sood at low CO 1 saturations, namely, a standard deviabion of
069, CO D up o 255 saturation and £2.5% of the reisarad
prreent sataraton {or saturations over 25%  The methernoclobin
mcasinrernent has an accuracy of £29;, Met 11 for eoncentrations
Delow 2030

Several improvements in
chabled s o acliieve this acovracy. The linearity of the mnchine
exteneds o grealer than two absorbance units, The wavelensth
reading s reproducible w0 bettes than 002 o, althgugh the

wodern spectrophotometers have

abrolute wavelength sewing 1s not dac close, 'The vonge of avifable
wavelenuths allows gee of the Sover band (390 440 nong withant
weirument machifications, Uhis specrral cegion bas mueh better
separatnon of (v oxy- and carboxvlicmaglobio spectra than the
I-wr;;ntﬁ
allimy tvo measareuents of QO Hb whose average o guile stable

visthie vegion; fothermore, convendiently located rosbhieste

uncler snch disturbine sotluences as wavelenptly calibranon crrar,
change in temperatare of the saample, and e presepee of methemo-
atobin o smat asnonos of reduced hrmoglobin

We have [owl the stalnhise of onr specirophiotomerer suflicien
to chminate the pecessity of oxyvgenating hall of the sampie lor
compartsom, aswas done by Comming and Lawther () inamethol
sundlar o ours, Additional facors in making the method -t are
the direct dipitgd readont in abxorbance units obtained with e
equipment, and nse of a compater for the actual cafendanons liom
the four absorbance readings taken,

DESCRIPTION OF o jiRt,

A heparnized whole blood snpie, diluted abooe 1:700 with
0 0419, ammonia saluion, ts placed inoa l-mm pathleneth cuvette,
andd the alsorbanee s ooeasured on a Gilloed model 2HE spee-
rophotmmeter at b wavelenethis m the Soree hand Measre-
mients are mcle twice o minmimize reading and wavelenoth setting
crrors o obtain absorbance readines inthe opumiam linenr ranee
of the spectrophowmcter, whneh we consider to Lo 35 20
alsorbance tmits, the difuton of whole blood must be aboot 1:70)
for a f-mm patldength cuvette (10100 for GO B samentions over
4074 becanse of the high absorhance) Since the cuvettes hold O
ml, as ittle a~ 10 i of whole bload = sufficient alter dilution w {ill
tie covette, To increase ease of handling and to provide for thish
ing of the cuvette we use 0.03-ml samples for rat blood and &0
ml for dog and human blood. One-millimeter pathlength cuvetie
were chosen in order that the bomoglobin concentration of thy
saimple solution be as great ax possible without exceeding the
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MESSUREMENT OF CARBONY- AND METHEMOQGLOBIN IN BLOOD 155

linear absorbanee cnnge of the speetrophotometey, The higher
hetneeinbin eoncenorption is desrable (o miimimze the Joss of (O
it Ue diinen {see arresnix 20,

We hneve fonrud that resalis aee more congstent on postmortien
funnan blood swnples 1 (e sonple s centrifuged, and the cobls
castivedd andl resospended o an equad volume of normal saline
salnvon prioe W theb dilngon T dos way any Dlood already
ol zenh i the indnal smople s eliminated,

Vo prevent contact of abe dilated saonple with aire, ahe 170
diluton s made e a syrimee contaming o wiass bead for mixing,
and the sunple s oansferved w the covette throngh a 23-ganpe
nevelley the cuivelle 15 Uashed Jeemn the Dottom with four or more
changes of the sobiton o epsuree tiat air contact with the inal
sample 1 minind We found G keeping the solution at a plt of
10, el henee shiting the O b dissociaion cueve toward a higher
affinuts G O, cnabled v ta keep the auoant ol reduced hemo-
globin to Tews thnn Uen L addigon, s fugh plslows the formation
of methemnglolin Yor these yeasons we used a 0045 N1, solu-
tom s achluetn, which bas a plb of 1002, ehanging wo 108 when
blaod 1 lissolved o, We ool that neithey NHg nor sothum
hepaim soluiions liave any absorbance at 3890-440 nm, and the
absorbiaee of potentinlly conthoting pigmems suel as bile sales s
nep lipihle,

