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Purpose: To evaluate the efficacy of an intelligent closed-loop warming system compared with conventional warming methods in
preventing perioperative hypothermia and improving postoperative recovery in patients undergoing video-assisted thoracoscopic
surgery (VATS).

Patients and Methods: A total of 118 adult patients scheduled for elective VATS were randomly assigned to the conventional
warming group (n = 59) or the intelligent closed-loop warming group (n = 59). Conventional warming management employed an
underbody warming blanket, supplemented with blood and fluid warming when core temperature fell below 36.0°C. The intelligent
closed-loop warming system utilized wireless sensors and an automated feedback-controlled warming unit to maintain core tempera-
ture between 36.5°C and 37.0°C. Core temperature was continuously monitored from anesthesia induction to post-anesthesia care unit
(PACU) discharge. The primary outcome was the incidence of perioperative hypothermia (core temperature < 36.0°C). Secondary
outcomes included mean and minimum intraoperative temperature, extubation time, PACU temperature, postoperative complications,
length of hospital stay (HLOS), and hospitalization cost.

Results: Perioperative hypothermia occurred in significantly fewer patients in the intelligent group than in the conventional group
(25.4% vs. 76.3%, p < 0.001). The intelligent closed-loop warming system maintained higher mean (36.40 +0.33°C vs. 35.96 +
0.45°C, p <0.001) and minimum (36.09 £ 0.35°C vs. 35.58 + 0.58°C, p < 0.001) core temperatures. Extubation time was shorter (5.12
+ 2.31 min vs. 9.69 + 8.27 min, p < 0.001), PACU temperature was higher (p = 0.001), postoperative fever incidence was lower (0%
vs. 13.6%, p = 0.006), and HLOS was reduced (10.02 + 3.87 vs. 11.63 + 4.25 days, p = 0.034). No significant differences were
observed in infection rate or hospitalization cost.

Conclusion: The intelligent closed-loop warming system effectively prevents perioperative hypothermia and enhances postoperative
recovery in VATS patients. It provides precise thermal regulation and better clinical outcomes, supporting its application in
perioperative temperature management.
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Introduction

Perioperative hypothermia is defined as a core body temperature below 36°C occurring before, during, or after surgery.'
It can result from factors such as prolonged surgery, low operating room temperature,™* significant blood loss,” effects of
anesthesia, use of cold surgical fluids, and intravenous cold infusions.’ Patient-specific factors like age,* body mass
index(BMI),® nutritional status, and pre-existing conditions affecting temperature regulation (eg., diabetes,
polyneuropathy)” also contribute. Perioperative hypothermia can lead to serious complications, including increased
risk of surgical site infections,® cardiovascular events,” bleeding due to coagulopathy,® postoperative nausea and
vomiting,” discomfort from shivering,'® and higher risk of postoperative delirium.'' Additionally, it is associated with
longer recovery times, extended hospital stays, and increased medical costs.® Longer recovery can further raise the risk of
complications like deep vein thrombosis'? and pulmonary issues, creating a cycle of adverse effects.

In thoracic surgery, video-assisted thoracoscopic surgery (VATS) has gradually become the preferred method for the
management of mediastinal tumors and lung cancer.'*"'* Patients undergoing VATS are at increased risk of developing
hypothermia due to extensive exposure of the pleural cavity to cool ambient air, resulting in substantial evaporative heat
loss."” The incidence of intraoperative hypothermia among patients undergoing VATS is notably high, with studies
indicating rates up to 64%-72.7%.%'® This highlights the significant challenge of managing hypothermia during these
procedures. Research has demonstrated that intraoperative warming measures can effectively reduce hypothermia rates,
decrease the risk of infections and complications, and improve postoperative recovery.'” Common warming devices
include forced-air systems, warming blankets or pads, and fluid warmers.'”'®

Active perioperative warming is essential for preventing hypothermia and its associated complications. Currently,
self-warming or heating blankets and forced-air warming systems represent the two most commonly available techniques
for perioperative temperature management.'” Although forced-air warming is often considered effective, evidence
comparing heating blankets with forced-air systems remains inconsistent. Notably, a recent systematic review and meta-
analysis suggested that heating blankets can achieve core temperature control comparable to forced-air warming devices,
and in some clinical contexts may not be inferior.”’

In our institution, patients undergoing VATS in the lateral decubitus position are routinely managed with an under-
body self-warming blanket, with warmed intravenous fluids used when appropriate. This strategy is widely adopted in
routine practice because it does not interfere with the surgical field, is easy to implement, and is compatible with lateral
positioning.

Recently, closed-loop temperature management systems have been shown to improve perioperative thermal control in
other surgical settings, such as elderly patients undergoing laparoscopic rectal cancer surgery.'” However, whether such
closed-loop systems provide additional benefit over conventional underbody warming methods in VATS patients
positioned laterally remains unclear. Moreover, conventional warming strategies largely rely on manual monitoring
and adjustment, which may limit their ability to respond promptly to rapid intraoperative temperature fluctuations.
Therefore, further evaluation of automated, closed-loop temperature management in this specific clinical context is
warranted.

