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Abstract

Background and Objectives: Transfusion-associated circulatory overload (TACO) is

the primary cause of transfusion-related mortality. Speed and volume of transfusion

are major risk factors. The aim of this study was to investigate the interaction of red

blood cell (RBC) transfusion speed and volume on the development of TACO.

Materials and Methods: A validated model for TACO in anaemic Lewis rats with an

acute myocardial infarction was used. The effect on pulmonary hydrostatic pressure

of one, two or four units of packed RBCs transfused in either 30 or 60 min was eval-

uated (3.3–26.6 ml�kg�1�hr�1). Pulmonary capillary pressure was measured as left

ventricular end-diastolic pressure (LVEDP). Cardiac stress biomarkers atrial

natriuretic-peptide (ANP) and N-terminal pro-brain natriuretic peptide (NT-proBNP)

were measured 1-h post-transfusion.

Results: Thirty animals were included (n = 5 per group). Transfusion of RBCs

increased LVEDP in a volume-dependent manner (ΔLVEDP [mmHg]: �0.95, +0.50,

+6.26, p < 0.001). Fast transfusion increased overall ΔLVEDP by +3.5 mmHg and up

to +11.8 mmHg in the four units’ group (p = 0.016). Doubling transfusion speed

increased ΔLVEDP more than doubling volume in the larger volume groups. No dif-

ference in ANP or NT-proBNP were seen in high transfusion volume or groups.

Conclusion: Transfusion volume dose-dependently increased LVEDP, with speed of

transfusion rapidly elevating LVEDP at higher transfusion volumes. ANP and NT-

proBNP were not impacted by transfusion volume or speed in this model. TACO is

seen as purely volume overload, however, this study emphasizes that limiting trans-

fusion speed, as a modifiable risk factor, might aid in preventing TACO.
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INTRODUCTION

Transfusion-associated circulatory overload (TACO) is the leading

cause of transfusion-related respiratory distress, ICU admission and

death [1–3]. The incidence of TACO in those transfused is 1% of

in-hospital patients [4, 5], and up to 6% in the ICU [6, 7]. Both the

speed and volume of transfusion are associated with TACO [5, 6, 8].

Even though millions of transfusions are carried out each year, surpris-

ingly few studies address transfusion speed or volume.

TACO is the result of hydrostatic pulmonary oedema, where tran-

sudate is driven into alveoli restricting gas exchange [9, 10]. Both

speed of transfusion and large volumes acutely increase circulating

volume which can back-up the pulmonary circulation and increase

pulmonary capillary pressure (Pcap) [11]. Our previously published ani-

mal model has shown that after an equivalent volume, blood transfu-

sion increases Pcap more than crystalloids [12]. Similarly, in ICU

patients transfusion increases Pcap and is associated with increased

mortality [13]. Only two studies in humans have investigated Pcap

related to transfusion speed, which increases in a speed-dependent

fashion [14, 15], transfusion volume however has not previously been

investigated.

Investigating modifiable risk factors including speed and volume

effects of transfusion individually as well as their interaction is neces-

sary to understand TACO. Measuring Pcap is difficult and can differ

throughout the pulmonary capillary bed, therefore, left-atrial pressure

(LAP - the pressure downstream) is used in clinical research. In

humans, this requires a Swan-Ganz catheter to estimate LAP which is

invasive and not without risk [16]. In animals direct intra-cardiac mea-

surement of left ventricular end-diastolic pressure (LVEDP), which is

equal to the maximum LAP, can be investigated through [12].

The study aimed to investigate the relative contribution of

transfusion speed and volume on the development of TACO.

Atrial natriuretic peptide (ANP) and N-terminal pro-brain natriuretic

peptide (NT-proBNP) will be evaluated as volume overload bio-

markers. We hypothesize that both a rapid speed of infusion, as well

as larger transfused volumes will increase LVEDP and cardiac stress

biomarkers. Using a previously validated rat model of TACO, animals

will be randomized and the effect of one, two or four units of packed

red blood cells (RBC) transfused in either 30 or 60 min on LVEDP will

be measured.

MATERIALS AND METHODS

This experiment was approved by the Dutch Central Commission for

Animal Experiments (licence: AVD118002017814). Experiments were

performed in accordance with The Guide for the Care and Use of Lab-

oratory Animals and results were reported according to ARRIVE

guidelines. Adult male Lewis rats between 300 and 350 grams were

used (LEW/SsNHsd, Envigo, UK) because of reproducibility of myo-

cardial ischemic damage [17]. Animals were housed in a specialized

animal care facility, exposed to standard light–dark cycle and fed stan-

dard rat chow with ad-libitum access to water.

