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ABSTRACT

Context Hemoglobin-based blood substitutes (HBBSs) are infusible oxygencarrying liquids that have long shelf lives, have no need for refrigeration or crossmatching, and are ideal for treating hemorrhagic shock in remote settings. Some
trials of HBBSs during the last decade have reported increased risks without clinical
benefit.
Objective To assess the safety of HBBSs in surgical, stroke, and trauma patients.
Data Sources PubMed, EMBASE, and Cochrane Library searches for articles using
hemoglobin and blood substitutes from 1980 through March 25, 2008; reviews of
Food and Drug Administration (FDA) advisory committee meeting materials; and
Internet searches for company press releases.
Study Selection Randomized controlled trials including patients aged 19 years
and older receiving HBBSs therapeutically. The database searches yielded 70 trials
of which 13 met these criteria; in addition, data from 2 other trials were reported in
2 press releases, and additional data were included in 1 relevant FDA review.
Data Extraction Data on death and myocardial infarction (MI) as outcome
variables.
Results Sixteen trials involving 5 different products and 3711 patients in varied
patient populations were identified. A test for heterogeneity of the results of these
trials was not significant for either mortality or MI (for both, I2 = 0%, P .60), and
data were combined using a fixed-effects model. Overall, there was a statistically
significant increase in the risk of death (164 deaths in the HBBS-treated groups and
123 deaths in the control groups; relative risk [RR], 1.30; 95% confidence interval
[CI], 1.05-1.61) and risk of MI (59 MIs in the HBBS-treated groups and 16 MIs in
the control groups; RR, 2.71; 95% CI, 1.67-4.40) with these HBBSs. Subgroup
analysis of these trials indicated the increased risk was not restricted to a particular
HBBS or clinical indication.
Conclusion Based on the available data, use of HBBSs is associated with a

significantly increased risk of death and MI.
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proportion of blood substitutes in development have been
hemoglobin-based products. Yet randomized controlled trials completed as early as
19961 have raised questions about the safety of these products and have failed to
demonstrate clinical benefit. Nonetheless, at least 1 of these products is approved
for use outside the United States and new clinical trials are being conducted or
planned worldwide.2-8
Although there are biochemical differences between the products tested to date,9-15
all share the same mechanism of action and apparent mechanism of toxicity.16
Hemoglobin molecules used to manufacture these products are not contained by a
red cell membrane, and when released into the vasculature, these molecules
rapidly scavenge nitric oxide. This can result in systemic vasoconstriction,
decreased blood flow, increased release of proinflammatory mediators and potent
vasoconstrictors, and a loss of platelet inactivation,17-20 creating conditions that may
lead to vascular thrombosis of the heart or other organs. This mechanism has
recently been shown in preclinical models to be responsible for injury during
hemolytic states, in which hemoglobin is also released into the circulation.21
Unlike naturally occurring hemoglobin, manufactured cell-free hemoglobin-based
blood substitutes (HBBSs) can be chemically altered to theoretically minimize such
toxicities. It has been postulated that cross-linking, polymerization, or pegylation of
hemoglobin will create larger, more stable HBBS molecules, preventing
extravasation and thereby leading to a reduction in toxicities related to nitric oxide
scavenging. At least 1 manufacturer has also chemically increased the affinity of its
HBBS for oxygen (lower P50, the partial pressure of oxygen required for 50%
hemoglobin saturation) to decrease arteriole oxygen transfer and thereby
potentially eliminate untoward cardiovascular effects.16, 22-24
The primary purpose of this study was to review the association between these
HBBSs and the risk of myocardial infarction (MI) and death in trials in different
clinical settings. We also examine the regulatory process that permitted repeated
trials with these agents despite persistent safety concerns.
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were healthy volunteers or younger than 19 years, or if the
results were included in subsequent reports. Eligible trials had to include either
death or MI as an outcome variable.
The most complete data for one of the products (Hemopure; Biopure Corp,
Cambridge, Massachusetts) were presented in a slide presentation by the US Food
and Drug Administration (FDA) at an advisory committee meeting.25 Companies are
required to submit trial results to the FDA as the studies are completed, regardless
of whether or not the results of these studies are published. The published articles
on Hemopure represented 23.2% of patients in the FDA analysis14, 26-31 but were not
separately identified by the FDA. Instead, the FDA described a "pooled" analysis to
enhance sample size,25 but pooling methods and the number of individual studies
comprising the analysis were not reported. To prevent data duplication while
including in our analysis the maximum number of patients studied with Hemopure,
we used the FDA compilation only and it was treated as a single trial. The sponsor
did not respond to our e-mail request for the data from the unpublished trials.
We also searched the Internet for press releases from any companies known to be
involved in developing HBBSs. We used as keywords the names of these companies
and their respective products (Table 1). Company communications with quantitative
data from randomized controlled trials meeting our inclusion criteria are presented.
The data from 2 trials of PolyHeme (Northfield Laboratories Inc, Evanston, Illinois)
were available only in company press releases.32-33 A request to the sponsor for
more detailed unpublished data from these 2 trials was declined, and we were
directed to these same press releases. Qualitative data for a discontinued HBBS,
Optro (Baxter Healthcare Corp, Deerfield, Illinois),34 and an additional trial of
Hemolink (Hemosol BioPharma Inc, Mississauga, Ontario, Canada)35 were also
available only as press releases. Requests for quantitative data were declined.
Lacking data, we could not include these latter 2 trials in our meta-analysis.
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Table 1. Products Included in Meta-analysis

