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Background and Objectives: Indian studies on evaluation of storage 
lesions in red blood cells  (RBCs) are either limited to 21 or 28  days or have 
evaluated limited parameters for 42  days. Moreover, issue of transfusion of 
“fresh” versus “old” RBC is far from settled. The study serially assesses, up 
to 42  days, in  vitro and in  vivo RBC storage lesion parameters, including 
di‑(2‑ethylhexyl) phthalate  (DEHP) leaching and its comparison with published 
literature. Methods: The study serially assessed in  vitro RBC storage lesion 
parameters including potassium, lactate, glucose, pH, supernatant hemoglobin, 
percentage‑hemolysis, and DEHP leaching of RBC unit during storage till 
42 days. The study also evaluated in vivo recovery of potassium after transfusion 
of “older” RBC. Results: Serial monitoring of in  vitro biochemical parameters 
showed increase in potassium, lactate, supernatant Hb, and hemolysis% 
and reduction in glucose and pH. DEHP content of the RBC bag was within 
no‑observed adverse effect limit on days 42. Measurement of serum potassium 
after transfusion of “older” RBC unit revealed that levels of potassium were 
within normal limit in all four patients. Sterility testing done on days 42 
was negative for all 24 bags. Conclusion: Development of storage lesions is 
inevitable. Appropriate storage limits the RBC lesions to within normal limits. 
The increase in potassium, lactate, or hemolysis consequent to aging of blood 
has little clinical significance in routine transfusion practice.
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of RBCs and side effects in transfused patients.[6‑8] Indian 
studies on evaluation of RBC product are either limited to 21–
28 days storage[9‑11] or have evaluated limited parameters, e.g., 
only hemolysis.[12,13] Moreover, issue of “fresh” versus “old” is 
far from settled.

Aims and objectives
The study was planned to serially assess in vitro RBC storage 
lesion parameters including serum potassium, serum lactate, 

Original Article

Introduction

Stored red blood cells  (RBCs) undergo certain 
time‑dependent adverse changes.[1] The term “storage 

lesion” is used to encompass “deterioration” that happens to 
RBCs during their storage period.[2,3] Stored RBCs are damaged 
by accumulation of their own waste products, by enzymatic 
and oxidative injury. These lesions are defined by changes 
in parameters including pH, lactate, potassium, glucose, 
etc.[4] The outcomes of these storage lesions are reduction in 
oxygen‑carrying capacity of RBC, reduced posttransfusion 
RBC survival and can potentially be responsible for adverse 
transfusion reactions. However, at the same time, RBC has an 
innate capability of recovery when transfused.[5]

Numerous studies have been carried out throughout the world 
to identify possible relationship between the duration of storage 
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serum glucose, pH, supernatant hemoglobin with hemolysis; 
di‑(2‑ethylhexyl) phthalate  (DEHP) leaching during RBC 
storage upto 42  days and its comparison with published 
literature. The study also evaluated in  vivo recovery of 
potassium after transfusion of “older” RBC.

Materials and Methods
Study design
This was prospective analytical study conducted at the 
department of Transfusion Medicine of tertiary care hospital 
in north India from January 2018 to June 2018. Departmental 
standard operating procedures were followed for all processes 
involved in study.

Donor selection and exclusion
Blood donors were selected based on routine donor screening 
criteria laid down in the Drugs and Cosmetics Act and Rules, 
Ministry of Health and Family Welfare, Government of India.[14] 
The donors were administered medical history questionnaire 
and underwent a physical examination. The selection criteria 
included age  >18  years, weight  >55  kg, hemoglobin  ≥12.5  g 
%, normal vitals including temperature  <98.4°F, pulse 
60–100/min, systolic blood pressure 100–140 mm  Hg, 
diastolic blood pressure 60–90  mmHg, and overall sense of 
well‑being. Donors who did not fulfill screening criteria or did 
not provide study‑specific consent were excluded from study.

Donation process
Whole blood  (450  ml) was collected from 28 
consecutive voluntary donors using triple blood bag 
with citrate‑phosphate‑dextrose‑Saline Adenine Glucose 
Mannitol (SAGM) (SangX, BioLife Medical, Delhi, India).

