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Abstract

Background Acute Type A Aortic Dissection (aTAAD) is a severe and life-threatening condition. While animal stud-
ies have suggested that ketorolac could slow the progression of aortic aneurysms and dissections, clinical data on its
efficacy in aTAAD patients remain limited. This study seeks to evaluate the safety and effectiveness of ketorolac in this
patient group.

Methods Patients were randomly assigned to receive either ketorolac or a placebo (0.9% saline). Treatment began

at least 2 h prior to surgery (60 mg ketorolac or 2 ml saline administered once intramuscularly) and continued for 48 h
post-surgery (30 mg ketorolac or 1 ml saline administered intramuscularly twice daily). The primary endpoints
included assessing the safety and efficacy of ketorolac in improving the prognosis of aTAAD, focusing on mortality
and organ malperfusion syndrome. Secondary endpoints included drug-related adverse events, blood test results,
and other postoperative outcomes.

Results Of 179 patients who underwent aTAAD repair, 110 met the inclusion criteria and were randomized into two
groups of 55. One patient discontinued the intervention due to erythroderma on the first postoperative day, leaving
54 patients in the ketorolac group and 55 in the placebo group for analysis. No significant differences were found

in the primary endpoints. However, the ketorolac group showed lower intraoperative bleeding (median: 1.8 L vs. 2.0
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L, P=0.03), shorter intensive care unit (ICU) stays (median: 6.5 days vs. 8 days, P=0.04), and lower total hospital costs

(median: ¥170,430 vs. ¥187,730, P=0.03).

Conclusions Short-term ketorolac therapy did not alter the primary outcome but was associated with reduced
intraoperative bleeding, shorter ICU stays, and potentially lower hospitalization costs. It demonstrates safety and a cer-
tain degree of effectiveness during the perioperative period. These findings suggest that ketorolac could be a viable
option for perioperative management in patients with aTAAD.

Trial registration The trial was registered at the Chinese Clinical Trial Register (www.chictr.org.cn, No:

ChiCTR2300074394).

Keywords Acute Type A aortic dissection, Ketorolac, Safety, Efficacy

Background

ATAAD is an extremely life-threatening condition [1].
Epidemiological data indicate that even with emergency
surgical intervention [2-4], the postoperative mortal-
ity rate remains as high as 17% to 25% [3, 5]. Given the
current understanding of aTAAD mechanisms and its
pathogenesis [6], exploring new therapeutic strategies
is of critical importance. This study aims to investigate
potential interventions from the perspective of aTAAD
pathophysiology, with the goal of developing novel
treatment approaches to improve patient outcomes.

Research has demonstrated that activated mac-
rophages play a crucial role in the inflammatory pro-
cesses associated with aTAAD [7-9]. Zhang et al
conducted animal studies [10], and discovered that
macrophage-mediated signaling pathways, particularly
those involving Ras-related C3 botulinum toxin sub-
strate 1 (RAC1) and Nuclear Factor kappa B (NF-«kB),
drive vascular inflammation and extracellular matrix
degradation, accelerating aortic dissection. Further-
more, the RACL1 inhibitor R-ketorolac has been dem-
onstrated to reduce the severity of aortic dissections in
animal models, suggesting a potential therapeutic role
in clinical settings.

Ketorolac, a widely used non-steroidal anti-inflamma-
tory drug (NSAID), exists as a racemic mixture of R-iso-
mers and L-isomers. While L-ketorolac primarily exerts
NSAID effects, R-ketorolac has been identified as a selec-
tive RAC1 inhibitor [11, 12]. Some retrospective studies
suggest that ketorolac may reduce postoperative mortal-
ity and complications, particularly in cardiac and vascu-
lar surgery [13, 14]. However, clinical evidence regarding
its efficacy in aTAAD remains limited.

The 2022 American College of Cardiology/American
Heart Association (ACC/AHA) guidelines highlight the
ongoing debate surrounding ketorolac use in aortic dis-
ease, underscoring the need for further investigation
[15]. To address this gap, we designed a prospective rand-
omized controlled trial to evaluate the safety and efficacy
of ketorolac in aTAAD patients. This study has the poten-
tial to provide valuable insights into the role of ketorolac

in aortic dissection management, ultimately informing
clinical practice and enhancing patient care.

Methods

This investigator-initiated clinical trial, carried out at a
single center, employed a double-blind, randomized, pla-
cebo-controlled methodology. The study began in Sep-
tember 2023 and concluded in September 2024, receiving
approval from the ethical committee of Nanjing Drum
Tower Hospital (2023-197-02). It was also registered in
the Chinese Clinical Trial Registry (ChiCTR2300074394)
to ensure compliance with regulatory standards.

