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Abstract 

Background: The objective was to examine the association of blood pressure variability (BPV) during the first 
24 h after intensive care unit admission with the likelihood of delirium and depressed alertness without delirium 
(“depressed alertness”).

Methods: This retrospective, observational, cohort study included all consecutive adult patients admitted to an 
intensive care unit at Mayo Clinic, Rochester, Minnesota, from July 1, 2004, through October 31, 2015. The primary 
outcomes were delirium and delirium-free days, and the secondary outcomes included depressed alertness and 
depressed alertness-free days. Logistic regression was performed to determine the association of BPV with delirium 
and depressed alertness. Proportional odds regression was used to assess the association of BPV with delirium-free 
days and depressed alertness-free days.

Results: Among 66,549 intensive care unit admissions, delirium was documented in 20.2% and depressed alert-
ness was documented in 24.4%. Preserved cognition was documented in 55.4% of intensive care unit admissions. 
Increased systolic and diastolic BPV was associated with an increased odds of delirium and depressed alertness. The 
magnitude of the association per 5-mm Hg increase in systolic average real variability (the average of absolute value 
of changes between consecutive systolic blood pressure readings) was greater for delirium (odds ratio 1.34; 95% con-
fidence interval 1.29–1.40; P < 0.001) than for depressed alertness (odds ratio 1.06; 95% confidence interval 1.02–1.10; 
P = 0.004). Increased systolic and diastolic BPV was associated with fewer delirium-free days but not with depressed 
alertness-free days.

Conclusions: BPV in the first 24 h after intensive care unit admission is associated with an increased likelihood of 
delirium and fewer delirium-free days.
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Introduction
Delirium is an acute, fluctuating, neurocognitive condi-
tion characterized by inattention, depressed awareness, 
and impaired cognition. Patients admitted to an intensive 
care unit (ICU) often have delirium, with its incidence 
ranging from 20% in patients who are not intubated 

to 87% in patients on mechanical ventilation [1, 2]. 
Delirium is associated with increased ICU and hospital 
mortality rates, prolonged mechanical ventilation dura-
tion, prolonged ICU and hospital length of stay, and an 
increased risk of emergency department visits, hospi-
tal readmissions, and death after hospital discharge [3, 
4]. Additionally, some consequences of delirium, such 
as posttraumatic stress disorder and cognitive impair-
ment, may have a long-term effect on patients [5, 6]. 
The underlying cause of delirium is most likely multi-
factorial, including neuroinflammation, oxidative stress, 

*Correspondence:  nika.zorko@kclj.si 
2 Division of Neurology, Department of Vascular Neurology and Intensive 
Therapy, University Medical Centre, Ljubljana, Slovenia
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-0211-4517
http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-022-01661-6&domain=pdf


647

neuroendocrine dysregulation, and impaired cerebrovas-
cular regulation [7].

Although cardiovascular complications related to 
hypertension are primarily based on absolute blood pres-
sure (BP), evidence is accumulating that these complica-
tions are also associated with BP variability (BPV). BPV 
is a complex phenomenon defined as the magnitude 
and pattern of BP fluctuations during a certain period of 
time. BPV can be short term (e.g., hour-to-hour, day-to-
day, day-to-night, and 24-h BP fluctuations) or long term 
(e.g., clinic visit-to-visit BP fluctuations occurring days, 
weeks, months, or years apart) [8]. Increased short-term 
and long-term BPV is associated with the development 
and progression of cardiac, vascular, neurologic, and kid-
ney disease, as well as with an increased risk of cardio-
vascular events and death [9–14].

Intraoperative BPV has been identified as a risk factor 
for postoperative delirium [15–18]. The presumed mech-
anisms of BPV-related complications include microvas-
cular damage with high BP and ischemic changes with 
low BP in patients with a right shift of the autoregulation 
curve [10, 12, 19]. Therefore, BPV may increase the risk 
of delirium because disrupted cerebral autoregulation 
during critical illness may increase the susceptibility of 
the brain to potentially injurious effects of BPV [20, 21]. 
Indeed, we previously reported an association between 
BPV and acute (delirium and decreased alertness without 
delirium) and chronic (accelerated decline in global cog-
nitive z scores) cognitive impairment in a small cohort of 
participants admitted to an ICU [22].

