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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

ABSTRACT

Background: Postoperative acute kidney injury (AKI) is a significant con-
cern for cardiac surgery patients with chronic kidney disease (CKD). Effective
pharmacologic interventions to mitigate these risks are urgently needed. This
study aimed to evaluate the efficacy and safety of perioperative nitric oxide
(NO) administration in preventing AKI and limiting CKD progression in patients
undergoing cardiac surgery.

Methods: A total of 136 patients with CKD undergoing elective cardiac sur-
gery with cardiopulmonary bypass were randomized into two equal groups:
the NO group (n = 68), receiving 80 parts per million NO during the intraoper-
ative period and for 6 h postsurgery, and the control group (n = 68), receiving
a sham treatment. The primary outcome was AKI incidence within 7 days
postsurgery.

Results: AKI incidence was significantly lower in the NO group (16 of
68 patients, 23.5%) compared to the control group (27 of 68 patients,
39.7%) with a relative risk of 0.59 (95% Cl, 0.35 t0 0.99; P = 0.043). Six
months postsurgery, the glomerular filtration rate was higher in the NO
group (50ml - min=' - 1.73 m~2 [45; 54]) compared to the control group
(45ml - min~" - 1.73 m=? [41; 51]; P = 0.038). Postoperative pneumonia
was significantly less frequent in the NO group: 10 of 68 (14.7%) versus
20 of 68 (29.4%) with a relative risk of 0.5 (95% CI, 0.25 to 0.99; P =
0.039). NO administration was safe: methemoglobin and nitrogen dioxide
levels remained within acceptable ranges, oxidative-nitrosyl stress did not
increase, and there were no significant differences between the groups
in blood transfusion requirements, platelet counts, or postoperative blood
loss volumes

Conclusions: Perioperative NO administration in CKD patients
undergoing cardiac surgery with cardiopulmonary bypass is safe,
reduces the incidence of AKI, and slows the progression of renal
dysfunction.

(ANESTHESIOLOGY 2025; 143:287-99)
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e Patients with chronic kidney disease are at increased risk of devel-
oping acute kidney injury after cardiac surgery, which can worsen
long-term kidney function

e Despite the clinical significance of this problem, effective pharma-
cologic strategies to prevent acute kidney injury in this high-risk
population remain limited

What This Article Tells Us That Is New

e This randomized clinical trial in cardiac surgical patients demon-
strates that perioperative nitric oxide administration reduces acute

kidney injury and improves renal function 6 months postoperatively
in patients with chronic kidney disease

e Nitric oxide treatment was associated with a lower incidence of
postoperative pneumonia without increased oxidative or nitrosyl
stress, nitrogen dioxide levels, methemoglobin levels requir-
ing discontinuation of therapy, or differences in bleeding or
transfusion-related outcomes
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Preoperative renal dysfunction is one of the strongest
predictors of cardiac surgery—associated acute kidney
injury (CSA-AKI), as well as in-hospital morbidity and
mortality. CSA-AKI remains a common complication after
cardiac surgery, with an incidence of approximately 30% in
the general cardiac surgery population and up to 66% in
patients with chronic kidney disease (CKD).'? Preoperative
CKD is the most significant risk factor for CSA-AKI, and
patients who develop postoperative acute kidney injury
(AKI) face exceptionally poor outcomes.?

Nitric oxide (NO) has been shown to reduce the inci-
dence of CSA-AKI in the general cardiac surgery pop-
ulation, but its protective effects in high-risk patients,
particularly those with CKD, remain underexplored.*> In
CKD, endogenous NO homeostasis is impaired, leading
to decreased endothelial and intrarenal NO production.®
Additionally, cardiopulmonary bypass (CPB) exacerbates
NO depletion due to hemolysis and scavenging by cell-free
hemoglobin, further increasing the risk of AKI.’

We hypothesized that perioperative NO replacement
therapy could counteract intrarenal NO deficiency and,
through its systemic and pleiotropic effects, serve as a
novel nephroprotective strategy in high-risk cardiac
surgery patients.® This randomized clinical trial aimed
to evaluate the efficacy and safety of perioperative NO
conditioning at 80 parts per million (ppm), administered
intraoperatively and for 6h postoperatively, in reducing
AKI and mitigating CKD progression after cardiac sur-
gery involving CPB.

This single-center, single-blind, randomized, controlled
trial adhered to the ethical principles outlined in the
Declaration of Helsinki for human research. The study
was approved by the local biomedical ethics committee
(approval No.237,December 20,2022) and conducted at the
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Laboratory of Critical Care Medicine and the Department
of Cardiovascular Surgery, Cardiology Research Institute,
Tomsk National R esearch Medical Center, Russian Academy
of Sciences, between March 2023 and July 2024. The
trial was registered at ClinicalTrials.gov (NCT05757557;
Principal Investigator: Nikolay O. Kamenshchikov, M.D.;
initial posting: March 7, 2024). Written informed consent
was obtained from all participants.

