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Background: Anemia is a common problem in premature infants and its most rapid and effective
therapy is erythrocyte transfusion. However, owing to inherent risks of transfusion in this popula-
tion, transfusions should be administered only when adequate oxygen delivery to tissues is
impaired. The aim of this study was to determine tissue acid levels using Stewart method in an
attempt to evaluate the tissue oxygenation level and thereby the accuracy of transfusion timing.
Methods: This study included 47 infants delivered at gestational age below 34 weeks who required
erythrocyte transfusion for premature anemia. Strong ion gap (SIG), unmeasurable anions (UMA),
tissue acid levels (TA), and Cl/Na ratios were calculated before and after transfusion.
Results: The mean birth weight and gestational age of the study population were 1210 � 365 g
and 29.2 � 2.7 weeks, respectively. Tissue acid levels were increased (TA � 4) and tissue hypoxia
developed in 10 (16.6%) of 60 erythrocyte transfusions administered according to the restrictive
transfusion approach. The patients were divided into two groups according to tissue acid levels
as low (<4) and high (�4) tissue acid groups. The group with tissue hypoxia (TA � 4) had signif-
icantly higher UMA levels but a significantly lower Cl/Na ratio; and UMA levels decreased and Cl/
Na ratio increased after transfusion in this group. Tissue hypoxia secondary to anemia was shown
to be improved by erythrocyte transfusion.
Conclusion: The results of the present study suggest that the determination of the level of tissue
hypoxia by the Stewart approach may be an alternative to restrictive transfusion guidelines for
timing of transfusion in premature anemia. It also showed that a low Cl/Na ratio can be used
as a simple marker of tissue hypoxia.
Copyright ª 2017, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Anemia is a common problem in premature infants and its
most rapid and effective therapy is erythrocyte transfusion.
However, owing to the inherent risks of transfusion in this
population, many centers have introduced more restrictive
policies. Erythrocyte transfusion is performed when the level
of anemia becomes symptomatic or is thought to compromise
adequate oxygen delivery to tissues. Nevertheless, diagnosis
of tissue hypoxia in newborns is difficult and controversial.
The aim of this study was to determine tissue acid levels (TA)
by the Stewart method before and after transfusion in an
attempt to evaluate the state of tissue oxygenation and
therefore the adequacy of transfusion timing in preterm
infants.

The Stewart physiochemicalmethodwas described in 1981
and, unlike the HendersoneHasselbach method it is based on
the theory that HCO3 does not determine plasma pH.1e4 In-
dependent variables responsible for plasma pH are arterial
partial carbondioxide pressure (PaCO2), strong ion difference
(SID), and nonvolatile weak acids (Atots). SID is the difference
between strong cations and strong anions dissolved in plasma,
and calculated with the formula SIDZ (Na þ K þ Caþ Mg) e
(Clþ lactate). Atots are the sumof bound or dissolved acids in
plasma; it consists of albumin and phosphate (P) concentra-
tions and it is equal to anion gap under normal conditions. SID
is elevated in pathological conditions where unmeasurable
anions (UMA) such as lactate, ketoacids, and sulfate are
increased. In that case, effective SID (SIDe) is calculated with
the formula SIDeZHCO3þ (0.28� Albumin)þ (1.8� P). The
difference between SID and SIDe is equal to strong ion gap
(SIG) and reflects UMA. TA are equal to the sum of lactate and
UMA levels.

The Stewart method accurately quantifies the individual
components of acidebase balance and allows the clinician to
understand the pathogenesis of acidebase alterations in
critically ill patients.3,5e8 Respiratorydisorders are inducedas
a consequence of a change in PaCO2, whereas metabolic
disorders are always due to an alteration in either SID or Atot.
When SID narrows, either by a relative decrease in cations
(e.g., hyponatremia) or a relative increase in anions (e.g.,
hyperchloremia), metabolic acidosis develops. A relative in-
crease in cations or a relative decrease in anions widens SID
and causes metabolic alkalosis. For example, furosamide
causes greater renal loss of Cl than Na, leading to increased
SID and metabolic alkalosis. Likewise, increased Atot con-
centration (e.g., hyperphosphatemia) leads to metabolic
Table 1 Transfusion guidelines.

