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Contract #DADA l7-72-C2030

Introduction

Moderate reticulocytopenic anemia commonly persists through
convalescence following major injury . Aregenerative anemia is
particularly common after thermal injury and massive transfusion.
The etiology and clinic al significance of this anemia and the
degree to which it merits correction by transfusion have not been
defined. Reports concerning the etiology of the aregenerative
anemia following injury regarding hormonal or bone marrow corn-
ponents have been scanty and their verdicts mixed (Cartwright &
Wintrobe 1952; Andes & Rogers 1975). No previous studies have
examined the interaction among erythrocyte metabolism , oxygen
transport, and erythropoiesis following injury.

This report describes the relationship between oxygen trans-
port, red cell metabolism, and erythropoiesis with reference to
the metabolic profile of patients recovering from massive trauma
and blood replacement. Specific questions addressed are: 1) What
combination of factors can account for the persistant anemia which
accompanies injury? and 2) what therapeutic intervention is warranted?

Methods

1) Seven patients with thermal injury receiving transfusion
during the initial course of treatment (debridement and graf ting)
were studied. The magnitude of injury ranged from 50% burns with
relatively minimal (20% or less) injury to the extremities (Table I).

- 
- All patients with >30% burns received total parenteral nutrition

during the course of their treatment. Two additional patients
received parenteral nutrition for chronic inflammatory disease of
the gastrointestinal tract were studied as a control group.

Serum levels of erythropoietin (ESF) were measured by the
plethoric mouse bioassay (Fogh) and by radioirnmunoassay (RIA). The
RIA which seemed to more sensitively detect moderate anemia
(<2OmU/ml) than the bioassay (Garcia 1974) (see Abstract—Table II).
Serum assays of erythropoietin were considered preferable to urinary
assays because levels of the hormone change rapidly and show a cir-
cadian variation. RIA is expressed as mU/ml ; and the bioassay as

• - %59 Fe uptake following administration of test serum to a plethoric
mouse.

The P50 of the oxy-hemoglobin dissociation curve , red cell
2-3 diphosphoglycerate and ATP , red cell morphology and serum
chemistries were all measured on the same aliquot of venous blood
used in the ESF assays. P50 was derived from the triple-tonometer
system previously described (Sheldon 1976) and is expressed as
rnmH g standarized to 37°C., pH = 7.4 PCO2 = 40. Red cell glycolytic
intermediates and whole blood lactate were measured using Calbiochem
kits and are expres sed respec tively as~tM/g Hgb and mM/ml whole

• blood . Osmotic fragility was measured using standard saline dilution 

- -- • - - - -~~~~~~~- - — .-—-~~~~~~ - - -—--~
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without incubation . Urinary cyclic AMP ( cAMP ) was measured by
• competitive protein-binding assay (Amersham-Searle kit).

Serum phosphate (P1mg/l00), Iron (Fe rng/100), and iron—
binding capacity (TIBC mg/100) were mea sured by the hospital
central laboratories on the autoanalyzer. Red cell morphology and
reticulocyte count, hematocrit, hemoglobin , mean corpuscular hemo—

• globin content were measured on the Coulter computer.

Nitrogen and non-protein caloric intake were calculated from
- 

- parenteral and tube feeding data. Parenteral feeding employed
hypertonic dextrose-Frearnine II mixture. Vivonex-HiN was used for
tube feeding. When patients were allowed oral intake , protein and
caloric consumption was estimated by the hospital dietary department.
Glycosuria and elevated blood sugar were corrected with supp lementary
insulin , standard practice in our institution . Nitrogen excretion
was estimated from the nitrogenous content of the urine collected
under toluene with HC1 preservative. Change in body nonprotein
nitrogen pool was estimated by the change in calct l ated body water

• (0.6 x body weight) times the change in serum nonprotein nitrogen .
Nitrogen balance (Nbal) was calculated as (nitrogen intake) - (nitro-
gen excretion). Patients were given supplemental vitamins (MVI ) with
folate while on parenteral nutrition .

Results were analyzed using multiple linear regression and non-
parametric ranking techniques (Kendall’ s rank correlation statistic ,
Mann-Whitney Test for population differences). The more powerful
nonparametric tests were used when applicable. Test of association —

individual values were standarized to the patient mean value (Con-
over, Draper and Smith). Statistical tests were performed on all
complete sets of data with the exclusion noted in Table III. The
dataset with the largest value of “n” was considered the best sample
for testing correlations.

RESULTS

Data on individual patients are summarized in Tahle I.

Increased osmotic fragility was not observed in the patient
studies. Weak but significant (p< .0S) inverse correlations were
observed between the red cell glycolytic intermediate DPG (not ATP)
and the saline concentrations at which 10, 50 and 90 percent hemo-
lysis occurred. With this exception , ATP was not a statistically
significant element in any correlation analyzed in this study. One
patient had microcytic normochromic anemia with low (<60) serum iron
levels unresponsive to oral iron supplements. With the exception
of this patient red cell morphology was normal in all patients.
Reticulocyte production indices were all within normal limits (normal
1.0-2.0) (<1.5) despite the moderate anemia (<10 gm%) observed in
burns exceeding twenty percent.

