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Early Hyperchloremia and Outcomes After
Severe Traumatic Brain Injury: Analysis
of Resuscitation Outcomes Consortium

Hypertonic Saline Trial

BACKGROUND/OBIJECTIVES: To investigate the effect of the occurrence of
early hyperchloremia on death or severe disability at 180 days in patients with se-
vere traumatic brain injury (TBI).

DESIGN: Post hoc analysis of Resuscitation Outcomes Consortium Hypertonic
Saline (ROC HS)-TBI trial.

SETTING: A total of 114 North American emergency medical services agencies
in the ROC.

PATIENTS: A total of 991 patients with severe TBI and Glasgow Coma Scale
score of less than or equal to 8.

INTERVENTIONS: Prehospital resuscitation with single IV dose (250 cc) of
7.5% saline in 6% dextran-70, 7.5% saline (no dextran), or crystalloid.

MEASUREMENTS AND MAIN RESULTS: Patients with increased serum
chloride concentrations (110 mmol/L or greater) 24 hours after randomization
were identified. Hyperchloremia was graded into one or greater than or equal
to 2 occurrences in the first 24 hours. Logistic regression analyses were per-
formed to determine the effects of hyperchloremia on: 1) death or severe disa-
bility at 180 days and 2) death within 180 days after adjusting for confounders.
Compared with patients without hyperchloremia, patients with greater than
or equal to 2 occurrences of hyperchloremia had significantly higher odds of
death or severe disability at 180 days (odds ratio [OR], 1.81; 95% ClI, 1.19-
2.75) and death within 180 days (OR, 1.89; 95% CI, 1.14-3.08) after adjust-
ment for confounders. However, the total volume of fluids administered during
the first 24 hours was an independent predictor of death within 180 days;
therefore, after adding an interaction term between the total volume of fluids
administered during the first 24 hours and greater than or equal to 2 occur-
rences of hyperchloremia, patients with greater than or equal to 2 occurrences
of hyperchloremia had significantly higher odds of death within 180 days (OR,
2.85; 95% ClI, 1.21-4.61 d) but not of composite outcome of death or severe
disability at 180 days.

CONCLUSIONS: After modifying for the effect of the total volume of fluids
administered during the first 24 hours, multiple occurrences of hyperchloremia in
the first 24 hours were associated with higher odds of death within 180 days in
patients with severe TBI.

KEY WORDS: death; disability; hyperchloremia; hypertonic saline; traumatic
brain injury
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-
@)\ KEY POINTS

¢ Questions: This study sought to investigate the
effect of occurrence of early hyperchloremia on
death or severe disability at 180 days in patients
with severe traumatic brain injury (TBI).

¢ Findings: In a post hoc analysis of
Resuscitation Outcomes Consortium Hypertonic
Saline-TBI trial, patients with greater than or
equal to 2 occurrences of hyperchloremia had
significantly higher odds of death within 180
days (odds ratio, 2.35).

e Meanings: Hyperchloremia may be a thera-
peutic target for reducing the observed death in
patients with TBI.

J

tion between hyperchloremia and occurrence

of acute kidney injury (AKI) and short- and
long-term mortality in patients admitted to critical
care units (1-5). There has been recent interest in
evaluating the effect of hyperchloremia in patients
with neurologic diseases (6-10). New-onset hyper-
chloremia has been associated with both death
and death or disability in patients with ischemic
stroke and intracerebral hemorrhage (ICH) (6-9).
Hyperchloremia is also associated with occurrence
of AKI in patients with subarachnoid hemorrhage
and AKI is associated with higher mortality (10).
There has been additional emphasis on the relation-
ship between hyperchloremia and various outcome
measures among patients receiving hypertonic saline
due to the high-chloride load (11, 12). Hypertonic
saline treatment was associated with hyperchloremia
and AKI in patients with various intracranial lesions
including stroke (9, 12). High rates of in-hospital
mortality were observed in patients with ICH who
developed moderate hyperchloremia during treat-
ment with continuous IV infusion of 3% hypertonic
saline (11). Identification of any relationship has po-
tential therapeutic implications due to availability of
balanced crystalloids with low chloride content for
IV administration (13-15). We performed this anal-
ysis to determine the occurrence of hyperchloremia
in patients with traumatic brain injury (TBI) and
identify the association between hyperchloremia and
death or disability at 180 days.

f ; everal studies have demonstrated an associa-
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METHODS