A two-hit model for TACO was used as previously published [12],

which is a clinically relevant anaemia-transfusion model in a mechani-

cally ventilated, cardiac comprised setting (Figure 1). Two hits are

required for TACO to develop as healthy anaemic animals were able

to accommodate large transfusion volumes. Anaemia was induced by

replacing blood with an equivalent volume of colloids, maintaining cir-

culating blood volume (CBV). Isovolemia is important as intravascular

hypovolemic patients will be able to accommodate volume, evidenced

by the highest incidence of TACO in normovolemic patients with

chronic anaemia [18, 19] and INR correction through plasma transfu-

sion in non-bleeding patients [20]. The first hit is a patient risk factor,

F I GU R E 1 Experiment design comparing speed versus volume of transfusion. A two-hit model for TACO in anaemic rats was employed. The
first hit, an MI results in volume incompliance. Animals were randomized to speed of transfusion (30 or 60 min) and further randomized to receive
one, two or four units – a total of six groups. Art.line, Arterial cannula; CVC, Central venous cannula; LAD, Left anterior descending coronary
artery; PV-Catheter, Pressure-volume (catheter)
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resulting in volume-incompliance, in this case myocardial dysfunction [21].

This lowers the threshold to develop TACO following a second hit – a

blood transfusion.

Animal procedures

General anaesthesia was induced in healthy animals through brief use

of isoflurane (5%) followed by an intra-peritoneal injection of racemic

ketamine (9 mg�100 g�1), dexmedetomidine (12.5 μg�100 g�1) and

atropine (5 μg�100 g�1). Ketamine was continuously infused through a

tail-vein cannula to maintain anaesthesia (5 mg�100 g�1�h�1), cho-

sen for its limited cardiovascular depressive profile. Animals were

ventilated via a tracheostomy secured with a suture around the

trachea.

Cardiac catheterization and line placement

An ultraminiature rat pressure-volume catheter (SPR-838, Millar, USA)

was passed through the right carotid artery into the left-ventricle.

Calibrations of the PV-catheter include: a two-point pressure calibration,

blood conductivity calibration using the cuvette method and cor-

rection for parallel conductance using hypertonic saline boluses

(NaCl 30%, 10 μl bolus) [22]. Conductivity calibrations were

performed at fixed timepoints following changes in blood electro-

lyte, that is: (1) baseline, (2) pre-transfusion, (3) post-transfusion

and (4) at termination. The right jugular vein was cannulated to

record central venous pressure (CVP) and the left carotid artery to

measure mean arterial pressure (MAP) and perform blood draws.

Isovolemic anaemia and first hit – Myocardial ischemia

Approximately 20% of CBV was replaced over a period of 15 min with

an equivalent volume of colloid solution (Tetraspan 6%, B. Braun,

Germany) until a haematocrit of 30% was achieved. CBV (ml) was

calculated as 6.5% of body weight (g) [23]. Afterwards animals were

allowed to stabilize for 15 min.

A myocardial infarction (MI) was induced as first hit. A continuous

norepinephrine infusion was started and titrated to a MAP of

65 mmHg. Through a left-anterior thoracotomy (�2 cm incision

through the fourth intercostal rib) the left-anterior descending artery

(LAD) was permanently ligated using a 5-0 Prolene suture [12, 24].

Ischemia was confirmed visually by blanching of the myocardium

distal to the ligation and ST-elevations on a three-lead ECG.

An intrapleural chest drain (20G) was placed one rib below the

incision and the thorax and skin were closed in two layers using a 3-0

Vicryl suture. After closing the chest, the drain was removed under

negative pressure while simultaneously a recruitment manoeuvre was

performed to minimize residual air. Animals were allowed to stabilize

for 30 min.

Randomization and second hit – Transfusion

A sealed envelope, block randomization method was used to stratify

animals to either one, two, or four units to be transfused using a

volumetric pump, performed in equal groups per week (a 1:1:1 ratio).

Animals were then again randomized by sealed envelope to rapid or

slow transfusion (over 30 or 60 min). From randomization onward,

no further alterations were allowed to ventilator settings, fluid,

norepinephrine or anaesthetic infusion rates. Volume of RBC units

was predetermined and fixed (1.0 ml per unit) calculated as 5% of

CBV – equivalent to 80 kg male humans. Hemodynamic parameters

were recorded continuously until the experiment ended at 1-h post-

transfusion and the rats were terminated. The RBC units were buffy

coat reduced packed red blood cells products, manufactured following

Dutch blood banking procedures, made from the whole blood

harvested from donor animals outside the experimental group

(Supplementary Appendix A).

Tissue harvesting and laboratory methods

Animals were exsanguinated 1-h post-transfusion. Collected blood

was processed within 2 h, centrifuged at 2000g for 10 min and the

supernatant stored at �80.0�C for later analysis. Rat ANP and NT-

proBNP levels were determined according to manufactures guidelines

(products: E-EL-R0670/R0017, Elabscience, China). The lungs were

harvested, the right upper lobe was fixed in formalin for histopatho-

logical analysis and the lower lobe used to calculate the wet-dry ratio:

wet-weight/dry-weight. The myocardial infarct size (volume percent-

age) was determined to ensure equal infarct sizes between groups

(Supplementary Appendix B).

Outcomes

The primary outcome was ΔLVEDP (post minus pre-transfusion

LVEDP) compared between all six groups that is, number of units

transfused (one, two or four units) and speed of transfusion (rapid or

slow). Secondary outcomes included change in heart rate (HR), mean

arterial pressure (MAP), cardiac output (CO), central venous pressure

(CVP), systemic vascular resistance (SVR), stroke work (calculated as

the area within the PV-loop) and cardiac relaxation (�dP/dt).