Intelligent closed-loop warming systems integrate wireless temperature sensors with medical warming devices to
enable real-time monitoring and automatic adjustment, potentially optimizing perioperative thermoregulation and redu-
cing the risk of hypothermia. Despite these theoretical advantages, their application in VATS remains limited, and robust
clinical evidence supporting their effectiveness is still lacking.

Although various conventional warming strategies are widely used, they may not adequately address the distinctive
thermal challenges of VATS, including single-lung ventilation and extensive pleural exposure, which substantially
increase heat loss and demand more precise temperature control. Our previous study demonstrated that a resistive
heating mattress effectively reduced intraoperative hypothermia and shivering in thyroid surgery.”' However, that study
did not involve a closed-loop warming system and did not address the specific thermoregulatory demands of VATS.

These limitations underscore the need to determine whether an automated, feedback-controlled warming approach
can provide superior protection against perioperative hypothermia compared with conventional methods. Therefore, we
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designed this randomized controlled trial to evaluate the effectiveness of an intelligent closed-loop warming system
versus conventional warming management in patients undergoing VATS.

Materials and Methods

Participants

From September 1, 2025, to October 15, 2025, the participants included patients scheduled for elective VATS, classified
as American Society of Anesthesiologists (ASA) Physical Status I-III, and aged over 18 years. This study was approved
by the Ethics Committee of Beijing Tongren Hospital, Capital Medical University (Approval No. TREC2025-KY141;
Date: 7 August 2025). Written informed consent was obtained from all participants before inclusion in the study.
Exclusion criteria comprised patients with a history of VATS surgery, those with preoperative fever (body temperature >
37.3°C), individuals suffering from diseases that cause elevated body temperature, patients unable to effectively provide
informed consent, and patients with damaged external ear canals, external ear inflammation (such as acute or chronic
external otitis), excessive ear canal secretions, ear canal infections, ear canal deformities, or postoperative ear canal
sequelae.

Randomization and Masking

After enrollment, patients were randomly assigned to either the conventional warming group or the intelligent closed-
loop warming group. The randomization sequence was generated using SPSS 25.0 (IBM Inc., Chicago, IL, USA) and
concealed in sealed, opaque envelopes. Group allocation was revealed intraoperatively by an anesthesia nurse who was
responsible for operating the warming devices to ensure correct implementation of the assigned intervention and patient
safety.

Given the characteristics of the warming interventions, a partial blinding strategy was implemented. The anesthesia
nurse was aware of group allocation solely for device operation and safety monitoring and was not involved in anesthesia
management, outcome assessment, or data analysis. All anesthesiologists responsible for intraoperative anesthesia
management were blinded to group allocation and did not participate in the operation or adjustment of the warming
devices. Patients were unaware of their treatment assignment. Outcome assessors, data collectors, and statisticians were
blinded to group allocation throughout the study to minimize assessment and analysis bias.

General Procedure

Upon entering the operating room, all patients underwent standard monitoring, including non-invasive blood pressure (or
invasive continuous arterial pressure monitoring), heart rate, pulse oximetry, 5-lead electrocardiograph, and bispectral
index. Surgery was performed under combined intravenous and inhalation anesthesia. Induction medications included
propofol (1.5-2.5 mg-kg "), sufentanil (0.2-0.3 pg-kg "), and cisatracurium (0.6 mg-kg ). Three minutes later, a double-
lumen endotracheal tube was inserted with the aid of a video laryngoscope, followed by positioning with a fiberoptic
bronchoscope. Ventilation parameters were set as follows: volume-controlled ventilation with 100% oxygen, tidal volume
of 6-8 mL-kg ', respiratory rate of 12—15 min ™", positive end-expiratory pressure of 5 cmH20, and an inspiratory to
expiratory ratio of 1:2. Respiratory parameters were adjusted to maintain normal oxygen saturation (SpO2) (>90%) and
end-tidal carbon dioxide partial pressure (PetCO2) (3545 mmHg). Anesthesia maintenance involved continuous
infusion of propofol (4-12 mg-kg '*h™') and remifentanil (0.1-0.3 pg-kg '*min""), combined with 1% sevoflurane to
maintain an appropriate depth of anesthesia. Intermittent muscle relaxation was maintained with cisatracurium
(0.03 mg-kg ") administered every 20 minutes. Fluid maintenance primarily consisted of lactated Ringer’s solution,
with colloids supplemented as necessary. For both groups, all intravenous fluids were maintained at body temperature
using an incubator (MIR-162; Sanyo, Osaka, Japan). Intraoperative blood pressure was maintained with a mean arterial
pressure of 65-75 mmHg. Vasoactive medications were used as needed to ensure hemodynamic stability within 20% of
the patient’s baseline levels. At the end of surgery, neuromuscular blockade was reversed with atropine (0.025 mg-kg ')
and neostigmine (0.05 mg-kg ). After thorough suctioning of the oral cavity and upon the return of consciousness and
spontaneous breathing, the endotracheal tube was removed. The patient was then transferred to PACU.
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Temperature Monitoring and Perioperative Warming Strategies

Before anesthesia induction, a nurse placed a wireless continuous temperature monitoring sensor probe (WMT102,
WISMED Medical Equipment Company, Heilongjiang, China) in the patient’s external ear canal to monitor tympanic
temperature throughout the surgery (measured every 1 minute). The continuous temperature monitoring sensor probe was
secured behind the ear with a hypoallergenic adhesive patch to prevent displacement. This device was approved by the
China Food and Drug Administration as a Class 1l medical device.