In this study, we aimed to analyze the association 
between BPV during the first 24  h after ICU admission 
and the likelihood of acute delirium and depressed alert-
ness without delirium (“depressed alertness”) during ICU 
admissions in a large patient cohort. We hypothesized 
that increased BPV is associated with an increased likeli-
hood and duration of delirium and depressed alertness.

Methods
The reporting of this study conformed to the Strength-
ening The Reporting of OBservational studies in Epide-
miology statement and was approved by the Mayo Clinic 
Institutional Review Board (14-001118); Date: 2/11/2022, 
Study Title: Acute Brain Injury (Abi) During Critical Ill-
ness (Alejandro A. Rabinstein, MD). Declaration of Hel-
sinki (1975) rules do not apply to our retrospective study.

Study Design
The aim of the study was hypothesis-raising: to assess the 
association of BPV with acute delirium and depressed 
alertness without delirium in a retrospective cohort anal-
ysis. We retrospectively searched our ICU-specific elec-
tronic health record, termed the ICU Data Mart [23], for 

all consecutive adults (≥ 18 years) who were admitted to 
ICUs at Mayo Clinic in Rochester, Minnesota, from July 
1, 2004, through October 31, 2015. The end date of the 
study period was specifically chosen to ensure data con-
sistency because changes in the internal format of our 
electronic health records occurred after this date. The 
ICUs in which patients were admitted included a medical 
ICU, a coronary care unit, two mixed medical-surgical 
ICUs, and a cardiosurgical ICU. Patients admitted to our 
neuroscience ICU were excluded because primary neuro-
logic diseases (e.g., stroke or head trauma) affect the reli-
ability of delirium evaluation methods [24] and provide 
an alternative explanation for the cause of acute cogni-
tive dysfunction. Patients with ICU admissions shorter 
than 24  h or health records lacking sufficient BP data 
(< 10 measurements in the first 24 h after admission) to 
calculate BPV or missing comorbid condition data were 
also excluded. We abstracted patient demographic, cog-
nitive/alertness status, and BPV variables of interest for 
all included patients.

Patient and Care Characteristics
Abstracted patient demographic data included age, 
sex, and comorbid conditions (history of hypertension, 
stroke, hemiplegia/paraplegia, dementia, diabetes and 
diabetes with end-organ damage, myocardial infarction, 
congestive heart failure, chronic obstructive pulmonary 
disease, asthma, moderate/severe liver disease, cirrhosis, 
peptic ulcer, kidney failure, peripheral vascular disease, 
and malignant neoplasm). Other abstracted variables 
included the source of ICU admission (postsurgical or 
other) and documentation of invasive or noninvasive 
mechanical ventilation. Sequential Organ Failure Assess-
ment (SOFA) and Acute Physiology Assessment and 
Chronic Health Evaluation III scores were calculated on 
the day of ICU admission by using a previously validated 
automated system at our institution [23]. Hospital length 
of stay and 28-day and 1-year mortality rates were also 
assessed.

Assessments of BPV
Systolic and diastolic BP was measured in 15-min to 
1-h intervals during the first 24  h after ICU admission 
[23]. Systolic BP measurements less than 40  mm Hg 
or greater than 300  mm Hg and diastolic BP measure-
ments less than 20 mm Hg or greater than 195 mm Hg 
were set to missing and excluded from the analyses. We 
used several measures of BPV because the clinical and 
prognostic implications of BPV may depend on assess-
ment technique, sampling frequency, and BP trends [8]. 
Our primary BPV measure was average real variability 
(ARV), which is calculated as the mean absolute differ-
ence among consecutive measurements obtained during 
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a specific time period [25]. ARV yields better predictive 
power for hemodynamic oscillations than other BPV 
measures because ARV also accounts for the number of 
consecutive measurements and the order in which they 
were obtained [25]. Secondary BPV measures included 
range, which is a measure of BPV independent from the 
mean; standard deviation (SD), which does not reflect the 
steepness or rapidity of BPV but reflects the dispersion 
of hemodynamic measurements around a single value 
(i.e., mean) and thereby does not account for the order in 
which the measurements were obtained; and maximum 
Δ, which is the maximum absolute difference between 
consecutive measures during an observed time period. 
BPV measures were calculated separately for systolic and 
diastolic BP.

