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2O~~ tinued dissection of the Fick equation in that we have demonstrated
that tissue oxygen tension is “~e bes t predic tor of sys temic oxygen

/ transport. Systemic oxygen tr~~tsport (ST02) is the measure by which
blood flow , hemoglobin , P50 of the oxyhernoglobin curve , art: combined
in total assessmen t of oxygen ‘~livery. Estab lishment of the corre-
lation between systemic oxygen transport and tissue oxygen tension
has significance for the totality of oxygen transport as well as
suggesting that tissue oxygen tension may have important use as a
minimally invasive monitor in many situations of critical illness.
It also has the advantage of being readily available and capable of
being used in unusual systems of transport of victims .

The second aspect of this year ’s work has been the cor~~~~~ ion of
nitrogen balance , an indicator of catabolic illness in patients
with injury, with red cell 2-3 DPG levels. The significance of this
is the further delineation of the red cell as a biological biopsy of
ready availability in situations following injury. The correlation
between red cell glycolysis and nitrogen balance suggests a reflection
in a unique cell , the red cell , of total body response to injury and
massive transfusion.
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The two features of the proposal which began this contract
in 1971 were an analysis of the effect of transfusing blood
of extended storage life with d iminished levels of 2,3 dipho-
soglycerate and increased affinity for oxygen and the role of
inorganic phosphate during recovery from transfusion. ~‘eprojected a series of acute studies in which all components
of the Fick equation were analyzed. The rick c~ uation di3-section was done by measuring cardiac output , arteriai and
venous blood gases and saturations , P50 of the oxyhemoglobin
dissoci at ion curve , 2,3 diphosphoglycerate , adenosine t n —
phosphate , serum inorganic phosphate levels , and tissue oxygen
tension . As indicated in the last Annual Report , an ex ten-
sive statistical analysis was begun to determine cause , e f f e ct
and military significance of the hemodynamic changes seen in
these particular studies. The theorem initially advanced was
than an acute , left shift in the oxyhemoglobin dissociation
curve would parallel an increase in cardiac output to prevent
tissue hypoxia. We reasoned that normalization of the oxy-
hemoglobin curve occurred by mobilization of serum inorganic
phosphate which enhanced red cell glycolysis , by acting as a
cofactor at the glyceraldehyde -3-phosphate-dehydrogenase
step of the Emden—Myerhof pathway. By monitoring the oxy-
hemoglobin curve ’s return to norm al , information coul d be
obtained about demand mechanisms and potential deleterious
effects of transfusing acutely injured patients with blood of
extended shelf life (which is considered adequate by current
blood banking regulations).

The assessment of the effect of relatively small changes
in the P50 of the oxyhemoglobin dissociation curve has been
hampered by the lack of physiological models which are indepen-
dent of autoregulatory mechanisms and factors such as temper-
ature and pH which are known to affect the oxyhemoglobin dis-
sociation curve . Effects of altered oxyhernoglobin dissociation
on diverse organ systems and levels of oxygen transport,
particularly at tissue level , have been difficult to assess.
Changes in components su ch as oxy gen ex tr action coul d be
minimized by compensatory changes in blood flow. Previous re-
ports have not adequately assessed the effects of transfusing
stored blood because all components of oxygen transport were
not individually measured and analyzed .

This report deals with data obtained from seven patients
admitted to the Intensive Care Unit. A criterion for inclusion
in the study was that the patient required arterial and Pu!—
monary artery cathenization as part of his care and NOT as a
requirement of the protocol . All patients received stored blood
~eatcr than 20% of their estimated blood volume on the day of

‘ling . Simultaneous samples for determination of arterial
mixed venous blood gases and saturations were performed.



Measuremen ts of hemoglobin , cardiac output , whole blood l actic
acid , P50 of the oxyhemoglobiri dissociation curve , red cell 2 ,3
diphosphoglycerate , adenosine tniphospha te , and, in the sanpie
reported here , subcutaneous tissue oxygen tension were ana lyzed .
Rectal temperature and a r t e r i a l  and venous pressures were
measured , also. The first sampling period took place im~.cdiatelyafter transfusion was complete . Samples were repeated at 4 to
6—hour intervals.