Uhe four wavelengibs used for haman, vat, and dog Diood meas-
uremctits are given in Fable 1 Pwo of thesg wavelengts (approxi-
mately 13 and 431 v, depending on the species) are isosbestic
puings for oxy- and carbosyhemogiabin spectra, one (821 nin} is
the point o maxiowun difference between the tvo spectra, and
the foreeth (392 mon) s point where the oxv- and metiwimoglobin
absorbunees are reversed compared with those av 421 oime The
CO N penh veading is divided by cach of the isoshesiic readings,
and two ratos ave tound, By comparing these o standarvd ratos
taken on pure pluments, we obtain two measurements of Uie
percent carhoxybemoglobing Tn addition, the ratio of absorbances
at B2 andd HL3 O3 senstive 1o bodr carboxy- and methemoglobin,
andd Tronn Uns ratlo a mcasnree ol the iatter can be obtameed A

stucly ol the spectra shows that the presence of up o 109, Mot H

influenees vur GO T measirenent by less than 0 539, CO 1,
but even that small intluence can be corrected (ot quite casily
The complete caleulations ave pven in areenmix |,

e method s strongly dependent on the reproducibilicy of the
wavelengtle settng, & sonrce of crror which probably acconnis for
the inaceuracy of previous attempls (@ measture small concentra-
tons of carboxyhemogiobin by sumlar spectrophotometric meti-
ads. We fave found that the monochromator in e Gilford ap-
parahts shews eonthmouns yandowm drifting of a few tenths of a
nanometer. Tt s possble o correet Jor this deift, as is shown in
arpEap 1 whenabe dreifo s dewcted by repeated check of the
wivelength setting of a holouum oxide fler with peak absorbance
at #3510 2 D20 i Sueh eovrection for wavelenpth setting errors
complicates the compuier program, and i practice this difficalty
can be avoided by resetting the wavelengih o correspond o the
holmitun peak repeatedly during the day, As long as the dniy dogs
nol exceed 0015 ni 1s elfcer can e ignored.

To mimninuze ervocs, complete date analyas must be caveied out
on accomipiter systent capable of storing 24 constants and soiving 2
simultapeens cquations, We nse a PDP-12 computer (4K storaue)
programed in the FOCAT, Janguage. 11 a large computer of this
lype ts not accessible the caleulation can be simplifed by neglecting
the wavelength drifr. o thiv case the program requires only 12
constants 10 be stored These veguiremenis are compatible with
the Olwetti- Underwood Progranma 101 desk computer with the
program stoved on magnetic cards. The compuler program calcu-
lates both % GO 1L aad % Mot 1!

T(“.npim ol the programs for these two computers can be obtained
by wnung F. P. Radford at The Johns Tlopkius University.

YAWLL L. four wavelengths used for spectroplotomnetric
delermination of i, CO Hb and % Aot Hh
in fuman, dog, and rat blnod

Wavelength, am

-

Viand
TR - Width, nm
| Buman blond | Dog bleod | Rat] Blond |
At [ o s | a0 g
LSTN 43132 4138 4131 l 1.0}
A 421 0 421.0 200 ! 09
At 4303 431.7 430.7 / 0.9

T Chese wavelengihs ave isoshestic poms fay Oy (b and €03 1ih,
tVone-Lvans hooded rats

One requivement of the method s that any redueed hemogiobin
mnast be oxygenated without altering the GO D sawration, We
have simply used the oxygen dussodved in our dilucnt 19 combine
with the reduced hemoglobin, Loth expertment and a simple
caiculation show that only a fraction of a pereent of the hemoglohin
remains unbound, provided that care is taken (0 chsure that the
dilute ammonia sotution is saturatect wilh air, Suppose 0.1 ml of
venaus Blood s dissoived in 7 ml of water. The water contains
0.044 1l of O in equilibrium with atr at room temperature, The
blood has the capacity to combine with 0.02 ml of gas, but about
50% or more is already combined, and thus only al)owt 0.010 1l of
dissolved Oa 12 bound, T'his reduces the Pos from 155 o 120 mm
Iy, which results in well above 999, satration at his pkl and
wemperalure,

Several authors Bave commented {10, 14} that percent GO Hb
satration decreases when blood i diuted, and in fact a simple
caleulation based on the relative affinitics of hemoglohin for GO
amnd g, doncm artenmx 2, shows that some GO will b displaced
from the hemoglobin by the dissolved axygen, We correct for this
loss in our computer caleulation Vhe resulis of Paul and Uheorc]
(10} avinitial CO U sawration of 10094 show somewhat inore €O
Hb dizsociation than s predicted by (hiz calesfation OQur own
megsirements of this cffeet are consistent with the theorctical
prediction of arreNmx 2,

For normal blood the presence of reduced hemoalobin causes as
mach error as methemogiobing and a corrcetion for that pigment
might scain logieal also Our procedure is designed, however, so
that veduced hemoglobin cannot eseced 19, but there may be
caxex when methemoglabin reaches values as high as 10 or 209, ana
thus gorrection for methemoglobin is nnch more imporiant
quantitatively.

