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Abstract

Background: Postoperative delirium may be mediated by systemic inflammation and neuroinflammation. By inhibiting
the proinflammatory actions of plasmin, tranexamic acid (TXA) may decrease postoperative delirium. To explore this
hypothesis, we modified an ongoing randomised trial of TXA on blood loss, adding measures of delirium, cognition,
systemic inflammation, and astrocyte activation.

Methods: Adults undergoing elective posterior lumbar fusion randomly received intraoperative i.v. TXA (n=43: 10 mg
kg~! loading dose, 2 mg kg~! h~! infusion) or placebo (n=40). Blood was collected before surgery and 24 h after surgery
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(n=32) for biomarkers (cytokines and S100B). Participants had twice daily delirium assessments (n=65). Participants
underwent four measures of cognitive function before surgery and during post-discharge follow-up.

Results: Postoperative blood loss was ~38% less in the TXA group compared with the placebo group with medians of 128
and 207 ml level™}, respectively, P=0.013. Total blood loss in the TXA and placebo groups did not differ with medians of
305 and 333 ml level !, respectively, P=0.472. Delirium incidence in the TXA group (7/32=22%) was not significantly less
than in the placebo group (11/33=33%); P=0.408, effect size =—0.258 (95% confidence interval —0.744 to 0.229).
Conclusions: A potential 33% relative decrease in postoperative delirium incidence justifies an adequately powered
clinical trial to determine if intraoperative TXA decreases delirium in adults undergoing lumbar fusion.

Clinical trial registration: NCT04272606.
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Postoperative delirium occurs in 15—40% of patients, varying
with patient characteristics and type of procedure.’?
Postoperative delirium is associated with a greater incidence
of pre-discharge adverse events,>® greater length of hospital
stay,”’ greater incidence of non-home discharge,® greater
readmissions,> greater short- and long-term costs,* greater
mortality,’ and long-term cognitive decline.>®

Postoperative delirium has been intensively studied in
numerous preclinical models and clinical studies. These
studies indicate that many factors contribute to postoperative
delirium.>”® Among these factors is the brain’s response to
systemic injury. Tissue injury, occurring with surgical pro-
cedures, trauma, or burns, results in inflammation at the site
of injury and in increased circulating concentrations of
proinflammatory mediators.” These circulating mediators
trigger inflammatory responses within the brain (neuro-
inflammation),’®'! resulting in changes in behaviour and
cognition. In principle, decreasing the magnitude of systemic
inflammatory response, decreasing the subsequent neuro-
inflammatory response, or both, should decrease the inci-
dence, severity, or both, of postoperative delirium. This has
been demonstrated in animal models.'>*3

Tranexamic acid (TXA) is a lysine analogue that competi-
tively blocks plasminogen binding to fibrin, decreasing or
preventing fibrinolysis.’'® In common clinical use for de-
cades, TXA is often administered off-label to decrease peri-
operative blood loss.'®"*® It is now known that many cell types
have plasmin(ogen) receptors,’ and that plasmin(ogen) has
many physiological roles in addition to fibrinolysis,®?!
including modulating neuroinflammation.?? By inhibiting
lysine-dependent plasmin(ogen) binding to its receptor, TXA
has the potential to decrease plasmin(ogen)-mediated in-
flammatory responses.”">> For example, in some clinical
studies, TXA decreases postoperative proinflammatory cyto-
kine concentrations.?* Plasmin also plays a role in modulating
the endothelial blood—brain barrier,”> and animal studies
suggest plasmin inhibition may prevent blood—brain barrier
injury.?® Because of its established capacity to decrease blood
loss and transfusion?” and its potential to decrease plasmin-
mediated inflammation and blood—brain barrier injury,?
some authors have hypothesised that TXA might decrease
postoperative delirium.

To explore this hypothesis, we modified an ongoing rand-
omised trial of TXA in adults undergoing lumbar fusion to
include additional outcome measures, specifically post-
operative delirium, biomarkers of systemic inflammation and
neuroinflammation, and post-discharge cognitive function.

Methods
Participant eligibility, original protocol, and outcomes

This study was registered with ClinicalTrials.gov before pa-
tient enrolment (NCT04272606; 17 February 2020) and was
approved by the University of lowa Institutional Review Board
(IRB) for Human Subjects (#201912099; 23 April 2020). All par-
ticipants provided written informed consent. Enrolment was
delayed because of the onset of the COVID pandemic; the first
participant enrolled on 5 November 2020. The original primary
outcome measures were postoperative blood loss and trans-
fusion. The original projected enrolment of 150 participants
was powered to detect a 50% decrease in mean intraoperative
blood loss in participants who received TXA based on a his-
torical mean control value of 600 (standard deviation [sp] 400)
ml, alpha 0.05, and 90% power.

Participants were adults (age 18—90 yr) undergoing elective
open posterior lumbar, thoracolumbar, or lumbosacral fusion
to treat symptoms of degenerative spine disease at the Uni-
versity of lowa. The participant’s sex was as designated in
their medical record. There were 29 exclusion criteria that
were intended to decrease risks of potential TXA side-effects
including (1) prior seizures; (2) preoperative creatinine >133
pmol L~Y (3) any prior intracranial or ophthalmological
vascular event; (4) any prior deep venous thrombosis or other
condition related to hypercoagulability; (5) preoperative hor-
monal therapy (e.g. oral contraceptives or testosterone); (6)
abnormal colour vision; and (7) any intravascular stents. Other
exclusion criteria were intended to decrease the risk of large
surgical blood loss, transfusion, or both, including: (1) preop-
erative haemoglobin <80 g L™ or platelet count <1.5 x 10° pl~%;
or (2) prothrombin time >15 s or activated partial thrombo-
plastin time >38 s. Potential participants who had severe car-
diac, respiratory, or hepatic disorders were also excluded.
Exclusion in the interval between consent and the procedure
occurred when a new or previously unrecognised exclusion
criterion was discovered.

Participants were randomly allocated by the Investiga-
tional Pharmacy to one of two study medication groups, either
TXA or placebo, using a block size of 10. Study medications
were prepared by an investigational pharmacist and provided
in bags labelled as study medication. All participants, clinical
care providers, and research personnel were blinded to the
treatment assignments until all outcome determinations for
all participants for the entire study were completed. TXA was
given i.v. as a loading dose (10 mg kg™?) started approximately
20 min before incision, followed by continuous intraoperative
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infusion (2 mgkg~! h™?) which was discontinued when wound
closure was complete.?’ Participants allocated to the placebo
group received equivalent volumes of saline.

Participants received routine (non-standardised) post-
operative care determined by their surgical teams. Partici-
pants were evaluated daily by study personnel for the first 5
days after surgery or until discharge, whichever came first. In
addition to postoperative delirium assessments (see Delirium
assessments), predefined safety outcome measures included:
(1) postoperative day 1 creatinine increase >20% from the
preoperative value; (2) any thromboembolic event (e.g. deep
venous thrombosis or pulmonary embolism); (3) any surgical
wound abnormality (e.g. wound healing problem or infection);
(4) any visual symptoms; and (5) seizures. Participants had
routine post-discharge follow-up surgical clinic visits at
approximately 6 weeks and 3 months after the procedure and
were evaluated by study personnel during these visits.

Protocol and outcome modifications

With prior IRB approval, a series of study modifications were
made. On 26 July 2021, postoperative delirium was added as a
secondary outcome measure and preoperative and post-
discharge cognitive testing was added. Delirium was added
as an outcome measure based on the report by Taylor and
colleagues?® in which the anti-inflammatory properties of TXA
were proposed to potentially decrease delirium incidence. On
24 August 2021, a prior eligibility requirement for fusion to
include two or more intervertebral spaces was removed and
projected enrolment was increased from 150 to 300 partici-
pants. The increase in enrolment was made because it was
anticipated that inclusion of participants undergoing less
extensive procedures would decrease blood loss in both
groups and, consequently increase the number of participants
needed to detect TXA’s potential effect on blood loss and
transfusion. On 2 November 2021 preoperative and post-
operative blood collection was added in order to measure
biomarkers of systemic inflammation (plasma cytokines, T-
lymphocyte immunophenotypes) and astrocyte activation
(S100B protein). On 25 March 2022, delirium was changed from
a secondary to a primary outcome measure, and biomarkers
and cognitive performance were added as secondary outcome
measures. Even after these changes, blood loss and trans-
fusion continued to be primary outcomes in the study.

Blood loss and red blood cell transfusion

Intraoperative estimated blood loss was obtained from the
anaesthesia record. In four participants for whom blood loss
was not recorded, the corresponding surgeon’s procedure note
was reviewed and, in all cases, the note reported intra-
operative blood loss was ‘none/minimal’. In these four par-
ticipants (two from each group), a default intraoperative blood
loss of 0 ml was used for analysis.