Assessments of Acute Cognitive/Alertness Status
Delirium was defined by a positive Confusion Assess-
ment Method of the Intensive Care Unit (CAM-ICU) 
score (with a Richmond Agitation-Sedation Score greater 
than − 4). In patients with delirium, delirium-free days 
were defined as the number of days alive and without 
delirium in the ICU for up to 28  days. Depressed alert-
ness was defined by two consecutive Glasgow Coma Scale 
(GCS) scores less than 15 and/or a Full Outline of UnRe-
sponsiveness (FOUR) score less than 16 in the absence 
of ongoing sedation and without a positive CAM-ICU 
score. In patients who were intubated, a GCS score less 
than 11 or a FOUR score less than 13 was indicative of 
depressed alertness [26, 27]. In patients with depressed 
alertness, depressed alertness-free days were calculated 
as the number of days alive and without depressed alert-
ness in the ICU for up to 28 days. CAM-ICU was evalu-
ated at least every 8 to 12 h, GCS/FOUR scores every 4 h, 
and Richmond Agitation-Sedation Score hourly during 
sedation.

Statistical Analyses
Patient demographics, ICU admission characteristics, 
and BPV measurements were summarized overall and 
according to the following cognitive outcome groups: 
delirium, depressed alertness, and preserved cognition 
(control). Continuous and ordinal variables were summa-
rized as median (interquartile range [IQR]), and categori-
cal variables were summarized as frequency (percent).

Before fitting the outcome models, BPV measurements 
were winsorized, in which values below the 2.5th per-
centile and values above the 97.5th percentile were set to 
the 2.5th and 97.5th percentiles, respectively. Therefore, 
our models assume no additional effects of increased or 
decreased BPV beyond the given range. The functional 
form of the association between each BPV measure and 
outcome was assessed visually, and BPV measures were 

included in the models as linear terms when the linearity 
assumption was satisfied. For BPV measures that did not 
satisfy the linearity assumption, the nonlinear associa-
tion was assessed with graphical methods, with trunca-
tion used, when appropriate, if the linearity assumption 
was valid for a restricted range of the BPV measurement 
distribution.

Multivariable logistic regression models were fit to the 
data separately for the binary (any vs. none) delirium and 
depressed alertness end points to estimate the associa-
tion between the BPV measures and the given outcome. 
In each case, the preserved cognition control group com-
prised patients who had a negative CAM-ICU score and 
a GCS score of at least 15 and/or a FOUR score of at least 
16. Multiplicative increases in the odds of an event (odds 
ratio [OR]) per 5-mm Hg increase in a BPV measure 
were reported with 95% confidence intervals (CIs) and P 
values.

To assess the association between the BPV measures 
and delirium-free days and depressed alertness-free days 
in patients who had a given end point, multivariable pro-
portional odds models were fit to the data, modeling the 
odds of a greater number of end point-free days. Esti-
mated increases in the odds of greater end point-free 
days per 5-mm Hg increase in a BPV measure were 
reported as OR with 95% CIs and P values.

