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Abstract 

Purpose:  Current guidelines recommend maintaining a mean arterial pressure (MAP) ≥ 65 mmHg in septic patients. 
However, the relationship between hypotension and major complications in septic patients remains unclear. We, 
therefore, evaluated associations of MAPs below various thresholds and in-hospital mortality, acute kidney injury (AKI), 
and myocardial injury.

Methods:  We conducted a retrospective analysis using electronic health records from 110 US hospitals. We evalu-
ated septic adults with intensive care unit (ICU) stays ≥ 24 h from 2010 to 2016. Patients were excluded with inad-
equate blood pressure recordings, poorly documented potential confounding factors, or renal or myocardial histories 
documented within 6 months of ICU admission. Hypotension exposure was defined by time-weighted average mean 
arterial pressure (TWA-MAP) and cumulative time below 55, 65, 75, and 85 mmHg thresholds. Multivariable logistic 
regressions determined the associations between hypotension exposure and in-hospital mortality, AKI, and myocar-
dial injury.

Results:  In total, 8,782 patients met study criteria. For every one unit increase in TWA-MAP < 65 mmHg, the odds 
of in-hospital mortality increased 11.4% (95% CI 7.8%, 15.1%, p < 0.001); the odds of AKI increased 7.0% (4.7, 9.5%, 
p < 0.001); and the odds of myocardial injury increased 4.5% (0.4, 8.7%, p = 0.03). For mortality and AKI, odds progres-
sively increased as thresholds decreased from 85 to 55 mmHg.

Conclusions:  Risks for mortality, AKI, and myocardial injury were apparent at 85 mmHg, and for mortality and AKI 
risk progressively worsened at lower thresholds. Maintaining MAP well above 65 mmHg may be prudent in septic ICU 
patients.
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Introduction
Sepsis affects approximately a million people each year in 
the United States, and many more globally; it is the lead-
ing cause of death in intensive care patients. In 2008, an 

estimated $14.6 billion was spent in the US on hospitali-
zations for septicemia [1]. The syndrome is caused by a 
dysregulated inflammatory response to bacterial infec-
tions [2, 3]. Among the major risks is end-organ damage 
consequent to hypoperfusion and cellular/metabolic dys-
function [2, 4, 5], especially renal and myocardial injury. 
Since hypotension worsens tissue perfusion, it seems 
likely that some organ injury can be prevented by main-
taining a suitable arterial pressure.
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Preventing hypotension is therefore a crucial compo-
nent of sepsis management [5, 6]. The Society of Critical 
Care Medicine’s Surviving Sepsis Guidelines [3] suggest 
initially maintaining mean arterial pressure (MAP) > 65 
mmHg (higher for older patients and those with cardio-
vascular morbidities), followed by monitoring via mul-
tiple hemodynamic parameters to an endpoint of tissue 
perfusion [3]. Systolic blood pressure of 100  mmHg or 
less is a component of the quick Sequential Organ Fail-
ure Assessment score (qSOFA) which helps identify adult 
patients with suspected infections who are more likely to 
have poor outcomes typical of sepsis [7]. Despite these 
guidelines, relationships between various durations and 
depths of hypotension and serious complications remain 
unclear. The evidence for clearly defining blood pressure 
targets in septic patients is currently contentious and 
weak [3]. We, therefore, evaluated associations between 
hypotension and in-hospital mortality, acute kidney, and 
myocardial injury in septic patients [8].

Methods
We analyzed in-patient data from the Cerner Health 
Facts electronic health records database (Kansas City, 
MO, USA), which includes clinical and administrative 
data from 720 US hospitals and health systems. Our anal-
ysis of de-identified data was determined to be exempt 
from local institutional review board (IRB) review in 
advance by Western IRB (Puyallup, WA, USA).

