
Am J Clin Pathol 2007;128:945-955     945
945 DOI: 10.1309/RAPQ3NXG3MV9AL94 945

© American Society for Clinical Pathology

Coagulation and Transfusion Medicine / PATHOGEN INACTIVATION

Pathogen Inactivation

A New Paradigm for Preventing Transfusion-Transmitted Infections

Jeffrey McCullough, MD

Key Words: Pathogen inactivation; Blood safety; Transfusion-transmitted infection

DOI: 10.1309/RAPQ3NXG3MV9AL94

A b s t r a c t

Remarkable improvements have been made in
blood safety since the onset of the HIV epidemic.
However, the current paradigm does not prevent all
transfusion-transmitted infections and is reactive to new
agents, thus accepting that some patients may be
harmed before preventive measures are introduced.
Several methods are now available that selectively
damage DNA and RNA, thus inactivating pathogens
contaminating blood components while not damaging
the cells or plasma proteins of the blood component.
Clinical trials have been completed and pathogen-
inactivated platelets and plasma are widely used in
Europe. A recent consensus conference recommended
implementation of pathogen inactivation when a
feasible and safe method is available that inactivates a
broad spectrum of pathogens. The shortcomings of our
present paradigm for preventing transfusion-
transmitted diseases are described, along with a
summary of the status of pathogen inactivation.

It is time for a critical look at pathogen inactivation.
Although this article is not intended to be a complete review,
a summary of the status of the developmental work of
pathogen inactivation is necessary to provide a perspective in
which to consider this new paradigm.

Pathogen Inactivation Methods

Solvent detergent treatment of plasma was developed
years ago at the New York Blood Center and has become a
mainstay for improving the safety of plasma derivatives. The
method was also used to prepare units of solvent
detergent–treated plasma made from pools of about 2,500
donors but otherwise similar to ordinary fresh frozen plasma
(FFP). This product is no longer available in the United States,
but a similar product is used in some other countries. The sol-
vent detergent method is effective for viruses with a lipid
envelop such as HIV, hepatitis B virus, and hepatitis C virus
(HCV) but does not activate nonenveloped viruses such as
hepatitis A virus (HAV) or parvovirus.

Methylene blue, when added to plasma and exposed to
visible light, can inactivate most viruses and bacteria1-4 by
generation of reactive oxygen species, mostly singlet oxygen.
Methylene blue is not effective against intracellular viruses,
and so the blood component must undergo leukocyte reduc-
tion as part of pathogen inactivation by methylene blue. The
treated plasma can then be frozen and used much the same as
FFP. There is some loss of plasma coagulation factors in the
methylene blue treatment process,3,5 but methylene blue plas-
ma is used routinely in Great Britain, Belgium, France,
Portugal, Spain, and Denmark and is being considered for
adoption by several other countries.
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Three other methods are under development that target
and damage DNA or RNA to prevent organisms from repro-
ducing. Thus, any pathogens contaminating the blood compo-
nents may be inactivated. Because none of the standard com-
ponents (RBCs, platelets, and plasma) require nucleic acid
replication for successful in vivo effect, this pathogen inacti-
vation approach should not interfere with the effectiveness of
the blood component. Navigant (Lakewood, CO) has used
vitamin B2, or riboflavin, and UV light, and Cerus (Concord,
CA) has used the psoralen compound amotosalen and UV
light for platelets and plasma and a bifunctional alkylator for
pathogen inactivation in RBCs.

Riboflavin damages DNA and RNA by intercalating with
nucleic acids, and, when exposed to 265 to 370 nm of UV
light, photolysis of the compound induces guanine oxidation,
resulting in single-strand breaks.6-8 It is thought that damage
is so extensive to the guanine bases that DNA repair and repli-
cation are not possible.6,9

Amotosalen acts by selectively binding to nucleic acids and
lipids but not proteins. Amotosalen intercalates into the helical
regions of DNA or RNA and forms fixed cross-links on exposure
to UV light of wavelengths of 320 to 400 nm. The cross-links are
so extensive that they prevent separation of the strands of nucle-
ic acids, which, in turn, prevents nucleic acid replication.10,11

Amotosalen binds to ribosomal RNA and inhibits synthesis of
proteins, such as cytokines, and, thus, may also reduce the like-
lihood of platelet transfusion reactions. The compound used by
Cerus for pathogen inactivation of RBCs is a 3-part compound
with an acridine portion that targets the nucleic acid, a reactive
ester that links this to the bifunctional alkylator that damages the
nucleic acids by cross-linking the DNA or RNA.12,13