Transfusions based upon hemoglobin or hematocrit triggers can b
(1) infants connected to a conventional ventilator who require me

than 35%;
(2) infants who do not require mechanical ventilatory support but

following criteria: tachycardia lasting for more than 24 hours
24 hours (respiratory rate > 60 breaths/min), twofold increa
acidosis as evidenced by pH: 7.20, weight increase less than 1
in the previous 4 days;

(3) preterm infants who have a hematocrit level less than 30% an
(4) asymptomatic preterm infants who have a hematocrit level l

bpm Z beats per minute.
acidosis and decreased Atot concentration (e.g., hypo-
albuminemia) leads to metabolic alkalosis. In addition,
various UMA generated in pathologic conditions can change
SID. For example, tissue acids generated in peripheral tissues
during hypoxia lead to metabolic acidosis. The potential
advantage of the Stewart method is direct quantification of
SIG, UMA, and TA.3,5e8 However, the analysis of acidebase
equilibrium by Stewart method requires multiple arithmetic
calculations. Cl/Na ratio is a simpler method used to assess
the presence of tissue acidosis.6,8e12 It is based on the hy-
pothesis that, because SIG ions are negatively charged, other
plasma anions (Cl and albumin)must fall during tissue acidosis
to maintain electroneutrality if the cations (Na and K) remain
constant. Therefore, metabolic acidosis and a low Cl/Na ratio
(<0.75) indicate SIG elevation, whereas a high Cl/Na ratio
(>0.79) indicates acidosis caused by hyperchloremia. A
normal Cl/Na ratio (0.75e0.79) in conjunctionwithmetabolic
acidosis suggests mixed type metabolic acidosis where
hyperchloremia and SIG increases occur simultaneously.
2. Materials and methods

This study was conducted at Bas‚kent University, Faculty of
Medicine, Neonatal Intensive Care Unit between February 1,
2010 and July 31, 2012. This study was approved by our Uni-
versity Institutional Review Board (Project no: KA11/124).
Forty-seven infants with a gestational age below 34 weeks
who needed erythrocyte transfusion for anemia were
enrolled. Infants with sepsis, patent ductus arteriosus,
necrotizing enterocolitis, ormajor congenital anomalieswere
excluded. Erythrocyte transfusions were given according to
restrictive transfusion guidelines used in our neonatal inten-
sive care unit (Table 1). Transfusions consisted of packed red
blood cells with a storage life of less than 10 days which were
passed through leukocyte removal filter and irradiated.
Erythrocyte transfusions were administered at a volume of
15 mL/kg and infusions lasted at least 2 hours.

In the present study, blood samples of 2.5 mL were ob-
tained before and 12 hours after erythrocyte transfusion.
Samples were analyzed for complete blood count, complete
blood chemistry, and blood gas analysis. Concentrations of
Na, K, Cl, Mg, and P were measured by an automated ion-
specific electrode and albumin by bromocresol green dye
binding. Blood gas analysis was performed using a GEM pre-
mier 3000 automatic blood gas analyzer (Instrumentation
Laboratory, Bedford, MA 01730, U.S.A) and included the
e considered for the following clinical settings:
chanical ventilatory support and have a hematocrit level less

have a hematocrit level less than 30% and one or more of the
(peak heart rate >180 bpm), tachypnea lasting for more than
se in oxygen requirement in the past 48 hours, metabolic
0 g/kg per day despite being fed on a 120 kcal/kg per day diet

d required a serious surgical procedure in the past 72 hours;
ess than 25%.
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parameters of lactate, pH, base excess (BEecf), actual HCO3
(actHCO), and _Ionized Calcium (iCa). Pre- and post-
transfusion SID, SIDe, SIG, UMA, TA, and Cl/Na ratio were
calculated using the aforementioned formulae.