Blood gas analys is  was performe d in dupl i cate on Instrumen-
tation Laboratory and Radiometer blood gas analyzers. Fiemo-
globin saturation levels were measured spectrophotometnically
on the Instrumentation Laboratory 182 Co-oximeter. Cardiac
outputs were performed in triplicate by indicator dilution ,
using indocyanine green dye in five patients , and with thermo-
dilution in two patients. Lactic acid was measured using a
Boehninger kit and expressed as inillimoles per liter whole
blood. Red cell 2,3 DPG was measured using the Sigma kit, and
adenosine triphosphate by the Calbiochem kit , and values ex-
pressed in micromoles-gin Fib . The oxyhernoglobin dissociation
curves (P50) were derived from saturation and pH measurements
after equilibration of blood with three Scholander-analyzed
gas mixtures containing oxygen with partial pressures between
15 and 60 millimeters of mercury with PCO2 of 40 mm/Hg. Cor-
responding P02 values were corrected to normal conditions of
pH=7.4 , using the formula A log Po2 =-0.40’pH. After saturation
was measured the Hill equation was used to derive the P50. The
resultant P50 values under standard conditions of PCO 2 = 40,
temperature 37°C. were employed ~~Ii the analysis to differ-
entiate the P50 variation due to storage from that due to the
Bohr effect and temperature .

Subcutaneous tissue oxygen tensions (PTO2) were measured
by the method of Hunt. (1) Normal saline was pumped through
subcutaneously implanted silicone rubber tubing (o.64 mm I.D.
x 1.19 mm O.D. x 10 centimeters) at a rate of 2.5 ml. hour.
This rate was slow enough to permit a 95% equilibration of
oxygen. The tubing effluent was aspirated anaerobically and
its I’02 measured with a Clark electrode. Because PTO2 declines
in normal subjects as a function of duration of implantation
the results were expressed as a percent of the normal value for
the day of sampling . All tissue oxygen tensions were obtained
after the tube had been in place at least 24 hours to allow
stabilization .

\ scale for the magnitude of storage effect was provided
by exr;ressing the volume of t r a l is fus ion  as a f r ac t ion  of the
patient ’s estimated blood volume and multiplying this number
by the mean storage time in bank days of t r a n s f u s i o n  u n i t s .
Arterial and venous oxygen contents were calculated from the



fo rmula :  0 2 (ml/ d l )  = 0.003 102 + (1.39 x lib X propor-
tional saturation) . Because the experin’ental design re-
quire d simul taneous measure ment of all componen ts , statistical
analysis was performed on complete sets of data only. Multi-
ple l i n e a r  regressions were ~1one us ing a stcpwise backward
e].imination technique . (2) Values were transformed as neces-
sary to comply with the assumptions of the statistical model.
Variables were eliminated from analysis if their correlation
coefficients indicated that they played no siqnificunt role
in the systems under investigation , and subsequently if their
par tial regression coe f ficien ts were not sign i f i c a nt at the
10% level , or if their elimination did not entail a signifi-
cant increase in the mean square due to deviations. Means
are reported plus or minus one standard deviation , or , when
transforma tions were require d , with the sample range.

RESULTS

Patient Population

Table 1 gives correlation coefficients and mean values
for the variables retained in the analyses. Red cell
function was moderately depressed (P50 = 25.0 , range 19.7
— 28.3) with a mean storage time of only 2.6 days and a mean
transfusion volume of 40% estimated blood volume . Although
cardiac index (mean 3.94+ 1.39) is within “normal” limits ,
the extraction parameters suggest a moderate oxygen debt for
the group as a whole (lactate 2.83 , range 1.17—18.60;
S~O2 65.0 + 11.9; Pv02 = 33 .33  + 80). Moan arterial oxygen
tension was 99 mrn.Hg (range 40-49~ ).

Mean rectal temperature was 38.1 + 1.0. Temperature
correlated significantly with total peripheral re~ istance(r = —0.47 , p (.05), DPG Cr = .40 , p<.05), and Sv02
(r = —0.50 , p~ .05). It did not correlate with P50, cardiac
output , or PTO 2 ,  and was not re ta ined in the analyses  of these
variables. Hemoglobin ranged from 8.7 to 17.4 (mean = 11.23)
and was not significantly associated with any variable. Per-
cent blood volume administered was positively correlated
with mean storage time (MST) . Arterial oxyqen tension was
posit ively correlated wi th  ca rd iac  index , but  not when

was held con s t a n t  ma themat i ca l ly  ( p a r t i a l  r = 0 . 2 4 , n . s . ) .
A’rP was correlated wi th  DPG Cr = 0 .59 , p C O O 5 )  and wi th
MST Cr = — 0 . 4 4 , p(. 0 5 ) ,  but not with  P 50 .
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Determinants  of P 50

Mean storage time was the s i n g l e  most important fac tor
i n f l u e n c i ng P50. Taken alone , it accounted statistically
for 47.5 of the variation in P53 (fl2 = 0.475) , with another
13% a t t r i b u t a b l e  to 2 , 3 DPG and p11 e f f e cts du r i n g  the ir~~e d i —
ate recovery period . Part  of the P 5~ /2 , 3 DPG rc1.atir,~ sh ip
best represents  in vivo restoi cation of rc ’~ cell gl y c üly t i c
intermediates , as evidenced by the s i g n i f i c a n t  correl ations
between 2 , 3 DPG and p1! and SvO2 . The addi t ional  contr ibut ion
of pH may be a trivial effect of the Bohr shift correction .
P 50 declined an estimated 0 .3  mm Hg per day in storage .