A total of 110 patients undergoing emergency surgical
repair for aTAAD participated in the trial, with enroll-
ment conducted in the cardiac department of Nanjing
Drum Tower Hospital. All participants provided writ-
ten informed consent before joining the study, reflecting
the commitment to ethical research practices. Patients
were randomly assigned in a 1:1 ratio to receive either
ketorolac or placebo. According to the drug label, the rec-
ommended daily dose of ketorolac for patients aged 18
to 65 is 60 mg, which aligns with the age range specified
in our inclusion criteria. Patients in the ketorolac group,
all diagnosed with aTAAD, will receive ketorolac as part
of their treatment regimen. This includes a preopera-
tive intramuscular injection of 60 mg (2 ml) of ketorolac
before surgery, followed by postoperative injections of
30 mg (1 ml) of ketorolac twice daily (BID) for two con-
secutive days. Conversely, patients in the placebo group,
also diagnosed with aTAAD, will receive placebo. They
will be administered 2 ml of 0.9% saline as a preopera-
tive intramuscular injection and 1 ml of 0.9% saline twice
daily as postoperative injections for 48 h. One patient
discontinued the intervention due to erythroderma on
the first postoperative day. Consequently, 54 patients in
the ketorolac group and 55 patients in the placebo group
were included in the analysis.

Comprehensive details of the trial design have been
previously published [16], providing further context for
the study’s methodology. Importantly, the data collected
from this research has received approval for sharing by
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Nanjing Drum Tower Hospital, facilitating opportunities
for collaboration and further analysis. This trial seeks to
enhance understanding of the safety and effectiveness of
ketorolac in the perioperative care of aTAAD patients,
potentially influencing clinical practice in this critical
area.

The inclusion and exclusion criteria were as follows:

Inclusion criteria

1. Patients must have a confirmed diagnosis of aTAAD
requiring emergency surgical intervention.

2. Patients must be between the ages of 18 and 65 years.

3. Patients must be capable of providing informed con-
sent.

Exclusion criteria

Prolonged fasting or inability to self-feed.

History of malignant tumors.

Body weight under 50 kg.

Traumatic aortic dissection.

Diagnosis of Marfan syndrome.

Unstable vital signs necessitating mechanical assis-
tance or rescue interventions before surgery (e.g.,
intra-aortic balloon pump [IABP], extracorporeal
membrane oxygenation [ECMO], left ventricular
assist device [17]).

7. Requirement for endotracheal intubation prior to
surgery.

8. Presence of consciousness disorders, central nerv-
ous system dysfunction, or signs of cerebral hypop-
erfusion upon admission.

9. Preoperative symptoms including hematemesis,
melena, or bowel dilation.

10. Limb ischemia before surgery.
11. Evidence of malperfusion syndrome prior to sur-

S

gery.

12. Need for percutaneous interventions to alleviate
malperfusion.

13. History of digestive ulcers or chronic gastroenteri-
tis.

14. Requirement for dialysis before admission or his-
tory of renal insufficiency.

15. History of liver disease.

16. Allergy to aspirin or non-steroidal anti-inflamma-
tory drugs, including ketorolac tromethamine.

17. Chronic inflammatory diseases, autoimmune dis-
orders, or conditions necessitating long-term cor-
ticosteroid or NSAID use.
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18. Absence of cerebral perfusion during deep hypo-
thermic circulatory arrest.

19. History of Grade 4 surgery (A major surgery that is
technically complex, high-risk, and involves multi-
ple systems or organs) or acute myocardial infarc-
tion within the past 90 days, currently in the recov-
ery phase.

20. Previous cardiac surgery or procedures on major
blood vessels.

21. Pregnancy or lactation.

22. Refusal to participate in the clinical trial or sign the
informed consent form.

23. Any other circumstances deemed unsuitable for
participation in the study.

Blinding and randomization
The blinding procedures have been detailed in our
previously published study [16]. This study employed
a block randomization strategy to minimize selection
bias in treatment allocation. Randomization was per-
formed using SAS 9.4 statistical software, with par-
ticipants allocated in a 1:1 ratio to the ketorolac and
placebo groups. Random codes were generated sequen-
tially based on the "Central Code Random Number
Table," which was provided by qualified professionals.
An independent team, separate from drug distribu-
tion, packaged and coded the medications according
to the random codes. Ketorolac and the placebo were
enclosed in identical envelopes, ensuring a strict one-
to-one correspondence between the random codes and
the medications. Each coded drug was accompanied by
an emergency unblinding letter for urgent situations.
Upon patient enrollment, clinical physicians assessed
eligibility and assigned sequential random codes to
patients. The drug administrator, independent of the
study intervention and evaluation, dispensed medica-
tions based on the random codes. Participants were
only provided with a random code and were unaware
of the corresponding medication. Neither partici-
pants, drug distribution center staff, nor trial personnel
could distinguish the type of medication based on the
appearance of the envelopes. Monitors and research-
ers were required to remain blinded throughout the
study, and the blinding process was meticulously doc-
umented. Participants’ names and random codes were
recorded and archived by clinical physicians, while
the drug administrator managed the distribution and
retrieval of medications, maintaining detailed records.
Until unblinding at the trial’s conclusion, all personnel
involved remained unaware of the participants’ group
assignments.
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Postoperative Endpoints and Safety Assessment
Primary endpoints

# Efficacy: in-hospital mortality, organ malperfusion
syndrome, requirement for permanent dialysis, need
for tracheostomy, neurological impairment, postop-
erative mechanical circulatory support, unplanned
cardiac reoperation

# Safety: gastrointestinal ulceration, gastrointestinal
bleeding, gastrointestinal perforation, postoperative
hemorrhage (exceeding 1000 ml within 24 h), renal
failure, liver failure, drug allergies, other serious
adverse events related to drug administration.

