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Association of Arterial pH With Hemodynamic
Response to Vasopressin in Patients With
Septic Shock: An Observational Cohort Study

OBJECTIVES: Vasopressin is reported to retain vasoconstrictive activity in the
setting of acidemia, but preclinical models are inconsistent and studies have not
evaluated the clinical effectiveness of vasopressin based on arterial pH. This study
sought to determine the association between arterial pH and blood pressure after
vasopressin initiation in septic shock.

DESIGN: This retrospective, multicenter, observational cohort study evaluated
the association of arterial pH at the time of vasopressin initiation with hemody-
namic response to vasopressin and change in catecholamine dose after vaso-
pressin initiation. Hemodynamic response was defined as a catecholamine dose
decrease with mean arterial pressure greater than or equal to 65mm Hg at 6
hours after vasopressin initiation.

SETTING: Patients from eight hospitals in a health system were evaluated.

PATIENTS: Patients with septic shock initiated on vasopressin as a catechol-
amine adjunct between January 2012 and November 2017 were screened for
inclusion.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: A total of 1,350 patients were
included. At the time of vasopressin initiation patients were severely ill with ar-
terial pH 7.28+0.13, Sequential Organ Failure Assessment 14.1£3.5, lactate
5.6+ 4.6 mmol/L, and norepinephrine-equivalent catecholamine dose 32.3+25.4
pg/min. After adjusting for lactate and Sequential Organ Failure Assessment with
multivariable logistic regression, lower arterial pH was independently associated
with lower odds of hemodynamic response to vasopressin (for each 0.1 unit ar-
terial pH was below 7.40, response odds ratio 0.79; 95% CI, 0.72-0.87). For
each 0.1 unit the pH was below 7.40 at vasopressin initiation, the norepinephrine-
equivalent catecholamine dose increased by 1.5 pg/min (95% CI, 0.5-2.5 pg/
min) at 1 hour, and increased by 2.5 pug/min (95% ClI, 1.4-3.5 pg/min) at 6 hours
after vasopressin initiation.

CONCLUSIONS: Compared with higher arterial pH, patients with septic shock
and low arterial pH had lower odds of vasopressin response and higher catechol-
amine doses after vasopressin initiation. Similar to other vasopressors, the clinical
effectiveness of vasopressin appears to be impaired in the setting of acidemia.

KEY WORDS: acidosis; sepsis; septic shock; norepinephrine; vasoconstrictor
agents; vasopressin

epsis is the leading cause of death in hospitalized patients (1). Septic shock,
a subset of sepsis clinically identified by infection-induced hypotension
requiring vasopressors with hyperlactatemia, has a mortality rate of 33%
in North America (2, 3). Over half of patients with septic shock have concom-
itant acidemia, at least in part due to lactic acidosis (4-6). Acidemia causes
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a number of complications, including hemodynamic
alterations due to decreased cardiac output and sys-
temic vasodilation (7, 8). As arterial pH decreases, the
effectiveness of endogenous and exogenous catechol-
amines to improve blood pressure is reduced (9, 10).
Concomitantly, acidosis causes endogenous release
of vasopressin, which depletes pituitary vasopressin
stores and further contributes to vasodilation (11, 12).
Additionally,vasopressinhasbeenreportedtoretainvas-
oconstrictive activity in the setting of acidemia (13, 14).
For these reasons, some clinicians initiate exogenous
vasopressin in patients with septic shock specifically
because of concomitant acidemia. However, preclin-
ical models are inconsistent, with studies showing
both retained and decreased activity of vasopressin in
the setting of acidosis (15-17). Previous studies have
reported that higher lactate concentrations were inde-
pendently associated with lower odds of response to
exogenous vasopressin in patients with septic shock,
but studies have not evaluated the clinical effective-
ness of vasopressin based on arterial pH (18, 19). This
study was primarily designed to evaluate the associa-
tion of arterial pH at vasopressin initiation with he-
modynamic response in patients with septic shock.
Secondarily, the study sought to evaluate the associa-
tion of arterial pH at vasopressin initiation with cat-
echolamine dose and blood pressure changes, and
patient-centered outcomes.

