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Background. Stored red blood cells (RBCs) accumulate biochemical and biophysical changes, known as storage 
lesion. The aim of this study was to re-challenge current data that anaemia in chronically anaemic haematology 
patients is not associated with low skeletal muscle tissue oxygen (StO2), and that RBC storage age does not influence 
the tissue response after ischaemic provocation, using near-infrared spectroscopy.
Patients and methods. Twenty-four chronic anaemic haematology patients were included. Thenar skeletal muscle 
StO2 was measured at rest (basal StO2), with vascular occlusion testing (upslope StO2, maximum StO2) before and after 
transfusion. 
Results. Basal StO2 was low (53% ± 7%). Average RBC storage time was 10.5 ± 3.9 days. Effects of RBC transfusions 
were as follows: basal StO2 and upslope StO2 did not change significantly; maximum StO2 increased compared to 
baseline (64 ± 14% vs. 59 ± 10%, p = 0.049). Change of basal StO2, upslope StO2 and maximum StO2 was negatively 
related to age of RBCs. The decrease of maximum StO2 was predicted (sensitivity 70%, specificity 100%), after receiv-
ing RBCs ≥ 10days old.
Discussion. Resting skeletal muscle StO2 in chronic anaemic patients is low. RBC storage time affects skeletal muscle 
StO2 in the resting period and after ischaemic provocation. 
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Introduction

Anaemia is state of decreased blood oxygen car-
rying capacity.1 Acute anaemia is associated with 
increased tissue oxygen extraction.2 On the other 
hand, with chronic anaemia human body has time 
to at least partially adapt to decreased blood oxy-
gen carrying capacity.3,4

Near-infrared spectroscopy (NIRS) is non-in-
vasive method to assess tissue oxygenation (StO2) 
and estimate tissue haemoglobin (THb) levels.5 We 
have studied skeletal muscle StO2 in critically ill 
patients with preserved oxygen (i.e., cardiogenic 

shock) and with impaired oxygen extraction (i.e., 
septic shock).6-9 In addition to measuring resting 
StO2, we performed vascular occlusion tests to stop 
arterial blood flow, to estimate oxygen consump-
tion, and at the end of the occlusion, it was also 
possible to estimate vascular reactivity and maxi-
mal reperfusion capability.10 

Under acute blood loss in trauma patients, the 
skeletal muscle StO2 measured by NIRS correlates 
with blood haemoglobin (Hb) and delivery of oxy-
gen, and can easily detect latent stage of haemor-
rhagic shock.11 Unexpectedly, chronically anaemic 
haematology patients with preserved oxygen ex-
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traction capability did not show low skeletal StO2 
and THb index despite their severe anaemia, which 
is what would be predicted from normal physio-
logical responses.12

It is known that there are structural and func-
tional changes to RBCs during storage. Recent 
study detected deleterious effects of RBC storage 
on microvascular responses to transfusion in stable 
anaemic trauma patients.13

The aim of the present study was to re-challenge 
the current data that anaemia in chronically anae-
mic haematology patients is not associated with 
low skeletal muscle StO2, and that the age of RBCs 
does not influence tissue responses. We investigat-
ed these aspects using improved technology NIRS 
devices, for deeper tissue penetration and removal 
of the superficial signal from the skin.

Materials and methods

The study was approved by the National Medical 
Ethics Committee of the Republic of Slovenia 
(N°117/06/12, 29.06.2012). All of the patients were 
informed of the goals of the study, and signed their 
written consent. This study was carried out accord-
ing to the Helsinki-Tokyo Declaration. 

Patients

This prospective observational study includ-
ed patients that were treated in the Outpatient 
Haematology Clinic of Clinical Department 
of Haematology, University Medical Centre 
Ljubljana. All of the patients included were in need 
of a blood transfusion, which was ordered by treat-
ing physicians who were not involved in the study. 
The exclusion criteria were age <18 years, and pa-
tient rejection of participation.

Transfusions

Leucodepleted RBC units in saline-adenine-glu-
cose-mannitol additive solution and with maximal 
allowed haemolysis of 0.8% were acquired from 
the Blood Transfusion Centre of Slovenia. The pa-
tients were transfused with two units of RBCs with 
maximal age difference of 3 days. 