Secondary Endpoints and other safety assessment
Inflammatory markers: C-reactive protein, procalci-
tonin, and others (Additional file 1: Table S1). Surgical
parameters: Duration of cardiopulmonary bypass, total
surgical time, aortic cross-clamping duration, among
others (Table 1).Postoperative complications: Incidence
of events such as cardiac arrest, stroke, and pneumonia
(Table 2). Cytokine measurements: Levels of interleu-
kin-1 beta (IL-1), interleukin-6 (IL-6), interleukin-8 (IL-
8), interleukin-10 (IL-10), tumor necrosis factor-alpha
(TNF-a), etc. (Additional file 1: Table S1). Ketorolac has a
longstanding presence in clinical practice and is typically
well tolerated. However, the ACC/AHA guidelines indi-
cate that ketorolac may be associated with hypertension
and renal impairment [15]. We monitored and recorded
the patients’ creatinine, urea, and blood pressure preop-
eratively, as well as on postoperative days 1, 3, 5, and 7.
Additionally, safety assessment parameters will encom-
pass hypertension (defined as blood pressure exceeding
140/90 mmHg) and stage II or III acute kidney injury
(AKI), as diagnosed by the Kidney Disease: Improving
Global Outcomes (KDIGO) criteria [18].

Medical Intervention
All patients underwent emergency surgery in our hospi-
tal within 24 h of symptom onset, with procedures tak-
ing place in the operating room at least three hours after
admission. Prior to surgery, they received analgesia with
fentanyl (0.5-1.0 pg/kg/h, IV) and blood pressure man-
agement (targeting 100/60 mmHg to 120/80 mmHg)
using either Urapidil (20-80 mg/h, IV) or Nicardipine
(0.5-2.0 pg/kg/min, IV). If patients experienced discom-
fort or nausea, Dexmedetomidine (0.1-1.0 ug/kg/h, 1V)
and ondansetron (4-8 mg, IV) were administered as
needed.

To ensure consistency in the clinical trial, all surgi-
cal procedures were performed exclusively by Professor
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Dongjin Wang. The surgical procedure involved ascend-
ing aortic replacement (AAR) along with either total arch
replacement (TAR) or arch island anastomosis (AIA), fol-
lowed by a frozen elephant trunk (FET) stent-graft inser-
tion [19]. TAR was performed in cases of intimal tears or
a lumen pathway along the greater curvature of the aortic
arch, while AIA was chosen when those conditions were
absent. Some patients also underwent AAR with hemi-
arch replacement.

General anesthesia was induced using etomidate
(0.2-0.3 mg/kg), sufentanil (1.0-2.5 pg/kg), midazolam
(0.01-0.3 mg/kg), and vecuronium (0.15-0.20 mg/kg),
followed by tracheal intubation. A central venous cath-
eter was placed in the right internal jugular vein for
monitoring central venous pressure, along with tempera-
ture and end-tidal carbon dioxide levels. Anesthesia was
maintained with intravenous propofol (4-5 mg/kg/h),
vecuronium (1.0-2.0 pg/kg/min), and dexmedetomi-
dine (0.4—-0.5 pg/kg/h). Sufentanil was administered in
boluses based on mean arterial blood pressure and heart
rate. Cefuroxime sodium was given intravenously during
anesthesia induction. All patients were mechanically ven-
tilated with intermittent positive pressure, using a tidal
volume of 6-10 mL/kg and FiO2 between 60 and 100%.
Esmolol was used routinely to control arrhythmias and
tachycardia, barring any contraindications.

For patients with aTAAD, intraoperative coagulation
control and transfusion management were standardized
to ensure consistency across both patient groups. For
all aortic dissection patients, we routinely prepared 10
units of red blood cells, 1000 mL of plasma, one thera-
peutic dose of platelets, and 10 units of cryoprecipitate
preoperatively. The intraoperative transfusion data were
recorded and presented in Additional file 1: Table S1.
Heparin was administered intravenously before initiating
cardiopulmonary bypass (CPB), with the initial dose cal-
culated based on body weight (typically 300—-400 U/kg).
During surgery, activated clotting time (ACT) was closely
monitored to ensure it remained above 400 s. Following
CPB, protamine was administered based on the patient’s
weight to neutralize heparin. The standard protocol
involved intravenous protamine at a 1:1 ratio with hepa-
rin to gradually reverse its anticoagulant effects. Post-
neutralization, ACT levels were reassessed to confirm
their return to baseline values (80-120 s). After surgery,
patients were transferred to the ICU, where thromboelas-
tometry (ROTEM) analysis was immediately performed.
The ROTEM results have been included in Additional
file 1: Table S1.