Two of us (C.N. and S.J.K.) independently reviewed the included studies using a
standardized data collection form. A third author resolved any discrepancies.
Mortality and MI were selected as outcomes because, based on an initial review,
these data were commonly reported. We also abstracted other descriptive data from

included trials,1, 13, 23, 25, 32-33,36-45 such as blinding, therapy used in controls, and
enrollment dates. We requested enrollment dates from the authors but in several
cases received no response.
The intention-to-treat analysis was used when provided. Patients (n = 5) were
reported missing in only 1 of these studies.39 We considered patients with missing
data from both the treatment (n = 1) and control groups (n = 4) to be survivors but
also analyzed them as nonsurvivors to see if this affected the overall results. In 2
trials, the patients were first randomized to 1 of 3 groups representing different
doses of the product. Each dose group was then randomized independently to be
treated at that dose or to its own control condition.37, 42 These data were treated as
3 independent studies in each trial. Most trials reported neither an adjudication
process to confirm MIs nor a process for attributing deaths or MIs to the product.
For consistency, outcomes for death and for MI were therefore analyzed in their raw
forms.
To avoid denominators of 0 in the calculation of standard error, a correction value
of 0.5 was added to every cell of any trial in which there was a single empty cell in
the 2 x 2 table. We assessed the homogeneity of the trials' treatment effects for the
association between HBBSs and mortality and MI using the Breslow-Day test46 and
an associated I2 statistic.47 We then used the Cochran-Mantel-Haenszel test48 to
estimate the pooled relative risks (RRs) of mortality and MI of these products with
associated 95% confidence intervals (CIs), using a fixed-effects model in the R
package metabin (http://www.r-project.org). For all analyses of the complete data
set for each outcome, a fixed-effects model was required because of the null values
for the estimates of between-study variance. Relative risk was chosen as the
summary measure of effect size to produce the smallest evidence of heterogeneity,
as well as to produce an easily interpretable result.
Conventional forest plots were prepared, with the sizes of point estimates
proportional to the inverse variance of each estimate. Cumulative meta-analyses of
mortality and MI, using a fixed-effects model, were performed for each year that
studies were known to have been completed or, if completion dates were
unavailable, the year the studies were published or otherwise made public.
Subgroup analyses of mortality and MI end points were performed to construct
estimates of treatment effect for each clinical indication and product, tetramer
content (dichotomized at the median for the various products), P50 (also
dichotomized at the median), and publication status (published/unpublished).
Differences between selected subgroups were tested using a decomposed BreslowDay test.49
All tests of significance were performed at the = .05 level. Tests of heterogeneity
and the decomposed Breslow-Day test comparing the treatment effects between
subgroups were 1-sided tests.49 Tests of significance of a treatment effect were 2sided.
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varied from less than 1% to 100% (Table 1). Four trials
were described as double-blind, 7 as single-blind, 4 as open-label or unblinded, and
1 was uninformative. Five trials investigated HBBSs in trauma patients, 10 in
various surgical patients, and 1 in stroke patients. Twelve of these 16 trials
reported deaths and 10 reported MIs. The median time from the completion of each
of the 8 trials with known enrollment dates until the data were published or made
public in press releases was 4 years, with a range of 1 to 6 years.

Figure 1. Study Selection
a
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Published articles on Hemopure were not
separately identified by the Food and Drug
Administration (FDA). Instead, the FDA
described a pooled analysis to enhance
sample size but did not report the number
of individual studies. We treated the FDA
compilation as a single trial.