Postoperative blood loss was based on wound drain output.
With the exception of four participants (TXA, n=1; placebo,
n=3), subfascial wound drains (Hemovac®; Zimmer Biomet,
Warsaw, Indiana, USA) were inserted during wound closure.
Drain collection chambers were emptied and volumes were
recorded by nursing staff every 8 h. Drain output from the end
of the procedure to 06:59 the next day (postoperative day 1)
was designated as wound output (blood loss) for postoperative

day 0. Drain output for postoperative day 1 began at 07:00 and
consisted of the sum of all volumes for the next 24 h. Drains
were removed when their output was <50 ml per 8-h period.
The duration of postoperative wound drain placement was
defined as the last postoperative day during which the drain
was present, even if the drain was not present for the entire
24-h period. Postoperative blood loss equalled the total wound
drain output obtained during postoperative days 0—3.

To adjust for the extent of intraoperative tissue injury,
intraoperative and postoperative blood loss values were
divided by the number of instrumented vertebral levels and is
reported as mL per instrumented level. Intraoperative packed
red blood cell transfusion was defined as occurring if one or
more units were started in the operating room as documented
on the anaesthesia record. Red blood cell transfusions that
were started after participants left the operating room were
designated as postoperative transfusions.

Delirium assessments

Starting on postoperative day 1, participants were evaluated
twice daily (at approximately 8:00—10:00 and 15:00—17:00) by
study personnel using the 20-item 3-min diagnostic interview
for Confusion Assessment Method (3D-CAM)>%>! as described
in 3D-CAM Training Manuals 4.1 and 5.3.? Delirium assess-
ments were continued until the afternoon of postoperative
day 5 or the morning of the day of discharge, whichever came
first. A diagnosis of delirium required the simultaneous pres-
ence of 3D-CAM feature 1 (acute onset or fluctuating course; at
least one of six items) and feature 2 (inattention; at least one of
six items) and either feature 3 (disorganised thinking; at least
one of six items) or feature 4 (altered level of consciousness; at
least one of two items). For each 3D-CAM assessment, a
delirium severity score was calculated post hoc as the sum of
positive items (range 0—20 points).>*

When participants were in an ICU and their trachea was
intubated or they were receiving sedation, the Confusion
Assessment Method for the Intensive Care Unit (CAM-ICU)
delirium assessment instrument was used.>* The CAM-ICU
provides a delirium diagnosis but not a severity score. In in-
stances of missing 3D-CAM or CAM-ICU evaluations, medical
records were retrospectively reviewed for the presence of
Delirium Observation Screening Scale (DOSS) scores>>>® which
were recorded every 12 h as part of routine nursing practice in
patients aged >65 yr. Using a DOSS score >3 points (out of a
maximum of 13) as the diagnostic threshold,* one participant
in the placebo group had a delirium diagnosis based on DOSS
scores.

Participants were considered to have postoperative
delirium if diagnostic criteria were satisfied on at least one
evaluation before discharge. Delirium day of onset was the
first postoperative day in which any delirium examination met
the diagnostic criteria. The delirium onset severity score was
the severity score for the first delirium diagnosis. The number
of days with delirium was the sum of all days during which
participants had at least one positive delirium examination;
days of delirium were not required to be consecutive. The
maximum delirium severity score was the maximum 3D-CAM
severity score on any day, irrespective of whether the result
met the diagnostic criteria for delirium. The average delirium
severity was the average of all delirium severity scores from all
assessments on all days, regardless of delirium diagnosis.
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Cognitive testing

Four cognitive tests were administered before surgery and
during post-discharge follow-up reviews at approximately 6
weeks and 3 months after the procedure (see Results). The
Telephone Interview of Cognitive Status—modified (TICSm)
assesses global cognition, with an emphasis on learning and
memory with scores ranging from 0 to 50 (best possible).
TICSm is associated with both short- and long-term memory
function®® and can distinguish among individuals who have
normal cognition, mild cognitive impairment, or dementia.*®
Trail Making Test (TMT), parts A and B, assess the speed of
cognitive processing and executive functioning. TMT-A pri-
marily tests visual search and motor speed, whereas TMT-B,
which is more difficult, tests higher level (executive) abilities
such as mental flexibility.**! Less time to complete a TMT
indicates better performance. Raw performance scores were
converted to z-scores using age- and education-matched
population means and sp.*’ A negative z-score indicates that
the participant took less time to complete the test relative to
their matched reference population (i.e. better performance).
Controlled Oral Word Association (COWA) test is a verbal
fluency test measuring spontaneous production of words
belonging to the same category (e.g. animals) or beginning
with some designated letter; in this study, the letters C, F, and
L. COWA tests language, executive function,*® or both, and is
impaired in the setting of mild (preclinical) cognitive impair-
ment.*>** Participants had 1 min to name as many words as
possible beginning with the first letter. The procedure was
then repeated for the remaining two letters. Raw performance
scores were converted to z-scores using age- and education-
matched population means and sp.*? In contrast to TMT, a
positive z-score indicates a greater number of words relative to
the matched reference population (i.e. better performance).

Biomarkers of systemic inflammation and
neuroinflammation

Whole blood for plasma and peripheral blood mononuclear
cells (PBMCs) was collected on the day of the procedure before
incision (preoperative) and approximately 24 h after the end of
the procedure (postoperative). Blood was collected in Vacu-
tainer®, Becton Dickinson, Franklin Lakes, New Jersey, USA
Cell Preparation Tubes with Sodium Heparin (CPT™). CPT
tubes were centrifuged at room temperature in a horizontal
rotor for a minimum of 15 min at 1500xg. The top layer
(plasma) was pipetted into cryovials and stored at —80°C until
analysis. The second layer (PBMCs) was pipetted into 15-ml
conical tubes and washed twice with 1x phosphate-buffered
saline. Additional methods and results regarding periopera-
tive T-lymphocyte immunophenotypes and their relation-
ships to TXA administration and delirium will be reported
separately in a future publication.

All biomarker analyses were performed in the Human
Immunology Core of the University of lowa Holden Compre-
hensive Cancer Center. As a measure of systemic inflamma-
tion, plasma cytokine concentrations for interleukins (IL)-6, -8,
and -10, and tumour necrosis factor-alpha (TNFa) were
determined using a custom Milliplex Human Cytokine/Che-
mokine/Growth factor Assay (EMD Millipore, Burlington, MA,
USA) following the manufacturer’s instructions. As a measure
of neuroinflammation (astrocyte activation), plasma was
analysed for S100B protein using the Human S100B DuoSet
enzyme linked immunosorbent assay (R&D Systems,

Minneapolis, MN, USA) following the manufacturer’s in-
structions (the lower limits of detection of each assay are re-
ported in Supplementary Table S1). For the Milliplex, cytokine
data were acquired using a BioRad Bio-Plex 200 and analysed
using BioRad Bio-Plex Manager Software (BioRad, Hercules,
CA, USA). For the S100B immunoassay, data were collected
using a SpectraMax iD5 Multi-Mode Microplate Reader (Mo-
lecular Devices, San Jose, CA, USA) and analysed using
GraphPad Prism software (GraphPad, Boston, MA, USA).

Nesting of delirium exploratory study within a trial
that stopped early

Enrolment was stopped early (27 February 2023; 123 enrolled)
as the consequence of an ad hoc interim analysis of post-
operative delirium incidence conducted on 16 February 2023.
The interim analysis was performed because of the findings
from a retrospective observational study from our group that
indicated TXA might decrease postoperative delirium from
21% (controls) to 14% (treatment).”> A clinical trial to demon-
strate a delirium incidence of 21% (controls) and 14% (TXA)
(alpha 0.05, power 80%) would require 462 participants per
group, 924 in total. Thus, these observational data indicated
that our ongoing TXA trial was futile because it was under-
powered with a planned enrolment of 300 participants instead
of the required 924. Consequently, we stopped the trial early.
Reinforcing this decision was publication in January 2023 of a
meta-analysis reporting the effectiveness of TXA to decrease
blood loss in this specific patient population (posterior lumbar
interbody fusion).®

Statistical analysis

All analyses were conducted using R statistical software,
Vienna, Austria (version 4.3.1). Continuous variables were
summarised using medians and 25th and 75th percentiles, and
comparisons between groups were made using Wilcoxon rank
sum or Kruskal—Wallis tests. Pairwise analyses within a group
were made using the Wilcoxon signed rank test. When
comparing postoperative blood loss per instrumented level
between treatment groups, Cohen’s d effect size along with its
corresponding interval was also provided. Categorical vari-
ables are summarised using counts and percentages, and
comparisons between groups are performed using Pearson y?2
test or Fisher’s exact test. Effect sizes and their corresponding
confidence intervals were also calculated when comparing
delirium incidence between the treatment groups. Variables
were also compared between groups by calculating stand-
ardised mean differences. Kendall’s tau (1) was used as a non-
parametric test of association between two variables. P-values
are two-sided and the threshold for significance was <0.05
without adjustment for multiple comparisons. P-values are
reported to three decimal places unless <0.001. P-values less
than 0.0000001 are reported as <0.0000001.

