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Abstract Background The storage time of packed red blood cells (pRBC) is an indicator of
change in the product’s pH, potassium, and lactate levels. Blood–gas analysis is a
readily available bedside tool on every intensive care ward to measure these factors
prior to application, thus facilitating a calculated decision on a transfusion’s quantity
and duration.
Our first goal is to assess the impact of storage time on pH, potassium, and lactate
levels in pRBC. The influence of those parameters in the transfused children will then be
evaluated.
Methods In this retrospective study, we conducted blood–gas analyses of pRBC units
before they were administered over 4 hours to neonates, infants, and children in our
pediatric cardiac intensive care ward. All patients underwent regular blood–gas
analyses themselves, before and after transfusion.
Results We observed a highly significant correlation between the storage time of
pRBC units and a drop in pH, as well as an increase in potassium and lactate of stored
red cells (p< 0.0001). Median age of recipients with a complete blood–gas dataset was
0.1 (interquartile range [IQR]¼0.0–0.7) years; median pRBC storage duration was 6
(IQR¼5–8) days. Further analyses showed no statistically significant effect on child-
ren’s blood gases within 4 hours after transfusion, even after stratifying for pRBC
storage time �7 days and >7 days.
Conclusion Stored red blood cells show a rapid decrease in pH and increase in
potassium and lactate. Slow transfusion of these units had no adverse effects on the
recipients’ pH, potassium, and lactate levels.
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Introduction

Two critical incidents after rapid transfusion of packed red
blood cells (pRBC) due to bleeding, followed by a severe drop
in pH and acute increase in pulmonary resistance in the
affected children with single ventricle anatomy led to the
present study of how pRBC unit administration might cause
metabolic irregularities in recipients.

Red blood cell transfusions are important therapeutic
tools currentlywithout a viable alternative.1 Their use ranges
from supportive to life-saving, which holds especially true
for neonates and young children with acquired and congeni-
tal heart disease (CHD) undergoing cardiopulmonary bypass
(CPB) surgery2 andwho are prone to anemia and blood loss.3

Risk-adjusted transfusion in general and in neonates and
children with CHD in particular has long been a topic of
discussion.4 One recurring argument is the storage time of
blood cells as an independent risk factor. Packed red cells
deteriorate over time, suffering from so-called storage le-
sion.5,6 These ex-vivo processes encompass cellular and
molecular alterations to a blood product during blood
bank storage. Some changes occur within hours, while others
become apparent after days.

Early signs of storage lesion are falling pH and rising
potassium and lactate levels,7 the latter being a well-accept-
ed marker for poor outcome in neonates and infants under-
going early bypass surgery, being prone to suffer from low
cardiac output syndrome (LCOS).8,9 The ongoing glycolysis in
the red cells produces adenosine 5′-triphosphate, leading to
an increase in lactate and protons which in turn lowers
the pH in pRBC.10Meanwhile, a gradually diminishing cation
gradient caused by membrane loss due to erythrocytic
vesiculation and dehydration accelerates a rise in extracel-
lular potassium.5,6,11

Structural changes in red cells begin to appear after days,
and steadily become irreversible as their surface and shape
turn from echinocytes to spherocytes. These alterations
reduce the erythrocytes’ ability to withstand hydrodynamic
and osmotic stress; they start to reveal a fragility and
tendency to hemolysis, as in patients with hereditary spher-
ocytosis.10,12,13 The in vivo recovery rate of pRBC falls as its
storage time lengthens,11 and according to most of the
literature, pRBC stored for under 14 days can be considered
fresh.10,14 As damaged blood cells are promptly cleared from
the recipient’s circulation, the transfusion of older products
is regarded as less beneficial for the patient.13

The objective of this study was to carry out point-of-care
blood–gas analysis (BGA) on pRBC units to evaluate the effect
of storage time on pH, potassium, and lactate levels, pre-
cursors to the irreversible cellular alterations in the products’
erythrocytes,15 and investigate any impact on children’s
BGAs after transfusion.

Material and Methods

Approval for this single-center study was obtained from the
Institutional Research Board of the University (local IRB num-
ber 20–1220), along with awaiver of written consent. The trial

was registered at https://www.drks.de with the identification
number DRKS-ID 00023980 on January 8, 2021.

Study Population and Design
From August 2019 to December 2020, baseline in vitro BGAs
of pRBC were obtained before their administration to
patients on the pediatric cardiac intensive care unit (PCICU).
A total of 85 pRBC units were analyzed immediately before
transfusion to correlate the resulting pH, lactate, and potas-
sium levels with storage time, which was calculated accord-
ing to the packaging date on the blood product.