Patients eligible for enrollment in the study were
diagnosed with CKD according to the Kidney Disease
Outcomes Quality Initiative (defined as an estimated glo-
merular filtration rate (eGFR) less than 60ml - min™' - 1.73
m? for at least 3 months before surgery, regardless of etiol-
ogy). The eGFR was estimated using the Chronic Kidney
Disease Epidemiology Collaboration equations.

1. Elective cardiac surgery under CPB.
2. CKD (C3ato C4).

1. Emergency surgery.

Administration of potentially nephrotoxic drugs
within 24 h before surgery (e.g., radiocontrast agents,
aminoglycosides, amphotericin).

3. Critical preoperative status (e.g., need for mechani-
cal ventilation, inotrope and vasopressor administra-
tion, circulatory support).

4. Pregnancy.

5. Concurrent participation in another randomized
controlled trial (RCT).

6. Active endocarditis and/or sepsis.

7. Pulmonary hypertension more severe than group
3 (pulmonary artery systolic pressure greater than
65 mmHg according to preoperative transthoracic
echocardiography).

8. Age less than 18 yr.

9. History of kidney transplantation.

Patients were randomly assigned (1:1) to the NO group
or the control group using a secure web-based random-
ization system developed by Sealed Envelope (https://
sealedenvelope.com). Randomization was performed by
research personnel not involved in treatment or data anal-
ysis. Patients, treating physicians, operating surgeons, anes-
thesiologists, perfusionists, researchers, and other specialists
were blinded to group allocation until the study concluded.

In the NO group, inhalation therapy with NO at 80 ppm,
produced via plasma chemical synthesis (Tianox nitric oxide
inhalation therapy device, Russian Federal Nuclear Center,
All-Russian Research Institute of Experimental Physics,
Russia), was delivered via the anesthesia breathing circuit, the
CPB machine gas—air mixture supply line, and the ventila-
tor circuit postoperatively. NO conditioning began immedi-
ately after tracheal intubation, continued in the intraoperative

Copyright © 2025 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.
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period (including the CPB), and extended for 6h after sur-
gery. If a patient was extubated within 6h after surgery, NO

therapy was discontinued. The delivery schema 1s depicted in

figure 1. The control group did not receive NO inhalation;

instead, they received an air mixture without NO as a placebo.

Both groups received a multimodal approach to reduce
the risk of AKI, including goal-directed perfusion with

oxygen delivery of greater than 280 ml - min~

' m™ during

CPB and adherence of Kidney Disease: Improving Global

Outcomes (KDIGO) bundle recommendations intraopera-
tively and for 48 h postoperatively. A detailed description of
anesthesia, CPB, intensive care unit management, blinding,

rationale for the dosing regimen and weaning from NO

provided in the online supplementary digital content
(https://links. Iww.com/ALN/D967).

Incidence of AKI within 7 days after sur-

gery compared to the control group according to the 2012
KDIGO guidelines.

1. The severity and duration of AKI within 7 days after

surgery.

2. eGFR at 30 days, 90 days, and 6 months after surgery.

A
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biomarkers: urine neutrophil  gelatinase-
associated lipocalin, urinary kidney injury molecule-1,
interleukin-18, serum cystatin C, and intestinal fatty
acid-binding protein at baseline and 6 h postoperatively

were assessed in 40 patients in each group.

. Renal regional oximetry at baseline and 6 and 24 h after

surgery were assessed in 40 patients in each group.

. Exhaled NO levels at baseline and 2 and 24 h after sur-

gery were measured in 30 patients in each group.

. Incidence of postoperative complications and clinical

outcomes.

. Major adverse kidney events (MAKEs; death, renal replace-

ment therapy, decrease in eGFR by 25%), and major adverse
cardiac events (MACEs; myocardial infarction, stroke, death)
at 30 days, 90 days, and 6 months after surgery.

. Biomarkers of myocardial injury and strain (troponin I

at baseline and 6 and 24 h after surgery, N-terminal pro
B-type natriuretic peptide [NT-proBNP] at baseline and
6h after surgery) were assessed in 40 patients in each

group.

. Cardiovascular profile of patients by De Backer’ before

surgery (after intubation) and 6 and 24h after surgery
were assessed in 40 patients in each group.
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Fig. 1. (4) Scheme of 80 ppm NO delivery to the anesthesia machine and ventilator circuits. Two adapters with a Luer-lock connector are
built into the inhale tube. NO is supplied through the proximal adapter, and the gas mixture is collected through the distal adapters for con-
tinuous monitoring of NO and NO, levels. The inhale and exhale tubes are connected with a Y-adapter (B) Scheme of NO delivery to the CPB
oxygenator. Two % inch Luer-lock adapters are attached to a gas supply line connected to the oxygenator. NO is supplied through the proximal
one, and the gas mixture is collected through the distal one for continuous monitoring of NO and NO, levels. CPB, cardiopulmonary bypass.
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1. Inspiratory NO, levels greater than 3 ppm.