MATERIALS AND METHODS

This retrospective, multicenter, observational cohort
study evaluated patients admitted to a medical, surgical,
or mixed medical/surgical ICU in one of eight hospitals
in the Cleveland Clinic Health System between January
2012 and November 2017. Electronic health records of
adult patients (> 18 yr) were electronically screened for
the presence of septic shock based on the United States
Centers for Disease Control and Prevention Adult
Sepsis Event definition (20). Specifically, patients were
identified as having septic shock if they met each of the
following criteria: blood cultures obtained, received at
least 4 days of broad-spectrum antibiotics (or until the
time of their death, if sooner) initiated within 2 days of
blood cultures, initiation of vasopressors within 2 days
of blood cultures, and serum lactate concentration
greater than 2 mmol/L at catecholamine initiation.
This identification method for patients with septic
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shock is recommended for electronic health record-
based studies (20). Notably, all patients who met this
definition also met the definition for septic shock per
the Sepsis-3 criteria (2). Identified patients with septic
shock initiated on vasopressin as an adjunct to a cat-
echolamine vasopressor were included in the study.
Those with documented initiation of a catecholamine
vasopressor and vasopressin simultaneously were not
included in order to avoid inclusion of patients pre-
viously started on vasopressin at another hospital and
subsequently transferred to a study hospital. Patients
without a resulted pH from an arterial or venous blood
gas within 6 hours of vasopressin start and those in
whom vasopressin was titrated within the first 6 hours
of therapy were excluded. All patients meeting study
inclusion criteria without meeting an exclusion crite-
rion during the study time frame were included. Only
the first episode of exposure to vasopressin per pa-
tient was evaluated. Patients were treated according
to the Surviving Sepsis Campaign guidelines available
at the time (21, 22). The general approach to treating
patients with septic shock, including timely antibiotic
administration, adequate fluid resuscitation, and nor-
epinephrine as the preferential initial vasopressor, did
not change over the duration of the study.

The primary exposure variable was arterial pH at
the time of vasopressin initiation, defined as an arterial
pH value obtained within 6 hours before or after vas-
opressin initiation. In patients with multiple arterial
pH values available, the value closest to vasopressin
initiation was used. For patients in whom an arterial
pH value was not available, arterial pH was calculated
from venous pH by adding 0.04 to the venous pH (23).
Alternative methods to calculate arterial pH from ve-
nous pH and an analysis restricted to only arterial pH
samples were assessed in sensitivity analyses (e-Table 1,
Supplemental Digital Content, http://links.lww.com/
CCX/A913) (24-27).

The primary outcome measure was the frequency
of hemodynamic response to vasopressin, defined as
a decrease from baseline in norepinephrine-equivalent
catecholamine dose with a mean arterial blood pres-
sure greater than or equal to 65mm Hg at 6 hours
after initiation of vasopressin. This definition of hemo-
dynamic response to vasopressin was selected as the
primary outcome because it has been independently
associated with lower ICU mortality (18). Patients
who died within 6 hours of vasopressin initiation were
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adjudicated as nonresponders. This outcome was first
assessed by examining the association of arterial pH
as a continuous variable with hemodynamic response
using univariate logistic regression. Next, the histo-
gram of arterial pH values was visually inspected, and
four groups of arterial pH were developed to approx-
imate quartiles with clinical applicability. These four
groups of arterial pH were pH less than or equal to
7.19, pH 7.20-7.29, pH 7.30-7.39, and pH greater than
or equal to 7.40. The frequency of hemodynamic re-
sponse across the four pH groups was assessed with
chi-square testing. Secondary outcomes included the
change in norepinephrine-equivalent catecholamine
dose at 1, 3, and 6 hours after vasopressin initiation;
change in the ratio of mean arterial pressure to norepi-
nephrine-equivalent catecholamine dose (MAP/NEQ)
at 1, 3, and 6 hours after vasopressin initiation (28);
28-day mortality; days alive and free of the ICU, vaso-
active medications, mechanical ventilation, and renal
replacement therapy; and Sequential Organ Failure
Assessment (SOFA) score change at 48 hours after vas-
opressin initiation. Norepinephrine-equivalent cate-
cholamine dose change and MAP/NEQ change at 1,
3, and 6 hours after vasopressin initiation and SOFA
score change at 48 hours after vasopressin initiation
were only calculated for patients surviving for the re-
spective time durations. Norepinephrine-equivalent
catecholamine doses in pg/min were calculated
as (norepinephrine [pg/min])+ (epinephrine [ug/
min]) + (dopamine [ug/kg/min]/2) + (phenylephrine
[ug/min]/10) (29). In a sensitivity analysis, norepi-
nephrine-equivalent catecholamine doses in pg/min
were calculated as (norepinephrine [pg/min])+ (ep-
inephrine [pg/min])+(dopamine [pg/kg/min] X
weight [kg]/100) + (phenylephrine [pg/min]/10) (30).
Exposure time for 28-day mortality was defined as the
time from vasopressin initiation until death within 28
days, with censoring of alive patients at 28 days. Length
of stay and therapy duration outcomes were calculated
in the context of days alive and free from the index
time point (31). Specifically, days alive and free were
calculated as the number of days (up to day 28) alive
after the last of ICU presence, vasopressors, mechan-
ical ventilation, and renal replacement therapy. Broad
spectrum antibiotic receipt was defined per the United
States Centers for Medicare and Medicaid Services
Early Management Bundle, Severe Sepsis/Septic Shock
quality measure (32). Acute kidney injury was defined
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per the Kidney Disease: Improving Global Outcomes
Acute Kidney Injury definition (33).