In the second step, all BGAs obtained from infants and
children undergoing intensive care treatment were retro-
spectively studied for significant changes in pH, potassium,
and lactate levels after the transfusion event. In case a child
receivedmultiple transfusions within 1hour, BGA results for
the first transfusion were retained. Subsequent transfusions
between 1 to 4 hours were discarded and hence not consid-
ered for analysis. Transfusions administered 4 hours apart
were considered as independent events. Administrations
occurring less than an hour apart accounted for five events,
and four transfusions occurred between 1 and 4hours from
each other, all of which were discarded. After levelling the
data by the aforementioned method, 76 pRBC applications
remained for analysis. Sifting through 6,782 blood–gas
measurements of intensive care unit (ICU) patients, we
identified the timeframe corresponding to the blood trans-
fusion. The last BGA values before pRBC administration and
the mean measurements 4 hours after the transfusion were
computed for the key features and saved together with the
corresponding blood products’ BGA. The dataset was com-
plete for a total of 45 blood transfusions in 26 children.
Measurements from 31 pRBC units were excluded due to
missing patient BGAs.

To analyze any impact from “fresh” (storage time �7days,
n¼29) and “older” (storage time >7 days, n¼16) pRBC on
the recipients BGA, the measurements were stratified ac-
cordingly. The 7-day limit was chosen in an effort to keep the
storage time as short as possible while ensuring a reasonable
time frame for pRBC unit provision. Electronic medical
records were obtained for all patients.

►Fig. 1 illustrates the distributive process.

Data Aggregation and Analysis
A linear regression analysis was used to investigate the influ-
ence of storage time on pH, lactate, and potassium in pRBC as
well as the impact from a blood transfusion on children’s pH,
lactate, and potassium levels. After stratifying the data accord-
ing to pRBC storage time (�7 and>7 days) aWilcoxon signed-
rank test was conducted to reveal any significant changes in
mean measurements of recipients’ pH, lactate, and potassium
after the transfusion event.

A Radiometer ABL800 FLEX (Krefeld, Germany) was used
as a point of care blood–gas analyzer for the pRBC and
patients on PCICU. The level of instrument detection
accounted for a minimal pH of 6.3, maximum potassium
and lactate of 25 and 30mmol/L, respectively. In a supple-
mentary figure (►Supplementary Fig. S1) we show that our
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point-of-caremeasurement of potassium and lactate in pRBC
in the ICU (Radiometer ABL800 FLEX) yields nearly identical
results, whereas pH levels are a mean 0.3 lower in the ICU
than the quality assessment measurement taken by the
Institute for Transfusion Medicine and Gene Therapy (blood
bank), Medical Centre - University of Freiburg.

Each pRBC unit is obtained from 500mL citrate anti-
coagulated allogeneic blood donation. After centrifugation
and separation, the leucocyte-depleted erythrocyte concen-
trate is suspended in 110mL PAGGS-M (phosphate, adenine,
guanine, glucose, and sorbitol–mannitol) solution; the final
product has a mean volume of 290mL with a hematocrit of
50 to 70% and a maximum shelf life of 49 days.

The standard transfusion in children consists of 15 to
20mL/kg body weight of pRBC over 4hours. The transfusion
threshold is variable and set depending on many factors such
as age, cyanotic or acyanotic CHD, cardiac index, and tissue
oxygenation. The individual clinical situation of each patient
has to be considered. Red cells are administered to severely ill
PCICU patients at a hemoglobin (Hb) level <10g/dL in acya-
notic children and at a Hb level <13g/dL in neonates and
infants with cyanotic CHD. However, these threshold values
can fall short in clinically stable infants and children.

Results

Our analysis of how the storage duration affects pH, potassi-
um, and lactate levels relied on 85 pRBC units, whereas the
rest of this investigation considered 45 pRBCwith a complete
dataset on children’s BGAs before and after the transfusion
event.

Packed red cells exhibited a linear drop in pH level and
corresponding rise in potassium and lactate over time. Linear
regression analysis showed a highly significant correlation
between pRBC storage time and pH (p¼2.41�24, R2¼0.71),
potassium (p¼1.66�13, R2¼0.55) as well as lactate (p¼1.21�21,
R2¼0.67) levels (►Fig. 2).