Biomarkers included the difference in ANP and NT-proBNP

between groups. Pulmonary outcomes included oxygenation

capacity PaO2/FiO2-ratio (PF-ratio), wet-dry ratio and histopathological

examination.

Sample size

Sample size was determined using previously published data [12], and

further extrapolated assuming a linear correlation between ΔLVEDP

TRANSFUSION SPEED VERSUS VOLUME ON TACO 373



T
A
B
L
E

1
C
ha

ra
ct
er
is
ti
cs

pr
e-
tr
an

sf
us
io
n

C
ha

ra
ct
er
is
ti
cs

1
un

it
(n

=
1
0
)

2
un

it
s
(n

=
1
0
)

4
u
n
it
s
(n

=
1
0
)

Sl
o
w

(n
=

5
)

Fa
st

(n
=

5
)

Sl
o
w

(n
=

5
)

Fa
st

(n
=

5
)

Sl
o
w

(n
=

5
)

F
as
t
(n

=
5
)

W
ei
gh

t
(g
):

3
3
5
(3
2
5
–3

4
0
)

3
2
5
(3
1
5
–3

4
0
)

3
2
5
(3
2
0
–3

2
5
)

3
2
0
(3
1
0
–3

3
0
)

3
1
5
(3
1
5
–3

3
5
)

3
3
0
(3
1
5
–3

3
0
)

P
/F

-r
at
io
:

3
4
3
(2
4
7
–3

8
1
)

3
9
4
(3
6
6
–4

2
3
)

4
2
3
(3
9
5
–4

5
3
)

3
6
6
(3
3
3
–3

9
6
)

3
7
0
(2
8
1
–4

4
0
)

3
7
4
(3
7
4
–4

0
8
)

LV
E
D
P
(m

m
H
g)
:

1
0
.9

(9
.9
–1

4
.3
)

1
0
.3

(9
.8
–1

2
.3
)

1
2
.9

(1
1
.2
–1

4
.1
)

1
0
.6

(9
.5
–1

0
.9
)

1
0
.4

(9
.3
–1

3
.0
)

9
.5

(7
.5
–1

1
.9
)

H
ea

rt
ra
te

(m
in

�1
):

2
5
3
(2
2
1
–2

5
7
)

2
0
4
(1
9
3
–2

2
5
)

2
4
5
(2
3
6
–2

5
0
)

2
3
8
(2
3
1
–2

6
3
)

2
8
7
(2
5
7
–2

8
9
)

2
4
4
(2
3
9
–2

4
6
)

M
ea

n
ar
te
ri
al
pr
es
su
re

(m
m
H
g)
:

6
5
�

7
7
2
�

8
6
3
�

8
6
3
�

1
2

6
2
�

1
3

5
9
�

8

LV
P
m
ax
(m

m
H
g)
:

9
8
(9
0
–1

0
3
)

1
0
2
(9
5
–1

0
3
)

9
9
(9
3
–1

0
2
)

9
0
(8
5
–9

9
)

1
0
0
(9
3
–1

0
2
)

1
1
5
(9
5
–1

1
7
)

St
ro
ke

vo
lu
m
e
(μ
l):

5
2
(4
6
–5

7
)

5
5
(3
7
–7

0
)

5
8
(5
7
–6

0
)

5
9
(5
5
–6

2
)

4
6
(3
4
–5

9
)

7
0
(6
3
–7

5
)

C
ar
di
ac

o
ut
pu

t
(m

l�m
in

�1
)

1
3
(1
2
–1

5
)

1
1
(7
–1

7
)

1
4
(1
4
–1

6
)

1
5
(1
3
–1

5
)

1
3
(9
–1

5
)

1
7
(1
5
–1

8
)

E
je
ct
io
n
fr
ac
ti
o
n
(%

):
6
5
(3
8
–6

7
)

5
0
(3
3
–5

9
)

4
4
(3
5
–5

8
)

4
7
(4
4
–4

9
)

6
6
(5
1
–8

0
)

4
8
(4
7
–5

3
)

M
yo

ca
rd
ia
li
nf
ar
ct

(%
):

4
7
(4
3
–5

2
)

4
4
(4
3
–4

8
)

4
6
(4
5
–5

6
)

4
1
(4
0
–4

3
)

3
9
(3
4
–4

6
)

3
7
(3
3
–5

0
)

R
at
e
pr
es
su
re

pr
o
du

ct
(m

m
H
g�m

in
�3

�10
3
):

2
2
.9

(2
2
.8
–2

3
.0
)

2
0
.7

(2
0
.7
–2

0
.8
)

2
2
.9

(2
2
.8
–2

6
.4
)

2
1
.2

(1
9
.8
–2

2
.8
)

2
9
.6

(2
4
.0
–3

0
.6
)

2
6
.9

(2
3
.3
–2

8
.0
)

St
ro
ke

w
o
rk

(m
m
H
g�μ

l�1
0
3
):

3
.9

(3
.9
–4

.5
)

4
.0

(3
.8
–4

.8
)

4
.5

(4
.1
–4

.8
)

5
.0

(4
.2
–5

.4
)

4
.2

(3
.5
–4

.7
)

5
.5

(5
.1
–6

.4
)

C
en

tr
al
ve

no
us

pr
es
su
re

(m
m
H
g)
:

