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Every experiment proves something. If it doesn't prove what you
wanted it to prove, it proves something else.—Anonymous

Trauma patients admitted to the intensive care unit (ICU) have
a high mortality (10-15%).! The development of trauma
systems, improved resuscitation strategies, and progress in the
care of critically ill patients have significantly improved the
outcome of critically ill trauma patients. However, there have
been few other successful interventions that have specifically
impacted the outcome of critically ill trauma patients.

In 2007, the results of a large multicenter randomized
controlled trial of epoetin alpha in critically ill patients were
reported, which demonstrated a significant mortality benefit in
trauma patients treated with epoetin alpha.? In 2008, in this
journal, a detailed analysis of the trauma cohort from this trial
and an earlier multicenter trial> demonstrated that the mor-
tality benefit observed was independent of baseline trauma-
specific variables.* In the subsequent 8 years, there has been
no follow-up of these findings.

In the following commentary, we examine the use of eryth-
ropoietin stimulating agents (ESAs) in the critically ill and ex-
plore whether further study of ESAs in the critically ill trauma
patient is warranted.

Anemia in Trauma and Critical lliness

Anemia is common in critically injured trauma patients,
persists through the duration of critical illness, and is associated
with worse clinical outcomes.> The belief that anemia is “bad”
has led to the understandable conclusion that correcting this
anemia must be “good.” This rationale has driven red blood cell
(RBC) practice for most almost 50 years.

A major feature of the anemia of critical illness is a failure
of circulating erythropoietin concentrations to increase appro-
priately in response to the reduction in hemoglobin concentration
(Fig. 1).” This blunted endogenous erythropoietin response has
also been documented in trauma patients.® These observations
suggested that treatment with pharmacologic doses of ESAs
might raise the hemoglobin concentration and as a result reduce
allogeneic RBC transfusion requirements in critically ill patients.
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Figure 1. Underlying mechanisms of anemia in trauma. In inflammatory diseases (including trauma, tissue injury, and
hemorrhage), cytokines released by activated leukocytes and other cells exert multiple effects that contribute to the reduction in
hemoglobin levels and inability to recover from anemia. A, Induction of hepcidin synthesis in the liver (especially by interleukin
6 [IL-6] and endotoxin). Hepcidin in turn binds to ferroportin, the pore that allows egress of iron from reticuloendothelial
macrophages and from intestinal epithelial cells. Binding of hepcidin leads to internalization and degradation of ferroportin; the
corresponding sequestration of iron within the macrophages limits iron availability to erythroid precursors. B, Inhibition of
erythropoietin release from the kidney (especially by IL-18 and tumour necrosis factor o [TNF-a]). Erythropoietin-stimulated
hematopoietic proliferation is in turn reduced. C, Direct inhibition of the proliferation of erythroid progenitors (especially by
TNF-¢, interferon v, and IL-1B). D, Augmentation of erythrophagocytosis by reticuloendothelial macrophages (by TNF-«). RES,

reticuloendothelial system. Reprinted with permission.¢
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Figure 2. Proposed role of the erythroid factor ERFE. Previous
studies suggested that high levels of EPO cause hepcidin
suppression indirectly by inducing the secretion of erythroid
regulators from the bone marrow, which in turn act on the liver
to suppress hepcidin expression and increase iron delivery from
dietary absorption and stores. A new hormone and erythroid
regulator, ERFE, has been identified, which suppresses the
hepatic synthesis of the principal iron-regulatory protein
hepcidin, resulting in increased iron uptake. ERFE production by
erythroblasts is greatly increased when RBC synthesis is
stimulated, such as after bleeding, or in response to anemia. In
normal volunteers, erythropoietin administration was sufficient
to profoundly lower serum hepcidin levels in less than a day
without any significant changes in serum iron concentrations,
and its action was presumed to be mediated via ERFE. Reprinted
with permission from Macmillan Publishers Ltd.3”

The rationale is that an increase in endogenous erythropoiesis
will result in higher hemoglobin concentration, a more rapid
return to a normal hemoglobin concentration, and thus a reduced
need for RBC transfusions. A corollary to this is that avoidance
of the negative effects of transfused RBCs would improve
clinical outcomes.

