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Abstract

To compare whether the diagnostic evaluation of metabolic acidosis can be improved by using a modified Story method
compared to the traditional evaluation in a population of critically ill patients with shock. This prospective cohort study
included shock patients admitted to the ICU of a tertiary hospital in Brazil between May 2018 and November 2019. We
collected laboratory data necessary for traditional evaluation and the simplified Stewart’s method. During the study period,
149 patients were included in the final analysis. Of the 17 patients with a normal SBE and AG,,.ceq» 13 (76.5%) presented
with metabolic acidosis according to the modified Story assessment. Therefore, of the 149 patients included in the study, the
traditional approach failed to identify metabolic acidosis that was identified by the modified Story assessment in 13 (8.7%)
patients. In addition, the determination of the severity of metabolic acidosis also differed between the two methods by a
mean of — 7.8 mEq/L. We found that a modified Story method can identify and quantify metabolic acidosis in patients with
disorders that were not revealed by the traditional approach.
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1 Introduction

Acid-base disorders, especially metabolic acidosis, are
frequently found in critically ill patients [1]. These disor-
ders might be described by a traditional approach, adapted
from Henderson and Hasselbach, in which the metabolic
component of acid-base physiology is based on the analy-
sis of plasma concentrations of bicarbonate (HCO;™). This
might be further completed with the use of base excess (BE),
which was proposed by Siggaard-Andersen through the Van
Slyke equation. These variables, with the addition of the
anion gap (AG), are widely used to identify the presence
and degree of metabolic acidosis [2]. An advantage of this
method is that it is easy to understand and apply in common
clinical situations. However, traditional assessment may be
insufficient for complex acid—base disorders, as commonly
seen in critically ill patients [3—5]. An alternative evaluation
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is the mathematical model based on the physicochemical
principles described by Stewart [6] and modified by Figge
[7, 8]. This theory states that three independent variables
determine the plasma pH: PCO,; the strong ion difference
(SID), which is the difference between fully dissociated
plasma anions and cations; and weak nonvolatile acids (albu-
min and phosphorus). This method allows the quantification
of the components of acid—base disorders individually and,
thus, offers a better understanding of the pathogenesis. Sev-
eral studies have shown that this approach, compared to the
traditional approach, can be more accurate in identifying
acid-base disorders in critically ill patients [3—5]. However,
Stewart’s approach is a complex method to apply bedside.
Story recently described Stewart’s simplified method, which
combines the assessment of standard base excesso (SBE)
with the original Stewart assessment [9]. Thus, the objective
of our study was to compare whether the diagnostic evalua-
tion of metabolic acidosis can be improved by using a modi-
fied Story method compared to the traditional evaluation in
a population of critically ill patients with shock. We chose
this population because it represents a subset of critically ill
patients who, in general, have complex acid—base disorders.
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2 Methods

This is a prospective cohort study that included patients
admitted to the ICU of Hospital Nossa Senhora da Con-
ceicdo (HNSC) in Porto Alegre, Brazil, from May 2018 to
November 2019. HNSC is a public tertiary hospital with 843
beds and approximately 26,000 hospitalizations per year.
The ICU has 59 beds, of which 14 are postoperative beds
used after major surgery and the others are medical beds.

The study was approved by the HNSC Research Ethics
Committee. Blood samples were collected in the context of
usual care for patients with shock. Thus, consent was waived
due to the observational nature of the study.

The study included patients who were admitted to the
ICU for shock (distributive, obstructive, cardiogenic or
hypovolemic) or who had a diagnosis of shock within 6 h of
admission to the ICU. Shock was defined as the need to use
vasoactive drugs for a minimum period of 1 h. Patients who
did not have the necessary laboratory data for the proposed
acid-base disorder analysis at the time of admission were
excluded.

The following clinical and demographic variables were
collected: age, sex, SAPS III, comorbidities, predominant
type of shock, unit of origin, previous renal dysfunction
(using the KDIGO classification [10]), duration of mechani-
cal ventilation, length of ICU stay, length of hospital stay
and need for dialysis during hospitalization. Patients were
followed up until discharge from the hospital to determine
ICU mortality and hospital mortality.

The laboratory variables measured at admission and 24 h
afterwards were pH and PCO, (Rapilab 865, Chiron Diag-
nostics), Na*, K™ and Cl~ (ion selective electrode, Roche
Diagnostics), albumin (bromocresol green colorimetric tech-
nique, Roche Diagnostics) and lactate (colorimetric kinetics,
Roche Diagnostics). The bicarbonate concentration and SBE
were calculated using the Henderson-Hasselbach [11] and
the Van Slyke equations [12], respectively.

The anion gap (AG) was calculated as follows:

AG = (Na*+ K*) — (CI” + HCOJ).
The anion gap corrected (AG,receq) fOr abnormal albumin
values was calculated according to the formula:

AG AG +2.5X% (4.2 — observed albumin) (g/dL).

corrected —
In the analysis based on the SBE and AG_ ¢, W€ Obtained
the following diagnoses [13]:

(1) Simple disorders:

Metabolic acidosis: | SBE (< —2.0 mEq/L).

@ Springer

Metabolic acidosis with an increased AG: T AG
(>16.0 mEq/L)
Metabolic acidosis
AGcorrected < 16.0 mEq/ L

corrected

with a normal AG:

(2) Mixed disorders (when the secondary response to
the primary process appears outside expected range):
A‘Ac}corrected > AHCO3_

In the analysis using the modified Story method, SBE
variations are explained by the variation of chloride (in rela-
tion to sodium), lactate, albumin and other ions. The SBE
variation attributable to these components was calculated
as follows:

SBE = Na™ — CI™ — 35(in mEq/L)
SBE, . = 1 — lactate (in mEq/L)
SBE,;;, = 2.5% (4.2 — albumin in g/dL)

SBE,, = SBE — SBE. — SBE,, — SBE,

From this analysis, we defined hyperchloremic acidosis,
acidosis due to an increase in lactate or acidosis due to an
increase in unmeasured anions, as when the SBE attributable
to chloride (in relation to sodium, not an absolute chloride
effect), lactate or other ions showed a value < —2.0 mEq/L,
respectively. A value < —2.0 mEg/L in the sum of the
negative SBE values attributable to these three compo-
nents was used to define the presence of metabolic acido-
sis using the modified Story method; this variable is called
SBE,

acidosis_Story*

SBE = SBEq,(if < 0 mmol/L) + SBE;(if < 0 mmol/L)

acidosis_Story

+ SBE(,(if < 0 mmol/L)

It is important to note here that positive values (alkalizing
effects) were not considered in this sum, since the inten-
tion was to show the presence of metabolic acidosis with-
out being masked by the concomitant presence of metabolic
alkalosis. The theoretical advantage of this variable is that
it quantifies the presence of the 3 components of meta-
bolic acidosis, while excluding the possible contribution
of an alkalinizing effect, for example, hypoalbuminemia or
hypochloremia, which may be present masking metabolic
acidosis.

2.1 Statistical analysis

The analysis of the collected data was performed through
descriptive statistics with calculation of the mean and
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standard deviation or median and interquartile range,
frequency and percentage. The analysis of the variation
between the measurements was performed with a paired
Student’s t test. Pearson’s correlation coefficient was used
to assess the correlation between SBE and SBE,;qois_siory-
The degree of agreement between SBE and SBE, 4o siory
was assessed using the agreement limits of the Bland—Alt-
man analysis. According to Bland and Altman [14], 95% of
the points must be within & 1.96 of the standard deviation
of the mean difference, thus defining the upper and lower
limits of agreement. A value of p <0.05 was considered sta-
tistically significant. The statistical analysis was performed
using SPSS software version 20.0.

3 Results

During the study period, 154 patients were admitted to the
ICU with a diagnosis of shock. Five patients were excluded
for not having all the necessary laboratory variables on
admission. Thus, 149 patients were included in the final
analysis. Demographic, clinical and outcome characteristics
are described in Table 1.

Table 2 describes the measured and calculated variables
for assessing acid—base disorder at admission and after 24 h
after admission to the ICU.

On admission to the ICU, 107 (71.8%) patients with meta-
bolic acidosis (SBE < —2.0 mEq/L) were identified by tra-
ditional assessment. Of these, 82 (76.6%) had an increased
AG, g recteqs and 69 (64.5%) had AAG,,ecreq > AHCO;™,
showing a mixed disorder. According to modified Story
assessment, 145 (97.3%) patients had metabolic acido-
sis (SBE cidosis_story < — 2.0 mEg/L). Of these, 56 (38.6%)
had relative hyperchloremia (SBE < —2.0 mEq/L), 48
(33.1%) had hyperlactatemia (SBE; . < —2.0 mEq/L), and
99 (68.3%) had unmeasured anions (SBEy; < —2.0 mEq/L).

Of the 42 patients without metabolic acidosis accord-
ing to the traditional assessment (SBE> —2.0 mEq/L), 25
(59.5%) presented with an increased AG,  ecieq- Of the 17
patients with SBE > —2.0 mEq/L and without an increased
AG,orrecteds 13 (76.5%) presented with metabolic acidosis
according to the modified Story assessment. All of these
cases had relative hyperchloremia and hypoalbuminemia.
Therefore, of the 149 patients included in the study, the
assessment based on SBE and AG_..q failed to iden-
tify metabolic acidosis that was identified by the modified
Story assessment in 13 (8.7%) patients. Table 3 shows two
examples of metabolic disorder detected using the modi-
fied Story assessment. In patient 1, we did not identify a
metabolic disorder using the traditional evaluation (normal
HCO3, AG_;ecicq and SBE). However, when we applied the
modified Story method, we noticed that there is a hyper-
chloremic metabolic acidosis. SBE misses this disorder due
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Table 1 Clinical, demographic and outcome characteristics
Variables n 149
Age, mean+SD 62.0+15.2
Sex, male, n,% 81 (54.4)
SAPS 3, mean+ SD 72.5+18, 1
Origin, n (%)
Surgical room 54 (36.2)
Emergency 51(34.2)
Ward 41 (27.5)
Other 3(2.0)
Type of admission, n (%)
Surgical 57 (38.3)
Medical 92 (61.7)
Comorbidities, n (%)
Hypertension 81 (54.4)
Diabetes 49 (32.9)
Heart failure 22 (14.8)
Chronic renal disease 23 (154
Solid neoplasia 23 (15.4)
Hematological neoplasia 6 (4.0
Cirrhosis 9 (6.0)
Shock type, n (%)
Cardiogenic 21 (14.1)
Distributive 105 (70.5)
Hypovolemic 22 (14.8)
Obstructive 1(0.7)
Acute renal failure at admission
KDIGO, n (%)
0 64 (43.0)
1 28 (18.8)
2 19 (12.8)
3 38 (25,5)
Dialysis during hospitalization, n (%) 58 (38.9)
MV, n (%) 124 (83.2)
MV duration, days, median (IQR) 3.0 (1.0-11.0)
ICU LOS, days, median (IQR) 7.0 (3.0-15.0)
Hospital LOS, days, median (IQR) 27.0 (15.0-39, 5)
ICU mortality, n (%) 65 (43.6)
Hospital mortality, n (%) 76 (51.0)

to the alkalinizing effect of hypoalbuminemia. AG . cq
does not identify the disorder because hyperchloremia does
not increase the anion gap. In patient 2, SBE underesti-
mated the degree of metabolic acidosis due to coexistence
of metabolic alkalosis (hypoalbuminemia and sodium-chlo-
ride difference > 35). When we separate the acidifying and
alkalinizing effects, we see severe metabolic acidosis due
to unmeasured anions. In this case, the AG identifies the
presence of unmeasured anions. However, HCO; and SBE,
variables used to assess the degree of metabolic acidosis,
underestimate the severity of the disorder.

@ Springer
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Table 2 Acid-base characterization of patients at admission and after
24h

Admission 24 h P

pH 7.32+0.1 7.38+0.1 <0.001
PCO,, mmHg 422+14.8 39.3+£10.6 0.02
HCO;, mEg/L 20.6+5.3 225+5.0 <0.001
SBE, mEq/L -4.6+5.7 -2.0+53 <0.001
Sodium, mEq/L 138.3+6.7 137.5+64 0.07
Potassium, mEq/L 43+0.8 4.1+0.6 0.007
Chloride, mEq/L 105.0+6.8 105.8+7.0 0.70
Lactate, mEq/L 3.1+25 2.7+£2.6 0.12
Albumin, g/dL 2.6+0.6 2.6+0.6 0.23
AGrecieq, MEQ/L 21.0+8.4 18.3+9.1 0.003
SBE(, mEq/L -1.7+£7.7 -23+75 0.47
SBE, ,.. mEq/L -21+25 -1.7+£2.6 0.12
SBE;, mEq/L -49+83 -19+8.6 0.001
SBE,,, mEq/L 40x1.5 40x1.5 0.23
SBE,idosis_story» MEQ/L -12.4+58 -10.8+5.5 0.003
Table 3 Examples of acid-base disorders

Patient 1 Patient 2
Sodium, mEqg/L 127 138
Potassium, mEq/L 4.1 2.5
Albumin, g/dL 2.5 35
Chloride, mEq/L 99 97
pH 7.38 7.21
Lactate, mEq/L 1.3 1.0
HCO3, mEq/L 242 23.1
SBE, mEq/L -0.2 -3.7
AG, o rected» MEG/L 12.1 222
SBE,idosis._story» MEQ/L -73 —11.5
SBE(, mEq/L -7.0 6.0
SBE, ., mEq/L -03 0
SBE,;,, mEg/L 43 1.8
SBE;, mEqg/L 29 -11.5

The determination of the severity of metabolic acido-
sis also differed between the two methods. The correlation
between SBE and SBE,;qqsis_siory Was weak (r2=0.53).
According to the Bland-Altman analysis, the mean
(SBE—SBE  iqosis_story) Was 7.8 mEq/L, with lower and
upper agreement limits of 16.05 mEq/L and —0.49 mEq/L,
respectively (Fig. 1). Although there is good agreement,
with 146 out of 149 (98.0%) points between 1.96 stand-
ard deviations of the mean, the mean difference between
the two methods is large. Among the 33 patients with an
SBE between — 2.0 and — 5.0 mEq/L, 16 (48.5%) had
SBE < —10.0 mEq/L.

acidosis_Story
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4 Discussion

Our main findings are that, in a cohort of critically ill
patients with shock, the assessment based on SBE and
AG,recreq failed to identify metabolic acidosis that was iden-
tified by the modified Story assessment in 8.7% of patients.
In addition, the severity of the disorder is underestimated by
SBE in relation to SBE;gosis_siory-

Although SBE and AG (including AG_ . .q for serum
albumin level) are commonly used to assess acid—base dis-
orders, it is recognized that this method may fail to identify
the complex metabolic disorders seen in critically ill patients
and is often insufficient for explaining them [3-5]. An alter-
native approach is the application of basic physicochemical
principles of aqueous solutions to plasma, as in Stewart’s
method. Several studies have demonstrated the potential
superiority of the Stewart method over traditional assess-
ment [15-18], identifying disorders in patients with normal
pH, SBE and AG. SBE represents the sum of all disorders
(alkalosis and acidosis). The presence of hypoalbuminemic
alkalosis is very common in critically ill patients [3, 5],
decreasing the sensitivity of SBE in identifying metabolic
acidosis. The AG,, cqeq> @ Variable that would increase the
sensitivity of traditional assessment [13], does not change
with hyperchloremic acidosis. In this scenario, patients with
hypoalbuminemia and relative hyperchloremia may have
normal SBE and AG_,...q 1€Vels, as shown in our results.
On the other hand, the complexity of applying the Stewart
method bedside is a limitation. Story [9] recently described
a simplified method. We found that the a modified Story
method maintains the greatest sensitivity in relation to the
traditional assessment.

In addition to the identification of metabolic acidosis in
patients with apparently normal acid-base status by tradi-
tional evaluation, the quantification of the disorder by the
new method allows us to determine its severity that was
masked by other factors. The SBE, ;g5 _story» @ Variable that
represents the sum of the different etiologies of metabolic
acidosis (chloride, lactate or unmeasured anions), already
excluding the possible alkalinizing effects (either from
hypoalbuminemia or an increase in the sodium-chloride
difference), differed, on average, by 7.8 mEq/L of the SBE.
In this way, disorders previously identified by the traditional
assessment, but classified as mild, may, in fact, be serious
disorders that are underestimated.

Another advantage of using a quantitative physical-chem-
ical approach is that a better understanding of the causes of
acid-base disorders is achieved. Noritomi et al. [19] found
that patients with severe sepsis and septic shock exhibit com-
plex metabolic acidosis on admission to the ICU, caused
predominantly by relative hyperchloremia and unmeasured
anions. The same results were presented by Mallat [3], with
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relative hyperchloremia and unmeasured anions affecting
70% of the septic patients analyzed. In our study, the main
etiology of metabolic acidosis at admission was an increase
in unmeasured anions, with a decrease in this contribution
within 24 h. Bruegger et al. had already demonstrated, in an
experimental study, that there is a large amount of unmeas-
ured anions generated from hemorrhagic shock [20]. Inter-
mediate metabolites of the Krebs Cycle, particularly acetate
and citrate, have been observed with unmeasured anions
metabolic acidosis, suggesting mitochondrial dysfunction
as an etiology [21]. Another potential source of unmeas-
ured anions during hypoperfusion states is shedding of the
endothelial glycocalyx rich in negatively charged heparan
sulfate [22, 23]. All of these potential etiologies may explain
the higher prevalence of unmeasured anions in our patients
with shock. The lower prevalence of hyperchloremic acido-
sis in our study may be due to the preferential use of ringer
lactate as a resuscitation fluid, instead of normal saline, in
our institution.

This study has some limitations. First, this is a single-
center study with a limited number of patients, which makes
it difficult to generalize the results. Second, we did not use
healthy volunteers to determine reference laboratory values.
Third, the study design and sample size do not allow us to
determine the clinical significance of our findings. How-
ever, we believe that identifying and quantifying disorders
masked by other factors, which may possibly go unnoticed
by some methods, is a potential first step towards having a
clinical impact with the method chosen to address acid—base

T T T T
-20.00 -10,00 .00 10,00

(SBE + SBEacidosis_Story) / 2 (mEq/L)

disorders, especially in critically ill patients. Finally, we
just compared this new method with the traditional assess-
ment. Other methods and different cutoff points can alter the
results and should be evaluated in future studies.

We found that a modified Story method, applied to
patients with shock, can identify metabolic acidosis in
patients with disorders that are not revealed by the tradi-
tional approach. In addition, the method allows us to quan-
tify the severity of the disturbance that was masked by other
factors. Further studies should investigate the clinical sig-
nificance of these advantages.
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