Near-infrared spectroscopy 
measurements and analysis

The thenar skeletal muscle StO2 and THb concen-
trations were measured with tissue spectrometer 
(Equanox 7600; Nonin Medical, Minnesota,USA). 
The electrode (8004CA, Equanox Advance Sensor, 
Nonin Medical) was placed on the thenar eminence 
to measure the maximum resting StO2. During 
measurements, there were no additional treatment 
procedures in place, except for the RBC transfu-
sion. All of the patients were positioned in a semi-
recumbent position.

In this resting period before the transfusion and 
after StO2 signal stabilisation, the basal StO2(%) 
and THb(g/l) were determined. Then vascular-
occlusion test was performed, as reported previ-
ously.6 In short, a sphygmomanometer cuff was 
placed over the brachium, and the pressure cuff in-
flation was taken to 60 mmHg over systolic blood 
pressure, to stop the blood flow in brachial artery. 
The StO2 decreased during this arterial occlusion, 
which was measured as the downslope StO2 (%/
min). After reaching a StO2 of 40% (the minimum 
StO2) the cuff was released, and the StO2 and THb 
continuously measured for an additional 5 min 
(Figure 1). During this reperfusion, the StO2 in-
creased rapidly, as the upslope StO2 (%/min), and 
usually reached values higher than the basal StO2, 
to give the maximum StO2 (%). The same procedure 
was carried out 30 min after the RBC transfusion.

These time-dependent StO2 values were con-
tinuously saved using the RealTerm software  

FIGURE 1. Schematic presentation of thenar skeletal muscle StO2 before, during 
and after the vascular occlusion tests. Before the vascular occlusion, the StO2 is 
measured in the resting period (1, basal StO2). During the vascular occlusion, the 
StO2 gradually decreases. The rate of this decrease is determined from the curve 
as the downslope StO2 (2; %/min), as a surrogate of the tissue oxygen consumption. 
After reaching the predetermined minimum StO2, present here as 40% StO2 (3), the 
vascular occlusion is released, and the StO2 begins to rise again. The rate of this 
increase is determined from the curve as the upslope StO2 (4; %/min), as a surrogate 
marker of the microcirculatory reactivity. After the release of the occlusion, the 
StO2 increases to higher values compared to the basal StO2 due to post-ischaemic 
vasodilatation (5, maximum StO2). The StO2 then slowly returns to the basal StO2.
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(http://realterm.sourceforge.net), which allowed a 
1-Hz sampling rate. The data acquired were fur-
ther analysed off-line using the Microsoft Excel 
2010 software (Microsoft, WA, USA). 

All of the NIRS measurements were carried out 
without knowing the exact age of RBCs.

Vital functions measurements

Heart rate and systolic and diastolic blood pres-
sures were measured (IntelliVueMP30, Philips 
Healthcare, Netherlands) before and after the trans-
fusions, 5 min before NIRS measurements. Blood 
pressure was measured on the opposite hand to that 
used for NIRS measurements. Thenar skin tempera-
ture was measured immediately before NIRS meas-
urements with a non-contact infrared clinical ther-
mometer (Geratherm Medical AG Germany) (meas-
uring range 34.0°C to 42.2°C, accuracy of ± 0.2°C). 

Laboratory measurements

The Hb(g/L) and haematocrit before the transfu-
sions were acquired according to routine labora-
tory tests (CoulterLH750 Haematology Analyser, 
Beckman Coulter Inc, USA). 

Statistics

The normal distribution of the data was tested us-
ing D’Agostino-Pearson tests. The data are given 
as means ± standard deviation (SD), as medians 
and 95% confidence interval (95% CI), or as abso-
lute values (percentages based on the whole group 
or subgroup). Effects of transfusion on different 
variables were tested with paired samples T-test. 
Regression analysis was performed using Analysis 
of variance to test the effects of age of RBCs. ROC 
analysis and interactive dot diagram were used to 
find the age of RBCs, which predicted divergent re-
sponse. MedCalc 13.0 software (MedCalc Software, 
Belgium) was used. P < 0.05 was considered as sta-
tistically significant.

