
Introduction 
 The rising prevalence of ascending aortic dis-

ease over the past decade has inevitably led to an 
increase in the number of surgical procedures. Ac-
cording to the literature, there are 9–16 cases of 
thoracic aortic aneurysm per 100,000 population 
per year [1–3], with the ascending aorta accounting 
for 60% of these aneurysms  [4, 5]. The preferred 
treatment for thoracic aortic aneurysms is surgical 
repair with cardiopulmonary bypass (CPB) and hy-
pothermic circulatory arrest (HCA)  [6]. However, 

this approach has been associated with serious 
complications such as persistent neurological deficits, 
myocardial infarction, respiratory failure, and acute 
kidney injury (AKI) [7]. AKI associated with ascending 
aortic reconstructive surgery is a common compli-
cation with an incidence of up to 77.6% [8–12], and 
it has a negative impact on both short-term surgical 
outcomes and long-term prognosis  [13]. The de-
velopment of nephroprotective strategies as part 
of the preoperative management of thoracic aortic 
aneurysm surgery remains a pressing issue. 
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Summary 
Aim. To evaluate the efficacy of perioperative nitric oxide (NO) administration in reducing the incidence 

of acute kidney injury (AKI) during hemiarch surgery for nonsyndromic ascending aortic aneurysms under 
cardiopulmonary bypass and hypothermic circulatory arrest (HCA).  

Materials and Methods. A single-blind, prospective, randomized, controlled study included 80 patients 
older than 18 years who underwent hemiarch aortic surgery with HCA for nonsyndromic ascending aortic 
aneurysms between 2020 and 2023. Patients were randomized (1:1) into two groups: the NO group (who re-
ceived perioperative NO at 80 ppm) and the control group (who received standard perioperative management 
without NO administration). The primary endpoint was the incidence of AKI according to KDIGO criteria. Sec-
ondary endpoints included biomarker levels of subclinical renal injury and clinical outcomes.  

Results. Postoperatively, the incidence of AKI was 25% in the NO group compared to 50% in the control 
group (OR=0.26; 95% CI: 0.10–0.69; P=0.036). Patients in the NO group had significantly lower levels of urinary 
neutrophil gelatinase-associated lipocalin (uNGAL, P=0.03) and cystatin C (P�0.001) 4 hours after surgery. In 
addition, the length of stay in the intensive care unit (ICU) was significantly shorter in the NO group (P=0.03) 
compared to the control group.  

Conclusion. Perioperative NO therapy at 80 ppm during hemiarch aortic surgery with HCA reduces the in-
cidence of acute kidney injury, lowers the levels of kidney injury biomarkers (uNGAL and cystatin C), and short-
ens the ICU stay. 
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Nitric oxide (NO) is a pleiotropic molecule 
that plays an important role in protecting the kidney 
from ischemia-reperfusion injury. The use of NO to 
slow the progression of AKI appears to be a promising 
strategy [14]. However, current data on the potential 
use of NO for renoprotection in patients undergoing 
ascending aortic surgery with HCA are limited [15]. 

The aim of this study was to test the hypothesis 
that the administration of exogenous nitric oxide 
during hemiarch aortic surgery under hypothermic 
circulatory arrest can protect the kidneys. 

Materials and Methods 
To investigate the nephroprotective properties 

of nitric oxide (NO), we conducted a single-center, 
prospective, randomized, controlled trial (approved 
by the Ethics Committee of the Research Institute 
of Cardiology, Tomsk National Research Medical 
Center, Protocol No. 260, February 2, 2024). 

The study was conducted in the laboratory of 
intensive care medicine. A total of 80 patients who 
underwent surgery in the Department of Cardio-
vascular Surgery of the Research Institute of Cardi-
ology, a branch of Tomsk National Research Medical 
Center of the Russian Academy of Sciences (Research 
Institute of Cardiology, Tomsk NRMC) in 2020–2023 
were included in the study. 