Assessment  of Oxygen Delivery in the Periphery

A comprehensive q u a n t it a t i on  of the physiologic si gn i f i -
cance of depressed P50 has awaited a means of measuring tissue
oxygen tension (PTO 2 ) .  In a related s tudy we found that  PTO 2
provided an extremely sensitive , real-time indicator of
systemic oxygen transport (STO 2, or the product of cardiac
index and arterial oxygen tension) (3) . Lactic acid production ,
while dependent on oxygen flow , ref lec ts  p r imar i ly  anaerobic
metabolism in muscle.  PTO 2 measures the del ivery  of oxygen
in subcutaneous tissue and represents an addi t ional  potent ia l
for  d i f f e r e nt i a t i o n  of the various elements of oxygen trans-
port. As reported in previous studies from our laboratory , it
reflects changes in perfusion-oxygenation relationships before
blood pH and P02 become abnormal (Fig.  1) ,  and it provides a
better measurement of oxygen debt than lactate does in subjects
where the latter is elevated (4).

In our t ransfused  pat ients  f i f t y - t w o  percent  of systemic
oxygen transport was accounted for by tissue oxygen tension
(PTa 2). When the effect of P50 on tissue oxygenation was
s t a t i s t i ca l ly  analyzed an unexpected resul t  was found . The acute
change in oxygen a f f i n i t y  seen after transfusion resulted in an
increase in tissue oxygen tension (Fig. 1). This seeming para-
dox is explained by elevated cardiac output , which was the
compensatory mechanism determined to be most important in
maintenance of tissue oxygen tension. Low P50 valuesf o l l o w i n g  t r a n s f u s i o n  were also associated w i t h  changes in
S.~,,O 2 ,  ~v02, total peripheral resistance and a r t e r i a l  pressure
which paralleled the changes in PTO2 (Table 1).
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P50 and Cardiac Output

We postulated that the high cardiac output found in patients
recover ing f rom massive tr ans fusion was in par t compensa tion for
a l e f t — s h i f t e d  oxyhemoglobin dissociat ion curve . When the Fick
equation is mathematically modelled , a three—fold cardiac outpu t
increase at a constant AVO2 would theoretically be required to
accommodate a P50 of 18, which is frequently present after
massive transfusion. It is also postulated t ha t  oxy qen extract ion ,
r ef lec ted in lowering of SvOI would compensate in part for the
left shift of the oxyhemoglobin dissociation curve . Our data
at present indicate that a significant correllation (r=— .55,p(.005)
occurs between a left shifted post-transfusion oxyhemoglobin cfis-
sociation curve and cardiac index following transfusion . If ,
however , cardiac output cannot rise to compensate for decreased
P 50 , and lactic acidosis ensues , then th is  relat ionship ceases to
exist (Fig.  2 ) .  In patients without lactic acidosis, then , increased
a f f i n i t y  of hemoglobin for oxygen can require an increase in
cardiac output , reflected in the periphery as an increase in
PT O2 . In patients with elevated lactate , however , the flow-
deman4 relationship is primary .

Discussion

Increased aff in ity of hemoglobin for oxygen should require
an increase in cardiac output to maintain a given level of oxygen
delivery . Recent studies support this hypothesis , bu t wi thout
specifying a physiological mechanism. through which the increased
flow is initiated (5,6,7). In the intact animal chemoreceptors
do not influence cardiac output until PAO2 is less than 60. Evi-
dence of anaerobic rnetobolisrn in the form of lactate production
does not appear until arterial oxygen tension has fallen to
less than 36 mrn.Hg (8).