In-patients admitted and discharged between Janu-
ary 1, 2010 and November 30, 2016 were analyzed. The 
study included adults ≥ 18 years old with a sepsis diagno-
sis (primary or secondary, any priority) via International 
Classification of Disease (ICD) 9 and 10 codes as shown 
in Online Resource 1 and an ICU stay ≥ 24 h. We consid-
ered only the initial episode when patients had more than 
one qualifying hospitalization containing an ICU admis-
sion for sepsis within the database.

Patients were excluded when they lacked at least a 
6-month database history before the septic hospital admis-
sion; had more than a single ICU stay during the index 
admission; lacked a baseline serum creatinine measure-
ment within 6 months before ICU admission and at least 
one measurement during the ICU stay; had a history of 
acute kidney or myocardial injury within 6 months before 
ICU admission (based on ICD-9 or ICD-10 codes, Online 
Resource 2); received dialysis within 6 months before ICU 
admission through the first 24  h within the ICU (time 
from which outcomes were analyzed); or had fewer than 
five valid blood pressure readings during each ICU day in 
which exposure was analyzed. We also excluded patients 
whose records contained more than two 5-h gaps between 
MAP recordings or were missing age, sex, diagnosis codes, 
or medication records for the index hospitalization.

Exact ICU admission times are not recorded in Cerner 
Health Facts. Consequently, we defined admission time 
to be when the first laboratory test or medication order 
was noted in an ICU care setting. Discharge times were 
available for a proportion of patients, but when missing, 
we used the order location to estimate discharge time.

Hypotension exposure extended from ICU admis-
sion through the first of: ICU discharge, development of 
an outcome, or 7  days. We selected MAP as our global 
measure of blood pressure to be consistent with exist-
ing literature [6]. Hypotension exposure was character-
ized by: (1) Time-weighted average of MAP (TWA-MAP) 
below MAP thresholds of 55, 65, 75, or 85  mmHg. 
TWA-MAP was calculated as the area below the MAP 
threshold curve divided by the total time exposure was 
monitored; (2) cumulative time measured in minutes 
during which MAP was below absolute thresholds of 55, 
65, 75, or 85 mmHg.

We used absolute thresholds because a previous study 
showed that absolute and relative thresholds were compa-
rably predictive of myocardial injury and AKI [9]. To cal-
culate relative thresholds, baseline MAP is required which 
could not be reliably determined in this analysis. We 
used recorded MAP values when available, or estimated 
MAP from systolic and diastolic pressures using the for-
mula: [(2 × diastolic) + systolic]/3. MAP readings were 
deemed invalid and excluded if diastolic blood pressure 
(DBP) ≤ 5  mmHg, DBP ≥ 225  mmHg, or systolic blood 
pressure (SBP) ≤ DBP + 5  mmHg [9]. An average of 357 
MAP readings were available per patient per ICU day.

Outcomes
The primary outcome was in-hospital mortality; second-
ary outcomes were acute kidney injury (AKI) and myo-
cardial injury. Mortality was defined by a discharge status 
of “deceased” for the hospital visit. Secondary outcomes 
were determined from 24  h after ICU admission until 
the first of: ICU discharge, 7 days, death, or diagnosis of 
AKI or myocardial injury (Online Resource 3). Outcomes 
were largely limited to the ICU to maintain proximity to 
the hypotension exposure.

AKI was defined as stage 1 or higher based upon serum 
creatinine (SCr) readings according to the Kidney Dis-
ease Improving Global Outcomes 2012 guidelines (using 

Take‑home message: 

In septic adults exposed to hypotension in the ICU, risks for in-
hospital mortality, acute kidney injury (AKI) and myocardial injury 
were apparent by a mean arterial pressure of 85 mmHg, and for 
mortality and AKI risk progressively worsened at lower thresholds. 
Maintaining mean pressure well above 65 mmHg may be prudent 
in septic ICU patients.
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criteria for SCr increase over baseline [defined as the 
lowest reading within 6 months prior, and closest to ICU 
admission] and with respect to SCr values within 48  h) 
[10]. Urine output was not used because there were insuf-
ficient data in the registry. Myocardial injury was defined 
by at least one elevated troponin value > 0.03  ng/mL of 
“Troponin I”, “Troponin T”, or “Troponin” before onset of 
AKI. Myocardial injury was not evaluated past the date 
upon which AKI was identified because renal dysfunc-
tion might have falsely elevated troponin concentrations.