Categorical data are described as n (%) and com-
pared with chi-square or Fisher exact test, as appro-
priate. Continuous data are described as mean + sp or
median (interquartile range), as appropriate, and com-
pared with the Kruskal-Wallis rank test. Multivariable
logistic regression was used to assess the independent
association of arterial pH with hemodynamic response
to vasopressin. Variables considered for confounder
adjustment in the multivariable model were based on
previous literature (18, 19, 34). A directed acyclic graph
was used for model variable selection. Lactate concen-
tration and SOFA score at vasopressin initiation were
included in the model as confounders for the effect of
arterial pH on hemodynamic response to vasopressin
(e-Fig. 1, Supplemental Digital Content, http://links.
lww.com/CCX/A913). Multicollinearity was assessed
by variance inflation factors (threshold > 10) and
Pearson correlation (threshold r > 0.8). Lactate, SOFA,
and arterial pH were deemed to not be colinear (all var-
iance inflation factors < 1.5 and r < 0.5). Additionally,
because lactate may be both a confounder and a me-
diator of vasopressin response, the independent as-
sociation of lactate with vasopressin response was
assessed in the multivariable logistic regression model
described above. The associations of arterial pH with
change in catecholamine dose at 1, 3, and 6 hours after
vasopressin initiation were evaluated with univariate
linear regression models. Kaplan-Meier survival curves
for arterial pH groups (with arterial pH > 7.40 as the
referent group) were constructed for 28-day mortality
and evaluated with Cox proportional hazards regres-
sion, with a priori-specified adjustment for Acute
Physiology and Chronic Health Evaluation III score,
SOFA score, and lactate concentration at vasopressin
initiation. The proportional hazards assumption was
assessed by examining the log-minus-log survival
plots, plotting Schoenfeld partial residuals, and intro-
ducing time-dependent covariates into the model (35).
The proportional hazards assumption was not fulfilled;
therefore, a time-varying coeflicient for group alloca-
tion was retained in the model. A subgroup analysis of
medical ICU patients was also performed because of a
previously identified association of ICU type with vas-
opressin response (18). All analyses were performed
using Stata (Version 14.2; StataCorp; College Station,
TX) based on an overall significance level of 0.05.
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This study followed the Strengthening the Reporting
of Observational Studies in Epidemiology reporting
guideline (Supplemental Digital Content http://
links.Iww.com/CCX/A913) and was approved by the
Cleveland Clinic Institutional Review Board (approval
number 19-162) with a waiver of informed consent.

RESULTS

Patient Population

Of 4,417 patients with septic shock identified, 2,623
did not meet inclusion criteria and 444 were excluded,

TABLE 1.

resulting in 1,350 patients included in the study
(e-Fig. 2, Supplemental Digital Content, http://links.
lww.com/CCX/A913). Most included patients were
admitted to a medical ICU (n = 880; 65%), had re-
ceived broad-spectrum antibiotics at the time of shock
onset (n = 1278; 95%), and were severely ill at vaso-
pressin initiation with SOFA score 14.1+ 3.5, lactate
5.6 +4.6 mmol/L, and norepinephrine-equivalent cat-
echolamine dose 32.3 £25.4 pg/min (Table 1). The ma-
jority (n = 1053; 78%) of patients had a pH value from
an arterial blood gas sample; the remaining pH values
were calculated from venous blood gas pH values.
Eighty-five percent of patients exhibited acidemia,