5
.3

�
1
.1
5

3
.9

�
0
.9
3

6
.3

�
2
.9
7

6
.5

�
2
.2
4

5
.3

�
1
.7
1

4
.5

�
0
.8
9

Sy
st
em

ic
va
sc
ul
ar

re
si
st
an

ce
(d
yn

�s�
cm

�
5
):

3
7
3
(3
1
0
–3

7
7
)

3
8
1
(3
0
3
–5

2
4
)

3
1
7
(3
0
3
–3

3
8
)

4
1
5
(3
3
9
–4

1
7
)

3
3
2
(2
5
9
–4

0
1
)

2
3
5
(2
3
0
–3

0
0
)

N
o
re
pi
ne

ph
ri
ne

(μ
g�k

g�
1
):

6
.5

(3
.6
–1

1
.4
)

7
.7

(6
.2
–9

.5
)

5
.0

(4
.0
–7

.9
)

7
.7

(3
.9
–9

.1
)

8
.8

(2
.5
–1

2
.9
)

1
2
.1

(2
.5
–1

3
.3
)

F
lu
id

ba
la
nc

e
(m

l):
2
.6

(2
.5
–2

.7
)

2
.3

(2
.1
–2

.6
)

2
.5

(2
.4
–2

.5
)

2
.7

(2
.5
–2

.8
)

2
.3

(2
.2
–2

.9
)

3
.3

(3
.1
–4

.7
)

N
ot
e:
C
ha

ra
ct
er
is
ti
cs

at
ra
nd

o
m
iz
at
io
n,

pr
io
r
to

tr
an

sf
us
io
n.

R
es
u
lt
s
pr
es
en

te
d
as

m
ed

ia
n
(IQ

R
)o

r
m
ea

n
�

SD
.

A
bb

re
vi
at
io
ns
:L

V
E
D
P
,l
ef
t
ve

nt
ri
cu

la
r
en

d-
di
as
to
lic

pr
es
su
re
;L

V
P
m
ax
,l
ef
t-
ve

nt
ri
cu

la
r
m
ax
im

um
pr
es
su
re
;P

/F
-r
at
io
,P

aO
2
/F

iO
2
-r
at
io
.

374 KLANDERMAN ET AL.



and the number of units transfused. The median ΔLVEDP following

four units of RBCs was +8.0 mmHg (IQR 7.5–14.1). Based on an α of

0.05 and β of 20% we calculated that n = 3 animals in each arm were

required to detect a clinically relevant difference [18] (4.0 mmHg dif-

ference in ΔLVEDP) between one and four units transfused. A total of

five animals per group was chosen to account for variation in the

model.

Statistical analysis

Statistical analysis was performed in R Statistics v3.3.2 (R Foundation

for Statistical Computing, Austria), using RStudio v1.0.136 (RStudio,

Inc, USA). Data were assessed for normality using histograms. Cardiac

parameters including ΔLVEDP (post-transfusion minus pre-transfusion)

and biomarkers were compared between the number of units transfused

using the Kruskal-Wallis test and post-hoc Mann–Whitney-U test.

Effects dependent on speed of transfusion were compared using

the Mann–Whitney-U test. Lung pathology scores were compared

using a chi-squared test. A p-value of <0.05 was considered

significant.

RESULTS

A total of 30 animals were included, randomized to one, two or

four units transfused (n = 10 per group) and further randomized

to either slow or rapid infusion (n = 5 per group). Prior to ran-

domization seven animals died during cannulation due to cardiac

tamponade (n = 2), during thoracotomy (n = 1) or due to arrhyth-

mia’s following myocardial infarction (n = 4). Animals that died

prior to randomization were replaced; no animals died after

randomization.

Isovolemic anaemia, validation of myocardial
dysfunction and characteristics

Isovolemic anaemia resulted in a significant haematocrit decreased

from median 43% (IQR: 42–44) to 30% (IQR: 29–31, p = 1.70 � 10�6).

The effects of the first hit were seen as (1) a ventricle infarction percent-

age of 43% (IQR: 38–49); (2) stroke work decreased from baseline by

�1347 mmHg�μl (IQR: 847–1781, p = 4.90 � 10�4); and (3) �dP/dt, a

parameter for left-ventricular relaxation, worsened from baseline �6874

mmHg�s�1 (IQR: �7274 to �6404) to �5244 (IQR: �5587 to �4586, p

= 1.60 � 10�7). Because of left-ventricular conformational changes, fol-

lowing ligation of the LAD, ejection fraction has proven to be unreliable

[12]. Characteristics at the time of randomization are shown per number

of units transfused in Table 1. Following transfusion haematocrit increased

significantly for all groups, from 29.7� 1.6 prior to transfusion, to 39.7� 1.8

(p = 2.02 � 10�7) for one unit, 43.8� 1.6 (p = 2.02 � 10�9) for two and

48� 2.4 (p= 2.76� 10�9) for four units.