Component preparation
Day 0, RBC units were prepared by platelet‑rich plasma (PRP) 
method. First centrifugation was done at 2350 rpm (rcf‑1834 g) 
at 22°C for 7  min  (Heraeus Cryofuge 6000i, Thermo, US). 
This allowed separation of RBC and PRP. Later, PRP was 
subjected to 3450  rpm  (rcf‑3952  g) at 22°C for 8  min and 
separated into platelet‑poor plasma and random donor platelet 
concentrate. SAGM  (RBC additive solution) was then added 
to prepare RBC before storing them at 4°C. Next day, stored 
RBC units were leukoreduced by filtration  (BioR, Fresinius 
Kabi AG, Homburg, Germany). Of the 28 units prepared, 20 
RBC units were used to study the in vitro parameters and eight 
RBC units were evaluated for in  vivo parameter. All samples 
were drawn after leukoreduction.

Study protocol
In vitro
Parameters including potassium, lactate, glucose, pH, 
supernatant hemoglobin, percentage‑hemolysis, and DEHP 
leaching in RBC units were serially assessed during storage. 
Samples were collected on day 1, postleukoreduction, and 
weekly thereafter for 6  weeks. Ten‑milliliter aliquots were 
drawn aseptically on storage days 1, 7, 14, 21, 28, 35, and 42 
by using a sterile connecting device  (CompoDock, Fresenius 
Kabi AG, Homburg, Germany). Parameters including 
plasma potassium, plasma glucose, and serum lactate were 

measured weekly till 42nd  day  (days 1, 7, 14, 21, 28, 35, 42). 
Parameters such as pH, plasma hemoglobin, and hemolysis% 
were measured at alternate weeks  (days 1, 14, 28, 42). These 
parameters were measured in all 20 RBC units. Leaching for 
DEHP content was measured for four RBC bags only on days 
1, 35, and 42.

In vivo
Eight RBC units were transfused to eight different patients 
in the last week of their storage period, i.e., 36th–42nd  day. 
Serum potassium was measured of RBC unit and patient 
before transfusion. Serum potassium was measured at 1–2  h 
and between 18 and 24 h, posttransfusion. Patient selected for 
transfusion did not have any renal impairment, were not on 
any potassium‑metabolism altering medication, and were not 
being given any potassium supplements.

Sterility test
Sterility testing was performed on all 28 bags. Twenty bags, 
reserved for in  vitro testing, were sent for sterility testing 
on 42nd  day after last sample collection. For the remaining 8 
bags, a segment was removed at the time of issue and sent for 
sterility testing.

Equipment used for measurement of parameters
All parameters were measured simultaneously in‑house at 
the department, except DEHP, which was carried out at an 
out‑sourced  (National Accreditation Board for Laboratories) 
accredited laboratory. Complete blood counts were performed 
on Sysmex XE 2100 analyzer  (Sysmex Corporation, Japan). 
Serum potassium, glucose, and lactate were measured using 
Vitros immunoassay analyzer  (Ortho‑Clinical Diagnostics, 
United States). pH  700‑Oakton  (EUTECH Instruments, 
Singapore) and HEMOCUE Plasma/Low Hb  (Hemocue AB, 
Ängelholm, Sweden) were used to measure pH and plasma Hb, 
respectively. Leaching for DEHP was performed at outsourced 
laboratory using mass spectrometry with appropriate controls. 
Hemolysis% was calculated using the formula=  ({Plasma 
Hb× [1 − Hct]}/Hb‑bag) ×100

Sample size calculation and statistical analysis
Sample size calculation is based on parameter of 
interest‑change in hemolysis% at days 42 from day 1.

The minimum sample size worked out as 20, with confidence 
level at 95% and with 80% power.

Independent t‑test was applied to detect statistical significant. 
Pearson’s correlations coefficient  (r) was applied for 
biochemical parameters. P  < 0.05 was considered statistically 
significant.

Ethical clearance
Institutional review board and an independent ethics committee 
approved the study.

Results
All 28 voluntary blood donors were men (age 20–30 years). All 28 
RBC units prepared fulfilled quality control standards prescribed 
by Director General of Health Services, MoHFW, Government 
of India.[14] Mean volume of RBC unit was 318.9  ±  20.6  mL. 
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Table  1 and Figure  1a‑f represent results of in  vitro serial 
monitoring of biochemical parameters. As expected, there was 
increase in potassium, lactate, supernatant Hb, and hemolysis% 
and reduction in glucose and pH. The increase in concentration 
of potassium and lactate and decrease in glucose concentration 
over the storage period was statistically significant  (P < 0.0001). 
Hemolysis% and supernatant Hb of RBC units increased 
significantly during storage period (P < 0.0001). Mean hemolysis 
rate  (0.23  ±  0.06; clinically insignificant) for all units  (n  =  20) 
remained below maximum acceptance limit of 0.8% as stated by 
the Council of Europe guideline.[15] Percentage‑hemolysis was 
lower than laid down standards.