All models were adjusted for patient age (spline with 
knots at the 5th, 50th, and 95th percentiles) and sex, ICU 
length of stay (log transformed), use of invasive mechani-
cal ventilation during the index ICU admission, ICU 
admission from surgical procedure or anesthesia, SOFA 
score components (kidney, coagulation, liver, and res-
piratory), comorbid conditions (diabetes, liver disease, 
kidney disease, chronic obstructive pulmonary disease, 
cerebrovascular accidents, dementia, and hypertension), 
and emergent surgical procedures. To account for multi-
ple observations per patient, all models were fit by using 
robust covariance estimates based on the method of gen-
eralized estimating equations. All models were fit with 
SAS v9.4 (SAS Institute Inc). P values less than.05 were 
considered statistically significant.

Results
A total of 111,958 hospitalizations that included ICU 
admission occurred during the study period. Of these 
ICU admissions, 45,409 were excluded because they 
did not meet the study criteria (< 24-h ICU stay, < 10 BP 
measurements in the first 24 h, or missing comorbid con-
dition data; Fig.  1). Therefore, 66,549 ICU admissions 
of 54,056 unique patients were included in our analysis. 
Delirium was documented in 13,427 (20.2%) ICU admis-
sions, depressed alertness in 16,250 (24.4%), and pre-
served cognition in 36,872 (55.4%). The median (IQR) 
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number of delirium-free days was 26 (24–27), and the 
median (IQR) number of depressed alertness-free days 
was 26 (25–27). Patient characteristics and ICU out-
comes of the total cohort and the delirium, depressed 
alertness, and preserved cognition groups are summa-
rized in Table 1.

Table 2 summarizes the measures of systolic and dias-
tolic BPV (range, SD, ARV, and maximum Δ) during 
the first 24  h after ICU admission for the total cohort 
and each cognitive outcome group. Our primary BPV 
measure was ARV. The median (IQR) systolic ARV 
was 8.5 mm Hg (6.7–10.7 mm Hg) for the total cohort, 
9.1  mm Hg (7.1–11.4  mm Hg) for the delirium group, 
8.4 mm Hg (6.6–10.7 mm Hg) for the depressed alertness 
group, and 8.3  mm Hg (6.6–10.4  mm Hg) for the pre-
served cognition group. The median (IQR) diastolic ARV 
was 5.4  mm Hg (3.8–7.7  mm Hg) for the total cohort, 
5.4  mm Hg (3.9–7.9  mm Hg) for the delirium group, 
4.9 mm Hg (3.5–7.0 mm Hg) for the depressed alertness 
group, and 5.6  mm Hg (3.9–7.9  mm Hg) for the pre-
served cognition group.

Table  3 summarizes the covariate-adjusted analyses 
of the association between BPV and the likelihood of 
delirium and delirium-free days. For all BPV measures, 
increased BPV was associated with a higher odd of 
delirium (P < 0.001). An increased duration of delirium 
(i.e., fewer delirium-free days) was also associated with 
an increase in all BPV measures (P ≤ 0.001) except SD 
(P = 0.22). Table  4 summarizes the covariate-adjusted 
analyses of the association between BPV and the like-
lihood of depressed alertness and depressed alertness-
free days. Higher systolic ARV was associated with an 
increased odds of depressed alertness (P = 0.004) but 
not with depressed alertness-free days (P = 0.65). The 
magnitude of the association of BPV measures was 
greater for the delirium group than for the depressed 
alertness group. Specifically, a 5-mm Hg increase in 
systolic ARV was associated with a 34% increase in the 
odds of delirium (OR 1.34; 95% CI 1.29–1.40) and a 6% 
increase in the odds of depressed alertness (OR 1.06; 
95% CI 1.02–1.10) (Tables 3, 4).