Results
Participant characteristics

Among 123 consenting participants, 37 (30%) were excluded
before their procedure before being allocated to a group (Fig. 1).
The most common reason for exclusion was detection of an
exclusion criterion in the interval between consent and the day
of their procedure (n=14), followed by procedure cancellation
(n=8), participant withdrawal from the study (n=5), and the
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Consented (n=123)

v

Excluded before procedure without randomisation (n=37)
e Exclusion criterion determined to be present (n=14)
¢ Procedure cancellation (n=8)
e Participant withdrawal from the study (n=5)
¢ Changed to minimally invasive procedure (n=3)
e Surgeon removed participant from study (n=2)
o Administrative (n=2)
¢ Procedure rescheduled and study medication order not
revised to new date (n=2)
o Study medication order placed too late (n=1)

Randomised (n=86)

TXA (n=44) [*
Withdrawn without receiving study medication
« Medication not administered by the lgnsns
anaesthesia team (n=1)

\ 4

Received TXA (n=43) ‘

Participant withdrew from the study after the

procedure but before discharge (n=2) D
No post-discharge study-specific data (n=5)
o Follow-up clinic visit occurred but without

collection of study-specific data (n=4) PR

» Post-discharge inpatient hospitalization (n=1)

v

Post-Discharge Study-Specific
Follow-up Assessments (n=36)

v

Placebo (n=42)

Withdrawn without receiving study medication
e Medication order workflow problem (n=1)
e Withdrawn by the surgeon (n=1)

v

‘ Received Placebo (n=40)

No post-discharge study-specific data (n=5)
e Follow-up clinic visit occurred but without
collection of study-specific data (n=3)
¢ Post-discharge inpatient hospitalization (n=1)
o Participant no show for follow-up visits (n=1)

N

\ 4

Post-Discharge Study-Specific
Follow-up Assessments (n=35)

Figure 1. Flow diagram of participant enrolment, exclusion, randomisation, dropout, and assessment. TXA, tranexamic acid.

procedure changed to a minimally invasive procedure (n=3).
Among 86 participants allocated to receive study medication,
three did not receive it and were withdrawn from the study (no
intraoperative or postoperative data were obtained): two pa-
tients were withdrawn because of study medication workflow
errors and one was withdrawn by the surgeon.

Among 83 participants who received study medication
(TXA, n=43; placebo, n=40), all had consented to measure-
ments of blood loss and transfusion. Because of modifications
to study outcomes (see Protocol and outcomes modifications
in the Methods section) among these 83, 68 had also consented
to postoperative delirium assessments and to preoperative
and post-discharge cognitive testing, and 43 had also con-
sented to preoperative and postoperative blood collection.
Two participants, both of whom received TXA, withdrew from
the study before discharge; one on postoperative day 1 and the
other on postoperative day 3. Five participants in each group
who were eligible for post-discharge follow-up assessments
did not receive study-specific assessments.

Based on standardised mean differences >0.20, the TXA
and placebo groups appeared to differ in several characteris-
tics (Table 1). For example, although the median number of
vertebral levels instrumented did not differ between groups
(median=3 levels), the percentage of participants who

underwent procedures with instrumentation of >5 levels was
numerically greater in TXA group (9/43=21%) than in placebo
group (3/40=7.5%).

Blood loss and red blood cell transfusion

All blood loss results are reported with adjustment for the
number of instrumented levels (Table 2). Intraoperative esti-
mated blood loss in the TXA and placebo groups did not differ;
median (25th—75th percentiles) 167 (87—250) vs 110 (67—176)
ml level !, respectively, P=0.311. Postoperative day 0 wound
drain output was ~37% less in the TXA group compared with
the placebo group; 61 (48—85) vs 97 (68—140) ml level},
respectively, P=0.001. The duration of postoperative wound
drain placement did not differ between the TXA and placebo
groups; 1 (1-2) vs 1 (1—2) days, respectively, P=0.258. Post-
operative blood loss was ~38% less in the TXA group compared
with the placebo group; 128 (97—186) us 207 (132—258) ml lev-
el 1, respectively, P=0.013, with no difference in TXA effect
size between females (—0.61 [95% CI —1.20 to 0.04]) and males
(—0.68 [95% CI —1.30 to —0.03]) (Supplementary Table S2). The
total blood loss in the TXA and placebo groups did not differ;
305 (186—412) vs 333 (241—428) ml level™!, respectively,
P=0.472.
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Table 1 Participant, intraoperative, and postoperative characteristics. Data are expressed as range, n (%), or median (25th—75th per-

centiles). *Incision to wound closure.

Variables Tranexamic acid Placebo P-value Standardised mean
(n=43) (n=40) difference
Participant
Age (y1) 32-79 32-84 0.153
Female sex, n (%) 20 (47) 22 (55) 0.168
Weight (kg) 98 (78—111) 94 (80—107) 0.109
Body mass index (kg m?) 32 (28—-37) 32 (28—-37) 0.021
Smoking, n (%) 0.021
Never 16 (37) 17 (43)
Former 19 (44) 19 (48)
Current 8 (19) 4 (10)
Hypertension, n (%) 33 (77) 24 (60) 0.362
Diabetes mellitus, n (%) 9 (21) 11 (28) 0.152
Preoperative creatinine, pmol L™* 88 (71-97) 80 (63—89) 0.446
Preoperative haemoglobin, g L™* 140 (132—148) 133 (124—145) 0.434
American Society of Anesthesiologists class, n (%) 0.298
1 1(2) 1(3)
2 31 (72) 22 (55)
3 10 (23) 16 (40)
4 1(2) 1(3)
Intraoperative, n (%)
Surgeon 0.722 0.450
A 5 (12) 5 (13)
B 3(7) 6 (15)
@ 4(9) 4 (10)
D 1(2) 0(0)
E 10 (23) 5 (13)
F 12 (28) 10 (25)
G 8 (19) 10 (25)
Procedure time* (min) 258 (226—361) 243 (195—-307) 0.174 0.362
Vertebral levels instrumented (n) 3 (2—4) 3(2-3) 0.104 0.287
Surgery time per vertebral level instrumented (min) 86 (74—109) 90 (76—102) 0.809 0.039
Postoperative
Intensive care unit admission, n (%) 5(12) 3(8) 0.714 0.141
Length of hospital stay (days) 3 (2—6) 3 (2-5) 0.968 0.201
Post-discharge disposition, n (%) 0.136 0.457
Home 31 (72) 30 (75)
Inpatient rehabilitation 12 (28) 7 (18)
Skilled care 0 (0) 3(8)

The percentage of participants who received >1 unit of
RBCs did not differ between groups intraoperatively (15—16%),
after surgery (20—21%), or in total (23—25%); all P-values >0.853
(Table 2). Additional transfusion results are provided in the
Supplementary material.

Delirium

Among the 68 participants who had consented to post-
operative delirium assessments (TXA, n=34; placebo, n=34),
three did not have any delirium assessments. Two partici-
pants (one in each group) were discharged on the morning of
postoperative day 1 before 3D-CAM exams were administered.
A third participant (TXA group) withdrew their consent on
postoperative day 1 before their delirium assessment. One
participant (TXA group) withdrew their consent late on post-
operative day 3; delirium data collected before their with-
drawal were used in the analysis. Thus, delirium assessments
were made in 65 participants (TXA, n=32; placebo, n=33).
The overall incidence of delirium was 18/65=28% (Table 3).
The incidence of delirium was numerically but not

significantly less in participants who underwent instrumen-
tation at <4 levels (13/55=24%) vs those who had instrumen-
tation at >5 levels (5/10=50%), P=0.124.

The incidence of delirium was numerically but not signifi-
cantly less in the TXA group (7/32=22%) vs placebo group (11/
33=33%), P=0.408. The incidence of delirium was significantly
greater in older (12/27=44%) than in younger participants (6/
38=16%), P=0.023. Among older participants, the incidence of
delirium was numerically but not significantly less in the TXA
group (3/10=30%) vs placebo group (9/17=53%), P=0.424.
Among younger participants, the incidence of delirium was
not significantly greater in the TXA group (4/22=18%) vs pla-
cebo group (2/16=13%). The incidence of delirium did not differ
between males (8/31=26%) and females (10/34=29%), P=0.788.
Among males, the incidence of delirium was numerically but
not significantly less in the TXA group (3/17=18%) vs placebo
group (5/14=36%), P=0.413. Among females, the incidence of
delirium was not significantly less in the TXA group (4/
15=27%) vs placebo group (6/19=32%), P=1 (see Delirium clin-
ical trial implications in the Discussion section). Additional
delirium results are provided in Supplementary Table S3.
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Table 2 Blood loss and transfusion. Data are expressed as
median (25th—75th percentiles) or n (%). *Four participants
(tranexamic acid, n=1; placebo, n=3) did not have post-
operative wound drains, and therefore did not have post-
operative blood loss measurements and did not have total
(intraoperative plus postoperative) blood loss measurements.
Bold character highlights P-value <0.050.