Mean DEHP content, as result of leaching, for four RBC bags 
on day 1st, 35th, and 42nd  was 0.56  mg/kg, 2.43  mg/kg, and 
3.39 mg/kg, respectively, and was within prescribed limit.

Measurement of serum potassium after transfusion of “older” 
RBC unit revealed that levels of potassium were within 
normal limit in all eight patients on both occasions  [1–2  h 
and 18‑24 h posttransfusion; Table  2]. All eight patients were 
admitted in internal medicine ward and transfused RBC for 
correction of anemia.

Discussion
From biomolecular point of view, accumulation of 
changes in RBC is numerous and in proportion to their 

storage period.[1] Few published studies either analyze 
storage lesions up till 21  days  (Mukherjee et  al.[9]) or 
28  days  (Sawant et  al.[10]) or analyzed only limited number 
of storage lesions up till 42  days  (Arif et  al.[13]). The 
present study, probably the first of its kind, from Indian 
subcontinent serially measured and analyzed biochemical 
RBC storage lesions including DEHP leaching till 42  days, 
i.e., maximum allowable storage period for RBC unit in 
India and recovery of potassium levels in patients after 
transfusion of “older” RBC units.

Biochemical parameters
Reduction in rate of cellular metabolism and energy demands, 
when RBC units are stored at 2–6°C, allows storage for 
42  days. This temperature makes sodium‑potassium pumps in 
cell membrane inoperable and allows extra‑cellular leakage 
of potassium. The extracellular potassium levels of stored 
blood increase daily at approximately 1 mmol/liter with 
the higher concentrations observed during the early days of 
storage.[1] Potassium levels in the present study were either 
comparable[9,10] or slightly higher than levels reported.[13] In 
study by Strauss[16] and Zubair,[17] supernatant plasma level 
after 42  day of RBC storage in additive solution rose to 
50 mmol/L and 63 meq/L, respectively.

Glucose is primary source of adenosine triphosphate (ATP) 
production, through glycolytic pathway, for RBC. Since 

Figure 1: (a‑f): Graphical representation of serial assessment of in vitro parameters using box and whisker graphs
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during storage availability of glucose is limited, there is 
concomitant reduction in ATP production. Additive solutions 
like SAGM provide sufficient glucose  (additional 900  mg 
dextrose) to allow RBC viability till 42 days. In the present 
study, glucose values after 42‑day period of storage were 

intermediate between values reported by Mukherjee et  al.[9] 
and Picker et al.[18]

Glucose consumption and lactate production are negatively 
correlated. During course of storage, lactate accumulates as 

Table 2: In vivo analysis of s. potassium levels pre and posttransfusion of “older” red blood cell (normal adult range: 
3.8-5.1 mEq/L)

Blood bag 
number

Day of RBC 
storage

Serum potassium (blood 
bag) (mmol/L) on day of transfusion

Serum potassium (mmol/L) of patient
Preransfusion 1-2 h posttransfusion 18-24 h posttransfusion

13,460 40th 49.9 3.4 3.8 3.4
17,645 37th 44.6 4.3 4.5 4.4
17,646 38th 52.0 4.3 4.4 3.9
17,647 40th 44.4 5.0 5.1 4.3
2341 38th 45.2 3.5 3.9 3.5
2357 38th 51.4 4.2 4.4 4.2
2381 40th 48.3 4.4 4.5 3.5
2403 39th 47.2 4.9 5.0 4.7
Mean±SD 4.25±0.65 4.45±0.53 4.00±0.45
Δ ‑ −0.20±0.14 0.25±0.37
95% CI of Δ ‑ −0.42-0.02 −0.34-0.84
P* ‑ 0.066 0.269
Δ: (Mean±SD) of difference. *P<0.05, statistically significant. SD: Standard deviation, CI: Confidence interval

Table 1: Paired comparison of in vitro parameters over 42 days from day 1
Parameters Statistic Day 1 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42
Potassium Mean±SD 4.83±0.7 18.9±2.14 28.12±2.98 36.45±3.17 45.12±5.03 49.72±5.95 55.75±5.86