Adult critical care (ICU) admissions between 
July 2004 to October 2015

N= 111,958 CCE

Meet criteria for Acute 
encephalopathy

N=29,677 ICU admissions

ICU admissions included
in analysis
N=66,549

CONTROL GROUP
N=36,872 admissions

EXCLUSIONS:
Less than 24-hour ICU stay (N=44,561)

Less than 10 BP measurements (N=731)
Missing comorbidity data (N=117)

Depressed alertness
without delirium

N=13,427

Delirium
N=16,250

Fig. 1 Flow diagram of ICU admissions included in the study. This study conformed to the Strengthening The Reporting of OBservational studies in 
Epidemiology statement. BP, blood pressure, ICU, intensive care unit, CCE, critical care episodes
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Table 1 Patient characteristics and intensive care unit  outcomesa

APACHE III, Acute Physiology Assessment and Chronic Health Evaluation III, CAM-ICU, Confusion Assessment Method of the Intensive Care Unit; ICU, intensive care 
unit; IQR, interquartile range, No, number, SOFA, Sequential Organ Failure Assessment
a Continuous variables are summarized as median (IQR), and categorical variables are summarized as No. (%) of ICU admissions
b ICU admissions of patients with a positive CAM-ICU score were included in the delirium group. ICU admissions of patients who did not have a positive CAM-ICU 
score but who had a Glasgow Coma Scale score < 15 and/or Full Outline of UnResponsiveness score < 16 were included in the depressed alertness group

Variable Total (N = 66,549) Deliriumb (n = 13,427) Depressed  alertnessb 
(n = 16,250)

Preserved 
cognition 
(n = 36,872)

Age, (yr) 66 (54–77) 69 (58–79) 67 (54–78) 65 (52–75)

Sex

 Women 28,234 (42.4) 5701 (42.5) 7259 (44.7) 15,274 (41.4)

 Men 38,315 (57.6) 7726 (57.5) 8991 (55.3) 21,598 (58.6)

Postsurgical ICU admission 23,731 (35.7) 4033 (30.0) 6826 (42.0) 12,872 (34.9)

Index ICU specialty

 Cardiac, medical 10,796 (16.2) 1136 (8.5) 1834 (11.3) 7826 (21.2)

 Cardiac, surgical 12,096 (18.2) 1367 (10.2) 3937 (24.2) 6792 (18.4)

 Medical/surgical/transplant 8055 (12.1) 1927 (14.4) 1542 (9.5) 4586 (12.4)

 Medical 16,573 (24.9) 4021 (29.9) 4574 (28.1) 7878 (21.4)

 Trauma/general 10,852 (16.3) 2503 (18.6) 2456 (15.1) 5893 (16.0)

 Vascular/thoracic 8177 (12.3) 2473 (18.4) 1907 (11.7) 3797 (10.3)

SOFA score 5 (2–8)
(n = 57,923)

7 (4–9)
(n = 12,085)

6 (4–8)
(n = 13,270)

4 (2–6)
(n = 32,568)

APACHE III score 64 (50–80)
(n = 61,557)

76 (61–93)
(n = 12,827)

70 (55–85)
(n = 14,586)

58 (45–72)
(n = 34,144)

Invasive ventilator use 29,714 (44.6) 7868 (58.6) 10,154 (62.5) 11,692 (31.7)

ICU length of stay, (d) 2.1 (1.5–3.9) 4.1 (2.1–8.7) 2.7 (1.7–4.8) 1.8 (1.2–2.8)

Hospital length of stay, (d) 7.4 (4.6–12.9) 12.7 (7.6–22.8) 8.6 (5.7–14.4) 6.1 (3.8–9.3)

Hospital discharge status

 Alive 60,977 (91.6) 11,355 (84.6) 14,561 (89.6) 35,061 (95.1)

 Deceased 5572 (8.4) 2072 (15.4) 1689 (10.4) 1811 (4.9)

Table 2 Blood pressure variability measures within the first 24 h after intensive care unit admission

ARV, average real variability; BPV, blood pressure variability, CAM-ICU, Confusion Assessment Method of the Intensive Care Unit, ICU, intensive care unit, IQR, 
interquartile range, SD, standard deviation
a Percentiles were used to winsorize variables for modeling purposes
b ICU admissions of patients with any positive CAM-ICU scores were included in the delirium group. ICU admissions of patients who did not have a positive CAM-ICU 
score but who had a Glasgow Coma Scale score < 15 and/or Full Outline of UnResponsiveness score < 16 were included in the depressed alertness group