Tranexamic acid Placebo P-value

(n=43) (n=40)

Variables

Blood loss per instrumented vertebral level (ml level %)
Intraoperative 167 (87—250) 110 (67—176) 0.311
Postoperative* 128 (97—186) 207 (132—258) 0.013
Total* 305 (186—412) 333 (241—428) 0.472

Patients receiving red blood cell transfusion

Intraoperative 7 (16) 6 (15) 0.873
Postoperative 9 (21) 8 (20) 0.916
Total 10 (23) 10 (25) 0.853

Biomarkers of systemic inflammation and
neuroinflammation

Among the 43 participants who consented to perioperative
blood sampling, blood for plasma biomarker analysis was
collected before surgery in 32 and after surgery in 33. During
statistical analysis of cytokine data, it was determined that
one participant (TXA group) was an extreme upper outlier for
all preoperative cytokine concentrations (data available but
not shown). For this reason, this participant was excluded
from all preoperative vs postoperative biomarker analyses.
Thus, there was a total of 32 participants with postoperative
plasma samples (TXA, n=16; placebo, n=16) and 31 partici-
pants who had paired preoperative and postoperative
plasma samples (TXA, n=16; placebo, n=15). Among 31
preoperative plasma samples, IL-6 was undetectable in two.
For these two participants (one in each group), a default
preoperative IL-6 concentration of 0 pg ml~! was used for
analysis.

Preoperative concentrations of each of the five biomarkers
did not differ between the two groups (all P-values >0.418;
individual P-values available but not shown; Table 4). In both

groups, postoperative concentrations of three of the five bio-
markers were significantly greater than corresponding pre-
operative concentrations (IL-10, IL-6, and S100B; all P-values
<0.010). In the TXA group, TNFa decreased after surgery
(P=0.006). Postoperative concentrations of each of the five
biomarkers did not differ between the two groups (all P-values
>0.711; individual P-values available but not shown).

Postoperative TNFao concentrations were numerically but
not significantly greater in participants who had postoperative
delirium (n=7: 15.71 [10.60—30.66] pg ml~?) vs those who did
not (n=25: 10.03 [5.30—12.36] pg ml~?); P=0.055. Postoperative
IL-6 concentrations were significantly greater in participants
who had postoperative delirium (n=7: 90.03 [23.35—401.01] pg
ml~?Y) vs those who did not (n=25: 17.67 [7.31—35.47] pg ml~%);
P=0.026.

Cognitive testing

Among the 68 participants who had consented to preopera-
tive and post-discharge cognitive testing, two from the TXA
group withdrew from the study on postoperative days 1 and
3 (noted above), such that post-discharge cognitive testing
was not done. Among the remaining 66 participants, the
following cognitive tests were done both before surgery and
during post-discharge follow-up: TICSm (n=55), TMT-A
(n=54), TMT-B (n=51), and COWA (n=37). With small varia-
tions among the four tests, participants underwent post-
discharge testing either once (~60% participants) or twice
(~40% participants). When tested twice, the second post-
discharge test was compared with the preoperative test.
With small variations among the four tests, post-discharge
cognitive testing was performed 12 (7—18) weeks after the
day of the procedure.

Preoperative scores of each of the four cognitive tests did
not differ between groups (all P-values >0.598; individual P-
values available but not shown; Table 5). For both the TICSm
and TMT-A tests, post-discharge test scores did not signifi-
cantly differ from preoperative scores in either group or
overall (all P-values >0.065). In contrast, there was an overall
post-discharge improvement in TMT-B test scores (P=0.013);
the more negative post-discharge z-scores indicating partici-
pants required less time to complete the test. Improvements
in post-discharge TMT-B scores were significant in the TXA

Table 3 Delirium incidence. Data are expressed as n (%). CI, confidence interval.

Delirium incidence Tranexamic acid Placebo P-value Odds ratio Effect size (h)
(n=32) (n=33) (95% CI) (95% CI)
Overall, n (%) 7/32 (22) 11/33 (33) 0.408 0.56 (0.19 to 1.69) —0.258 (—0.744 to 0.229)

Delirium incidence—by number of vertebral levels instrumented, n (%)

<4 levels 4/25 (16) 9/30 (30)

>5 levels 3/7 (43) 2/3 (67)
Delirium incidence—by age, n (%)

Older (>65 yr) 3/10 (30) 9/17 (53)

Younger (<65 yr) 4/22 (18) 2/16 (13)
Delirium incidence—by sex, n (%)

Males 3/17 (18) 5/14 (36)

Females 4/15 (27) 6/19 (32)

0.341 0.45 (0.09 to 1.94) —0.336 (—0.867 to 0.195)
1 0.41 (0.01 to 11.8) —0.483 (—1.836 to 0.869)
0.424 0.38 (0.07 to 1.99) —0.470 (—1.251 to 0.311)
1 1.56 (0.25 to 9.75) 0.158 (—0.486 to 0.802)

0.413 0.39 (0.07 to 2.03) —0.414 (—1.121 to 0.293)
1 0.79 (0.18 to 3.53) —0.104 (—0.785 to 0.569)
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Table 4 Plasma biomarker concentrations. Data are expressed as median (25th—75th percentiles). Only values from samples with
paired preoperative and postoperative values (n=31) that were used to calculate the P-values are shown. Bold characters highlight P-

values <0.050.

Biomarkers Tranexamic acid (n=16)

Placebo (n=15) Overall (n=31)

Interleukin-8, (pg ml™?)

Preoperative 1.40 (0.95—1.80)
Postoperative 1.79 (0.80—2.55)
P-value 0.105
Interleukin-10, (pg ml %)
Preoperative 2.25 (1.30—3.42)
Postoperative 5.59 (3.43-9.91)
P-value 0.003
Tumour necrosis factor-alpha (pg ml™?)
Preoperative 14.91 (8.59—20.10)
Postoperative 9.70 (4.72—18.61)
P-value 0.006
Interleukin-6 (pg ml~?)
Preoperative 1.32 (0.79—-3.58)
Postoperative 28.22 (11.70—36.81)
P-value 0.0002
S100B (pg ml™Y)
Preoperative 118.8 (69.6—174.8)
Postoperative 229.9 (151.0—271.9)
P-value 0.005

1.38 (0.96—1.95)
1.30 (0.95-3.11)
0.590

1.38 (0.93—1.93)
1.73 (0.87—2.77)
0.134

2.93 (1.58—3.99)
5.86 (4.50—10.16)
0.010

2.31 (1.46—3.84)
5.65 (3.56—9.92)
0.00004

14.17 (9.29—16.61)
10.29 (5.97—14.49)
0.002

13.13 (9.77—15.84)
12.10 (8.21—12.62)
0.083

1.34 (0.56—2.00)
10.96 (7.78-70.01)
0.0001

1.34 (0.72—2.80)
20.70 (8.32—51.47)
<0.0000001

116.6 (73.3—150.5)
180.5 (123.1-501.6)
0.0002

117.4 (68.3—163.5)
224.7 (126.1—381.5)
0.000003

Table 5 Cognitive test scores. Data are expressed as median (25th—75th percentiles). Bold characters highlight P-values <0.050.

Cognitive tests Tranexamic acid Placebo Overall
Telephone Interview of Cognitive Status—modified, score
n 26 29 55
Preoperative 35 (32 to 38) 35 (32 to 38) 35 (32 to 38)

Post-discharge 36 (33 to 40)
P-value 0.288

Trail Making Test—part A, z-score
n 26
Preoperative —1.08 (—1.31 to —0.52)
Post-discharge —1.00 (—1.38 to —0.61)
P-value 0.303

Trail Making Test—part B, z-score
n 25
Preoperative 0.01 (—1.08 to 0.92)
Post-discharge —0.54 (—1.39 to 0.28)
P-value 0.007

Controlled Oral Word Association, z-score
n 19
Preoperative —0.48 (—0.84 to 0.21)
Post-discharge —0.11 (—0.52 to 0.48)
P-value 0.009

35 (33 to 40)
0.360

36 (33 to 40)
0.166

28 54
—0.88 (—1.25 to —0.37) —0.99 (—1.31 to —0.45)
—1.17 (—1.50 to —0.52) —1.06 (—1.48 to —0.58)
0.109 0.065

26 51
—0.10 (~0.77 to 0.80) —0.07 (=0.95 to 0.90)
—0.69 (—1.06 to 0.16) —0.62 (—1.26 to 0.22)
0.303 0.013

18 37
—0.42 (—1.47 to 0.74) —0.48 (—1.03 to 0.53)
—0.44 (—1.07 to 0.97) —0.27 (~0.83 t0 0.74)
0.033 0.0007

group (P=0.007) but were not significant in the placebo group
(P=0.303). Likewise, there was an overall post-discharge
improvement in the COWA z-score (P=0.0007); less negative
postoperative COWA z-scores indicating participants provided
a greater number of words. COWA scores significantly
improved in the TXA group (P=0.009), whereas COWA scores
significantly worsened in the placebo group (P=0.033).