Patient Characteristics by Arterial pH Group at Vasopressin Initiation

Total
(N =1,350)

pH <7.19

Characteristics

(N = 325)

pH 7.20-7.29 pH 7.30-7.39
(N =359) (N=421)

pH >7.40
(N = 245)

At shock onset

Age (yr), mean % sp 62.5+15.5 62.1+16.6 62.6+15.3 62.3+15.8 63.1+13.9 0.93
Male sex, n (%) 697 (51.6) 166 (50.8) 187 (52.1) 216 (51.3) 129 (52.7) 0.97
Body weight (kg), 88.6+30.3 85.1+277 92.9+32.1 87.8+31.3 88.4+28.6 <0.01
mean * sp
White/Caucasian race, 955 (70.7) 222 (68.3) 264 (73.5) 293 (69.6) 176 (72.8) 0.44
n (%)
Comorbid diseases, n (%)
Cirrhosis 236 (17.5) 55 (16.9) 55 (15.3) 5(17.8) 51 (20.8) 0.37
Chronic obstructive 292 (21.6) 63 (19.4) 92 (25.6) 96 (22.8) 41 (16.7) 0.04
pulmonary disease
Diabetes 370 (27.4) 1 (28.0) 107 (29.8) 108 (25.6) 4 (26.1) 0.58
End-stage renal disease 117 (8.7) 4 (4.3) 20 (5.6) 2 (12.4) 1(12.7) <0.01
Hepatic failure 201 (14.9) 5(13.9) 45 (12.5) 3 (15.0) 8 (19.6) 0.11
Immune suppression 235 (17.4) 1(15.7) 59 (16.4) 1(19.2) 44 (17.9) 0.59
Leukemia, lymphoma, 108 (8.0) 4 (7.4) 28 (7.8) 9 (6.9) 27 (11.0) 0.27
or myeloma
No chronic diseases 326 (24.2) 76 (23.4) 87 (24.3) 108 (25.7) 55 (22.5) 0.80
Medical ICU, n (%) 880 (65.2) 209 (64.3) 235 (65.5) 268 (63.7) 168 (68.6) 0.62
Acute Physiologic and 107.5+36.1 121.0+£40.4 106.0£33.9 101.7+33.1 102.2+33.7 <0.01
Chronic Health
Evaluation Ill score,
mean * sb
Mechanical ventilation, n (%) 645 (47.8) 176 (54.2) 176 (49.0) 183 (43.5) 110 (44.9) 0.02
Broad spectrum antibiotic 1,278 (94.7) 310 (95.4) 343 (95.5) 395 (93.8) 230 (93.9) 0.62
receipt, n (%)
Lactate concentration 52+4.1 7.6+5.7 5.0+3.7 4.4+3.0 3.9*+25 <0.01
(mmol/L), mean % sp
(Continued)
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TABLE 1. (Continued).

Patient Characteristics by Arterial pH Group at Vasopressin Initiation

Total
(N =1,350)

pH <7.19
(N = 325)

Characteristics

At vasopressin initiation

Arterial pH, mean % sp 7.28+%0.13 7.09%0.09
Fluid bolus volume given 21%x1.9 2.4%2.1
(L), mean % sp
Norepinephrine -equivalent  32.3*+25.4 39.7+34.0
catecholamine dose
(pg/min), mean % sp
MAP (mm Hg), mean £sp  68.4%+14.6 67.0+175
MAP/norepinephrine- 213 167
equivalent (132-345) (102-268)
catecholamine dose
(mm Hg/ug/kg/min)?
Initial vasopressin dose 0.08%0.02 0.04%0.03
(U/min), mean % sp
Lactate concentration 5.6+4.6 8.91+6.1
(mmol/L), mean * sb
Time elapsed from 14.6+£36.0 9.4+271
catecholamine start
(hr), mean % sp
Sequential Organ 14.1£35 14.7+3.1
Failure Assessment
score, mean * sD
Acute kidney injury, n (%) 823 (61.0) 216 (66.5)
Receiving continuous renal 112 (8.3) 18 (5.5)
replacement therapy, n (%)
Exposure during shock course, n (%)
Hydrocortisone 748 (55.4) 148 (45.5)
Epinephrine 313 (23.2) 103 (31.7)
Phenylephrine 502 (37.2) 136 (41.9)
Dopamine 54 (4.0) 16 (4.9)
Dobutamine 107 (7.9) 25 (7.7)
Milrinone 15 (1.1) 1 (0.3)
Continuous renal 327 (24.2) 72 (22.2)

replacement therapy

pH 7.20-729 pH 7.30-7.39 pH >7.40

(N =359) (N=421) (N = 245)
7.25+0.03 735+0.03  744+0.04 <0.01
21+1.9 1.9+1.7 1.9+1.8 <0.01
32.3+24.1 28.7+18.9 28.6+21.2 <0.01
69.2+13.6 679+13.2  69.8+13.7 0.09
221 230 250 <0.01

