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Cytokine profiles in intensive care unit delirium
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Background: Neuroinflammation causing disruption of the blood-brain barrier and immune cell
extravasation into the brain parenchyma may cause delirium; however, knowledge of the exact
pathophysiologic mechanism remains incomplete. The purpose of our study was to determine
whether cytokine profiles differ depending on whether delirium occurs in the setting of sepsis,
coronavirus disease 2019 (COVID-19), or recent surgery.

Methods: This prospective observational cohort study involved 119 critically ill patients admitted
to a multidisciplinary intensive care unit (ICU) during 2019 and 2020. Delirium was identified using
the validated confusion assessment method for the ICU. Multiple delirium risk factors were col-
lected daily including clinical characteristics, hospital course, lab values, vital signs, surgical expo-
sure, drug exposure, and COVID-19 characteristics. Serums samples were collected within 12 hours
of ICU admission and cytokine levels were measured.

Results: The following proinflammatory cytokines were elevated in our delirium population: tumor
necrosis factor (TNF)-a, interleukin (IL)-6, IL-18, C-C motif ligand (CCL) 2, CCL3, C-X-C motif
chemokine ligand (CXCL)1, CXCL10, IL-8, IL-1 receptor antagonist, and IL-10. Analysis of relative
cytokine levels in those patients that developed delirium in the setting of sepsis, COVID-19, and
recent surgery showed elevations of CCL2, CXCL10, and TNF-a in both the sepsis and COVID-19
group in comparison to the postsurgical population. In the postsurgical group, granulocyte colo-
ny-stimulating factor was elevated and CXCL10 was decreased relative to the opposing groups.
Conclusions: We identify several cytokines and precipitating factors known to be associated with
delirium. However, our study suggests that the cytokine profile associated with delirium is variable
and contingent upon delirium precipitating factors.
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INTRODUCTION

Delirium is a neuropsychiatric syndrome that involves altered cognition, impaired aware-
ness, inattention, disorganized thinking, and fluctuating arousal [1-10]. Its onset can be acute
or subacute [2,3,5-11], it can occur in hypo- or hyperactive forms [2,4-6], and its consequenc-
es can be devastating [3,4,12-14]. Patients who experience delirium are at increased risk of
death, dementia, and institutionalization [2,3,6,12,15,16]. Furthermore, the economic burden

of delirium is profound. Delirium related healthcare expenditures in the United States are
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estimated to exceed $150 billion annually [3,6,13]. This cost
primarily results from increased length of hospitalization; on
average, between 5-10 days greater than that of non-delirious
patients [3]. Despite the prevalence of delirium and significant
advances in the understanding of this syndrome made over
the past decade, knowledge of its underlying pathophysiologic
mechanisms remains incomplete [2,10,12,17,18].

Studies have shown that proinflammatory cytokines are
associated with delirium [1,2,7-10,12,13,19-25]. The neuroin-
flammatory hypothesis states that the clinical manifestations
of delirium result from systemic inflammation causing loss
of integrity of the blood-brain barrier, microglial activation,
and immune cell extravasation into the brain parenchyma
[8,11,13,20,23,26,27]. Inflammation is promulgated by the
release and deposition of several cytokines and chemokines;
previous studies have identified tumor necrosis factor (TNF)-a
[2,6-9,13,19-21,24,25], interleukin (IL)-6 [2,6,8,9,19-22,25],
and IL-10 [8,9,19,21], amongst others, as contributing factors.
However, there is disagreement regarding the exact composi-
tion of the inflammatory milieu that produces delirium [2,8-
10,19-25,28], perhaps suggesting that the clinical phenotype
of delirium is the final pathway of discrete neurophysiological
conditions [1].

Delirium results from a variable combination of predispos-
ing factors unique to the individual and precipitating factors
[2,16,17,27,29-33]. Acute stressors associated with delirium
are well characterized and include critical illness and surgery,
both of which are associated with the release of inflammatory
cytokines [2,6,8-10,13,19-25,28]. The objective of our study
was to further characterize the association between various
precipitating factors with the development of delirium, includ-
ing a comprehensive analysis of cytokine responses in those
patients that developed delirium versus those that did not.
Previously, studies that have investigated cytokines associated
with delirium have focused on delirium resulting from a single
etiology or did not differentiate by condition that precedes the
onset of delirium.

In this study, we sought to determine whether cytokine pro-
files associated with delirium vary based on the precipitating
condition. Our focus was on delirium resulting from sepsis,
coronavirus disease 2019 (COVID-19), and recent surgery.
This study is novel in that it is the first to investigate relative
levels of inflammatory cytokines that result from several con-
ditions known to be associated with delirium. Furthermore,
although recent studies have reviewed the association be-
tween cytokines elevated in COVID-19 and neurocognitive
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KEY MESSAGES

= The cytokine profile seen in intensive care unit delirium
appears to be contingent on the condition that precipi-
tates its onset.

= In our patient population with sepsis and coronavirus
disease 2019 (COVID-19), C-C motif ligand 2, C-X-C motif
chemokine ligand (CXCL)10, and tumor necrosis factor-a
predominate.

= In patients that developed postoperative delirium, granu-
locyte colony-stimulating factor is elevated and CXCL10 is
decreased, relative to the COVID-19 and sepsis groups.

= These findings suggest that the delirium syndrome rep-
resents a manifestation of distinct pathophysiological pro-
cesses.

effects [34-36], our study aims to measure levels of cytokines
in order to characterize the unique cytokine profile associated
with COVID-19 delirium relative to that of delirium resulting
from other causes. Further understanding in this realm is of
preeminent importance as the pathophysiology of COVID-19
associated delirium remains incomplete.

MATERIALS AND METHODS

Study Population

This prospective observational cohort study was conducted
from May 1, 2019, to October 31, 2020 at a 30-bed multidis-
ciplinary intensive care unit (ICU) in Mayo Clinic Hospital,
Phoenix, AZ, USA. This ICU is fully staffed by intensivists 24/7.
Approval was provided by the Institutional Review Board of
Mayo Clinic prior to initiation of data collection; the need for
patient consent was waived. This study was performed in ac-
cordance with the Helsinki Declaration pertaining to medical
research involving human subjects.