Toxicity of Compounds Used for Pathogen
Inactivation

Amotosalen has a good safety profile in studies of general
pharmacology, acute and repeated dose toxicity, genotoxicity,
carcinogenicity, phototoxicity, reproductive and neonatal toxici-
ty, and occupational safety.14-19 The toxicity of riboflavin has
been well studied as a vitamin, and, when it is subjected to UV
light, 4 breakdown products result that are normal breakdown
products in the body.9 The toxic effects of these and the amounts
infused as part of pathogen-inactivated components have been
well studied and are within safety limits.20 The alkylator com-
pound used for RBC pathogen inactivation seems to have a sat-
isfactory toxicity, genotoxicity, and mutagenicity profile.12,16,21,22

Pathogens Inactivated

All 3 of these compounds inactivate pathogens very
effectively. Amotosalen inactivates 104 to 106 of enveloped
and nonenveloped viruses, gram-negative and gram-positive

bacteria, and protozoa13,23-33 ❚Table 1❚.34 Although prions
are not inactivated by amotosalen, the risk of transfusion-
transmitted prion disease is not known. The nonenveloped
parvovirus is inactivated at least at the 105 level.35

Riboflavin inactivates 104 to 106 of intracellular and extra-
cellular HIV, West Nile virus (WNV), porcine parvovirus,
Staphylococcus epidermidis, Escherichia coli, vesicular
stomatitis virus, Staphylococcus aureus, Bacillus cereus, and
Klebsiella pneumoniae.36-43 The alkylator used for pathogen
inactivation of RBCs also has a very robust pathogen inacti-
vation profile.13,44,45

Because most commercial assays detect full-length and
incomplete and, thus, noninfectious particles, it is difficult to
determine the true level of infectivity in apparently healthy
blood donors. The extent to which these pathogen inactivation
processes are in excess of the levels of these pathogens that
would be expected in an apparently healthy blood donor who

❚Table 1❚
Inactivation of Pathogens in Platelet Concentrates After
Photochemical Treatment With Amotosalen and UV-A Light*

Pathogen Log Reduction in Organisms

Enveloped viruses
HIV (cell-free) >6.2
HIV (cell-associated) >6.1
CMV >5.9
Hepatitis B virus >5.5
Hepatitis C virus >4.5
Duck hepatitis B virus >6.2
Bovine viral diarrhea virus >6.0
Human T-cell leukemia virus type I/II 4.7/5.1
West Nile virus >6.0

Nonenveloped viruses
Blue tongue 6.1-6.4
Parvovirus B19 4.0-4.9

Gram-negative bacteria
Escherichia coli >6.4
Serratia marcescens >6.7
Klebsiella pneumoniae >5.6
Pseudomonas aeruginosa 4.5
Salmonella choleraesuis >6.2
Yersinia enterocolitica >5.9
Enterobacter cloacae 5.9

Gram-positive bacteria
Staphylococcus aureus 6.6
Staphylococcus epidermidis >6.6
Streptococcus pyogenes >6.8
Listeria monocytogenes >6.3
Corynebacterium minutissimum >6.3
Bacillus cereus >6.0

Gram-positive anaerobic bacteria
Lactobacillus species >6.9
Propionibacterium acnes >6.7
Clostridium perfringens >7.0
Bifidobacterium adolescentis >6.5

Protozoa
Trypanosoma cruzi >5.3
Plasmodium falciparum >7.0
Leishmania mexicana >5.2

CMV, cytomegalovirus.
* Reproduced with permission from McCullough J et al.34 Data are summarized from

references in the original article.
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would have passed the standard medical or health evaluation
is difficult to conclude. However, it seems that these 3 com-
pounds are very effective inactivating transfusion-transmitted
pathogens, including those for which no prevention strategy is
currently in place.

