NARRATIVE REVIEW

Impact of Transfused Citrate on

Pathophysiology in Massive Transfusion

OBJECTIVES: This narrative review article seeks to highlight the effects of citrate
on physiology during massive transfusion of the bleeding patient.

DATA SOURCES: A limited library of curated articles was created using search
terms including “citrate intoxication," “citrate massive transfusion,’ “citrate phar-
macokinetics,” “hypocalcemia of trauma,’ “citrate phosphate dextrose,” and “hy-
pocalcemia in massive transfusion!” Review articles, as well as prospective and
retrospective studies were selected based on their relevance for inclusion in this

review.

STUDY SELECTION: Given the limited number of relevant studies, studies were
reviewed and included if they were written in English. This is not a systematic re-
view nor a meta-analysis.

DATA EXTRACTION AND SYNTHESIS: As this is not a meta-analysis, new
statistical analyses were not performed. Relevant data were summarized in the
body of the text.

CONCLUSIONS: The physiologic effects of citrate independent of hypocalcemia
are poorly understood. While a healthy individual can rapidly clear the citrate in a
unit of blood (either through the citric acid cycle or direct excretion in urine), the
physiology of hemorrhagic shock can lead to decreased clearance and prolonged
circulation of citrate. The so-called “Diamond of Death” of bleeding—coagulopa-
thy, acidemia, hypothermia, and hypocalcemia—has a dynamic interaction with cit-
rate that can lead to a death spiral. Hypothermia and acidemia both decrease
citrate clearance while circulating citrate decreases thrombin generation and
platelet function, leading to ionized hypocalcemia, coagulopathy, and need for
further transfusion resulting in a new citrate load. Whole blood transfusion typi-
cally requires lower volumes of transfused product than component therapy alone,
resulting in a lower citrate burden. Efforts should be made to limit the amount of
citrate infused into a patient in hemorrhagic shock while simultaneously address-
ing the induced hypocalcemia.

KEY WORDS: citrate phosphate dextrose; coagulopathy of trauma; hypocalcemia
of trauma; blood transfusion

ransfusion practices for resuscitation of the exsanguinating patient have
shifted away from crystalloid resuscitation and toward damage control
resuscitation with whole blood (WB) or balanced componentsin a 1:1:1
fashion (1-4), with an emphasis on early administration of platelets and fresh
frozen plasma (FFP) (5). With this focus on early administration of blood prod-
ucts, massive transfusion protocols (MTPs, commonly defined as transfusion
of at least 10 U of blood in a 24-hr period) have become widely implemented
(5). The Prevalence of hypocalcemia in the massively transfused population has
become a well-described phenomenon (6-12).
This is likely even more pronounced when using component therapy; com-
pared with WB resuscitation, solely using component therapy typically results
in transfusion of larger volumes of blood product (2, 13-16). More transfused
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Question: While much of the focus in recent
years has been on addressing hypocalcemia dur-
ing massive transfusion, the extent to which citrate
plays a separate and independent role in the phys-
iology of the massively bleeding patient remains
unclear.

Findings: Although some studies in 50-70
years ago found risk with transfusion of large
amounts of citrate, it has largely not been inves-
tigated in the modern era, despite significant
changes to resuscitation practices including the
emphasis on transfusion of plasma and platelets
with 1:1:1 transfusion, which contain a large cit-
rate load.

Meaning: The focus on correcting hypocalcemia
in massive transfusion is important, however, may
be missing the mark as the pathophysiology of
hypocalcemia in severe bleeding is poorly under-
stood, and the under-appreciated risk of transfus-
ing large citrate loads may be greater than just
causing hypocalcemia.

. J

products means more transfused citrate, which che-
lates free serum calcium and can worsen hypocal-
cemia. Retrospective studies have documented how
hypocalcemia in massive transfusion is a risk factor for
coagulopathy, death, additional transfusion require-
ments, increased ICU length of stay, ventilator days,
need for emergent surgery, and even discharge desti-
nation (8, 11, 17, 18).