Several checks are made o verily the accuracy of crucial steps.
Cuvettes can become unmatched die 10 seraiches or inadegnate
cleaning, hence they are eleancd after every other measurcinent
with a dilute solution of cthanol and TTC], and are Obled with water
and theiv alsorbance checked [requently 1 he was clength calibra-
ton of the spectrophotometer is measured on a bult-in hofminm
oxide filter to within 0.02 nm hefore mcasurement of each sanple,
and it s reset il in error by more than 0.15 nm. A chamber (em-
perature of 22 & 1.5 C is maintaimed by pumping waier from a
thermostatically controlied bath through a jacket buile into the
spectrophotometer, As a check of stability of the instnanent over
tine, standard whole bleod samples arc incasured cvery few days.
These standard samples are kept vefrigerated for periods up 10 a
feowe weeks, ,

Calibration of the mcthod for a new species requires several
days. The spectra of oxy-, carboxy-, mat-, and reduced hemoglobin
must be taken at known coneentrations at pH 10, The procedure
for Oy Hb is deseribed below. GO Fb was obtained by equilibrat-
ing diluted blood in a Farhi tonometer with 0.49, CO in N,
Reduced hemoglobin was made from oxyhemoglobin by the addi-
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rapre 20 Molar absorhances () and stopes of absorplion RESUT. 1% |
speclra (o)fnr fruare \"!?fr'."r".\' (O T80, CO I, and Mot 11h)
gt for Ioaman Muood

thiat thae: }
The absorbance spectra of the forn man forms of hemoglobin ip | dilment (e

the Soret range are shown in g 1 for hunian, dog, aned rat blood Anothie
after axyg