Our understanding of the pathophysiology of anemia in
trauma and critical illness has increased greatly in the last decade.
Hepcidin, a 25—-amino acid peptide hormone made by hepato-
cytes, is a key mediator of anemia of inflammation as a regulator
of iron metabolism.>'® Hepcidin synthesis is up-regulated
with inflammation, resulting in reduced iron availability. Hep-
cidin mediates iron homeostasis by binding to the iron exporter
ferroportin, inducing its internalization and degradation, with
resultant decreased absorption of iron through the gastrointes-
tinal tract and decreased release from the reticuloendothelial
system (Fig. 1). Hepcidin levels rise to extremely high levels after
trauma and are positively correlated with injury severity and
duration of anemia.!! Erythropoietin stimulation via ESA treat-
ment results in decreased hepcidin expression.'? Additional studies
document that hepcidin is an important modulator of the acute
inflammatory response.'>!4

Most recently, a new hormone (erythroferrone [ERFE]) has
been identified, which mediates hepcidin suppression (Fig. 2).
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ERFE mediates hepcidin suppression to allow increased iron
absorption and mobilization from stores. Interestingly, ERFE is
produced by erythroblasts in response to erythropoietin treat-
ment.'> These experimental findings suggest that ESA treatment,
via modulation of both hepcidin and ERFE, may have sig-
nificant impact on the acute inflammatory response in trauma.

ESA and RBC Transfusion Reduction in
Critical Care

The previously mentioned rationale for ESA treatment
(to increase endogenous erythropoiesis and reduce RBC transfu-
sion) led to a small randomized pilot study (160 patients) that
demonstrated a significant reduction in the number RBC units
transfused with epoetin alpha treatment almost two decades ago.!®
This was followed by a much larger multicenter randomized trial
(1,302 patients) that confirmed the finding of RBC transfusion
reduction.® Similarly, a small trial of patients in a long-term acute
care facility setting after ICU discharge found RBC transfusion
reduction with epoetin alpha treatment.!” However, a second large
multicenter randomized trial (1,460 patients) surprisingly found no
RBC transfusion reduction with epoetin alpha treatment, although
hemoglobin concentration did rise.?

A meta-analysis of nine clinical trials, including the previ-
ously mentioned studies that provided more than 80% of the pa-
tients, suggested a small reduction in RBC transfusion with ESA
therapy.'® After more than a decade of studies, the inescapable
conclusion is that our original hypothesis that treatment with
pharmacologic doses of ESAs would reduce allogeneic RBC
transfusion requirements in critically ill patients is not supported
by the data. There was no reduction in RBC transfusion with
epoetin alpha therapy. This is likely related to more restrictive RBC
transfusion practices; ESA resistance (common in trauma and
critically ill patients) due to inflammatory mediators, which impair
erythropoietic cell proliferation and iron availability; and inade-
quate iron dosing.

ESA and Reduced Mortality in Trauma Patients

While epoetin alpha did not reduce RBC transfusion, an
unexpected finding was that mortality in trauma patients was
significantly lower with epoetin alpha treatment. The mortality
benefit in the trauma subgroup was initially suggested in a post
hoc analysis of the initial large clinical trial.> The finding was
confirmed in a prospective analysis in the most recent trial in
which the population was stratified by admission subgroup
(trauma, surgery nontrauma, medicine).?

Trauma patients treated with epoetin alpha had a signifi-
cantly reduced mortality at Day 29 (adjusted hazard ratio, 0.36;
95% confidence interval [CI], 0.18-0.74), Day 42 (adjusted
hazard ratio, 0.35; 95% CI, 0.18-0.68), and Day140 (adjusted
hazard ratio, 0.40; 95% CI, 0.23-0.69). This mortality reduction
was independent of baseline trauma-specific variables and was
greatest in patients with high Injury Severity Score (ISS) at ad-
mission (ISS > 25; mortality, 9.4% placebo vs. 5.0% epoetin
alpha).# In contrast to the trauma patient cohort, mortality was not
significantly decreased in either medicine or surgery (nontrauma)
patients receiving epoetin alpha. In contrast, functional outcomes
in trauma patients receiving epoetin alpha for up to 12 weeks
after hospital discharge were not improved.'®
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Figure 3. Erythrpoietin (Epo) activity in multiple tissues. Epo acts primarily to regulate erythropoiesis in the bone marrow by
stimulating erythroid progenitor cell survival, proliferation, and differentiation to produce mature RBCs. Epo receptor expression
on endothelial cells, the endometrium (lining) of the uterus, skeletal muscle myoblasts, the heart, as well as endothelial cells and
neural cells in the retina and brain allows EPO to also act as a survival or mitogenic factor on these nonhamatopoietic cells,
providing the potential for a response to EPO in multiple tissues. Reproduced with permission from Cambridge University Press.38