Adverse events

The two groups did not differ in the incidence of adverse
events (Table 6). Although eight participants had vision-
related complaints within 3 months after discharge (TXA,

n=7; placebo, n=1), three were caused by pre-existing condi-
tions, two were caused by orthostatic hypotension, and one
was caused by a corneal abrasion. The two remaining partic-
ipants, both of whom had received TXA, had vision complaints
on postoperative days 7 and 82 that were unexplained and
were temporary.

Discussion

This study has a small sample size. Consequently, it is possible
that clinically or mechanistically important effects of TXA
were not detected. In addition, because of multiple compari-
sons it is likely that some of the reported effects of TXA are
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Table 6 Adverse events through final post-discharge follow-
up. Data are expressed as n (%). “‘Pulmonary embolism 22 days
after procedure (n=1); embolic stroke 69 days after procedure
(n=1). 'Unilateral vision change on postoperative day 7 (n=1);
worsening vision occurred briefly on postoperative day 82
(n=1) with no subsequent reports regarding vision with either
participant.

Adverse event Tranexamic Placebo P-value
acid (n=43) (n=40)
Thromboembolic event 0 (0) 2 (5)* 0.229
Vision abnormality 2 (5)f 0 (0) 0.495
Renal dysfunction on 2 (5) 4 (10) 0.422
postoperative day 1

Wound complication 2 (5) 2 (5) 1
Seizure 0 (0) 0 (0) 1
Death 0(0) 0(0) 1

false positives. Accordingly, we consider this study’s findings
to be valuable primarily for hypothesis generation. We pro-
pose that the potential effect of TXA to decrease delirium
incidence by 33% is clinically important and is sufficient to
justify an adequately powered clinical trial.

Blood loss and tranexamic acid concentrations

In this study, although TXA did not decrease intraoperative
blood loss, TXA significantly decreased postoperative blood
loss by ~38%. These findings are compatible with those of a
recent observational report of patients who underwent 1-3
level transforaminal lumbar interbody fusion and who
received TXA (10 mg kg™?) before incision.*® TXA did not
decrease intraoperative blood loss but decreased post-
operative wound drain output by 20—30%.%°

In our study, the apparent lack of effect of TXA on intra-
operative blood loss may be explained by multiple potential
sources of error in intraoperative blood loss estimates.*’**® In
contrast, all postoperative blood loss was collected in a single
container (wound drains), was not diluted with any fluid, and
volumes were objectively measured rather than estimated.
Thus, postoperative blood loss volumes are more likely to be
accurate. Itis also plausible the effect of TXA to decrease blood
loss may be proportionately less during surgery than after
surgery. TXA decreases blood loss by inhibition of fibrinolysis,
promoting clot stability. Intraoperatively, spinal surgeons do
not rely solely on clot stability to control intraoperative
bleeding. Instead, surgeons directly observe bleeding sites and
apply one or more active interventions (e.g. electrocautery).
The more effective surgeons’ interventions are, the less effect
TXA should have on intraoperative blood loss. In contrast,
after surgery, there are no active interventions to decrease
bleeding and blood loss will be determined only by the balance
of clot formation and clot lysis. Accordingly, TXA may have
greater potential to decrease postoperative bleeding—both
absolutely and relatively—than intraoperative bleeding.

The 38% decrease in postoperative blood loss in this study
is consistent with the effect of TXA reported in multiple
randomised controlled trials of patients undergoing posterior
lumbar interbody fusions, with an average of a 33% reduction
(range 20—47%).'® It is also consistent with a meta-analysis of
TXA studies in adults undergoing cardiac procedures in which

the maximum effect of TXA on blood loss reduction was 40%
(95% credible interval 34—47%).'

In vitro studies indicate TXA concentrations of 10—15 mg
L~ result in 80% inhibition of plasmin-mediated fibrinolysis.*’
In a meta-analysis of adult cardiac procedures, the systemic
TXA concentration necessary to achieve 80% of the maximum
decrease in perioperative blood loss was estimated to be 22.4
mg L1 (95% credible interval ~10—40 mg L.~Y).’° In a pharma-
cokinetic study of older patients undergoing elective hip
arthroplasty, Lanoiselée and colleagues®® used a TXA dosing
regimen (~13 mg kg~! loading dose; ~1.8 mg kg~ ! h~! infusion)
that was nearly identical to that used in this study (10 mgkg™?
loading dose; 2 mg kg™? h~! infusion). The Lanoiselée dosing
regimen resulted in a steady-state TXA plasma concentration
of ~30 mg L%, which is substantially greater than the TXA
concentration needed for near-maximum inhibition of
plasmin-mediated fibrinolysis. Using pharmacokinetic
modelling, Lanoiselée and colleagues®® estimated TXA con-
centrations would exceed 10 mg L™! for approximately 3 h
after cessation of the infusion in patients who had normal
renal function. Therefore, the intraoperative TXA dosing
regimen used in our study would have resulted in clinically
effective TXA concentrations (~30 mg L)) both intra-
operatively and for several hours thereafter. The fact that, in
our study, TXA decreased blood loss measured after discon-
tinuation of the infusion provides strong indirect evidence
that our TXA dose was sufficient to inhibit plasmin. As will be
discussed, brain plasmin inhibition could be a mechanism by
which TXA may decrease delirium.

Delirium

The incidence of delirium in the TXA group (7/32=22%) was
numerically but not significantly less than that in the placebo
group (11/33=33%); P=0.408, absolute difference 11%, relative
difference 33%, effect size —0.258 (95% CI —0.744 to 0.229). This
potential effect of TXA to decrease the incidence of delirium is
consistent with a 33% relative decrease in the incidence of
delirium reported in our prior retrospective observational
study using a propensity score-based analysis; TXA (14%) vus
controls (21%); P=0.004.*° In addition, in this study, partici-
pants who received TXA had significantly improved post-
discharge performance in two of the four cognitive tests
compared with their preoperative baselines, whereas those
who received placebo did not improve in three of the four tests
and worsened in one. This suggests that, in addition to
potentially decreasing the incidence of postoperative
delirium, TXA may have the potential to favourably affect
longer-term cognitive outcomes.

Mechanistic hypotheses regarding delirium and
tranexamic acid

Cytokines

Although neuroinflammation is considered a primary mech-
anism of delirium, in this study TXA administration did not
significantly affect cytokine concentrations 24 h after surgery.
This is likely because TXA has an elimination half-life of 2-3 h
in patients who have normal renal function,”’ hence TXA
administered only intraoperatively should be entirely elimi-
nated by 24 h after surgery and any earlier anti-inflammatory
effect may therefore have been missed.
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S100B

S100B is a homo-dimeric protein (molecular weight 21 kDa)
that is secreted primarily by astrocytes in response to a wide
variety of proinflammatory stimuli.> S100B can enter the
systemic circulation via the altered blood—brain barrier, via
the glymphatic system, or both.°>*® Because in the systemic
circulation S100B elimination half-life is ~1 h,** systemic
S100B concentrations 24 h after surgery likely reflect ongoing
astrocytic secretion and subsequent entry into the systemic
circulation.

Several prior observational studies?®°°™” have reported
associations between S100B and either delirium incidence
or severity, which suggests that astrocyte activation (or
blood—brain barrier dysfunction) is involved in (or is coin-
cident with) the pathophysiology of delirium. In our study,
intraoperative TXA administration did not significantly
affect S100B concentrations 24 h after surgery. This sug-
gests that TXA’s potential effect to decrease delirium may
occur downstream of astrocyte activation and S100B
secretion.