(143-353) (138-360) (163-381)
0.04+0.01 0.03+0.01  0.03+0.01 <0.01
5.2+3.9 4.4+3.1 41+27  <0.01
10.3+17.8 18.7448.0 2041401 <0.01
145+3.3 13.9+3.7 13.3+36 <0.01
237 (66.0) 241 (57.2) 129 (52.7) < 0.01
30 (8.4) 40 (9.5) 24 (9.8) 0.19
218 (60.7) 251 (59.6) 131 (535) <0.01
80 (22.3) 88 (20.9) 42 (171)  <0.01
137 (38.2) 151 (35.9) 78 (31.8) 0.09
14 (3.9) 17 (4.0) 7 (2.9) 0.67
27 (7.5) 37 (8.8) 18 (7.4) 0.89
4(1.1) 7 (1.7) 3(1.2) 0.35
99 (27.6) 108 (25.7) 48 (19.6) 0.10

MAP = mean arterial blood pressure.
*Presented as median (interquartile range).

with arterial pH 7.28 £0.13 at the time of vasopressin
initiation. When patients were categorized to clin-
ical pH groups, characteristics differed, with patients
in lower pH groups being more severely ill (Table 1).
Notably, patients in lower pH groups received higher
initial vasopressin doses.

Critical Care Explorations

Patient Outcomes

In the primary outcome evaluation, as arterial pH
decreased the odds of hemodynamic response to
vasopressin decreased (for each 0.1 unit, arterial pH
was below 7.40; response odds ratio [OR], 0.72; 95%
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CIL, 0.66-0.79; p < 0.01). After adjusting for lactate and
SOFA with multivariable logistic regression, lower
arterial pH was independently associated with lower
odds of hemodynamic response to vasopressin (for
each 0.1 unit, arterial pH was below 7.40; response OR,
0.79; 95% CI, 0.72-0.87; p < 0.01). Additionally, on
multivariable logistic regression, a higher lactate con-
centration at vasopressin initiation was independently
associated with lower odds of vasopressin response
(for each 1 mmol/L lactate was above 2 mmol/L; re-
sponse OR, 0.94; 95% CI, 0.91-0.97). These findings
were comparable in the sensitivity analysis using dif-
ferent methods to calculate arterial pH from venous
pH values (e-Table 1, Supplemental Digital Content,
http://links.lww.com/CCX/A913). When patients were
categorized to clinical pH groups, the results were sim-
ilar. There was a between-group difference in the pro-
portion of patients with a hemodynamic response to
vasopressin, and on multivariable logistic regression,
pH groups below 7.40 were independently associated
with lower odds of hemodynamic response to vaso-
pressin (Table 2 and Fig. 1).

Lower arterial pH at vasopressin initiation was
also associated with worse secondary outcomes.
With decreasing arterial pH at vasopressin initiation,
the norepinephrine-equivalent catecholamine dose
increased at 1 hour (for each 0.1 unit, the arterial pH
was below 7.40, catecholamine dose increased by 1.5
pg/min; 95% CI, 0.5-2.5 pg/min), 3 hours (for each
0.1 unit, the arterial pH was below 7.40, catechola-
mine dose increased by 2.7 pg/min; 95% CI, 1.8-3.6
pg/min), and 6 hours after vasopressin initiation (for
each 0.1 unit, the pH was below 7.40, catecholamine
dose increased by 2.5 ug/min; 95% CI, 1.4-3.5 pg/min)
(Fig 2). When patients were categorized to clinical
pH groups, catecholamine doses increased in lower
pH groups and decreased in higher pH groups after
vasopressin initiation (Table 2). Furthermore, change
in MAP/NEQ after vasopressin initiation differed by
clinical pH groups, with greater increases in higher
pH groups (Table 2) (e-Fig. 3, Supplemental Digital
Content, http://links.lww.com/CCX/A913). Patients
in clinical groups with lower pH at vasopressin initia-
tion had higher 28-day mortality and fewer days alive
and free from the ICU, vasoactive medications, and
renal replacement therapy (Table 2 and Fig. 3). Last,
patients with lower pH at vasopressin initiation had
less pronounced improvement in SOFA score 48 hours

6 www.ccejournal.org

after vasopressin initiation. All findings were similar
in the sensitivity analysis using an alternative norepi-
nephrine-equivalent catecholamine dose equivalence
(e-Table 2 and e-Fig. 4, Supplemental Digital Content,
http://linkslww.com/CCX/A913) and the subgroup
analysis of medical ICU patients (e-Table 3 and e-Fig. 5,
Supplemental Digital Content, http://links.Iww.com/
CCX/A913).