Graft-vs-Host Disease

An additional benefit from the pathogen inactivation
technology is the potential to eliminate the risk of transfu-
sion-transmitted graft-vs-host disease (GVHD). Although the
damage to or prevention of replication of nucleic acids is not
damaging to the cells or proteins of interest for transfusion
therapy, the process also prevents replication of lymphocytes
in the blood components.46-52 Leukocyte depletion is not nec-
essary to achieve this effect, which means that transfused
pathogen-inactivated blood components should not cause
transfusion-related GVHD. This has been established in ani-
mal studies, although a classic randomized, controlled clinical
trial may be difficult to carry out in humans. Some centers in
Europe have discontinued irradiating pathogen-inactivated
platelets produced with the amotosalen method and have not
observed transfusion-related GVHD due to the use of these
unirradiated products.53,54

In Vitro and Animal Studies of Cell
Function and Pathogen Inactivation

Platelets treated with amotosalen have normal results of
in vitro platelet function studies, including biochemical stud-
ies, aggregation, morphologic/hypotonic shock response, and
surface markers.55-58 Amotosalen-treated platelets were as
hemostatically effective as normal control platelets in a throm-
bocytopenic rabbit model.59 A recent abstract60 reported some
platelet damage in vitro that was dependent on the UV light
dose. From the data presented, it is difficult to tell how the
dose and specific wavelength of light used relate to the light
used in the amotosalen and riboflavin methods. Coagulation
factor levels and routine laboratory tests of hemostasis in amo-
tosalen pathogen-inactivated plasma are not different from the
levels in untreated plasma.61-63 Amotosalen is an effective
inactivator of hepatitis B virus and HCV in a chimpanzee
model.64

Riboflavin-treated platelets also have essentially normal
in vitro functional properties.37,41,42,65 Plasma treated with
riboflavin for pathogen inactivation also has essentially nor-
mal levels of plasma coagulation factors.66,67

RBCs treated with the alkylator have normal in vivo test
results, including morphologic features, osmotic fragility,
potassium efflux, hemolysis during storage, adenosine

triphosphate levels, 2,3-diphosphoglycerate levels, oxygen
affinity, and RBC antigen strength.12,45 The posttransfusion
survival of alkylator-treated RBCs was normal in mice12 and
dogs,68 but there seemed to be a slight but not statistically sig-
nificant decreased recovery.

In Vivo Phase 1 Studies

Amotosalen-treated platelets given to healthy research
subjects had slightly decreased recovery and survival.69 In 13
thrombocytopenic patients, amotosalen-treated platelets had a
slightly decreased posttransfusion recovery but were equally
as effective as control platelets in correcting the bleeding time
and time to the next transfusion.70-72

Riboflavin-treated platelets have shown normal in vivo
recovery and survival in studies of radiolabeled cells in
healthy research subjects.65,73

Autologous amotosalen pathogen-inactivated FFP was
equally effective as autologous untreated FFP in correcting the
prothrombin time and partial thromboplastin time and elevat-
ing the levels of factors II, VII, IX, and X in healthy subjects
treated with warfarin and then transfused with their own
untreated or pathogen-inactivated FFP.61,74

RBCs subjected to pathogen inactivation by the alkylator
have slightly decreased autologous in vivo recovery and nor-
mal survival.75-77

Clinical Trials of Pathogen-Inactivated
Components

A prospectively randomized, controlled trial of amoto-
salen pathogen-inactivated buffy coat vs control platelets in
103 patients showed that both platelet products were effective
in increasing the posttransfusion platelet count, and there were
no differences in transfusion reactions or adverse events.78 A
prospectively randomized, controlled trial of amotosalen
pathogen-inactivated apheresis platelets79 vs untreated aphere-
sis platelets in 645 patients showed equivalence of both prod-
ucts in control and prevention of bleeding and fewer transfu-
sion reactions in patients receiving pathogen-inactivated
platelets.34 This is the largest clinical trial of platelets ever
reported and was unique in that the primary end point was
hemostasis rather than platelet count. Patients in this study34

who received the pathogen-inactivated platelets had signifi-
cantly lower posttransfusion corrected count increments and
received more transfusions. However, these patients also
received lower doses of platelets owing to processing losses.
When the data for patients who received doses of pathogen-
inactivated platelets similar to doses received by control sub-
jects were analyzed, the posttransfusion count increments
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were similar to those for control subjects,80 indicating that
much of the observed difference was due to a difference in
dose. This observation was confirmed on a large scale in
Europe where use of pathogen inactivation has not led to an
increased number of platelet transfusions.81 Although no over-
all difference in adverse reactions was seen in the SPRINT
study, there were small but significant increases in several
types of adverse reactions in patients receiving pathogen-inac-
tivated platelets.34 In a more detailed report of these adverse
events, it does not seem that these pathogen-inactivated
platelets represented a higher-than-usual risk for patients.82