2. Methemoglobin (MetHDb) levels greater than 5%,
requiring NO discontinuation.

3. Frequency of blood transfusion, volume of blood
loss, and platelet counts on postoperative day 1.

4. Oxidative and nitrosyl stress markers (e.g., surfac-
tant associated protein D, nitrotyrosine) at base-
line, immediately postoperatively, and at 6 and 24h
postoperatively.

Statistical analysis was performed using IBM SPSS Statistics,
version 26. Quantitative variables were assessed for normal-
ity using the Shapiro—Wilk test (sample size less than 50)
or the Kolmogorov—Smirnov test (sample size greater than
50).The categorical data are presented as numbers and per-
centages, and the quantitative data are expressed as means
T standard deviations or medians and interquartile ranges
as appropriate.

The primary outcome, i.e., the incidence of AKI within
7 days after surgery, was analyzed by chi-square test, and
differences between the two groups are expressed as the
relative risk (RR) and 95% CI.

As for secondary outcomes, exploratory and safety
endpoints: categorical data (including the incidence
of postoperative complications; incidence of MACE:s,
MAKESs, mortality, and CKD progression to a more
severe stage 6 months after operation; and incidence of
blood component transfusion in the intensive care unit)
were analyzed by chi-square test or Fisher’s exact test,
and differences are expressed as the RR and 95% CI; in
intergroup comparisons of continuous data, the Mann—
Whitney U test (duration of AKI within 7 days after sur-
gery, eGFR and AKI biomarkers levels at the stages of
the study, renal regional oximetry value, MetHb, plasma
surfactant—associated protein D, nitrotyrosine, troponin I
and N'T-proBNP levels, platelet counts on the first post-
operative day, and volumes of postoperative blood loss)
or Student’s f test (body mass index, baseline hemoglo-
bin and platelet level) was performed, and the P value
was calculated; intragroup differences in continuous
data (plasma surfactant—associated protein D, troponin
I, NT-proBNP, exhaled NO, eGFR, and AKI biomark-
ers levels, renal regional oximetry values, and nitrotyro-
sine concentration) at the study stages were analyzed by
Wilcoxon signed-rank test or Friedman test. Bonferroni
correction was used for multiple comparisons. A two-
tailed P value of less than 0.05 was considered to indicate
statistically significant differences.

To test the primary hypothesis of the study on the effi-
cacy of NO therapy for the effectiveness of preventing AKI
in cardiac surgery in patients with CKD, the “intention-to-
treat” set of all randomized patients who started NO therapy

ANESTHESIOLOGY 2025; 143:287-99

regardless of whether it was completed in accordance with
the protocol to ensure an “intention-to- treat” was analyzed.
Because patients were randomized in the operating room
immediately before starting NO therapy, the intention-
to-treat set did not differ from the full analysis set, i.e., all
randomized patients. A similar approach was used to test
secondary hypotheses on the efficacy of NO therapy for
the secondary endpoints. To assess qualitative variables at
30 days, 90 days, and 6 months after surgery in deceased
patients, a pessimistic scenario was used, and to assess quan-
titative variables, data from the last observation were used.

The sample size estimation was based on previous studies
indicating a 66% AKI incidence in high-risk cardiac sur-
gery patients undergoing CPB.? The perioperative KDIGO
bundle is expected to reduce this by 16%, yielding a 50%
AKI incidence in the control group.'

A previous study conducted at our center demonstrated
a 50% reduction in AKI incidence with NO therapy.® Based
on these findings, we estimated an AKI incidence of 25%
in the NO group.

Using Lehrs formula, 61 patients per group were
required to achieve 80% power at a = 0.05. Accounting for
a 10% dropout rate, the final sample size was increased to 68
patients per group, totaling 136 participants.

A total of 136 patients were enrolled in the study accord-
ing to the inclusion/exclusion criteria and randomized in
a 1:1 ratio. All patients remained in their assigned groups,
and no crossover occurred. The Consolidated Standards
of Reporting Trials (CONSORT) flow diagram of the
study 1s presented in figure 2. Patient demography,
the severity of baseline condition did not differ between
the groups (table 1).

Intraoperative data, surgical procedures, general anes-
thesia procedures, KDIGO bundle, and goal-directed per-
fusion were comparable between groups (supplemental
digital content, table E1). Routine laboratory values and
therapy in the intensive care unit also showed no signif-
icant differences (supplemental digital content, table E2).
The average NO treatment duration in the NO group
was 678 min (mean * SD, 678 + 30; minimum, 600; max-
imum, 750).

Administration of NO significantly reduced the incidence
of AKI within 7 days after surgery compared to the control
group: 16 of 68 (23.5%) in the NO group versus 27 of 68
(39.7%) 1in the control group with a RR of 0.59 (95% CI,
0.35 to 0.99; P = 0.043).