The operating room temperature was set and maintained at approximately 22°C, with a humidity level of 40—60%.%
For patients in the intelligent closed-loop warming group, the intelligent closed-loop warming system was pre-installed
on the operating table Once the patient was transferred to the operating table, the closed-loop warming devices
(WMTC102, WISMED Medical Equipment Company, Heilongjiang, China) were activated immediately. The target
temperature range for the patient’s body was set to 36.5°C-37.0°C. The target temperature for the medical warming
blanket was set to 38°C, the blood and fluid warmer to 38°C, and the peripheral circulation heating device to 38°C. The
system automatically stops warming when the patient’s body temperature exceeded the target range. For patients in the
conventional warming group, a warming blanket device was activated immediately after the patient was transferred to the
operating table, with the blanket placed underneath the patient. Warming was stopped when the body temperature
exceeds 37°C. If the patient’s body temperature dropped below 36°C, a blood and fluid warmer was used.

Outcomes and Postoperative Evaluation

This study systematically documented a comprehensive array of critical perioperative information for each patient,
including demographic characteristics, comorbidities, medical history, hospitalization-related data, and ASA physical
status classification. Additionally, laboratory results were collected both preoperatively and 24 hours postoperatively.
Intraoperatively, detailed records were kept of the type of surgery, blood loss, fluid intake, irrigation fluid usage, urine
output, fluctuations in blood pressure and heart rate, temperature changes, duration of surgery and anesthesia, whether the
patient received thoracic paravertebral nerve block (TPVB), and the time of extubation. Furthermore, upon entering the
PACU, data on recovery time, average temperature, SpO2, incidence of hypertension, shivering, and deliritum were
collected. A follow-up was conducted within 30 days post-surgery, focusing on the occurrence of complications and
adverse events, including cardiovascular complications, pulmonary embolism, cerebral infarction, surgical site infection,
pulmonary infection, fever, and mortality. The primary outcome of the study was the incidence of perioperative
hypothermia, while secondary outcomes included length of hospital stay (HLOS, days), total hospitalization cost
(THC, CNY), and postoperative complications, such as shivering, delirium, cardiovascular complications, pulmonary
embolism, cerebral infarction, incisional wound infection, pulmonary infection, fever, and death.

Statistical Methods

The sample size was determined based on previous studies and preliminary trial results, which indicated that approxi-
mately 60% of adult patients undergoing VATS experience intraoperative hypothermia.>'® Based on the preliminary
results, we assumed the incidence of hypothermia in the warming group is 30%. To assess the difference between the two
groups, we set the significance level at o = 0.05 and the statistical power at 1 — B = 0.9. Sample size calculations using
PASS 11.0 software (NCSS Statistical and Data Analysis, USA) indicated that 53 participants per group were needed.
After accounting for a 10% dropout rate, the final sample size was adjusted to 59 per group, resulting in a total of 118
participants (59 in each group).

The homogeneity of variance was examined using the Levene test. Continuous data were analyzed using Student’s
t-test or the Mann—Whitney U-test, depending on the normality assessed by the Kolmogorov—Smirnov test. The area
under the curve (AUC) for hypothermia was calculated to quantify the cumulative duration that patients’ temperatures
fell below a critical threshold (36.0°C) and compared between groups using the Mann—Whitney U-test. Categorical data
were compared using the y’-test or Fisher’s exact test. Potential confounding factors were first identified using
univariable logistic regression analysis; variables with p < 0.1 were selected for further consideration. Subsequently,
multivariable logistic regression analysis was performed, incorporating both the variables identified from univariable
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analysis (p < 0.1) and clinically relevant variables (even if p > 0.1 in univariable analysis). A clinically significant
temperature difference in hypothermic patients between intervention and control groups was defined as 0.2°C, in
accordance with the guidelines of the National Institute for Health and Clinical Excellence in the UK. Statistical analyses
were performed using SPSS 25.0 (IBM Inc., Chicago, IL, USA) and R software (version 4.3.1; R Foundation for
Statistical Computing, Vienna, Austria).

Results
This study initially screened 130 patients, out of which 6 were excluded for not meeting the inclusion criteria. Ultimately,
124 patients were enrolled and randomly assigned to the conventional warming group (n = 62) and the intelligent closed-
loop warming group (n = 62). In the conventional warming group (n = 62), 1 patient canceled the surgery before the
operation, and 2 patients had their surgical procedures changed intraoperatively due to changing conditions. In the
intelligent closed-loop warming group (n = 62), 1 patient canceled the surgery before the operation, 1 patient had the
surgical procedure changed intraoperatively, and 1 patient had to discontinue warming intraoperatively due to equipment
power failure and was withdrawn from the study. After excluding these cases, 118 patients completed the entire study
protocol and were included in the final analysis, with 59 patients in both the intelligent closed-loop warming group and
the conventional warming group (Figure 1).