Results
Before the RBC transfusions

Twenty-seven patients were initially included in 
the study. Two patients were excluded from fur-
ther analysis due to technical difficulties while re-
cording the NIRS, one because of received 3 units 
of RBCs. In remaining 24 patients, 11 (46%) were 
female. The mean age of the patients was 65 ± 12 

years. Myelodysplastic syndrome was the cause of 
anaemia in 16 (67%) patients, plasmacytoma in 4 
(17%), leukaemia in 3 (12%), amyloidosis in 1 (4%). 
The demographic data, laboratory values, haemo-
dynamic variables and skeletal muscle NIRS data 
of the patients before transfusion are presented in 
Table 1. 

In all patients received 2 units of RBCs. The av-
erage storage time of the RBCs was 10.5 ± 3.9days. 

After the RBC transfusions

Compared to baseline Hb (77.9 ± 12.4 g/L vs. 94.4 ± 
17.4 g/L, p < 0.01) and haematocrit (0.23 ± 0.04% vs 
0.30 ± 0.03%, p < 0.01) increased after transfusion.

Systolic arterial pressure appeared not to be 
greatly affected by the RBC transfusions (122 ± 19 
mm Hg vs. 124 ± 21 mm Hg, p = 0.5). Diastolic arte-
rial pressure increased (68 ± 10 mm Hg vs. 77 ± 16 
mm Hg, p = 0.013) and heart rate decreased after 
transfusion (78 ± 17 bpm vs. 73 ± 17 bpm, p = 0.01) 
after transfusion.

TABLE 1. Demographics, laboratory, haemodynamic and 
skeletal muscle NIRS variables of the patients before the RBC 
transfusions

Characteristic All patients
(n = 28)

Demographics

Female [n (%)] 13 (46)

Age (years) 65 ±12

Laboratory data

Haemoglobin (g/L) 77.9 ± 12.4

Haematocrit (%) 0.23 ± 0.04

Haemodynamics

Systolic blood pressure (mm Hg) 122 ± 19

Diastolic blood pressure (mm Hg) 68 ± 10

Heart rate (beats/min) 78 ± 17

Thenar skin temperature (°C) 35.6 ± 0.6

NIRS in resting conditions

Basal StO2, % 53 ± 7

Tissue haemoglobin (g/L) 1.13 ± 0.14

NIRS: during vascular occlusion test

Downslope StO2 (%/min) -9.4 ± 4.6

Minimum StO2 (%) 39 ± 5

Upslope StO2 (%/min) 78 ± 51

Maximum StO2 (%) 59 ± 10

Data are means ± SD
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The thenar skin temperature remained un-
changed, while THb increased after transfusion 
(1.13 ± 0.14 g/L vs. 1.22 ± 0.17 g/L, p = 0.006).

Basal StO2 under resting conditions before the 
vascular occlusion did not differ significantly be-
fore and after RBC transfusion (53 ± 7% vs. 55 ± 7%, 
p = 0.10). As well there was no significant change 
of the downslope StO2 (-9.4 ± 4.9%/min vs. -10.3 ± 
8.4 min, p = 0.29), the minimum StO2 (39 ± 5% vs. 
40 ± 3%, p = 0.57) and the upslope StO2 (78 ± 51%/
min vs. 82 ± 59/min, p = 0.736). The maximum StO2 
values increased after RBCs transfusion compared 

to pre-transfusion measurements (64 ± 14% vs. 59 ± 
10%, p = 0.049).