The surgery commenced with the patient in a supine
position. A longitudinal incision (3—5 cm) was made in
the right groin to expose the femoral artery for cannula-
tion. Another transverse incision (2—4 c¢m) was created
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Table 1 Characteristics of the trial patients at baseline
Variables Total (n =109) Ketorolac (n =54) Placebo (n =55) P value SMD
Age (x+s) 50.68+8.96 50.37+9.30 50.98+8.69 0.724 0.068
Gender male (n, %) 85,77.98% 41,75.93% 44,80.00% 0.778 0.098
BMI (kg/m?Xs) 26.86+4.82 26.68+4.60 27.04+5.06 0.703 0.073
Medical history (n, %)
diabetes 5,4.59% 3,5.56% 2,3.64% 0.983 0.092
hypertension 79,72.48% 41,75.93% 38, 69.09% 0.559 0.154
chronic lung disease 0 0 0 <0.001
stroke 3,2.75% 1,1.85% 2,3.64% 1.000° 0.109
peripheral arterial disease 0 0 0 - <0.001
previous non-cardiac operation 44,40.37% 20, 37.04% 24, 43.64% 0.612 0.135
tuberculosis 0 0 0 - <0.001
atrial fibrillation 3,2.75% 2,3.70% 1,1.82% 0.987 0.115
history of trauma 0 0 0 - <0.001
Smoking (n, %) 49, 44.95% 25,46.30% 24, 43.64% 0.931 0.053
Drunk (n, %) 39,35.78% 18,33.33% 21,38.18% 0.743 0.101
Preoperative pericardial effusion (n, %) 0.101 0.492
none or minor 78,71.56% 40, 74.07% 38,69.09%
mild or moderate 24,22.02% 11,20.37% 13, 23.64%
severe 7,642% 3,5.56% 4,7.27%
Medication use (n, %)
(3-blocker 45,41.28% 24, 44.44% 21,38.18% 0.639 0.127
ACEI/ARB 5,4.59% 2,3.70% 3,5.45% 1.000° 0.084
Calcium channel blocker 8,7.34% 5,9.26% 3,545% 0.693 0.146
Diuretic 3,2.75% 1,1.85% 2,3.64% 1.000° 0.109
a-adrenergic blocker 96, 83.07% 49, 90.74% 47,85.45% 0.578 0.164
Extent of dissection (n, %) 0.848 0.110
AA 22,20.18% 12,22.22% 10, 18.18%
AA+TDA 0 0 0
AA+TDA+AAo 30,27.52% 15,27.78% 15,27.27%
AA+TDA+AA0+I/F 57,52.29% 27,50.00% 30, 54.55%
Location of the intimal tear (n, %) 0.822 0.238
Z0 52,47.71% 24, 44.44% 28,50.91%
Z1 17,15.60% 9,16.67% 8, 14.55%
72 8,7.34% 3,5.56% 5,9.09%
73 8,7.34% 5,9.26% 3,5.45%
74-711° 24,22.02% 13,24.07% 11, 20.00%
Surgical procedure (n, %)
AAR-+HAR 55,50.46% 29,53.70% 26,47.27% 0.631 0.129
AAR+TAR+FET 47,43.12% 22,40.74% 25,45.45% 0.762 0.095
AAR+AIA+FET 7,642% 3,5.56% 4,7.27% 1.000% 0.070
Overall surgical time [min, M (Q;, Q3)] 415.00(350.00-476.00) 400.00(332.00-438.75) 430.00(360.00-511.00) 0.026 0429
CPB [min, M (Q;, Qy)] 194.00(170.00-221.00) 188.00(170.00-218.75) 200.00(169.50-237.50) 0.275 0.132
ACC [min, M (Q;, Q3)] 147.50(122.25-168.00) 145.00(118.00-163.00) 151.00(125.50-178.00) 0.321 0.179
DHCA [min, M (Q;, Q3)] 28.00(23.00-32.00) 28.00(20.00-33.00) 27.00(24.00-30.00) 0.734 0.098

AA Aortic arch, TDA Thoracic descending aorta, AAo Abdominal aorta, I/F lliac/Femoral, ACEl Angiotensin-converting enzyme inhibitor, ARB Angiotensin Il receptor
blocker, AAR Ascending aortic replacement, HAR Hemiarch replacement, TAR Total arch replacement, AIA Arch island anastomosis, FET Frozen elephant trunk, CPB
Cardiopulmonary bypass, ACC Aortic cross-clamping, DHCA Deep hypothermic circulatory arrest, BVl body mass index

b Computed tomography angiography (CTA) evaluation showed no primary entry tear intraoperatively