A phase 3 clinical trial of pathogen-inactivated FFP
showed that improvements in hemostasis and laboratory test
results were equal and not significantly different in 121
patients with acquired coagulopathies primarily due to liver
disease.83,84 There were no differences in the use of blood
components or in bleeding complications, indicating that
pathogen-inactivated FFP was as effective as untreated FFP
for the treatment of acquired coagulopathy. Pathogen-inacti-
vated FFP has also been equally as effective as untreated FFP
in patients with congenital coagulopathies85,86 and for replace-
ment during plasma exchange for thrombotic thrombocy-
topenic purpura.87

A phase 3 trial of alkylator pathogen-inactivated RBCs
has been reported.88 This trial was halted prematurely owing
to the development of RBC antibodies in patients who were
receiving multiple transfusions of similar pathogen-inactivat-
ed RBCs but in a different trial. The reported trial88 involved
223 patients undergoing cardiovascular surgery, and even
though the trial was halted prematurely, statistical analysis
revealed that the end point had been met. There were no sig-
nificant differences in a combined end point involving cardiac
and renal function. Thus, the trial can be considered success-
ful, although the specific pathogen inactivation method will
not be used in the future owing to antibody formation in mul-
tiply transfused patients. The manufacturer has modified the
pathogen inactivation method44,89 in a way that it believes will
no longer lead to antibody formation and will soon propose to
reopen the RBC trial using the new modified method.

A phase 3 clinical trial of a different pathogen inactiva-
tion method for RBCs was also begun and then halted prema-
turely owing to RBC antibody formation in recipients. That
company elected not to attempt to resolve the antibody forma-
tion problem and has since gone out of business.

To summarize the current situation, pathogen inactivation
is effective for buffy coat and apheresis platelets, and tradi-
tional methods of evaluating pharmacology, toxicity, and
mutagenicity have given satisfactory results. A buffy coat
platelet product (amotosalen) is being used in France,
Germany, Belgium, Spain, Italy, Norway, Sweden, and
Russia, and work to gain experience using the technology is
underway in Switzerland, Austria, Luxembourg, and the

Czech Republic. A trial of a second buffy coat platelet prod-
uct (riboflavin) is under way in Europe and will be completed
in late 2007. A phase 3 trial of apheresis pathogen-inactivated
platelets was completed in the United States several years ago
and results were submitted to the US Food and Drug
Administration (FDA), but no decision about licensure has
been forthcoming, despite more than 80,000 transfusions hav-
ing been given in Europe. The phase 3 trials of FFP are com-
pleted. Recently, this product was approved in Europe and is
being produced there. It seems that the reasons for develop-
ment of alloantibodies in the RBC phase 3 trial are under-
stood, the method has been revised, and preparations are being
made to propose a new trial.

Discussion

Shortcomings of the Present Paradigm

The shortcomings of our present paradigm for preventing
transfusion-transmitted infections are as follows: (1) It applies
only to known pathogens and transfusion-transmitted infec-
tions. (2) It does not address or prevent all currently known
transfusion-transmitted infections. (3) It is reactive to the
occurrence of new infectious agents and, thus, accepts that
some patients will be harmed before steps can be taken to
minimize transmission of the agent. (4) Current methods to
detect and/or prevent transfusion of bacterially contaminated
products are inadequate. (5) Many donors who do not pose a
risk to patients are temporarily or permanently deferred
because of the impreciseness of the present screening tests or
deferral criteria.

There are several examples of these shortcomings. WNV
is the first example. The blood banking–transfusion medicine
community, industry, and regulators collaborated in a
Herculean task of recognizing the problem, exploring donor
deferral options, developing new tests, implementing them
strategically, and creating a unique regulatory framework to
enable this to occur in a time previously unimaginable.90

These groups are all understandably proud of the accomplish-
ment. However, during the summer of 2002, the mean risk of
transfusion-transmitted WNV was 2.12 to 4.76/10,000 dona-
tions.91 This implies that approximately 2,500 to 5,500
patients might have been infected (based on 12 million RBC
transfusions). Of 23 patients described separately,92 7 died.
The cost-effectiveness of screening for WNV has been esti-
mated as $897,000 per quality-adjusted life year for individual
unit testing.93

Impressive as this response is, none of this would have
been necessary had our transfusion-transmitted infection par-
adigm been based on pathogen inactivation. No additional
money would have spent on this problem, countless hours of
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meetings would have been unnecessary, blood bank opera-
tions would not have been disrupted and altered, suitable
donors would not have been lost, and most important,
patients would not have been infected or died as a result of
transfusion-transmitted WNV infection.