DISCUSSION

In this large, multicenter study of patients with septic
shock receiving concomitant catecholamines and vas-
opressin, lower arterial pH at vasopressin initiation
was associated with lower odds of hemodynamic re-
sponse to vasopressin. Furthermore, lower arterial pH
at vasopressin initiation was associated with a subse-
quent increase in catecholamine dose, less pronounced
improvement in MAP/NEQ, and patient-centered
outcomes were worse. If the vasoconstrictive activity
of vasopressin is not affected by acidemia, blood pres-
sure would be expected to consistently increase across
the spectrum of pH values after vasopressin initiation
with corresponding catecholamine dose decreases.
However, we observed catecholamine doses increased,
and MAP/NEQ increase was attenuated as pH was
lower, suggesting the vasoconstrictive activity of vas-
opressin is impaired in the setting of acidemia. These
findings were observed despite higher initial vaso-
pressin doses in patients with lower arterial pH; higher
vasopressin doses typically produce more pronounced
blood pressure effects (36). To our knowledge, this is
the first study to evaluate the clinical effectiveness of
vasopressin in patients with septic shock based on ar-
terial pH. Vasopressin is used to increase blood pres-
sure with the intent to improve organ dysfunction and
subsequent patient-centered outcomes (37). Similar to
catecholamines, as acidemia worsens it appears vaso-
pressin is less likely to achieve these goals.

The mechanism for attenuated blood pressure re-
sponse to vasopressin in patients with lower pH is likely
multifactorial. First, vasopressin binding to its receptor
is reduced in the setting of acidosis. Both intracellular
andextracellularacidosis decrease vasopressin-induced
vascular smooth muscle cell contraction by decreas-
ing the affinity of vasopressin for the Vla receptor
(17). This mechanism for lessened vasopressin effect
in the setting of acidosis differs from catecholamines,
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TABLE 2.

Patient Outcomes by Clinical Arterial pH Group at Vasopressin Initiation

Characteristics

Total
(N =1,350)

pH<7.19
(N = 325)

(N =359)

pH 7.20-7.29 pH 7.30-7.39

(N=421)

pH > 7.40
(N = 245)

Primary outcome
Hemodynamic response, n (%)
Odds ratio (95% CI)2

Secondary outcomes

Norepinephrine-equivalent
catecholamine dose
change at 1 hr after
vasopressin start
(pg/min), mean * sb

Norepinephrine-equivalent
catecholamine dose
change at 3 hr after
vasopressin start
(ug/min), mean % sD

Norepinephrine-equivalent
catecholamine dose
change at 6 hr after
vasopressin start
(ug/min), mean % sp

MAP/NEQ change at 1 hr
after vasopressin start
(mm Hg/pg/kg/min)®

MAP/NEQ change at 3 hr
after vasopressin start
(mm Hg/pg/kg/min)®

MAP/NEQ change at 6 hr
after vasopressin start
(mm Hg/pg/kg/min)®

28-d mortality, n (%)

Days alive and free from ICUP

Days alive and free from
vasoactive medications®

Days alive and free from
mechanical ventilation®

Days alive and free from
renal replacement
therapy®

Sequential Organ Failure
Assessment score
change at 48 hr after
vasopressin, mean £ sb

654 (48.4)

-0.6+24.3

+0.4+23.1

-0.2+25.6

29
(-16 to 103)

29
(-85 to 128)

38

(-44 t0 184) (-63to 132)

802 (59.4)
0 (0-18.1)
0 (0-24.0)

0.6 (0-22.4)

1.7 (0-28.0)

-1.8+£3.3

108 (33.2)

0.42
(0.29-0.61)

+2.8+£32.3

+5.7+30.4

+5.0+32.0

9
(28 to 60)

3
(=47 to 83)

12

237 (72.9)