2 the Fisher’s exact test
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Table 2 Safety and efficacy evaluation

Variable Ketorolac (n =54) Placebo (n =55) P value

Safety endpoint (n, %)
Total positive patients 3,5.56% 9, 16.36% 0.135
gastrointestinal ulceration 0 0 -
gastrointestinal bleeding 0 0 -
gastrointestinal perforation 0 0 -
postoperative hemorrhage within 24 h> 1L 2,3.70% 5,9.09% 0.449
renal failure 1,1.85% 0 0.993
liver failure 0 4,7.27% 0.131
drug allergies 0 0 -

Efficacy endpoint (n, %)
Total positive patients 6,11.11% 7,12.73% 0.795
in-hospital mortality 3,5.56% 6,10.91% 0.505
organ malperfusion syndrome 2,3.70% 4,727% 0.691
permanent dialysis 0 0 -
tracheotomy 0 2,3.64% 0.484
neurological impairment 0 2,3.64% 0484
unplanned cardiac reoperation 1,1.85% 0 0.993
mechanical circulatory support 0 2,3.64% 0484
ECMO (n, %) 0 2,3.64% 0.484
IABP (n, %) 0 0 -

Other Endpoints
Postoperative peek BP > 140 mmHg (n, %) 13,24.07% 11, 20.00% 0.778
Postoperative cardiac arrest (n, %) 0 0 -
Pneumonia (n, %) 4,741% 12,21.82% 0.064
Stroke (n, %) 0 0 -
Mechanical ventilation time [hours, M (Q;, Q3)] 23.50(12.25-59.75) 28.00(17.50-79.00) 0.247
Duration of hospitalization [days, M (Q;, Q3)] 16.50(15.00-19.00) 17.50(15.75-22.00) 0.067
Duration of ICU stay [days, M (Q;, Q3)] 6.50(5.00-8.00) 8.00(6.00-10.50) 0.044
Bleeding in surgery [L, M (Q;, Q3)] 1.80(1.40-2.00) 2.00(1.50-3.00) 0.030
Chest drainage within post-24 h [mL, M (Q;, Q3)] 320.00(230.00-477.50) 480.00(350.00-620.00) 0.001
AKl stage Il or 111° (n, %) 4,741% 10, 18.18% 0.163
CRRT (n, %) 1,1.85% 4,7.27% 0.371
Total hospital costs [x 10%, M Q, Q3] 170.43 (145.97-190.60) 187.73 (153.75-220.54) 0.028

ECMO extracorporeal membrane oxygenation, /ABP intra-aortic balloon pump, CRRT continuous renal replacement therapy, BP blood pressure, AKI Acute kidney injury

b Diagnosed by KIDGO criteria

in the right subclavian area to access the axillary artery,
with the brachiocephalic artery occasionally serving as
an alternative route. A median incision provided access
to the aortic arch and its three branches. After admin-
istering heparin, the pericardium was opened with an
L-shaped incision and suspended. A purse-string suture
was placed to prepare the right atrium for intubation.
Arterial cannulas were inserted into both the femoral
and axillary arteries, while a two-stage venous cannula
was placed in the right atrium for cardiopulmonary
bypass. Myocardial protection was provided by ante-
grade infusion of Histidine-Tryptophan-Ketoglutarate

(HTK) cardioplegia solution. Deep hypothermic cir-
culatory arrest (DHCA) was performed at 24 °C-26°C,
during which the femoral artery cannula was clamped
and the arch’s three branches were occluded. Antegrade
selective cerebral perfusion was established through
the right axillary or brachiocephalic artery.

During ward transfer, we established a standard-
ized protocol to ensure consistency among all aTAAD
patients. Systolic blood pressure was maintained at
110-120 mmHg, and heart rate was controlled at
60-70 beats per minute, ensuring a stable overall con-
dition during the transfer process.
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Sample size and Statistical analysis

The required sample size for this investigation was calcu-
lated using PASS (15.0.5) software, focusing on the pri-
mary efficacy endpoints. Previous studies have reported
various postoperative endpoints, including a hospitali-
zation mortality rate of 25% [5], an organ malperfusion
syndrome incidence ranging from 15 to 33% [20, 21], and
complication rates such as 2.6% for permanent dialysis
[22], 8% for tracheotomy [23], 6.9% for neurological defi-
cits [23], 20% for postoperative mechanical circulatory
support [24], 4.2% for unplanned cardiac reoperation
[25], and 0.7-5.2% for cardiac arrest after surgery [26].
According to relevant literature, ketorolac shows a trend
toward reducing the above endpoints [27, 28], and some
data indicate that it can partially reduce certain end-
points. For example, ketorolac reduces the rates of mor-
tality, neurological deficits, cardiac arrest, and dialysis by
approximately 30%—50% [13, 14]. Assuming a composite
endpoint event rate of 70% in the control cohort and a
decrease to 40% in the ketorolac group, the PASS soft-
ware indicated that a sample size of 53 subjects in each
group would achieve over 90% statistical power. In total,
54 patients were enrolled in the ketorolac group and 55
in the placebo group, providing adequate power to evalu-
ate the effectiveness of ketorolac.