Copyright © 2025 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.
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Fig. 2. The Consolidated Standards of Reporting Trials (CONSORT) flow chart of the study. AKI, acute kidney injury; CPB, cardiopulmonary

bypass.

The stages and duration of CSA-AKI did not differ between
groups (supplemental digital content, table E3). Data on
eGFR dynamics are provided in supplemental digital con-
tent, table E4.

Kidney injury biomarkers showed no significant differ-
ence between groups (supplemental digital content, table
E5). Organ injury markers are presented in figure 3.

Renal regional oximetry values at various study time
points were comparable between the groups (fig. 4A; sup-
plemental digital content, table E6). In the NO group,
exhaled NO concentrations were higher compared to the

control group at 2h postoperatively (19 parts per billion
[ppb] [14; 32] vs. 4 ppb [2; 10]; P < 0.001) and 24 h post-
operatively (21 ppb [12;28] vs. 15 ppb [12;20]; P = 0.035).
Within-group comparisons showed a significant reduction
in exhaled NO levels in the control group after 2h com-
pared to baseline (P < 0.001), while levels in the NO group
remained stable (P = 0.966; fig. 4B; supplemental digital
content, table E7).

Postoperative pneumonia occurred significantly less fre-
quently in the NO group: 10 of 68 (14.7%) versus 20 of
68 (29.4%) with a RR of 0.50 (95% CI, 0.25 to 0.99; P =
0.039). Other in-hospital outcomes showed no significant

ANESTHESIOLOGY 2025; 143:287-99
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Table 1. Clinical and Demographic Data

NO Group Control

Variables (n =68) (n =68) PValue
Age (mean [quartile 1; quartile 3]), yr 68 [63.5; 72] 69 [64.5; 74.5] 0.374
Women, n (%) 17 (25) 23(33.8) 0.259
Body mass index (mean + SD), kg/m? 30.1 £ 4.47 28.8+£4.94 0.120
Coronary artery disease, n (%) 60 (88.2) 60 (88.2) >0.999
Myocardial infarction in history, n (%) 38 (55.9) 32(47.1) 0.303
NYHA 0.764

1,n (%) 4(5.9) 5(7.4)

2,n (%) 36 (52.9) 32(47.1)

3,n (%) 27 (39.7) 31 (45.6)

4,n (%) 1(1.5) 0(0)
EuroSCORE Il (mean [quartile 1; quartile 3]), %* 2.17 [1.51; 2.86] 2.38 [1.55; 3.69] 0.234
Cleveland Clinic Scoret 0.135

Low risk, n (%) 23(33.8) 28 (41.2)

Intermediate risk, n (%) 39 (57.4) 39 (57.4)

High risk, n (%) 6(8.8) 1(1.5
Smoking, n (%) 31 (45.6) 25(36.8) 0.296
Radiofrequency ablation in history, n (%) 0(0) 1(1.5) >0.999
Hypertensive disease, n (%) 67 (98.5) 66 (97.1) >0.999
LVH, n (%) 27 (39.7) 32 (47.1) 0.387
Baseline hemoglobin (mean + SD), g/l 137 =154 132 +20.5 0.104
Peripheral artery disease, n (%) 63 (92.6) 63 (92.6) >0.999
Atrial fibrillation, n (%) 15 (22.1) 20 (29.4) 0.327
Diabetes mellitus, n (%) 19 (27.9) 19 (27.9) >0.999
COPD, n (%) 14 (20.6) 9(13.2) 0.253
Asthma, n (%) 2(29) 1(1.5) > 0.999
eGFR (mean [quartile 1; quartile 3]), ml - min~" - 1.73 m~? 53 [46; 56.5] 53 [47; 56.5] 0.408
Creatinine (mean [quartile 1; quartile 3]), pmol/I 119 [106.5; 134] 115 [102.5; 126] 0.208
Carotid artery stenosis, n (%) 64 (94.1) 62 (91.2) 0.744
Stroke, n (%) 8(11.8) 11 (16.2) 0.622
TIA, n (%) 0(0) 1(1.5) > 0.999
Hepatitis, n (%) 2(29) 4(5.9) 0.680
Platelets (mean + SD), x 10%1 207 + 54.2 208 +49.7 0.978
LVEF (mean [quartile 1; quartile 3]), % 58 [50; 63.5] 59.5 [46; 67] 0.580
CO (mean [quartile 1; quartile 3]), I/min 5.3[3.35; 5.1] 4 [3.35; 4.95] 0.532
Pulmonary artery hypertension, n (%) 38 (55.9) 35(51.5) 0.606
Surgical modalities 0.108

Isolated CABG, n (%) 48 (70.6) 42 (61.8)

Single non-CABG, n (%) 11 (16.2) 6(8.8)

Two procedures, n (%) 6(8.8) 12 (17.6)

Three procedures and more, n (%) 3(4.4) 8(11.8)
Number of grafts 0.256

1,n (%) 0(0) 3(5.4)