The potential role of brain plasmin or plasminogen
activators in delirium

A biologically plausible mediator of postoperative delir-
ium—which is inhibited by TXA—is brain plasmin(ogen). In
animal and in vitro models, plasmin mediates neuro-
inflammation via multiple mechanisms,’>°® contributing to
increased blood—brain barrier permeability, degradation of
extracellular matrix proteins, leucocyte diapedesis, and acti-
vation of brain immune cells (astrocytes and microglia) to
secrete inflammatory cytokines.>”

In murine models of traumatic brain injury, a single post-
insult dose of iv. TXA normalised blood—brain barrier
permeability,”®®® brain cytokine concentrations,®® and
improved functional’®®® and histological®® outcomes. Notably,
although TXA increased some systemic cytokine concentra-
tions, it decreased brain cytokine concentrations.®! Thus, the
beneficial effect of TXA did not require a decrease in systemic
cytokine concentrations. In another of these three studies,
that of Daglas and colleagues,”® although the beneficial effects
of TXA on blood—brain barrier permeability and functional
outcome were shown to be plasmin-dependent, these benefits
occurred only in male mice. This finding suggests that the
potential benefit of TXA on postoperative delirium could be
sex-dependent, with a greater benefit in males.

Antagonism of y-aminobutyric acid receptors

Finally, another potential mechanism by which TXA may
decrease delirium is by its stimulant properties, which may
counteract the electrophysiological inhibition that is
hypothesised to occur in delirium.®? A recent study reported
increased inhibitory interneuron activity in modelling of
auditory evoked responses in patients with delirium.®®
Acting through antagonism of fy-aminobutyric acid re-
ceptors,®#®> TXA may directly counter these inhibitory ef-
fects, decreasing the severity of delirium. However, given the
rapid clearance of TXA from the circulation and GSF,** this
seems unlikely to be a mechanism by which TXA could
decrease delirium beyond the first few hours after the
procedure.

Delirium clinical trial implications
Sex

Consistent with the aforementioned preclinical study of Dag-
las and colleagues,?® in this study TXA appeared to decrease
the incidence of delirium to a greater extent in males (effect
size —0.414) than in females (effect size —0.104). We suggest
that in a future clinical trial to test the effect of TXA on post-
operative delirium, randomisation should be stratified by sex.

Age

Increasing patient age is well established as a risk factor for
postoperative delirium.” The relatively high incidence of post-
operative delirium in older participants observed in this study
(44.4%) is consistent with other studies in older patients un-
dergoing spinal fusion; 40.5%° and 43.2%.%” Neuroimmune re-
sponses change with age.%® For example, in a murine model of
traumatic brain injury, older animals had a more robust neu-
roinflammatory response than younger animals.®® This finding
suggests that the potential benefit of TXA on postoperative
delirium could be age-dependent, with a greater benefit in older
patients. We suggest that in a future clinical trial to test the ef-
fect of TXA on postoperative delirium, enrolment should be
limited to older patients or randomisation be stratified by age.

Limitations

This trial has numerous operational limitations, the first
among them being that, among 123 consenting participants,
37 (30%) were excluded before their procedures without being
allocated. This high rate of pre-randomisation exclusion is
similar to that reported in another recent study of post-
operative delirium in adult spinal procedures (25/124=20%).”°
In our study, the interval between enrolment and the pro-
cedure was usually 2—4 weeks, during which additional data
from outside healthcare providers was received, new preop-
erative studies were conducted, and continued procedural
planning occurred. The new information, plan, or both often
changed participants’ eligibility.

Another operational limitation was related to our centre’s
electronic medical record and the required workflow for physi-
cians to enter orders for study medication. The system did not
readily adjust for changes in the scheduled day of the procedure.
As a consequence, some participants did not have study medi-
cations prepared when they otherwise should have—decreasing
the number of consenting participants who entered the study.

Finally, although the basic intervention of this trial
remained unchanged, there were numerous changes in
outcome measures and their related procedures throughout
the course of this trial. Additional challenges and opportu-
nities for errors in study implementation were introduced
because of a repeated loss of experienced study personnel.
Lack of continuity and familiarity with protocol details
contributed to incomplete data collection for many outcome
measures. Missing data points decrease the information pro-
vided by the participants’ service and, by decreasing statistical
power, decrease both the ability to detect adverse events and
the reliability of findings. Although we stopped the trial early
because our planned enrolment size was underpowered to
detect the potential benefit of TXA on delirium, all of these
other factors influenced our decision to stop enrolment.
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Conclusions

Although not statistically significant, delirium incidence in the
TXA group (7/32=22%) was numerically less than that in the
placebo group (11/33=33%); absolute difference 11%, relative
difference 33%, effect size —0.258 (95% CI —0.744 to 0.229). This
potential effect of TXA to decrease delirium is consistent with
a 33% relative decrease in delirium incidence reported in a
prior retrospective observational study in a similar popula-
tion.*® The safety of intraoperative TXA at the dose used in this
study has been established in numerous prior studies. Because
of the consistency and size of the potential treatment effect of
TXA to decrease postoperative delirium, a definitive rando-
mised clinical trial is justified.

Authors’ contributions

Conceptualisation: MZ, RDS, MAH

Data curation: BJH, RWW, MZ, CS, ZRZ, JCH, EJR, SJL, DFW, LGH,
LBN

Formal analysis: BJH, CS, ZRZ, JCH, LHW, PPT

Funding acquisition: PPT, JCH, MAH

Investigation: CRO, RWW, MZ, CS, ZRZ, JCH, EJR, SJL, DFW
Methodology: RWW, MZ, ZRZ, LHW, PPT, PC

Project administration: CRO, RWW, MZ, DJO, LGH, LBN, MAH
Resources: MAH

Supervision: BJH, CRO, RWW, MZ, DJO, RDS, MAH
Validation: BJH

Visualisation: BJH, LHW

Writing—original draft: BJH, RDS, MIB, MAH
Writing—review and editing: all authors

Acknowledgements

The authors gratefully acknowledge the essential contributions
of faculty from the University of lowa Roy]J. and Lucille A. Carver
College of Medicine Department of Orthopedics and Rehabili-
tation and Department of Neurosurgery who, in addition to the
authors (CRO, RWW, MZ), participated in this study—Doctors
Hitchon, Igram, Kawasaki, Oya, and Yamaguchi.

Funding

National Center For Advancing Translational Sciences of the
National Institutes of Health (UL1TR004403); National Cancer
Institute at the National Institutes of Health (P30CA086862);
The University of lowa Roy J. and Lucille A. Carver College of
Medicine Department of Neurosurgery. The content is solely
the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

Declaration of interests

The authors declare that they have no conflicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bjao.2025.100403.

References

1. Watt ], Tricco AC, Talbot-Hamon C, et al. Identifying older
adults at risk of delirium following elective surgery: a

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

systematic review and meta- analysis. ] Gen Intern Med
2018; 33: 500—9

. Deeken F, Sanchez A, Rapp MA, et al. Outcomes of a

delirium prevention program in older persons after elec-
tive surgery: a stepped-wedge cluster randomized trial.
JAMA Surg 2022; 157, €216370

. Gleason L], Schmitt EM, Kosar CM, et al. Effect of delirium

and other major complications after elective surgery in
older adults. JAMA Surg 2015; 150: 1134—40

. Gou RY, Hshieh TT, Marcantonio ER, et al. One-year

Medicare costs associated with delirium in older patients
undergoing major elective surgery. JAMA Surg 2021; 156:
430—42

. Huang H, Li H, Zhang X, et al. Association of postoperative

delirium with cognitive outcomes: a meta-analysis. ] Clin
Anesth 2021; 75, 110496

. Kunicki ZJ, Ngo LH, Marcantonio ER, et al. Six-year

cognitive trajectory in older adults following major sur-
gery and delirium. JAMA Intern Med 2023; 183: 442—50

. Wilson JE, Mart MF, Cunningham C, et al. Delirium. Nat

Rev Dis Primers 2020; 6: 90

. Mevorach L, Forookhi A, Farcomeni A, Romagnoli S,

Bilotta F. Perioperative risk factors associated with
increased incidence of postoperative delirium: system-
atic review, meta-analysis, and grading of recommen-
dations assessment, development, and evaluation
system report of clinical literature. Br J Anaesth 2023; 130:
e254—62

. Verdonk F, Einhaus ], Tsai AS, et al. Measuring the human

immune response to surgery: multiomics for the predic-
tion of postoperative outcomes. Curr Opin Crit Care 2021;
27:717-25

Yang T, Velagapudi R, Terrando N. Neuroinflammation
after surgery: from mechanisms to therapeutic targets.
Nat Immunol 2020; 21: 1319—-26

Sun Y, Koyama Y, Shimada S. Inflammation from pe-
ripheral organs to the brain: how does systemic inflam-
mation cause neuroinflammation? Front Aging Neurosci
2022; 14, 903455

Terrando N, Yang T, Wang X, et al. Systemic HMGB1
neutralization prevents postoperative neurocognitive
dysfunction in aged rats. Front Immunol 2016; 7: 441

Hu ], Feng X, Valdearcos M, et al. Interleukin-6 is both
necessary and sufficient to produce neurocognitive dis-
order in mice. Br ] Anaesth 2018; 120: 537—45