Statistical analysis was carried out using IBM SPSS
software (version 25) and R (version 4.2.2). Continuous
variables were displayed as either mean + standard devia-
tion (SD) for data following a normal distribution or as
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median with interquartile ranges (IQR) for non-normally
distributed data. Frequencies and percentages (n, %) were
used to describe categorical variables. For continuous
variables that met normality assumptions, the Student’s
t-test was applied, while the Mann—Whitney U test was
employed for those that did not. The Shapiro—Wilk test
was utilized to check the normality of the data. Categori-
cal variables were compared using the chi-square test or
Fisher’s exact test, depending on the data distribution.
To analyze changes in biomarker levels between admis-
sion and postoperative day (POD) 7, repeated-measures
ANOVA or repeated-measures nonparametric methods
were used based on the nature of the data. Statistical sig-
nificance was set at P<0.05 for all comparisons. We allow
for a 10% margin of lost data.

Results

Among the 179 patients screened for eligibility, 55 were
randomized and received at least one dose of either
ketorolac or placebo. Informed consent was obtained
from all participants or their family members. How-
ever, 69 individuals were excluded for various reasons:
exceeding the age limit of 65 years (n=48), undergo-
ing non-emergency surgeries (n=7), having a history of
liver or kidney dysfunction (#=5), a history of malignant
tumors (n=2), declining to participate (n=2), or other
reasons (n=5). Detailed enrollment information is pre-
sented in the study flowchart (Fig. 1). A comprehensive

Assessed for eligibility (n=179)

Excluded (n=69), with reasons such as
Age > 65 (n=48)
Non-emergency surgery (n=7)

History of liver and kidney dysfunction (n=5)
History of malignant tumor (n=2)

Declined to participate (n=2)

Other reasons (n=5)

Randomized (n=110) l

I

4

'

Allacated to Ketorolac (n=55)
Received allocated intervention (n=55)
Did not receive allocated intervention (n=0)

Allocated to placebo (n=55)

Received allocated intervention (n=55)
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list of exclusion reasons is provided in Additional file 1:
Table S2.

Baseline characteristics were well-matched across both
groups, as shown in Table 1. The mean age of participants
was 50.7 £9.0 years, with 78.0% male representation. No
significant differences were noted in age, body mass index
(BMI), medical history, extent of dissection, location of
the intimal tear, or preoperative medications. There were
no significant differences between the ketorolac group
and the placebo group in the use of NSAIDs (1.85% vs.
3.64%, P=1.00) or corticosteroids (27.78% vs. 23.64%,
P=0.62). Thromboelastography parameters (R, K, MA)
and coagulation indices (activated partial thromboplas-
tin time [APTT] and prothrombin time [PT]) showed
no significant differences after ICU admission (P> 0.05)
(Additional file 1: Table S1). Regarding safety endpoints,
no endpoints were reported (Table 2). Additionally, we
conducted a Pearson correlation analysis between the
number of total safety positive patients and age, which
revealed no statistically significant correlation (P=0.5,
R=0.065). Furthermore, a chi-square test was performed
to assess the association between total safety positive
events and various comorbidities. The results indicated
that the occurrence of these events was not significantly
related to comorbidities such as diabetes or hyperten-
sion (P>0.05) (Additional file 1: Table S3). For efficacy,
the groups did not differ significantly (11.11% vs 12.73%,
P=0.79). The ketorolac group exhibited significantly less
intraoperative bleeding (median: 1.8L vs 2.0L, P=0.03),
shorter ICU stays (median: 6.5 days vs 8.0 days, P=0.04),
and lower overall hospital costs (median: 170.43 x 10%¥ vs
187.73x10%, P=0.03), as showed in Table 2. Addition-
ally, a detailed description of hospitalization expenses
revealed that the ketorolac group had lower blood trans-
fusion costs, hemostatic consumables, and hemostatic
medication fees compared to the placebo group (P<0.05),
with no significant differences in other expenses (P> 0.05)
(Additional file 1: Table S4).