A more recent example of a situation in which pathogen
inactivation was used to intercede with a new infectious agent
entering the blood supply occurred on the island of Le Reunion,
a remote island in the Indian Ocean that is a department of
France. A new epidemic of the RNA Chikungunya virus devel-
oped on the island, and more than 34% of the population
became infected.94 Although Chikungunya virus has not been
reported to be transfusion-transmitted, its natural history is such
that health officials believed that transfusion transmission was
likely. Parenteral transmission by needle stick has occurred.
Health and blood authorities believed it was not feasible to con-
tinue to collect blood owing to the widespread epidemic, so
blood collection was halted on the island. An alternative was
needed to maintain a blood supply. RBCs and frozen plasma
were shipped from France, but owing to the distance and ship-
ping time, it was not possible to provide platelets from France.
Laboratory studies quickly established that amotosalen
pathogen inactivation is effective against the Chikungunya
virus,95 so platelet pathogen inactivation procedures were put in
place locally within a very short time. Platelets were then col-
lected locally to meet the needs of the island.96 Subsequent
studies established that the outbreak was due to a new variant
that may have enabled the virus to adapt to a new mosquito vec-
tor,94 and there may have been as many as 2 million cases of
Chikungunya virus infection worldwide in 2006.94

The outbreak involved an African virus in an Asian mos-
quito, and the possibility that this virus, like WNV, could be
carried to the Americas94 has already come true. At least 37
cases are known in the United States,97 and although these
occurred in returning travelers, this could become an epidem-
ic similar to that resulting from WNV.

A third example of the shortcomings of our present para-
digm is bacterial detection. If pathogen inactivation were in
place, there would have been no need for the American
Association of Blood Banks standard requiring methods to
reduce bacterial contamination of platelets. Even with current
testing methods, 20 septic reactions have been reported in
about 1 million units of platelets.98 Thus, the complex, expen-
sive, and only partially effective testing that has resulted
would not be necessary. As with the WNV example, the cost
of test development, regulatory activities, countless hours of
meetings, operational changes, and complexity of resulting
logistics have increased the cost of blood products. All would
have been unnecessary with a pathogen inactivation paradigm,
and the transfusion of bacterially contaminated products with
resulting harm to patients that continues at present, despite
testing, would be avoided.

A fourth example of the shortcomings of our current par-
adigm is cytomegalovirus (CMV). Although leukocyte deple-
tion greatly reduces transfusion-transmitted CMV, it still
occurs in about 1% of patients,99 even after CMV antibody
screening of donated blood. The growing use of hematopoiet-
ic cell transplantation, complex chemotherapy regimens, and
organ transplantation increases the number of patients who
should receive CMV-safe blood. This, in turn, places greater
demands on the supply of CMV-safe blood. Pathogen inacti-
vation could eliminate the need for continued testing for CMV
antibody and, thus, avoid problems due to lack of CMV-anti-
body-negative blood components.

A fifth example of the difference between a proactive
pathogen inactivation paradigm and our present reactive para-
digm is testing for Trypanosoma cruzi. A test is now available,
and testing of donors has been initiated by some blood organ-
izations, although universal testing is not required by the FDA.
Pathogen inactivation is effective against T cruzi26,27 and
would make all of the test-related activity and costs unneces-
sary. More important, pathogen inactivation would have pre-
vented the harm that has been done to some patients because
our present transfusion-transmitted disease paradigm does not
prevent transmission of T cruzi infection. Bacterial testing or
adding a test for WNV or T cruzi, like the other infectious dis-
ease strategies in our current paradigm, is reactionary and
accepts that patients are injured before preventive steps are
implemented. Conversely, pathogen inactivation is a proactive
approach to transfusion safety.

The benefits of pathogen inactivation must be considered
in relation to these new steps that could have been avoided,
existing known transfusion-transmitted diseases, and expected
new threats to the safety of the blood supply. We cannot con-
tinue to add test after test and new donor criterion after crite-
rion.