Table 2. Characteristics of Studies Included in Metaanalysis

Mortality and MI
There were a total of 164 deaths among the HBBS-treated patients and 123 deaths
among the patients in the control groups. There was no evidence of heterogeneity
between studies for the mortality end point (I2 = 0%, P = .60). Overall, this class of
HBBS products was associated with a significantly increased risk of death (RR,
1.30; 95% CI, 1.05-1.61) (Figure 2).

Figure 2. Mortality and Myocardial
Infarction
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The size of the data markers is
proportional to the inverse variance of
each point estimate. aTrials involved the
randomization of patients to 1 of 3 doses,
followed by independent randomizations to
treatment and control groups.b Published
articles on Hemopure were not separately
identified by the Food and Drug
Administration (FDA). Instead, the FDA
described a pooled analysis to enhance
sample size but did not report the number
of individual studies. We treated the FDA
compilation as a single trial. RR indicates
relative risk; CI, confidence interval.

There was a total of 59 MIs among the HBBS-treated patients and 16 MIs among
the patients in the control groups. There was no evidence of heterogeneity across
the individual studies for the MI end point (I2 = 0%, P = .72). For these studies
combined, there was a significantly increased risk of MI among patients receiving
HBBSs (RR, 2.71; 95% CI, 1.67-4.40) (Figure 2).
The only available data from which an estimate of the number needed to harm
could be determined were from summary counts of total event rates across all
studies (without adjustment for length of follow-up). A calculation from these
summations yields an estimate for number needed to harm of 62 patients treated
for each treatment-related death and 50 patients treated for each treatment-related
MI.
Subgroup Analyses
Figure 3 shows the mortality and MI data according to subgroups. Except for
cardiac surgery, the RRs for mortality in the patient subgroups were similarly
elevated but were not statistically significant for the trauma and stroke subgroups.
For cardiac surgery, the RR was less than 1, but this was not statistically significant
compared with elective orthopedic or vascular surgery studies (P = .11,
decomposed Breslow-Day test49). For MI, the RR was elevated in all patient groups
for which there were relevant data but was not statistically significant for the
cardiac surgery or trauma subgroups.

Figure 3. Subgroup Analysis

View larger version (21K):
[in this window]
[in a new window]
[as a PowerPoint slide]

In the analysis comparing HBBS studies with non–blood product controls with those
with blood product controls, the RRs for mortality and MI were elevated, but for
mortality neither reached statistical significance. In analyses removing each HBBS
product in turn, RRs for mortality and MI remained increased, except when
PolyHeme was removed; in that case, the RR for mortality was increased but not
statistically significantly.
Although the unpublished HBBS studies had a higher RR of death (RR, 1.45; 95%
CI, 1.04-2.02; 3 trials) than the published studies (RR, 1.19; 95% CI, 0.90-1.56;
13 trials), a test of the equality of the 2 RRs did not reach statistical significance
(P = .53). The findings for MI were similar. Dividing these 5 HBBS products into low
vs high tetramer content and low vs high P50 values resulted in similar estimates of
the increases in risk of MI and death as in the full data set. For mortality, the RR for
low tetramer content was 1.37 (95% CI, 0.99-1.89) and for high tetramer content
was 1.24 (95% CI, 0.94-1.64); for low P50, the RR was 1.46 (95% CI, 0.99-2.15)
and for high P50 was 1.23 (95% CI, 0.95-1.58). For MI, the RR for low tetramer
content was 3.28 (95% CI, 1.84-5.87) and for high tetramer content was 1.55
(95% CI, 0.62-3.88); for low P50, the RR was 5.61 (95% CI, 1.95-16.16) and for
high P50 was 2.04 (95% CI, 1.17-3.57).
Cumulative Mortality and MI
Figure 4 displays the cumulative meta-analyses of mortality and MI by the year the
studies completed enrollment or, if such data were not available, the year the study
results were published or became public through press releases or an FDA
presentation. By 1998, it was apparent that there was a significant increase in the
RR of death associated with HemAssist (Baxter Healthcare Corp), one of the few
products with available data at that point.

Figure 4. Cumulative Mortality and
Myocardial Infarction

View larger version (19K):
[in this window]

NA indicates not applicable.