Daily ICU admissions were screened by the investigators for
assessment of inclusion and exclusion criteria. Inclusion crite-
ria: consecutive critically ill patients >18 years of age admitted
to the ICU during the study period. Exclusion criteria included
DNR/DNI and comfort care patients, presence of delirium at
the time of ICU admission, patients presenting due to stroke
or traumatic brain injury, and patients who had not agreed to
the use of their medical records for research. When patients
required readmission to the ICU after discharge, only data
from the first admission were analyzed. For the purposes of
this study, we utilized the third International Consensus Defi-
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nitions (Sepsis-3) to define both sepsis and septic shock [37].

Data Collection

Comprehensive data on patient characteristics, hospital
course, laboratory values, vital signs, surgical procedures, and
medication administration was collected on all study enrolled
patients throughout their hospitalization. The validated con-
fusion assessment method for the ICU (CAM-ICU) screening
tool was used to identify delirium [38]. The CAM-ICU tool is
administered by Mayo Clinic ICU nursing staff every eight
hours or when a mental status change is noted. Positive and
negative CAM-ICU results are documented in the electronic
health record as events occurring during the following four-
hour windows: 0:00-4:00, 4:00-8:00, 8:00-12:00, 12:00-16:00,
16:00-20:00, and 20:00-24:00. In those patients that underwent
surgical procedures, inhaled anesthetic exposure, medication
administration, and surgery characteristics data were also col-
lected. Vital signs and laboratories were collected during the
first ICU day; worse values were abstracted. The Acute Physiol-
ogy Score (APS), Acute Physiology and Chronic Health Evalua-
tion Score (APACHE) 1V, and predicted hospital mortality rates
based on these scores were calculated using an online APACHE
IV calculator [39]. Sequential Organ Failure Assessment (SOFA)
score [40] was documented daily from day 1 to day 7.

Serums samples were collected within 12 hours of ICU ad-
mission. Samples were transported at 4 °C and frozen at -80 °C
within 12 hours of collection for later analysis. Routine chem-
icals were obtained from Sigma-Aldrich (St. Louis, MO, USA).
The cytokines C-C motif ligand (CCL) 2, CCL3, C-X-C motif
chemokine ligand (CXCL)1, CXCL10, granulocyte colony-stim-
ulating factor (G-CSF), granulocyte-macrophage colony-stim-
ulating factor (GM-CSF), IL-1q, IL-1p, IL-1 receptor antagonist
(TL-1RA), IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-17A, IL-18,
and TNF-a were analyzed using a fluorescence-based cap-
ture sandwich immunoassay kit (Milliplex Human Cytokine,
Chemokine, Growth Factor Panel A; Millipore, Burlington, MA,
USA). The assay was performed in accordance with the manu-
facturer’s instructions using a Luminex 200 System (Invitrogen,
Carlsbad, CA, USA) for reading fluorescence. Results were
analyzed using xPONENT software as previously described by
Singh et al. [41,42].

Statistics

All data are summarized as median (interquartile range) or
percentages. Unpaired Student t tests will be used to compare
continuous variables with normal distribution and the Wilcox-
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on rank test for skewed distribution. For comparison of cate-
gorical variables, chi-square tests will be used if the number
of elements in each cell was >5; Fisher’s exact test will be used
otherwise. A P-value <0.05 was considered statistically signif-
icant. All data analyses were performed using JMP ver. 14.1.0
(SAS Institute, Cary, NC, USA).

RESULTS

Of the 119 patients included in this study, 41 were diagnosed
with delirium. The study population is described in Table 1.
APS, APACHE 1V, and both ICU and hospital length of stay
(LOS) were greater in the group that developed delirium. Fur-
thermore, sepsis, septic shock, COVID-19, continuous renal
replacement therapy, extracorporeal membrane oxygenation,
mechanical ventilation, leukocytosis, and acidemia were more
prevalent in the population that developed delirium. Initial
analysis showed that the age of patients that did not develop
delirium was greater compared to those who did; however,
after adjusting for LOS (longer LOS resulted in higher risk of
developing delirium; surgical patients had a shorter LOS and
were significantly younger), no age difference was noted be-
tween the two groups.

Table 2 includes surgical risk factors associated with delir-
ium. Those patients who did not experience delirium were
more likely to have had recent surgery and inhaled anesthetic
exposure; no significant difference was seen between the
non-delirium and delirium groups when considering blood
loss from all surgical procedures, total surgical time, and total
duration of inhaled anesthetic exposure.

Potentially deliriogenic medications are provided in Table 3.
Diazepam, midazolam, and dexmedetomidine use was associ-
ated with delirium; this relationship held with cumulative dose
of both midazolam and dexmedetomidine. Opioid adminis-
tration was also associated with the development of delirium;
this was predominantly due to fentanyl and hydromorphone.
Vancomycin, azithromycin, and piperacillin-tazobactam use
were also associated with the development of delirium; how-
ever, no significance was seen when considering the cumula-
tive dose of these medications. Our data did not show a signifi-
cant relationship between corticosteroids or medications with
anticholinergic properties with delirium.

Table 4 provides the cytokines associated with the develop-
ment of delirium. Those cytokines found to be significantly
elevated include the proinflammatory cytokines TNF-a, IL-6
and IL-18; the chemokines CCL2, CCL3, CXCL1, CXCL10 and
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Table 1. Patient characteristics