BPV measure, mm Hg Total (N = 66,549) Cognitive outcome group, median (IQR)

Median (IQR) 2.5th, 97.5th 
 percentilea

Deliriumb (n = 13,427) Depressed  alertnessb 
(n = 16,250)

Preserved cogni-
tion (n = 36,872)

Systolic

 Range 65 (50–84) 29, 140 73 (57–93) 69 (53–88) 61 (47–78)

 SD 13.6 (10.7–17.3) 6.7, 27.3 14.9 (11.7–18.9) 14.0 (11.1–17.8) 13.0 (10.2–16.4)

 ARV 8.5 (6.7–10.7) 4.2, 16.7 9.1 (7.1–11.4) 8.4 (6.6–10.7) 8.3 (6.6–10.4)

 Maximum Δ 38 (28–52) 16, 102 44 (32–59) 40 (30–55) 36 (27–48)

 Mean 115 (106–127) 90, 156 115 (106–128) 114 (106–126) 116 (106–127)

Diastolic

 Range 43 (32–60) 19, 112 48 (35–65) 43 (31–59) 42 (31–58)

 SD 8.5 (6.4–11.2) 4.0, 19.5 9.0 (6.7–11.9) 8.2 (6.2–10.9) 8.4 (6.4–11.1)

 ARV 5.4 (3.8–7.7) 2.2, 14.6 5.4 (3.9–7.9) 4.9 (3.5–7.0) 5.6 (3.9–7.9)

 Maximum Δ 28 (19–42) 10, 92 31 (21–47) 27 (18–42) 28 (19–41)

 Mean 59 (53–67) 42, 84 58 (52–65) 58 (52–65) 60 (54–68)
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Discussion
Increased BPV during the first 24  h after ICU admis-
sion was associated with a higher likelihood and dura-
tion of delirium. Increased BPV was also associated 
with a higher likelihood of depressed alertness, but this 

association was weaker and less consistent. Additional 
research is needed to understand whether reduced BPV 
in patients with critical illness lowers the risk of delirium 
and depressed alertness and subsequently improves long-
term patient outcomes.

Table 3 Association of  blood pressure variability measures with  delirium and  delirium-free days during  the first 24  h 
after ICU  Admissiona

ARV, average real variability; BPV, blood pressure variability; CI, confidence interval; ICU, intensive care unit; OR, odds ratio; SD, standard deviation
a ORs and corresponding 95% CI and P values were generated from multivariable logistic and proportional odds regression models accounting for multiple 
observations per subject patient by using generalized estimating equations with independent correlation structure. Covariates included patient age (spline with three 
knots) and sex, ICU length of stay (log transformed), use of invasive mechanical ventilation during the index ICU admission, ICU admission from surgical procedure/
anesthesia, Sequential Organ Failure Assessment components (kidney, coagulation, liver, and respiratory), diabetes with complications, history of moderate to severe 
liver disease, kidney disease, chronic obstructive pulmonary disease, cerebrovascular accident, dementia, emergent surgical procedure, and hypertension. All ORs are 
reported per 5-mm Hg increase in BPV. The preserved cognition control group was used as a reference for comparisons
b Data were analyzed with multivariable logistic regression
c Data were analyzed with multivariable proportional odds regression. Only ICU admissions of patients with a positive Confusion Assessment Method of the Intensive 
Care Unit score were included in the delirium-free days analysis