Changes in LVEDP between volume transfused and
speed of infusion

Depending on the number of units transfused the overall ΔLVEDP

increased significantly (Kruskal-Wallis test, p = 8.06 � 10�4), with

ΔLVEDP after one unit �0.95 (IQR: �2.4 to �0.5), two units 0.50 (IQR:

0.0–3.7) and four units 6.3 (IQR: 3.0–12.8). Post-hoc testing showed an

increase between one versus two units (p = 4.87 � 10�4), two versus

four units (p = 0.043) and one versus four units (p = 0.003). Speed was

F I GU R E 2 Change in LVEDP per transfusion volume and speed.
Data presented in a Tukey boxplot. ΔLVEDP increases significantly
with more units transfused (top brackets). Speed was significantly
associated with an increase in ΔLVEDP only in the group transfused
with four units. *: p < 0.05; **: p < 0.01; ***: p < 0.001

T AB L E 2 Effect of speed compared to volume on LVEDP

Doubling infusion speed Doubling infusion volume

Fast infusion

ΔLVEDP
(mmHg) CI 95% p-value

Volume

ΔLVEDP
(mmHg) CI 95% p-value

1 Unit - Slow +0.74 �3.52 to 3.41 0.841 +1.37 �0.11 to 6.98 0.056

2 Units - Slow +3.01 �2.60 to 5.59 0.421 +2.05 �6.52 to 3.56 0.691

4 Units - Slow +11.77 2.94 to 17.60 0.016 - - -

Note: Side-by-side comparison of effects of doubling transfusion speed versus doubling transfused volume on ΔLVEDP. Results presented as median

(CI 95%).
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significantly associated with an increase in ΔLVEDP only in the group

transfused with four units (Figure 2).

A secondary analysis was performed to determine the contribu-

tion of speed compared to transfused volume on LVEDP. Both dou-

bling of speed and volume of transfusion increased ΔLVEDP (Table 2).

At low volumes the changes were not-clinically relevant, however at

larger volumes, a doubling of transfusion speed resulted in an expo-

nential increase ΔLVEDP (four-times higher).

Changes in haemodynamics following transfusion

With increasing transfused volume and increased preload, seen as

increased LVEDP, no increase in overall CO was detected (Table S1,

p = 0.468). In addition, stroke work decreased in all groups (p = 2.48

� 10�3). Also, overall HR (+21.7 bpm [IQR: 20.2–27.7, p = 3.90

� 10�7]), MAP (+15.4 mmHg [IQR: 10.3–22.1, p = 4.40 � 10�5]) and

SVR increased significantly (+97.7 dyn�s�cm�5 [IQR: 77.1–167.1, p =

2.48 � 10�3]).

Pulmonary outcomes

Overall, no differences were found in pulmonary outcomes (Table S2).

P/F-ratio at termination nor wet-dry ratio or histopathological

examination of the lungs (where pulmonary oedema was ranked on a

0–3-point scale by an experienced pathologist) differed between the

number of units transfused, nor the speed of transfusion.

Biomarkers

Overall, ANP and NT-proBNP were elevated (Figure 3), however they

were not significantly difference in between the number of units

(respectively p = 0.894 and p = 0.931) or the speed of transfusion

(respectively p = 0.931 and p = 0.074). Secondary analyses including

log-transformation did not change results.

DISCUSSION

TACO can result in major morbidity including ICU admission, mechanical

ventilation and death. Both speed and volume of transfusion are modifi-

able risk factors for developing TACO [8, 25]. The primary findings of this

study are (1) the increase in hydrostatic pulmonary capillary pressure is

transfusion speed and volume-dependent; (2) increasing transfusion speed

or volume both increase LVEDP; and (3) both ANP and NT-proBNP bio-

markers of cardiac overload were not significantly increased in this animal

model within 1-h following transfusion.

An increased LAP is the mechanism behind developing TACO.

A landmark study in dogs showed that hydrostatic pulmonary oedema

started developing at pressures above 25 mmHg [26]. There is limited

evidence of how speed and volume individually contribute to the

development of TACO. Mechanistic transfusion studies have been

performed in both healthy dogs [27] and swine [28]. Both show an

increase in pulmonary pressures following transfusion, similar to our

results. Two studies in humans [15, 18] showed a transfusion speed-

dependent increase, also similar to our model. Our model is the first

to employ packed red blood cells contrary to use of whole blood.

Rheological properties of units with 60% haematocrit are likely to alter

hemodynamic outcomes unpredictably. Second, this is the first study to

investigate both transfused volume and speed. There is a clear stepwise

increase in LVEDP as result of increasing transfusion volume. Transfusion

speed seems particularly important to higher transfusion volumes

doubling of speed increased LVEDP exponentially (Figure 1 and Table 2).

Our data suggesting transfusion speed is a critical factor is an important

signal to clinicians that could prevent TACO.

Successful interventions to reduce over-transfusion include patient

blood management programs, transfusion triggers and a single-unit trans-

fusion in non-emergency situations [29]. Splitting an RBC unit can also

reduce the volume infused over time, allowing transfusion over days with-

out exposing a patient to multiple donors. Finally, volume-reduced RBC

units, hyperconcentrated platelets and partially reconstituted lyophilized

F I GU R E 3 Volume overload biomarkers. Data presented in a
Tukey boxplot
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plasma have been suggested to reduce the volume load of transfusion

[9, 30]. Reducing transfusion speed in non-emergency settings is an easy

intervention, even so, there is likely room for improvement as retrospec-

tively in 50% of TACO cases infusion speed was not specified [31]. There

is limited guidance on speed of transfusion, aside from a 4-h maximum to

prevent bacterial growth. Noted is that transfusion speed may be higher if

tolerated by the patients circulatory system [32]. Specifically, in at-risk

patients guidance regarding the speed of transfusion is warranted.