Can the conclusion that epoetin alpha therapy improves
survival in trauma patients be drawn from the available data?
Accepting this conclusion depends on the strength of subgroup
analysis of the two large multicenter randomized trials.2> Sub-
group analysis can present a challenge, and guidelines for de-
termining whether subgroup differences are real have been
suggested.?’ These guidelines include the following. (1) Are the
differences caused by chance? (2) Are the findings consistent
across studies? (3) Are they based on a priori hypothesis? (4) Is
there a biologic rationale?

Taken together, the two trials, with a study cohort of 1,433
trauma patients, provide strong evidence in support of a mortality
benefit for epoetin alpha in trauma patients.* The findings are
consistent in direction and magnitude across both studies. In the
initial trial, the analysis was not based on an a priori hypothesis
but rather was performed as an a priori safety analysis requested
by the Data Safety Monitoring Committee.? In the second trial,
the analysis was based on an a priori hypothesis, and patient
randomization was stratified by admitting group.? In contrast, the
interaction between the stratification group and study group was
not significant (p = 0.16).3 Therefore, while the trauma subgroup
finding of decreased mortality with ESA treatment is consistent
across trials and based on an a priori hypothesis, which increases

© 2014 Lippincott Williams & Wilkins

the likelihood of a real finding, “chance” cannot not be defini-
tively ruled out.

Is there a biologic rationale for the trauma subgroup effect?
Our initial hypothesis was that any improvement in clinical
outcome would result from transfusion avoidance; however, the
mortality reduction observed was independent of transfusion
reduction. In view of the absence of RBC transfusion reduction,
the mortality effect observed in trauma patients is likely a result of
nonhematopoietic actions of erythropoietin and also could be
related to modulation of hepcidin expression with resultant im-
pact on the acute inflammatory response.

Why the mortality benefit with epoetin alpha was only
observed in trauma patients is unclear. Certainly, trauma patients
represent a population very different from other critically pa-
tients, with increased acute inflammation related to tissue injury,
hemorrhage, and shock.

However, whether some subgroups within the nontrauma
critically ill patient cohort may also benefit requires further study.

Nonhematopoietic Actions of Erythropoietin

In addition to the essential role for erythropoietin for mature
RBC production, erythropoietin is a pleiotropic hormone with
nonhematopoietic biologic effects in many nonhematopoietic
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tissues (Fig. 3).2!?? Erythropoietin is a cytokine with antiapoptotic
activity and has been demonstrated in preclinical and small clinical
studies to protect cells from hypoxemia/ischemia.?>** Multiple
tissues express erythropoietin and the erythropoietin receptor in
response to stress that mediate local stress responses.?> There is
increasing evidence that erythropoietin and its receptor function
as a paracrine/autocrine system to mediate the protection of tis-
sues subjected to metabolic stress.2®

Results from multiple studies suggest that endogenous
erythropoietin signaling contributes to wound healing re-
sponses, physiologic and pathologic angiogenesis, and the
body’s innate response to injury in the brain and heart.?” These
“nonhematopoetic” activities of erythropoietin in protecting
cells could be responsible for improved outcomes in critically
ill trauma patients.

