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Abstract Purpose: The aim of
this study was to explore the effect of
red blood cell (RBC) transfusion on
microdialysis-assessed interstitial
fluid metabolic parameters in septic
patients. Methods: We conducted a
retrospective study of 37 patients with
severe sepsis/septic shock requiring
transfusion of one to two RBC units.
Interstitial fluid metabolic alterations
were monitored by a microdialysis
catheter inserted in the subcutaneous
adipose tissue. Samples were col-
lected before (TO) and after
transfusion at two time-points: Tla
and T1b; median post-transfusion
times of 120 [interquartile range
(IQR); 45-180] and 360 (IQR;
285-320) min. Lactate, pyruvate,
glycerol and glucose concentrations
were measured with a bedside ana-
lyzer, and the lactate/pyruvate (LP)
ratio was calculated automatically.

Results: RBC transfusions
decreased the LP ratio from (TO)
18.80 [interquartile range (IQR);
14.85-27.45] to (T1a) 17.80 (IQR;
14.35-25.20; P < 0.05) and (T1b)
17.90 (IQR; 14.45-22.75;

P < 0.001), while there was also
significant interindividual variation.
Post-transfusion LP ratio changes at
Tla [r = —0.42; 95 % confidence
interval (CI), —0.66 to —0.098;

P =0.01]and T1b (r = —0.68; 95 %
[CI], —0.82 to —0.44; P < 0.001)
were significantly correlated with the
pre-transfusion LP ratio, but not with
baseline demographic characteristics,
vital signs, severity scores, hemoglo-
bin level and blood lactate. RBC
storage time and leukocyte reduction
had no influence on the tissue meta-
bolic response to transfusion.
Conclusions: Tissue oxygenation is
affected by RBC transfusion in criti-
cally ill septic patients. Monitoring of
tissue LP ratio by microdialysis may
represent a useful method for indi-
vidual clinical management.
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Introduction

Anemia is very common among critically ill patients [1],
and more significant in septic than non-septic subjects [2].
It is therefore not surprising that septic patients frequently
receive red blood cell (RBC) transfusions during their
intensive care unit (ICU) stays.

Since the publication of the TRICC trial [3], transfusion
practices have shifted away [4] from the “10/30 rule” [5].
This trend was reinforced by numerous observational studies
showing a worrisome association of RBC transfusion with
mortality and other relevant clinical outcomes [6-9].
Undoubtedly, the ultimate goal of blood transfusion is the
correction of tissue hypoxia, not the restoration of systemic
hemodynamics or the achievement of an arbitrary hemo-
globin value. Therefore, and despite the endorsement of
RBC transfusion by either early-goal directed sepsis therapy
[10] or the Surviving Sepsis Campaign Guidelines [11], itis
obvious that there is no “one size fits all” hemoglobin trig-
ger, and the decision to transfuse should take into
consideration the tissue oxygenation status. Various markers
of impaired global oxygenation (such as lactate, oxygen
extraction ratio and venous oxygen saturation) have been
studied as transfusion triggers [5, 12—14]. Unfortunately, in
sepsis global oxygenation markers do not accurately reflect
regional oxygenation because of microcirculation abnor-
malities and shunting [15].

Until the last decade, the lack of appropriate noninvasive
techniques to monitor tissue hypoxia in vivo had hampered
the study of the RBC transfusion effect on tissue oxygena-
tion. Recently, orthogonal polarization spectral imaging
(OPSI) and near-infrared spectroscopy (NIRS) techniques
have been employed to evaluate the effect of RBC transfu-
sion on the microcirculation [16] and tissue oxygenation [17]
of septic patients. Neither of them showed a consistent effect
of RBC transfusion despite remarkable interindividual var-
iation. In addition, even if the total vascular density, perfused
capillary density and tissue hemoglobin index had been
significantly altered by RBC transfusion, this would not
necessarily equate to improved cellular metabolism since
sepsis is also characterized by marked mitochondrial dys-
function and cytopathic hypoxia [18].