[in a new window]
[as a PowerPoint slide]

By the end of 2000, at least 81, 13, 37, 41-45 of the 9 HemAssist studies, all of the
Hemopure studies,25 2 PolyHeme studies,32, 38 and the first Hemolink40 study had
been completed. At that time, the RRs for mortality and for MI were both increased
(RR, 1.27; 95% CI, 0.99-1.63, and RR, 2.77; 95% CI, 1.49-5.15, respectively).
Additional trial data that have become available since 2000 have had little effect on
the cumulative RRs for either mortality or MI.
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that the increased risks generally were consistent,
regardless of the patient population or type of product, although these analyses
have reduced statistical power. The pattern of increased risk demonstrated by a
variety of HBBSs across an array of clinical settings argues for a policy whereby any
new or existing HBBSs should be subjected to preclinical studies in animal models
that replicate the known toxicities of HBBSs demonstrated in humans before further
clinical trials of this class of product are allowed to proceed.
Sponsors are required by law to report their results to the FDA in a timely fashion
after studies are completed, even if they do not publish their findings. However, the
data reported by sponsors to the FDA are not made public by the FDA unless the
product is approved or an advisory committee is convened to discuss the product.
The cumulative mortality analysis shown in Figure 4 indicates that prompt metaanalyses of the HBBS trials by the FDA most likely would have demonstrated
significant risks by 2000. Had the agency placed a moratorium on trials at that
point, product-related deaths and MIs in subsequent trials most likely would have
been prevented.
However, such data were not available to scientists, the public, institutional review
boards, or competing HBBS manufacturers. For instance, at least 7 of the 9
HemAssist trials were completed by 1998; however, because of times to publication
of 3 to 5 years, these trials were published between 1999 and 2003.1, 13, 41-45 Data
on a large proportion of patients (approximately 75%) in Hemopure trials, all of
which were completed by 2000, have not been published, and these data only
became publicly known after Public Citizen (Washington, DC) sued the FDA to make
open to the public a December 2006 FDA advisory committee meeting50 at which
the data were presented. The data from the first large trial of PolyHeme were only

made public when the company, responding to a critical article in the lay press,51
issued a press release on December 19, 2006, 6 years after the trial was
completed.32-33
The data from at least 2 additional trials still have not been published in the medical
literature; only qualitative descriptions are available from press releases. Both
studies were terminated early for safety reasons. In a study involving vascular
surgery patients conducted in the late 1990s, Optro was associated with
gastrointestinal adverse effects, hypertension, and increases in total peripheral
resistance.34 In 2003, Hemolink was reported to produce an increase in MIs,35 as
had been described in 2 previously published trials in cardiac surgery patients for
this product.39-40 It is possible that there are still more clinical trials that have not
been made public.
The most recent PolyHeme trial requires special mention for 2 reasons. First, the
FDA gave approval for this trial in trauma patients even though the FDA presumably
had unpublished data showing a significant increase in MIs in the prior PolyHeme
trial in vascular surgery patients32; the FDA had the results from trials involving
other HBBS products also showing harm; and the FDA had placed a clinical hold on
a Hemopure trauma trial because of serious adverse events in previous, mostly
unpublished, trials of this HBBS.25 The results of the PolyHeme trauma trial were
made public in a company press release in 2007 and showed nonsignificant
increased mortality risk and a significant increase in MI risk among patients who
received PolyHeme.33 Second, the failure to publish the results of the earlier
PolyHeme vascular surgery trial and previous trials of some other HBBSs meant
that thorough review of previous trial results by institutional review boards
reviewing the PolyHeme trauma trial at the many participating sites was not
possible.
Today, 5 trials of HBBSs are ongoing and at least 1 is being planned. A Hemopure
trial is presently enrolling trauma patients in South Africa,2 where the product is
approved for human use for treatment of acute anemia in adult surgical patients.
Additional ongoing Hemopure studies involve coronary artery bypass graft surgery
patients in the United Kingdom, Greece, and South Africa4 and elective
percutaneous coronary revascularization patients in the Netherlands.3 There are
also 2 ongoing trials for Hemospan (Sangart Inc, San Diego, California), both for
treatment of hypotension in patients undergoing hip arthroplasty, in the United
Kingdom, Belgium, the Netherlands, Poland, Sweden, and the Czech Republic.5 The
US Navy and the manufacturer of Hemopure had submitted to the FDA another
proposed trial in trauma patients. In December 2006, the FDA's Blood Products
Advisory Committee voted 11 to 8 that the benefits of this proposed phase 3 trial
did not outweigh the risks for individual patients.50 The Navy Medical Research
Center and the manufacturers of Hemopure have since submitted a new protocol for
a phase 2 out-of-hospital trauma study, but the FDA has placed this trial on clinical
hold.7
The risks of these HBBS products should be weighed against any benefits the
products may have demonstrated. The primary efficacy outcomes studied across
the HBBS trials varied. Seven trials examined the ability of HBBSs to limit blood
transfusions. Two of these trials reported that HBBSs acutely prevented the need for
blood transfusions, but this was completely offset by increased blood requirements
later.13, 43 Two trials were stopped early for safety concerns,32, 44 and the other 3