Some progress has been made; there is now an
emphasis on measurement of ionized calcium (iCa)
or total calcium/iCa ratio rather than total calcium
alone (approximately 50% of circulating calcium bi-
ologically available) (19). Additionally, there now
are guidelines for calcium supplementation during
ongoing resuscitation from the Joint Trauma System
Clinical Practice Guidelines (20). The lack of pro-
spective randomized controlled trials investigating
calcium supplementation in massive transfusion rep-
resents a critical gap in the implementation of MTPs,
but a deeper understanding of calcium homeostasis
and the pharmacodynamics of citrate during massive
transfusion is necessary in order to address the root
issues (21, 22).
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Much of the literature agrees that citrate, which is
an additive used to prevent spontaneous coagulation
during banking, is at least partially responsible for the
hypocalcemia noted in massively transfused patients
(7,9, 11, 18, 23, 24). Although a significant percentage
of trauma patients present with hypocalcemia prior
to transfusion of blood products (10, 25), there is no
shortage of studies demonstrating citrated blood com-
ponents inducing hypocalcemia in nontrauma patients
and animals (26-29). Kahn et al (29) took intraopera-
tive measurements of nontrauma patients receiving
transfusions and found that the rate (peak rates were
approximately 33mL/kg/hr) and volume (patients
included received at least 2,500mL and more than
half received > 5,000mL) of transfusion significantly
decreased iCa levels during and after transfusion,
increased circulating citrate levels during transfusion,
and significantly prolonged the corrected Q-T inter-
vals, although no hemodynamic instability was noted.

Yet, relatively little attention in recent years has been
paid to the deleterious effects of circulating citrate in-
dependent of its effect on serum calcium levels. This
narrative review will describe citrate’s impact on phys-
iology in the massively bleeding patient.

METHODS

PubMed was the primary source of information for
our curated library. We began by searching for “citrate
intoxication during massive transfusion” and began
reviewing articles written in English. Search terms were
expanded to include terms such as “citrate pharmaco-
kinetics,” “hypocalcemia of trauma,” “citrate phosphate
dextrose,” and “hypocalcemia in massive transfusion”
Studies broadly fit into two categories: case reports or
small prospective studies done by infusing citrate into
live animal and human models (typically written be-
tween 1945 and 1980) and retrospective cohort studies
of large massive transfusion databases (typically writ-
ten after 2000). Included articles were limited to those
indexed in PubMed or Ovid, and with the exception
of some unpublished data from our group, no unpub-
lished studies were included in this review. The last day
that PubMed was searched was April 13, 2023.

Background

Citrate is the deprotonated form of citric acid and typi-
cally exists in the body in equilibrium between citrate=
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+ H* < citrate (30). Citrate is a substrate in the citric
acid cycle (CAC) where it is ultimately metabolized to
bicarbonate and adenosine triphosphate (ATP) (30, 31).
Citrate, with its three carboxyl groups, has a dissociation
constant of ~3.1, 4.7, and 6.4, is an important buffer (30,
32). Given its importance in the CAC, the majority of
citrate metabolism takes place in the liver, as well as in
skeletal muscle and the kidneys (31, 32). Citrate is also
excreted directly in urine without being metabolized (30).

In blood banking, citrate is used for its ability to pre-
vent coagulation by chelating calcium, dropping the
iCa to zero (31). Calcium plays an important role in
several steps of coagulation including platelet signal-
ing and generation of activated forms of factors II, VII,
IX, X, and protein C and S.

The first nondirect transfusion of citrated blood
took place in March of 1914 (33). Over the following
decades, iterations of citrate-based preservatives were
produced. In the 1950s and 1960s, Gibson et al (34—
37) developed citrate phosphate dextrose (CPD) and
citrate phosphate dextrose adenine (CPD-A), which
improved on the tonicity and pH of storage solutions
and allowed for storage for up to a month. CPD and
CPD-A remain the backbone of anticoagulant solu-
tions for blood banking in the United States, and the
standards for approving new storage solutions have not
significantly changed since they were developed (15).