Cardiac overload biomarkers

While markers are elevated, ANP and NT-proBNP levels did not contrib-

ute in discerning different volumes or speeds of transfusion (Figure 3).

ANP is used experimentally and is secreted from preformed vesicles and

the atria, ready for rapid release [33]. NT-proBNP is widely used in clini-

cal practice as an intermediate to long-term biomarker (hours to days) of

congestive heart failure, rising over hours. Elevated levels of biomarkers

are not required for the diagnosis of TACO, but rather provide additional

evidence of circulatory overload. The lack of a volume-dependent

increase in these biomarkers may be explained by the follow-up of only

1-h. While transfusion directly increases preload, the negative spiral of

progressive heart failure and overdistention might require up to 12 h to

manifest in line with TACO criteria [10]. Also, the myocardial damage fol-

lowing an MI may confound biomarker results in this model. Further

study is required to assess the value of biomarkers in TACO.

An inherent limitation to our model is the fluid balance in rats, as

they consume daily a volume of water equal to their CBV. Since rats

are used to large changes in volume per day an RBC unit is less likely

to overwhelm the circulation, where one unit was calculated as 5% of

CBV like humans. Furthermore, we chose a limited follow-up duration

of 1 h, as not to induce bias. Previous experiments have shown that it

is difficult to keep animals stable for longer than 1 h without interven-

tions. Fluid boluses, vasopressor or ventilatory changes introduce bias

and are difficult to correct for. Another limitation is baseline differ-

ences at randomization (Table 1), showing a higher fluid balance and

norepinephrine dose in the group receiving 4-units fast. Based on

both CVP and LVEDP this group does not appear to have an increased

preload thereby directly increasing the risk of TACO. Increased nor-

epinephrine after cardiac surgery hints at a systemic inflammatory

response, the degree of which will always differ between subjects.

Finally, we did not find a transfusion volume or speed-dependent

increase in pulmonary oedema. Rather this is a hydrostatic pressure

model, an advantage being the use of syngeneic rats, which limits the

immunological component of transfusion. It cannot be ruled out that pul-

monary oedema could still develop within the 12-h TACO window. The

results of this model remain relevant, as even in the absence of pulmo-

nary oedema transfusion in ICU patients is associated with both an

increased LAP as well as increased mortality [13].

We utilized a specialized rat model involving an acute MI and transfu-

sion. This model provides a mechanistic approach to circulatory overload

and simplifies how TACO develops in humans, who are often older and

have different predisposing conditions. We have previously shown that

transfusion increases LVEDP not only after an MI but also with underlying

acute kidney injury (AKI) [14]. Therefore transfusion of RBC’s increases

Pcap in volume incompliant rats independent of cardiac function, which

broadens the generalizability of our results using an MI model.

Interestingly a recent RCT found very low incidences of acute

heart failure following liberal transfusion (3.7%) versus restrictive

transfusion (3.2%, n.s.) [34]. Unfortunately, the study did not specifi-

cally score TACO, nor was the speed of transfusion documented. The

low incidence of TACO may additionally be explained by other inter-

ventions such as routine echocardiograms and two-thirds of patients

were either already using or started on diuretics within 24-h of admis-

sion, all of which being interesting targets for TACO research.

Translating our findings will inevitably require humans studies to

guide transfusion speed. While slower is likely better, not all patients

will require this, and an individual risk-assessment should be per-

formed. Future studies using this model should also focus on interven-

tions to prevent and treat TACO, for example through loop-diuretics

or volume-reduced blood products. The upcoming challenge will be

the development of a TACO phenotype model with evident pulmo-

nary oedema, in which interventions can start targeting pulmonary

oedema. Future studies in humans should make sure transfusion

speed is equal between groups. This study paves the way to a study

in high-risk patients (i.e., non-bleeding patients >60-years-of-age with

either pre-existing renal or cardiac dysfunction) to be randomized to

receive either a split or full RBC unit over 1 or 2 h.

In conclusion, this study demonstrates a stepwise transfusion

volume-dependent increase of LVEDP which is key in the development

of TACO. Transfusion speed appears critical in developing circulatory

overload, specifically when larger volumes were transfused. Cardiac bio-

markers ANP and NT-proBNP were not correlated with the volume or

transfusion speed 1-h after transfusion. This study underlines a policy of

slow transfusion in non-urgent cases.

ACKNOWLEDGEMENTS

The authors acknowledge Adrie Maas, for his surgical expertise in

helping to perform the experiments and A.M. Tuip-de Boer for her

assistance and expertise in processing samples.

R.B.K., M.W., J.J.B., D.P.V., M.W.H., N.P.J., B.F.G. and A.P.J.V.

designed the experiment. R.B.K., M.W. and J.J.B. performed the

experiments. M.W. and J.J.T.H.R. assisted in reviewing the results.

R.B.K., J.J.B. and A.P.J.V. wrote the manuscript. All authors critically

evaluated the manuscript.