2,n (%) 8(14.8) 7(12.5)

3,n (%) 37 (68.5) 32(57.1)

4,n (%) 9(16.7) 14 (25)
CPB time (mean [quartile 1; quartile 3]), min 95 [85; 111] 96.5 [85; 115] 0.429
Aortic cross-clamping (mean [quartile 1; quartile 3]), min 56 [43.5; 71] 55 [46.5; 77.5] 0.471
Intra-aortic balloon pump 1(1.5) 0(0) >0.999
Positive hydrobalance per operation (mean [quartile 1; quartile 3]), ml 575 [50; 1,225] 650 [275; 1,075] 0.357
Intraoperative blood transfusion, n (%) 8(11.8) 9(13.2) >0.999
Blood transfusion volume (mean = SD), ml 3175+11.34 318.1 £10.53 0.910

*EuroSCORE Il is a European system for cardiac operative risk evaluation. tThe Cleveland Clinic Score is a clinical score to assess dialysis risk after cardiac surgery. Scores of 0 to 2
indicate low risk, scores of 3 to 5 indicate intermediate risk, and scores of 6 or higher indicate high risk.

CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; CO, cardiac output according to transthoracic echocardiography; COPD, chronic obstructive pulmonary disease;
eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; NYHA, functional class of chronic heart failure according to New
York Heart Association classifications; TIA, transient ischemic attack.

differences (table 2). Six months after surgery, eGFR was CKD progression to a more severe stage occurred in 7 of 68
significantly higher in the NO group (50ml - min™" - 1.73 (10.3%) patients in the NO group versus 15 of 68 (22.1%) in
m 2 [45;54] vs.45ml - min™' - 1.73 m 2 [41;51]; P=0.038).  the control group (P = 0.062).
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Fig. 3. Dynamics of intra- and intergroup differences in organ injury markers. *, significant dynamic differences in the NO group; **,
significant dynamic differences in the control group. iFABP, intestinal fatty-acid binding protein; IL-18, interleukin-18; KIM-1, kidney injury
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molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; NTproBNP, N-terminal pro B-type natriuretic peptide.
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The NO group demonstrated significantly lower tro-
ponin I levels compared to the control group at 6h
(2,616 ng/ml [1,639; 3,901] ws. 6,605ng/ml [3,881;
8,030]; P < 0.001) and 24h after surgery (1,844ng/
ml [1,409; 2,847] vs. 5,346 ng/ml [2,384; 11,161]; P <
0.001). In the control group, NT-proBNP levels sig-
nificantly increased at 6 h postoperatively compared to
baseline (590 pg/ml [263; 1,582] vs. 825 pg/ml [294;
2,278]; P = 0.038). However, NT-proBNP levels in the
NO group showed no significant changes over time (543
pg/ml [277;967] vs. 642 pg/ml [249; 1,669]; P = 0.061;
supplemental digital content, table E8). The groups did
not differ in postoperative cardiovascular profile (supple-
mental digital content, table E9).
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NO therapy did not result in inspiratory NO, levels exceed-
ing 2ppm (range, 0.8 to 2.0). Plasma MetHb levels in the
NO group significantly increased 6 h postoperatively com-
pared to baseline and were higher than those in the control
group (3.6% [2.8; 4.1] vs. 0.7% [0.4; 0.8]; P = 0.001). No
patient exhibited MetHb levels exceeding 5% (range, 2.1
to 4.5).

Perioperative blood transfusions rates were 16 of 68
(23.5%) in the NO group versus 23 of 68 (33.8%) in the
control group (P = 0.184). No cases of massive bleeding
were recorded in either group. Platelet counts on the first
postoperative day were similar (149 X 10°/1 [128; 179] wvs.
142 x 10°/1 [114; 171]; P = 0.237), as were volumes of
postoperative blood loss (305 ml [220; 400] vs. 300ml [200;
485]; P = 0.972; supplemental digital content, table E10).

There was no difference between the groups in the
surfactant-associated protein D levels immediately after sur-
gery (5.87ng/ml [4.75; 6.62] vs. 5.2ng/ml [4.4; 6.5]; P =
0.148). Nitrotyrosine concentration did not differ between
the groups at 6h (4.83 nmol/mg [3.52;5.6] vs. 4.73 nmol/
mg [3.95;5.85]; P = 0.668) and 24h (4.37 nmol/mg [3.43;
6.94] vs. 5.11 nmol/mg [3.49; 6.86]; P = 0.613) after sur-
gery (supplemental digital content, table E11).

All patients in the NO group were successfully weaned
off therapy without complications, and no patient required
reinitiation of NO therapy. There were no adverse events or
organ dysfunctions associated with administration of NO.