The inclusion criteria were 
• age �18 years 
• presence of nonsyndromic ascending aortic 

aneurysms 
• elective aortic hemiarch repair under cir-

culatory arrest and moderate hypothermia (30–32°C) 
• signed informed consent to participate in 

the study. 
Patients were excluded from the study if they 

met any of the following criteria: 
• Chronic kidney disease (glomerular filtration 

rate [GFR] � 60 mL/min/1.73 m²) 
• Need for emergency surgery 
• Critical preoperative condition (preoperative 

need for mechanical ventilation, inotropic or vaso-
pressor support, or mechanical circulatory sup-
port) 

• Need for repeat cardiac surgery or extended 
surgical procedures (aortic root reconstruction, tho-
racic aortic replacement using the «frozen elephant 
trunk» technique) 

• Absolute contraindications to NO therapy 
(congenital or acquired methemoglobinemia) 

• Relative contraindications to NO therapy 
(coagulation disorder, intracranial hemorrhage, se-
vere left ventricular failure classified as NYHA III–IV) 

• Acute massive perioperative hemorrhage. 
All patients were randomly assigned in a 1:1 

ratio to two groups: the main group (NO group, in 
which perioperative administration of NO at a con-
centration of 80 ppm was administered, N=40) and 

the comparison group (standard perioperative care 
group, in which NO was not administered, N=40). 
Randomization was performed using sealed opaque 
envelopes. The envelopes were prepared before patient 
enrollment began, and their number corresponded 
to the calculated sample size. Each envelope contained 
a single code word: «NO» or «Control». On the morning 
of surgery, one envelope was randomly selected and 
opened by the anesthesiologist, and the contents of 
the envelope were not disclosed. The selection of pa-
tients for the study is shown in Fig. 1. 

The administration of nephrotoxic drugs (con-
trast media, amphotericin, and/or aminoglycosides) 
within 48 hours before surgery was excluded. 

Anesthetic support was performed according 
to the standardized protocol adopted at the clinic. 
Premedication, administered to all patients on 
arrival in the operating room, included opioid 
analgesics, antihistamines, and benzodiazepines. 
Induction of anesthesia was performed with 
propofol (1.5–3.0 mg/kg) and fentanyl 
(3.0–5.0  mcg/kg). Neuromuscular blockade was 
achieved with vecuronium bromide at a dose of 
0.1 mg/kg. Anesthesia was maintained with 
sevoflurane (1.9–3.1 vol%), and propofol 
(3.0–5.0  mg/kg/h) and fentanyl (3–5  mcg/kg/h) 
were used during mechanical perfusion. 

Mechanical ventilation (MV) was performed 
with the Primus ventilator (Dräger, Germany) in 
controlled mandatory ventilation (CMV) mode with 
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Fig. 1. Flowchart of patient selection for the study.
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volume control, with a tidal volume of 6–7 mL/kg, 
a respiratory rate of 12–14 breaths per minute, a 
FiO₂ of 0.35 (increased as needed), and a positive 
end-expiratory pressure (PEEP) of 5 cm H₂O. 

To monitor vital parameters, standard controls 
were performed: continuous ECG analysis, invasive 
monitoring of arterial and central venous pressure, 
pulse oximetry, nasopharyngeal and rectal temper-
ature measurements using the Infinity Delta XL 
monitor (Dräger, Germany). Invasive arterial pressure 
measurements and blood samples for laboratory 
gas composition analysis were obtained by catheter-
ization of both radial (or brachial) arteries (using a 
20G arterial cannula, B Braun, Germany). For central 
venous pressure (CVP) monitoring, inotropic and 
infusion-transfusion therapy, the superior vena cava 
was catheterized via the right internal jugular vein 
with a 12F central venous catheter (Certofix; B Braun, 
Germany). The depth of sedation during general 
anesthesia was controlled by BIS monitoring, main-
taining the index between 60 and 40. Cerebral 
oximetry (rSO₂, %) was monitored using near-
infrared spectroscopy on an Invos 5100 device (So-
manetics Corp.). 

Cardiopulmonary bypass (CPB) was performed 
in non-pulsatile mode using a Stockert machine 
(Stockert Ins., Germany) with Skipper disposable 
membrane oxygenators (Eurosets, Italy). Perfusion 
index was maintained at 2.5 L/min/m². Hypocoag-
ulation was achieved just before the start of CPB 
with a dose of heparin (3 mg/kg), controlled by the 
activated clotting time (target value �450 seconds). 
CPB was started in the following order: «brachio-
cephalic trunk — right atrium», after which the pa-
tient was «cooled» and an aortic clamp was applied. 
Selective pharmacological crystalloid cardioplegia 
was performed with the «Custodiol» solution (GmbH, 
Germany). The cardioplegia solution was infused 
for 6–8 minutes (according to the manufacturer's 
recommendations). The target body temperature 
in the rectal probe was maintained at 30–32°C. 
Once this temperature was reached, aortic occlusion 
distal to the left subclavian artery was performed, 
followed by induction of hypothermic circulatory 
arrest (HCA) with unilateral brain perfusion (per-
fusion flow rate 10 mL/kg/min). A hemiarch thoracic 
aortic replacement was performed. After completion 
of the distal anastomosis, CPB was discontinued 
and warming was started with artificial and parallel 
circulation. When body temperature reached 37°C, 
patients were weaned from CPB. 