As blood transfusions became more common,
reports of “citrate intoxication” began appearing in
the literature (38, 39). While healthy people can clear
transfused citrate within minutes, Wexler et al (40)
demonstrated in 1949 that newborns undergoing ex-
change transfusion for erythroblastosis fetalis had sig-
nificantly increased serum concentrations of citrate
during transfusion compared with healthy newborns
receiving lower blood volumes. The elevated serum
citrate levels were associated with tetany, and the one
newborn who died within 24 hours of exchange trans-
fusion demonstrated an inability to remove citrate
from circulation. A postmortem revealed extensive
liver damage in that newborn. Physicians took note,
but dismissed the findings as a fringe case, with Yendt
(39) stating in 1957 that the rate of 5-10 mg/kg/min of
citrate was “unlikely to occur in adults.”

While that may have been the case in 1957, some
quick math tells us that does not necessarily hold true
today. The literature often states that a unit of packed
RBCs (pRBCs) has 3,000mg of citrate, although this
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is likely an overestimate (18, 23, 41). FFP and platelet
concentrate (PC) have higher concentrations of citrate
than pRBCs, as they have more plasma than packed
red cells (18). Consider the following scenario where
a 250mL unit of FFP containing 1,000 mg of citrate is
run through a rapid infuser over 30 seconds:

1,000 mg citrate 250 mL 60 seconds . .
X - = 2,000 mg citrate/min
250 mL 30 seconds 1 minute
2,000 mg
= 25mg/kg/min
80 kg man g/ke/

The dose of 25mg/kg/min is 2.5x higher than
what Yendt (39) considered to be a dangerous dose.
Yendt (39) noted that when the rate of transfusion
was increased to 500mL in 15 minutes in adults, all
patients in the study with liver disease and half without
had a rise of serum citrate to levels he stated would
be, “apt to result in significant reduction in the amount
of ionized [emphasis his] calcium in the extracellular
fluids (39).” As the liver is responsible for metabolizing
the majority of citrate, it is intuitive that decreased liver
function could lead to increased levels of circulating
citrate (42). Kramer et al (43) measured peak citrate
levels and citrate clearance of cirrhotic and noncir-
rhotic critically ill (but nonbleeding) ICU patients re-
ceiving a continuous infusion of sodium citrate. They
found that while noncirrhotic patients had normal
clearance and peak citrate levels, cirrhotic patients had
significantly higher peak citrate concentrations (1.6 vs
1.01 mmol/L; p = 0.007), decreased citrate clearance
(340 vs 710 mL/min; p = 0.002), and a prolonged citrate
half-life (69 vs 36 min; p = 0.001). Furthermore, met-
abolic changes were similar between the two groups,
although the cirrhotic group took longer to change pH
and bicarbonate.

Thanapongsatorn et al (27) similarly found reduced
rates of citrate clearance in patients with liver failure,
while Zhang et al (44) found no difference in citrate
clearance between healthy volunteers and patients
with acute kidney injury, suggesting that liver function
is the key determinant of citrate clearance.

Critically ill patients can be exposed to large vol-
umes of citrate through another modality: continuous
renal replacement therapy (CRRT). CRRT relies on
anticoagulation to prevent coagulation in the circuit;
the Kidney Disease Improving Global Outcomes or-
ganization currently recommends regional citrate
anticoagulation (RCA) over heparin (44). While mul-
tiple studies and meta-analyses have found RCA to be
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safe, it has been associated with acid-base disturbances
(both metabolic acidosis and alkalosis), increased
total calcium/iCa ratio, hypocalcemia, increased lev-
els of lactate during CRRT, and bleeding events dur-
ing and after CRRT (44, 45). In a meta-analysis, Zhang
et al (44) demonstrated no significant difference be-
tween pH, serum lactate, and total calcium/iCa be-
tween patients with and without liver failure on CRRT.
These acid-base disturbances and decrease in iCa are
well described in the renal replacement literature, so
raised awareness may prevent worse outcomes, while
in massively bleeding patients (trauma, massive gas-
trointestinal bleeds, postpartum hemorrhage), the
citrate content of the resuscitative fluids is often an af-
terthought if it is considered at all.