Variable Total cohort No delirium (n=78) Delirium (n=41) P-value

Patient characteristics
Age (yr) 64 (50-75) 66.6 (55.8-75) 55 (46.5-69.5) 0.01°
Female 40 (33.6) 24 (30.8) 16 (39) 0.42
APS score 45 (31-59) 38 (26.8-48.3) 59 (40-84.5) <0.007*
APACHE IV score 56 (39-75) 53 (37.5-65.3) 79 (52-98.5) <0.007*
Prior history of CVA (ischemic stroke) 8(6.7) 4(5.1) 4(9.8) 0.44
Prior history of hemorrhagic stroke 3(2.5) 1(1.3) 2 (4.9) 0.27
Prior history of TBI 3(2.5) 2(2.6) 1(2.4) 1.00
Pre-existing cognitive impairment 2(1.7) 1(1.3) 1(2.4) 1.00
BMI (kg/mz] 28.9 (25-33.5) 28.5(24.9-33.8) 28.9 (25.7-32.7) 0.78
Code status (full code) 118 (99.2) 77 (98.7) 41 (100) 1.00
DM 47 (39.5) 30 (38.5) 17 (41.5) 0.84
HTN 51 (42.9) 34 (43.6) 17 (41.5) 0.85
CAD 33(27.7) 25 (32.1) 8(19.5) 0.20
Cancer 4(11.8) (14 1) 3(7.3) 0.38
CKD 7(14.3) 3(16.7) 4(9.8) 0.41
ESRD 3(2.5) 3(39 0 0.55
Cirrhosis 7 (5.9) 6(7.7) 1(2.4) 0.42
Hepatic failure 1(0.84) 1(1.3) 0 1.00
Metastatic carcinoma 3(2.5) 1(1.3) 2 (4.9) 0.27
Leukemia/myeloma 3(2.5) 3(3.9) 0 0.55
Immunosuppression 14 (11.8) 6(7.7) 8(19.5) 0.07
Trauma 1(0.8) 1(1.3) 0 1.00

Hospital course
ICU LOS (day) 3(1.9-10.4) 2.2 (1.3-4.0) 14.5(3.7-33.2) <0.001°
Hospital LOS (day) 9(1.1-10.4) 7.1 (5.0-10.9) 23.2 (16.8-40.2) <0.007*
ICU mortality 2 (10.1) 7 (9.0) 5(12.2) 0.75
Hospital mortality 3(10.9) 7 (9.0) 6(14.6) 0.37
Sepsis 66 (55.5) 37 (47.4) 29 (70.7) 0.02°
Septic shock 37 (31.1) 19 (24.4) 18 (43.9) 0.04°
Sepsis or septic shock 66 (55.5) 37 (47.4) 29 (70.7) 0.02°
COVID-19 38(31.9) 18 (23.1) 20 (48.8) 0.007°
28-Day mortality 3(10.9) 7 (9.0) 6(14.6) 0.37
GCS 5 (10-15) 15 (11.8-15) 11 (3-15) <0.0071*
Pre-ICU day 1(0-2) 0(0-2) 1(0-2) 0.47
Emergency surgery 5(4.2) 3(39) 2 (4.9) 1.00
Thrombolysis 5(4.2) 4(5.1) 1(2.4) 0.66
CRRT 17 (14.3) 5 (6.4) 12 (29.3) <0.01°
ECMO 11(9.2) 1(1.3) 10 (24.4) <0.001*
LVAD 1(0.8) 0 1(2.4) 0.34
RVAD 1(0.8) 0 1(2.4) 0.34

(Continued to the next page)
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Table 1. Continued

Variable Total cohort No delirium (n=78) Delirium (n=41) P-value
Labs & vitals
Positive culture 27 (22.7) 15(19.2) 12 (29.3) 0.25
Initial lactate (mmol/L) 5(1.1-3) 4(1.1-2.8) 7(1.1-3.7) 0.32
Highest lactate (mmol/L) 8(1.1-3.8) 7(1.1-3.6) 9(1.3-3.8) 0.34
Lactate clearance (mmol/L) 6(1.3-2.9) 6(1.3-2.8) 2.2 (1.4-3.1) 0.36
lonized calcium (mg/dL) 5 (4.2-4.7) 5 (4.3-4.8) 4.4 (4.2-4.6) 0.36
Calcium (mg/dl) 2(7.8-8.7) 3(7.8-88) 8.1(7.5-8.4) 0.07
( (

Temperature (°C) 37.5(36.7-38.4) 37.5(36.7-38.5) 37.3 (36.8-38.1) 0.46
MAP (mm Hg) 62.0 (58.0-70.0) 61.0 (56.0-67.8) 64 (58.5-71.5) 0.22
HR (beats/min) 98.0 (88.0-111.0) 97.5 (86.8-108.0) 101.0 (90.0-118.0) 0.09
RR (/min) 25.0 (20.0-29.0) 24.0 (20.0-29.0) 27.0(22.5-32.0) 0.08
MV 64 (53.8) 36 (46.2) 28 (68.3) 0.03°
Fi0,(%) 50 (40-70) 50 (32-60) 70 (50-100) <0.0071°
Pa0, (mm Hg) 90 (77-111) 90 (80-121) 87 (72-105) 0.22
PaCO, (mm Hg) 36 (31-40) 36 (32-40) 37 (31-44) 0.19
Arterial pH 7.40 (7.34-7.43) 7.40 (7.36-7.44) 7.36(7.27-7.43) 0.01°
Na+ (mmol/L) 138.0 (134.0-141.0) 138.5 (135.6-141.0) 136.0 (132.5-140.0) 0.07
Urine output (ml/24 hr) 1,687.0 (1,160.0-2,385.0) 1,640.5 (1,178.0-2,392.5) 1,735.0 (977.5-2,387.5) 095
Creatinine (mg/dl) .1(08-1.7) .1(08-1.7) 2(0.7-2.0) 0.49
BUN (mg/dl) 18.5 (13.0-28.0) 16.6 (12.0-25.3) 24.0(13.5-38.0) 0.05°
Glucose (mg/dl) 151 (114-188) 140.5 (110-174) 68 (137-260) <0.01°
Albumin (g/dl) 5(3.0-4.0) 8(3.2-4.0) 3(26-3.7) <0.01°
Bilirubin (mg/dl) .7 (0.4-1.0) .7 (0.4-1.0) 6(0.3-1.1) 0.53
Hct (90) 33.0(27.9-37.7) 33.8(27.8-37.7) 32.2(27.1-383) 0.79
WBC (x10°/L) 10.0 (6.9-15.0) 5(6.7-13.1) 11.4 (8.8-16.3) 0.03°

Values are presented as median (interquartile range) or number (%o).