BPV measure Deliriumb Delirium-free  daysc

OR (95% CI) P value OR (95% CI) P value

Systolic

 Range 1.05 (1.04–1.05)  < .001 0.99 (0.98–1.00) .001

 SD 1.25 (1.22–1.28)  < .001 0.98 (0.95–1.01) .22

 ARV 1.34 (1.29–1.40)  < .001 0.91 (0.87–0.96)  < .001

 Maximum Δ, ≤ 75 mm Hg 1.07 (1.06–1.07)  < .001 0.98 (0.97–0.99)  < .001

Diastolic

 Range 1.04 (1.04–1.05)  < .001 0.98 (0.98–0.99)  < .001

 SD 1.27 (1.22–1.31)  < .001 0.93 (0.89–0.97)  < .001

 ARV 1.23 (1.18–1.29)  < .001 0.90 (0.85–0.95)  < .001

 Maximum Δ 1.05 (1.04–1.05)  < .001 0.98 (0.97–0.99)  < .001

Table 4 Association of blood pressure variability measures with depressed alertness and depressed alertness-free days 
during the first 24 h after ICU  Admissiona

ARV, average real variability; BPV, blood pressure variability; CI, confidence interval; ICU, intensive care unit; OR, odds ratio; SD, standard deviation
a ORs and corresponding 95% CI and P values were generated from multivariable logistic and proportional odds regression models accounting for multiple 
observations per patient by using generalized estimating equations with exchangeable correlation structure. Covariates are the same as those listed in Table 3. All ORs 
are reported per 5-mm Hg increase in BPV. The preserved cognition control group was used as a reference for comparisons
b Data were analyzed with multivariable logistic regression
c Data were analyzed with multivariable proportional odds regressions. ICU admissions of patients who did not have a positive Confusion Assessment Method of the 
Intensive Care Unit score but had a Glasgow Coma Scale score < 15 and/or Full Outline of UnResponsiveness score < 16 were included in this analysis

BPV measure Depressed  alertnessb Depressed alertness-free  daysc

OR (95% CI) P value OR (95% CI) P value

Systolic

 Range 1.03 (1.02–1.03)  < .001 0.99 (0.98–0.99)  < .001

 SD 1.13 (1.10–1.15)  < .001 0.96 (0.93–0.99) .007

 ARV 1.06 (1.02–1.10) .004 0.99 (0.94–1.04) .65

 Maximum Δ, ≤ 75 mm Hg 1.04 (1.03–1.04)  < .001 0.98 (0.98–0.99)  < .001

Diastolic

 Range 1.01 (1.01–1.02)  < .001 0.99 (0.98–1.00) .005

 SD 1.03 (1.00–1.06) .04 0.96 (0.92–1.00) .07

 ARV 0.92 (0.88–0.95)  < .001 0.99 (0.93–1.05) .74

 Maximum Δ 1.01 (1.01–1.02)  < .001 0.99 (0.98–1.00) .01
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Delirium in patients admitted to an ICU is associ-
ated with higher mortality rates, longer hospitalization, 
greater risk of post-ICU syndrome, more rapid cogni-
tive impairment, and higher health care costs than in 
ICU-admitted patients without delirium [3–5, 28, 29]. 
The increased severity of these complications in patients 
with delirium led to the launching of various initiatives 
to detect and eliminate precipitating risk factors for 
delirium and to implement interventions for modifiable 
risk factors. To this end, bundle interventions, such as 
the ICU Liberation initiative [30], have been introduced 
to prevent delirium in patients admitted to an ICU; how-
ever, current bundle interventions do not include BPV as 
an intervention target [31]. Our findings show an asso-
ciation between BPV and the likelihood and duration of 
delirium. The association between BPV during the first 
24  h after ICU admission and delirium was strong and 
consistent for all measures of BPV. If our observations 
are confirmed in future studies, new interventions may 
be developed and subsequently assessed in clinical tri-
als to examine whether reducing BPV can decrease the 
burden of delirium (i.e., the occurrence and duration of 
delirium) in patients with critical illness.