To inactivate the effects of heparin, a 1:1 
solution of protamine sulfate was administered. To 
inhibit fibrinolysis, tranexamic acid was administered 
in a bolus dose of 10 mg/kg, followed by an infusion 
of 1–2 mg/kg/h until the end of surgery. 

In the study, a sample of the plasma-chemical 
synthesis system for nitric oxide «TIANOKS» (RFNC-
VNIIEF, Sarov, Russia) was used. This system was 

used for inhalation delivery of NO in the concentration 
of 80 ppm, and the concentration of NO in the gas-
air mixture supply line was monitored. After tracheal 
intubation and transition to mechanical ventilation, 
NO was delivered through a connector with a Luer 
adapter embedded in the breathing circuit. The gas-
air mixture was then passed through an absorber 
containing calcium hydroxide to remove nitrogen 
dioxide (NO₂). A gas sampling line to monitor the 
NO/NO₂ concentration in the inhaled mixture was 
placed as close to the patient as possible in the inspi-
ratory limb of the circuit. In addition to inhaled NO 
delivery, NO was also delivered to the extracorporeal 
circuit at a concentration of 80 ppm after CPB was 
initiated and the calculated perfusion flow rate was 
achieved. Two ¼-inch Luer adapter connectors were 
inserted into the main gas-air supply line: NO was 
delivered through the proximal connector, and gas 
was sampled to monitor the fractional concentration 
of NO/NO₂ through the distal connector. The connector 
of the NO delivery line with a bacterial filter was 
placed as close as possible to the oxygenator of the 
CPB machine. During the period of hypothermic cir-
culatory arrest, NO delivery was stopped (Fig. 2). 

After the CPB machine was turned off, NO de-
livery continued at the same dose through the mod-
ified breathing circuit for 6 hours after surgery. 

The primary endpoint of the study was the in-
cidence of acute kidney injury (KDIGO criteria). 
Secondary endpoints were: duration of mechanical 
ventilation, cases of acute cerebrovascular event 
(ACVE) during the inpatient treatment phase, length 
of stay in the ICU, length of hospital stay, and 
urinary biochemical markers of acute kidney injury 
(uNGAL, cystatin C). 

Intraoperative parameters such as duration of 
CPB, surgical procedure, and time of cardiac and 
circulatory arrest were monitored and recorded. 

Acute kidney injury (AKI) was diagnosed ac-
cording to the KDIGO criteria  [16]: an increase in 
serum creatinine (SCr) �0.3 mg/dL (�26.5 µmol/L) 
within 48 hours, or an increase in SCr �1.5 times 
the baseline value (if known or assumed to have 
occurred within the previous 7 days), or a urine 
output rate �0.5 mL/kg/h over 6 hours. SCr levels 
were monitored for 7 days after surgery. 

Levels of uNGAL and cystatin C (markers of 
AKI) were determined in urine samples. Urine was 
collected after bladder catheterization and 4 hours 
after the end of surgery. The urine was then cen-
trifuged at 1500±3 rpm for 10 minutes and frozen 
at –20°C. The concentrations of uNGAL and cystatin 
C were measured using an enzyme-linked im-
munosorbent assay (ELISA) method (Hycult Biotech, 
Uden, The Netherlands) on a Sunrise analyzer 
(Tecan, Mannedorf, Switzerland). 

Statistical data analysis was performed using 
Statistica 10.0 software (StatSoft, Inc, USA). The 
Shapiro–Wilk test was used to assess the normality 
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of the distribution of the variables. For non-normal 
distributions, quantitative data were expressed as 
median and 25th and 75th percentiles (Me  [25; 75]), 
and categorical data were expressed as N (%). Quan-
titative parameters were analyzed using the 
Mann–Whitney U test for two independent samples. 
Fisher's exact test or χ² test was used to compare 

nominal variables in inde-
pendent groups. Differences 
were considered statistically 
significant at P�0.05, with a 
two-tailed P value. Sample 
size calculation was based on 
a preliminary pilot study of 
16 patients (8 patients in each 
group). The incidence of AKI 
was 20% in the NO group and 
50% in the control group with-
out NO administration. The 
required sample size for each 
group with alpha = 0.05,  
power = 0.8, and the observed 
proportions was 39 patients.  