APS: Acute Physiology Score; APACHE: Acute Physiology and Chronic Health Evaluation; CVA: cerebrovascular accident; TBI: traumatic brain injury; BMI: body
mass index; DM: diabetes mellitus; HTN: hypertension; CAD: coronary artery disease; CKD: chronic kidney disease; ESRD: end stage renal disease; ICU: intensive
care unit; LOS: length of stay; COVID-19: coronavirus disease-19; GCS: Glasgow coma scale; CRRT: continuous renal replacement therapy; ECMO: extracorporeal
membrane oxygenation; LVAD: left ventricular assist device; RVAD: right ventricular assist device; MAP: mean arterial pressure; HR: heart rate; RR: respiration
rate; MV: mechanical ventilation; FiO,: fraction of inspired oxygen; PaO,: partial pressure of oxygen; PaCO,: partial pressure of carbon dioxide; BUN: blood urea
nitrogen; Het: hematocrit; WBC: white blood cell.

°P<0.05.

Table 2. Surgical risk factors

Variable Total cohort No delirium (n=78) Delirium (n=41) P-value
Recent surgery 52 (43.7) 41 (52.6) 11 (26.8) 0.01°
Total blood loss from all surgical procedures (ml) 105 (100-450) 103 (100-500) 125 (100-300) 096
Total surgical time from all surgical procedures (min) 304 (246.8-408.3) 306 (250.5-396.0) 284 (225.0-486.0) 090
Recent inhaled anesthetic 54 (45.4) 42 (53.9) 12 (29.3) 0.071°
Total duration of inhaled anesthesia from all surgical procedures (min) 302 (234-415) 304 (248-389) 255 (207-517) 0.83

Values are presented as number (%) or median (interquartile range).
*P<0.05.
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Table 3. Medications

T

Total morphine equivalents (mg)
Antibiotics

Cefazolin

Cefazolin dose (g)

Cefepime

Cefepime dose (g)

Vancomycin

Vancomycin dose (g)

Acyclovir

Acyclovir dose (g)

Azithromycin

Azithromycin dose (g)

Piperacillin

Piperacillin dose (g)

Ceftriaxone

Ceftriaxone dose (g)

Ertapenem

249 (102.1-797.7)
53 (44.5)
2(6-12)
25(21.0)
2(4.3-23.0)
64 (53.8)
3(1.8-5.3)
2(1.7)
1(14-48)
37(31.1)
5(1.0-2.5)
53 (44.5)

37.1(20.3-91.7)
27 (227)
4(1-6)
5(42)

235 (71.5-380.0)

41 (52.6)

12 (7-12)

12 (15.4)
9(25-22.5)

33 (42.3)
3(1.8-5.6)
1(1.3)

1.4

18 (23.1)

1.8 (1.4-2.5)

27 (34.6)

37.1(21.4-93.4)

20 (25.6)
2(1-5)
4(5.1)

Variable Total cohort No delirium (n=78) Delirium (n=41) P-value
Benzodiazepine (in lorazepam equivalents)
Diazepam 17.0(14.3) 40(5.1) 13.0(31.7) <0.001°
Diazepam dose (mg) 24.0 (9.0-43.5) 10.0 (3.2-560.6) 29.0 (14.5-43.5) 0.34
Midazolam 83.0 (69.8) 480 (61.5) 35.0(85.4) 0.01°
Midazolam dose (mg) 5 (3.0-256.0) 3.7 (2.5-6.0) 176.5 (7.5-1,049.4) <0.001°
Lorazepam 210(17.7) 15.0 (19.2) 6.0(14.6) 0.62
Lorazepam dose (mg) 5(0.5-2.5) 1.5 (0.5-2.5) 1.0(0.8-21.3) 1.00
Alprazolam 0(5.9) 6(7.7) 10(2.4) 0.42
Alprazolam dose (mg) 6(1.0-5.0) 3.8(1.0-5.4) 2.0 0.8
Sedative
Etomidate 37(31.1) 23 (29.5) 14 (31.2) 0.68
Etomidate dose (mg) 20 (20-30) 24 (20-30) 20 (20-23) 0.03°
Methocarbamol 4(3.4) 2(2.6) 2 (4.9) 0.61
Methocarbamol dose (mg) 7,000 (1,250-8,500) 7,000 (2,000-7,000) 5,250 (500-10,000) 1.00
Propofol 62 (52.1) 39 (50.0) 23 (56.1) 0.57
Propofol dose (mg) 453.8 (130.1-2,484.8) 260.9 (120.0-1,012.0) 1,000.0 (133.5-3,875.0) 0.28
Dexmedetomidine 59 (49.6) 33 (42.3) 26 (63.4) 0.03°
Dexmedetomidine dose (jg) 774.0 (264.8-2,800.0) 383.0 (158.0-806.2) 2,800.0 (987.2-7,637.9) <0.007°
Ketamine 9(16.0) 7 (9.0) 12 (29.3) 0.01°
Ketamine dose (mg) 1,294.9 (30.0-3,860.2) 30.0 (10.0-3,841.6) 2.915.4 (69.6-4,703.3) 0.22
Opioid (in morphine equivalents)
Fentanyl 98 (82.4) 61(78.2) 37(90.2) 0.13
Fentanyl dose (mg) 152.5 (39.2-371.6) 133.8 (28.1-196.9) 351.1(60.7-1,374) <0.071°
Hydromorphone 50 (42.0) 29 (37.2) 21(51.2) 0.17
Hydromorphone dose (mg) 18.2 (4.0-339.0) 8.0 (4.0-66.6) 322.7 (6.0-9,719.9) 0.01°
Morphine 8(15.1) 11 (14.1) 7(17.1) 0.79
Morphine dose (mg) 5 (4.0-25.5) 11 (4.0-18.0) 6 (4.0-48.0) 0.75
Oxycodone 45 (37.8) 39 (50.0) 6(14.6) <0.001°
Oxycodone dose (mg) 97.5(45.0-161.3) 97.5 (45.0-165.0) 45 (37.5-630.0) 0.63
(

742 (151.8-3,700.3) <0.071°

12 (29.3) 0.02°
9(4-12) 0.25
13 (31.7) 0.06
13 (7.3-32.0) 0.39
31 (75.6) <0.001°
3(1.8-53) 0.89
1(2.4) 1.00
4.8 1.00
19 (46.3) 0.01°
1.5 (1-2.5) 0.72
26 (63.4) <0.01°
349 (16-72.6) 0.55
7(17.1) 0.36
5(3-7) 0.17
1(2.4) 0.66
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Table 3. Continued