Ng W, Jearath A, Wasowicz M. Tranexamic acid: a clinical
review. Anaesthesiol Intensive Ther 2015; 47: 339—50
Tengborn L, Blomback M, Berntorp E. Tranexamic acid —
an old drug still going strong and making a revival. Thromb
Res 2015; 135: 23142

Zufferey PJ, Lanoiselée ], Graouch B, Vieille B,
Delavenne X, Ollier E. Exposure-response relationship of
tranexamic acid in cardiac surgery. A model-based meta-
analysis. Anesthesiology 2021; 134: 165—78

Devereaux PJ, Marcucci M, Painter TW, et al. Tranexamic
acid in patients undergoing noncardiac surgery. N Engl ]
Med 2022; 386: 1986—97

Luan H, Liu K, Peng C, Song X. Efficacy and safety of tra-
nexamic acid in posterior lumbar interbody fusion: a
meta-analysis of randomized controlled trials. J Orthop
Surg Res 2023; 18: 14

Miles LA, Vago JP, Sousa LP, Parmer PJ. Functions of the
plasminogen receptor Plg-Rgt. ] Thomb Haemost 2020; 18:
2468—81


https://doi.org/10.1016/j.bjao.2025.100403
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref1
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref1
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref1
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref1
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref1
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref2
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref2
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref2
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref2
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref2
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref3
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref3
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref3
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref3
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref4
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref4
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref4
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref4
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref4
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref5
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref5
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref5
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref6
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref6
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref6
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref6
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref7
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref7
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref8
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref9
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref9
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref9
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref9
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref9
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref10
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref10
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref10
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref10
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref11
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref11
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref11
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref11
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref12
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref12
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref12
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref13
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref13
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref13
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref13
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref14
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref14
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref14
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref15
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref15
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref15
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref15
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref15
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref16
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref16
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref16
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref16
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref16
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref16
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref17
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref17
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref17
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref17
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref18
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref18
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref18
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref18
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref19
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref19
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref19
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref19
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref19

12 | Hindman et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Keragala CB, Medcalf RL. Plasminogen: an enigmatic
zymogen. Blood 2021; 137: 2881—9

Lam T, Medcalf RL, Cloud GC, Myles PS, Keragala CB.
Tranexamic acid for haemostasis and beyond: does dose
matter? Thromb J 2023; 21: 94

Mehra A, Ali C, Parcq J, Vivien D, Docagne F. The plas-
minogen activation system in neuroinflammation. Biochim
Biophys Acta 2016; 1862: 395—402

Hastings S, Myles PS, Medcalf RL. Plasmin, immunity, and
surgical site infection. J Clin Med 2021; 10: 2070

Okholm SH, Krog J, Hvas AM. Tranexamic acid and its
potential anti-inflammatory effect: a systematic review.
Sem Thromb Hemost 2022; 48: 568—95

Niego B, Lee N, Larsson P, et al. Selective inhibition of
brain endothelial Rho-kinase-2 provides optimal protec-
tion of an in vitro blood-brain barrier from tissue-type
plasminogen activator and plasmin. PLoS One 2017; 12,
e0177332

Daglas M, Galle A, Draxler DF, et al. Sex-dependent effects
of tranexamic acid on blood-brain barrier permeability
and the immune response following traumatic brain
injury in mice. ] Thromb Haemost 2020; 18: 2658—71
Whitlock EL, Behrends M. Blood transfusion and post-
operative delirium. Curr Anesthesiol Rep 2015; 5: 24—32
Taylor J, Parker M, Casey CP, et al. Postoperative delirium
and changes in the blood-brain barrier, neuro-
inflammation, and cerebrospinal fluid lactate: a prospec-
tive cohort study. Br J Anaesth 2022; 129: 21930
Colomina MJ, Koo M, Basora M, Pizones J, Mora L, Bagd J.
Intraoperative tranexamic acid use in major spine surgery
in adults: a multicentre, randomized, placebo-controlled
trial. Br J Anaesth 2017; 118: 380—90

Marcantonio ER, Ngo LH, O’Connor M, et al. 3D-CAM:
derivation and validation of a 3-minute diagnostic inter-
view for CAM-defined delirium. Ann Intern Med 2014; 161:
554—-61

Oberhaus J, Wang W, Mickle AM, et al. Evaluation of the 3-
minute diagnostic confusion assessment method for
identification of postoperative delirium in older patients.
JAMA Netw Open 2021; 4, e2137267

Palihnich K, Gallagher ], Inouye SK, Marcantonio ER. The
3D CAM Training manual for research. Boston: Beth Israel
Deaconess Medical Center; 2021. Available from:, Version
5.3. https://americandeliriumsociety.org/wp-content/
uploads/2021/11/3D-CAM_TrainingManual_2021.pdf.
[Accessed 2 July 2024]

Vasunilashorn SM, Devinney MJ, Acker L, et al. A new
severity scoring scale for the 3-minute confusion assess-
ment method (3D-CAM). (Letter). ] Am Geriatr Soc 2020; 68:
1874—6

Ely EW, Margolin R, Francis J, et al. Evaluation of delirium
in critically ill patients: validation of the confusion
assessment method for the intensive care unit (CAM-ICU).
Crit Care Med 2001; 29: 1370—9

Park ], Jeong E, Lee J. The delirium observation screening
scale: a systematic review and meta-analysis of diag-
nostic test accuracy. Clin Nurs Res 2021; 30: 464—73
Yamanashi T, Iwata M, Crutchley KJ, et al. New cutoff
scores for delirium screening tools to predict patient
mortality. ] Am Geriatr Soc 2021; 69: 140—7

Gavinski K, Carnahan R, Weckmann M. Validation of the
delirium observation screening scale (DOS) in a hospital-
ized older population. ] Hosp Med 2016; 11: 494—7

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Duff K, Tometich D, Dennett K. The modified telephone
interview for cognitive status is more predictive of
memory abilities than the mini-mental state examina-
tion. J Geriatr Psychiatry Neurol 2015; 28: 193—7

Knopman DS, Roberts RO, Geda YE, et al. Validation of the
telephone interview for cognitive status-modified in sub-
jects with normal cognition, mild cognitive impairment,
or dementia. Neuroepidemiology 2010; 34: 34—42

Bowie CR, Harvey PD. Administration and interpretation
of the trail making test. Nat Protoc 2006; 1: 2277—81
Sanchez-Cubillo I, Peridnez JA, Adrover-Roig D, et al.
Construct validity of the Trail Making Test: role of task-
switching, working memory, inhibition/interference con-
trol, and visuomotor abilities. J Int Neuropsychol Soc 2009;
15: 438-50

Strauss E, Sherman EM, Spreen O. A compendium of neu-
ropsychological tests: administration, norms and commentary.
3rd Edn. New York, NY: Oxford University Press; 2006
Bauer K, Malek-Ahmadi M. Meta-analysis of Controlled
Oral Word Association Test (COWAT) FAS performance in
amnestic mild cognitive impairment and cognitively un-
impaired older adults. Appl Neuropsychol Adult 2023; 30:
42430

. McDonnell M, Dill L, Panos S, et al. Verbal fluency as a

screening tool for mild cognitive impairment. Int Psycho-
geriatr 2020; 32: 1055—62

Hindman BJ, Gold CK, Ray E, et al. Surgeon-specific
treatment selection bias and heterogeneous perioperative
practices in an observational spine surgery study. A sta-
tistical tutorial with implications for analysis of observa-
tional studies of perioperative interventions. World
Neurosurg 2023; 173: e168—79

Kanhere AP, Lambrechts MJ, Issa TZ, et al. The effect of
tranexamic acid on operative and postoperative blood loss
in transforaminal lumbar interbody fusions. World Neu-
rosurg 2022; 155: e433-50

Lopez-Picado A, Albinarrate A, Barrachina B. Determina-
tion of perioperative blood loss: accuracy or approxima-
tion? Anesth Analg 2017; 125: 280—6

Goodnough LT, Panigrahi AK. Estimating blood loss.
(Editorial). Anesth Analg 2017; 125: 13—4

Picetti R, Shakur-Still H, Medcalf RL, Standing JF, Roberts I.
What concentration of tranexamic acid is needed to
inhibit fibrinolysis? A systematic review of pharmacody-
namics studies. Blood Coagul Fibrinolysis 2019; 30: 1—10
Lanoiselée ], Zufferey PJ, Ollier E, et al. Is tranexamic acid
exposure related to blood loss in hip arthroplasty? A
pharmacokinetic-pharmacodynamic study. Br J Clin Phar-
macol 2018; 84: 310—9