The participants were divided into two groups according
to TA; low (<4) and high (�4) tissue acid groups. Pre- and
post-transfusion markers of tissue hypoxia were calculated
in both groups. Next, the changes between pre- and post-
transfusion values were calculated in the two groups and
compared with each other.

All statistical analyses were performed with SPSS,
Version 17 (SPSS Inc, Chicago, IL, USA) software package.
Descriptive statistics included mean � standard deviation
(SD), median, minimum, and maximum for continuous
variables; and number and percentage (%) for categorical
variables. After testing for normality and homogeneity of
variances by ShapiroeWilk and Levene tests respectively,
paired groups meeting the criteria for normal distribution
were compared with Student t test; ManneWhitney U-test
was used for paired groups that did not meet the re-
quirements for a normal distribution. After confirming that
the variables met the criteria for the Mauchly test for
sphericity, which is a prerequisite for repeated measures
analysis of variance, repeated measures were compared
using dependent samples t test or Wilcoxon test. Signifi-
cance level was set at p < 0.05 for all comparisons.
3. Results

This study enrolled a total of 47 participants, of whom 23
(49%)weremale and 24 (51%)were female. Study participants
Table 2 Comparison of blood gas values and hypoxia markers b

TA < 4 (n Z 50) pa

Pre-pH 7.36 � 0.06 0.02
Post-pH 7.39 � 0.06
Pre-pCO2 (mmHg) 41.9 � 9.4 0.40
Post-pCO2 40.6 � 11.8
Pre-pO2 (mmHg) 40.7 � 22.9 0.01
Post-pO2 51.0 � 25.0
Pre-HCO3act (mmol/L) 24.0 � 4.0 0.35
Post-HCO3act 24.5 � 4.4
Pre-BEecf (mmol/L) �1.1 � 4.1 0.04
Post-BEecf �0.1 � 4.3
Prelactate (mmol/L) 1.6 � 0.6 0.40
Postlactate 1.8 � 0.8
Pre-SID 35.4 � 3.7 0.00
Post-SID 37.1 � 3.3
Pre-SIDe 35.7 � 4.2 0.16
Post-SIDe 36.5 � 4.2
Pre-UMA �2.0 � 2.9 0.18
Post-UMA �1.2 � 3.8
Pre-TA �0.3 � 2.7 0.12
Post-TA 0.5 � 3.8
Pre-Cl/Na 0.78 � 0.02 0.00
Post-Cl/Na 0.77 � 0.02

pa and pb are significance of the intragroup changes.
p Significance of the intergroup changes.
BEecf Z base excess; HCO3act Z actual HCO3; SID Z strong ion diffe
received a total of 60 erythrocyte transfusions during the
studyperiod. Themeanbirthweight and themean gestational
age were 1210 � 365 g and 29.2 � 2.7 weeks, respectively.

Increased TA (TA � 4) as an evidence of tissue hypoxia
were present before transfusion in 10 of 60 erythrocyte
transfusions (16.6%).

The participants were divided into two groups according
to TA as low (<4) and high (�4) tissue acid groups. Pre-
treatment and posttreatment Hemoglobin (Hb), Hematocrit
(Hct), Mean Corpuscular Volume (MCV), Mean Corpuscular
Hemoglobin (MCH), and Mean Corpuscular Hemoglobin
Concentration (MCHC) levels did not show any significant
differences between these groups (p > 0.05).

The intragroup analysis of the group with tissue hypoxia
(TA� 4) revealed that, UMA andTAwere significantly reduced
(p < 0.05, Table 2) and Cl/Na ratio was increased after
transfusion but this was not statistically significant
(p Z 0.433, Table 2). The two groups had no significant dif-
ferences with respect to changes between pre- and post-
transfusion blood gas parameters (pH, PO2, PCO2, HCO3act,
BEecf, lactate; p > 0.05, Table 2). The two groups were also
compared for the change between pre-and post-transfusion
UMA, TA, andCl/Na ratio values. The differences between the
quantity of changes in UMA, TA, Cl/Na ratio values were sta-
tistically significant (p < 0.05, Table 2).