This prospective RCT demonstrates that perioperative NO
administration in high-risk patients with CKD significantly
reduces the incidence CSA-AKI by 41% (23.5% in the NO
group vs. 39.7% in the control group).This reduction trans-
lated into a significantly higher eGFR at 6 months postsur-
gery and a reduced risk of CKD progression. However, no
significant differences were observed between the groups
regarding AKI duration or the need for renal replacement
therapy.

To maximize NO delivery in blood, NO was adminis-
tered at a concentration of at 80 ppm via CPB and venti-
lator circuits, integrating seamlessly into standard surgical
workflow. While systemic NO bioavailability might depend
on the delivery route, to ensure protocol consistency and
avoid dosing variability, we opted for continuous 80 ppm
NO administration rather than adjusting doses at different
surgical stages.

Our intervention was safe: NO, levels remained within
safe limits (0.8 to 2.0 ppm), and while MetHb levels were
elevated in the NO group, they did not exceed clinically
acceptable thresholds. A recent RCT by Ghadimi et al."
compared 20 ppm inhaled NO to inhaled epoprostenol in
230 + high-risk cardiac surgery patients undergoing sur-
gery for end-stage heart failure. Primary and secondary
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Table 2. Intrahospital Study Outcomes and Clinical Outcomes at 30 Days, 90 Days, and 6 Months after Cardiac Surgery

NO Group Control
Variables (n =68) (n = 68) PValue Risk Ratio (95% Cl)
Intrahospital stay
Intrahospital mortality, n (%) 2(2.9) 3(4.4) >0.999 0.667 (0.115 10 3.86)
25% decrease in eGFR, n (%) 18 (26.5) 23(33.9) 0.350 0.783 (0.467 t0 1.13)
Intrahospital renal replacement therapy, n (%) 2(2.9) 0(0) 0.496 5(0.245 t0 102)
MAKE, n (%) 18 (26.5) 24 (35.3) 0.265 0.75(0.45t0 1.25)
Stroke, n (%) 1(1.5) 3(4.4) > 0.999 0. 333 (0.036 t0 3.13)
Myocardial infarction, n (%) 1(1.5) 5(7.4) 0.208 2(0.024 t0 1.667)
MACE, n (%) 3(4.4) 8(11.8) 0.207 0. 375 (0.104 t0 1.35)
SOFA score, day 1 3[2;3] 3[2; 4] 0.784
Mechanical ventilation duration (mean [quartile 1; quartile 3]), min 500 [418; 655] 546 [430; 980] 0.317
Pneumonia, n (%) 10 (14.7) 20 (29.4) 0.039 0.5 (0.253 t0 0.988)
Neurologic complications*
Type 1,n (%) 1(1.5) 3(4.4) 0.619 0.333 (0.036 t0 3.13)
Type 2, n (%) 6(8.8) 9(13.2) 0.585 0.667 (0.251 t0 1.77)
Respiratory failure, n (%) 17 (25) 18 (26.5) 0.844 0. 944 (0.533 10 1.67)
Wound infections, n (%) 3(4.4) 5(7.4) 0.718 6(0.149 t0 2.41)
Sepsis, n (%) 2(29) 3(4.4) > 0.999 0. 667 (0.11510 3.87)
Tracheostomy 1(1.5) 3(4.4) 0.619 0.333(0.036 to 3.125)
ICU readmission, n (%) 6(8.8) 6(8.9) >0.999 1(0.339 t0 2.95)
ICU stay (mean [quartile 1; quartile 3]), days 1[1;2.5] 1[1;2.5] 0.782
Intrahospital stay (mean [quartile 1; quartile 3]), days 16 [14; 22] 16 [14; 22] 0.932
eGFR at discharge (mean [quartile 1; quartile 3]), ml - min-" - 1.73 m2 55 [47; 64.5] 54.5 [46; 63.5] 0.591
30 days
eGFR (mean [quartile 1; quartile 3]), ml - min~" - 1.73 m~? 50 [42; 54] 48.5 [42; 52] 0.220
MACE, n (%) 4(5.9) 9(13.2) 0.243 0.444 (0.144 10 1.37)
MAKE, n (%) 18 (26.5) 24 (35.3) 0.265 0.75(0.4510 1.25)
90 days
eGFR (mean [quartile 1; quartile 3]), ml - min~" - 1.73 m~? 50 [43; 53] 47 [41; 52.5] 0.277
MACE, n (%) 5(7.4) 10 (14.7) 0.273 0.5(0.18 t0 1.39)
MAKE, n (%) 18 (26.5) 25 (36.8) 0.197 0.72 (0.435-1.19)
6 months
eGFR (mean [quartile 1; quartile 3]), ml - min~" - 1.73 m~? 50 [45; 54] 45 [41; 51] 0.038
MACE, n (%) 7(10.3) 12 (17.6) 0.323 0.583 (0.245 to 1.39)
MAKE, n (%) 19 (27.9) 26 (38.2) 0.202 0.731(0.449 t0 1.189)
Mortality, n (%) 3(4.4) 4(5.9) >0.999 0.75(0.174 to 3.23)
CKD progression to a more severe stage, n (%) 7(10.3) 5(22.1) 0.062 0.467 (0.203 t0 1.07)