These effects of erythropoietin are locally mediated
through tissue protector receptors and modulate the actions of
proinflammatory cytokines. Recent clinical interest has cen-
tered on the potential role for ESA in neurologic, myocardial,
and renal injury.2® Administration of erythropoietin just before
reperfusion in a pig model of ventricular fibrillation-induced
cardiac arrest was associated with higher rates of return of
spontaneous circulation and higher 48-hour survival.?® A small
human trial documented that erythropoietin given during CPR
significantly increased return of spontaneous circulation as
well as 24-hour and hospital survival.°

ESA Adverse Events

Epoetin alpha therapy in the critically ill (all patients) was
associated with an increase in thrombotic events (hazard ratio,
1.41; 95% CI, 1.06-1.86).2 This is consistent with trials in
non—critically ill populations (cancer and chronic renal failure)
where epoetin alpha used to achieve higher target hemoglobin
concentrations (i.e., >12 g/dL) has shown an increased risk of
thrombotic complications and mortality.>!32 In a recent meta-
analysis of ESA in critically ill patients, while there was no
increase in adverse events in general, there was a significant
increase in thrombotic vascular events noted.>>

In the trauma cohort of the 2002 study, no difference in
thrombotic events was identified. In the 2007 study, there was a
trend to increased thrombotic events in the epoetin alpha trauma
cohort (14.5%vs. 12.5%; relativerisk, 1.31;95% CI, 0.93—1.85).
However, significant limitations to these study data for venous
thromboembolism (VTE) included the following: (1) data were
collected as significant adverse events, leading to reporting
variability; (2) there were no standardized detection and pre-
vention strategies for VTE; (3) no standardized VTE risk factors
were prospectively collected, so comparative analysis for VTE
risk was limited; and (4) less than 40% of subjects were receiv-
ing some form of VTE prophylaxis on the first study day.

Efforts underway to develop nonhematopoietic, tissue
protecting erythropoietin derivatives may make it possible to
avoid adverse effects of ESA while using these agents for tissue
protection.??

Should Trauma Patients in the ICU Receive ESAs?

ESAs should not be used for RBC transfusion reduction
based on trial evidence to date. However, the potential for ESAs
to increase survival in trauma patients remains an open question.
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The strength of the subgroup findings across the two largest
studies suggest a potential benefit of epoetin alpha treatment for
trauma patients admitted to the ICU for more than 48 hours and
meeting the other study criteria.

However, while intriguing, any recommendation for rou-
tine treatment of trauma patients in the ICU with ESAs awaits
further confirmatory study.>* What is surprising is that in the last
8 years since the publication of the last trial, there have been no
additional trials to confirm or refute these findings. Clinical trials
have been initiated with far less “pilot” data than are now available
for ESA treatment of critically ill trauma patients. Whether this is
a result of a lack of interest by the companies producing ESAs
or a concern of adverse events given the FDA “black box”
warning for ESAs or simply lack of general awareness of the
findings or other factors is unknown. Regarding general aware-
ness of the results of clinical trials, the delay for evidence from
clinical studies to be incorporated into clinical practice can be
considerable. Balas and Boren have estimated that it may take
more than 15 years from publication of a “landmark” study for
the results to reach a 50% use rate in clinical practice.>>

We believe that the trauma community is missing a
tremendous potential opportunity to improve the outcome of
critically ill trauma patient and urge efforts to organize a well-
designed definitive clinical trial to evaluate the effect of ESAs
in the trauma population. We now recognize that the thera-
peutic benefits of ESAs can be far beyond the correction of
anemia. Newer ESA derivatives that are nonhematopoietic
and tissue protecting may ultimately serve as the ideal ESA to
improve patient outcomes. Future studies should focus on the
nonhematopoietic actions of ESAs as a better understanding
of these mechanisms may help to identify why trauma patients
benefit and to identify other patient populations that could
also potentially benefit.

DISCLOSURE
The authors declare no conflicts of interest.

REFERENCES

1. Nathan AB, Rivara FP, MacKenzie EJ, Maier RV, Wang J, Eglestir B,
Scharfstein DO, Jurkovich GJ. The impact of an intensivist-model ICU on
trauma-related mortality. Ann Surg. 2006;244:545-554.

2. Corwin HL, Gettinger A, Fabian T, May Addison Pearl RG, Heard S, An R,
Bowers P, Burton P, Klausner MA, Corwin MJ. Efficacy and safety of
epoetin alpha in the critically ill. N Engl J Med. 2007;357:965-976.

3. Corwin HL, Gettinger A, Rodriguez RM, et al. Efficacy of recombinant
human erythropoietin in the critically ill patient: a randomized double blind
placebo controlled trial. JAMA. 2002;288:2827-2835.