We analyzed the data collected as part of the
Resuscitation Outcomes Consortium Hypertonic
Saline (ROC HS)-TBI trial (ClinicalTrials.gov number:
NCT00316004). The details regarding the trial have
been published previously (16-18). The analysis was
approved by the University of Missouri Institutional
Review Board (“Early Hyperchloremia in Traumatic
Brain Injury Resuscitation,” No. 2076062, approved
October 21, 2021), and all procedures were followed
in accordance with the ethical standards of the respon-
sible committee on human experimentation (institu-
tional or regional) and with the Helsinki Declaration
of 1975. Briefly, a multicenter, double-blind, random-
ized, placebo-controlled clinical trial involving 114
North American emergency medical services agen-
cies, in the ROC, was conducted between May 2006
and May 2009. The study sought to determine whether
prehospital administration of 7.5% hypertonic saline/
dextran, compared with current standard therapy
with normal saline, as an initial resuscitation IV fluid,
improves survival following severe TBIL

Patient Population

Patients were included in the trial based on the fol-
lowing: blunt mechanism of injury, age greater than
or equal to 15 years, and Glasgow Coma Scale (GCS)
score of less than or equal to 8. Patients with systolic
blood pressure of less than or equal to 70mm Hg or
less or of 71 to 90mm Hg with a concomitant heart
rate of greater than or equal to 108 per minute. Out-
of-hospital cardiopulmonary resuscitation, admin-
istration of more than 2,000mL of crystalloid or any
amount of colloid or blood products prior to enroll-
ment, severe hypothermia (< 28°C), drowning, as-
phyxia due to hanging, burns on more than 20% of total
body surface area, isolated penetrating head injury, in-
ability to obtain IV access, more than 4 hours between
receipt of dispatch call to study intervention, prisoner
status, and interfacility transfer were excluded in the
trial. We included patients with at least two measure-
ments of serum chloride concentrations in the first 24
hours of randomization in our analysis. We excluded
patients with missing values for age, randomization
group, Injury Severity Score (ISS) (19), Marshall head
CT grade (20), GCS, or 6-month Extended Glasgow
Outcome Scale (GOSE).
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Trial Intervention

Patients were randomized to a single IV dose (250
cc) of 7.5% saline in 6% dextran-70, 7.5% saline (no
dextran), or crystalloid as the initial fluid for prehos-
pital resuscitation. The concurrent trauma resuscita-
tion, transfusions, ICU insulin infusion/blood glucose
control, sedation/analgesia protocol for mechanical
ventilation, mechanical ventilation, venous throm-
boembolism prophylaxis, ventilator-associated pneu-
monia management, and management of severe TBI
were based on existing resuscitation and critical care
management guidelines to standardize management
across all participating sites.

Definition of Hyperchloremia

All in-hospital serum sodium and chloride concentra-
tions in the first 24 hours after randomization were
tracked. Patients with an increased serum chloride
concentration at any recording in first 24 hours were
identified. Hyperchloremia was defined by serum
chloride concentrations of 110 mmol/L or greater con-
sistent with previous studies (3-6, 21). We further cate-
gorized hyperchloremia into one occurrence or greater
than or equal to 2 occurrences. We also calculated the
area under the curve (AUC) to provide a summary of
serum chloride concentrations over the 24-hour pe-
riod. The larger the AUC value, the greater the serum
chloride concentrations over the 24 hours.

Data Analyzed

The initial data, including demographics, prehospital
time, and volume of fluid administered; trial inter-
vention administered; and emergency department
(ED) hemodynamic and laboratory variables, were
analyzed. Furthermore, in-hospital interventions
based on a daily review of the medical records and
results of diagnostic studies were analyzed including
total volume of fluids administered during the first 24
hours since 911 call. Renal dysfunction was classified
using Multiple Organ Dysfunction scoring systems
based on highest serum creatinine concentrations
during hospitalization as follows: less than or equal to
100 mmol/L = 0; less than 201 mmol/L = 1; less than
351 mmol/L = 2; less than or equal to 500 mmol/L =
3; and otherwise = 4 (22). The GOSE at 1 month and
180 days post-randomization were obtained by using