Δ ‑ −14.07±2.01 −23.29±2.79 −31.62±2.89 −40.29±4.92 −44.88±5.84 −50.92±6.19
95% CI of Δ ‑ −15.01-−13.13 −24.59-−21.98 −32.97-−30.26 −42.59-−37.98 −47.61-−42.15 −53.82-−48.02
P ‑ <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

pH Mean±SD 7.2±0.24 ‑ 6.95±0.2 ‑ 6.69±0.14 ‑ 6.59±0.09
Δ ‑ ‑ 0.26±0.15 ‑ 0.51±0.19 ‑ 0.61±0.19
95% CI of Δ ‑ ‑ 0.18-0.33 ‑ 0.42-0.6 ‑ 0.52-0.7
P ‑ ‑ <0.0001* ‑ <0.0001* ‑ <0.0001*

Lactate Mean±SD 5.24±0.85 12.96±1.91 17.91±1.89 20.78±2.53 22.72±2.65 25.52±3.12 27.55±2.98
Δ ‑ −7.72±1.92 −12.67±1.47 −15.54±2.22 −17.48±2.43 −20.28±2.97 −22.31±2.91
95% CI of Δ ‑ −8.62-−6.82 −13.36-−11.98 −16.57-−14.5 −18.61-−16.34 −21.67-−18.89 −23.67-−20.95
P ‑ <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Hb Mean±SD 0.07±0.02 ‑ 0.18±0.09 ‑ 0.32±0.13 ‑ 0.42±0.14
Δ ‑ ‑ −0.12±0.08 ‑ −0.25±0.13 ‑ −0.35±0.13
95% CI of Δ ‑ ‑ −0.16-−0.08 ‑ −0.31-−0.19 ‑ −0.41-−0.29
P ‑ ‑ <0.0001* ‑ <0.0001* ‑ <0.0001*

Glucose Mean±SD 460.3±30.35 369.65±31.18 314.3±38.45 280.25±37.97 248.05±34.4 217.6±45.81 195.25±55.45
Δ ‑ 90.65±19.54 146±30.78 180.05±32.66 212.25±31.5 242.7±44.53 265.05±55.88
95% CI of Δ ‑ 81.51-99.79 131.6-160.4 164.76-195.34 197.51-226.99 221.86-263.54 238.9-291.2
P ‑ <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Hemolysis Mean±SD 0.05±0.02 ‑ 0.11±0.03 ‑ 0.17±0.04 ‑ 0.23±0.06
Δ ‑ ‑ −0.06±0.03 ‑ −0.12±0.04 ‑ −0.18±0.06
95% CI of Δ ‑ ‑ −0.08-−0.05 ‑ −0.14-−0.1 ‑ −0.22-−0.16
P ‑ ‑ <0.0001* ‑ <0.0001* ‑ <0.0001*

HCT Mean±SD 58.85±1.74 64.07±4.69 65.15±8.87 64.24±4.6 65.71±4.08 65.86±3.06 65.69±5.12
Δ ‑ −5.22±3.9 −6.28±7.74 −5.39±4.08 −6.86±3.96 −6.57±3.27 −6.84±5.13
95% CI of Δ ‑ −7.05-−3.39 −10.01-−2.55 −7.29-−3.48 −8.71-−5 −8.91-−4.23 −9.24-−4.44
P ‑ <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Δ:  (Mean±SD) of difference; *P<0.05, statistically significant. SD: Standard deviation, CI: Confidence interval, Hb: Hemoglobin, 
HCT: Hematocrit
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by‑product of glycolytic pathway. Lactate has been defined 
useless end product, poisonous at times, of which cells must 
discard off quickly. High lactate concentration can adversely 
affect pH of storage medium. Mukherjee et  al. reported 
2.7  times to increase in lactate concentration by days 21 
as compared to 3.9  times in the present study. Lactate 
concentration on days 42 in the present study was lower in 
comparison to reports by Picker et  al.[18] and Zimmermann 
et al.[19]

Hematological parameters
RBC metabolism slows down during course of storage 
period as pH falls. At pH below 6.2, RBC had decreased 
ATP production as mathematically deduced by pH curve of 
many samples of stored blood in various storage solutions.[20] 
Although ATP measurement was not done in the present study, 
mean pH was above the lower limit of pH threshold of 6.2 
throughout storage period. Similar pH trends have been shown 
by other reports.[9,18,19]

Any breakdown in RBC membrane and subsequent release of 
hemoglobin is termed as hemolysis. This may occur during 
processing, storage, and transportation. Additive solutions and 
leukoreduction reduce hemolysis; however, some amount of 
hemolysis is inevitable. The presence of free hemoglobin in 
supernatant plasma or additive solution is representation of 
hemolysis. In the present study, both hemolysis% and free 
supernatant Hb were with prescribed limits. Similar results 
have been reported by earlier studies.[9,10,12,13,18,19]