Microdialysis (MD) is a minimally invasive and quite
easy to perform bedside technique allowing continuous
study of the tissue metabolic status. The measured
metabolites provide information regarding the tissue
redox status (lactate/pyruvate ratio, LP ratio), substrate
availability (glucose) and degradation of glycerophos-
pholipids in cell membranes (glycerol) [19]. Our research
group has previously shown that MD can detect tissue
metabolic abnormalities that differ in relation to the sepsis
stage and hold prognostic potential [20, 21].

Even though the effect of transfusion on the MD-
assessed LP ratio has been studied in patients with trau-
matic brain injury [22], to our knowledge, no clinical

study has examined whether RBC transfusions affect
tissue metabolism in septic patients. The aims of this
study including septic, critically ill patients were: (1) to
evaluate the effects of RBC transfusion on tissue metab-
olism, especially as judged by alterations of the LP ratio,
using the MD technique, and (2) to search for possible
correlation of these effects with the RBC storage time and
prior leukocyte reduction.

Methods
Study population

The protocol was approved by the hospital’s Ethics
Committee, and informed consent was obtained from
patients’ relatives. In this retrospective study, we
reviewed prospectively collected data from a convenience
sample of critically ill, septic patients admitted to the
25-bed mixed adult ICU of a tertiary university hospital
between March 2008 and July 2011. Critically ill patients
analyzed in the current study are partly shared with other
studies/publications by our research group [20, 21].

A patient was specifically included if he/she met the
following criteria: (1) diagnosis of severe sepsis/septic
shock and (2) indication for RBC transfusion as estab-
lished by the attending physician. Sepsis presence and
stages were diagnosed and defined, respectively, accord-
ing to the criteria exemplified by the American College of
Chest Physicians/Society of Critical Care Medicine
Consensus Committee [23].

According to the research protocol, MD sampling was
performed every 4 h for 6 days after sepsis onset. We
defined as observation period of the relevant MD parameters
the nearest 4-h time-point before (TO) and the two—spaced
4 h apart—sampling points (T1a and T1b) after the trans-
fusion (details of the study time-line are presented in Fig. 1).
We chose this post-transfusion monitoring period because,
even though the required time for the transfusion of each
RBC unit was the same (approximately 1 h), the exact time
points were not standardized. According to our study design,
MD monitoring in our ICU should not impose any interfer-
ence with usual patient care; the exact standardization of
transfusion in relation to the assessment time-points could be
considered as a type of therapeutic interference.

In order to minimize the effect of other concurrently
performed therapeutic interventions on our patients’ tis-
sue metabolism and microcirculation and make our results
comparable to similar research projects, we adopted the
design and exclusion criteria of the previous studies in the
field [16, 17]: a patient was excluded from our study if the
doses of inotropic/vasopressor drugs and analgesic/seda-
tive agents were modified during the 4-h period preceding
transfusion and the 8-h period that included the time
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Fig. 1 Schematic drawing of study protocol

necessary for the transfusion and for extended monitoring.
In addition, the presence of shock other than septic (i.e.,
hemorrhagic shock and active bleeding), the administra-
tion of a fluid challenge during the monitoring period and
the lack either of a pre- or a post-transfusion MD sample
represented exclusion criteria.

Microdialysis measurements and analysis

The details and potential applications of this technique
have been detailed elsewhere [19]. Briefly, a microdi-
alysis catheter (CMA 60, CMA Microdialysis AB,
Stockholm, Sweden) is inserted upon sepsis onset under
sterile conditions into the upper thigh’s subcutaneous
adipose tissue, and the collected samples are analyzed for
lactate, pyruvate, glycerol and glucose by an automatic
analyzer (CMA 600 Microdialysis Analyzer, CMA
Microdialysis AB, Stockholm, Sweden).

The relative MD LP ratio change was defined by the
equation [(MD LP ratio post-transfusion — MD LP ratio
pre-transfusion)/MD LP ratio pre-transfusion] x 100 %,
where MD LP ratio post-transfusion was the measurement
after transfusion at the time points Tla or T1b, and MD
LP ratio pre-transfusion was the measurement at the time
point TO before transfusion.