There were no significant differences in demographic or perioperative baseline characteristics between the two groups
(Table 1). Variables such as sex distribution, age, weight, height, BMI, and ASA physical status were comparable (p > 0.05).

Assessed for eligibility (n = 130)
Enrollment
Excluded (n = 6)
- Not meeting inclusion criteria (n = 6)
! - Declined to participate (n = 0)
Randomized (n =124)
Allocation
Allocated conventional warming group (n = 62) Allocated to intelligent closed-loop warming group (n = 62)
- Received allocated intervention (n = 59) - Received allocated intervention (n = 60)
+ Modification of surgical procedure (n =2) + Modification of surgical procedure (n =1)
- Cancellation of surgery (n=1) - Cancellation of surgery (n=1)
Follow-up
Discontinued intervention (n = 0) Dlscontmue(? intervention (n'= 5
- Stop warming due to machine's power off (n =1)
Analysis
Intraoperative data analysed (n = 59) Intraoperative data analysed (n = 59)
Postoperative data analysed (n = 59) Postoperative data analysed (n = 59)

Figure | Flow diagram of participant enrollment, allocation, and analysis. A total of 130 participants were assessed for eligibility, with 6 excluded due to not meeting
inclusion criteria. After randomization, 62 participants were allocated to the conventional warming group and 62 to the intelligent closed-loop warming group. In the
conventional warming group, 59 participants received the allocated intervention, with 2 modifications in the surgical procedure and | surgery cancellation. In the intelligent
closed-loop warming group, 60 participants received the allocated intervention, with | modification in the surgical procedure and | surgery cancellation. One participant in
the intelligent closed-loop warming group discontinued the intervention due to a power failure. Data were analyzed for 59 participants in each group, both intraoperatively
and postoperatively.
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Table | Patient and Perioperative Characteristics

Conventional Intelligent Closed-Loop P

Warming Group | Warming Group

n=59 n=59
Demographic data
Sex, male (%) 23 (38.98) 31 (52.54) 0.196
Age, years 55.00 +13.19 56.29 x13.16 0.596
Weight, kg 67.28 +11.78 70.09 £12.99 0.22
Height, cm 166.03 £8.28 163.88 +14.82 0.332
BMI, kg/m? 24.34 £3.32 27.13 £12.73 0.949
ASA class (I-I1) (%) 49 (83.05) 53 (89.83) 0.282
Comorbidity, n (%)
Hypertension 18 (30.51) 22 (37.29) 0.560
CHD 3 (5.08) 6 (10.17) 0.490
Myocardial infarction 0(-) 1 (1.69) 1.000
Valvulopathy 17 (28.81) 10 (16.95) 0.189
Arrhythmia 5 (8.47) 6 (10.17) 1.000
Cerebral infarction 4 (6.78) 5 (8.47) 1.000
Epilepsy I (1.69) 0(-) 1.000
Mental disease 2 (3.39) 1 (1.69) 1.000
Autoimmunity disease 0(-) 2 (3.39) 0.496
Asthma 3 (5.08) 4 (6.78) 1.000
Diabetes 10 (16.95) 8 (13.56) 0.798
PHXx, n (%)
Smoking 9 (15.25) 16 (27.12) 0.176
Drinking 8 (13.56) 12 (20.34) 0.462
Drug allergy 5 (8.47) 5 (8.47) 1.000
GA surgery 31 (52.54) 27 (45.76) 0.581
Tumor Il (18.64) 9 (15.25) 0.806
Surgery data
Pulmonary lobectomy (%) 31 (52.54) 32 (54.24) 1.000
Bleeding, mL 64.07 +49.01 47.80 £49.77 0.076
Infusion, mL I511.19 £408.79 1412.03 £433.42 0.204
BPI (%) 0() 0() -
Urine volume, mL 316.95 +311.50 225.34 +206.37 0.062
Rinsing solution, mL 1584.75 +416.81 1567.80 £376.66 0.817
Hypertension (%) 33 (55.93) 34 (57.63) 1.000
Hypotension (%) 10 (16.95) 19 (32.20) 0.087
Tachycardia (%) 3(5.08) 5 (8.47) 0.464
Bradycardia (%) 27 (45.76) 23 (38.98) 0.576
Operation time, min 108.78 £53.47 98.20 £37.02 0.214
Anesthesia duration, min 155.78 +63.74 139.27 +38.99 0.092
TPVB (%) 9 (15.25) 7 (11.86) 0.788

Abbreviations: ASA, American society of anesthesiologists; BMI, body mass index; BPI, blood products
infusion; CHD, coronary heart disease; GA, general anesthesia; PHx, personal health history, TPVB, thoracic
paravertebral blockade.