Results  
and Discussion 

The groups were com-
parable with respect to the 
main clinical characteristics. 
Patient characteristics are 
shown in Table 1. 

An analysis of intraop-
erative data and early post-

operative period was performed in the study groups. 
The groups were comparable in terms of duration 
of cardiopulmonary bypass, surgery, and cardiac 
and circulatory arrest (Table 2). 

The incidence of AKI was 25% in the NO group 
and 50% in the group without NO administration 
(RR=0.5; AR=0.25; 95% CI: 0.10–0.69; P=0.036) [17].  

Fig. 2. Scheme of nitric oxide delivery. 
Note. a — NO delivery to the cardiopulmonary bypass machine oxygenator; b — NO delivery 
to the mechanical ventilation system. 

Table 1. Clinical and demographic characteristics of patients, Mе [25; 75] or N (%).  
Parameter                                                                                                              Values in groups                                                                           P value 
                                                                                                 without NO (N=40)                                   NO (N=40)                                                         
Age, years                                                                                67 [58; 72]                                           61 [52; 67]                                                 0.06 
Men                                                                                              28 (70)                                                 24 (60)                                                    0.35 
BMI, kg/m²                                                                        28.4 [26.0; 32.1]                                29.0 [24.7; 31.1]                                            0.54 
LVEF, %                                                                                     64 [61; 68]                                           63 [58; 68]                                                 0.56 
CHD                                                                                             22 (55)                                                 16 (40)                                                    0.18 
Previous MI                                                                                 4 (10)                                                     2 (5)                                                       0.67 
Hypertension                                                                           36 (90)                                                 30 (75)                                                    0.14 
Diabetes mellitus                                                                     3 (7.5)                                                 7 (17.5)                                                    0.18 
Creatinine, µmol/L                                                        87.0 [77.5; 95.5]                                86.0 [74.0; 98.0]                                            0.76 
GFR, mL/min/1.73 m²                                                  81.0 [63.5; 92.5]                                77.0 [64.0; 89.5]                                            0.91 
Ascending aorta diameter, mm                                50.0 [48.0; 54.5]                                50.0 [48.5; 52.0]                                               1 
Note. BMI — body mass index; LVEF — left ventricular ejection fraction; CHD — coronary heart disease; MI — myocardial infarction; 
GFR — glomerular filtration rate.

Table 2. Perioperative period characteristics, Mе [25; 75] or N (%).  
Parameter                                                                                                                                                Values in groups                                                 P value 
                                                                                                                                   without NO (N=40)                                   NO (N=40)                               
Duration of circulatory arrest, min                                                               18 [17; 20]                                           18 [16; 21]                 0.74 
Duration of cardiac arrest, min                                                                    101 [81; 135]                                      99.5 [82; 135]              0.59 
CPB, min                                                                                                              140 [115; 166]                                    125 [105; 162]             0.20 
Duration of surgery, min                                                                               360 [310; 370]                                    320 [285; 380]             0.15 
ACVE                                                                                                                                  0                                                        1 (2.5)                    0.32 
Myocardial infarction                                                                                            1 (2.5)                                                        0                          0.32 
Duration of lung ventilation, hours                                                                12 [7; 18]                                             11 [7; 15]                  0.85 
Length of stay in the ICU, days                                                                           2 [1; 5]                                                  1 [1; 2]                    0.03 
Length of hospital stay, days                                                                           20 [15; 28]                                           19 [14; 22]                 0.23 
Note. CPB — cardiopulmonary bypass; ACVE — acute cerebrovascular event.
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The changes in creatinine concentration are 
shown in Fig. 3. 

In the NO group, lower levels of uNGAL and 
cystatin C were observed 4 hours after surgery com-
pared to the group without NO administration 
(P=0.03 and P�0.001, respectively) (Table 3). 

No significant differences were found between 
the groups in the incidence of stroke, myocardial 
infarction, duration of mechanical ventilation, or 
length of hospital stay (Table 2). However, the NO 
group showed a reduction in ICU length of stay 
(P=0.03) (Table 2). 

Throughout the study, NO₂ levels did not 
exceed the clinically acceptable threshold of 3 ppm. 

A statistically significant reduction in the inci-
dence of AKI according to KDIGO criteria was ob-
served with perioperative NO administration. Pre-
vious clinical studies have shown that patients un-
dergoing cardiac surgery experience impaired en-
dogenous NO homeostasis and a hemolysis-asso-
ciated NO-deficient state  [18, 19]. Restoring NO 
levels and increasing its bioavailability is a promising 
nephroprotective strategy, as supported by several 
experimental studies [20–24]. According to a meta-
analysis by J. Wang et al.  [19], NO administration 
reduces the postoperative risk of AKI in cardiac 
surgery patients by 20%. Our results are consistent 
with the existing literature [25, 26]. 