Statistical analysis

Descriptive statistics were computed for all study vari-
ables. Data were tested for normal distribution by the
Kolmogorov-Smirnov normality test. Results are pre-
sented as mean = standard deviation (SD), medians
(interquartile range: IQR) and counts (percentages), as
appropriate, whereas differences between groups were
assessed using a chi-square, Fisher’s exact test and Mann-
Whitney U test, as indicated. Spearman (p) and Pearson
(r) correlation coefficients assessed the associations
between variables. In addition, where applicable, a linear

regression line was computed with a 95 % confidence
interval (CI). We employed the Friedman test with Dunn
test correction and repeated-measures analysis of variance
with Bonferroni’s correction to compare the evolution of
non-normally and normally distributed variables in time.

All statistics were two-tailed, and P < 0.05 was con-
sidered statistically significant in all analyses. Statistical
analysis was performed using GraphPad Prism 5.00 for
Windows (GraphPad Software, San Diego, CA, USA) and
IBM SPSS Statistics 20.0 for Mac Os.

In the electronic supplementary material (ESM), we
provide additional data on data collection and measure-
ments, microdialysis technique, RBC transfusion
characteristics and statistical analysis [24-28].

Results
Study population

We initially screened 143 septic, critically ill patients.
Among them, 63 (44.0 %) were transfused. We excluded
data from 15 patients because doses of inotropic/vaso-
pressor drugs and analgesic/sedative agents had been
modified during the observation period, and 11 patients
for technical reasons (insufficient sample, accidental
catheter removal, etc.). Therefore, we finally recruited 37
patients. The details of their baseline characteristics are
presented in Table 1.

Transfusion characteristics

The mean time elapsed from sepsis onset to transfusion
was 5.8 & 1.5 days. Five patients had received transfu-
sions more than 48 h prior to protocol enrollment.
Four patients (10.8 % of the whole cohort) received two
RBC units. The median post-transfusion times until
the first (T1a) and second (T1b) MD measurement were
120 (IQR; 45-180) and 360 (IQR; 285-320) min,
respectively.

After transfusion, mean arterial pressure (MAP)
increased from 79 £ 9to 82 + 10 (Tla vs. TO: P < 0.05)
and 83 £ 10 mmHg (T1b vs. TO: P < 0.001), and
hemoglobin concentration increased from 7.17 £ 0.99 to
8.27 £ 1.13 (Tlavs. TO: P < 0.001) and 8.20 £ 1.14 g/dl
(T1b vs. TO: P < 0.001). We observed no other statistically
significant change in arterial blood gases and vital signs
(Table 2).

Transfusion effect on microdialysis-assessed LP ratio

Overall, RBC transfusion did not alter any of the MD-
assessed parameters (i.e., lactate, pyruvate, glycerol and
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Table 1 Baseline characteristics of the study population glucose) or blood lactate (Table 2). However, it was
associated with a statistically significant decrease of the
MD LP ratio from TO [18.80 (IQR); 14.85-27.45] to Tla
[17.80 (IQR); 14.35-25.20) (T1a vs. TO: P < 0.05) that

persisted 4 h later at Tlb [17.90 (IQR); 14.45-22.75]

Whole
cohort (n = 37)

Variables

Demographic data

Age (years) 66 (56-74) (P < 0.001) (T1b vs. TO: P < 0.001).

Igla.‘l‘? _g‘;“rbdetr (%) 17 (45.9) We observed interindividual variation (Fig. 2); 25
COlI,:ll(C)IL'lbid;ltiZS (%) (67.6 %) .patien.ts showed a MD LP ratio decr.ease
Hypertension 15 (40.5) between time points TO and T1a, and 32 (86.4 %) patients
CAD/CHF 13 (35.1) showed a MD LP ratio decrease between time points TO
Diabetes mellitus 9 (24.3) and T1b. In only three (8.1 %) transfusion episodes, we
COPD 6 (16.2)

Chronic renal insufficiency 6 (16.2)

Cirrhosis 3 (8.1)

Malignancy 9 (24.3) 50 -

Acute illness L N

APACHE 1I score 20 (17-23) S

SOFA score 6 (5-9)

Mechanical ventilation (%) 37 (100.0) R

Renal replacement therapy (%) 10 (27.1) 40+

Hydrocortisone treatment (%) 24 (64.8)