Critical Care Explorations

a previously validated (inter-rater reliability weighted
kappa values of 0.85) method of structured interview
by phone (23). If the patient was unable to respond to
the interview, information was acquired from a family
member or caregiver (23-25). The raters filled out
the structured GOSE interview questionnaires based
on response to 24 questions and provided an overall
GOSE score for each patient as previously described
(23). Vegetative state (GOSE 2) based on level of con-
sciousness was assigned to patients who remained un-
responsive and speechless, and severe disability based
on function in home and outside home, was assigned
as lower severe disability (GOSE 3) if patient was un-
able to look after themselves for 8 hours, and upper
severe disability (GOSE 4) was unable to look after
themselves for 24 hours or unable to shop or unable to
travel. Additional assessments of neurologic outcome
included the Disability Rating Score at 1 month (24).
The primary outcome was death, vegetative state, or
severe disability at 180 days post-randomization based
on GOSE of less than or equal to 4. The secondary out-
come was death within 180 days post-randomization.

Statistical Analysis

The complete dataset from ROC HS-TBI trial was
used, and formal sample size calculations were not
performed. Categorical and continuous data were pre-
sented as mean with sp and percentages. Means and
frequencies were compared using one-way analysis of
variance and the chi-square (26) method, respectively.
We evaluated the association between the two strata of
hyperchloremia (one occurrence or > 2 occurrences)
with the patients’ demographic and clinical and labo-
ratory characteristics. Ordinal logistic regression anal-
ysis and F tests were used to identify any differences
in the distribution of GOSE grades between patients
without hyperchloremia and those with one occur-
rence or those with greater than or equal to 2 occur-
rences of hyperchloremia.

We evaluated the effect of hyperchloremia on the
odds of death, vegetative state, or severe disability at 180
days post-randomization (27) using stepwise logistic
regression analysis. We adjusted for age (continuous
variable), admission GCS score (continuous variable),
and CT scan classification (Marshall grades II, III, IV,
mass lesion, and other entered as a categorical variable)
(28-30). Because our study cohort also included poly-
trauma patients, we also adjusted for ISS (continuous
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variable) in the model (31). A second multivariate
analysis was performed using death within 180 days
post-randomization as the dependent variable and the
model was adjusted for the same potential confound-
ing factors as mentioned above. A p value below 0.05
was defined as an entry criterion in each of the stepwise
regressions. A p value below 0.05 was considered signif-
icant. We repeated the above-mentioned two analyses
after entering the total volume of fluids administered in
the first 24 hours (continuous variable) and an interac-
tion term between the total volume of fluids adminis-
tered during the first 24 hours and greater than or equal
to 2 occurrences of hyperchloremia.

We performed additional logistic regression
analyses to determine the effect of AUC of chloride

TABLE 1.

concentrations and baseline (admission) hyperchlore-
mia on the odds of 1) death, vegetative state, or severe
disability at 180 days and 2) death within 180 days after
adjusting for the above-mentioned variables.

We performed all analyses using the R software
(R Core Team 2021, R Foundation for Statistical
Computing, Vienna, Austria [https://www.R-project.
org/]).

RESULTS

Among the 991 patients analyzed, the mean number
(+ sp) of serum chloride concentration measure-
ments was 3.9+1.9 over a mean period (£ sp) of
16.4+7.5 hours since ED arrival. Hyperchloremia

Baseline Characteristics of Patients With Severe Traumatic Brain Injury According to
Strata Defined by Presence or Absence of Hyperchloremia

Two or More

No Single Occurrence Occurrences of

Variables Hyperchloremia of Hyperchloremia Hyperchloremia
Overall, n (%) 247 (24.9) 164 (16.5) 580 (58.5)
Age, mean £ sp? 425+ 19.3 35.9+16.8 379+ 18.0
Gender

Men 190 (76.9) 128 (78.0) 416 (71.7)

Women 57 (23.1) 36 (22.0) 164 (28.3)
Race/ethnicity

Asian 6 (2.4) 5 (3.0) 19 (8.3)

African American 27 (10.9) 15 (9.1) 42 (7.2)

White? 142 (57.5) 100 (61.0) 275 (47.4)

Other 2 (0.8) 1 (0.6) 12 (2.1)

Hispanic or Latino? 25 (10.1) 22 (13.4) 40 (6.9)
Randomization group

Hypertonic saline/dextran® 17 (6.9) 35 (21.3) 215 (37.1)

Hypertonic saline® 19 (7.7) 47 (28.7) 209 (36.0)

Normal saline? 211 (85.4) 82 (50.0) 156 (26.9)
Clinical severity

Out-of-hospital GCS, median (range) 3 (3-8) 3 (3-7) 3 (3-6)

Out-of-hospital GCS > 5 84 (34.0) 50 (30.5) 163 (28.1)

Out-of-hospital GCS < 5 163 (66.0) 114 (69.5) 417 (71.9)

ISS, median (range) 25 (14-30) 27 (17-38) 31 (24-42)

ISS > 26 92 (37.2) 82 (50.0) 362 (62.4)

ISS < 26 155 (62.8) 82 (50.0) 218 (37.6)

(Continued)
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TABLE 1. (Continued).