| PN [ Some peak wavelengths and ol absorhances ace alse lisied m
@11 Srith MLty Tabie 3, and those for human blood are compared with finding, of L from thes
Wave- T = = : - I i ERRE
lengh, | T s | e s 551U Van Kampen and Zijlatra (14} and Benesch et al. {2). | whethier ¢
R X | {:’Pf.nl‘"i W om 1 :.'.,)i"'ﬁ: s Cem The method s hased on the Jincanity of absorbance of a oiven | onF HvEs
) | nm_‘ . . ‘ bk ) - i ! pigmeni with it concentration, We tested (his o two ways, fiisg ] n face, d
52 | o4es pon 02w ome|  os) oo PY Yarying the concentration of a pure oxybemoglobin solution, ? RErOr s ¢
4 0003 £ 0001 4 0.000 = 0.001] £ 0 005 £ 0,00 wndl seeond by creating known mixtures of O b and GO Hh, A "f‘
Al 2 |26 014 i o012 1.000 —0.o0d4 By the first procedure, we found our absorbance readings were i blooth ~ar
[ s 0000 & D002 4 0,010 &£ 0,005 £ 0,030 & 0.00] lincar with concentration of Oy 1 np 10 22 alxsorbance vnis "51’“"['5“( r
421 | 1250 =051 | .U!Fti|' -~ (3,040 GBIG —0.037  within the pipeiting error, Fhe second wst also pave o hocar refa- [ Somne oo
| 0.010) £ 0001 &= 0.010] 4= 0001 £ 0.020] + Q.00 dignship between % CO 1 and alsorbance for both cdog ang tions ma
431.% | 0529 -4 0.e3E e 0,079 DAl =08 pyman blood except when 9 GO 1L approached 10095, wheie hadl been
£ 0005 = 0,001 & I]'U[)""i = U.U[”I £ 0.010] £ 0.001 the absarbance was helow tha predicted. Tn thix case we Delieve Blood <
A — - - e ——— .- - and W
Valuaes ave teans 4 s U 4T
201 @ MAN N L The €0
vomn of sodian ditbuomie, Hemovlobim conceniration was mcasired FEERY ¥ JloF i
as cyanimethwmoglobing o the assumption of an (o) wolar —— Q,Hb . \ CO Tl
absorbance at 30 neo ol 1 HY X100 We wsed a mocificd form of § tsk-~--CQOHDb P Y previons
]Jr'u\hkm’.s reagens, deserhed by Riclhaerich (11, ‘ S = <= .= Mej Hb ! \\- i changed
he most erineal constanes are the pure oxyhemogiobin absorh §_‘_, e Hib i The n
ances at the four wavelenaths, Lhese mnst be obtidngd from a 2210t it 1]
solution as (ree as possible [rom methemoglobin, with a known L ples apy
percentage of CO b for wiuch the aborbance can be coreated, 3 2 } probabi:
Lhe most conmsten: method for estabhishing Oy Y absorbances a5 05F7- . i Tt
has been o deternane them on routine samples o several normal = e A
individuals notexposed w spesnal sources of GO We assumed than T mnetlingd
e . i - o . . P 1 1 - 1 J
norm;l{ jél_l)()l:':tll):l‘}' rals wnd ('U\_;.\‘ L\q:_i, mflnm,\ na downtown area o P 210 220 230 240 of Tavly
of Baltimore have an avarage of T, CO b, For haman biood, X tnem) whinte w
we assutned that nerisad nensmoking subjecis biving mean arban +2.1%
arca have an averape ol B9 GO T (1), The absorbances ol- ik lviset
e i this manner were ased for comparisons with the gas 20 & DOG . (less the
chromatographic metlused of Collivon ccal (5 These comparisons 7 * Eara i 3
indicgied a slichedy different zevo level (about 0.9%, CO TIY) so w /! Y the dise
for alf other measuremenis of aman blood we adjusted dwe al- g ! 1 are
sochionee tooset the zero level Talbvay Detween the twvo, 1o, o 3 3 Ui
make U 7% CO Db the average value for nonsmekers. T s these g5
adjusted absorbances whch we veportm Jable 2 The samples also o e r\.\‘MIA'.\‘
undonbiledly  comained  some methemoglobin, but Tortanately, < 3"0 . |
the effece of sinall amounts of tns pigment on the CO Hb de- S \ foreo
wrmmination w uegligible. For purposes of the methemoglobin 3 of our
determination we assuned that our samples Trom normal in- =
dividuals contan Q8% Met T as measwred by the Tivelyn- TM”":;
,’\L:IHI)'}' procegure (7). 0 390 460 4:0 42LO 4"_50 4";0 [ Hé hff’.&'
I he methemoglolhin speeorom ae pil 310 wends o be unstalle, A (rrm) | ==
as pointed ont by Avstn and Diabkin (Hh We fonad s chanped [
by e presence of glveine boaten, borate buailer, Sterox, and potas- 20 - !
sivan ferveyanide, where in the Lnder two cases a gracoal change ' {
continuing sor sl least several hours swas olzerved This was trae [ O 1
cven thoeagh fervicvancle was added at plt 7 and then the pit was u 15 L i ('.(2)
adjusted to 1) Zs } et
We were able tr obtaim o stabde onrve, with the same conditions o < l b
under which one rontine san:ples are prepared, by wsing NaNCh, 23 |
following the procedure for prodocing Mot T presented by Van uq)g 10 r |
Assendellt ol Ziglstra {131 Lxces nitrie was added 10 wholg a o - |
Dloodt, the sobuGon was allowed to siand 13 ming then (e cells were o] i,
wishied four tunes with novmald saline o eliminace all exeess nitrite, 2 05 0, !
We then diluted the cells in 0049, NI solution, Vhe curves \ O
abtained in this manner were used 1w determmne the melar ab- o . 7 L \ , NMet
sorhances of Met I at the selecied wavelengths, although the 390 400 410 420 430 440 | Hh
absolute values of the absorbances varied by 5% of (he valucs Alnm) | —.-
shown, probably because some conversion (o hemaltin occurred 6. 1. Absorption spectra of (g 11b, CO Hb, Mct Hb, and - | hu:lr):::
This uncertainty in the Met Hi spectra is the dominant source of  duced Hb for (A} human, (B8) dug, and (7} rat blood in (he Sorct I'AClt;r
crror in the %95 Met Hb measurement region at pH 10, r

globu
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| pat the T was not lulby satarated with GO e 0 Joss into the
diluent (ol appexing 2},
‘ Anathier check we have made i 10 aore bottles of whole blood,
'.‘;[tcr oxygenating them s fuly as possible, and meazure samples
from these boutles periadically. This was done mainly 1o determine
| whether there is any systematic change o the zero CO Vb level by
aur measarenent from day to day, No such change was lound, and

n fact, the variaton was less than one would expect [rom random
! error ax desaribed o die nest section.