T

Variable Total cohort No delirium (n=78) Delirium (n=41) P-value
Ertapenem dose (g) 5(2.5-7.0) 4(23-7.3) 6 0.72
Ciprofloxacin 4(3.4) 2(2.6) 2(49) 0.61
Ciprofloxacin dose (g) 4.1(1.4-63) 1.9 (0.8-3) 6.0 (5.2-6.7) 0.25
Sulfamethoxazole 6(5.0) 5(6.4) 1(2.4) 0.66
Sulfamethoxazole dose (g) 2.0(1.4-3.4) 2.4 (1.6-3.6) 0.8 0.23
Trimethoprim 6 (5.0) 5(6.4) 1(2.4) 0.66
Trimethoprim dose (g) 0.4 (03-0.7) 05(0.3-0.7) 0.2 0.23
Caspofungin 7 (5.9) 4(5.1) 3(7.3) 0.69
Caspofungin dose (g) 2 (0.1-0.4) 0.2 (0.12-0.4) 0.3 (0.04-0.6) 1.00
Fluconazole 8(15.1) 12 (15.4) 6 (14.6) 1.00
Fluconazole dose (g) 2(0.7-2.6) 1.2 (0.5-2.2) 2.2 (0.7-4.1) 0.4
Ampicillin 4( 4) 3(39) 1(2.4) 1.00
Ampicillin dose (g) 42 (18.8-69.8) 63 (18-72) 21 1.00
Doxycycline 8(6.7) 5(6.4) 3(7.3) 1.00
Doxycycline dose (g) 8(0.2-1.3) 0.8 (0.2-1.6) 0.7 (0.2-1.4) 1.00
Metronidazole 2 (10.1) 8(10.3) 4(9.8) 1.00
Metronidazole dose (g) 5(1.0-2.9) 1.3 (0.6-1.5) 2.8 (1.4-10.5) 0.14
Levofloxacin 5(4.2) 3(3.9) 2 (4.9) 1.00
Levofloxacin dose (g) .8 (0.5-0.8) 0.8 (0.5-0.8) 0.6 (0.5-0.8) 1.00
Meropenem 6(13.5) 10(12.8) 6(14.6) 0.78
Meropenem dose (g) 0(3.0-27.3) 5.3 (2.0-9.3) 25.5(11.3-47.5) 0.05°
Tobramycin 2( 7) 1(1.3) 1(2.4) 1.00
Tobramycin dose (g) 2.8 (0.9-4.6) 4.62 0.9 1.00
Hydroxychloroguine 8(7.2) 5 (6.4) 3(7.3) 1.00
Hydroxychloroguine dose (g) 2(0.8-2.4) 2.2 (1.3-2.4) 0.8 (0.6-2.4) 0.44
Remdesivir 13 (10.9) 7 (9.0) 6(14.6) 0.37
Remdesivir dose (g) 0.6 (0.6-0.6) 0.6 (0.6-0.6) 0.6 (0.5-0.7) 0.68

Steroid
Hydrocortisone 46 (38.7) 26 (33.3) 20 (48.8) 0.12
Hydrocortisone dose (mg) 400.0 (250-837.5) 362.5 (250.0-656.3) 500.0 (150.0-1,000) 0.71
Methylprednisolone 9(7.6) 6(7.7) 3(7.3) 1.00
Methylprednisolone dose (mg) 125.0 (62.0-497.5) 187.5(91.0-657.5) 60.0 (20.0-600.0) 037
Dexamethasone 8(6.7) 5(6.4) 3(7.3) 1.00
Dexamethasone dose (mg) 16 (7-60) 60 (5-168) 14 (10-18) 0.76
Prednisone 6(5.0) 4(5.1) 2 (4.9) 1.00
Prednisone dose (mg) 35.0(23.8-122.5) 65.0 (28.8-187.5) 25.0 (20.0-30.0) 0.25

Drug with anticholinergic properties
Famotidine 8(6.7) 5 (6.4) 3(7.3) 1.00
Famotidine dose (mg) 100 (25-140) 140 (50-200) 20 (20-140) 0.22
Diphenhydramine 6(13.5) 13 (16.7) 3(7.3) 0.26
Diphenhydramine dose (mg) 75(28.1-137.5) 75 (25.0-125.0) 100 (37.5-250.0) 0.59
Prochlorperazine 7 (5.9) 5(6.4) 2 (4.9) 1.00
Prochlorperazine dose (mg) 10 (10.0-20.0) 10 (7.5-30.0) 10 0.83
Promethazine 2(1.7) 1(1.3) 1(2.4) 1.00
Promethazine dose (mg) 81.3 (12.5-150.0) 12,5 150 1.00

Values are presented as number (%) or median (interquartile range).

°*P<0.05.
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/|
Table 4. Cytokines in total patient population by delirium
Variable Total cohort Delirium (n=41) No delirium (n=78) P-value
CCL2 761.86 (447.83-1,358.52) 1,295.60 (709.43-2,092.03) 636.05 (413.35-1,019.30) <0.00°
CCL3 0(0-3.57) 1.36 (0-7.24) 0(0-2.72) <0.01°
CXCL1 26.24 (10.82-47.33) 29.64 (17.95-53.50) 23.45 (8.79-34.56) 0.01°
CXCL10 366.72 (149.05-2,834.38) 1,159.90 (277.06-3,856.02) 269.95 (132.38-1,928.12) <0.01°
G-CSF 183.38 (47.55-448.23) 266.51 (54.74-1,746.52) 172.27 (34.57-348.59) 0.07
GM-CSF 0 (0-0) 0(0-2.55) 0 (0-0) 0.40
I-1a 12.60 (3.19-27.66) 14.17 (3.16-33.10) 9.45 (3.75-24.10) 0.46
|L—1[3 6.89 (0-16.68) 8.27 (2.72-18.45) 5.10 (0-17.11) 0.13
IL-1RA 12.81 (4.00-57.49) 29.33 (7.91-135.39) 8.54 (3.41-33.16) <0.01°
IL-2 0(0-0.14) 0(0-0.30) 0 (0-0) 0.29
IL-4 2.84(0.33-6.88) 2.84 (0.65-6.57) 293 (0-7.01) 091
IL-5 461 (0.90-11.61) 3.10 (0.81-10.23) 5.76 (0.90-12.90) 0.15
IL-6 194.64 (51.43-467.04) 405.67 (154.87-720.89) 130.46 (46.46-369.77) <0.01°
IL-8 33.37 (20.49-59.42) 4262 (24.56-92.87) 29.48 (19.17-48.24) 0.02°
IL-10 24.66 (1.06-70.50) 47.04 (9.83-95.50) 18.70 (0-47.27) 0.02°
IL-12 0(0-0.27) 0(0-0.41) 0(0-0.17) 1.00
IL-17A 0(0-0.46) 0(0-0.93) 0(0-0) 0.51
IL-18 104.67 (38.66-161.50) 136.05 (95.13-175.88) 77.21 (27.69-134.16) 0.02°
TNF-a 28.31(12.17-52.95) 40.37 (16.94-66.59) 25.34 (9.25-47.12) 0.02°

Values are presented as median interquartile range.