Baseline Characteristics of Patients With Severe Traumatic Brain Injury According to
Strata Defined by Presence or Absence of Hyperchloremia

Two or More
Occurrences of
Hyperchloremia

No Single Occurrence

Variables Hyperchloremia of Hyperchloremia

Marshall score based on initial head CT scan

Diffuse injury I* 88 (35.6) 50 (30.5) 130 (22.4)
Diffuse injury Il 88 (35.6) 66 (40.2) 218 (37.6)
Diffuse injury Ill 27 (10.9) 19 (11.6) 93 (16.0)
Diffuse injury IV 5 (2.0) 3(1.8) 33 (5.7)
Mass lesion 37 (15.0) 24 (14.6) 96 (16.6)
Others 2 (0.8) 2 (1.2 10 (1.7)
Out-of-hospital variables
Out-of-hospital advanced airway 152 (61.5) 108 (65.9) 372 (64.1)
Time from dispatch call to fluid 320+ 174 33.8 + 25.7 36.3 £ 22.2

administration, min (mean * sp) @

Total out-of-hospital time, min (mean * sp)?

17,648.8 + 15,089.6

15,014.6 + 15,366.8

8,044.6 £ 12,279.0

Prehospital fluids (L, mean £ sp)? 0.8+ 05 1.0+0.7 1.0+0.8

Administration of >2L of crystalloid or 0 (0) 0 (0) 1(0.2)
mannitol

Emergency department variables

Systolic blood pressure 144.7 £ 31.5 135.2 + 31.1 132.8 £ 35.2
(mm Hg, mean * sp)?

Hemoglobin (g/dL, mean % sp)? 135+1.9 12.6 + 2.1 11.7+ 23

International normalized ratio (mean % sp)? 1.2+0.5 1.3+0.6 1.3+ 0.5

Prothromboplastin time (mean % sp)? 270 * 6.1 28.8+ 15.6 329+ 21.2

Platelet counts (mean * sp)? 249.6 + 775 239.1 = 75.9 230.7 + 69.4

Serum creatinine (mean = sp)? 71.4 £ 36.3 84.4 + 76.7 76.9 + 31.2

First pH (mean % sp)? 7.3+ 0.1 7.3+ 0.1 7.3 £ 0.1

Highest lactate 0 to 12 hr (mean + sp) 39+32 45+ 35 43+25

Intubation? 218 (88.3) 145 (88.4) 554 (95.5)

GCS = Glasgow Coma Scale, ISS = Injury Severity Score.

aSignificant at p= 0.05 (Student ¢ test and y? tests with Bonferroni correction for continuous and categorical variables, respectively).

in the first 24 hours was seen in 164 patients with
one occurrence and 580 with greater than or equal
to 2 occurrences, respectively (Table 1). The propor-
tions of patients who received hypertonic saline and
hypertonic saline/dextran were significantly higher
among patients with hyperchloremia. The propor-
tions of patients with ISS greater than 26 were signif-
icantly higher among patients with hyperchloremia.
The proportion of patients who Marshall grade of dif-
fuse injury I was significantly lower among patients
with greater than or equal to 2 occurrences of hyper-
chloremia. The total out-of-hospital time interval

Critical Care Explorations

was shorter among patients with hyperchloremia but
larger amounts of prehospital fluids were adminis-
tered in patients with hyperchloremia. The first sys-
tolic blood pressure in ED was lower among patients
with hyperchloremia. Patients with hyperchloremia
were more likely to have lower hemoglobin and
platelet counts and more likely to have higher inter-
national normalized ratio (INR) and partial throm-
boplastin time (PTT) in the ED.