As an independent check on o methexd, we hiave compared
plood samples measuced by our method and by the gas chromato-
raphic method develeped iy Collison, Redkey, and (¥Neal (3).
[ Some comparizons werg nade as whole blood, others s difute solu-
gons made by mixing dilute O b and CO 1L solntivns which
had been copubibrated with appropriate gas concentrations, Whole
blood samples wore first exposed (o vanons amooes of () pax
and were megsured secording 10 our routine procedure, nchiding
the correction for GO tost into soluton describad in aveenmx 2.
The Ou Hb molar abworbances used for calewlating percent satura-
tion i all these samples were determined by seeting the average
O Hb level for nonsmokers at G904 CO Hb, as desenibed in the
previous section, As 4 resalt of these stucies,
. changed this base-line value w 0.7%, CO Hb
The results are shown in Fig 2

we sabseguently

The agreement iz, in most cases,
within the experimental error predicted below, The diluted sam-
ples appear to vead shightdy lower than whole blood samples,
probably duc to slightly greater amoums of reduced bemaglobin in
the former, doe to the methocd ol' prup;\mtion

We have also compared the %4 Mot Hb as deermined by o
method with that given by separate measuvements by the mwethad
of Evebyn and Malloy (7). The vesults are preseniced in Vig, 3
where we have incdicated the grrors associated with cach method,
+£2.0% for our mewtd and £0.5% Jor the Uvelyn and Malloy
method, There s exeellent agreement an the Jowy values of Met Hb
{less than 209%) but ihe spectrophotometric progodure givey low
svalues at concentravions above 209, We have no explanation for
the discrepancy, but as samples contaning more than 0%, Met
Hb are extremcly unlikely w occur, we consider this deviation of
the resufts 0 be of [dle pracucal consequence.

ANALNYSIR OF FRIROUS

Lrrors may arisc from random factors, which ailect the precision
‘ol our measurement, and (rom uncerlainty in the constanis used

rannt 3. Peak waw?mqm and peak molar absorbances for pure
Hb );mmmts aned vearions animal f};rrrr\‘ at ;JH 1()

l 'val. Wavelength, nm , I Van Benesch
g ST EE)) Kamnen et al.
| | & /,‘}lalm (2
Man I Lo ‘ Rat [ nx
—— | | Vs | _
Oy Hb 4147 | 4144 | 4142 205 } 44 | 41
CO Hb 4201 | 4196 | 420.] 405 420 |
Met Hb | 413.2 | 412.7 ' 4135 +0.5 |
Hb | 431.2 | 430.5 | 4305 £05 431 | 430

Molar absarbaner, K u w1
{based on cyarmethemoayinhin :nm’nr aksarbance al ,))‘0 mn af
F 10 % 10 per dron)

Gy Hiy 1.0 1. 32| 000 [ b Log2e
CO Hb R I I 3 DU T B

Met Hb 1.65 1 fm 1 00 [ 20,03 l

Hb | 1.3 | .39 Ry ( £0.02 | 1.40 l- 1.34"

Data uf V.m l\'nnprn andl /Ulclm (IJ) and ]ium:ch vt al. (2) on
| hunan blood shown for comparison, * Data correcied by a
| factor {1.10/1.15) sincc these suthors assumed a cyanmethemo-
| tlobin molar absorhance of 115 X 10! w™loin~1 per jron.

b i ——
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vic, 2 Comparison of 9% CO 1L in human Dlood samples micas-
ured spectrophotomctrically with wieasurements on the swne samples
by the gas chramatograpbic techiugue of Collison et al. (5). Closed
circles: GO cguilibrated with whote bleod samples Open circles,
CO equibbrated wuh dilmed blood samples. A measurements at
CO Ty levels less than 10, GO Hi Tdentity Wine drawn ac 457, and
vertical lines theough points represent the estimated siandard devia-
von of the errov by the specirophotomctric method  B. comparison
over the whale range of 7 CO b up 10 1007, Low values at the
w0 points denated by crosses are probably duc o difficulty i ob-
taining true wital hemoglobin mecasurcments in the gas chromato-
graphic cthod, These two samples showed low hemoglabin values
comparcd 1o the nthers done at the same time due cvidendy 10 in-
compleie nmixing.