Leaching
DEHP, a plasticizer, is added to plastics to increase its 
flexibility either by weakening intermolecular forces or 
by increasing free volume. During storage, DEHP can 
migrate from PVC storage bags into blood and blood 
products  (platelets, plasma, packed RBCs) because of 
the lipophilic nature of these biological fluids and cells. 
Although the DEHP concentration increased from days 
1–42 by more than six times, it was within the prescribed 
no observed adverse level of 4·8  mg/kg/day by European 
Council.[14]

In vivo recovery of potassium
“Older” RBC units have increased concentration of 
extracellular potassium; however, as the present study 
depicts, posttransfusion ionic potassium levels returned to 
normal levels with 24  h. There was no adverse transfusion 
event reported in any patient. Strauss[21] also showed that 
no significant differences in comparative changes between 
pretransfusion and posttransfusion blood chemistries including 
potassium, whether fresh Citrate‑phosphate‑dextrose‑adenine 
RBCs or stored AS‑1 or AS‑3 RBCs were transfused. 
Moreover, daily adequate intake for adult males and females 
is 2600–3400  mg/day  (34.7–45.3 meq/day).[22] Adult patients 
requiring single unit transfusion are definitely not at risk of 
hyperkalemia if transfused “older” unit.

Old versus. new: International randomized trials
The debate on transfusion of “old” versus “fresh” RBC has 
been addressed in several randomized trials. Debate began in 

2008 when Koch et al.[8] concluded that there was significantly 
higher risk of postoperative complications as well as reduced 
short‑term and long‑term survival associated with transfusion 
of red cells that had been stored for more than 2  weeks in 
patients undergoing cardiac surgery. Retrospective study of 
Koch et  al. was later challenged in several well‑designed 
prospective trials, such as ABLE,[23] RECESS,[24] TOTAL,[25] 
ARIPI,[26] INFORM,[27] and TRIBE.[28] The ABLE study  (Age 
of transfused blood in critically ill adults) concluded that 
transfusion of standard‑issue  (oldest available compatible 
blood) red cells did not decrease the 90‑day mortality 
among critically ill adults in comparison to transfusion of 
fresh units  (<8  days). The RECESS trial concluded that 
transfusion of “fresh” red cells  (<10  days) was not superior 
to transfusion of “older” red cells  (>21 days) among patients 
12  years of age or older who underwent complex cardiac 
surgery. The TOTAL randomized control trial concluded 
that transfusion of longer‑storage RBC  (25–35  days) unit 
did not result in inferior reduction of elevated blood lactate 
levels in children with lactic acidosis due to severe anemia 
in comparison to shorter‑storage RBC units  (1–10  days). 
The ARIPI randomized trial concluded that the use of fresh 
RBCs  (<8  days) did not improve outcomes in premature, 
very low‑birth‑weight infants requiring a transfusion in 
comparison to standard blood bank practice  (2–42 days). The 
multicentric, randomized controlled INFORM trial concluded 
that transfusion of blood stored for longer than 35  days has 
no effect on in‑hospital patient mortality. Secondary analyses 
of multicenter randomized TRIBE study that despite massive 
blood transfusion, including very old blood  (>35  days), 
duration of red‑cell storage did not influence outcome in burn 
patients. All these trials have more‑or‑less settled the debate 
that “fresher units have superior outcome in comparison to 
older units.”

However, this debate is “less than settled” in India, where 
there is perennial shortage of blood and transfusion based 
on age of blood results in further shortage. Physicians and 
surgeons continue to demand “fresh” blood units for their 
patients. The present study adds evidence to safety data of 
transfusing “older” RBC units.

Limitations
The study did not include serial analysis of ATP and 2,3‑DPG 
for want of reagents and funds.

Conclusion
This study reiterates the biochemical evidence associated 
with the development of storage lesion in “older” RBC 
units and provides clinical evidence to corroborate with 
other published literature that transfusion of “older” RBC 
in adult patient would be completely safe. It is desirable 
and safe to follow  (first‑in first‑out) transfusion policy in a 
resource‑constrained country like India. Although potassium, 
lactate and supernatant Hb, and hemolysis were higher in 
stored blood, all of them were within acceptable limits. Hence, 
authors conclude that age of blood has little clinical relevance 
in routine transfusion practice although there could be specific 
situations where the same needs consideration.
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