The mean total volume of IV fluids administered
during the first 24 hours was significantly higher
in patients with hyperchloremia (Table 2). During
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hospitalization, patients with hyperchloremia were
more likely to develop single or greater than or equal to
2 occurrences of hypernatremia. Patients with hyper-
chloremia were more likely to require IV mannitol and
undergo ventriculostomy or craniotomy during the
first 5 days of admission. The mean worse renal organ
dysfunction scores and the total duration of ICU stay
were higher among patients with hyperchloremia.
There was a higher rate of death, vegetative state, or
severe disability at 180 days in patients with one occur-
rence (44.5%) or greater than or equal to 2 occurrences
(65.3%) compared with those with no hyperchlo-
remia (47.8%) (Table 3). There was a higher rate of
death within 180 days in patients with one occurrence

TABLE 2.

(24.4%) or greater than or equal to 2 occurrences
(32.8%) compared with those with no hyperchloremia
(21.1%). The distribution of GOSE scores at 6 months
was significantly different in patients with greater than
or equal to 2 occurrences (odds ratio [OR], 0.85; 95%
CIL, 0.8-0.9) of hyperchloremia but not with one occur-
rence of hyperchloremia (OR, 1; 95% CI, 0.9-1.1) from
those with no occurrence (Fig. 1).

In model 1, patients with greater than or equal to
2 occurrences of hyperchloremia had significantly
higher odds of death, vegetative state, or severe dis-
ability at 180 days (OR, 1.81; 95% CI, 1.19-2.75;
Table 3) and death within 180 days (OR, 1.89; 95%
CI, 1.14-3.08) compared with patients without

In-Hospital and 30-Day Variables of Interest in Patients With Severe Traumatic Brain
Injury According to Strata Defined by Presence or Absence of Hyperchloremia

Two or More

Variables

Overall, n (%)

Fluids and electrolytes (first 24 hr)

Total fluids administered in first 24 hr (L, mean =* sp)?

Single episode of hypernatremia®

Two or more episodes of hypernatremia®®
In-hospital interventions

Mechanical ventilation

Hyperventilation in first 5 d

Ventriculostomy in first 5 d?

Craniotomy first 5 d#

Additional hypertonic fluids in first 5 d

Mannitol use in first 5 d?

Autologous blood transfusions in first 24 hr (mL,
mean * sD)

In-hospital events
Serious adverse events
Serious adverse events related to intervention
Worse renal organ dysfunction score (mean + sp)?
Acute respiratory distress syndrome
Total ICU d (mean =* sp)?

Post hospitalization events
Death within 30 d?
Death, vegetative state, or disability at 30 d®
Disability rating scale at 30 d (mean * sp)?

No Single Occurrence Occurrences of
Hyperchloremia of Hyperchloremia Hyperchloremia
247 (24.9) 164 (16.5) 580 (58.5)
6.1+44 85+ 76 102+ 79
8 (3.2) 30 (18.3) 95 (16.4)
19 (7.7) 39 (23.8) 358 (61.7)
106 (42.9) 85 (51.8) 383 (66.0)
4 (1.6) 3(1.8) 5 (2.6)
22 (8.9) 4(14 6) 105 (18.1)
25 (10.1) 8 (11.0) 108 (18.6)
24 (9.7) 3 (14.0) 92 (15.9)
44 (17.8) 39 (23.8) 170 (29.3)
16.3 + 2285 34.8 £ 222.8 25.4 £ 253.3
54 (21.9) 42 (25.6) 163 (28.1)
1(0.4) 2 (1.2 17 (2.9)
0.1 £0.5 0.3+0.8 0.2+ 0.6
17 (6.9) 13 (7.9) 62 (10.7)
72+ 9.6 79+94 11.4+16.2
49 (19.8) 39 (28.8) 181 (31.2)
118 (47.8) 75 (45.7) 320 (55.2)
12.0+12.6 13.4 £ 13.1 174 +12.8

2Significant at p = 0.05 (Student ¢ test and % tests with Bonferroni correction for continuous and categorical variables, respectively).

*Hypernatremia is defined by serum sodium > 145 mmol/L.
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TABLE 3.