If cardiac output does not compensate for increased hemoglobin
oxygen affinity , then other elements of oxygen uptake should
reflect the putative deficit in oxygen unloa ding occasioned
by receiving high affinity hemoglobin blood transfusion .
Riggs in baboons has recently shown a decrease in venous oxygen
tension with increased oxyhemoglobin affinity and no significant
changes in other components of oxygen transport (9). In a hind
limb preparation Yhap showed a diminished arterial venous oxygen
difference with acute decreases in the P 50 of the oxyhemoglobin
dissociation curve (10). Both authors felt that the changes
they have observed have little clinical significance except
in situations when oxygen tension is approaching a critical
level for cellular metabolism.

~~~~~~~ -— ~~--~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _
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Other  s tudies  report ing oxygen t r anspor t  e f f e c t s  of banked
blood are in terpreted wi th  d i f f i c u l t y  because the au thors
express P 50 values at the temperature , PCO2, and pH of the
subjects blood . The normalisecl ~~~~ of course , is a
fairly artificial expression , but converting standard P~~values to physiolog ical conditions makes assigning a causal
role to oxyhemoglobin dissociation more problematical~~~Variations in P 50 then become a p a r t i a l  function of the be-
havior of the system they are supposed to a f f e c t .  In
addition , the multiplicity of points at which a P50 effect
can be expected — changes in flow , central blood gas
tensions and saturations , and peripherally based measure-
ments such as lactate — makes estimating the net magnitude
of the effect exceedingly difficult. Small simultaneous
changes in all parameters may escape statistical notice yet
have a considerable over all impact.  The pr imary na tu re  of
the P 50-a relationship was important to us in this respect.

A pos sible mechani sm by which P50 may i n f luence  flow
has recently come to light. Duling has shown that micro-
vascular tone is influenced by changes in ambient P07 in the
same range as our PTO2 values ( 11) .  With r i s ing  oxygen tensions ,
precapillary  sphincters become more constr ic ted . Thus
decreasing a f f i n i t y  of hemoglobin for  oxygen at  the pre-
capi l la ry  level might  lead to a net constriction of the
microvasculature  and reduct ion in flow . Because Oxygen
delivery is largely flow-determined , as reflected in the
correlations between lactate , PTO 2 and cardiac index , the
net effect of rising P50’s with decreasing cardiac output
is reflected by falling 

~V
02’~ 

and PTO2 ’s and rising lactate .
The stress condition of injured transfused subjects on the
whole and establishing P 50 as a t ru ly  independent var iable
makes it possible to specify the massive transfusion effect.
Because a r te r ia l  oxygen tension is not depressed to a point
where central  chemoreflectors are act iv~.ted and because of
the low tissue oxygen tension , we conclude that local effect
on microvascular tone is a likely mediator of the cardiac
response to increased affinity of hemoglobin for oxygen.

Red Cell Funct ion,  Inorganic  Phosphate and N ut r i t i o n a l  Status

Those studies suggest that the red cell reflects the total
body ’ s energy i n te r ac t i on . Red cell d iph osphoglycerate  values
co r ro l l at e  posi t ively  w i t h  the q u a n t i t y  of p ro te in  admin i s t e red
as wel l  as wi th  total  da il y  calories.

DPG: Protein mg/Kg/ day r = 0 . 6 3 4 ,p~~.001
DPG: Ni trogen balance mg/Kg/day r = 0 . 6 7 4 ,p 0 . O O l
DPG : Calories/Kg/day r=0.721,p~’0.00lProtein Nitrogen : P1 r 0.56 ,p’0.05



These findings suggest ti t ni t rogen incorpora t ion  is
associated with positive phos~~.ate balance and that red cell
glycolysis reflects that association . Our prior work
relating phosphate needs to non-protein calories received
is extended to include nitrogen repletion . Rudman ’s
work , relating protein repletion to elemental balance would
support that observation (12).
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TABLE 1. Co r r el l at i o n  c o ef f i c ie nt s  amon e t~ e m an- : var a~~les
ex~nined in the recovery from massive t .arsfus~ cn.St a t i s t i ca l  anal ysis  of t h i s  n D t u r ~ al lows
qu a n t i t a t i o n  of o> :yL J on t r an sp o ’:t ar~i r k ~~.-~ po:s: ni
assessing the si g n i f i c a n c e  of d~~f f e r c n t  v~ r~ aLl c-s .

FIGURE 1. The illustration (top) is from related studies in
dogs wi th  hemorrhagic  shock and is reproduced for
con t ras t  ( 4 ) .  Hemorrhag ic shock is a s soc iat ed w i t h
low va lues  of  t i s sue  oxyqen (PTO 2 ) - By contr~tst ,
when r e susc i t a t i on  is successfui , ca rdiac o u t p ut
e levates (b o t t o m )  wi th  elevated PTO -, even in the
setting o~ rissivc- tr-msfusion and 1ow P50 values
of the o>:-;he::.oqiobin dissociation curves.

FIGLTRE 2. Sig ni f i c a n t  esLinators of oxygen transport. The
histograms dep ict the am oun t of variation in
sys t emic  o~- :ygen t r anspor t  (STO 2 ) wh ich  can be
acco unted for  by the  variables listed , i.e. lactate ,
t issue oxygen (PTO 2 ) ,  and cen tral venous oxyger ’
tens ion (S~ O 2 )  . In the la rge  h i s tog ram ( i e f t )
lact ic acidosis was pr~-’sent and t i ssue  o;-:ygen
was the measurement  which most accura te ly  re f lec ted
oxygen t r anspor t .  In non-aciclotic subjects no
si ngle  variable  correllated well  wi th  systemic
oxygen t ransport .
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