for the calculatons, which aflects the accuracy (Uhis latter crron we
refer o as “systematic”). Random error iz caused by machine
variation in absorbance reading, the presence of unwanted pig-
menis, eniperatare variation, dirty cuvettes, and drifting of the
wavelengtly calibration, 'Uhere are 1wo major sources of systematic
error in the molar absorbance measwwement: J) uncertainty in the
average CO Hb level of normal nonsmoking individuals, and 2
errors associated with dispersion of the molar absorbance data due
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vici. 3 Comparison of T4 Met Hb incasuredd by the spectrophoto-

metric nethod with the analysis by the Evelyn and Malloy techuigne

(7). A - companison for L Met T levels below 575, M comparison

up to 309 Met b Tdeouty lines drawn at 45°, and vertical and
horizontal lines indicate approximate errors of the two micthnds.

o varialubily 1o the spectra and amcertainty in total hemoglobin
measurements. The At souree of crvor b estimated to produce a
hase-line crvor of =030, CO b, The sceond type of ervor resnlis
in A systematic orror of =2.5%, ol tie measuregd GO Hb pereent,

1 he specifications for our Gillord spectrophotometer give 0,002
absorbance units az de precision of the instroment, This accords
wrth onr own observations. 'L he accuracy of the absorbance is given
as 0.3% of 1the spearophotometer reading, but presumably most
of this crror is proporuional to the absorbance, which in owr method
just appears as a change in concentration, having no clfect at all.
A random crror of (.0U2 in cach absorbance reading resulis in a
random crror of £0.27%, CO Hb in the final result, if cach ab-
sorbance s measured twice.

SMALL 51 oA )

Recuced hemoglobin, as pointed oun earticr, will consttite leg
than 1% of the hemoglobin 1o is e vaaiation, rather than te
actual amount of reduced hemagiobin, (hat concerns us, and we
catimate the varation o be G159 of the wial hamoglobin I|.‘
addition, we have Tound that an increase in temperatore of the |
sample daring measurement causes an increase in reduced hemo. !
globin, We limit the wmperatore variatien 1o 4:1.5 €, which |
causes variation ol £ 15%, in e reduced bemogloban, The |
combined vifcetis s£0.21%, reduced From the absurbanee curves |
we have: calendated that 175 reduced Fb causes an error of —=1.09 |
in oirr measavement of CO Hb; thus (e vanation in aimount of
reduced 1D contributes £0 219, 1w our error 1n % CO [, A
lor interference by methemoglobin, up to 597 Met fib has 5
nepligibic cileer on our CO T deermination, and we can correcy
for ic il ity present in farger amonnts,

Aowavelengtiy shifll of no more than O 13 nininwroduces an error
of 0149, GO b, The eifeet of this crror is mimmized in our
reported 5 CO Lz by sveraging thie two separate estmales of
Y CO b as a change in wavelength calibration raises one esi-
mate while lowering the othier, This cancellation of crrors is not
present in our G4 Met Ty estimate and therefore il high accuracy \
in the 9% Met H 1 desired, one must pay careful attention (o
wavelength calibration ellecrs We have found empirically that for
a given wavelength :hift at the holmium oxide peak there iy an
apparent wavelength shift of twice this amount at 392 nm due
nonlincarities in the optical system,

T'he combmed ¢ffeet of the sources of random vanation Is a
standard deviation of £0.45%, CO b Combined with the sy [
matic error of £0.3%, CO 1b ar CO b levels less than 1075
we have an overall uncertainty ol +=0.5577,
Iy Jewels

The mmownt of rancdom coror actually found is somewhat less
than £0.45%, CO T1h On a large number of samples measured in
chuplicate, the dilierence between two samples is expected 1o have

0 Flb Tor lose (03

A root mean saquare value of /7 times the standard deviation for
cach measurement, or £0.65% CO b, In fact, on typical runs
we found £0.35% on dogs, £=0.30% far rals, and 20465 for [
Inuman sul)jccls_ the latter ﬁamplf“i being done by an unirained
techinician, A more severe (it was 8 determimations over a period of
16 days on a sample of oxygenawd whole human biood. "The
standard deviation was £0.2844 A similar test with dog blood
gave £=048%, The results of owr mdependent check with the gas
chromatographic method indicale 1hat our systematic crror is |
inddeed within £0 3%, CO Hb at low lovels,