Effect of Hyperchloremia on Death or Severe Disability and Death in Patients With Trau-
matic Brain Injury in Multivariate Analysis

Strata Defined Pres- Rates of Death, Vegetative Rates of
ence or Absence of State, or Severe Disability Death Within
Hyperchloremia at 180 d, n (%) OR(95% CI) 180 d, n (%) OR (95% CI)
Model 12
No hyperchloremia 118 (47.8) Reference 52 (21.1) Reference
Single occurrence of 73 (44.5) 0.90 (0.55-1.46) 40 (24.4) 1.53 (0.84-2.77)
hyperchloremia
Two or more occurrences 379 (65.3) 1.81 (1.19-2.75) 190 (32.8) 1.89 (1.14-3.08)
of hyperchloremia
Model 2°
No hyperchloremia 118 (47.8) Reference 52 (21.1) Reference
Single occurrence of 73 (44.5) 0.77 (0.46-1.28) 40 (24.4) 1.12 (0.59-2.11)
hyperchloremia
Two or more occurrences 379 (65.3) 1.62 (0.89-2.96) 190 (32.8) 2.35 (1.21-4.61)

of hyperchloremia

OR = odds ratio.

*Model 1 adjusted for age, admission Glasgow Coma Scale score, randomized group, CT scan classification (Marshall grades), and Injury
Severity Score.

®Model 2 adjusted for age, admission Glasgow Coma Scale score, randomized group, CT scan classification (Marshall grades), Injury
Severity Score, and total fluids administered in first 24 hr (continuous variable) and an interaction term between total fluids administered
in first 24 hr and hyperchloremia.

Two or more occurences
of hyperchloremia

One occurence
of hyperchloremia

No hyperchloremia

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
01 a2 o3 o4 @5 m6 m7 mg

Figure 1. The Extended Glasgow Outcome Scale score distribution at 180 d post-randomization in patients enrolled in Resuscitation
Outcomes Consortium Hypertonic Saline-Traumatic Brain Injury trial according to groups defined by occurrence of hyperchloremia.
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hyperchloremia, after adjustment for age, randomiza-
tion group, ISS, Marshall head CT grade, and GCS. In
model 2, after entering total volume of fluids admin-
istered during first 24 hours and the interaction term
between total volume of fluids administered during
the first 24 hours and greater than or equal to 2 occur-
rences of hyperchloremia, patients with greater than
or equal to 2 occurrences of hyperchloremia compared
with patients without hyperchloremia, had signifi-
cantly higher odds of death within 180 days (OR, 2.35;
95% CI, 1.21-4.61). Patients who received higher total
volume of fluids during the first 24 hours had higher
odds of death at 180 days (OR, 2.35; 95% CI, 1.21-
4.61) but not death, vegetative state, or severe disability
at 180 days (OR, 1.62; 95% CI, 0.89-2.96). The interac-
tion term between total volume of fluids administered
during the first 24 hours and greater than or equal to
2 occurrences of hyperchloremia was significant in the
analysis of death within 180 days (p = 0.02) but not
significant in the analysis of death, vegetative state, or
severe disability at 180 days (p = 0.43).

There was a significant association between AUC of
serum chloride concentrations and death within 180
days (OR, 0.999; 95% CI, 0.999-1.000; p = 0.026). There
was no association between AUC of serum chloride
concentrations and death, vegetative state, or severe
disability at 180 days (OR, 1.000; 95% CI, 0.999-1.000;
p = 0.996). There was no association between baseline
hyperchloremia and death within 180 days (OR, 0.998;
95% CI, 0.97-1.03; p = 0.872) and death, vegetative
state, or severe disability at 180 days (OR, 0.98; 95%
CL 0.95-1.01; p = 0.113).

DISCUSSION

Patients with TBI who had greater than or equal to
2 occurrences of hyperchloremia had higher odds of
death, vegetative state, or severe disability at 180 days
(as defined by GOSE) and death within 180 days. The
association was independent of other known predic-
tors of outcome including age, admission GCS score,
CT scan classification (Marshall grades), and ISS (28-
31). The total volume of fluids administered during the
first 24 hours was higher in patients with hyperchlo-
remia with an interaction identified between the two
variables as discussed in the subsequent paragraph.
Patients with hyperchloremia had higher propor-
tions of patients who received hypertonic saline and

8 www.ccejournal.org

hypertonic saline/dextran and also received larger vol-
umes of prehospital fluids and total fluids administered
during the first 24 hours. The patients who developed
hyperchloremia had lower systolic blood pressure,
lower hemoglobin, and platelet counts and more likely
to have higher INR and PTT in the ED. Patients with
hyperchloremia were more likely to require IV man-
nitol and undergo ventriculostomy or craniotomy in
the first 5 days of admission. The mean worse renal
organ dysfunction scores were higher among patients
with hyperchloremia. The greater severity of TBI, as
reflected by these variables, may be a contributor to
the higher rates of death and death, vegetative state, or
severe disability observed among patients with greater
than or equal to 2 occurrences of hyperchloremia.