In the 1960s and 1970s, resuscitation practices for
the hemorrhaging patient moved away from resuscita-
tion with blood products toward massive amounts of
crystalloid (46). Several landmark studies in the 21st
century including a study by Holcomb et al (1) have
shifted resuscitation back toward balanced resuscita-
tion with components in a 1:1:1 ratio or WB, reintro-
ducing citrate into resuscitation (47).

The Diamond of Death

In 2020, Ditzel et al (23) published a review of the liter-
ature around transfusion-induced hypocalcemia. They
suggested updating the “lethal triad” of coagulopathy,
hypothermia, and acidemia to include hypocalcemia;
what the authors referred to as the “Diamond of Death?”
They noted that hypocalcemia during the resuscitation
of a trauma patient was common and associated with
negative patient outcomes. While hypocalcemia plays
role in the patient’s pathophysiology, citrate also likely
has detrimental effects independent of the level of hy-
pocalcemia (Fig. 1).

Coagulopathy. Citrate has been demonstrated to
affect clot formation independent of calcium level.
Mann et al (48) performed a series of experiments
where freshly collected donor blood was anticoagu-
lated with either sodium citrate, corn trypsin inhib-
itor (CTI) which blocks the contact pathway “without”
chelating calcium, or a combination of CTI and cit-
rate. The CTI-citrate samples were divided into two
subgroups where they were either preincubated with
calcium to reverse the effect of citrate before revers-
ing the CT1I, while the other subgroup had both citrate
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and CTI reversed at the same time. To account for the
effect of recalcification of samples with an excess of cit-
rate (adding the same amount of calcium to a citrated
sample would result in a lower iCa than a sample with
less citrate), the authors performed titration studies to
ensure that the iCa after recalcification was similar in
all experimental groups.

They found that even when CTI-citrate samples were
preincubated with calcium before reversing the effect
of CTI, the samples exposed to citrate produced sig-
nificantly less thrombin (with a longer lag time before
thrombin generation) even when ensuring the same
level of iCa. Aggregation studies revealed reduced aggre-
gation in the presence of citrate. Thromboelastography
analysis demonstrated a prolonged K-time (measure
of kinetics, which is dependent on the amplification
and thrombin burst phase of coagulation) in samples
exposed to citrate, even if preincubated with calcium.

Unpublished work from our group shows a sim-
ilar effect of citrate on clot formation. A homemade
formulation of CPD with half as much stock citrate
(45mM vs the usual 90 mM, with the pH titrated to
match the control) had higher peak thrombin genera-
tion and higher estimated thrombin potential as meas-
ured by calibrated automated thrombography (Fig. 2).
Similarly, CPD with twice as much citrate failed to
meaningfully generate thrombin or polymerize fibrin,
suggesting that increasing levels of circulating citrate
can attenuate thrombin generation, leading to coagu-
lopathy. Additionally, in a controlled rat hemorrhage
model where blood was withdrawn from an arterial
catheter into a citrate tube and was autotransfused
back into the rat over 3 hours, the transfused rats had a
significantly lower iCa compared with sham rats with
no hemorrhage or transfusion (Fig. 3).

Several studies have examined the effect of citrate in
the storage solution for PC. PC is either derived from
apheresis or via centrifugation of WB into its compo-
nents. PC has traditionally been stored in plasma, al-
though several generations of platelet additive solution
(PAS) have been developed to create an optimal stor-
age environment (49).

Getz et al (50) demonstrated that addition of citrate
to PAS resulted in a dose-dependent increase in glu-
cose utilization, formation of reactive oxygen species,
lactate formation, and expression of P-selectin (surface
marker of activation). They went on to demonstrate that
platelets stored in citrate-free PAS had improvements
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Figure 1. Citrate’s interaction with the diamond of death. Figure created with biorender.com. TEG = thromboelastography.

in all these metrics and had at least a 10% improve-
ment in aggregation response. Isola et al (51) removed
citrate from PAS and again demonstrated decreased
lactate generation (and a corresponding improvement
in pH of the PC), as well as reducing apoptosis and
P-selectin expression while improving aggregation
responses to multiple agonists.