CCL: C-C motif ligand; CXCL: C-X-C motif chemokine ligand; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-

stimulating factor; IL: interleukin; IL-1RA: IL 1 receptor antagonist; TNF: tumor necrosis factor.

°P<0.05.

Table 5. Cytokines in delirium group by sepsis

Variable Total delirium group Sepsis (n=29) No sepsis (n=12) P-value
CCL2 1,295.6 (709.4-2,092.0) 1,422 6 (835.5-2,496.7) 739.1 (440.7-1,292.7) 0.03"
CCL3 1.4 (0-7.2) 4(0-5.1) 0.7 (0-36.1) 0.94
CXCL1 29.6 (18.0-53.5) 34.1 (17.9-52.0) 28.5(18.4-80.5) 0.98
CXCL10 1,159.9 (277.1-3,856.0) 2,638.6 (928.6-4,069.1) 254.0 (98.9-506.9) <0.007°
G-CSF 266.5 (54.7-1746.5) 183.4 (44.5-1909.2) 359.5(185.4-730.4) 0.32
GM-CSF 0(0-2.6) 0 (0-0) 2.6 (0-3.9) 0.02°
I-1a 14.2 (3.2-33.1) 13.4 (5.5-27.6) 15.8 (0.8-60.6) 0.94
||_—'||3 8.3(2.7-18.5) 10.1 (6.7-18.4) 2.7 (0-21.5) 0.15
IL-1RA 293 (7.9-135.4) 43.0 (14.4-144.2) 8.8 (3.9-113.4) 0.07
IL-2 0(0-0.3) 0(0-0.3) 0(0-0.7) 0.87
IL-4 2.8 (0.7-6.6) 5(0.6-6.8) 2.1(0.6-6.4) 0.66
IL-5 .1(0.8-10.2) 3(0.8-9.0) 6(0.7-16.0) 0.49
IL-6 405.7 (154.9-720.9) 405.7 (154.9-843.8) 359.3 (48.2-598.7) 0.34
IL-8 42.6(24.6-92.9) 42.6 (26.6-86.1) 55.7 (19.2-102.3) 0.87
IL-10 47.0(9.8-95.5) 50.1 (14.3-95.5) 44.0(7.3-89.4) 092
IL-12 0(0-0.4) 0(0-0.7) 0(0-0.2) 1.0
IL-17A 0(0-0.9) 0(0-0.9) 0(0-1.4) 0.86
IL-18 136.1 (95.1-175.9) 140.0 (102.4-177.7) 53.4(19.7-160.1) 0.12
TNF-a 40.4 (16.9-66.6) 49.8 (25.3-42.4) 18.5 (9.8-42.4) <0.01°

Values are presented as median (interquartile range).

CCL: C-C motif ligand; CXCL: C-X-C motif chemokine ligand; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-

stimulating factor; IL: interleukin; IL-1RA: IL 1 receptor antagonist; TNF: tumor necrosis factor.

°P<0.05.
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Table 6. Cytokines in delirium group by COVID-19

\CCO-

Variable Total delirium group COVID-19 (n=20) No COVID-19 (n=21) P-value
CCL2 1,295 6 (709.4-2,092.0) 1,471 6(900.1-2,451.1) 761.9 (328.5-1,395.3) 0.02°
CCL3 4(0-7.2) 9(0.1-2.9) .1(0-28.2) 0.37
CXCL1 29.6 (18.0-53.5) 39.2 (18.6-52.6) 28.5 (14.5-71.6) 0.69
CXCL10 1,159.9 (277.1-3,856.0) 3,694.3 (1,625.4-4074.3) 329.0 (120-903.6) <0.007*
G-CSF 266.5 (54.7-1,746.5) 81.6(42.1-1,322.4) 438.9 (170.6-2,253.1) 0.05°
GM-CSF 0(0-2.6) 0 (0-0) 2(0-39) <0.01°
I-1a 14.2 (3.2-33.1) 12.6 (5.1-20.5) 19.8 (3.1-54.2) 0.31
||_—1[3 3(2.7-18.5) 3 (5.1-14.5) 3(2.7-23.0) 091
IL-1RA 29.3 (7.9-135.4) 40.7 (17.1-89.1) 10.8 (5.2-278.3) 0.38
IL-2 0(0-0.3) 0(0-0.2) 0(0-0.8) 0.16
IL-4 8(0.7-6.6) 6(1-6.9) 6(0.2-6.2) 0.29
IL-5 .1(0.8-10.2) 7 (0.9-10.5) 7 (05-7.9) 0.4
IL-6 405.7 (154.9-720.9) 4619 (182.4-893.9) 397.5(37.8-618.9) 0.22
IL-8 426 (24.6-92.9) 42.2 (26.8-58.3) 78.9 (20.7-129.9) 0.4
IL-10 47.0(9.8-95.5) 36.7 (13.4-77.7) 59.7 (7.3-165.8) 0.27
IL-12 0(0-0.4) 0 (0-0) 0(0-3.4) 0.09
IL-17A 0(0-09) 0(0-0.9) 0(0-1.4) 0.54
IL-18 136.1(95.1-175.9) 140.1 (104.8-176.7) 53.4 (27.9-187.6) 0.21
TNF-a 40.4 (16.9-66.6) 48 (30.1-72.3) 21.2 (11.2-63.3) 0.05°

Values are presented as median (interquartile range).