Statistical analyses
Baseline patient characteristics were summarized via 
counts and percentages for binary or categorical variables 
and with means and standard deviations, or via medians 
and interquartile ranges for continuous variables. For 
univariate inferences, Chi square test or t test were used, 
as appropriate. Multivariable logistic regression quan-
tified the relationship between hypotension exposure 
(TWA-MAP and cumulative time measured in minutes 
spent below MAP thresholds) and the primary and two 
secondary outcomes.

Specifically, we created individual logistic regression 
models, each with one hypotension exposure and one of 
the outcomes. We assessed the need for restricted cubic 
splines by plotting deciles and ventiles (20 equal-sized 
groups) of the hypotension exposure variable versus 
the mean proportion of the outcome for each exposure 
and outcome, and looked for any substantial non-linear 
trend. No substantial non-linear trend was evident so the 
exposures were modeled as linear predictors.

Table  1 lists all the covariates included in the models 
to reduce potential confounding. This includes the Acute 
Physiology and Chronic Health Evaluation (APACHE) III 
score used to adjust for patient acuity and the Elixhauser 
comorbidities used to adjust for chronic comorbidities. 
For the uncommon outcome of myocardial injury, an 
algorithm that used bootstrapping and stepwise regres-
sion was used to determine a parsed model containing 
a limited set of potential confounders with hypotension 
exposure and the outcome [11]. To adjust for a potential 
lack of independence among observations within hospi-
tals, we derived robust (Huber–White) standard errors 
clustered at the hospital level for all regression models 
[12, 13]. We plotted the results of the logistic regression 
models as marginal probabilities of the outcome across 
the observed range of the hypotension exposure variable 
to facilitate interpretation of the results.

We conservatively estimated that if the probability 
of in-hospital mortality was 13% with the hypotension 
exposure of interest at its mean and the probability of in-
hospital mortality was 16% when hypotension exposure 
was one standard deviation above the mean, then the 

sample size would need to be 1766 to detect a difference 
as great as this or larger with 90% power and alpha = 0.05 
[14–17]. These power calculations further assumed a low 
correlation of 0.2 between the hypotension exposure and 
other predictors in the model. Consequently, we con-
cluded that the sample size would be more than adequate 
to detect clinically significant associations with hypoten-
sion and the primary outcome of mortality. All statistical 
analyses were performed using Stata/MP 15.1 for Win-
dows (StataCorp, College Station, TX, USA).

Results
We identified 8782 patients from 110 hospitals after 
applying all inclusion and exclusion criteria (Fig.  1). 
The mean (SD) age of the patients was 63 (18) years. Of 
these, 79% were self-identified as Caucasian and 48% 
were male. The mean (SD) APACHE III score was 61 (20) 
[18]. The unadjusted in-hospital mortality rate was 14.6% 
(n = 1283). Fifteen percent (n = 1315) experienced AKI 
and 0.7% (n = 63) experienced myocardial injury during 
the study period (AKI and myocardial injury rates appear 
low because patients who developed AKI or myocardial 
injury during the initial 24 ICU hours were excluded, 
Fig. 1). Table 1 and Online Resource 4 list all the covari-
ates included in the regression models for the outcomes 
of in-hospital mortality and AKI, respectively. For myo-
cardial injury, the regression models adjusted for hypo-
tension along with age, sex, APACHE III score, and the 
Elixhauser comorbidities of congestive heart failure, dia-
betes with complications, and renal failure.