During hospitalization, most blood test results, includ-
ing preoperative values and those on POD 1, 3, 5, and 7,
showed no significant differences between the groups.
These tests included complete blood count, liver func-
tion (alanine aminotransferase [ALT] and aspartate ami-
notransferase [AST]), kidney function (creatinine and
urea), coagulation function (APTT and PT), and myocar-
dial enzymes (creatine kinase-MB [CK-MB]). (Additional
file 1: Table S1). However, by POD3, the ketorolac group
demonstrated significantly lower levels of IL-1p (P<0.01)
and IL-8 (P=0.03) compared to the placebo group. Anal-
ysis of repeated measures indicated that the ketorolac
group were significantly lower IL-6 levels throughout
the postoperative week (Fig. 2A, P<0.01). IL-8 (Fig. 2B,
P=0.01) and IL-1f (Fig. 2C, P=0.03) levels were
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significantly lower over POD7. Changes in TNF-q, IL-10,
C-reactive protein (CRP), procalcitonin (PCT), and Sys-
temic Immune-Inflammation Index (SII) [29] levels were
not statistically significant during POD7 (all P>0.05,
Fig. 2D and Additional file 1: Table S1). The postopera-
tive reexamination showed there were no significant dif-
ferences between the ketorolac and placebo groups in
the maximum diameter of the descending aorta and the
incidence of Type I endoleak (P>0.05) (Additional file 1:
Table S1).

The follow-up was conducted via telephone, with 100
patients included, excluding those who died in-hospi-
tal. By the time of follow-up, the median duration was
11 months (range, 5-17 months). Five patients were lost
to follow-up, resulting in a 95% follow-up rate (95/100).
During this period, the survival rate was 92.6% (88/95),
with 7 deaths: 3 in the ketorolac group and 4 in the pla-
cebo group. The primary causes of death were heart valve
disease (2 cases), large vessel disease (2 cases), cerebro-
vascular disease (1 case), gastrointestinal disease (1 case),
and pulmonary disease (1 case).

Three patients required reoperation (reoperation-free
rate: 96.8%), with 2 from the ketorolac group and 1 from
the placebo group. Two patients needed reoperation
due to aortic root dilation or valve regurgitation, while
1 required reoperation for severe aortic valve regurgita-
tion and re-dissection of the aortic root. Kaplan—Meier
analysis showed no significant differences in survival or
reoperation-free rates between the two groups (P=0.64,
P=0.63) (Additional file 2: Figure S1). Quality of life,
assessed by the New York Heart Association (NYHA)
classification, revealed NYHA >II in 46 patients in the
ketorolac group and 41 in the placebo group (97.9% vs
95.3%, P=0.604).

Discussion

In this randomized controlled trial, we observed no sig-
nificant differences in adverse endpoints noted in exist-
ing guidelines or previous research between the ketorolac
and placebo groups. Our findings suggest that short-term
ketorolac administration, carefully monitored during the
perioperative phase, is both safe and effective. Notably, it
resulted in reduced intraoperative bleeding, shorter ICU
stays, and potentially lower overall hospital costs, indi-
cating its potential as a valuable option for aortic surgery
patients.

We meticulously designed the study endpoints to
balance clinical relevance and research significance.
Drawing from animal studies [10], R-ketorolac has dem-
onstrated the ability to reduce the incidence and severity
of aTAAD, as well as modulate inflammatory biomark-
ers associated with the RACI1 pathway. Clinically, these
findings correspond to improved treatment efficacy
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and patient prognosis. Previous studies have also linked
ketorolac with a reduced incidence or trend toward miti-
gation of adverse endpoints, such as in-hospital mortal-
ity, permanent dialysis, tracheostomy, and neurological
impairment [13, 14, 27]. To align with these insights, we
prioritized clinical adverse events as the primary end-
points and inflammation-related biomarkers as second-
ary endpoints. Safety, essential to trial feasibility, was
designated as a primary observational endpoint, encom-
passing common adverse reactions and perioperative
complications. Additionally, extensive perioperative data
including vital signs, laboratory results, and imaging were
included as secondary endpoints to ensure a comprehen-
sive evaluation of ketorolac. Finally, composite endpoints
were designed to integrate multiple adverse endpoints,
providing a more comprehensive assessment of poten-
tial complications following aTAAD surgery. Compared
to single indicators, composite endpoints offer a holis-
tic reflection of complications’ overall impact on patient
prognosis, thus enabling a more thorough evaluation of
ketorolac’s effect on clinical outcomes.

Now, aortic dissection continues to have high mortality
rates, highlighting the pressing need for new strategies to
decrease perioperative deaths. Research by Zhang et al.
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[10]. indicates that ketorolac can reduce macrophage-
driven inflammation and matrix degradation. Although
the ACC/AHA guidelines warn about possible blood
pressure increases and AKI risk with ketorolac [15], our
study found no such adverse effects. Data on postopera-
tive peek BP>140 mmHg, cytokines related to kidney
and liver function (e.g., TNF-a) [30, 31] and serum indi-
cators (e.g., creatinine, blood urea nitrogen) showed no
significant changes (Additional file 1: Table S1). With dili-
gent perioperative management-including blood pressure
regulation and diuretics-ketorolac’s safety profile appears
robust. We also noted a non-significant decrease in mor-
tality and organ malperfusion, coupled with significant
reductions in ICU stay, intraoperative bleeding, and
potentially associated costs, suggesting the broader ACC/
AHA guidelines may not entirely apply to aortic dissec-
tion cases.