McCormack PL. Tranexamic acid: a review of its use in the
treatment of hyperfibrinolysis. Drugs 2012; 72: 585—617
Gayger-Dias V, Vizuete AF, Rodrigues L, et al. How S100B
crosses brain barriers and why it is considered a periph-
eral marker of brain injury. Exp Biol Med 2023; 248:
2109-19

Janigro D, Mondello S, Posti JP, Unden J. GFAP and S100B:
what you always wanted to know and never dared to ask.
Front Neurol 2022; 13, 835597

Jonsson H, Johnsson P, Hoglund P, Alling C, Blomquist S.
Elimination of S100B and renal function after cardiac
surgery. J Cardiothorac Vasc Anesth 2000; 14: 698—701

van Munster BC, Korse CM, de Rooij SE, Bonfrer JM,
Zwinderman AH, Korevaar JC. Markers of cerebral damage


http://refhub.elsevier.com/S2772-6096(25)00027-9/sref20
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref20
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref20
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref21
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref21
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref21
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref22
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref22
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref22
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref22
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref23
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref23
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref24
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref24
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref24
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref24
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref25
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref25
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref25
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref25
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref25
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref26
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref26
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref26
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref26
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref26
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref27
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref27
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref27
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref28
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref28
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref28
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref28
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref28
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref29
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref29
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref29
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref29
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref29
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref29
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref30
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref30
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref30
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref30
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref30
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref31
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref31
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref31
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref31
https://americandeliriumsociety.org/wp-content/uploads/2021/11/3D-CAM_TrainingManual_2021.pdf
https://americandeliriumsociety.org/wp-content/uploads/2021/11/3D-CAM_TrainingManual_2021.pdf
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref33
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref33
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref33
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref33
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref33
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref34
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref34
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref34
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref34
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref34
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref35
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref35
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref35
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref35
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref36
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref36
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref36
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref36
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref37
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref37
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref37
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref37
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref38
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref38
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref38
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref38
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref38
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref39
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref39
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref39
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref39
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref39
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref40
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref40
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref40
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref41
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref42
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref42
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref42
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref43
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref43
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref43
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref43
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref43
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref43
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref44
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref44
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref44
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref44
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref45
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref45
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref45
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref45
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref45
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref45
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref45
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref46
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref46
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref46
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref46
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref46
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref47
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref47
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref47
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref47
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref48
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref48
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref48
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref49
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref49
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref49
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref49
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref49
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref50
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref50
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref50
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref50
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref50
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref50
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref51
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref51
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref51
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref52
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref52
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref52
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref52
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref52
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref53
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref53
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref53
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref54
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref54
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref54
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref54
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref54
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref54
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref55
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref55

Tranexamic acid and delirium exploratory study | 13

56.

57.

58.

59.

60.

61.

62.

63.

during delirium in elderly patients with hip fracture. BMC
Neurol 2009; 9: 21

van Munster BC, Bisschop PH, Zwinderman AH, et al.
Cortisol, interleukins and S100B in delirium in the elderly.
Brain Cogn 2010; 74: 18—23

Al Tmimi L, Van de Velde M, Meyns B, et al. Serum protein
S100 as marker of postoperative delirium after off-pump
coronary artery bypass surgery: secondary analysis of
two prospective randomized controlled trials. Clin Chem
Lab Med 2016; 54: 1671—-80

Medcalf RL. Fibrinolysis: from blood to the brain. ] Thromb
Haemost 2017; 15: 2089—98

Pontecorvi P, Banki MA, Zampieri C, et al. Fibrinolysis
protease receptors promote activation of astrocytes to
express pro-inflammatory cytokine. J Neuroinflammation
2019; 16: 257

Culkin MC, Bele P, Georges AP, et al. Early posttraumatic
brain injury tranexamic acid prevents blood-brain barrier
hyperpermeability and improves surrogates of neuro-
clinical recovery. J Trauma Acute Care Surg 2023; 95: 47—54
Wallen TE, Singer KE, Baucom MR, et al. Effects of anti-
fibrinolytics on systemic and cerebral inflammation after
traumaticbraininjury.] Trauma Acute Care Surg 2022; 93: 30—7
Sanders RD. Hypothesis for the pathophysiology of
delirium: role of baseline brain network connectivity and
changes in inhibitory tone. Med Hypotheses 2011; 77: 140—3
Gjini K, Casey C, Kunkel D, et al. Delirium is associated
with loss of feedback cortical connectivity. Alzheimers
Dement 2024; 20: 51124

64.

65.

66.

67.

68.

69.

70.

Lecker I, Wang DS, Romaschin AD, Peterson M, Mazer CD,
Orser BA. Tranexamic acid concentration associated with
human seizures inhibit glycine receptors. J Clin Invest
2012; 122: 4654—66

Kratzer S, Irl H, Mattusch C, et al. Tranexamic acid impairs
y-aminobutyric acid receptor type A-mediated synaptic
transmission in the murine amygdala: a potential mech-
anism for drug-induced seizures? Anesthesiology 2014; 20:
639—43

Brown 4th CH, LaFlam A, Max L, et al. Delirium after spine
surgery in older adults: incidence, risk factors, and out-
comes. ] Am Geriatr Soc 2016; 64: 2101—8

Ruhnau J, Miiller J, Nowak S, et al. Serum biomarkers of a
pro-neuroinflammatory state may define the pre-
operative risk for postoperative delirium in spine sur-
gery. Int ] Mol Sci 2023; 24, 10335

Rawiji KS, Mishra MK, Michaels NJ, Rivest S, Stys PK,
Yong VW. Immunoscence of microglia and macrophages:
impact on the ageing central nervous system. Brain 2016;
139: 653—61

Early AN, Gorman AA, Eldik LJ, Bachstetter AD,
Morganti JM. Effects of advanced age upon astrocyte-
specific response to acute traumatic brain injury in
mice. ] Neuroinflammation 2020; 17: 115

Miiller J, Nowak S, Weidemeier M, et al. Duration of sur-
gery and intraoperative blood pressure management are
modifiable risk factors for postoperative neurocognitive
disorders after spine surgery. Results of the prospective
CONFESS study. Spine (Phila Pa 1976) 2023; 48: 1127—37

Handling editor: Phil Hopkins


http://refhub.elsevier.com/S2772-6096(25)00027-9/sref55
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref55
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref56
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref56
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref56
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref56
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref57
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref57
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref57
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref57
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref57
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref57
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref58
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref58
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref58
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref59
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref59
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref59
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref59
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref60
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref60
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref60
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref60
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref60
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref61
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref61
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref61
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref61
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref62
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref62
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref62
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref62
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref63
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref63
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref63
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref63
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref64
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref64
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref64
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref64
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref64
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref65
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref65
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref65
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref65
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref65
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref65
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref66
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref66
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref66
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref66
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref67
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref67
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref67
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref67
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref68
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref68
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref68
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref68
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref68
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref69
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref69
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref69
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref69
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref70
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref70
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref70
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref70
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref70
http://refhub.elsevier.com/S2772-6096(25)00027-9/sref70

	Exploratory randomised trial of tranexamic acid to decrease postoperative delirium in adults undergoing lumbar fusion—a tri ...
	Methods
	Participant eligibility, original protocol, and outcomes
	Protocol and outcome modifications
	Blood loss and red blood cell transfusion
	Delirium assessments
	Cognitive testing
	Biomarkers of systemic inflammation and neuroinflammation
	Nesting of delirium exploratory study within a trial that stopped early
	Statistical analysis

	Results
	Participant characteristics
	Blood loss and red blood cell transfusion
	Delirium
	Biomarkers of systemic inflammation and neuroinflammation
	Cognitive testing
	Adverse events

	Discussion
	Blood loss and tranexamic acid concentrations
	Delirium
	Mechanistic hypotheses regarding delirium and tranexamic acid
	Cytokines
	S100B
	The potential role of brain plasmin or plasminogen activators in delirium
	Antagonism of γ-aminobutyric acid receptors

	Delirium clinical trial implications
	Sex
	Age

	Limitations

	Conclusions
	flink5
	Postoperative delirium occurs in 15–40% of patients, varying with patient characteristics and type of procedure.1,2 Postope ...
	flink6
	aclink3
	flink7
	References