Of the 85 analyzed pRBC units, 45 had a complete set of
patient BGAs data around the transfusion. Some patients
received multiple pRBC units as well as more than one
operation during their PCICU stay, hence 26 infants and
children aged a median 0.1 (IQR¼0.0–0.7) years (3 days to
15.2 years) andwith amedian bodyweight of 3.8 (IQR¼3.0–
5.8) kg (2.3–47.5) accounted for all transfusions as well as a
total of 41 procedures with a median STAT (Society of
Thoracic Surgeons–European Association for Cardio-

Fig. 1 Flowchart illustrating the pRBC distributive process according
to study protocol.

Fig. 2 Graphs showing pH, potassium and lactate levels of pRBC over storage time.
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Thoracic Surgery) Mortality Category distribution of 4 (IQR
¼4–5) (►Table 1). Out of the remaining four pRBC admin-
istrations, one child was transfused after interventional
cardiac catheterization, another while awaiting Norwood 1
surgery, and two children while on the waiting list for heart
transplantation. ►Table 1 shows an overview of all the
procedures the pRBC recipients underwent.

The 45 pRBC median storage duration was 6.0 (IQR¼5.0–
8.0) days; median pH level is 6.7 (IRQ¼6.7–6.8), with mini-
mal values reaching the detection limit of 6.3; median
potassium is 13.4 (IQR¼11.4–20.0) mmol/L, reaching the
maximum detection limit of 25mmol/L; median lactate
accounts for 10.6 (IQR¼8.1–13.6) mmol/L, without ever
attaining the maximum detection limit. ►Table 2 provides
the above pRBC unit information aswell as data stratification
for �7 and >7 days of storage duration.

We found no significant relationshipwhen analyzing for a
pRBC transfusion impact on the children’s BGAs during their
ICU stay (►Fig. 3).

After stratifying for storage time, 29 pRBC were identified
as fresh and 16 as older. The effect between pRBC storage

time and recipients’ BGA was not statistically significant
(►Fig. 4).

Discussion

The present findings demonstrate how decreasing pH as well
as increasing lactate and potassium levels in pRBC deviate
rapidly in a linear fashion from the physiological norm,
showing a highly significant correlation (p <0.001) between
storage time andmeasured values. However, further analysis
failed to demonstrate any significant pRBC influence on
recipients’ median pH, potassium and lactate levels 4 hours
after the transfusion event, which remained true after strat-
ifying for “fresh” (storage�7 days) and “older” (storage time
>7 days) pRBC. This could indicate that deviations from the
physiological norm in the blood products are tolerable to
some degree, as they seem to be accommodated by the
children’s metabolism under intensive care surveillance
and treatment. Note that administered pRBC were relatively
fresh with an overall median storage time of only 6 days.

Considering the literature, it remains unclear to what
extent pRBCunits beyond a certain age influence transfusions’
safety and efficacy. Some studies imply that there is no
detrimental clinical effect to be expected from the pRBC age
in children.One trial comparing transfusionsof red cells stored
for less than11versusmore than20days showednodifference
in children of 12 years or older undergoing heart surgery.16

Another analysis on premature, very low-birth-weight infants
yielded no beneficial outcome for treatment with pRBC stored
for less than 8 days and standard blood bank products.17

Blood transfusions in general, however, are reported to
have a negative impact on outcome in critically ill acyanotic
neonates.18 Some speculate that damaged erythrocytes that
are rapidly cleared from the circulatory system after trans-
fusion are among the main culprits for unwanted transfu-
sion-related side effects.12 These include changes in iron
metabolism, inflammation, hemolytic as well as febrile non-
hemolytic transfusion reactions and transfusion-related
lung injury.14,19,20

A recent study detected a significant increase in ST
segment variability with evidence of myocardial ischemia
temporally associated with pRBC transfusions in neonates
following the Norwood procedure.21

In clinical practice, the relative transfused quantity of
pRBC often differs between adults and children, whose ratio
of total blood to transfusion volume is much higher, as the

Table 1 Somatic data and STAT mortality categories of all
procedures

Procedures n¼41

Age (years), median (IQR) 0.1 (0.0–0.7)

Body weight (kg), median (IQR) 3.8 (3.0–5.8)

STAT (1–5), median (IQR) 4 (4–5)

Procedure overview of transfused children

Heart transplant 8

Norwood 1 7

SCPC 6

Aortic arch repair 5

TOF repair 4

ASD/Cor triatriatum repair 4

VSD/DORV repair 2

Pulmonic valve replacement 2

Others 3

Abbreviations: ASD, atrial septal defect; DORV, double outlet right ventri-
cle; IQR, interquatile range; SCPC, superior cavopulmonary connection;
STAT, Society of Thoracic Surgeons–European Association for Cardio-
Thoracic Surgery; TOF, tetralogy of Fallot; VSD, ventricular septal defect.