In our analysis, when the total volume of fluids
administered with first 24 hours was entered in the
multivariate model, the association between greater
than or equal to 2 occurrences of hyperchloremia and
death, vegetative state, or severe disability lost statis-
tical significance but the association with death within
180 days increased (from OR of 1.89 to 2.35). The
total volume of fluids administered during the first 24
hours was an independent predictor of death within
180 days. There was a significant interaction between
greater than or equal to 2 occurrences of hyperchlore-
mia and the total volume of fluids administered dur-
ing the first 24 hours in the multivariate analysis. The
complex relationship between volume of total fluids
administered and serum chloride concentrations were
also identified in the isotonic Solution Administration
Logistical Testing (SALT) study (32). In the SALT
study (32), patients who received normal saline (com-
pared with those who received lower chloride content
crystalloid solution) had higher serum chloride con-
centrations, higher peak serum creatinine concentra-
tions, greater occurrence of AKI, and more frequent
renal replacement treatments compared with those
patients. However, the relationship was only seen in
patients who received larger volumes of crystalloids
but not in those who received smaller volumes. Like
other trials (32, 33), we were unable to further discern
the complex relationship between chloride load, serum
chloride concentrations, total fluid administered, and
intravascular fluid volume.

Our data add to existing body of evidence in the
relationship between hyperchloremia and death or
disability observed in other neurologic diseases such

December 2022 * Volume 4 « Number 12



Original Clinical Report

as ischemic stroke and ICH (6, 7, 10), particularly
among those receiving IV hypertonic saline (11, 12).
There is ambiguity regarding whether hyperchlore-
mia was directly contributing to death or death, veg-
etative state, or severe disability in patients with TBI
or simply a manifestation of more severe neurologic
and systemic involvement after TBI and did not con-
tribute directly to death, vegetative state, or severe
disability. In theory, hyperchloremia may induce met-
abolic acidosis, which can result in intracellular and
extracellular acidosis in the brain leading to cytotox-
icity via activation of enzymes and alteration in ionic
movements (34, 35) and dysfunction of aquaporin-4
receptor leading to edema formation (36) and neural
excitotoxicity (37). Hyperchloremia may also augment
pro-inflammatory response (38, 39) and modifica-
tion of neutrophil and myeloperoxidase activity (40).
We also studied the effect of iso-osmolar doses (5.5
mOsm/kg) of IV mannitol (1 g/kg), 3% sodium chlo-
ride (5.3 mL/kg), or 23.4% sodium chloride (0.7 mL/
kg) on blood-brain barrier permeability in a canine
model of ICH, 2 hours after the introduction of hema-
toma (41). Significant blood-brain barrier disruption
was slightly higher after 2 hours of administration of
23.4% sodium chloride compared with both man-
nitol and 3% sodium chloride. Hyperchloremia has
been associated with AKI in patients with ischemic
stroke and ICH (7, 9, 10). The mean worse renal organ
dysfunction scores were higher among patients with
hyperchloremia in the current analysis. High IV chlo-
ride loads can result in reduction of renal blood flow,
glomerular filtration rates, and renal cortical tissue
perfusion in experimental models and clinical stud-
ies (42, 43). Occurrence of AKI has been associated
with higher rates of mortality among TBI patients
(44) and maybe contributing to higher mortality as-
sociated with hyperchloremia. There are two aspects
of our findings that may suggest a bystander effect
rather than a cause-effect relationship between hyper-
chloremia and outcomes in severe TBI patients. First,
the exposure to hyperchloremia was short (in the first
24 hr) and second, the relationship was not seen with
death, vegetative state, or severe disability (but only
death) at 180 days. However, in the absence of more
in-depth analysis involving several variables that were
not available, no definitive conclusions can be derived.