The age of RBCs transfused influenced the skel-
etal muscle StO2 in resting conditions and during 
vascular occlusion testing. With increasing age 
the basal StO2 increased less (basal StO2 = 9.3124-
0.7016 * age of RBCs in days; slope CI95%: -1.3467 
to -0.0565, p = 0.0344) (Figure 2A). While receiving 
RBCs ≥ 10days old, the decrease of basal StO2 was 
predicted with sensitivity 63.6% and specificity 
61.5% (Figure 2B). Upslope StO2 was also nega-
tively related to the age of RBCs (upslope StO2 = 
64.3744 - 5.9782 * age of RBCs in days; slope CI95% 
: -11.5759 to -0.380, p = 0.0374); while receiving 
RBCs ≥ 10days old, the decrease of the upslope 
StO2 was predicted with sensitivity 63.6% and 
specificity 61.5% (Figures  3A, 3B). The change of 
maximum StO2 was negatively relate to RBCs age 
(Maximum StO2 = 20.8870  + -1.4950* age of RBCs in 
days; slope CI95% : -2.7347 to -0.2553, p = 0.0203); 
while receiving RBCs ≥ 10days old, the decrease of 
the maximum StO2 was predicted with sensitivity 
70% and specificity 100%. There was no relation-
ship between change of Hb, THb and downslope 
StO2 with age of RBCs. 

Discussion

Our findings confirm the low resting thenar skel-
etal muscle StO2 in chronic anaemic haematology 
patients, and also the positive effects of RBCs on 
maximum StO2 after vascular occlusion test- after 
reperfusion. Age of RBCs was negatively related to 
change of basal, upslope and maximum StO2; age 
of RBCs ≥ 10days was found to predict divergent 
response of skeletal muscle StO2 different respons-
es of skeletal muscle StO2. 

In these patients, the resting StO2 (53% ± 7%) 
was lower than that expected for normal healthy 
volunteers (83% ± 4%).6 Studies that have includ-
ing patients with acute anaemia have also reported 
low skeletal muscle StO2. On the other hand, sur-
prisingly, Yurku et al. did not detect such expected 
low StO2 of thenar eminence in anaemic haematol-
ogy outpatients12, although their RBC transfusions 
were successful in improving these variables. The 
explanation for these contradictory data prob-
ably lies with the NIRS probe they used (length 
15 mm; penetration, ca.7 mm). Their kind of probe 
mainly detects changes in skin and subdermal tis-
sue, which is, however, not the main issue in clini-
cal use of NIRS.14 The thenar skin and subdermal 
tissue are 3–4 mm thick, and these layers are even 

FIGURE 2. Effects of the age of the RBCs for the transfusions on the basal StO2. 
(A) Regression/analysis of variance. (B) ROC analysis, interactive dot diagram for 
optimal effect separation.

Prediction line (solid lines); 95% confidence line (dashed lines)

y = 9,3124  +  -0,7016  x  

Parameter Coefficient Std. Error 95% CI t P

Intercept 9,3124 3,3712 2,3209 to 16,3039 2,7623 0,0114

Slope -0,7016 0,3111 -1,3467 to -0,05654 -2,2556 0,0344

F-ratio 5,0878

Significance level P = 0,034

A

B
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thicker for oedematous patients. By using probes 
with deeper penetration or devices that can filter 
out superficial layers and bones, the organ/skeletal 
muscle StO2 can be better monitored, which is also 
more interesting for daily clinical practice (i.e., the 
device used in the present study). The importance 
of the probe and site has been shown previously.15,16 
Superficial structures are more prone to changes in 
peripheral circulation and ambient temperature.17 

Our data that show here that skeletal muscle 
StO2 in the resting period is influenced by age of 
the RBCs is supported by Leal-Noval et al., who 
showed increases in cerebral oxygenation in pa-
tients with severe traumatic brain injury if the 
RBCs were stored for < 19 days. Their data sug-
gested an inverse association between increments 
in brain oxygen tension and RBC storage time.18

Kiraly et al. using 25 mm NIRS showed probe, 
that transfusion of older RBCs ( > 21 days) resulted 
in decreased skeletal muscle StO2 in critically in-
jured trauma patients. They reported a moderate 
correlation between increasing age of blood and 
decrease of oxygenation.19

Recent study also confirmed the deleterious ef-
fects of RBC storage on microvascular responses to 
transfusion in trauma patients.13 The transfusion 
of relatively older RBC units was associated with a 
decline in both StO2 and perfused capillary vascu-
lar density. They even predicted a mean decrease 
in StO2 during the duration of the transfusion that 
was related to the RBC age (-0.1064 × age of trans-
fusion in days). 