No significant correlation (r~bstract—Table 2) was found betweenthe two assays for erythropoietin (FJio-Assay , Radioiminunology). In
five of the seven patients , however , a reciprocal relationship be—
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tween the bioassay and RIA with respect to time (Fig. I) was
present . Pronounced increases in bioassay ESF occurred in the
acute phase (<7 days post injury) and were associated with relatively
depressed levels of RIS—ESF , though the latter are minimally elevated
above normal. Following the first seven post injury days , bioassay
levels for ESF fell and RIA levels increased without consistent alter—
ation in the level of anemia. Overall, the bioassay for erythro-
poietin correlated negatively with hemoglobin and positively with
percent reticulocytes (Table III).

Red cell 2,3 DPG varied as a function of nitrogen balances,
serum inorganic phosphate levels, caloric intake, hemoglobin level,
and time elapsed from injury. These variables accounted for 65 to
82 percent of the DPG variation observed in our sample (Table IV) -
The ha~~~ saturation point (P50) of the oxy—hemoglobin dissociation
curve correlated with DPG (p< .001 level r = .631), and accurately
reflect intra-erythrocytic regulation of oxygen transport.

Cyclic AMP (cAMP) correlated negatively with nitrogen balance.

When differentiated with respect to hemoglobin, the bioassay
and 2,3DPG showed a highly significant negative correlation Cr =

— .43, p< .005; Table Iv). DPG in patients with thermal injury was
elevated more than patients with GI disease (p<.OOl) ; nitrogen bal-
ance (p<.025) and caloric intake (p< .05) were lowered to the burn
patients and rectal temperatur e was higher (p< .OOl ).

Both RIA and DPG were higher in the convalescent period
(>7 days after injury) when the hemoglobin values were lower than
the immediate post—injury phase. Nitrogen balance , caloric intake
and DPG increased significantly as functions of time (Table IV).
Most DPG values (65%) obtained during the convalescent period fell
more than four standard deviations above normal (11.9 ± 1.2).
Discussion

A shift to the right of the oxy-hemoglobin dissociation curve
(lowered hemoglobin affinity for oxygen) is commonly associated
with hypoxia or anemia. The shift is felt to be an intra-erythro-
cytic adaptation to lowered red cell mass or hypoxia. The lowering
of the affinity of hemoglobin for oxygen is modulated by erythrocyte
glycolysis, with the formation of 2 ,3 DPG and ATP . With increasing
quantities of 2,3 DPG , dissociation of oxygen from the hemoglobin
molecule is enhanced and the hypoxic state presumably ameliorated.

Conditions that increase red cell glycolysis are frequently
associated with an increase in erythropoietin. By stimulating bone
marrow production of the erythrocytes, red cell mass is normalized.
ESF levels declined in time, suggesting that a new hemeostatic set-
point had been reached (Schooley and Malmann; Miller , et al.),
suggesting that DPG elevation removes the stimulus to erythropoietin
synthesis with consequent persistence of anemia.

Although the main determinants of 2,3 DPG production (pH,
Inorganic phosphate) have been defined , other metabolic influences

• on 2,3 DPG synthesis are less well described . Valeri has suggested 
that the red cell and its metabolic state may well serve as a
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“metabolic biopsy.”

The data reported in this study allow us to correlate 85% of
red cell 2,3 DPG elevation to metabolic and nutritional factors,
such as nitrogen balance , caloric intake, the presence of suff ic ient
inorganic phosphate and time elapsed after injury (Table IV).

Nitrogen balance and caloric intake increased with time. An-
other mechanism through which elapsed time may influence DPG levels
is suggested by the work of Wilmnore (1976), who notes a persistent
increased basal metabolic rate in thermally injured patients which
peaks at about ten days post burn, then re turns to normal as wound
closure occurs. Art early perios (<6 days post burn) of catabolism
is followed by a lengthy period of anabolism. Our data are con-
sistent with the hypothesis that increased DPG may reflect this
state of hypermetabolism. DPG levels in the burn patients are con-
siderably higher than in the patient with gastrointestinal disease
and are considerably higher than normal.

Inverse relationships between DPG and hormonal mediators of
erythropoiesis have been reported in experimental hemorrhage (Miller,
1976) and exposure to low ambient oxygen tensions for various per-
iods of time (Schooley & Mahlmann; Miller 1973). Following a step
change in oxygen delivery a sharp increase in ESF occurs. Within
24° after the initiation of hypoxia DPG rises and ESF levels fall.
DPG remains elevated throughout the hypoxic period , while ESF levels
rapidly return to normal. Within 72 hours reticulocytes appear
and the red cell mass increases.