COVID-19: coronavirus disease 2019; CCL: C-C motif ligand; CXCL: C-X-C motif chemokine ligand; G-CSF: granulocyte colony-stimulating factor; GM-CSF:
granulocyte-macrophage CSF; IL: interleukin; IL-TRA: IL 1 receptor antagonist; TNF: tumor necrosis factor.
*P<0.05.

Table 7. Cytokines in delirium group by recent surgery

Variable Total delirium group Surgery (n=11) No surgery (n=30) P-value
CCL2 1,295 6 (709.4-2,092.0) 915.1 (561.2-1,385.4) 1,392.0 (753.3-2,193.1) 0.44
CCL3 4(0-7.2) 4.1(0-42.8) 0.9 (0-4.6) 0.29
CXCL1 29.6 (18.0-53.5) 26.8 (16.0-53.9) 33.0(19.0-57.3) 0.58
CXCL10 1,159.9 (277.1-3,856.0) 271.0(92.7-1,025.7) 2,315.9 (335.5-4,034.5) 0.01°
G-CSF 266.5 (54.7-1,746.5) 518.0 (275.7-2,628.4) 149.0 (46.9-1131.7) 0.05°
GM-CSF 0(0-2.6) 0(0-2.6) 0(0-0.6) 0.39
IL-Ta 142 (3.2-33.1) 14.9 (3.1-66.9) 13.8 (4.3-29.3) 098
IL-1B 3(2.7-18.5) 5.5(2.7-15.7) 8.3 (6.0-20.8) 0.59
IL-1RA 29.3 (7.9-135.4) 259 (7.8-142.6) 38.7 (8.8-136.2) 0.65
IL-2 0(0-0.3) 0(0-09) 0(0-0.3) 092
IL-4 8(0.7-6.6) 1.9 (0.4-5.7) 3.8(0.8-6.7) 0.63
IL-5 .1(0.8-10.2) 3.5(0.6-12.2) 2.7 (09-10.2) 0.98
IL-6 405.7 (154.9-720.9) 426.6 (165.6-634.1) 381.7 (130.5-738.2) 0.94
IL-8 42.6(24.6-92.9) 82.9 (23.7-109.9) 41.2 (24.1-73.7) 0.47
IL-10 47.0(9.8-95.5) 59.7 (40.3-97.3) 36.5 (5.4-95.4) 0.30
IL-12 0(0-0.4) 0(0-03) 0 (0-0.6) 0.90
IL-17A 0(0-09) 0(0-0) 0(0-1.2) 0.71
IL-18 136.1(95.1-175.9) 106.8 (28.1-173.2) 136.0 (100.1-176.4) 0.39
TNF-a 40.4 (16.9-66.6) 21.2 (16.3-60.0) 43.9(20.4-73.7) 0.21

Values are presented as median (interquartile range).

CCL: C-C motif ligand; CXCL: C-X-C motif chemokine ligand; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage CSF; IL:

interleukin; IL-1RA: IL 1 receptor antagonist; TNF: tumor necrosis factor.

°*P<0.05.
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IL-8; and the anti-inflammatory cytokines IL-1RA and IL-10.
No significant difference was seen in levels of G-CSE, GM-CSE
IL-1q, IL-1pB, IL-2, IL-4, IL-5, IL-12, and IL-17A between those
patients that developed delirium and those that did not. Ta-
bles 5-7 divide the 41 patients in the delirium cohort by sepsis,
COVID-19, and recent surgery, respectively. In the septic delir-
ium population, consisting of 29 patients, CCL2, CXCL10 and
TNF-a showed a statistically significant positive association
with delirium while the level GM-CSF was decreased in com-
parison to the non-septic group. In the 20 patients with delir-
ium and COVID-19, the levels of CCL2, CXCL10, and TNF-a
were significantly elevated compared to the non-COVID-19
group. The levels of G-CSF and GM-CSF were decreased in
those patients with COVID-19. In the eleven patients that had
surgery prior to the onset of delirium, G-CSF levels were ele-
vated in those patients with delirium while CXCL10 levels were
decreased in the surgical group. Figure 1 provides a heatmap
showing a ratio of median cytokine levels in each group of in-
terest to that of the patients that did not comprise each group;
statistically significant differences are highlighted. The groups

in each column are as follows: delirium versus no delirium,

T

sepsis versus no sepsis, COVID-19 versus no COVID-19, and
recent surgery versus no recent surgery. Of note, dexmede-
tomidine showed a dose dependent direct relationship with
CXCL1 and IL-1RA (P=0.03 and P=0.02, respectively).

DISCUSSION

We identified several cytokines associated with delirium in
our ICU patient population. Interestingly, CCL2, CXCL10, and
TNF-a showed a statistically significant elevation in those pa-
tients that developed delirium in the setting of both sepsis and
COVID-19 relative to the group that recently had surgery and
developed delirium. In those patients that developed postop-
erative delirium, G-CSF was significantly higher and CXCL10
was significantly lower. The discrete cytokine profile seen in
our sepsis and COVID-19 groups relative to that of the surgery
group supports the contention that the delirium syndrome
represents a clinical phenotype that results from distinct
pathophysiological mechanisms [2].

It is established that inflammation is associated with delir-

ium; however, the exact mechanism by which this occurs has

CCL2 2.0° 1.9° 1.9° 0.7 >0
CCL3
CXCL1 -
CXCL10 0
G-CSF
GM-CSF 15
IL-1a
IL-1B 430
IL-1RA
IL-2 - 425
IL-4 1.0 1.7 2.9 0.5
IL-5 0.5 0.5 2.8 13 - 120
IL-6 3 ' 1.1 12 1.1
IL-8 1.4° 0.8 0.5 2.0 F 1S
IL-10 2.5° 1.1 0.6 1.6
IL-12 [ 1.0
IL-18 1.8 26 26 0.8 i) 0-5
TNF-a 1.6 2.7° 2.3° 0.5 ld
Delirium Sepsis COVID-19 Surgery °

Figure 1. Heatmap showing ratio of cytokine profile per group. If numerator or denominator is zero, cell omitted from heatmap. CCL: C-C
motif ligand; CXCL: C-X-C motif chemokine ligand; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage CSF; IL:
interleukin; IL-1RA: IL 1 receptor antagonist; TNF: tumor necrosis factor; COVID-19: coronavirus disease 2019. °P<0.05.