CONFLICT OF INTEREST

The authors declare that they have no competing interest.

ORCID

Robert B. Klanderman https://orcid.org/0000-0001-5820-4530

Joachim J. Bosboom https://orcid.org/0000-0003-0149-7349

REFERENCES

1. Food and Drug Administration: Fatalities reported to FDA following

blood collection and transfusion - annual summary for fiscal year

TRANSFUSION SPEED VERSUS VOLUME ON TACO 377

https://orcid.org/0000-0001-5820-4530
https://orcid.org/0000-0001-5820-4530
https://orcid.org/0000-0003-0149-7349
https://orcid.org/0000-0003-0149-7349


2018. Silver Spring–MD, USA. https://www.fda.gov/media/136907/

download 2018 Accessed May 2020.

2. Mounchili A, Leduc S, Archibald C, Miller J, Hyson C. A summary of

the transfusion transmitted injuries surveillance system: 2006–2012.
Can Commun Dis Rep. 2014;40:379–84.

3. Narayan S, Bellamy M, Spinks C, Poles D, Mistry H, Carter-

Graham S, et al. The 2019 Annual SHOT Report. https://www.

shotuk.org/shot-reports/report-summary-and-supplement-2019/

(2020). Accessed Jun 2020.

4. Hendrickson JE, Roubinian NH, Chowdhury D, Brambilla D,

Murphy EL, Wu Y, et al. Incidence of transfusion reactions: a multi-

center study utilizing systematic active surveillance and expert adju-

dication. Transfusion. 2016;56:2587–96.
5. Roubinian NH, Hendrickson JE, Triulzi DJ, Gottschall JL,

Chowdhury D, Kor DJ, et al. Incidence and clinical characteristics of

transfusion-associated circulatory overload using an active surveil-

lance algorithm. Vox Sang. 2017;112:56–63.
6. Li G, Rachmale S, Kojicic M, Shahjehan K, Malinchoc M, Kor DJ, et al.

Incidence and transfusion risk factors for transfusion-associated

circulatory overload among medical intensive care unit patients.

Transfusion. 2011;51:338–43.
7. Bosboom JJ, Klanderman RB, Zijp M, Hollmann MW, Veelo DP,

Binnekade JM, et al. Incidence, risk factors, and outcome of transfusion-

associated circulatory overload in a mixed intensive care unit population: a

nested case-control study. Transfusion. 2018;58:498–506.
8. Murphy EL, Kwaan N, Looney MR, Gajic O, Hubmayr RD,

Gropper MA, et al. Risk factors and outcomes in transfusion-

associated circulatory overload. Am J Med. 2013;126:357.e29–38.
9. Andrzejewski C Jr, Casey M, Popovsky M. How we view and

approach transfusion-associated circulatory overload: pathogenesis,

diagnosis, management, mitigation, and prevention. Transfusion.

2013;53:3037–47.
10. Wiersum-Osselton JC, Whitaker B, Grey S, Land K, Perez G,

Rajbhandary S, et al. Revised international surveillance case defini-

tion of transfusion-associated circulatory overload: a classification

agreement validation study. Lancet Haematol. 2019;6:e350–8.
11. Ganter C, Jakob S, Takala J. Pulmonary capillary pressure. A review.

Minerva Anestesiol. 2006;72:21–36.
12. Klanderman R, Bosboom J, Maas M, Roelofs JJTH, Korte D,

Bruggen R, et al. Volume incompliance and transfusion are essential

for transfusion-associated circulatory overload: a novel animal

model. Transfusion. 2019;59:3617–27.
13. Cullison M, Mahon R, McGwin G, McCarron R, Browning R, Auker C.

Blood transfusions, blood storage, and correlation with elevated pul-

monary arterial pressures. Transfusion. 2019;59:1259–66.
14. Gupta S, Nand N, Gupta M, Mohan JC. Haemodynamic changes fol-

lowing blood transfusion in cases of chronic severe anemia: increased

safety with simultaneous furosemide administration. Angiology. 1983;

34:699–704.
15. Nand N, Gupta S, Gupta M. Hemodynamic evaluation of blood trans-

fusion in chronic severe anemia with special reference to speed of

transfusion. Jpn Heart J. 1985;26:759–65.
16. Hadian M, Pinsky M. Evidence-based review of the use of the pulmonary

artery catheter: impact data and complications. Crit Care. 2006;10:S8.

17. Liu Y, Yang X, Nass O, Sabbah HN, Peterson E, Carretero OA.

Chronic heart failure induced by coronary artery ligation in Lewis

inbred rats. Am J Phys. 1997;272:H722–7.
18. Gupta S, Nand N, Gupta M. Left ventricular filling pressures after

rapid blood transfusion in cases of chronic severe anemia. Angiology.

1982;33:343–8.
19. Agrawal A, Hsu E, Quirolo K, Neumayr LD, Flori HR. Red blood cell

transfusion in pediatric patients with severe chronic anemia: how

slow is necessary? Pediatr Blood Cancer. 2012;58:466–8.
20. Goldstein J, Refaai M, Milling T Jr, Lewis B, Goldberg-Alberts R,

Hug BA, et al. Four-factor prothrombin complex concentrate versus

plasma for rapid vitamin K antagonist reversal in patients needing

urgent surgical or invasive interventions: a phase 3b, open-label, non-

inferiority, randomised trial. Lancet. 2015;385:2077–87.
21. Semple JW, Rebetz J, Kapur R. Transfusion-associated circulatory over-

load (TACO): Time to shed light on the pathophysiology. ISBT Sci Ser.