The practical implication is how do these findings
apply in the context of previous comparisons between

Critical Care Explorations

normal saline and physiologically balanced crystal-
loids, such as lactated Ringer’s solution (sodium 130
mmol/L, chloride 109 mmol/L) and Plasma-Lyte A
(sodium 140 mmol/L, chloride 98 mmol/L) in other
patient populations. A meta-analysis of 21 studies
involving 6,253 patients (13) found that high-chloride
fluids were associated with a significantly higher risk
of AKI, hyperchloremia, metabolic acidosis, blood
transfusion volume, and mechanical ventilation time.
However, no increase in mortality was observed (13).
The Isotonic Solutions and Major Adverse Renal Events
Trial (45) compared normal saline with balanced crys-
talloids (lactated Ringer’s solution or Plasma-Lyte A)
in 15,802 critically ill adults. The primary endpoint
was a composite of major renal adverse events within
30 days, death from any cause, new renal replacement
therapy, or persistent renal dysfunction. Overall, the
primary endpoint was significantly higher in patients
who received normal saline, presumably due to higher
chloride load (15.4% vs 14.3%). However, the pri-
mary outcome was lower (14% vs 15%) in patients
with TBI treated with normal saline and higher in
patients without TBI (15.5% vs 14.3%). Similarly, in
the Balanced Solutions in Intensive Care Study (33), a
prespecified subgroup analysis reported that patients
with TBI who were treated with buffered solutions
had a higher mortality compared with those treated
with normal saline (31.3% vs 21.1%). The results high-
lighted the issue regarding osmolality, which may have
to considered concurrently with the chloride load in
patients with TBI. Some of the most commonly used
“balanced” solutions (like lactated Ringer’s solution)
are relatively hypotonic with an osmolarity of 273
mOsmol/L and a measured osmolality of 254 mOs-
mol/kg (46, 47), which may increase brain water con-
tent worsening cerebral edema.

Our analysis has certain limitations that should be
considered. We were unable to determine whether the
volume of fluids administered during the first 24 hours
was driven by clinical manifestations of low intravas-
cular volume and whether the fluid administration was
adequate to replace the intravascular volume deficit or
whether under-resuscitation had occurred, particu-
larly in those patients who suffered death, vegetative
state, or severe disability. The ISS, Marshall head CT
grade, and GCS are not informative about important
parameters such as degree of resuscitation, fluid loss,
or severity of hemorrhage. We did not observe any
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differences in other surrogate markers of tissue perfu-
sion and resuscitation such as serum lactate concen-
tration or volume of autologous blood transfusions
between groups defined by occurrence of hyperchlo-
remia. The mean worse renal organ dysfunction scores
were higher among patients with hyperchloremia,
which could potentially be related to low intravascular
volume. We were unable to determine the contribution
of hypertonic saline in predisposing to hyperchlore-
mia, which would require segregation of each of the
normal saline-resuscitated patients based on normal
and high serum chloride concentrations with measure
of total chloride administered from additional fluids
and the diluted volume (intravascular volume at the
time). There was variability in the number and the
timing of measurements of serum chloride concen-
trations between patients, which could induce a bias
with patients anticipated to have hyperchloremia more
likely to get multiple measurements. We used AUC to
provide a more detailed perspective of serum chloride
concentrations (8, 9). We could not use within-sub-
jects regressions in which every measurement of each
subject is regressed on the time axis using random
effects modeling (48) to create a summary statistic
because prehospital serum chloride concentrations
were not measured. The data on serum chloride con-
centrations after the first 24 hours was not ascertained
and precluded any analysis of effect of occurrence of
hyperchloremia after the first 24 hours of randomiza-
tion. Therefore, the total chloride burden during the
ICU stay was not quantified limiting the analysis be-
tween exposure and outcome. We acknowledge the
limitations of post hoc analysis apply to our analysis
(49, 50) because the subgroup hypothesis, statistical
plan, or the direction of effect was not prespecified (49,
50). Therefore, the results may also be contaminated
by chance, differences in patients’ clinical character-
istics and other concurrent interventions. While each
site in the trial was encouraged to implement resus-
citation and critical care management guidelines, pre-
vious studies have found variance between institutions
in compliance to such guidelines (51). The trial pro-
tocol or existing guidelines at that time did not specify
any specific guidelines for detection or management
of hyperchloremia (16, 52, 53), so there may consider-
able variations in management of hyperchloremia with
undetermined effect on our. Serum chloride concen-
tration can be measured using several techniques (54)

10 www.ccejournal.org

including colorimetric, coulometric, mercurimetric,
and chloride-specific ion electrode methods. We can-
not comment on variability in methods used between
sites in ROC HS-TBI trial to determine serum chloride
concentration.

CONCLUSIONS

After modifying the total volume of fluids adminis-
tered during the first 24 hours, we found that multiple
occurrences of hyperchloremia in the first 24 hours in
patients with severe TBI were associated with higher
odds of death within 180 days.
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