IT the eflect of cach of the aliove sources of error on the methicmo-
globin reacing is computed (except wavelength drift which may he
accounied Tor in the caleulation), the methemoclobin estimate is [
found o have a precision of 227, Met b, I

Although the errors in our spectrophotometric method are |
somewhat higher than in other methods, such as gas chromatog-

raphy, e method is advantageous for many purposes We have
use 1o monitor blood GO Hib repeatedly during experiments on
small laboratory annnals and for studics of human populations.
The acvantages of specel of analysis, emall sample of blood needed,
and simultancous measurement of methemoglobin make it 2
desirable methed for many applications,
APPENDIN ]

The hasic simpheity ol the incthod is seen if we first assuine that
there is no wavelength shift; & = 0.

Tet:

A= 392 nn

A = isosbhestie point ~ 4% nm

rn o= 421 i §

My = isosheslic point ~ 43| nm |

The observed absorbances of the unknown sample a1 these wave
Jengths must be compared with the corresponding molar absorbances
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of the purc hemaclobin species involved. Tt A stane for the obscrved
absorbance of an wiknown swuple and 4 represent the molar ab-
sacbances of pure pizments, then

GLug s il Og + @111 Dy , 41V 04 for oxyhcinoglobin
algo . a1y, 4 co . av co lor carboxyhemoglobin

and

O, A11 m o, B Gy m for methcmoglobin

arc the mola absorbances ad the indicated wavelengths.
Npte that at the tsosbestic points:

aitag = anco and  av g = Qv co

According to the Bear-Lambert Law, the absorbance of cach com-
ponenLin & Iisture is proportivual 10 its coneentration. Tf x = fr.ac-
tion CO b and v = fraction Met Tlb, then 1 — x — y is the fraction
03 Hb {tf no other specics of hemoglobin are present), afl fractions
being af wtal puginent,

The observed absorbanee is

Ay = Klfajo, (t— x —3) + ateo x + aimy]

N

or
(2)

when A is the mofar hemoglobm concentration and ! is the path-
length {in cod. . .

To clinunate the neeessity of measuring hemoglobin concentravon,
swe take the ratios of the abserved absorbances:

A, = K:’[ﬁig.: + {av g — 0103)/\ + {ﬂl m a‘EPn))’J

Au wrm  faneo — ana)x A (anw — auesly
M= = st —} - (3)
Ar A WY o (ﬂlitr\ = h‘|rlz)'\’ ~F {”lm — diungr¥
A atnos + (auren — Aoty + fanrm = antogly @
Ry — = — LR LI s P sl Y
A atug F (anen — anody + (G e — fwog!y
and
P Aar atires A+ ureo — o1 ¥ A (@i m = anrog ¥ 5
[ Lo 2Rl — ———
Sy Ay oy v TRy e & 4 (v ia = aiv g l¥
Note there are only three mndependent ratios,
OQur duta anadysis procedure 1s 0 solve rguattens 3 and 5 simuld-

tangously for x and p which we cadl ap and ¥, - Nextwe aubwtiintg the
Met 1ib esttinte py into rguation 4 and again solve for & piving
xa oy xp and xz obtanmed this nunner are two indejendent catimates
of the §, CO 1, we report theie average as the S GO Hb satration.
Finally we resubsttiute this averaze ¥ into cquation 3 and solve for
giving uue reported o Me i, -

I'he ratonale for Uns provedure s that e and B are most seosilive
t OO Vb, henee our reported vodne of %, €0 T is cssentially based
o these two estinnates, Furthernnre, the avevaging ol xy ared an tends
1o caneel errors due o wavelength fvilt and the presence of reduced
Hb. The i't:p:)l‘lr:d valne of £, Met Tih 18 bused om Ay which s mugst
sensitive 1o Met Tih and least sensitive o wavelengih dreft, an -
portant puint since we only have o single estinte Gor 7, Mct Hb.