4. Napolitano LM, Fabian TC, Kelly KM, Bailey JA, Block EE, Langholff W,
Enny C, Corwin HL. Improved survival of critically ill trauma patients treated
with recombinant human erythropoietin. J Trauma. 2008;65(2):285-299.

5. Corwin HL, Gettinger A, Pearl RG, Fink MP, Levy MM, Abraham E,
Maclntyre NR, Shabot MM, Duh MS, Shapiro MJ. The CRIT Study:
anemia and blood transfusion in the critically ill—current clinical practice
in the United States. Crit Care Med. 2004;32(1):39-52.

6. Shapiro MJ, Gettinger A, Corwin HL, Napolitano L, Levy M, Abraham E,
Fink MP, Maclntyre N, Pearl RG, Shabot MM. Anemia and blood trans-
fusion in trauma patients admitted to the intensive care unit. J Trauma.
2003;55(2):269-273; discussion 273-274.

7. Rodriguez RM, Corwin HL, Gettinger A, Corwin MJ, Gubler D, Pearl RG.
Nutritional deficiencies and blunted erythropoietin response as causes of
the anemia of critical illness. J Crit Care. 2001;16:36-41.

© 2014 Lippincott Williams & Wilkins

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



J Trauma Acute Care Surg
Volume 77, Number 5

Corwin and Napolitano

8.

13.

14.

15.

16.

17.

18.

20.

21.

Hobisch-Hagen P, Wiedermann F, Mayr A, Fries D, Jelkmann W,
Fuchs D, Hasilbeder W, Mutz N, Klinger A, Schobersberger W. Blunted
erythropoietic response to anemia in multiply traumatized patients. Crit Care
Med. 2001;29:743-747.

. Ganz T. Hepcidin, a key regulator of iron metabolism and mediator of

anemia of inflammation. Blood. 2003;102(3):783-788.

. Andrews NC. Anemia of inflammation: the cytokine-hepcidin link. J Clin

Invest. 2004;113(9):1251-1253.

. Sihler KC, Raghavendran K, Westerman M, Ye W, Napolitano LM.

Hepcidin in trauma: linking injury, inflammation, and anemia. J Trauma.
2010;69(4):831-837.

. Sasaki Y, Noguchi-Sasaki M, Yasuno H, Yorozu K, Shimonaka Y. Eryth-

ropoietin stimulation decreases hepcidin expression through hematopoietic
activity on bone marrow cells in mice. Int J Hematol. 2012;96(6):692—700.
De Domenico I, Zhang TY, Koening CL, Branch RW, London N, Lo E,
Daynes RA, Kushner JP, Li D, Ward DM, et al. Hepcidin mediates tran-
scriptional changes that modulate acute cytokine-induced inflammatory
responses in mice. J Clin Invest. 2010;120(7):2395-2405.

Maliken BD, Nelson JE, Kowdley K'V. The hepcidin circuits act: balancing
iron and inflammation. Hepatology. 2011;53(5):1764—-1766.

Kautz L, Jung G, Valore EV, Rivella S, Nemeth E, Ganz T. Identification of
erythroferrone as an erythroid regulator of iron metabolism. Nat Genet.
2014;46(7):678—684.

Corwin HL, Gettinger A, Rodriguez RM, Pearl RG, Enny C, Colton T,
Corwin MJ. Efficacy of recombinant human erythropoietin in the critically
ill patient: a randomized double blind placebo controlled trial. Crit Care
Med. 1999;27:2346-2350.

Silver M, Corwin MJ, Barzan A, Gettinger A, Corwin HL. Efficacy of
recombinant human erythropoietin in the long term acute care patient: a
randomized double blind placebo controlled trial. Crit Care Med.
2006;34:2310-2316.

Zarychanski R, Turgeon AF, Mclntyre L, Fergusson DA. Erythropoietin-
receptor agonists in critically ill patients: a meta-analysis of randomized
controlled trials. CMAJ. 2007;177:725-734.

. Luchette FA, Pasquale MD, Fabian TC, Langholff WK, Wolfson M. A

randomized, double-blind, placebo-controlled study to assess the effect of
recombinant human erythropoietin on functional outcomes in anemic,
critically ill, trauma subjects: the long term trauma outcomes study. Am J
Surg. 2012;203:508-516.