*Type 1 neurologic complications include stroke, coma, transient ischemic attack, while type 2 neurologic complications include delirium and postoperative cognitive dysfunction.
tRespiratory failure indicates a decrease in P/F ratio of less than 300 with the need for high-flow oxygen therapy or noninvasive ventilation. CKD, chronic kidney disease; eGFR,
estimated glomerular filtration rate; ICU, intensive care unit; MACE, major adverse cardiac events (myocardial infarction, stroke, cardiovascular death); MAKE, major adverse kidney
events (death, renal replacement therapy, a 25% decrease in eGFR); SOFA, sequential organ failure assessment score.

outcomes, including AKI, renal replacement therapy rates,
and safety endpoints, were comparable between groups,
reinforcing the safety of NO therapy in this population.
These findings highlight the feasibility of incorporating
NO into broader clinical practice and underscore the need
for multicenter trials to refine its role in perioperative organ
protection.

NO therapy was employed as an adjunct to estab-
lished nephroprotective strategies, including the
KDIGO-bundle and goal-directed perfusion strategies,
both proven effective in cardiac surgery.'>"® Our find-
ings align with previous RCTs demonstrating that NO
reduces postoperative AKI in low- and moderate-risk
patients,*® likely by mitigating pulmonary and systemic
vasoconstriction and reducing cell-free oxyhemoglobin
toxicity.'*"> Furthermore, there is molecular, serological,

and histologic evidence supporting NO-mediated renal
protection during CPB.'®"

Hemolysis during extracorporeal perfusion is a key con-
tributor to perioperative kidney injury, as free hemoglobin
depletes endogenous NO, compromising its bioavailability.'®
Peak NO deficiency and free hemoglobin concentrations
occur during CPB."” CKD patients experience intrarenal
NO deficiency due to reduced L-arginine production,
inadequate regeneration, and increased NO synthase inhib-
itors.® This imbalance may lead to endothelial dysfunc-
tion, glomerular hypertension, and CKD progression.” In
a recent multicenter study, Landoni et al.>' demonstrated
a reduction in the incidence of postoperative AKI among
cardiac surgical patients through the intravenous infusion of
a mixture of amino acid, including 11.7g/1 of L-arginine,
a known precursor of NO. It is tempting to speculate that
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the nephroprotective effects observed in that trial may be
associated, among other factors, with an increased sub-
strate volume for NO synthesis and the activation of cor-
tical nitric oxide synthase, ultimately improving intrarenal
hemodynamic.?

In this trial, NO replacement therapy successfully cor-
rected perioperative NO deficiency, as evidenced by sta-
ble exhaled NO levels in the NO group, while the control
group showed significant declines 2h after surgery. These
findings suggest that NO therapy via CPB and ventilator
circuits effectively addresses NO deficiency, although no
significant differences were observed in cardiovascular pro-
files or renal regional tissue oximetry between groups.

Renal function improved significantly with NO
treatment, but injury biomarkers did not differ between
groups. This discrepancy may stem from the high prog-
nostic value of these biomarkers in patients with normal

2324 Their relevance in CKD remains

baseline function.
uncertain, as they display diverse pathophysiological roles.
In CKD, renal function and nephron reserve vary, compli-
cating the interpretation of kidney injury biomarkers. The
disconnect between functional markers (e.g., creatinine)
and structural injury markers has been described in CSA-
AKI and other settings.” Similar to findings in the work
of Coca et al.,® a rise in serum creatinine does not always
indicate histological kidney damage. Hemodynamic shifts,
altered tubular creatinine handling, or preexisting neph-
ron loss may lead to functional AKI without overt injury,
while structural biomarkers may remain unchanged due
to baseline CKD alterations. These findings underscore
the need for caution in interpreting AKI biomarkers in
high-risk surgical patients. Future studies should refine
biomarker-based AKI detection in CKD populations.
Accurate diagnosis of subclinical AKI in CKD should
involve comprehensive assessments beyond eGFR alone,
including renal blood flow, tubular injury, and nephron
functionality.

Patients with preoperative renal impairment face
increased risks of in-hospital mortality and postoperative
complications, such as a 2.7-fold rise in pneumonia risk.
Enhancing renal function may reduce such risks in CKD
patients.” In our study, the NO group had a significantly
lower incidence of pneumonia (14.7% vs. 29.4% in con-
trols), likely due to improved renal function, reduced
myocardial stress, and less pulmonary congestion. Nitric
oxide has demonstrated antibacterial effects against major
causative agents of hospital-acquired pneumonia.® In this
study, the NO group had a significantly lower incidence
of postoperative pneumonia, suggesting a potential pro-
tective role. While not a primary outcome, this finding is
hypothesis-generating and aligns with previous evidence of
NO’s antimicrobial properties.