The Stakeholders

This body of work represents substantial progress, and
pathogen inactivation has arrived at a realistic point. We all
have a role in the evolution of this technology: industry, aca-
demia, the blood banking–transfusion medicine community,
and regulators, but most of all, patients.

Industry has been able to generate substantial sums of
money to develop pathogen inactivation to its present state.
Developers have been exceptionally willing to share their
results as indicated by the large number of resulting publica-
tions. This is in interesting contrast with the disappointing
lack of publications from industry on hemoglobin-based
oxygen carriers. Industry has the responsibility to continue
thorough, careful development of pathogen inactivation
technology, pursuing appropriate safety and efficacy issues.
It has a responsibility to develop a product that can be imple-
mented operationally in a realistic manner and at a cost that
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can be incorporated into transfusion therapy and the blood
supply system.

Academia has a responsibility to provide knowledge,
expertise, advice, and research collaboration in the develop-
ment of this technology as appropriate. These are small com-
panies that can never have the breadth and depth of knowledge
that exists in our universities. The companies have a responsi-
bility to seek this knowledge, and we in academia should par-
ticipate as appropriate in the development of these products.

The blood banking–transfusion medicine community has
a responsibility to consider the potential of this paradigm-
changing technology in a truly open-minded and, hopefully,
imaginative way. Pathogen inactivation may be technically
complex. However, the blood banking community has demon-
strated the ability to implement complex processes. There
were times when conducting radioimmunoassay or enzyme-
linked immunosorbent assay in the blood bank setting was
considered impossible, but this occurred, and, in the process,
it improved patient safety but increased costs. The most recent
example, of course, is nucleic acid amplification testing.
Initially, the concept of applying nucleic acid amplification
and detection technology in a relatively standard way to test
tens of millions of specimens was almost laughable. At the
FDA-sponsored conference on this topic,100 the concept of
routine widespread nucleic acid amplification testing was
greeted with considerable skepticism. Now, of course, com-
plex nucleic acid amplification testing is done routinely
although at a substantial increase in cost to eliminate but a few
hundred cases of transfusion-transmitted infection. Thus, the
transfusion medicine community has demonstrated its ability
to implement impressive technologically sophisticated
advances as a part of the existing paradigm.

As we blood banking–transfusion medicine professionals
evaluate pathogen inactivation and its potential role in transfu-
sion therapy and product preparation, it must be in the broad
perspective of a paradigm shift. It may increase some produc-
tion costs and alter our current operations; it might be incon-
venient, at least for a while. This has been true of every major
development in the past 50 years. For example, it is more
expensive to produce components than whole blood, and
apheresis platelets are more expensive and difficult to produce
than whole blood–derived platelets.

A paradigm shift occurred with the introduction of
apheresis rather than separation of units of whole blood for the
production of blood components. Equipment and an entirely
new way of evaluating donors for suitability had to be devel-
oped, new donor risks identified, and steps put in place to min-
imize these risks. This increased costs and created new risks
to donors with apheresis instead of whole blood donation.
Examples of risks of apheresis donation that are different from
whole blood donation include citrate toxicity, cell depletion,
air embolus, mechanical hemolysis, and others.101 However,

we adapted this new technology and moved to the paradigm
of producing components at the donation site rather than in the
traditional blood component laboratory. It seems likely that
this trend will extend to more extensive bedside component
production as instrument technology continues to evolve.

Regulators also have a responsibility in the evolution of
pathogen inactivation. First, their expectations and require-
ments must be defined clearly and in advance so that the devel-
opers of this technology can see the course they must take to
succeed. Regulators must be clear and consistent in adhering to
these expectations and not change them frequently during
product development. All pertinent regulators should be
involved in establishing the expectations initially so that during
product development, the regulators can speak with one voice
and from a single point of view. The regulators’ expectations
should be scientifically sound and based on available data.
However, some of the major benefits of pathogen inactivation
are the elimination of existing transfusion-transmitted infec-
tions, thus improving patient safety while also eliminating
some current activities such as bacterial detection, irradiation,
CMV testing, and the likely prevention of new infectious
threats to the blood supply. These must be incorporated into
regulatory and risk-benefit decisions. Regulators must look
beyond HIV, HCV, and human T-cell leukemia virus.