Noradrenaline infusion rate (mcg/kg/min)*
Type of infection (%)

0.08 (0.05-0.19)

o)
Pneumonia 16 (43.2) 2 304
Intra-abdominal infection 7 (18.9) =
Skin-soft tissue infection 1(2.7) o
Other infections 13 (35.1) a
Outcomes =
Mortality (%) 20
28 day 14 (37.8)
90 day 23 (62.1)
ICU length of stay (days) 25 (11-48)
Data are presented as medians (interquartile range) or counts 10

(percentages) as indicated

APACHE acute physiology and chronic health evaluation, CAD/
CHF coronary artery disease/congestive heart failure, COPD To T1a T1b
chronic obstructive pulmonary disease, /CU intensive care unit,
SOFA sequential organ failure assessment

* Tt refers only to patients in septic shock

Fig. 2 Individual values of the MD LP ratio before (TO) and after
(T1a and T1b) transfusion in septic patients

Table 2 Physiologic and microcirculatory variables before and after transfusion

Variables Whole cohort (n = 37)

Baseline (TO) Post-transfusion (T1a) Post-transfusion (T1b)

Mean arterial pressure (mmHg) 79 +£9 82 £+ 10°
Heart rate (beats per min) 92 + 20 93 £+ 20
Temperature (°C) 36.7 £ 0.9 36.8 £ 0.8
p 7.42 £+ 0.08 7.41 £ 0.08
PaO, (mmHg) 115 £ 29 110 £ 28
PaO,/FiO, 238 £ 91 244 £+ 101
PaCO, (mmHg) 38 £8 39+ 8

Hb concentration (g/dl) 72+ 1.0 83+ 1.1°

MD LP ratio

MD lactate (mmol/l)
MD pyruvate (pmol/l)
MD glycerol (pumol/l)
MD glucose (mmol/l)
Blood lactate (mmol/1)

18.80 (14.85-27.45)
2.20 (1.45-3.20)
112.0 (60.0-164.0)
288.0 (130.5-498.0)
6.50 (3.20-8.95)
1.30 (1.00-2.20)

17.80 (14.35-25.20)*
2.30 (1.35-3.00)
120.0 (70.0-178.0)
279.0 (130.5-503.0)
7.20 (3.00-9.25)
1.40 (1.10-1.75)

83 + 10°
92 4+ 19
36.8 + 0.8
7.41 £ 0.08
104 £ 29

82+ 1.1°

17.90 (14.45-22.75)°
2.30 (1.60-3.10)
126.0 (79.5-168.0)
300.0 (163.5-446.5)
6.50 (4.15-9.10)
1.30 (0.95-1.70)

Data are presented as mean & SD or medians (interquartile range) @ p < (.05 compared with pre-transfusion baseline

as indicated
Hb hemoglobin, LP lactate/pyruvate, MD microdialysis, PaO,
partial oxygen pressure, PaCO, partial carbon dioxide pressure

® P <0.001 compared with baseline
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found an initial drop of MD LP ratio followed by a later
rebound to higher values.

There was no significant correlation between the relative
change in MD LP ratio (T1a-T0) and age (Spearman
p = 0.14; P = 0.41), gender (p = —0.28; P = 0.09), sepsis
day on transfusion (p = 0.27; P = 0.10), SOFA score
(p = —0.28; P = 0.09), pre-transfusion MAP (p = 0.16;
P = 0.35), pre-transfusion heart rate (p = —0.26;
P = 0.12), vasopressor dose (p = —0.19; P = 0.27), blood
lactate (p = —0.30; P = 0.07) and post-transfusion Hb
level increment (p = 0.01; P = 0.94). Similar results were
obtained from the correlation analysis of the relative change
in the MD LP ratio (T1b-T0) and the previously mentioned
parameters.