The odds ratios with 95% confidence intervals for 
the regression models with TWA-MAP are graphed 
in Fig.  2. The primary hypotension exposure of TWA-
MAP < 65  mmHg was positively correlated with in-hos-
pital mortality. The analysis indicates that for every one 
mmHg increase in TWA-MAP < 65  mmHg, the odds 
of in-hospital mortality increase by 11.4%; 95% CI (7.8, 
15.1%); p < 0.001 (Fig. 2 and Online Resource 5). Sensitiv-
ity analyses show the odds ratios decreased as the MAP 
threshold increased from 55 to 85 mmHg. The predicted 
marginal probabilities of in-hospital mortality across 
TWA-MAP < 65 mmHg are shown Fig. 3a.

Cumulative time below a MAP threshold of 65 mmHg 
revealed that every 2 h (120 min) increased the odds of 
in-hospital mortality by 3.6%; 95% CI (2.5, 4.8%); p < 0.001 
(Online Resource 6). The predicted marginal prob-
abilities of in-hospital mortality for cumulative time of 
MAP < 65  mmHg showed similar trends to probabilities 
for TWA-MAP (Fig. 3). Predicted marginal probabilities 
are shown in Online Resource 7.

The relationship between TWA-MAP and AKI was 
similar to in-hospital mortality (Fig.  4a). For every one 
mmHg increase in TWA-MAP < 65  mmHg, the odds 
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Fig. 1  Patient attrition diagram. AKI acute kidney injury

Fig. 2  Association of hypotension exposure with in-hospital mortality, AKI and myocardial injury. Adjusted odds ratios and 95% confidence 
intervals for a 1 mmHg increase in TWA-MAP, below different thresholds are shown for the primary outcome of in-hospital mortality and secondary 
outcomes of acute kidney injury and myocardial injury
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of developing AKI increase by 7.0%; 95% CI (4.7, 9.5%); 
p < 0.001 (Fig. 2). Patients who spent between 6 and 8 h 
in the ICU with MAP < 65 mmHg had odds of developing 
AKI 37% higher (95% CI 3, 82%; p = 0.031) compared to 
patients with no time below MAP of 65 mmHg (Online 
Resource 6). Although TWA-MAP below 55, 75, and 
85 mmHg showed a positive correlation (p < 0.001) with 
developing AKI, we did not see similar trends for cumu-
lative time below thresholds of 75 and 85 mmHg (Online 
Resource 6). Here, patients with the longest times below 
the thresholds tended to have fewer AKI events than 
the increasingly small number of patients with no time 
below these thresholds. This apparent contradiction is, 
in part, due to over-representation of the time below 

MAP threshold in the longest duration category, as these 
patient records had more and longer gaps between MAP 
readings.

For every one mmHg increase in TWA-MAP < 65 mmHg, 
the odds of developing myocardial injury increased by 3.7%; 
95% CI (0.3, 7.3%), p = 0.03 (Fig.  2, Online Resource 5). 
We derived marginal probabilities of developing myocar-
dial injury for TWA-MAP (Fig. 4b) and cumulative hours 
of MAP below 65 mmHg (Online Resource 7). Unlike the 
relationship for in-hospital mortality and AKI, there was no 
significant worsening of myocardial injury at lower MAP 
thresholds (Fig.  4b and Online Resource 8). A sensitivity 
analysis that repeated the regression modeling restricted to 
survivors found similar associations between hypotension 

Fig. 3  Predicted mortality outcome for time-weighted average (TWA)-MAP below 65 mmHg and cumulative hours of MAP below 65 mmHg. 
Predicted probability of mortality from the TWA-MAP < 65 mmHg threshold and cumulative hours of MAP < 65 mmHg are represented in panels a 
and b, respectively

Fig. 4  Predicted marginal probability for AKI and myocardial injury for TWA-MAP below 65 mmHg threshold. AKI and myocardial injury predicted 
probability from the TWA-MAP below 65 mmHg threshold are shown in panels a and b, respectively. Both exposures showed a linear relationship 
with the secondary outcomes of AKI and myocardial injury. AKI acute kidney injury
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at the 65 mmHg threshold and the outcomes of AKI and 
myocardial injury (data not shown).