Di Fenza et al.” further support this concept by demon-
strating that high-dose inhaled NO also reduced viral bur-
den in critically ill COVID-19 patients. The mechanisms
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underlying NO’s antibacterial effects include direct micro-
bial toxicity, improved mucociliary clearance, and enhanced
host immune response. These pulmonary and extrapul-
monary pleiotropic effects may contribute to infection
prevention in postoperative patients, warranting further
investigation.

Troponin I levels were significantly lower in the NO
group at 6 and 24h postsurgery, consistent with reduced
myocardial injury and stress, as shown in other studies.**!
This aligns with meta-analyses indicating that NO reduces
postoperative troponin I levels, right ventricular failure, and
AKI.* The reduction in AKI may be secondary to NO’s
cardioprotective effects, disrupting the heart—kidney injury
continuum.* While no statistically significant differences
were noted in MAKEs, for MACEs there was a trend
toward fewer adverse outcomes in the NO group.

The safety profile of NO therapy is particularly rele-
vant in CKD patients, who are prone to platelet dysfunc-
tion and increased bleeding risks.** This study confirms
that NO administration via CPB and ventilator circuits is
safe, with NO, and MetHb levels remaining within clin-
ically acceptable ranges. In this study, NO administration
via CPB and ventilator circuits was safe within the trial’s
duration, with NO, and MetHb levels remaining within
clinically acceptable ranges. However, as exposure time
was limited by the study protocol, further trials are needed
to evaluate the safety of higher doses and longer dura-
tions of NO administration in broader clinical settings.
Furthermore, no intergroup differences were observed in
oxidative stress markers, postoperative blood loss, trans-
fusion requirements, or platelet counts, underscoring the
reliability of this method.*

This study has important clinical and economic impli-
cations, particularly for high-risk CKD patients undergoing
cardiac surgery. From an economic perspective, CSA-AKI
without renal replacement therapy adds approximately
$26,000 per hospitalization, while CSA-AKI requiring
renal replacement therapy incurs approximately $69,000,
leading to over $1 billion in short-term costs and poten-
tially tens of billions in long-term healthcare expenses.™
Early identification of high-risk patients could help target
perioperative NO therapy where it is most beneficial.

Regarding cost-effectiveness, traditional cylinder-based
NO therapy costs ~$150/hour, whereas bedside NO syn-
thesis reduces this to ~$50/hour, making short-term periop-
erative NO conditioning a potentially viable intervention.?”
The Tianox delivery system is available in Russia. No issues
were encountered during the study, and no reports of NO
synthesis device failures from other centers are known to us.
Future research should refine patient selection, dosing strat-
egies, and long-term outcomes to maximize NO’s thera-
peutic benefits.

Given the complex phenotype of cardiac surgery
patients, perioperative care should be tailored to individ-
ual needs. CKD patients, characterized by specific NO
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deficiency pathways, are an ideal population for personal-
ized NO dosing. Previous RCT failures may relate to the
nonselective enrollment of heterogeneous populations and
suboptimal NO dosing regimens.*

This study highlights the value of a nephroprotective
approach, combining pharmacologic and nonpharmaco-
logic strategies. High-risk cardiac surgery patients with
CKD benefit from NO conditioning, which also helps
prevent long-term CKD progression. NO delivery through
CPB and ventilator circuits offers a safe, efficient, and scal-
able method for clinical use. Additionally, the use of plasma
chemical synthesis technology for NO delivery demon-
strates a cost-effective, logistically feasible solution, paving
the way for large-scale multicenter trials.”

The study has several limitations. First, being single-
center study and involving a small sample size may affect
the generalizability. Local protocols for anesthesia, surgery,
and postoperative care could have influenced outcomes,
which should be considered when extrapolating these
findings. We used simple randomization without strati-
fication. Fortunately, the analysis of baseline data did not
show differences between groups. Second, although we
used eGFR for patient selection, kidney functional reserve
was not assessed.” Biomarkers such as tissue inhibitor of
metalloproteinase-2 and insulin-like growth factor-binding
protein 7, which are less affected by comorbidities, were
unavailable in our clinic." Third, advancing personalized
care for CKD patients requires genomic, transcriptomic,
and metabolomic profiling to identify specific endotypes in
cardiac surgery. Last, we did not assess NO’s direct impact
on pulmonary circulation pressure or right ventricular
overload using prepulmonary manometry and thermodilu-
tion, which are crucial for understanding cardiac function.
Right ventricular function was not continuously assessed in
this study. It should be taken into account that the response
to NO therapy in patients with right ventricular failure may
differ from those without.

Perioperative NO administration in CKD patients under-
going elective cardiac surgery with CPB is safe and sig-
nificantly reduces the incidence of AKI and progression of
renal dysfunction. Furthermore, it is also associated with a
lower incidence of hospital-acquired pneumonia, support-
ing its potential use as a protective strategy in this high-risk
population.
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