Figures 1, 2, and 3 show the error bars of pre- and post-
transfusion changes of lactate, UMA, and Cl/Na ratio levels
in the two groups, respectively (Figure 1, 2, and 3). Lactate
levelswerehigher inthegroupwith tissuehypoxia (TA�4)and
decreased following transfusion, but change in lactate levels
between pre- and post-transfusion measurements was not
significantly different between the TA < 4 and TA � 4 groups
etween the groups with low versus high tissue acid levels.

TA � 4 (n Z 10) pb p

5 7.40 � 0.06 0.242 0.715
7.37 � 0.08

8 35.2 � 7.2 0.063 0.363
41.7 � 9.2

2 56.7 � 24.3 0.089 0.626
41.3 � 10.6

8 21.6 � 2.4 0.052 0.241
24.0 � 2.9

0 �3.0 � 2.5 0.008 0.473
�0.1 � 3.1

9 2.4 � 1.9 0.190 0.073
1.9 � 0.5

2 39.7 � 5.5 0.588 0.011
39.1 � 6.2

8 32.5 � 2.6 0.033 0.066
35.1 � 2.4

6 4.7 � 4.5 0.051 0.001
2.0 � 5.0

4 7.2 � 6.0 0.022 0.001
3.9 � 5.0

3 0.74 � 0.03 0.433 0.005
0.75 � 0.04

rence; TA Z tissue acid level; UMA Z unmeasurable anions.



Figure 3 The error bars of pre- and posttransfusion changes
of Cl/Na ratio levels between the two groups. TA Z tissue acid
levels.

Figure 2 The error bars of pre- and posttransfusion changes
of UMA ratio levels between the two groups. TA Z tissue acid
levels; UMA Z unmeasurable anions.

Figure 1 The error bars of pre- and posttransfusion changes
of lactate ratio levels between the two groups. TA Z tissue
acid levels.
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(p Z 0.073; Figure 1). However, UMA levels were higher and
decreased following transfusion and Cl/Na ratio levels were
lower and increased following transfusion in the group with
tissue hypoxia (TA � 4; Figures 2 and 3). Changes in UMA and
Cl/Na ratio levels between pre- and post-transfusion mea-
surementsweresignificantlydifferentbetween theTA<4and
TA � 4 groups (pZ 0.001 and pZ 0.005, respectively).
4. Discussion

Erythrocyte transfusion is a treatment that effectively and
rapidly corrects oxygen supply to body tissues in premature
anemia. However, the optimal hemoglobin threshold for
erythrocyte transfusion is unknown in premature infants.
To date, two large-scale randomized controlled studies
(Iowa and The Premature Infants in Need of Transfusion
[PINT] studies) compared the impact of restricted and
liberal transfusion approaches in premature anemia.13,14

The Iowa study determined that apnea attacks, paren-
chymal brain hemorrhage, and periventricular leukomala-
cia were more common in patients assigned to restricted
transfusion protocol.13 The PINT study, however, failed to
show any significant difference between restricted and
liberal transfusion protocols with respect to death, pre-
mature retinopathy, bronchopulmonary dysplasia, and
brain injury.14 In the continuation study of the PINT study,
Whyte et al15 failed to show any significant difference in
death or marked disability (Bayley Mental Developmental
Index <2 SD, cerebral palsy, or blindness, or deafness)
between the two groups at corrected 18e21 months.
However, a post hoc analysis demonstrated that the num-
ber of patients with Bayley Mental Developmental Index
<1 SD was significantly greater in the restricted transfusion
group.15 These trials suggested that hemoglobin concen-
tration alone is not a reliable marker for transfusion de-
cision in premature infants. Our study is the first to
evaluate tissue hypoxia by the Stewart method in anemic
preterm infants who received erythrocyte transfusion ac-
cording to restricted transfusion guidelines. The advantage
of the Stewart method is the ability to measure SIG, UMA,
and TA. The presence of UMA in plasma provides evidence
for tissue hypoxia. Lactate, which constitutes the other
component of tissue acids, is known to be a useful marker
of disease severity and mortality.16e18 However, the
earliest marker of acidosis at tissue level is an elevated
level of unmeasurable tissue acids (UMA). Impaired tissue
perfusion and metabolic acidosis secondary to tissue hyp-
oxia can result from elevated UMA levels alone, without a
necessarily elevated lactate level. Durward et al9 evalu-
ated tissue acidosis from blood samples obtained at
admission and 24 hours later in patients admitted to a
Pediatric Intensive Care Unit. They detected elevated UMA
levels in 52.2% of patients with metabolic acidosis.
Although there was an elevated lactate level in 47.5% of
patients who also had elevated UMA level, isolated lactate
elevation was detected in only 9.6% of patients with
metabolic acidosis. Likewise, Murray et al19 examined in-
fants operated on for congenital heart disease, for tissue
acidosis at the postoperative period. They obtained a total
of 150 samples and detected acidosis in 60 samples. From
among 60 samples with tissue acidosis, there was UMA
elevation alone in 44 samples, lactate elevation alone in 6
and both UMA and lactate elevation in 10.