The type of product being transfused can im-
pact coagulopathy as well. Hemorrhage resuscitation
moved away from WB transfusion to component
therapy to allow for easier storage and transportation
to remote locations like Vietnam during the war; how-
ever, it appears to have the unintended consequence
of leading to worse outcomes for massively transfused
patients (13-15). A unit of fresh WB compared with
an equivalent amount of WB reconstituted from com-
ponents has a higher hematocrit, higher platelet count,
and better platelet and coagulant activity, which leads
to less product being transfused and significantly
improved outcomes (15). Byerly et al (18) found that
pRBC transfusion was an independent risk factor for
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severe hypocalcemia in trauma patients and was asso-
ciated with worse outcomes. This is relevant to current
resuscitation practices of balanced 1:1:1 resuscitation;
FFP and PC deliver significantly higher loads of cit-
rate relative to historical practices of resuscitation
with crystalloid and pRBCs, worsening the risk for
hypocalcemia.

While the benefits of WB are multifactorial, the
decreased volume of transfused product means a lower
volume of citrate being introduced; it should be noted
this effect is entirely theoretical and has not been ade-
quately studied in a prospective manner. Additionally,
given the limited availability of WB (either cold-stored
or fresh) at most civilian centers, most studies of re-
suscitation with WB versus component are retrospec-
tive and the WB group typically gets a combination
of WB and components versus components alone.
Furthermore, there are differences between cold-stored
WB and freshly collected WB. Fresh WB can be trans-
fused as quickly as 30 minutes after activation of the
emergency blood drive (15), meaning the components
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Figure 2. Unpublished internal data on the effect of different
amounts of citrate on thrombin generation as measured

by calibrated automated thrombography. Standard citrate
phosphate dextrose (CPD) has a citrate concentration of 90 mM.
Endogenous thrombin potential (ETP) is the area under the curve
of the thrombin generation. While the assay is calibrated for 3.2%
citrate volume/volume, the change in citrate in the samples can
be taken to represent a change in a person’s ability to metabolize
citrate, possibly resulting in a buildup of citrate.

will not have been impacted by storage lesion, which
has been demonstrated to be worsened by citrate.

Acidemia. Anticoagulant solutions such as CPD are
all acidic; stock CPD solution has a pH between 5.0
and 6.0 prior to mixing with blood. Similarly, all blood
products have a pH below physiologic prior to trans-
fusion (52-54). Once intracellular, citrate inhibits gly-
colysis and stimulates fatty acid synthesis, potentially
limiting cells from mobilizing stores of glucose (32).
Additionally, many of the enzymes needed for metab-
olism of citrate in the CAC do not function well at sub-
physiologic pH.
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Figure 3. The ionized calcium (iCa) of male Sprague-Dawley rats
before hemorrhage, at the end of hemorrhage, and at the end of
resuscitation. The control rats had an incision and venipuncture,
but no hemorrhage or resuscitation. The hemorrhage rats

had their blood collected into citrated tubes which was then
autotransfused back into them for resuscitation. n= 12 for control
group and 40 for the hemorrhage group, Supplemental Figure
1 (http://links.lww.com/CCX/B200) shows endogenous thrombin
potential as well as lag time, peak thrombin generation, time to
peak, and velocity.

Studies of massively transfused patients have
noted that acidemia (typically defined as pH < 7.35)
is an independent risk factor for mortality (9, 55, 56).
However, this acidemia is a bit paradoxical, as much
of the physiology of shock might lead one to expect a
metabolic alkalosis (9, 32). As blood volume and renal
perfusion pressure drop, kidneys reabsorb sodium and
bicarbonate—the so-called “contraction alkalosis” As
citrate is transfused, it is metabolized to bicarbonate,
using up 3 H" ions in the process—again, which would
lead to an expected alkalosis.