The prevalence of comorbidities—including hypertension, coronary heart disease, cerebrovascular disease, diabetes,
respiratory disorders, and autoimmune diseases—did not differ significantly between groups. Likewise, lifestyle and
medical history factors such as smoking, alcohol consumption, drug allergies, previous general anesthesia, and tumor
history were similar (p > 0.05). Intraoperative parameters, including estimated blood loss, infusion volume, urine output,
and operation and anesthesia duration, were also comparable between groups. The proportions of patients undergoing
pulmonary lobectomy and receiving TPVB did not differ significantly (p > 0.05).
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The incidence of perioperative hypothermia (core temperature < 36.0°C) was significantly lower in the intelligent
closed-loop warming group than in the conventional warming group (25.4% vs 76.3%, p < 0.001). Patients in the
intelligent group also maintained higher minimum (36.09 + 0.35°C vs 35.58 + 0.58°C, p < 0.001) and mean intraopera-
tive temperatures (36.40 = 0.33°C vs 35.96 + 0.45°C, p < 0.001) (Table 2). In the PACU, patients in the intelligent
warming group had a significantly higher mean body temperature (36.28 + 0.17°C vs 36.18 = 0.12°C, p = 0.001), while
PACU duration and the incidence of desaturation (SpO, < 90%) or hypertension showed no significant differences (p>
0.05). Regarding secondary outcomes, extubation duration was markedly shorter in the intelligent warming group (5.12 £
2.31 min vs 9.69 £ 8.27 min, p < 0.001). HLOS was reduced (10.02 + 3.87 days vs 11.63 + 4.25 days, p = 0.034),
whereas THC was comparable between groups (p = 0.103). No significant differences were found in postoperative
complications, including shivering, delirium, cardiovascular events, pulmonary embolism, cerebral infarction, wound
infection, or pulmonary infection (all p > 0.05). However, the incidence of postoperative fever was significantly lower in
the intelligent warming group (0% vs 13.6%, p = 0.006). No deaths occurred in either group.

Table 3 illustrates the changes in core temperature over surgery time for both the conventional warming group and the
intelligent closed-loop warming group. The results indicate that core temperature decreases over time in both groups, but
the intelligent closed-loop warming group consistently maintains a higher core temperature throughout the procedure. At
the 0-minute mark, the core temperature difference between the two groups is statistically significant (p < 0.001).Both
groups exhibit a steady decline in temperature, with the conventional warming group experiencing a more pronounced
drop, notably at the 150-minute mark (ATc = —1.12°C). Statistical analysis reveals significant temperature differences
between the groups at most time points (p < 0.001), underscoring the superior efficacy of the Intelligent Closed-Loop
Warming method in maintaining core temperature during surgery. However, the difference between the groups becomes

less pronounced at later time points, such as at 240 minutes (p = 0.206).

Table 2 Intraoperative and PACU Temperature Parameters and Postoperative Outcomes

Conventional Intelligent Closed-loop P

Warming Group Warming Group

n=59 n=59
Primary outcomes
Hypothermia (%) 45 (76.3) 15 (25.4) <0.001
Minimum body temperature, °C 35.58 +0.58 36.09 £0.35 <0.001
Mean body temperature, °C 35.96 £0.45 36.40 £0.33 <0.001
PACU data
Duration, min 44.85 £12.25 46.20 £13.00 0.563
Hypertension (%) 23 (38.98) 17 (28.81) 0.331
Mean body temperature, °C 36.18 +0.12 36.28 +0.17 0.001
SpO2 <90% 9 (15.25) 4 (6.78) 0.142
Secondary outcomes
Extubation duration, min 9.69 +8.27 5.12 #2.31 <0.001
HLOS, days 11.63 £4.25 10.02 +3.87 0.034
THC, CNY 50268.61 +12857.91 46456.68 £12316.31 0.103
Shivering, n (%) 4 (6.78) 0(-) 0.119
Delirium, n (%) 2 (3.39) 0(-) 0.496
Cardiovascular complications, n (%) 0() 0() -
Pulmonary embolism, n (%) 1 (1.69) 0(-) 1.000
Cerebral infarction, n (%) 0() 0 () -
Incisional wound infection, n (%) 1 (1.69) 0() 1.000
Pulmonary infection, n (%) 2 (3.39) 1 (1.69) 1.000
Fever, n (%) 8 (13.56) 0() 0.006
Death, n (%) 0(-) 0(-) -

Abbreviations: CNY, chinese yuan; HLOS, hospital length of stay; PACU, post-anesthesia care unit; SpO2, pulse oxygen

saturation; THC, total hospitalization cost.
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Table 3 Changes in Core Temperature Over Surgery Time

Time, Min | Conventional Warming Group | Intelligent Closed-Loop Warming Group P pP*
Tc (°C) ATc (°C) n Tc (°C) ATc (°C) n
0 36.60+0.46 N/A 59 36.89+0.34 N/A 59 <0.001 -
30 36.21+0.46 | —0.39+0.32 59 36.56%0.32 —0.33£0.28 59 <0.001 | 0.269
60 35.95+0.51 —0.66+0.40 57 36.31%0.36 —0.58+0.35 58 <0.001 | 0.207
90 35.74+0.45 —0.86+0.47 | 49 36.23+0.39 —0.66%0.39 53 <0.001 | 0.021
120 35.68+0.49 | —0.98+0.50 | 40 35.74+0.45 —0.74+0.36 39 <0.001 | 0.014
150 35.56+0.56 | —1.12+0.51 28 36.23+0.44 —0.67+0.37 26 <0.001 | <0.001
180 35.46+0.63 —1.19+0.55 16 36.29+0.53 —0.60%0.42 13 <0.001 0.03
210 35.36+0.60 | —1.20+0.69 16 36.18+0.48 —0.69+0.28 8 0.011 0.105
240 35.46+0.81 —0.9+0.76 5 36.05+0.24 —0.63+0.22 4 0.206 0.480