0 (0-7.3)
0 (0-5.0)

0 (0-6.9)

0.5 (0-7.6)

-1.0£3.1

173 (48.2)

0.64
(0.45-0.90)

-1.1£30.7

+0.5+24.1

-0.5+24.3

21
(=27 to 91)

26
(-44 to 125)

37
(-50to 178)

210 (58.5)
0 (0-17.8)
0 (0-24.9)

0.3 (0-18.7)

1.8 (0-28.0)

-1.7+£3.4

220 (52.3)

0.71
(0.51-0.99)

-1.6%£13.3

-1.5+170

-2.0+21.5

40
(-1 to 121)

37
(-18 to 134)

43
(-28 to 187)

222 (52.7)
0 (0-19.6)
0 (0-25.0)

2.8 (0-24.4)

3.8 (0-28.0)

-2.0£3.0

153 (62.5)

1 (referent)

-2.9+13.1

-3.5+18.2

-3.6+23.7

56
(-5 to 166)

56
(=30 to 264)

86
(-18 to 355)

133 (564.3)
0 (0-24.4)
2.0 (0-25.0)

3.8 (0-25.8)

3.8 (0.2-28.0)

-2.3%£3.3

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01°
<0.01
<0.01

<0.01

<0.01

<0.01

HR = hazard ratio. MAP/NEQ = mean arterial pressure/norepinephrine-equivalent catecholamine dose.

20dds ratio and 95% CI from multivariable logistic regression analysis adjusted for lactate concentration and Sequential Organ Failure
Assessment score at vasopressin initiation

*Presented as median (interquartile range)

“For the comparison of the pH < 7.19 group to the pH > 7.40 group, HR(f) = %3012, at t = 0, HR, 1.88; 95% Cl, 1.40-2.52.
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and exogenously adminis-
tered vasoactive agents in
the setting of acidemia.
Additionally, because car-
diac output is reduced in
the setting of acidemia,
vasopressin may be a sub-
optimal vasopressor since

a vasoconstrictor

with low baseline cardiac

‘o‘.\o —
23
c
g‘f 62.4%
i
€ o 52.3%
T o 0
%" S8.2% it is
2 without inotropic proper-
£ ties (40). Evidence suggests
£ 33.2% that in patients with hyper-
o E’é R dynamic septic shock, low-
§ dose vasopressin infusion
g is not associated with a
negative effect on inotropy
(41). However, in patients
S
© T T T I
pH <7.19 pH 7.20-7.29 pH 7.30-7.39 pH 27.40

output, vasopressin can

Figure 1. Vasopressin hemodynamic response by arterial pH group at vasopressin initiation.
Proportion of patients with a hemodynamic response at 6 hr after vasopressin initiation by arterial

pH group. Error bars represent 95% Cls. Overall p < 0.01 by %2

where B, receptor cell surface expression is dimin-
ished as pH decreases (38). Furthermore, acidosis
causes hyperpolarization of vascular smooth muscle
cells by activation of adenosine triphosphate-sensitive
potassium channels channels, intracellular calcium
sequestration, and increased nitric oxide-mediated
vasodilatory effects (8, 39). Together, these mecha-
nisms decrease vascular responsiveness to endogenous

depress cardiac output fur-
ther (42, 43). In summary;,
diminished blood pres-
sure effects of vasopressin
in patients with acidemia
may be due to impaired vasoconstriction and/or nega-
tive inotropic effects.

We report higher lactate concentration to be as-
sociated with lower odds of vasopressin response,
independent of arterial pH. This current finding is
consistent with our prior observations and suggests
lactate is part of a direct or indirect causal pathway for
vasopressin response that is distinct from its effects on

>

300

W

300

1 Hour After Vasopressin Start

200
200

100

100

0
L]

NE-scq;Nalem dose change (meg/min)

NE-equivalent dose change (meg/min)

-100

-200
200

3 Hours After Vasopressin Start

O

300

6 Hours After Vasopressin Start

100 200

[}

NE-equivalent dose change (meg/min)