However, as anaerobic metabolism struggles to keep
up with ATP demand, ion pumps such as H*/K* and
Na-K-ATP fail (57), leading to trapped ions, intracellular
edema, and cell death (58, 59). As blood is transfused,
lysed red cells can lead to a transfusion-related hyper-
kalemia. Serum potassium will shift into cells, and the
resulting intracellular to extracellular potassium shift
and corresponding H* eftflux to maintain normal serum
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potassium concentration would cause an acidosis (32).
As shock leads to a type A hyperlactatemia, excess lactate
ions may bind calcium and worsen hypocalcemia (22).

This may help explain the observed paradox of
acidemia and hypocalcemia. Typically, as pH drops
and the amount of free H* in the serum increases,
the H* ions displace calcium bound to negatively
charged serum proteins and increase the iCa (31), yet
the sickest hemorrhagic patients are often acidemic
and hypocalcemic due to failures of ion transport and
increased lactate production in the anaerobic state.
The acidemic patient may be unable to metabolize
citrate as efficiently, leading to prolonged circulation
of the molecule and subsequent worsening of hypo-
calcemia (32, 55).

While citrate may not significantly contribute di-
rectly to acidemia, a vicious cycle of acidemia results
in prolonged circulation of citrate which prevents the
body from normalizing iCa levels either through dis-
sociation from serum proteins or mobilization from
bone, leading to worse coagulopathy, shock physi-
ology, and further acidemia.

Hypothermia. Hypothermia can have profound
consequences on human physiology, including the co-
agulation cascade and worsening a bleeding patient’s
coagulopathy (55, 60). Hypothermia has been dem-
onstrated to reduce citrate metabolism: Ludbrook and
Wynn (38) performed a series of experiments in dogs
and humans to quantify rates of citrate metabolism and
excretion. They infused acid citrate dextrose (ACD) at
a constant rate and measured serum and urine levels
of citrate until they reached a steady state. They were
then able to extrapolate the rate of metabolism. They
then took the same subjects and subjected them to
hypothermia (given the difficulty of performing this
in humans, the humans were given a bolus of ACD
while the dogs were subjected to a constant infusion
as was done at normothermia). They reported that at
the same rate of infusion in the dogs, the peak citrate
concentration was 65% higher in the presence of hy-
pothermia, and at equivalent citrate levels, metabolism
was 42% slower. The human subjects demonstrated
similar changes in their serum citrate concentration.

CONCLUSIONS

Many institutions recognize the risk of hypocalcemia
with citrated transfusions, although addressing the hy-
pocalcemia alone rather than the buildup of citrate may
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be inadequate. The retrospective study by Chanthima
etal (61) found that while greater than 83% of included
patients had hypocalcemia at first measurement, there
was no difference in survival between those who did
and did not get calcium. However, it may be that
patients are simply not getting enough calcium, as cli-
nicians may be underestimating the persistence of cit-
rate in a patient in hemorrhagic shock. In the study by
Chanthima et al (61), only 51% of included patients
received any calcium, and greater than 85% had hy-
pocalcemia at the end of 3 hours of resuscitation, sug-
gesting that even those who did get calcium did not get
enough.

Short-term improvement in the care of the mas-
sively transfused patient should involve guided re-
placement of calcium, but the long-term solution to the
deleterious effects of massive transfusion must involve
addressing the root problem. This review is limited
by a lack of large-scale randomized data; extrapolat-
ing from retrospective databases or small prospective
studies in controlled conditions cannot fully describe
the true burden of citrate buildup during massive
transfusion. Blood products anticoagulated with cit-
rate are more acidic than blood, contain an excess of
a molecule that intentionally prevents coagulation
(and has the unintended effect of attenuating platelet
function and thrombin generation), and in our sickest
patients potentially leads to a vicious cycle of worsen-
ing coagulopathy, acidemia, and hypocalcemia which
leads to more product transfusion and worsening of
those parameters. Efforts should be made to explore
alternative anticoagulants that limit the ill effects of
citrate in stored blood products.
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