trials reported a decrease in transfusion requirements, 1 statistically significant39
and the other 2 not significant.38, 40 Other trials investigated whether HBBSs could
improve neurological outcome from stroke1 or prevent organ failure and death in
different clinical settings.33, 41, 45 Some of these trials found a significant increase in
morbidity, mortality, or both; however, no HBBS study reported a statistically
significant, meaningful, long-term beneficial outcome.
We acknowledge that our meta-analysis has several limitations. Details on some
study protocols were unavailable due in part to the failure of companies to publish
data and our resultant reliance on press releases and advisory committee
presentations for some data.25, 32-33 Data for Hemopure were based on a pooled FDA
analysis using unclear methods encompassing an unknown number of trials; we
treated the pooled analysis as if it were a single trial.25 The number of patients in
the pooled Hemopure analysis represented 39% of the total number of patients in
the entire meta-analysis for all products. The effect on the meta-analysis of treating
all the Hemopure studies as a single trial is uncertain, but similarity of the RR
estimates for the pooled Hemopure analysis and the RR for all other studies
combined suggests that this approach most likely had a limited effect on the overall
risk estimates.
Although the control group varied from trial to trial (eg, from saline to red blood
cells to various plasma expanders), in each case the control intervention
represented usual care for that patient population. The levels of blinding in the trials
also varied, ranging from various forms of single-blinding to comprehensive doubleblinding,23 evidence that such blinding is feasible. One study23 adjudicated whether
serious adverse events were attributable to the treatment. For consistency, we
analyzed nonadjudicated data throughout. The overall results of our meta-analysis
are unchanged if the nonattributable serious adverse events from this 1 study are
considered to be nonevents. Similarly, in the single study39 with missing outcome
data, the overall results of the meta-analysis are unaffected by whether the
patients (n = 5) with missing data are treated assurvivors or nonsurvivors.
The results of all trials of experimental agents conducted in human beings—from
phase 1 to phase 4—should be fully and expeditiously disclosed to the scientific and
medical communities. The case study detailed here underscores both the scientific
inefficiency and the real risks to patients of the current failure to report data
promptly. When "secret science" is allowed, scientists are unable to build on the
successes or failures of other researchers testing similar products, and patients can
be repeatedly exposed to risks unnecessarily.
One straightforward solution to these problems would be for Congress to reverse
the FDA's policy of treating as confidential all corporate materials submitted during
the product development process, including the investigational new drug
application. The agency will not even confirm the existence of an investigational
new drug, new drug, or biologics license application until (and only if) the product is
approved, unless it is one of the minority of products that receive an advisory
committee hearing52 or the application is formally abandoned—a rare occurrence.
As far back as 3 decades ago, the Review Panel on New Drug Regulation questioned
the longstanding practice of keeping investigational new drug and new drug
applications confidential and concluded that "the need to make scientific data
concerning the safety and effectiveness of drugs available to the public is urgent

[and] can be achieved without eliminating the existing incentive to invest in drug
research and development." The panel went on to recommend that "Congress
immediately amend the Federal Food, Drug, and Cosmetic Act to provide that safety
and effectiveness data are not trade secrets for purposes of federal prohibitions
against release on confidential and privileged information."53
A second, complementary approach would involve congressional modification of the
Freedom of Information Act. Exemption 4 to the act permits the withholding by any
federal agency of material deemed trade secret or confidential commercial
information; it is the exemption most frequently cited by the FDA and is the one
most relevant in this setting.52 Courts have held that the exemption does not
provide for a balancing of the commercial interest against the public interest.54 That
is, if the material sought is confidential commercial information, the exemption is
triggered, regardless of the strength of the public interest in the disclosure of that
information. A relatively minor alteration in the statutory language of exemption 4
to allow for consideration of the public interest would markedly increase data
disclosure.
Finally, much attention of late has been directed toward clinical trial registries.55
This approach is independent of changes at the FDA level. Trials should be
registered at their inception so that the failure to complete or publish a trial can be
detected. The recently passed FDA reauthorization bill56 provides for a database that
includes ongoing trials as well as the eventual posting of study results and adverse
effects. However, for now there is no requirement that results for unapproved
products be posted. If the public interest in expanded dissemination of scientific
information is to be fulfilled and patients are to be protected, all 3 of these
remedies will need to be enacted.
In conclusion, in this analysis of available data from clinical trials, the use of HBBSs
was associated with a significantly increased risk of death and MI.
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