Notes: P: Difference in core temperature between groups at each time point. P*: Changes in core temperature between groups at each time
point relative to the start of surgery.
Abbreviations: Tc, core temperature; ATc, core temperature change.

Both groups showed a decrease in core temperature over time, but the intelligent closed-loop warming group
consistently maintained a higher temperature compared to the conventional warming group (Figure 2). The conventional
warming group exhibited a more significant drop in temperature, especially after 120 minutes, while the intelligent
closed-loop warming group demonstrated more stable temperature regulation throughout the procedure.

In this study, we compared AUC for hypothermia between groups (U=726, p<0.001). Figure 3 illustrates the density
distribution of the log-transformed, normalized AUC for the intelligent closed-loop warming group and the conventional
warming group. The pink and orange shaded areas represent the density of AUC values for the intelligent closed-loop
warming group and the conventional warming group, respectively. The intelligent closed-loop warming group shows

Intelligent Closed-loop Warming Group Conventional Warming Group

37

Mean Body Temperature (°C)

35

Time (min)

Figure 2 Trends in mean core temperature over time in conventional and intelligent closed-loop warming groups during surgery. Changes in mean core temperature over
time for the conventional warming and intelligent closed-loop warming groups. The solid lines represent the average core temperature, while the shaded areas show the
standard deviation. The intelligent closed-loop warming group maintained a higher core temperature throughout the surgery compared to the conventional warming group.
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6.0000

5.0000

4.0000

3.0000

Density

2.0000

1.0000

0.0000

Ns Ng o

Log(Normalized AUC) (min-°C)

Group

B

Intelligent Closed-loop Warming Group
Conventional Warming Group

Figure 3 Density plot comparing log (normalized AUC) for the intelligent closed-loop warming group and the conventional warming group. The plot shows the density
distribution of the log-transformed Normalized area under the curve (AUC) of low body temperature duration for patients in two different groups: the intelligent closed-
loop warming group (shown in pink) and the conventional warming group (shown in Orange). The x-axis represents the Log (Normalized AUC) in min “°C, indicating both
the duration and severity of low temperatures, while the y-axis represents the density.

a higher density of values near zero, while the conventional warming group has a more spread-out distribution with

a peak around 0.6.

Table 4 presents the odds ratios (OR) for perioperative hypothermia. The crude OR for perioperative hypothermia is
0.106 (95% CI: 0.046-0.245), with a P-value of <0.001, indicating a significant association. After adjustment for BMI,
age, sex, ASA physical status I-II, hypertension, valvular disease, coronary heart disease, arrhythmia, initial body

Table 4 Odds Ratios of Perioperative Hypothermia

Variables Crude P Adjusted P Outcome
OR (95% CI) OR* (95% CI) Variables

Warming method (closed-loop vs conventional) | 0.106 (0.046—0.245) | <0.001 | 0.086 (0.030-0.247) <0.001 | Perioperative hypothermia

BMI (kg/m?) - - 0.756 (0.637-0.897) 0.001 -

Age (years) - - 1.074 (1.019-1.132) 0.008 -

Sex (male vs female) - - 1.114 (0.390-3.181) 0.841 -

ASAI-I (yes vs no) - - 0.348 (0.064-1.880) 0.220 -

Hypertension (yes vs no) - - 0.281 (0.076-1.039) 0.057 -

Valvular disease (yes vs no) - - 0.509 (0.133-1.954) 0.325 -

Coronary heart disease (yes vs no) - - 1.253 (0.113-13.905) | 0.854 -

Arrhythmia (yes vs no) - - 6.245 (0.588-66.365) | 0.129 -

Initial body temperature - - 1.508 (0.477-4.768) 0.485 -

Operating room ambient temperature - - 1.467 (0.836-2.577) 0.182 -

Notes: * Adjustment for confounding factors, including BMI, age, sex, ASA physical status I-Il, hypertension, valvular disease, coronary heart disease, arrhythmia, initial body

temperature, and operating room ambient temperature.