The relative change in the MD-assessed LP ratio was
negatively correlated to the MD LP ratio (TO) at both
post-transfusion time points (at Tla: r = —0.42 [—0.66 to
—0.098]; P =0.01 and at Tlb: r = —0.68 [—0.82 to
—0.44]; P < 0.001 (Fig. 3 and ESM Fig. 1). The strength
of correlation did not differ significantly between the two
time points (z statistic = —0.94, P = 0.35). We repeated
the analysis by plotting the absolute MD LP ratio changes
versus baseline MD LP ratio, and the results stayed
materially unchanged: the delta MD LP ratio (T1a-TO)
versus the MD LP ratio: r = —0.52; P = 0.001 and the
delta MD LP ratio (T1b-TO) versus the MD LP ratio:
r = —0.80; P < 0.0001. After transfusion, patients with a
baseline tissue LP ratio higher versus lower than 25
showed a larger relative LP ratio decrease (at Tla:
—109 £ 8.7 % vs. —1.2 &= 15.2 %; P = 0.02 and at T1b:
—204 £ 7.8 % vs. —34 £ 169 %; P <0.001) (ESM
Fig. 2). Of note, patients with baseline LP ratio higher
versus lower than 25 did not differ in their demographic

N »

o o o
1 1 1
[ ]

Delta MD LP ratio (T1a-T0), %
N
o

MD LP ratio (T0)

Fig. 3 Scatter plot representing the baseline MD LP ratio (TO)
(x-axis) and the relative change in MD LP ratio (T1a-TO) [delta
MD LP ratio (T1a-T0), %, y-axis]. Linear regression (solid line)
with 95 % confidence intervals (CI; dashed lines) are fitted, where
Y =757 — 0.53X (P = 0.028) and Pearson r = —0.36 (95 % CI,
—0.61 to —0.04; P < 0.05)

characteristics, vital signs, arterial blood gases, SOFA
score, vasopressor dose, blood lactate and hemoglobin
level.

We conducted a multivariate analysis with the (T1la—
TO) change of the MD LP ratio as the dependent outcome
and (1) the post-transfusion change of the MAP, (2) the
post-transfusion change of the Hb level and (3) the
baseline MD LP ratio as the independent variables. We
found that only the baseline MD LP ratio remained a
statistically significant predictor (P = 0.002) of the MD
LP ratio change.

Effect of RBC storage time and leukoreduction status

In ESM, we provide details regarding the insignificant
effect of RBC storage time and leukoreduction status on
the LP ratio.

Discussion

The principal findings of our study were that (1) as
expressed by a significant drop in the microdialysis-
assessed adipose tissue lactate/pyruvate ratio, RBC
transfusion had a significant discernible effect on tissue
metabolism in a group of critically ill septic patients and
(2) there was a considerable interindividual response to
RBC transfusion with several patients showing unchanged
LP ratios, some improved and some deteriorated. The
RBC storage time and leukoreduction status did not seem
to be additional modifiers of this effect.

Another important study finding was that patients
experiencing the greatest LP ratio change/decrease after
transfusion were those with the largest impairment in their
tissue oxygenation status—the highest LP ratios—before
transfusion. This is in accordance with previous clinical
data where, despite significant interindividual variability
and an overall lack of observed association, improve-
ments in microvascular reactivity and sublingual
microvascular perfusion were noticed in patients with
baseline altered microvascular perfusion [16] and reac-
tivity [17], respectively. In addition, we found that
patients with a large impairment in their tissue oxy-
genation had  similar  baseline = demographic
characteristics, vital signs, severity scores, hemoglobin
and blood lactate levels to other patients. This lends
further credence to the notion that tissue metabolism—
similar to microcirculation—is often dissociated from
the global macrocirculatory indices [29-31] and thus
should be directly studied.

As previously mentioned, the tissue effect of RBC
transfusion is largely unexplored, especially among septic
patients. Recently, two studies failed to show a positive
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effect of RBC transfusion on tissue oxygenation markers
[16, 17], despite the implementation of two separate
techniques, namely OPSI and NIRS. Both techniques
have limitations, such as intra- or inter-observer vari-
ability, semi-quantitative analysis, lack of specificity, etc.
We used the LP ratio for technical as well as biochemical
reasons. From the biochemical point of view, the tissue
LP ratio is a well-established index of alterations taking
place in the redox state of cells. From the technical point
of view, the use of the ratio of two metabolites may
ameliorate the effect of possible changes in MD catheter
recovery as this would be expected to affect both lactate
and pyruvate to a similar degree [19]. On the other hand,
it is quite possible that the septic cohorts under study were
not at the same metabolic/microcirculatory status during
the sepsis episode and thus were not supposed to benefit
equally from blood transfusion.