One aspect of pathogen inactivation may seem unique but
is not different from other regulatory decisions regarding a
new drug or biologic. The issue is the possibility of a very
small risk or one that is not manifest until far into the future.
Data from studies of the magnitude necessary for licensure
will never be as extensive as what experience with a new agent
or technology will provide after licensure. Therefore, regula-
tors may be concerned that although data seem to be satisfac-
tory, unexpected or unknown adverse events may occur when
the agent or technology is applied on a large scale. The lack of
effective postmarketing surveillance systems and the lack of
“a systematic approach to identifying premarketing drug safe-
ty problems and turning them into high quality postmarketing
studies”102 further complicates difficult regulatory decisions.
However, regulators must cope with this issue in all potential
licensing decisions, and pathogen inactivation is not different
fundamentally.

The issue then becomes the potential value vs unknown
long-term risks. Two other approaches for postmarketing sur-
veillance that might be useful in pathogen inactivation are the
RADAR (Research on Adverse Drug Events and Reports) proj-
ect to identify previously unrecognized adverse drug and
device reactions103 and the growing interest in hemovigilance.
The benefit of pathogen inactivation is far beyond eliminating
the small number of remaining traditional transfusion-trans-
mitted diseases such as hepatitis and HIV. The benefits include
the long list of the other transfusion-transmitted infections that
are not prevented by present technology ❚Table 2❚, the remaining
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bacterial contamination problem, and the nearly certain
expectation that more WNV- or Chikungunya virus–type situ-
ations will occur with emerging agents or changes in known
agents. In addition, irradiation of blood components could be
eliminated, as could testing for CMV and WNV, and the inci-
dence of platelet transfusion reactions reduced. We are at the
end of the usefulness of the present paradigm and must move
to a new one. It is incumbent on all of us to consider pathogen
inactivation in this broad context.

Many practical issues would need to be addressed for
pathogen inactivation to be implemented in the United States.
The only product that has been submitted to the FDA for
licensure is platelets collected by apheresis. In the United
States, many platelets are produced from whole blood, so
physicians would need to decide whether to adopt a technolo-
gy that would apply to only some platelets and possibly result
in a dual inventory of platelets—some pathogen-inactivated
and others not. This could present difficult issues in managing
the dual inventory and raise the question of whether the
pathogen-inactivated platelets should be used for certain
patients and not for others. Implementation of pathogen inac-
tivation might be an easier decision in centers that produce
only apheresis platelets. The method for pathogen inactivation
of whole blood–derived platelets that is approved in Europe is
for platelets produced from buffy coats. It is not clear whether
the United States would convert to buffy coat platelets to adopt

pathogen inactivation. Canada is converting its platelet produc-
tion to the buffy coat method, although for reasons other than
pathogen inactivation. In the United States, there would be pres-
sure to speed the conversion to apheresis platelets or for manu-
facturers to develop a method for pathogen inactivation of
platelets produced with the platelet-rich plasma method unless
the United States also converted to the buffy coat method.

This dual inventory would not be an issue for plasma,
and, if pathogen-inactivated plasma were approved in the
United States, use of the same technology for plasma and
platelets would make adoption for both components more
convenient. Amotosalen is applicable to plasma and platelets,
and riboflavin should also be effective for both components.
Thus, if both processes were approved, two suppliers would
be available, which might alleviate some concerns about prod-
uct availability. Many more units of RBCs are transfused than
platelets or plasma, and the availability of pathogen-inactivat-
ed RBCs would have a huge impact on interest in implement-
ing this technology.

The cost of pathogen inactivation will certainly be an
issue. It is not the scope of this report to deal with cost analy-
sis. However, pathogen inactivation might not be as large an
increased cost as might be expected. In addition to elimination
of the patient care costs of the diseases transmitted, transmis-
sion of agents not now tested should be prevented and patients
spared new infections. The countless hours spent in developing
strategies to deal with new agents would be avoided, and the
huge costs of testing and loss of donors owing to false-positive
screening test results would be eliminated. In addition, irradia-
tion of blood products; testing for bacterial contamination of
platelets; testing for CMV and, possibly, for WNV could prob-
ably be eliminated; and 7-day storage of platelets could be
reconsidered. Because plasma is replaced with a platelet addi-
tive solution during the pathogen inactivation process, more
plasma is available for fractionation, thus providing some rev-
enue. Because plasma is removed and because pathogen inac-
tivation stops cytokine synthesis, transfusion reactions to
platelets are decreased,34 thus improving patient care and
reducing the costs of managing these reactions. It seems
unlikely that most currently required transmissible disease test-
ing would be eliminated, but potential future costs of screening
for T cruzi, malaria, and Leishmania species could probably be
avoided, and we would be prepared if an epidemic such as
severe acute respiratory syndrome or avian flu should occur.