Abbreviations: BMI, body mass index; Cl, confidence interval; OR, odds ratio; ASA, American Society of Anesthesiologists.
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temperature, and operating room ambient temperature, the adjusted OR was 0.088 (95% CI: 0.034—0.230), with a p-value
of <0.001, suggesting that the association remains strong and significant after controlling for these variables.
The preoperative and postoperative laboratory results are summarized in Supplementary Table 1. Preoperative results

include white blood cell count (WBC), differential counts (neutrophils, lymphocytes, monocytes, eosinophils, basophils),
red blood cell count (RBC), differential ratios, hemoglobin, platelet count, liver function tests (alanine aminotransferase,
aspartate aminotransferase, total bilirubin, direct bilirubin), total protein, albumin, blood urea nitrogen (BUN), fasting
serum glucose (FSG), serum creatinine (Scr), creatine kinase (CK), lactate dehydrogenase (LDH), lipoprotein, clotting
times (prothrombin time activity, activated partial thromboplastin time, prothrombin time, thrombin time), fibrinogen,
D-dimer, serum potassium (K+), total cholesterol (TC), triglycerides, high-density lipoprotein (HDL), low-density
lipoprotein (LDL) and neutrophil-to-HDL ratio (NHR). Postoperative results encompass similar parameters. Notably,
significant differences were observed in postoperative RBC (p = 0.017), hemoglobin (p = 0.013), and HDL levels (p =
0.018) between the groups.

Discussion

This study compared the efficacy of conventional warming and intelligent closed-loop warming in maintaining perio-
perative normothermia. The findings demonstrate that intelligent closed-loop warming significantly improves intraopera-
tive temperature regulation, thereby enhancing patient outcomes. Key advantages of the intelligent closed-loop warming
system included a lower incidence of hypothermia, higher minimum and mean core body temperatures, and improved
thermal recovery in PACU. Additionally, the system reduced the AUC for hypothermia, indicating less cumulative time
spent below 36.0°C. Further benefits included shorter extubation times, reduced incidence of postoperative fever, and
decreased length of hospital stay. Nevertheless, complete prevention of perioperative hypothermia remains challenging.

Analysis of patients’ temperature-time curves during surgery reveals that both the intelligent closed-loop warming
group and the conventional warming group exhibit an initial rapid temperature drop, followed by a slower decline and
subsequent stabilization phase. This initial drop is primarily due to blood flow redistribution after anesthesia induction,
while the subsequent decline is caused by continuous heat loss and the infusion of cold fluids.*>** The conventional
warming group may not adequately address these dynamic changes, leading to a more significant temperature decline.
Conversely, the intelligent closed-loop warming group likely uses feedback mechanisms to adjust the warming rate in
real time based on core temperature fluctuations, thus maintaining more stable temperatures throughout surgery. This
approach is more effective at preventing intraoperative hypothermia compared to traditional methods. The area under the
curve (AUC) for temperatures below 36°C, representing the temperature-time integral, is a more sensitive measure of
hypothermia exposure.”>?® The AUC density plot reveals that the intelligent closed-loop warming group experienced
shorter and milder hypothermia durations, whereas the conventional warming group showed greater variability with
longer and more severe hypothermia. This underscores the superior performance of the intelligent closed-loop warming
group in maintaining stable core temperatures during surgery through precise and responsive temperature management.

Beyond the mechanistic findings, this trial also expands upon our previous work on perioperative warming.*'
Whereas our earlier study evaluated a resistive heating mattress in thyroid surgery, the present investigation examined
an advanced closed-loop warming system in a thoracoscopic population. Several methodological improvements were
introduced, including continuous tympanic core-temperature monitoring, use of hypothermia AUC as an integrated
indicator of thermal burden, and multivariable modeling to identify independent predictors of hypothermia. These
enhancements allow for a more comprehensive assessment of temperature management and provide new evidence
supporting the use of closed-loop warming in thoracic surgery.

In thoracoscopic surgery, the incidence of hypothermia with intelligent closed-loop warming (without preoperative
forced warming) was 25.4%, significantly lower than 76.3% with conventional warming, but higher than 12.24% with
preoperative and intraoperative forced warming, yet better than 32.65% with intraoperative forced warming alone.*’ This
suggests that intelligent warming technology is more effective at preventing intraoperative hypothermia, even without
preoperative forced warming, due to its precise temperature regulation. It remains a viable alternative when preoperative
forced warming is not possible.
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The intraoperative blood loss showed a difference between the two groups but was not statistically significant.
However, there were significant differences in hemoglobin and red blood cell counts 24 hours postoperatively. This
suggests that although the immediate blood loss during surgery might not have been substantial enough to show

a statistical difference, the cumulative effect of blood loss over time,28

along with factors such as fluid shifts and
hemodilution,? became more apparent in the postoperative period. Previous studies have suggested that the duration of
perioperative hypothermia may be associated with an increased relative risk of intraoperative blood loss and
transfusion.®® This could be due to the negative impact on platelet function, reduced levels of various coagulation

factors and fibrinogen, inhibition of coagulation cascade enzymes, and activation of the fibrinolytic system.>'*

Previous studies have shown that intraoperative heating can help reduce the risk of surgical site infections.'’?
However, our research found no significant difference in postoperative surgical site and pulmonary infections between
the two groups. This finding is consistent with recent evidence suggesting that the association between perioperative
hypothermia and surgical site infection may not be statistically significant in the overall surgical population, but may
become more evident in specific surgical subgroups and at lower temperature thresholds (eg., <35°C).>* This may be
attributed to the adherence to sterile practices during surgery and the effectiveness of postoperative infection prevention
measures. Although the smart closed-loop heating system demonstrated certain advantages in maintaining temperature, it
did not significantly impact the risk of infection under the current conditions, resulting in no observable differences.