Table 2 Storage time and blood gas analysis of packed red blood cell units

Administrated pRBC n¼45 n¼ 29 (fresha) n¼ 16 (olderb)

Storage time (days), median (IQR) 6.0 (5.0–8.0) 5.0 (4.0–6.0) 10.5 (8.0–16.0)

pH level, median (IQR) 6.7 (6.7–6.8) 6.7 (6.7–6.8) 6.6 (6.6–6.7)

Potassium (mmol/L), median (IQR) 13.4 (11.4–20.0) 11.9 (10.3–13.7) 21.9 (17.7–25.0)

Lactate (mmol/L), median (IQR) 10.6 (8.1–13.6) 9.0 (7.6–10.6) 16.1 (12.7–18.1)

Abbreviations: IQR, interquartile range; pRBC, packed red blood cell.
aStorage time �7 d.
bStorage time >7 d.
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following example shows: according to the age-based modi-
fied total blood volume (TBV) calculation (TBV¼ ideal body
weight�70mL/kg in patients under 65 years of age),22 the
estimated TBV of an adult with 80 kg body weight would be
5.6 L. In this scenario, for instance, the transfusion of awhole
bag of pRBC (250–300mL) would correspond to 4.5 to 5.4% of
the TBV. By contrast, in a child with 5 kg body weight and an
estimated TBV of 400mL receiving the usual quantity of
20mL/kg, the transfusion would account for 25% of their
TBV. Thus it is all themore astonishing and fortunate that we
found that the effect of red cell transfusion seems to have no
significant impact on children’s BGAs in this study, nomatter
how old the blood unit is. However, our cohort is very
heterogeneous concerning the patients’ age, weights, and
heart defects.

It is well known that red blood cells do not keep well over
the entire storage time. The common reasoning therefore is
that the patients’ benefit from such a transfusion is compro-
mised to some degree.1 The urgency of any blood trans-
fusions should outweigh in vitro degeneration and its
possible associated risks while expecting in vivo regenera-
tion. There is no alternative in case of acute bleeding, but
while idling on the edges of recommended Hb levels, the
shelf life of eligible blood units, as well as their BGAs as a
feasible and readily available tools to measure the products’

extracellular composition, should be accounted for to adjust
the goal, volume, and duration of transfusion accordingly.

A follow-up study analyzing more pRBC units should
stratify for body weight and underlying heart defects, so as
to promote better understanding of the possible influence of
pRBC age on the most vulnerable patients: neonates and
infants with LCOS after CPB surgery.

Meanwhile, in close collaboration with the Institute for
TransfusionMedicine and Gene Therapy, a novel approach to
fresh pRBC has been introduced at the University Clinic of
Freiburg without changing our actual storage strategies: we
recruit blood donors in advance specifically for certain
complex congenital heart operations to guarantee the short-
est possible pRBC storage time before transfusion.

Another strategy being discussed is the washing of pRBC
prior to its administration in ICU. While striving for
completely transfusion-free congenital heart surgery, wash-
ing (CATSmart, Fresenius Kabi, Graz, Austria) pRBC is a
standard procedure in the operating room for CPB priming
solutions and during surgery to normalize supernatant
potassium, lactate and improve pH levels. This method
results in pRBC solutions which are more in linewith desired
physiological levels and could potentially reduce the risk of
arrhythmia and cardiac arrest23 due to high potassium levels
amongst other transfusion-related adverse effects.

Fig. 3 Graphs showing patients’ BGA response after pRBC transfusion.

Fig. 4 Box-whisker plots showing patients’ BGA response after transfusion stratified for pRBC storage time.
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Stored red cells are a valuable clinical good and their
eligibility has to be evaluated with great care, as none of
them should be discarded lightly. Fresh pRBC solutions
should be favored to guarantee the most beneficial trans-
fusions to all patients, neonates, and children in particular.

Conclusion

Our study results show a statistically highly significant
increase in potassium and lactate, as well as a respective
drop in pH levels over the duration of storing pRBC (p
<0.0001). While we verified no significantly detrimental
effect from pRBC on children’s BGAs within 4hours after
transfusion, we emphasize that these analyses were under
constantmonitoring and counteracting therapy in the PCICU.

The washing of pRBC – wherever possible outside of the
operating room – prior to mass transfusion in critically ill
patients could be considered as a preventive measure to
counteract a possible metabolic imbalance due to pRBC with
a low pH and high levels of potassium and lactate.

A larger sample size would allow for further analysis
concerning the possible influence of children’s body weight
and the underlying heart defect with special emphasis on
neonates and cyanotic heart defects.
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