To take into consideration the wavelength shift, we mwrely replace
the mwlar absorbances by:

o

ay — ay -+ 7.aM

pue specinnn {da /UM, see Table 20 at
Moand AN By the wavelength shift as meazared by the hobnsivn peak
at 44600 . 1 additional acenracy (beter thian £292) of the 9%
Met b measuremient is desired, careful analysis of \he wavelength
drift efTect must be considered. In our work we nerely take the 9%
Med 11 determinaton east sensitive (o wanvelength drilt as our re-
puried valuc,

where ¢, Js the slope of the

APPENDIXN 2

When whale blood is diluted with waler containing dissolved aie,
the ratios of various forms of hemoglobin will adjust to be in eguilib.
tum with the partial pressures of the dissolved gases. For instance,

Rur-1

| -Human
(I

g
=)
T

&80

by
Q

% COHB CORRECTION (X,-X!
e
(=)

S
100
% COMb MEASURED AFTER DILUTION (X1

L%

w10, 1. Correction factor by which % CO b incasured on dhluted
bload must be ;u‘l_illslcd 1o lake intn account Joss of CO oo diluton,
Curves show resalts for hunan, dog, and rat blead with Faldane
constants given in text. 04 and GO capacity, f, is assumied 19 be 0.2
il 3TY/ml whole blood. At values of %, CO b less than 4077, the
dilution facior v is 1170, whereas at high values nis 11100,

some dissolved oxygen will comibine with reduced hemoglobin, as
cxplained in the wext. [f carboxyhamoglobin is present an e Blood,
some carbon monoxide will dissogiate and go into solution

The latier process is deseribed by Tlaldane’s bow, wineh stines that
the rvatio of carboxy- (¢ oxyhcmopiobin is the same as the rave ol
partial pressures of CO and (g, multiplicd by @ constant m, which
represents the relative affinities of blood for CO and Oz, Valurs of m
arc on the order of 230 in vivo, but have nal been studicd onder our
canditions, namely, dilute solutions at a plé of 1 and a tciaperature
of 22 C. Por this reason we made rongh mcisormenis ourselves on
dog and rat blood sed found a value of 305 o cdog and 290 for rat
Woad m diduted samples, We assume that m lor haroan Llood ander
our conditinns is approximately 280, ag reported by Rodhey et 1l (12)
for concentrated solutions wt 22 G and pH 8.8, In fact, the precive
value of m allecis this calouiation relitvely Iittle, s cann be seen fegm
Fig. 4 where the correction deseribed helow has been plostted for v,
dog, and hwman hlood.

We will assume that only two forms of hemoglobin are presens,
Qg b, and GO MG, and that the Og and CO capacity of the blowd is
£l STP/md bload. Up to 3094 reduced bemoglebin in the initial
sample leads 10 00 significant <hfference i the result and the very
small partial pressure of amunonia is negligible.

Leu:
= fraction CO T (alwr dilution and with equilibnuin}
xo = fraction 0 HY initially hefore dilnoon
p = volume CO dissolved per volume of water
{afltcr reaching equilibnum)
q¢ = volumne (2 dissolved per voluwng of water
{afier reaching equilibrivim)
qo = volumeg (3 dissolved per volume of water inttially, before
Blowd added
Notc that.
I — x = fracuon (J: iy after diluton
b — xo = fracton Oy T ininally before dilution

The quantity we miceawe s v, and ao s what we want to deterning;
ga is known Tront the solubihty of Og, and f can eclther be assiuned
w e 0.2 or estinuited frenn the isoshestic absorbances. VWe then have
three unknowns (xy, p, ) and can write three eguations. The st is
ITaldanc’s Jaw, the other two ave shaply statcments that the total
amount of cach gas i3 the same alter equilibrivm is reached as before.
175cao and Soq are the solubility of CO and Oy respeciively, in volumes
of gas (STP) per volume wader at 22 C, then Haldane's law is:

/S0
m
g/504

For a dilution of onc part bload 10 # parts waler, the material balunce
cquations for CO and Oa per volume of blood are.
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The <lunation of poand g fron these diree cguiations gives

fxe
- fU0 — aa) + nge

Hefn |

Ny e X = —
Sery | — x
|~ —
S0 x

Tire rate of the solubihibes ai 22 G S02/5c0 = 1,33, The amount
of dissobved oxyren w the diluent gq is equal 100 0,21 X S0, = 0.00625
v/v when ambicnt O is 0.21 atin. The cquadon for the change in
the fraciion CO 11 s then

LML D

vp— Vo=
| - x
Sl U4 s ——
x

Ovdinarily the chdution we wse is 1170, e, n o~ 70, Towever, fu
vory hwh GO sataration we have o use aomere dilnte solution
oweler ta ku‘p e absorbance at 421 mn within the ucar range of
the spectrnphatemicter, so #omay be as lngh as 100, The absorthances
at the isesbestie poiots (413 e 431 nm) imay be wsed 1w deteninine
nff, then the correction {ag = vl can be calendated [rom the measured
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