Bleeding remains a significant issue during aor-
tic dissection repairs, leading to the development of
various management techniques [32]. However, these
approaches often require specialized expertise or
costly materials [33, 34], making the use of affordable
medications like ketorolac attractive. Our baseline
data indicate that the surgery time was shorter in the
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ketorolac group. However, there were no significant
differences between the two groups in terms of CPB,
ACC, or DHCA times. Furthermore, thromboelastog-
raphy and APTT values upon ICU admission showed
no differences between the groups. This suggests that
the reduction in bleeding and exudation is likely unre-
lated to coagulation and is more likely associated with
ketorolac. The decrease in bleeding and exudation
may have contributed to a shorter chest closure time,
which could explain the reduction in surgery dura-
tion. According to feedback from the primary surgeon,
the shortened chest closure time might be related to
increased tissue stiffness of the aorta, which facilitated
surgical suturing. This was further validated by the
reduced drainage volume within 24 h postoperatively,
with the ketorolac group showing significantly lower
postoperative exudation.

Based on the basic research [10], under the patho-
logical stimulation of aTAAD, macrophages upregulate
iNOS expression, leading to excessive NO production
and Septin2 S-nitrosylation at Cys111. This disrupts
T-cell Lymphoma Invasion and Metastasis 1 (TIAM1)
binding, enhances TIAMI1-RACI1 interaction, and
activates the RAC1-NF-«kB pathway, driving vascular
inflammation and extracellular matrix degradation,
thereby accelerating aortic dissection progression.
Ketorolac, a 1:1 racemic mixture, includes S-ketorolac,
which inhibits cyclooxygenase (COX) for analgesia,
and R-ketorolac, which minimally affects COX but
inhibits RAC1. Notably, R-ketorolac reduces thrombo-
sis and vascular elastic layer rupture while suppressing
CD68 + macrophage infiltration and the expression of
IL-6, IL-1B, TNF-a, and Matrix Metalloproteinase 9
(MMP9), significantly improving survival and reduc-
ing aortic dissection incidence. Therefore, in this
study, we consider that ketorolac may inhibit TIAM1-
RACI1 axis, block the downstream NF-kB pathway, and
reduce the production of IL-6, IL-10, and matrix met-
alloproteinase-9, thereby reducing vascular inflamma-
tory responses and extracellular matrix degradation,
maintaining the toughness and integrity of the vascu-
lar wall, decreasing traumatic exudation, and reduc-
ing the amount of bleeding in patients. Therefore, this
contributes to accelerating patient recovery and short-
ening ICU stay. However, we observed no difference
in ventilation time between the ketorolac and placebo
groups. This may be attributed to timely clinical inter-
vention, as the placebo group had a higher antibiotic
usage density (AUD) [35]. Consequently, the final data
showed a non-significant reduction in pneumonia
incidence in the ketorolac group and no difference in
ventilation time between the ketorolac and placebo
groups.
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Limitation

First, the study is limited by its single-center design as a
randomized controlled trial, which may affect the gener-
alizability of the results. Second, although we made every
effort to maximize the sample size within our center,
the relatively small number of participants may result in
insufficient statistical power. Thirdly, while the composite
primary endpoint may lack sufficient statistical power to
detect differences in individual endpoints, such as mor-
tality or organ malperfusion, we plan to conduct future
multicenter studies with larger sample sizes. These stud-
ies will aim to further validate the reliability and broader
applicability of each individual endpoint in clinical prac-
tice. Fourthly, we analyzed the overall results of ketorolac
in the aTAAD population but did not conduct a separate
analysis for surgical subgroups. Performing subgroup
analyses based on surgical procedures represents an inde-
pendent and worthwhile research direction. In the future,
large-sample, multi-center studies could investigate the
effects of ketorolac on different surgical subgroups of
aTAAD patients. Fifthly, although this study conducted
observational research on inflammatory markers related
to the mechanism of action of ketorolac, and our team
had also performed animal experiments, there are still
genetic differences between humans and animals. There-
fore, exploring and validating the mechanism of action of
ketorolac in aTAAD patients is a highly valuable research
direction for future in-depth research. Sixthly, the exclu-
sion of critically ill and elderly patients may limit the
generalizability of our findings to these high-risk popu-
lations. Further studies are needed to assess the impact
in these groups. Lastly, in clinical research, increasing the
dosage and duration of ketorolac administration, as well
as comparing its efficacy with other perioperative anti-
inflammatory drugs, such as corticosteroids or alterna-
tive NSAIDs, represents a promising avenue for future
investigations to establish its potential superiority.

Conclusions

In summary, our study concludes that while short-term
ketorolac therapy did not affect the primary outcome,
it was associated with reduced intraoperative bleeding,
shorter ICU stays, and potentially lower hospitaliza-
tion costs. It demonstrates safety and a certain degree of
effectiveness during the perioperative period. This sug-
gests that ketorolac may be a beneficial choice for manag-
ing patients with aTAAD.
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