Sun X, loannidis JPA, Agoritsas T, Alba AC, Guyatt G. How to use
subgroup analysis user’s guide to the medical literature. JAMA. 2014;
311:405-411.

Zhang Y, Wang L, Dey S, Alnaceli M, Suresh S, Rogers H, Teng R,
Noguchi CT. Erythropoietin action in stress response, tissue maintenance
and metabolism. Int J Mol Sci. 2014;15(6):10296-10333.

© 2014 Lippincott Williams & Wilkins

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Noguchi CT, Wang L, Rogers HM, Teng R, Jia Y. Survival and proliferative
roles of erythropoietin beyond the erythroid lineage. Expert Rev Mol Med.
2008;10:e36.

Brines M, Cerami A. Erythropoietin-mediated tissue protection: reducing col-
lateral damage from primary injury response. J Intern Med. 2008;264:405-432.
Hand CC, Brines M. Promises and pitfalls in erythropoietin-mediated
tissue protection: are nonerythropoietic derivatives a way forward. J In-
vest Med. 2011;59:1073—1082.

Ogunshola OO, Bogdanova AY. Epo and non-hematopoietic cells: what do
we know? Methods Mol Biol. 2013;982:13-41.

Erbayraktar S, Yilmaz O, Goékmen N, Brines M. Erythropoietin is a multi-
functional tissue-protective cytokine. Curr Hematol Rep.2003;2(6):465-470.
Arcasoy MO. The non-haematopoietic biological effects of erythro-
poietin. Br J Haematol. 2008;141(1):14-31.

Patel NSA, Nandra KK, Thiemermann C. Bench-to bedside review: erythro-
poietin and its derivatives as therapies in critical care. Crit Care. 2012;16:229.
Vasileiou PV, Xanthos T, Barouxis D, Pantazopoulos C, Papalois AE,
Lelovas P, Kotsilianou O, Pliatsika P, Kouskouni E, Iacovidou N. Eryth-
ropoietin administration facilitates return of spontaneous circulation and
improves survival in a pig model of cardiac arrest. Am J Emerg Med.
2014;32:871-877.

Grmec S, Strnad M, Kupnik D, Sinkovic A, Gazmuri RJ. Erythropoietin
facilitates the return of spontaneous circulation and survival in victims of
out-of-hospital cardiac arrest. Resuscitation. 2009;80(6):631-637.
Bohlius J, Schmidlin K, Brillant C, Schwarzer G, Trelle S, Seidenfeld J,
Zwahlen M, Clarke M, Weingart O, Kluge S, et al. Recombinant human
erythropoiesis-stimulating agents and mortality in patients with cancer: a
meta-analysis of randomized trials. Lancet. 2009;373:1532—-1542.

Zhang Y, Thamer M, Kaufman JS, Cotter DJ, Hernan MA. High doses of
epoetin do not lower the mortality and cardiovascular risk among elderly
hemodialysis patients with diabetes. Kidney Int. 2011;80:663—-669.
Mesgarpour B, Heidinger BH, Schwameis M, Kienbacher C, Walsh C,
Schmitz S, Herkner H. Safety of off-label erythropoiesis stimulating agents in
critically ill patients: a meta-analysis. Intensive Care Med. 2013;39:1896—1908.
Cook D, Crowther M. Targeting anemia with erythropoietin during critical
illness. N Engl J Med. 2007;357:1037-1039.

Balas EA, Boren SA. Managing clinical knowledge for health care im-
provement. Yearb Med Inform. 2000;65-70.

Zarychanski R, Houston DS. Anemia of chronic disease: a harmful dis-
order or an adaptive, beneficial response?. CMAJ. 2008:179;333-337.
Kautz L, Jung G, Valore EV, Rivella S, Nemeth E, Ganz T. Identification of
erythroferrone as an erythroid regulator of iron metabolism. NAT GENET.
46:678-684.

Noguchi CT, Wang L, Rogers HM, Teng R, Jia Y. Survival and proliferative
roles of erythropoietin beyond the erythroid lineage. Expert Rev Mol Med.
2008;10—e36.

779

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