Although our data demonstrate a correlation between ESF ele-
vation and reticulocyte values, ESF is only minimally elevated,
and reticulocyte values are within normal limits. Moreover, no
increase in hemoglobin or hematocrit is observed even when patients
are followed as long as 72 days postburn. During the time when ESF
is elevated, serum lactate is elevated (>2.0), suggesting the pre-
sence of a hypoxic stimulus.

Erythropoietin (radioinmiunoassay) is elevated throughout
the convalescent phase, and shows a negative correlation with DPG,
suggesting that complete compensation for the red cell mass deficit
has not occurred.

Elevations of the radioinimunoassayable erythropoietin without
corresponding elevated bioassayable ESF have been noted in uremia,
suggesting a “block” in the elaboration of bioactive ESF by the
kidneys (Garcia, 1975). Our patients, however,had no evidence of
renal dysfunction to explain this finding.

CONCLUSIONS

This study gives indirect support to the hypothesis that the
hyperrnetabolic state following massive trauma is associated with
a rise in 2 ,3 DPG sufficient to normalise oxygen transport despite
moderate anemia, which presumably compensates for the hypoxia which
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results in elaboration of erythropoietin with consequent erythro-
poiesis. The patients with burns had considerably higher DPG values
than the patients with GI dis3ase, reflecting the hypermetabolic

• state of the burns.

The fact that elevation in ESF as measured by both methods
could occur during the convalescent period (Fig. 1, Table II) in-
dicates that this type of anemia is not secondary to an inability
to produce erythropoietin. If ESF production is stimulated in
response to oxygen deficit, then these patients were not hypoxic
during their convalescence . Probably this degree of anemia does
not merit transfusion.

C
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TABLE I I I•

S i g n i f i c a n t  Corre la t ions

Test
Variables Group Exclusions Trans # Pts N Statistic P <

I Erythropoietin

Bioassay vs All Pts 1) z 2) 
~ 

2) 49 r = — .54 .001
- • Heirog lobin

Bioassay vs All Pts Z 7 49 r1(HGB~ = .005
DPG _ 4 3 4)

Bioassay vs Gastrointestinal Pts Z 3 12 TK = 53 .010
Peticulocytes Bioassay CT) vs

Petics

Radloimnuno- Burn Pts Z 6 33 TK 197 .005
assay vs ~~ron Phase
2 ,3 DPG

- - I Bed Cell —
r~ tabo1ic

2,3 DPG vs Burn Pts — 7 35 TK = 214 .005
Nitrogen
Balance

2,3 DPG vs All. Pts — 7 40 TK = 193 .05
Nitrogen
Balance

4.-
2,3 DPG vs Burn Pts — 7 35 TK = 282 .001
Caloric
Intake

2 ,3 DPG vs All Pts — 9 46 T K - ÷ Z =  .05
- 

• Caloric 2.03
Intake

2 ,3 DPG vs All Pts z 7 47 ‘n~- z =  .005
Serum P04 2. 80

2,3 DPG vs All Pts Z 9 43 Th-- Z = .001 
~~~~~~

-

P50 4.25 - -
~~~

Cr = 1631)

Nitro.en Gastrointestinal — 2 9 TK = —28 .05 ~-
--~

P4alance vs Pts •

cNP

_ _  ± _•_ _~~~~~~
_
~~~~
_ _ • _~~~__ __ _  - -•- -—- --~~~~ - •---~~~~~~ --—*---~~ - - --~~~ - -  

_
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TABLE III (continued)

1) To be included , samples haa to show a hematocrit <45.

2) Indicates transformation to standard normal deviate (Z for
individual patient. When 2 - transformation is used variables
must be sampled more than 3 times per patient; hence disparity
between # patients.

- 
- 3) Total number of samples analysed .

4) Firs t-order  partial product-r~oment correlation coe f f i c i en t  C r )
differentiated with respect to hemoglobin .

5) Kendall’s rank correlation coefficient.

6) “T + 1” denotes next study day following study day “T; ”
interval = 3-6 days.

7) AG excluded because of questionable DPG values. 



i~
• TABLE IV

Variables In f lu enc ing  DPG

1) Determinants of DPG:

Patient Group Independent Variables

Burns .82 Nbal*** Hgb* Kcal*** Time***
elapsed

F- 

Burns .65 Nbal *** P04 Hgb* Cal**

Burns + CaR .76 Hb*** Kcal** Time***
elapsed

2) Correlations, Burn Patients:
Elapsed

HGB Kcal Time DPG

Nitrogen .401 .~.42l* ~537** .538** .632***
Balance

F P04 .308 .310 .369 .278

HGB .085 — .330 _ .462*

Kcal .643*** .645***

• Elapsed .865***
Time

V

* p< .05
-~~~ ** p< .Ol

P< .ool
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