Following the introduction of the measurement of UMAs
produced by impaired tissue perfusion and tissue hypoxia by
strong ion theory, the correlation between SIG and mortality
has also been explored. Balasubramanyan et al20 investigated
the correlation between BEecf, anion gap, lactate, and SIG
levels and mortality in patients admitted to the Pediatric
Intensive Care Unit.20 They concluded that increased SIG
level had a stronger correlation with mortality compared
with BEecf, anion gap, and lactate levels. Further, Durward
et al21 studied the prognostic value of SIG level measured
within the first 24 hours after cardiopulmonary bypass
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surgery in infants. The authors reported that an increased
SIG level was superior to lactate for predicting mortality.

Our study revealed that TA increased and tissue
acidosis developed prior to transfusion in 16.6% of anemic
preterm infants. Although there was no significant dif-
ference between the groups with and without tissue
hypoxia with respect to change in lactate level between
pre- and post-transfusion measurements, lactate level
was greater and reduced following transfusion in the
group with tissue hypoxia. UMA levels, however, were
significantly greater before transfusion and reduced after
it in the group with tissue hypoxia. Thus, we concluded
that anemia-induced tissue hypoxia was corrected by
erythrocyte transfusion.

Our study demonstrated that tissue hypoxia developed
despite the absence of any clinical signs or a blood gas
parameter showing metabolic acidosis in 16.6% of anemic
preterm infants. Hence, we suggest that signs of tissue
hypoxia should be sought for transfusion decisions in
anemic preterm infants. As the Stewart method requires
multiple arithmetic calculations to determine TA, Cl/Na
ratio can also be used as a simpler alternative for deter-
mining tissue hypoxia. A low Cl/Na ratio (<0.75) indicates
increased levels of UMAs. Durward et al9 analyzed 540 blood
samples taken at admission and 24 hours later from 282
patients admitted to a Pediatric Intensive Care Unit. They
reported that a low Cl/Na ratio was a good marker of
increased TA (PPV 88%) whereas a high Cl/Na ratio (>0.79)
was suggestive of the absence of such an increase (PPV
81%). Further, Kurt et al6 analyzed 105 blood samples in 59
critically ill newborns with metabolic acidosis. They re-
ported a negative correlation between Cl/Na ratio and SID,
corrected anion gap, UMA, and TA. Our study also demon-
strated a reduced Cl/Na ratio in the group with tissue
hypoxia, which increased after erythrocyte transfusions.
Change in Cl/Na ratio levels between pre- and post-
transfusion measurements was significantly different be-
tween the TA < 4 and TA � 4 groups (p Z 0.005). There-
fore, a low Cl/Na ratio was considered as a candidate
marker for tissue hypoxia in anemic preterm infants.

In conclusion, the results of the present study suggest
that the determination of the level of tissue hypoxia by the
Stewart approach may be an alternative to restrictive
transfusion guidelines for timing of transfusion in prema-
ture anemia. The study also showed that a low Cl/Na ratio
could be used as a simple marker of tissue hypoxia.
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