Four hours after surgery, urinary uNGAL levels 

were lower in the NO group compared to patients 
who did not receive NO (P=0.03), indicating less 
pronounced renal injury. uNGAL is considered one 
of the most extensively studied biomarkers of AKI 
associated with cardiac surgery and is often referred 
to as a «troponin-like» biomarker in the laboratory 
diagnosis of AKI. 

De Geus et al. [27] developed the CSA-NGAL 
score, a renal tubular injury scale based on NGAL 
levels in urine or plasma. In a study by E. A. Mostafa 
et al. [28], a positive correlation was observed be-
tween the severity of renal injury according to the 
CSA-NGAL score (cardiac surgery-associated neu-
trophil gelatinase-associated lipocalin scale) and 
AKI severity according to KDIGO criteria. 

A meta-analysis by M.  Haase et al.  [29] con-
firmed NGAL as a sensitive and specific biomarker 
for AKI, a finding further supported by the meta-
analysis by F. Zhou et al. [30]. In addition, a study 
by O. Dymova et al.  [31] in patients undergoing 
thoracic aortic surgery with cardiopulmonary bypass 
highlighted the high prognostic value of NGAL in 
assessing AKI risk just hours after surgery. 

Research suggests that urinary NGAL changes 
not only serve as an effective early diagnostic marker 
of AKI, even before the loss of excretory renal func-
tion, but also help to assess treatment efficacy and 
disease severity  [31]. Thus, the data suggest that 
urinary NGAL measurement can be used for early 
diagnosis of AKI in the immediate postoperative 
period. 

In our study, urinary cystatin C levels were 
also lower in the NO group four hours after surgery 
(p &amp;lt; 0.001), further confirming less pro-
nounced renal injury with perioperative NO ad-
ministration. Cystatin C is considered a promising 
biomarker for AKI, as its levels reflect changes in 
GFR and can be effectively used to predict AKI, es-
pecially in combination with NGAL [32–34]. 

According to a meta-analysis, cystatin C had 
the highest AUC value for predicting AKI and showed 
greater specificity compared to other biomarkers 
studied [35]. 

Perioperative NO administration has a nephro-
protective effect in hemiarch aortic surgery per-
formed under hypothermic circulatory arrest, as 
evidenced by the observed reduction in urinary 
uNGAL and cystatin C levels, indicating a lower in-

Table 3. Urinary biomarker concentrations of AKI markers, Mе [25; 75]. 
Parameter, ng/mL                                                                                                                               Values in groups                                                 P value 
                                                                                                                                   without NO (N=40)                                   NO (N=40)                               

uNGAL 
Baseline                                                                                                             1.02 [0.61; 1.34]                                1.03 [0.76; 1.08]                   0.76 
4 hours post-op                                                                                               3.52 [2.72; 6.42]                                1.85 [1.66; 3.82]                   0.03 

Cystatin С 
Baseline                                                                                                             1.66 [1.17; 3.90]                                1.54 [0.58; 3.77]                   0.84 
4 hours post-op                                                                                         100.79 [80.06; 117.23]                       45.02 [34.04; 73.41]             �0.001 
Note. uNGAL — neutrophil gelatinase-associated lipocalin.

Fig. 3. Changes in serum creatinine level, Mе [25; 75]. 
Note. * P=0.02. 
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cidence of clinically manifest AKI and milder sub-
clinical AKI. 

These findings are of practical importance; 
however, further studies with larger patient cohorts 
are recommended to determine the optimal NO 
concentration and duration of administration to 
reduce the incidence of AKI in hemiarch aortic sur-
gery under hypothermic circulatory arrest. 

Study Limitations. This was a single-center 
study with a relatively small cohort of patients and 
no assessment of long-term outcomes. Local pro-
tocols for anesthesia management, CPB, CA, and 
surgical techniques and postoperative care may 

have influenced the results. In addition, the study 
protocol was not registered. 

Conclusion 
Perioperative administration of NO at a con-

centration of 80 ppm during hemiarch aortic re-
placement under hypothermic circulatory arrest 
has a nephroprotective effect. This is supported by 
a reduced incidence of acute kidney injury, changes 
in urinary biomarkers of subclinical kidney injury 
(uNGAL and cystatin C), and a shorter stay in the 
intensive care unit.
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