-100

-200

740 760 6.60 6.80

@
@
=1
@
@
S

700 720
Baseline pH

7.00 7.20
Baseline pH

740 760 660 6.80 740 760

700 720
Baseline pH

Figure 2. Change in norepinephrine-equivalent catecholamine dose after vasopressin start by pH. Change in norepinephrine-equivalent
catecholamine dose at 1hr (A; n= 1350), at 3hr (B; n = 1345), and at 6hr (C; n = 1344) after vasopressin start by arterial pH at
vasopressin initiation. Lines represent the predicted change in norepinephrine-equivalent catecholamine dose from a linear regression
of norepinephrine-equivalent catecholamine dose on arterial pH at vasopressin initiation. For each 0.1 unit, the pH was below 7.40

at vasopressin initiation, the norepinephrine-equivalent catecholamine dose increased by 1.5 pg/min (95% ClI, 0.5-2.5 pg/min) at

1 hr, increased by 2.7 ug/min (95% ClI, 1.8-3.6 pg/min) at 3hr, and increased by 2.5 pg/min (95% Cl, 1.4=3.5 ug/min) at 6 hr after

vasopressin initiation. NE = norepinephrine.
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0.75 1.00
1 1

0.50
|

pH with vasopressin re-

———— pH <719
———— pH 7.20-7.29
——— pH 7.30-7.39
———— pH=27.40

sponse, and therefore, we
only included vasopressin
recipients. As such, we
were unable to assess the

relative  effectiveness of
various vasoactive agents
in patients with acidemia
(such as catecholamine vs
vasopressin effectiveness).

Probability of Survival

0.25
1

0.00
|

Additionally, our definition
of vasopressin response
was based on achievement
of a mean arterial blood

T
0 7 14

Days
Number at risk
pH =7.19 325
pH 7.20-7.29 359
pH 7.30-7.39 421
pH 27 .40 245

107 98
190 165
267 232
145 131

T T
21 28 pressure greater than or
equal to 65mm Hg with
91 88 a concomitant decrease
150 149 in catecholamine dose. In
211 199 patients with septic shock

120 12 in our health system, cat-

Figure 3. Kaplan-Meier curves for 28-d survival by pH group. Kaplan-Meier survival curves

by clinical arterial pH group at vasopressin initiation. When compared with patients in the pH
greater than or equal to 7.40 group, patients in the pH less than or equal to 7.19 group had an
independently higher risk for 28-d mortality with a time-varying effect (HR(f) = el063-0124; gt ¢t =0,

HR, 1.88; 95% Cl, 1.40-2.52). HR = hazard ratio.

arterial pH (18, 19). Lactate is generated in the setting
of tissue hypoxia; therefore, the association of higher
lactate concentration with lower odds of vasopressin
response could be reflective of inadequate oxygen de-
livery or uncoupling of the microcirculation and mac-
rocirculation (44). Additionally, lactate is generated
during the hyperinflammatory phase of sepsis due to
shifted cellular metabolism from oxidative phospho-
rylation to aerobic glycolysis (45, 46). As such, hyper-
lactatemia may be a surrogate marker for exaggerated
hyperinflammatory response and endothelial dysfunc-
tion leading to inadequate hemodynamic response to
vasopressin. Further, lactate itself has immunosuppres-
sive effects, causing additional immunomodulation in
septic shock (47). Future studies should elucidate the
mechanism for the association between hyperlactate-
mia and failure to respond to adjunctive vasopressin.
Our study is strengthened by its large size, multi-
center nature, assessment of a wide range of clinically
relevant arterial pH values, and evaluation of vaso-
pressin response with multiple methods. However,
there are several limitations. First, we designed the
study specifically to evaluate the association of arterial

Critical Care Explorations

echolamines are almost
universally titrated to a
goal mean arterial blood
pressure of 65-70mm Hg,
but we did not specifically
evaluate this goal on a pa-
tient level. Therefore, the frequency of patients meeting
bedside blood pressure goals after vasopressin initia-
tion may be misspecified in our definition of hemody-
namic response. Notably, though, it is unlikely there is a
systematic difference in patients’ blood pressure target
based on arterial pH. Therefore, the primary analysis
of the association of different arterial pH values with
vasopressin response is unlikely be affected by this lim-
itation. Additionally, we evaluated the blood pressure
effects of vasopressin as change in catecholamine dose
and MAP/NEQ at 1, 3, and 6 hours after vasopressin
initiation, which are also unlikely to be impacted by an
individualized blood pressure goal.

CONCLUSIONS

Compared with higher arterial pH, patients with
septic shock and low arterial pH had lower odds of
vasopressin response and worse patient-centered out-
comes. Similar to other vasopressors, the clinical effec-
tiveness of vasopressin appears to be impaired in the
setting of severe acidemia.

www.ccejournal.org 9
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