HDL is a crucial component of plasma lipoproteins and possesses antioxidant, anti-inflammatory, anti-apoptotic, and
antithrombotic properties.®” Studies have shown that HDL can inhibit the activation, adhesion, spreading, and migration
of neutrophils.***” However, a large number of activated neutrophils can alter the structure and content of various
lipoproteins, thereby affecting the function of HDL.>® Recently, the neutrophil-to-HDL ratio (NHR) has emerged as
a novel biomarker associated with increased inflammatory states and has been linked to systemic inflammatory response
syndrome (SIRS).*” In this study, the conventional warming group exhibited higher levels of HDL and NHR compared to
the intelligent closed-loop warming group. This suggests that the conventional warming method was less effective,
leading to a greater inflammatory response. Reducing systemic inflammation and immune-inflammatory activity helps
limit rises in uric acid (UA).*° UA, in turn, directly influences immune cell populations, cytokine expression, chemotaxis
and differentiation, and the activation of resident cells, thereby amplifying inflammation.*'*? The conventional warming
group had higher postoperative UA levels than the intelligent closed-loop warming group, consistent with a stronger
inflammatory response. This difference in inflammatory response may partially explain the significant disparity in the
incidence of postoperative fever between the two groups.

Although previous studies have confirmed that perioperative forced warming reduces the incidence of shivering,'”*
our study found no significant difference in the occurrence of shivering between the two groups. This may be due to the
fact that both groups in our study utilized heated intravenous fluids and irrigation solutions, as 1 liter of unheated
crystalloid can lower core temperature by 0.25°C to 0.30°C, which has been shown in recent studies to effectively
increase shivering.*> Consistent with this finding, the incidence of postoperative shivering in our trial was lower than that
reported in studies where heated fluids were not used during surgery.**

We found that the extubation time, average temperature in the PACU, and length of hospital stay were significantly
reduced in the intelligent closed-loop warming group. Additionally, there was a difference in hospitalization costs
between the intelligent closed-loop warming group and the conventional warming group; however, this difference did
not reach statistical significance.

Hypothermia can slow down the metabolism of anesthetic agents, prolonging their effects, delaying extubation and
prolonging postoperative recovery.*’ Improved circulation and oxygenation during warming enhance the body’s ability to
recover, allowing for a quicker awakening from anesthesia.' Consistent with previous studies showing that well-managed
temperature control leads to quicker awakenings,*® better respiratory function recovery,*’ and shorter hospital stays,*
this study suggests that the intelligent closed-loop warming system may enhance postoperative recovery by optimizing
temperature management, resulting in shorter extubation times and reduced hospital stays. However, although there was
a trend in hospitalization costs, many factors can influence these costs, and further research may be needed to determine
the clinical significance of this difference.
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In the context of thoracoscopic surgery, where patients are exposed to substantial heat loss due to pleural opening,
prolonged anesthesia, and limited options for surface warming, maintaining stable perioperative normothermia remains
a practical challenge. The findings of this study suggest that automated, feedback-controlled temperature management
may offer a useful approach to address these challenges by reducing reliance on intermittent temperature assessment and
manual adjustment during surgery. By directly linking continuous core temperature monitoring to automated warming
regulation, closed-loop systems allow perioperative temperature control to follow a more continuous and physiologically
guided course.

From a clinical perspective, the use of such systems may help standardize temperature management during VATS
procedures, where workflow complexity and positioning constraints can limit the effectiveness of conventional warming
strategies. Reduced dependence on repeated manual intervention may also simplify intraoperative management for
anesthesia teams and support more consistent adherence to perioperative normothermia as a quality-of-care indicator.
More broadly, although evaluated here in a thoracoscopic setting, this approach illustrates how intelligent temperature
management may contribute to more data-informed and standardized perioperative care in surgical procedures associated
with high thermal vulnerability.

While this study provides valuable insights into the benefits of intelligent closed-loop warming, there are some
limitations. First, the study was conducted at a single center, which may limit the generalizability of the results. Second,
while the intelligent closed-loop warming system demonstrated significant advantages in temperature regulation, further
research is needed to investigate long-term outcomes such as post-surgical recovery time, complications, and overall
patient satisfaction. Future studies should also explore the health economic impact of implementing intelligent closed-
loop warming systems in clinical practice.

Conclusion

In conclusion, the intelligent closed-loop warming system is more effective than conventional warming methods in
preventing perioperative hypothermia in patients undergoing video-assisted thoracoscopic surgery. This study demon-
strates that the intelligent closed-loop warming system provides improved control of core temperature, reduces the
incidence of hypothermia, and contributes to enhanced postoperative recovery. From a clinical perspective, these findings
suggest that the implementation of intelligent closed-loop warming may facilitate more precise and efficient perioperative
temperature management, thereby improving patient safety and supporting postoperative recovery in routine surgical
practice. Further research is warranted to evaluate its cost-effectiveness and long-term clinical benefits.
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