BPV has been repeatedly linked with adverse out-
comes independent of absolute BP control [9, 32, 33]. For 
example, high systolic BPV is associated with poor out-
comes of acute stroke [10, 11], hastened progression of 
cerebral small vessel disease (i.e., white matter hyperin-
tensities, lacunae of presumed vascular origin, cerebral 
microbleeds, and enlarged perivascular spaces) [34, 35], 
increased risk of cardiovascular-related disease and death 
[9, 13, 36, 37], and progression of chronic kidney disease 
[14, 38]. Long-term BPV (clinic visit-to-visit variability) 
is also associated with rapid onset and development of 
mild cognitive impairment and dementia [39], despite 
excellent BP control [40]. Although the results of studies 
investigating the link between intraoperative hypoten-
sion and postoperative cognitive decline and delirium 
are inconsistent [41–44], increased short-term intraop-
erative BPV is associated with postoperative delirium [17, 
18, 45]. Disparity between the two types of BP measures 
(i.e., mean BP vs. BPV) can be attributed to the deleteri-
ous effects of BPV, which is independent of mean arterial 
BP [40]. The deleterious effects of BPV on cerebral func-
tion can be explained by microvascular and blood–brain 
barrier damage caused by enlarged pulsatile loads, which 
are inadequately buffered by impaired cerebral autoregu-
lation during acute critical illness [46, 47].

Our study did not address long-term cognitive effects 
of delirium after ICU admission, but earlier studies 
have shown that delirium is associated with accelerated 
cognitive decline, including a higher likelihood of mild 

cognitive impairment and dementia [28, 48, 49]. In our 
previous study of a small cohort of participants enrolled 
in the Mayo Clinic Olmsted Study of Aging who were 
admitted to an ICU, increased BPV during the first 24 h 
after ICU admission was associated with an increased 
likelihood of delirium and worsened long-term cogni-
tive outcomes [22]. Another study reported an associa-
tion between increased BPV and an increased presence 
of neurofibrillary tangles, an indicator of Alzheimer 
disease, on autopsy [32, 39]. Therefore, minimizing 
BPV may reduce not only in-hospital delirium but also 
progression of long-term cognitive decline.

The primary strengths of our study are its large cohort 
size of patients with critical illness and analysis of both 
delirium and delirium-free days as cognitive end points. 
However, our study also has limitations. We measured 
BPV only within the first 24  h after ICU admission. 
Additional studies are needed to determine whether 
BPV continuing after the first day of ICU admission has 
additional effects on cognitive outcomes. Because the 
criteria for delirium or depressed alertness were met 
for many patients on the day of ICU admission, we can-
not establish causality. Thus, we could not determine 
whether BPV contributed to delirium or was simply a 
marker of its occurrence. Delirium and increased BPV 
may share a common underlying cause, but BPV may 
still exacerbate delirium in this case. Despite using 
composite SOFA and Acute Physiology Assessment 
and Chronic Health Evaluation III scores to account for 
comorbidities, as with any critical care observational 
studies, residual confounding is always possible. Some 
potential confounders include variable physiological 
derangement, comorbidities (premorbid cognitive sta-
tus, atrial fibrillation), and medications administered 
(γ-aminobutyric acid-ergic (GABAergic), anticholiner-
gics). We also aimed to minimize bias by only including 
nonneurologic critically ill patients and by using meas-
ures obtained consistently on all patients. Furthermore, 
because cognitive and sedation assessment scores in 
the Data Mart are entered by ICU nurses, the excellent 
concordance of these entries with physician evaluation 
was confirmed in a previous study [26]. The end date 
of our study period was October 31, 2015, which may 
not be representative of contemporary ICU practice. 
We specifically chose this end date because changes 
in the internal format of our electronic health records 
after the study end date may have affected the consist-
ency of the data in our analyses. Although we are not 
aware of any practice changes after our study end date 
that would have influenced our findings, the COVID-
19 pandemic has substantially changed the critical care 
patient population. How our results would apply to 
ICU-admitted patients with COVID-19 is unknown.
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Conclusions
Our findings indicate that increased early BPV is associ-
ated with a higher burden of delirium during hospitaliza-
tion with ICU admission. If these results are confirmed 
in future studies, BPV could be incorporated in bundle 
interventions aimed at preventing delirium in patients 
with critical illness.
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