424 https://www.accjournal.org

Acute and Critical Care 2022 August 37(3):415-428



Smith RJ, etal. Cytokine profiles in ICU delirium

yet to be elucidated [2,8,10,19,20,43]. Regardless of the event
that precipitates delirium, activation of toll-like receptors via
pathogen- or damage-associated molecular patterns initi-
ates an inflammatory cascade that leads to disruption of the
blood brain barrier and ultimately results in this syndrome
[2,6,8,9,13,19-21,25,44]. Peripheral inflammation triggers a mi-
croglial cell driven inflammatory process within the parenchy-
ma of the brain resulting in leukocyte extravasation, increased
cytokine expression, and further disruption of the blood brain
barrier [2,8,11,13,20,43]. Studies have shown that TNFa acts
upon microglial cells, resulting in the production of addition-
al inflammatory cytokines and reactive oxygen species, and
stimulates astrocytes to produce CCL2 and CXCL10 [2,43]. The
presence of these cytokines and inflammatory mediators has
been found to cause neuronal dysfunction [2,13,43]. Further-
more, expression of CCL2 and CXCL10 recruits additional leu-
kocytes resulting in increased inflammation [2,43]. Delirium
is associated with permanent structural brain changes. Such
changes include cerebral atrophy, seen as a reduction in fron-
tal lobe and hippocampal volumes, and cerebral white matter
disruptions [1,3,5,14,29,30,43]. Specific neuronal pathology
includes necrosis, apoptosis, atrophy, edema, and disruption
of cellular architecture [1,8,11,23,32]. These structural changes
may explain the persistent cognitive deficits common among
those who have suffered from delirium [30]. TNF-a is believed
to be the primary mediator involved in neuronal apoptotic cell
death and sepsis associated long term cognitive deficits [41,45].

Considering the cytokine profile typical of delirium seen in
both the sepsis and COVID-19 groups, the cytokine pattern
in our surgery group is curious. Levels of TNFa, CCL2, and
CXCL10 are decreased in those patients that recently had sur-
gery and developed delirium relative to both the sepsis and
COVID-19 groups. In the surgical group, the preeminent cyto-
kine elevations were G-CSF and CCL3. This finding may sug-
gest the existence of an alternative, non-TNF-a driven pathway
of peripheral inflammation that resulted in delirium in our
surgical patients.

Previous studies have identified TNFa and CCL2 as periph-
erally produced cytokines that play a central role in the devel-
opment of delirium due to their effects on blood brain barrier
integrity [2,10,13,19]. The question remains as to what could
be driving blood brain barrier dysfunction in our postsurgical
group. G-CSF has been identified as a cytokine that plays a
critical role in regulating the transmigration of immune cells
across the blood brain barrier [46-48]. However, it has been
found to stabilize the blood brain barrier and may play a role

Acute and Critical Care 2022 August 37(3):415-428
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in reducing inflammation; including by decreasing expression
of TNF-a [47,48]. Furthermore, peripherally administered
G-CSF has been found to protect against ischemic injury and
carbon monoxide toxicity in rats [47]. Considering this, it is
unlikely that G-CSF is the driver of delirium in our postsurgical
group.

Several studies have identified CCL3 as playing an integral
role in immune cell entry into the CNS [49-51]. Microvascu-
lar endothelial cells of the brain continuously express CCL3,
which is significantly upregulated when exposed to other in-
flammatory cytokines [51]. In addition to being produced by
endothelial cells, CCL3 is expressed by astrocytes, microglial
cells, and macrophages secondary to neuroinflammation [51].
Studies have identified CCL3 as playing a similar role to CCL2
in inducing extravasation of leukocytes across the blood brain
barrier in the setting of inflammation [49,50]. Although CCL3
levels were 4.5 times greater in the surgical delirium group
than in the sepsis and COVID-19 delirium groups, this finding
did not achieve statistical significance. However, CCL3 was
found to be significantly elevated in the postsurgical delirium
group in comparison to the patients that recently had surgery
but did not develop delirium; this finding was not see in our
sepsis and COVID-19 groups. Further investigation with a larg-
er sample size is necessary to define the roles of both G-CSF
and, conceivably, CCL3 in postsurgical delirium. It is possible
that CCL3 plays a role in postsurgical neuroinflammation not
seen in those patients who develop delirium secondary to sep-
sis and COVID-19.

Studies have shown that sedation with dexmedetomi-
dine may reduce the frequency and duration of delirium
[11,15,19,30,52]. Animal models suggest dexmedetomidine
has neuroprotective effects, possibly by reducing expression of
inflammatory mediators and microglial activation [11,52]. Our
data did show a statistically significant relationship between
dexmedetomidine dose and IL-RA levels; an immune modu-
lating cytokine that inhibits IL-1 driven inflammation [21,22].

Our study had several limitations. The primary limitation was
the modest size of our study population. We acknowledge this
limitation and encourage future studies to confirm our results
in a larger patient population; especially regarding the possible
role of CCL3 in postsurgical delirium. In addition, cytokine
levels were measured at a single point in time. Future investi-
gations may benefit from trending cytokine levels in order to
capture evolution of inflammatory mediator expression prior to
the onset of delirium, throughout its course, and at resolution.
Finally, surgery is a well-established risk factor for the develop-
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ment of delirium; this is a cytokine driven process [13,20,23].
However, surgical patients in our cohort were less likely to ex-
perience delirium. This unexpected finding is explained by the
elective nature of many of the surgical procedures performed
on older patients, with likely adequate cognitive reserve, that
only required brief hospital courses and limited exposure to
many of the precipitating factors of delirium.

In conclusion, our study demonstrates a statistically signif-
icant association between several cytokines and the develop-
ment of delirium. However, the cytokine profile appears to be
variable and contingent upon the delirium precipitating fac-
tors. In both sepsis and COVID-19, CCL2, CXCL10, and TNF-a
predominate. In our surgical population, G-CSF is elevated
and CXCL10 is decreased in patients that developed delirium.
These findings provide support of the delirium syndrome rep-
resenting a manifestation of distinct pathophysiological pro-
cesses [2].
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