Discussion
Given the complexity of defining hypotension expo-
sure, we analyzed both time-weighted average (TWA) 
and the cumulative time under specific thresholds. 
TWA-MAP is a comprehensive measure of hypoten-
sion exposure because it measures both the degree and 
the duration below a threshold. Continuous time below 
a MAP threshold is intuitive but neglects severity of 
hypotension and is subject to two types of variation: the 
frequency of MAP readings, and the total time for MAP 
exposure calculation. Spurious extreme values can occur 
and distort the results due to (1) gaps between readings 
(carried forward) that can over-represent times below a 
given MAP threshold, especially as there were more and 
longer gaps in patients who spent long periods below 
various thresholds; and (2) patients with longer ICU stays 
may have been especially prone to hypotension. To mini-
mize both sources of error, we excluded patients with 
fewer than five blood pressures recorded per each 24-h 
period, and those who had more than two gaps exceeding 
5 h between readings.

We observed strong associations between the TWA-
MAP below various thresholds and in-hospital mortality 
and kidney injury in septic patients. Substantial mor-
tality risk was evident even among the higher thresh-
olds, and the risk progressively increased as the MAP 
thresholds decreased from 85 to 55  mmHg. A similar 
relationship between in-hospital mortality and cumula-
tive time < 65  mmHg was also observed. It is important 
to note that the TWA-MAP and cumulative time meas-
ures below a given threshold are nested and not mutu-
ally exclusive (e.g., patients with TWA-MAP < 55 mmHg 
are included in the analysis of TWA-MAP < 65  mmHg). 
We, therefore, cannot definitively determine an optimal 
threshold with this study design alone.

As with in-hospital mortality, we observed that odds of 
developing AKI was associated with hypotension char-
acterized by TWA-MAP, with the odds of developing 
AKI being greatest for MAP readings < 55  mmHg and 
lowest for MAP < 85 mmHg. However, similar trends 
were not observed in the cumulative minutes of MAP 
below threshold groups. We theorize that is because we 
excluded AKI and myocardial injury before and within 
24 h of ICU admission and restricted this outcome to the 
first 7 days of exposure. Also, myocardial injury may be 
undercounted when routine troponin monitoring is not 
performed.

Overall, our results are consistent with previous lit-
erature with notable exceptions. Prior research found 
that increasing the MAP from 65 to 85  mmHg with 

norepinephrine does not significantly affect systemic 
oxygen metabolism, skin microcirculatory blood flow, 
urine output, renal function, or splanchnic perfusion—
although cardiac index increased [19, 20]. However, a 
prospective study of thirteen patients with septic shock 
found that increasing MAP to above 65 mmHg with nor-
epinephrine increased cardiac output, improved micro-
vascular function, and was associated with decreased 
blood lactate concentrations. The investigators noticed 
that microvascular responses varied considerably among 
patients, suggesting that individualization of blood pres-
sure targets may be warranted [21].

Only limited evidence from randomized trials pro-
vides guidance on optimal thresholds. Asfar et  al. [22] 
randomized 776 septic shock patients and reported 
that 28- and 90-day mortality did not differ significantly 
between those who were treated to reach a target MAP 
of 80–85 mmHg and those who were treated to reach a 
target of 65–70 mmHg [19]. However, even in the lower 
MAP target group the blood pressure was maintained at 
70–75 mmHg and authors noticed a lower than expected 
death rate, which supports our findings using a much 
larger cohort and suggests a threshold above 65  mmHg 
may be more appropriate. This study also highlights the 
complexity of performing randomized trials in this popu-
lation and the value of our analysis.

We observed that 14.6% of patients with sepsis died 
during hospitalization over the period from 2010 to 
2016. Presumably patients in our cohort were sicker than 
all sepsis patients given a required ICU stay of at least 
1 day. However, two recent European studies found sep-
sis mortality to range from 8 to 26%. [18, 19] This is in 
contrast to higher in-hospital mortality of 26% reported 
from analysis of a German patient population from 2007 
to 2013 [23]. Furthermore, Freund and colleagues [24], 
based on 2016 European hospital data, observed 8% in-
hospital mortality in patients with suspected sepsis. 
These results suggest that outcomes from sepsis may be 
improving over time.