Other studies carried out in septic patients did 
not confirm the present data that the age of the 
blood has an impact on the tissue saturation meas-
ured in the resting period.20,21 Patients in sepsis/
septic shock have imbalanced autoregulation of the 
blood flow in their peripheral tissues.10 Volume re-
suscitated anaemic septic patients already have rel-
atively high resting skeletal muscle StO2. Roberson 
et al. did not find any differences in StO2 of the 
brain and of the thenar muscle of healthy volun-
teers after transfusion of one unit of RBCs that was 
either 7 or 42 days old.22

In the present study, the divergent responses of 
resting thenar skeletal muscle StO2 after receiving 
old blood could not be simply explained by an el-
evation of their blood Hb content only in the pa-
tients treated with fresh blood, which will lead to 
the increases in the oxygen delivery to the tissue, 
because there was no relationship between Hb or 
THb and age of RBCs. There is another explana-
tion possible. In most tissues ratio of the arteriole to 
capillary to venous compartments is approximate-

ly 10:20:70.23 In case of a ratio change due to bene-
fits for the arterial or capillary parts in comparison 
to the venous part, we might expect an elevation 
of StO2 in the resting period, without considering 
the equal increases in THb concentrations. The 
differences between these vascular compartments 
might be changed to the benefit of the arterial and 
capillary systems in the patients treated with fresh 
blood because of less disturbance of nitric oxide 
(NO) metabolism in these fresher RBCs, with fewer 

y = 64,3744  +  -5,9782  x  

Parameter Coefficient Std. Error 95% CI t P

Intercept 64,3744 29,2528 3,7077 to 125,0410 2,2006 0,0386

Slope -5,9782 2,6991 -11,5759 to -0,3805 -2,2149 0,0374

F-ratio 4,9056

Significance level P = 0,037

FIGURE 3. Effects of the age of the RBCs for the transfusions on the upslope StO2. 
(A) Regression/analysis of variance. (B) ROC analysis, interactive dot diagram for 
optimal effect separation.

Prediction line (solid lines); 95% confidence line (dashed lines

A

B
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degraded RBC products and a lower free Hb con-
tent, which are all NO-scavenging substances.24 

It was shown that NO metabolism becomes dis-
turbed in blood with storage duration > 14 days.24 
Using competition kinetics analysis, it was also re-
cently demonstrated that compared with freshly 
prepared RBCs, the consumption rates of NO in-
crease approximately 40-fold and NO-dependant 
vasodilatation is inhibited 2–4-fold in 42-day-old 
RBCs.13 

This decreased vascular reactivity (upslope and 
maximum StO2) found in patients treated with 
older blood can also be explained in terms of more 

disturbance of NO metabolism in older blood.24 
NO has an important effect on vascular homeosta-
sis, which is known as NO-based vasodilatation.24 
Post-ischaemic hyperaemia, which develops with 
vascular occlusion, is one of the most important 
and reproducible indicators of microcirculatory 
responses.25 

Bennett-Guerrero et al. studied effects of 
storage on the deformability of RBCs, on RBC-
dependent vasoregulation, and on the changes in 
S-nitrosohaemoglobin (SNO-Hb) concentrations.26 
They observed significant drop in SNO-Hb con-
centrations in RBCs only 3h after blood donation, 
which might have been a reason for decreased va-
sodilatation after RBC transfusions. Reynolds et al. 
determined that there is possible regeneration of 
SNO-Hb in the received RBCs in vivo, which ena-
bles RBC-dependent vasodilatation and optimisa-
tion of blood perfusion through the peripheral tis-
sues.27 

The present study poses some new questions. 
Further studies should focus on the effects of NO 
scavenging in RBCs that are stored for longer; also, 
whether aged RBCs can also be used as a therapeu-
tic option, such as for septic patients, who have ex-
cessively induced NO synthesis. 

Conclusions

The resting skeletal muscle StO2 in chronically 
anaemic haematology patients is low. The RBC 
storage time affects the skeletal muscle tissue oxy-
genation of these patients.
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