Even though we found a relationship between the
changes in the tissue LP ratio and RBC transfusion, this
did not seem to be affected by the RBC storage time. This
finding should be viewed with caution since our study was
probably not powered for detecting such significant dif-
ferences, and a type Il error is possible. Nevertheless, it is
in line with similar studies [16, 17]. On the other hand, an
earlier study [26] had shown gastric tonometry-assessed
intra-mucosal pH dropping with the transfusion of RBC
units stored for more than 2 weeks. The seemingly con-
tradictory results can probably be explained by the
heterogeneity of both the quality of the transfused RBCs,
whose age is just one parameter, and the microvascular/
metabolic status of the transfused patient, of which we
have only a rudimentary understanding.

The delay in the institution of universal RBC leuko-
reduction in our hospital that took place during the
conductance of this study gave us the opportunity to
analyze the effect of leukoreduction on tissue oxygena-
tion. Other studies in the field [16, 17] had not provided
any data on this association since they were performed in
a hospital employing universal leukoreduction. Our find-
ings seem to support the notion that the clinical benefit of
leukoreduction remains at least uncertain for the critically
ill septic patients [32].

Our study has a number of limitations to consider.
First, it is a single-center pilot study with a relatively
small (albeit comparable to similar investigations [16,
17]), highly-selected sample of critically ill septic
patients. Therefore, the extrapolation of our results to
other clinical settings should be considered extremely
premature. Second, we cannot provide any mechanistic
explanation for the observed change in tissue oxygena-
tion since we did not perform cardiac output or central/
mixed venous blood saturation monitoring, and we did
not measure the microcirculatory blood flow or hemat-
ocrit. In addition, capillary perfusion has been
repeatedly shown to be independent of systemic hemo-
dynamic effects [29-31], while the tissue hemoglobin

index was not related to blood hemoglobin concentration
in septic patients [17, 33]. Third, one might reasonably
argue that, since both pre- and post-transfusion MD LP
ratios were within the normal range, the small effect of
RBC transfusion upon them is of questionable clinical
significance. However, these are median values, and
certainly among our patients there were many with MD
LP ratios higher than the values considered “normal”
(LP ratio >20-25). Therefore, changes in LP ratios in
individual patients may be quite significant and clini-
cally important. In addition, recent data suggest that, at
least as far as blood lactate levels are concerned, the
currently accepted normal range may need to be re-
adjusted downwards [34]. Along the same lines, the
increment of interstitial pyruvate in our study may be
considered clinically irrelevant. However, in a number
of diverse clinical settings, such as off-pump cardiac
surgery [35] and traumatic brain injury [36], pyruvate
has been shown to have beneficial effects and be a
favorable prognostic factor. Fourth, despite being among
our predetermined analyses, we did not collect any data
regarding a possible differential effect of RBC transfu-
sion on the MD LP ratio in early as opposed to late
sepsis. Finally, and most importantly, outside the design
of a randomized controlled trial and the presence of a
control group, we cannot exclude the possibility that the
observed metabolic alterations were due to either spon-
taneous changes in the patients’ clinical condition over
time or to other therapeutic interventions [16, 17]. In
light of the previously discussed limitations, we believe
our study findings should be viewed as hypothesis-gen-
erating and preliminary awaiting further confirmation
[37].

Conclusions

Transfusion of RBCs has a discernible effect on micro-
dialysis-assessed tissue lactate/pyruvate ratio. This effect
cannot be forecasted by patient’s clinical characteristics
or conventional laboratory parameters and—with the
caveat of possible type II error—it does not seem to be
further modified by the RBC storage time or leukore-
duction status. However, it is strongly associated with the
baseline tissue redox status. Future studies may provide
additional insight regarding the potential role of the LP
ratio in guiding transfusion practices and tailoring them to
the individual needs of critically ill patients.
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