2019;14:136–9.
22. Pacher P, Nagayama T, Mukhopadhyay P, Bátkai S, Kass DA. Mea-

surement of cardiac function using pressure-volume conductance

catheter technique in mice and rats. Nat Protoc. 2008;3:1422–34.
23. Diehl K, Hull R, Morton D, Pfister R, Rabemampianina Y, Smith D, et al.

A good practice guide to the administration of substances and removal

of blood, including routes and volumes. J Appl Toxicol. 2001;21:15–23.
24. Zuurbier C, Heinen A, Koeman A, Stuifbergen R, Hakvoort TBM,

Weber NC, et al. Cardioprotective efficacy depends critically on

pharmacological dose, duration of ischaemia, health status of animals

and choice of anaesthetic regimen: a case study with folic acid.

J Transl Med. 2014;12:325.

25. Li G, Kojicic M, Reriani M, Fernández Pérez ER, Thakur L, Kashyap R, et al.

Long-term survival and quality of life after transfusion-associated pulmo-

nary edema in critically ill medical patients. Chest. 2010;137:783–9.
26. Guyton AC, Lindsey AW, Johnnie OH, John WW, Malcolm AF. Effect of

elevated left-atrial pressure and decreased plasma protein concentration

on the development of pulmonary edema. Circ Res. 1959;7:649–57.
27. Courtois M, Mechem C, Barzilai B, Gutierrez F, Ludbrook PA. Delin-

eation of determinants of left ventricular early filling. Saline versus

blood infusion. Circulation. 1994;90:2041–50.
28. Masuda R, Iijima T, Kondo R, Itoda Y, Matsuhashi M, Hashimoto S,

et al. Preceding haemorrhagic shock as a detrimental risk factor for

respiratory distress after excessive allogeneic blood transfusion. Vox

Sang. 2018;113:51–9.
29. Callum J, Waters J, Shaz B, Sloan SR, Murphy MF. The AABB recom-

mendations for the choosing wisely campaign of the American board

of internal medicine. Transfusion. 2014;54:2344–52.
30. Bosboom J, Klanderman R, Migdady Y, Bolhuis B, Veelo DP,

Geerts BF, et al. Transfusion-associated circulatory overload: a clini-

cal perspective. Transfus Med Rev. 2019;33:69–77.
31. Lieberman L, Maskens C, Cserti-Gazdewich C, Hansen M, Lin Y,

Pendergrast J, et al. A retrospective review of patient factors, trans-

fusion practices, and outcomes in patients with transfusion-

associated circulatory overload. Transfus Med Rev. 2013;27:206–12.
32. American Association of Blood Banks: Circular of information for the

use of human blood and blood components. https://www.aabb.org/

tm/coi/Documents/coi1017.pdf (2017). Accessed Jun 2020.

33. Klanderman R, Bosboom J, Migdady Y, Veelo DP, Geerts BF, Murphy MF,

et al. Transfusion-associated circulatory overload-a systematic review of

diagnostic biomarkers. Transfusion. 2019;59:795–805.
34. Ducrocq G, Gonzalez-Juanatey J, Puymirat E, Lemesle G, Cachanado M,

Durand-Zaleski I, et al. Effect of a restrictive vs liberal blood transfusion

strategy on major cardiovascular events among patients with acute

myocardial infarction and anemia: the REALITY randomized clinical trial.

JAMA. 2021;325:552–60.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Klanderman RB, Wijnberge M,

Bosboom JJ, Roelofs JJTH, de Korte D, van Bruggen R, et al.

Differential effects of speed and volume on transfusion-

associated circulatory overload: A randomized study in rats.

Vox Sang. 2022;117:371–8.

378 KLANDERMAN ET AL.

https://www.fda.gov/media/136907/download
https://www.fda.gov/media/136907/download
https://www.shotuk.org/shot%2010reports/report%2010summary%2010and%2010supplement%20102019/
https://www.shotuk.org/shot%2010reports/report%2010summary%2010and%2010supplement%20102019/
https://www.aabb.org/tm/coi/Documents/coi1017.pdf
https://www.aabb.org/tm/coi/Documents/coi1017.pdf

	Differential effects of speed and volume on transfusion-associated circulatory overload: A randomized study in rats
	INTRODUCTION
	MATERIALS AND METHODS
	Animal procedures
	Cardiac catheterization and line placement
	Isovolemic anaemia and first hit - Myocardial ischemia
	Randomization and second hit - Transfusion
	Tissue harvesting and laboratory methods
	Outcomes
	Sample size
	Statistical analysis


	RESULTS
	Isovolemic anaemia, validation of myocardial dysfunction and characteristics
	Changes in LVEDP between volume transfused and speed of infusion
	Changes in haemodynamics following transfusion
	Pulmonary outcomes
	Biomarkers

	DISCUSSION
	Cardiac overload biomarkers

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES


