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Abstract

Acid–base abnormalities are frequently encountered in veterinary emergency and critical care, but information
regarding the prognostic value of these findings is limited. Several systems for analysing acid–base disturbances
have been reported, but the prognostic abilities of these systems have not been compared in dogs. The objec-
tives of this retrospective study were to determine if the commonly used acid–base interpretation methods
(Henderson–Hasselbalch, Stewart and semi-quantitative) have prognostic value, and to compare the
performance of the three methods. Electronic medical records were searched to create a database containing
point-of-care blood-gas, electrolyte and serum chemistry values for 1024 dogs assessed at a university teaching
hospital. Dogs with contemporaneous blood-gas analysis, blood lactate and serum biochemistry samples were
eligible for study, and only the first recorded analyses for each patient visit were included. Components of the
Henderson–Hasselbalch, Stewart and semi-quantitative methods were calculated. To assess prognostic ability
and to compare analysis system performance, receiver-operating characteristic (ROC) curves for survival to
hospital discharge were created. Of the 1024 dogs identified, case fatality rate was 23.8%. Area under the ROC
curve did not exceed 0.63 for any calculated variable. Performance of all three analysis systems was similar.
While some acid–base abnormalities identified were associated with mortality, no individual abnormality or
system output yielded sensitive and specific cut-off values for mortality prediction, and no interpretation
method outperformed the others. This study suggests that initial acid–base abnormalities have limited prognos-
tic utility and that various analysis systems can be used to assess acid–base disturbances in critically ill dogs.
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Introduction

Dogs with conditions that cause acid–base distur-

bances are frequently encountered in veterinary

emergency and critical care practice (Hopper et al.

2014a,b). Acid–base analysis provides insights into

the nature and extent of a patient’s disease process

and can help with identification of the underlying dis-

order (Boag et al. 2005; Durocher et al. 2008). In

addition to treatment of the root cause of the distur-

bance, management of the perturbations of acid–

base balance themselves may offer opportunities to

improve outcomes (Benjamin et al. 1994; Chen et al.

2013). The severity of electrolyte disturbances has

been associated with outcome in dogs (Goggs et al.

2017), but there is scant information about the prog-

nostic value of parameters derived from acid–base

analysis in the veterinary literature.

Three systems for analysing acid–base status are in

common clinical usage. The traditional approach uses

measurements of pH and PaCO2 to describe the res-

piratory component of acid–base status, and calcu-

lates the bicarbonate concentration using the

Henderson–Hasselbalch equation to describe the

metabolic component (Constable 2000). The tradi-

tional approach categorizes acid–base disturbances

into four causal groups: respiratory acidosis or alkalo-

sis and metabolic acidosis or alkalosis. Respiratory
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disorders are identified by abnormal values for

PaCO2, while abnormalities of bicarbonate concen-

tration are taken to indicate metabolic disorders. The

anion gap (AG), which is the difference between the

sum of the two primary measured cations and the two

primary measured anions, can also be calculated to

help in the detection of unmeasured anions such as

lactate and ketones. These parameters are straightfor-

ward to measure and calculate and the approach is

easily understood and applied. However, it has been

argued that the traditional approach is overly simplis-

tic (Torrente et al. 2014), fails to detect derangements

in many cases of metabolic disorders (Hopper et al.

2014a) and misleadingly indicates that bicarbonate is

an independent causal variable in the regulation of

acid–base status (Siegling-Vlitakis et al. 2007). This

misconception relates to the equilibrium that exists

between carbon dioxide and bicarbonate, such that

marked changes in carbon dioxide partial pressures

will affect the bicarbonate concentration irrespective

of production of acid or consumption of base by

metabolic processes (Constable 2000).

The strong ion approach was developed to address

these shortcomings (Stewart 1983). This system of

clinical acid–base analysis defines six potential disor-

ders. The Stewart approach defines respiratory acido-

sis and alkalosis on the basis of PaCO2. The metabolic

contributions are subdivided into disorders of strong

ions and disorders of non-volatile weak acids (Atot).

The strong cations are sodium, potassium, calcium

and magnesium, while the principal strong anion is

chloride. The normal imbalance between the concen-

trations of strong cations and strong anions gives rise

to the strong ion difference (SID) (Stewart 1983). The

Stewart approach also helps to define the strong ion

gap (SIG) as the difference between all unmeasured

strong anion charges and all unmeasured strong

cation charges (Russell et al. 1996; Constable et al.

1998; Corey 2003; Slawuta et al. 2010; Hopper et al.

2014a,b). Analysis of the SIG provides a specific

method for detecting the presence of unmeasured

strong ions (such as lactate) and may be more specific

than the anion gap which is also affected by non-vola-

tile buffer ions such as albumin, globulins and phos-

phate. The Stewart approach is perhaps the most

comprehensive method for acid–base assessment and

is based on the laws of electroneutrality, dissociation

equilibria for incompletely dissociated solutes and

conservation of mass (Stewart 1983). However, the

resulting polynomial equations are too complex to be

solved by hand and the approach is therefore too

cumbersome for use in clinical practice (Fencl &

Leith 1993; Corey 2003; Slawuta et al. 2010).

The third commonly used method is the semi-quan-

titative approach (Fencl et al. 2000; Hopper et al.

2014a,b). This system also uses PaCO2 to define the

respiratory component. The semi-quantitative

approach incorporates the strong ion and weak acid

concepts from Stewart’s work but uses them to deter-

mine their effect on the base excess in order to con-

firm that all metabolic factors have been accounted

for, or to identify the presence of unmeasured anion

(XA�) or cation species (XA+). Specifically, the semi-

quantitative approach uses sodium concentration as

an indicator of free water changes, and assesses the

contributions of corrected chloride, albumin, phos-

phate and lactate to determine if XA� or XA+ must

be present to explain the known base excess value

(Fencl et al. 2000). Although the computational bur-

den of this semi-quantitative approach is less than for

the Stewart method, it still requires multiple calcula-

tion elements and the measurement of some variables

not typically measured at the point-of-care.

To inform clinical practice, acid–base analysis

should be rapid to perform. Given the varying time

demands of the three available analysis systems, it is

rational to enquire whether the additional measure-

ments and computational effort required by the Ste-

wart or semi-quantitative approaches are worthwhile.

It has been demonstrated that in dogs presented to an

emergency room, the semi-quantitative and Stewart

methods were more likely to detect acid–base abnor-

malities than the traditional method, with the semi-

quantitative method detecting some type of acid–base

derangements in all dogs evaluated (Siegling-Vlitakis

et al. 2007; Slawuta et al. 2010; Slawuta & Glinska-

Suchocka 2012; Hopper et al. 2014a,b). To date, how-

ever, no study has analysed the association between

patient outcome and acid–base disturbances using

strong ion analyses approaches. Several studies in the

veterinary literature have assessed the relationship

between acid–base balance and outcome (de Papp
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et al. 1999; Hume et al. 2006). Those studies evalu-

ated small numbers of dogs, were focused on specific

disease processes, and assessed individual acid–base

parameters such as lactate. It is unknown if a strong

ion approach to acid–base analysis offers prognostic

information that might be of value to clinicians assess-

ing and managing patients with a heterogeneous

group of complex disorders. This is the knowledge

gap that the present study sought to fill.

The aims of this study were to evaluate the associ-

ations between acid–base disturbances identified

using three different analysis systems (traditional,

Stewart and semi-quantitative) and mortality for a

heterogeneous group of dogs evaluated in an emer-

gency and critical care setting, and to compare the

prognostic abilities of the three systems with each

other. It was hypothesized that the derived parame-

ters of SID, SIG and Atot and the presence of

unmeasured anions (XA�) are associated with

increased mortality, and that these derived parame-

ters are better predictors of mortality than pH, bicar-

bonate or base excess.

Materials and methods

Electrolyte and metabolite analyses

Venous blood-gas and electrolyte analyses were con-

ducted with point-of-care analysers (RapidPoint 405;

Siemens, Malvern, PA, USA) equipped with ion-selec-

tive electrodes using blood samples heparinized with

dry balanced lithium/zinc heparin (Arterial Blood Gas

Sampler, Westmed Inc., Tucson, AZ, USA). Serum

chemistry analyses were conducted using an automated

chemistry analyser (Cobas ModP, Roche-Hitachi, Indi-

anapolis, IN, USA). Blood lactate concentrations were

measured with a handheld point-of-care lactate meter

(Lactate Pro, Arkray, Minneapolis, MN, USA) using

heparinized whole blood samples.

Sample population

An electronic database of venous blood-gas and elec-

trolyte analyses conducted in the emergency room or

intensive care unit at the institution hospital between

31/05/07 and 03/01/15 was searched for analyses of

dogs. The database was visually inspected and manu-

ally curated to remove analyses of samples from

other species, and analyses of arterial blood or of

sample types other than blood (e.g. peritoneal fluid).

Analyses with missing, erroneous or untraceable case

numbers were also eliminated. Medical records from

dogs with very high measured chloride concen-

trations were manually checked to identify dogs

receiving potassium bromide as an anticonvulsant

(Rossmeisl et al. 2006) to reduce the impact of a

known interfering substance (Dimeski et al. 2010). In

dogs for which multiple blood-gas analyses were

identified, only the first measurement was used.

Institution electronic medical record systems were

then searched for data on patient signalment, pre-

senting complaint, final diagnosis, outcome, hospital-

ization dates and for data from serum biochemistry

analyses. Four separate databases were thereby cre-

ated containing the electrolyte data, point-of-care

analyses, biochemistry analyses and case demograph-

ics. A custom script (Visual Basic, Microsoft Visual

328 Studio for Windows; Microsoft, Redmond, WA,

USA) was written to search each database via the

unique patient identifier and create a final composite

database containing the relevant data from each of

the separate databases corresponding to the time

and date stamp from the blood-gas and electrolyte

analyses. The final database was then manually

checked for accuracy by cross-referencing the

database entries with the parent data sources for a

randomized selection of cases. For calculation of

acid–base variables, only cases where all necessary

variables (electrolytes, biochemistry panel and lac-

tate) were contemporaneously measured were

selected. Survival was defined as discharge from the

hospital. Dogs that were euthanized and those that

died were classified as non-survivors.

Acid–base status calculations

Calculated acid–base variables were derived from

measured acid–base, electrolyte and metabolite values

using a series of previously established equations

(Table 1). Some calculations of components of the

Stewart and semi-quantitative acid base analysis used

formulae developed for use in dogs. In other instances,
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where no canine specific equations were available, for-

mulae developed for use in humans were used. For

the purposes of acid–base calculations, phosphate and

albumin concentrations were measured in mg/dL,

while electrolyte and lactate concentrations were mea-

sured in mmol/L. Local reference intervals for the

blood-gas analyser were previously generated using

heparinized blood samples collected from 20 healthy

dogs that were not part of the study population. These

animals were considered healthy on the basis of his-

tory, physical examination and the results of complete

blood count and serum chemistry profiles. Where local

reference intervals for calculated acid–base variables

were not available, comparisons were made with pub-

lished values (Vanova-Uhrikova et al. 2017).

Statistical methods

Prior to test selection, variables were tested for nor-

mality using the D’Agostino Pearson test, and

descriptive statistics calculated. Parametric variables

are presented as mean � SD, while non-parametric

variables are presented as median (interquartile

range). Non-parametric continuous variables were

compared using the Mann–Whitney U test and with

box and whisker plots. A Bonferroni correction was

applied to account for multiple comparisons. For cat-

egorical variables, 2 9 2 contingency tables were

constructed to compare frequencies between sur-

vivors and non-survivors, and analysed by chi-squared

test with Yates’ continuity correction, and calculation

of odds ratios. For categorical variables, sensitivity,

specificity, positive predictive value and negative pre-

dictive value were calculated. Receiver-operator

characteristic (ROC) curves were drawn to predict

survival to discharge. The area under the ROC curve

(AUROC) was calculated by the trapezoidal rule.

The optimal cut-off values for sensitivity and speci-

ficity were identified from ROC curves by maximizing

the Youden index (J) where J = (Sensitivity + Speci-

ficity)-1 (Youden 1950). Statistical analyses were con-

ducted using commercial software (Prism 7 for Mac

OS X; GraphPad Software, La Jolla, CA, USA).

Results

A total of 1024 dogs were identified that satisfied

inclusion criteria. Of the 1024 dogs, 780 (76.2%)

Table 1. Formulae used for calculations of acid–base variables used in the present study

Parameter Equation Reference

Cl�corr (Na+normal/Na+patient) 9 Cl�patient [Where Na+normal is

the reference interval mid-point 148 mmol/L]

Meltesen & Bohn (2012)

HCO3
�

act 0.0307 9 pCO2 9 10(pH – 6.105) NCCLS (1994)

BEecf HCO3
� act – 24.8 + (16.2 9 (pH – 7.40)) Shapiro et al. (1989)

AG (Na+ + K+) – (Cl� + HCO3
�) Dibartola (1992)

AGcorrected AG + (0.42 x (3.8 – Alb (g/dL)) Dibartola (1992)

Atot (phosphate (mg/dL) 9 0.58) + (albumin (g/dL) 9 2.8) Corey (2003) and Stewart (1983)

SIDapparent [(Na+ + K+) – (Cl� + Lactate)] Constable (2000)

SIDeffective [HCO3
� + (albumin (g/dL) 9 2.8) + (phosphate (mg/dL) 9 0.58)] Hopper et al. (2014a)

SIG [(Na+ + K+) – (Cl� + Lactate)] - [HCO3
� + (albumin (g/dL) 9 2.8) +

(phosphate (mg/dL) 9 0.58)]

Constable & Stampfli (2005) and

Hopper et al. (2014a)

SIGsimplified Anion gap – (albumin 9 4.9) de Morais & Leisewitz (2012)

Water BE effect (0.25 x (Na+patient – Na+normal)) Dibartola (1992)

Chloride BE effect Cl�normal – Cl�corrected Dibartola (1992)

Phosphate BE effect (0.58 9 (phosphatenormal – phosphatepatient (mg/dL))) Hopper et al. (2014a)

Albumin BE effect (3.7 9 (albuminnormal – albuminpatient (g/dL))) Dibartola (1992)

Lactate BE effect (–1) x lactatepatient Hopper et al. (2014a)

XA- BE – Sum of water, chloride, phosphorous, albumin and lactate effects Hopper et al. (2014a)

AG, anion gap; Atot, total plasma weak acids; BEecf, base excess (extracellular fluid); HCO3
�
act, actual bicarbonate; SID, strong ion differ-

ence; SIG, strong ion gap; XA�, unmeasured anions.
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survived to discharge, 215 (21.0%) were euthanized

and 29 (2.8%) died. The median duration of hospital-

ization in survivors was 3 days (2–5) and in non-sur-

vivors 2 days (1–3). The median age was 7 years (4–

10), n = 1009. Breed and sex information were avail-

able for 1022 dogs. There were 424 castrated males,

95 intact males, 408 spayed females, and 97 intact

females. Most dogs in the population were mixed

breeds (n = 214, 20.8%). There were 106 different

pure breeds of dog represented. The 10 most com-

mon purebred dogs were Labrador retriever

(n = 101, 9.9%), golden retriever (n = 50, 4.9%),

German shepherd (n = 34, 3.3%), Dachshund

(n = 25, 2.5%), Rottweiler (n = 25, 2.5%), Great

Dane (n = 23, 2.3%), boxer (n = 23, 2.3%), shih tzu

(n = 19, 1.9%), Newfoundland (n = 18, 1.8%) and

Australian shepherd (n = 17, 1.7%). One or more

diagnoses were coded for all patients (total 1676

from 1024 cases). From the records available, it was

not possible to determine which of these was con-

temporaneously associated with the blood-gas and

electrolyte analyses. More than 180 separate diag-

noses were listed (Table S1). After grouping together

common types of disease, the 10 most common diag-

noses were cancer (n = 191), infectious disease

(n = 165), trauma (n = 174), gastrointestinal distur-

bances excl. GDV (n = 142), endocrine disease

(n = 109), acute or chronic kidney injury (n = 65),

immune-mediated disease (n = 52), pancreatitis

(n = 43), GDV syndrome (n = 37) and toxicity

(n = 36). An open diagnosis was recorded in 48

cases.

Summary acid–base, electrolyte and biochemistry

data for the whole population are presented in

Tables 2 and 3. Summary data for survivors and non-

survivors are summarized in Table 4. Receiver-operat-

ing characteristic curve analysis suggested that the best

performing acid–base parameters for prediction of sur-

vival to discharge were bicarbonate (AUROC = 0.622,

P < 0.0001), base excess (AUROC = 0.616, P <

0.0001), SIDeffective (AUROC = 0.604, P < 0.0001),

SIGsimplified (AUROC = 0.603, P < 0.0001) and pCO2

(AUROC = 0.585, P < 0.0001) (Fig. 1).

The metabolic acid–base status was categorized as

normal or abnormal on the basis of reference intervals

using eight derived acid–base parameters (HCO3
�,

BE, AG, AGcorrected, SIDapparent, SIDeffective, SIG and

SIGsimplified). The analysis of contingency tables (sum-

marized in Table 5) suggested that the derived acid–

base variables most discriminating for mortality were

AG, SIDapparent and SIGsimplified.

Discussion

Acid–base analysis is an important part of the man-

agement of critically ill patients. In this study, we

Table 2. Reference intervals, medians, ranges and upper and lower quartiles for the measured acid–base values from the 1024 profiles in the

present study

Parameter Ref. interval Minimum 25% Median 75% Maximum

pH 7.32–7.38 6.808 7.306 7.362 7.404 7.560

pCO2 (mmHg) 38–46 11.6 30.1 35.6 41.5 73.0

Na+ (mmol/L) 145–151 113.2 143.6 147.1 150.5 182.9

K+ (mmol/L) 3.9–5.1 0.97 3.76 4.10 4.46 8.9

Ca2+ (mmol/L) 1.18–1.37 0.44 1.21 1.27 1.32 2.03

Cl� (mmol/L) 110–119 71 109 113 116 139

HCO3
� (mmol/L) 20–25 3 16.6 19.4 22.2 44.1

BE (mmol/L) 0 to �4 �28.3 �9.1 �5.9 �3.0 21.1

Lactate (mmol/L) <2.0 0 1.3 2.1 3.3 17

Albumin (g/dL) 3.1–4.2 0.8 2.4 2.9 3.5 4.8

Globulin (g/dL) 1.9–3.6 0.5 2.0 2.5 3.0 10.4

Phosphate (mg/dL) 2.9–5.2 0.8 3.4 4.2 5.4 30.3

BUN (mg/dL) 10–32 2 11 16 27 350

BE, base excess; BUN, blood urea nitrogen; HCO3
�, bicarbonate.
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leveraged a large electronic database to identify con-

temporaneous acid–base, electrolyte and metabolite

profiles from 1024 dogs. This approach enabled com-

plex analysis of acid–base abnormalities to be per-

formed on samples collected early in the course of

patient management and identified multiple acid–

base abnormalities. Although several variables were

associated with outcome, none of the calculated

acid–base parameters was strongly discriminant for

the prediction of mortality in this study. Contrary to

our hypothesis, the indices derived from quantitative

acid–base analyses were not more accurate predic-

tors of outcome than the calculated bicarbonate or

base excess parameters.

Recent studies evaluating various approaches to

acid–base analysis in dogs have shown that the semi-

quantitative and Stewart approaches are more sensi-

tive than the traditional Henderson–Hasselbach

approach for detecting abnormalities (Hopper et al.

2014a). The present study suggests that although

additional insight into patient status may be provided

by these more complex analyses, they may not pro-

vide better prognostic information than traditional

approaches. This does not mean that a more complex

acid–base analysis does not enable clinicians to bet-

ter identify the underlying causes of acid–base

abnormalities or potentially provide the information

necessary to alter or improve care. Rather, data from

this study suggest that the presence of unmeasured

anions or cations at hospital admission is not associ-

ated with mortality.

Statistically significant differences in the con-

centrations of calcium, bicarbonate, lactate, albu-

min, phosphate, urea nitrogen, and in the pCO2,

SIDeffective, and SIGsimplified, values between sur-

vivors and non-survivors were identified. However,

while the differences in these parameters between

groups were statistically significant, these differences

are unlikely to be clinically useful. The degree of

overlap between the values for the two populations

was such that no single value would enable clinical

discrimination for an individual patient. Consistent

with this, although AUROC values were approxi-

mately 0.6 (and significantly greater than 0.5) for sev-

eral parameters, ROC curve analysis did not yield

useful cut-offs to predict survival with good

sensitivity or specificity. This may have resulted from

the heterogeneity of the disease processes in the dogs

in this study. Stronger associations may exist between

acid–base abnormalities and outcome in specific con-

ditions, such as diabetic ketoacidosis or acute kidney

injury, where the acid–base disturbances may better

reflect the severity of the primary disorder (Hume

et al. 2006; Segev et al. 2008; Lee et al. 2011; Malek

et al. 2013; Trotman et al. 2013). Serial evaluation of

acid–base status in response to therapeutic interven-

tion may be required to determine the optimal pat-

tern or patterns of abnormalities for the prediction of

outcome in individual patients.

The ability to accurately prognosticate patients

presenting to an emergency room is an important

aspect of client communication. Identifying high-risk

patients may also assist in the prioritization of care.

Often, a definitive diagnosis cannot be established

early in the course of a patient’s episode of care, and

the ability of point-of-care testing to help prognosti-

cate, regardless of the underlying disease process,

would be valuable. The limited associations between

acid–base abnormalities and outcome identified in

this study suggest that these parameters may not

meet this need. The complexity of acid–base

derangements and their susceptibility to change fol-

lowing therapeutic interventions may limit their use

for prognostication. This seems to be the case with

traditional acid–base analysis, as well as the more

descriptive Stewart and semi-quantitative

approaches.

The results of the present investigation are consis-

tent with previous studies that suggest single time

point observations of acid–base variables are of lim-

ited value in veterinary (Hume et al. 2006) and

human medicine (Nguyen et al. 2004). However,

both of those studies involved a limited number of

patients (127 dogs and 111 people) and were studies

of patients with a single disease process. The present

study sought to extend our understanding in this area

by determining if acid–base analysis was prognostic

in a larger group of patients with heterogeneous dis-

ease processes. Although blood lactate concentra-

tions have been associated with outcome in some

specific populations (de Papp et al. 1999), it is recog-

nized that serial evaluation may provide additional
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discriminant power (Holahan et al. 2010; Mooney

et al. 2014; Cortellini et al. 2015). In the present

study, which enrolled a heterogeneous group of dogs,

lactate measurement was significantly greater in non-

survivors compared with survivors. The absolute dif-

ference between survivors and non-survivors was

small, however, which may reflect the limited illness

severity in the cohort of dogs studied here and the

heterogeneity in the nature and extent of the under-

lying disease processes.

In the present study, it was not possible to deter-

mine if the associations between acid–base and mor-

tality were independent of illness severity. As such,

the associations observed may represent epiphenom-

ena associated with illness severity. In similar studies

of human ICU patients, the availability of illness-

severity scores such as the SOFA or the APACHE II

score enable the level of disease to be accounted for

in multivariable analyses (Dubin et al. 2007; Boniatti

et al. 2009). It was not possible to calculate any of

the established veterinary illness-severity scores such

as SPI2 or the canine APPLE score in the present

study due to a lack of availability of the necessary

data. Future studies gathering data prospectively

might be able to overcome this issue and confirm

that acid–base disturbances are independently asso-

ciated with outcome. At this time, we can only specu-

late that this is the case.

The datasets evaluated in this study did not

include more than one profile from a single patient

care episode, although some patients were included

more than once on separate occasions. It is possible

that such repeated inclusion might have biased the

results, by increasing the strength of the outcome sig-

nal (towards survival or non-survival) from individ-

ual patients. It is unlikely that such an effect would

have affected the comparisons between analysis sys-

tems, however. It was also not possible to eliminate

the impact of therapy on the measured acid–base

abnormalities or on outcome. Patients may have

received therapy including fluid administration

before or after the electrolyte profile was recorded.

This is important because administration of normal

saline – an acidifying fluid due to the associated

hyperchloremia – has been associated with an

increased risk of AKI and death in people (Yunos

et al. 2012; Raghunathan et al. 2014; Shaw et al.

2014). For these therapies conducted at admission to

have impacted outcome at hospital discharge, how-

ever, their effect would have needed to persist

Table 3. Medians, ranges, and upper and lower quartiles for the calculated acid–base variables

Parameter Minimum 25% Median 75% Maximum

AG (mmol/L) 1.7 15.6 18.9 22.2 55.0

AGcorrected (mmol/L) 3.0 16.0 19.2 22.6 55.3

Alb contribution (mmol/L) 2.2 6.7 8.1 9.8 13.5

Phosphate contribution (mmol/L) 0.5 2.0 2.4 3.1 17.6

Atot (mmol/L) 4.0 9.3 11.0 12.7 23.5

SIDapparent (mmol/L) 6.4 32.2 35.8 39.5 65.6

SIDeffective (mmol/L) 10.6 32.4 36.0 39.6 65.6

SIG (mmol/L) �14.1 2.3 5.2 8.4 34.9

SIGsimplified (mmol/L) �8.2 0.9 4.2 8.1 39.8

Water BE effect (mmol/L) �8.7 �1.1 �0.2 0.6 8.7

Cl� corrected (mmol/L) 82.4 109.7 113.5 116.7 133.8

Cl� effect (mmol/L) �19.3 �2.2 1.0 4.8 32.1

Phosphate BE effect (mmol/L) �15.2 �0.8 �0.1 0.4 1.9

Albumin BE effect (mmol/L) �4.3 0.6 2.8 4.6 10.6

Lactate BE effect (mmol/L) �17.0 �3.3 �2.1 �1.3 0.0

Sum of BE effects (mmol/L) �20.7 �2.7 0.4 3.8 40.3

XA� (unmeasured acids) effect on BE (mmol/L) �41.1 �9.7 �6.2 �3.1 12.3

XA� measured (with lactate) (mmol/L) �10.5 5.9 8.8 11.9 38.1

XA� measured (without lactate) (mmol/L) �0.0 8.2 11.2 14.5 41.4

AG, anion gap; Atot, total plasma weak acids; BE, base excess; SID, strong ion difference; SIG, strong ion gap; XA�, unmeasured anions.
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throughout the hospital stay in order to affect the

identified associations with outcome. The impact of

euthanasia is difficult to address in all veterinary

studies incorporating mortality as an outcome mea-

sure. Due to the small number of patients that died

(i.e. were not euthanized), it was not feasible to anal-

yse them as a separate group.

The blood-gas analyses, lactate measurements and

serum biochemistry testing were performed on dif-

ferent machines. As a result of this, and owing to the

retrospective nature of this study, it was not possible

to determine with 100% certainty that the blood

samples for these separate analyses were drawn

simultaneously, and hence, we cannot be certain that

no therapeutic interventions occurred before all of

the blood samples were obtained. The standard oper-

ating procedure in the institution emergency room,

where the majority of samples were obtained, is to

obtain blood samples for all of these analyses

simultaneously at the time of catheter placement. As

such, it is unlikely that therapeutic interventions that

would alter acid–base balance occurred between col-

lection of samples for these distinct analyses.

The reference intervals for the blood-gas analyser

used in this study were generated in 2007 using 20

healthy dogs. Since that time, guidelines for refer-

ence interval generation have been published by the

American Society of Veterinary Clinical Pathology

(Friedrichs et al. 2012). These guidelines recommend

using at least 40 healthy animals for construction of a

reference interval. It is possible that generating a ref-

erence interval with a larger number of dogs would

alter the interpretation of some of the results in the

present study. However, this would be a systematic

error that should not affect between group compar-

isons and hence it is unlikely that a different refer-

ence interval would alter the key findings of the

present study.

Table 4. Median (25th–75th percentile) measured and calculated acid–base values for survivors and non-survivors

Parameter Ref. interval Survivors (n = 780) Non-survivors (n = 244) Unadjusted P

pH 7.32–7.38 7.36 (7.31–7.41) 7.36 (7.29–7.40) 0.261

pCO2 (mmHg) 38–46 36.1 (30.8–42.2) 33.8 (28.2–39.5) <0.0001

Na+ (mmol/L) 145–151 147.2 (143.7–150.6) 146.4 (143.3–150.2) 0.209

K+ (mmol/L) 3.9–5.1 4.09 (3.78–4.45) 4.10 (3.66–4.54) 0.790

Ca2+ (mmol/L) 1.18–1.37 1.28 (1.22–1.33) 1.25 (1.18–1.30) <0.0001

Cl� (mmol/L) 110–119 112 (108–116) 113 (109–118) 0.079

Corrected Cl� (mmol/L) 110–119 113.2 (109.7–116.4) 114.3 (109.7–118.1) 0.021

HCO3
�
act (mmol/L) 20–25 19.8 (16.9–22.7) 18.2 (15.2–20.9) <0.0001

BEecf (mmol/L) 0 to �4 �5.4 (�8.6 to �2.5) �7.5 (�10.6 to �4.3) <0.0001

Lactate (mmol/L) <2.0 2 (1.2–3.2) 2.4 (1.4–3.8) 0.002

Albumin (g/dL) 3.1–4.2 3.0 (2.5–3.5) 2.7 (2.1–3.2) <0.0001

Globulin (g/dL) 1.9–3.6 2.5 (2.0–3.0) 2.5 (2.0–3.1) 0.614

Phosphate (mg/dL) 2.9–5.2 4.0 (3.3–5.2) 4.9 (3.8–6.8) <0.0001

BUN (mg/dL) 10–32 15.0 (10.0–24.0) 22.0 (14.0–42.8) <0.0001

AG (mmol/L) 13–25 18.7 (15.6–21.9) 19.3 (15.3–23.5) 0.085

Corrected AG (mmol/L) 13–25 19.1 (16.0–22.2) 19.8 (15.9–23.9) 0.045

Atot (mmol/L) 5.6–11.4* 11.1 (9.3–12.7) 10.8 (9.2–12.7) 0.785

SID apparent (mmol/L) 31.4–45.7* 36.2 (32.9–39.7) 34.6 (30.2–39.4) 0.001

SID effective (mmol/L) 29.3–36.8* 31.0 (27.7–34.2) 29.0 (25.9–32.2) <0.0001

SIG (mmol/L) 3.3–15.3* 5.1 (2.4–8.2) 5.5 (2.1–8.7) 0.482

SIG simplified (mmol/L) �8.6 to 3.7 3.8 (0.6–7.6) 5.3 (2.1–10.6) <0.0001

XA� measured (inc. lactate) (mmol/L) - 8.7 (6.0–11.7) 9.0 (5.6–12.2) 0.583

XA� measured (no lactate) (mmol/L) - 11.1 (8.0–14.3) 11.5 (8.6–15.3) 0.105

Unadjusted P-values are presented. A Bonferroni correction (n = 24 tests) was applied to determine if these P-values were statistically sig-

nificant at P < 0.05. Accordingly, values of P < 0.0021 were considered significant and these are denoted in bold type. Institutional refer-

ence intervals were available for the majority of values. Where local intervals were not available, ranges published by (Vanova-Uhrikova

et al. 2017) were used, denoted by *. AG, anion gap; Atot, total plasma weak acids; BEecf, base excess (extracellular fluid); HCO3
�
act, actual

bicarbonate; SID, strong ion difference; SIG, strong ion gap; XA�, unmeasured anions.
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Despite the counter-intuitive results of the present

study, the findings do have implications for veteri-

nary clinical practice. Acid–base analysis using

strong ion approaches may enhance the clinician’s

understanding of the patient’s disease, but a more

straightforward approach may offer similar levels of

prognostic information. It is not clear if seeking to

manage the acid–base disturbance directly will

improve outcome and clinicians should consider if

attempting to normalize the pH artificially is likely to

improve the situation. For instance, in patients with

acidosis due to diabetic ketosis, bicarbonate therapy

may be detrimental (Okuda et al. 1996). A better

solution may be to identify and manage the underly-

ing disease causing the acid–base disturbance. Given

the retrospective nature of this study, it is only possi-

ble to speculate about the causes of the associations

identified between acid–base disturbances and
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Fig. 1 (a) Receiver operating characteristic (ROC) curves for mortality prediction based on bicarbonate and base excess, (b) ROC curves for

mortality prediction based on SIGsimplified and SIDeffective and pCO2. Individual area under the ROC curve (AUROC) values were: bicarbonate

(AUROC 0.622, P < 0.0001), base excess (AUROC 0.616, P < 0.0001), SIDeffective (AUROC 0.604, P < 0.0001), SIGsimplified (AUROC 0.603,

P < 0.0001), and pCO2 (AUROC 0.585, P < 0.0001). SID, strong ion difference; SIG, strong ion gap.

Table 5. Relationships between abnormalities of select measured and calculated acid–base derangements and in-hospital mortality

Parameter RI OR P Sens (%) Spec (%) PPV (%) NPV (%)

HCO3
� (mmol/L) 20–25 1.41 0.038 35.8 71.7 80.2 25.9

BEecf (mmol/L) 0 to �4 1.59 0.017 24.9 82.8 82.2 25.6

AG (mmol/L) 13–25 1.63 0.003 76.9 32.8 78.5 30.8

AGcorrected (mmol/L) 13–25 1.60 0.005 77.3 32.0 78.4 30.6

SIDapparent (mmol/L) 31.4–45.7* 2.02 <0.0001 79.6 34.1 79.6 34.1

SIDeffective (mmol/L) 29.3–36.8* 1.46 0.010 52.4 57.0 79.6 27.3

SIG (mmol/L) 3.3–15.3* 1.15 0.383 63.2 40.2 77.2 25.5

SIGsimplified (mmol/L) �8.6 to 13.7* 2.41 <0.0001 92.7 16.0 77.9 40.6

Institutional reference intervals were available for the majority of values. Where local intervals were not available, ranges published by

Vanova-Uhrikova et al. (2017) were used, denoted by *. P-values < 0.05 were considered significant and are denoted in bold type. AG,

anion gap; BEecf, base excess (extracellular fluid); HCO3
�act, actual bicarbonate; NPV, negative predictive value; OR, odds ratio; PPV,

positive predictive value; RI, reference interval; Sens, sensitivity; Spec, specificity; SID, strong ion difference; SIG, strong ion gap; XA�,
unmeasured anions; Z, Z-statistic.
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outcome. Marked alterations in pH, irrespective of

cause will detrimentally affect the cellular processes

that underpin tissue and organ function, by affecting

the function of enzyme systems, ion channels, and

the concentrations of electrolytes.

Conclusion

In summary, this study suggests that both the con-

ventional and strong ion approaches to acid–base

analysis identified multiple disorders in this popula-

tion of dogs with heterogeneous disease processes.

The acid–base disturbances as identified by both the

traditional and strong ion approaches were associ-

ated with mortality in the dogs evaluated in this

study, albeit to a limited extent. Contrary to our

hypothesis, the accuracy of outcome prediction was

not improved by performing the more complex

strong ion analyses, compared with evaluation of tra-

ditional acid–base parameters. Future studies should

focus on confirming these associations in a prospec-

tive manner accounting for disease severity.
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