The group with the most concern about pathogen inacti-
vation, however, is patients. They must be the primary focus
of all of us in blood banking and transfusion medicine. It is
our responsibility to provide adequate and safe transfusion
therapy. We must pursue and embrace the developments that
can contribute to this. We must recognize and accept that
adoption of these improvements may be complex, disrupt our
present routine operations, and pose operational or physical
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❚Table 2❚
Transfusion-Transmitted Infections

Routinely Found 
in the United States

Pathogen Disease Yes No

Hepatitis B and C viruses Hepatitis X
HIV AIDS X
Hepatitis E and G viruses Hepatitis X
Human T-lymphotropic Malignant lymphoma X

virus I/II
Cytomegalovirus Retinitis, hepatitis, X

pneumonia
Epstein-Barr virus Viral syndrome, X 

? malignancy
Human herpesvirus-8 Kaposi sarcoma X
Parvovirus B19 Aplastic anemia X
Gram-negative or gram- Sepsis X

positive bacteria
Treponema pallidum Syphilis X
Borrelia burgdorferi Lyme disease X
Rickettsia rickettsii Rocky Mountain X

spotted fever
Ehrlichia chaffeensis Ehrlichiosis X
Trypanosoma cruzi Chagas disease X
Babesia microti Babesiosis X
Leishmania donovani Leishmaniasis X
Plasmodium species Malaria X
West Nile virus Meningitis; encephalitis X
Dengue virus Hemorrhagic fever X
Prion Creutzfeldt-Jakob disease X
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challenges. Patients have a right to expect no less of us—that
we use our expertise and creativity to continue to improve
transfusion therapy

Conclusions

Pathogen inactivation with solvent detergent has been
used for plasma derivatives for years, and a pathogen-inacti-
vated frozen plasma product is used in Europe presently.
Substantial progress has been made in the development of
pathogen-inactivated platelet, plasma, and RBC products.
Safety profiles for the additives in these pathogen-inactivated
methods are good. A platelet product is available in Europe,
and more than 80,000 units have been administered to thou-
sands of patients. A phase 3 trial of pathogen-inactivated
platelets was completed in the United States several years
ago, and a request for licensure has been submitted to the
FDA. A clinical trial of a different pathogen-inactivated
platelet product is under way in Europe, and this product has
recently been licensed there. Pathogen-inactivated plasma
(using methylene blue) is used in some European countries,
and phase 3 trials of a different FFP product have also been
completed. This product has been approved in Europe, and is
beginning to be implemented. Three phase 3 trials of
pathogen-inactivated RBC products were halted prematurely
owing to antibody formation in some patients. However,
before one of these trials was closed, an adequate number of
patients had been entered to demonstrate clinical effective-
ness of the pathogen-inactivated RBC product. The manufac-
turer believes the cause of the antibody formation has been
eliminated and expects to reopen the RBC trial soon.

In vitro and in vivo data show that most pathogen-inacti-
vated blood products are slightly compromised compared
with untreated products. Most of our traditional methods of
evaluating blood products have involved in vitro analyses and
studies of in vivo survival in a small number of healthy
research subjects and patients in relatively stable condition. In
contrast, studies of pathogen-inactivated blood products have
looked at the most important issue, which is clinical effective-
ness. Platelet studies evaluated prevention or control of bleed-
ing, not just platelet counts. RBC studies looked at clinical out-
come, not just the change in hemoglobin level. Thus, at least to
some extent, the information available about pathogen-inacti-
vated products is better than that on which we have based exist-
ing transfusion therapy. Although to some extent these new
pathogen-inactivated products are not the same as those we
have used for years, they do not have to be the same. What
they have to be is effective for patients. If pathogen inactiva-
tion represents a true advance, the blood banking–transfu-
sion medicine community is creative enough to adopt the
technology successfully. We blood banking–transfusion

medicine professionals must anticipate and embrace change.
Whether pathogen inactivation will prove to be safe and effec-
tive is still being determined, but experience with thousands of
transfusions in Europe is encouraging. We must consider
pathogen inactivation in the broad context of history, the
shortcomings of our present paradigm, and the future of trans-
fusion safety for patients.
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