In general, AKI in critically ill patients affects approxi-
mately 40% of the patients at some time during their 
stay and one third who develop renal injury die within 
90 days [16]. In a study consistent with ours, hypotensive 
episodes of MAP < 73  mmHg were associated with pro-
gression of AKI in critically ill patients with severe sepsis 
[17].

Myocardial injury, measured by troponin eleva-
tion, may be as high as 15–25% in ICU patients, but is 
often unrecognized because routine troponin monitor-
ing remains uncommon [16, 25]. When troponins are 
routinely monitored in septic ICU patients, only 7% 
of biomarker elevations happened within 24  h of ICU 
admission [26]. While our definition of myocardial injury 



866

artificially lowered the observed rate by excluding cases 
within 24  h of ICU admission and after AKI develop-
ment), we still observed significant association between 
TWA-MAP < 65  mmHg and myocardial injury. How-
ever, it is possible that a raised troponin value is present 
in the absence of myocardial injury [27], although raised 
troponin values have been tied with myocardial injury 
within the septic population [28–31]. Our results of myo-
cardial injury analysis should be interpreted with caution 
due to lack of universal troponin screening and diverse 
troponin tests employed among various U.S. Hospitals.

We report associations between hypotension in ICU 
patients and both myocardial and kidney injury. How-
ever, we report associations which are surely at least to 
some degree confounded by unobserved baseline patient 
characteristics. Randomized trials will be required to 
confirm causal relationships that may benefit from 
intervention. Another study limitation is our inability to 
distinguish between untreated hypotension and hypoten-
sion that persisted despite treatment—and thus presum-
ably indicated worse sepsis. To address this, we adjusted 
for medication use and other potential confounders. 
Nevertheless, unmeasured confounding remains likely. 
For example, septic patients are always given antibiot-
ics, some of which are nephrotoxic. However, we did not 
attempt to link specific antibiotics to AKI. Hypotension 
identification and duration is dependent upon the fre-
quency of recorded blood pressure readings. While some 
MAP data (up to two 5-h gaps per record) were missing, 
an average 357 MAP readings were available per ICU 
day which indicates that the exposure was generally well 
characterized.

We were also unable to distinguish hypotension that is 
a marker of severe sepsis from hypotension that directly 
contributed to organ dysfunction. The distinction is 
important because interventions to reduce hypotension 
will only improve the fraction of organ dysfunction that 
is causally related to blood pressure. Additionally, some 
treatments for hypotension can themselves provoke 
organ injury. For example, increased rates of atrial fibril-
lation are noted with higher vasopressor use [22]. None-
theless, our results suggest that harm may begin to accrue 
well above the currently recommended initial threshold 
of 65  mmHg, and higher for older patients and those 
with cardiovascular comorbidities [3]. However, the 
definitive way to answer how the duration of hypotension 
impacts mortality and other outcomes in critically ill sep-
sis patients is via a prospective, randomized controlled 
trial that follows a standard protocol for vasopressor and 
intravenous fluid use. This study did not examine out-
comes post ICU or hospital discharge; therefore the asso-
ciation with mid- to long-term outcomes are unknown. 
And finally, while our measure of ICU duration is based 

on the timing of laboratory and medication orders, given 
their frequency in critically ill patients, this limitation 
seems unlikely to bias our results substantially.

In summary, the Surviving Sepsis Guidelines suggest 
keeping mean arterial pressure initially above 65 mmHg, 
followed by individualized treatment to optimize tissue 
perfusion. In our analysis, risks for mortality, AKI and 
myocardial injury were apparent by 85  mmHg, and for 
mortality and AKI risk progressively worsened at lower 
thresholds. Until randomized trials show that the rela-
tionship between hypotension and serious complications 
is not causal, it would probably be prudent to keep mean 
arterial pressure well above 65  mmHg in septic ICU 
patients.
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